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Résumé

La principale difficulté lors de 'administration orale d'un ingrédient pharmaceutique actif (API) est de
garantir que la dose clinique de 1I’API sera dissoute dans le volume disponible de liquides gastro-intestinaux.
Toutefois, environ 40% des API sur le marché et prés de 90% des molécules en cours de développement sont
peu solubles dans 1’eau et présentent une faible absorption par voie orale, ce qui entraine une faible
biodisponibilité. Les dispersions solides amorphes (ASD) sont considérées comme 1’une des stratégies plus
efficaces pour résoudre des problémes de solubilité des principes actifs peu solubles dans 1’eau et, ainsi,
améliorer leur biodisponibilité¢ orale. En dépit de leur introduction il y a plus de 50 ans comme stratégie pour
améliorer ’administration orale des API, la formation et la stabilité physique des ASD font toujours 1'objet de
recherches approfondies. En effet, plusieurs facteurs peuvent influer sur la stabilité physique des ASD pendant
le stockage, parmi lesquels la température de transition vitreuse du mélange binaire API-polymére, la solubilité
apparente de I'API dans le polymére, les interactions entre I'API et le polymére et le procédé de fabrication.
Cette these consistait en deux parties qui avaient pour objectif le développement de nouvelles formulations sous
forme d’ASD d'un antirétroviral, I'Efavirenz (EFV), dispersé dans un polymere amphiphile, le Soluplus, en
utilisant deux procédés différents, le séchage par atomisation (SD) et l'extrusion a chaud (HME). EFV est I’API
BCS de classe II de notre choix car ¢’est un API qui représente un défi pour les nouvelles formulations. En effet,
il a besoin d’ASD plus fortement concentrées, pour lesquelles la stabilité chimique et physique pendant le
stockage et la dissolution seront essentielles. Dans le but de développer de maniére rationnelle les ASDs EFV-
Soluplus a forte concentration, la premiére partie s'est concentrée sur la construction d'un diagramme de phases
EFV-Soluplus en fonction de la composition et de la température. Le diagramme de phases a été construit a
partir d'une étude thermique de recristallisation d'un ASD sursaturé (85 %m EFV), générée par séchage par
atomisation. A notre connaissance, il s'agit de la premiére étude a présenter un diagramme de phase pour ce
systéeme binaire. Ce diagramme de phases est tres utile et démontre que la solubilité¢ de I'EFV dans les solutions
varie de 20 %m (25 °C) a 30 %m (40 °C). Les ASD de EFV dans le Soluplus contenant plus de 30 %m d'EFV
doivent étre surveillées pendant le stockage dans des conditions typiques de température. Ce diagramme de
phases peut étre considéré comme un outil de pré-formulation pour les chercheurs qui étudient de nouvelles
ASD d'EFV dans le Soluplus afin de prédire la stabilité (thermodynamique et cinétique). Les ASD préparées par
différentes techniques peuvent afficher des différences dans leurs propriétés physicochimiques. La deuxiéme
partie de cette thése portait sur la fabrication d’ASD par des procédés HME et SD. Cette é¢tude montre
clairement que la formation d’ASD est une stratégie de formulation utile pour améliorer la solubilité dans I'eau
et la vitesse de dissolution de I'EFV a partir de mélanges binaires EFV-Soluplus. Les procédés de fabrication
(HME et SD) se sont révélés efficaces pour générer des ASD dans une large gamme de compositions en EFV.
L'optimisation du ratio EFV-Soluplus peut étre utilisée pour adapter la libération cinétique des ASD. Le choix
d’une charge EFV ¢levée dépassant la solubilité thermodynamique de I’EFV dans le Soluplus est possible, mais

il convient de prendre en compte sa stabilité cinétique dans le temps.

Mots clés : Dispersions solides amorphes, séchage par atomisation, extrusion a chaud, amélioration de la
solubilité, diagramme de phase, libération de principe actif, Efavirenz, Soluplus.
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Chapter 1 — Introduction

1. Background

In oral active pharmaceutical ingredients (API) delivery, the bioavailability of active
pharmaceutical ingredients (APIs) depends on the absorption through the gastrointestinal tract.
Physicochemical obstacles to oral bioavailability include low aqueous solubility (a
thermodynamic and form-dependent property) and a slow rate of dissolution (a kinetic
property). Low aqueous solubility of an API can therefore limit the API concentration in the
intestinal lumen and result in low absorption from the intestine. A slow rate of dissolution can
also limit absorption, particularly when the solubility of the API is sufficiently low that is
necessary to maintain the concentration of API near its solubility in order for API absorption

to be complete over the limited time that the API transits the GI tract.

The emerging trends in the combinatorial chemistry and API design have led to the
development of API candidates with greater lipophilicity and poor water solubility. About 40%
of APIs with market approval and nearly 90% of molecules in the discovery pipeline are poorly
water-soluble. Most of these compounds belong to class II according to the Biopharmaceutical
Classification System (BCS). Class II compounds are characterized by a low aqueous solubility

and high effective permeability.

Different approaches (solid-state modifications, solubilization/complexation) have been
developed to formulate oral dosage forms of poorly water-soluble APIs. Over the last decades,
solid dispersions, which involves the dispersion of a poorly water-soluble compound in a

hydrophilic or amphiphilic carrier, appeared as a promising strategy.

Several types of solid dispersions have been developed that are not all equal regarding
the physical state of the API in the carrier matrix. The most common and attractive systems are
the amorphous solid suspension or solution, where the active compound is in an amorphous
form or molecularly dispersed, respectively. The amorphous state or the molecular dispersion

of an API typically show higher oral bioavailability compared to the crystalline form.

Various methods are employed for manufacturing amorphous solid dispersions (solution
or suspension), nevertheless, hot-melt extrusion (HME) and spray drying (SD) are the most
popular manufacturing processes. Spray drying is a solvent-based process where the crystal
lattice structure of the API is destroyed completely during the preparation process by its
solubilization generally in an organic solvent. It is a very efficient solvent-evaporation-based
technology since it allows for extremely rapid solvent evaporation, leading to a fast
transformation of the API to the amorphized form dispersed within solid carrier particles. Hot-

melt extrusion is a solvent-free process, in which the crystal lattice structure of the API is
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destroyed by high temperatures and by mechanical stress. Both are attractive manufacturing
processes considering scale-up possibilities, however imperfect amorphization in the extruded
solid dispersions due to the presence of remaining nuclei or small crystals, or the presence of
residual solvents in spray-dried solid dispersions may lead to crystallization after preparation,
are some critical points to be controlled or monitored during solid suspension or solution

preparation by these processes.

Amorphous solid dispersion (ASD) provides a potential advantage in stabilizing an API
amorphous form, however, the conversion of this technological approach to successful
commercial products is still a challenge. Challenges such as poor stability as a result of
hygroscopicity, deviations from expected dissolution behavior, and poor processability may

limit their utility as a viable formulation strategy.

The performance of amorphous solid dispersions (solubility and dissolution kinetics,
chemical and physical stability) is known to be affected by formulation and process variables.
Carriers, generally polymers, play an important role in stabilization through various
mechanisms including antiplasticization, specific intermolecular interactions on reduction in
molecular mobility of the amorphous API. Molecular aspects of miscibility and interaction
between API and carrier should be thus considered when formulating solid suspensions or
solutions. Moreover, proper selection of the carrier, composition of the solid form, and the
manufacturing process can aid in formulating a stable amorphous system but the careful control
of these parameters is still a scientific challenge, exacerbated by a need for higher dosed
formulations in the market. In fact, the API load in these solid structures is another critical
parameter. In order to achieve adequate stabilization, they are often produced with a relatively
low API load (<30 wt%). The problem is that low API loads requires large doses of the
formulation to ensure therapeutic efficacy. Furthermore, the insertion of high loaded-API
amorphous solid dispersions on the market may reduce dosage amounts as well as decrease the

production in the pharmaceutical industries to supply cost savings.

Each API represents a specific case and the adaptation of a technology to an active
material is generally not obvious. Efavirenz (EFV) is the API of choice for the development of
this thesis because it is a challenging API for new formulations: EFV is an API classified as a
class II of the Biopharmaceutical Classification System (BCS), i.e., it has low aqueous
solubility (less than 9 pg/mL at room temperature), resulting in poor gastrointestinal absorption
and, consequently, poor oral bioavailability. Some research results have been published
focusing on enhancement of solubility/dissolution rate of EFV, among them, amorphous solid

dispersions. They have been developed using different polymeric carriers and manufacturing
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Chapter 1 — Introduction

processes. The amorphous solid formulations are not comparable in chemical composition and
physical structures. Research data demonstrating the potential of this type of formulation
strategy to enhance the kinetic and dissolution kinetics have been published. The physical
stability is studied under specific conditions, but the behavior is not always understood. EFV
also needs more high-dosed amorphous solid dispersions, for which chemical and physical

stability during storage and dissolution will be critical.
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Chapter 1 — Introduction

2. Objectives

A previous study carried out in our laboratory was focused on amorphous solid
dispersions of EFV and Soluplus [1]. In the mentioned, ASDs with three different EFV loads
(10, 17 and 44 wt%) were produced by spray drying as manufacturing process. All formulations
provided a solubility enhancement for EFV (6-9 fold in water; 1.5-2 in FeSSIF medium)
compared to the crystalline state and, their physical stability up to 12 months under storage
conditions (22°C, 25%RH) was confirmed. However, some remaining questions were related

to:

- The real impact on physical stability of the ASDs generated: are they
thermodynamically or kinetically controlled? The phase diagram API/polymer
binary mixture could be a useful preformulation tool to answer this question.

- The feasability to generate ASDs of high-EFV loadings (up to 40 wt% EFV) to
go deeper on the understanding of this study case of ASD.

- The effect of manufacturing process (spray drying and hot melt extrusion) on
ASDs structure, the level of molecular interactions between API and carrier and

the ASDs perfomance behavior.

This thesis aims to answer these questions.

- Thesis outline

Chapter 2 provides a background and is divided into 3 major sections. Firstly, it presents
a brief introduction on the API oral bioavailability problems related to an inadequate water
solubility, then gives an overview on formulation strategies existing to enhance
solubility/dissolution rate of these molecules, before moving to a more detailed topic on
amorphous solid dispersions. In this topic, the basic concepts of amorphous systems such as
glass transition temperature and the solubility advantage are provided. Additionally,
information on types of carriers used for the development of amorphous solid dispersions, their
structural attributes and mechanisms of API dissolution and stabilization are introduced.
Molecular aspects of API-polymer miscibility and API polymer interactions are also discussed.
Finally, API (EFV) and carrier (Soluplus® - SOL) used in this thesis are presented.

Chapter 3 is divided in three major sections. The first section one presents the techniques

of characterizations and also the results of the characterization of pure compounds that will be
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essential to understand the behavior of these compounds in the binary mixtures. A second
presents the supersaturated ASD (85 wt% EFV) that it was generated by spray drying and then
the details of the recrystallization protocol used to determine API-polymer solubility. Indeed,
the phase diagram for EFV-SOL mixture is predicted by extrapolation of data obtained through

several annealing temperatures using Flory-Huggins or polynomial models, whereas the

mixture glass transition temperature (Tﬂ 1x) Was calculated by Gordon-Taylor equation.

Chapter 4 presents the methodologies employed for the preparation and characterization
of a large range of EFV-Soluplus concentration (20 wt% until 85 wt% in EFV) and has been
divided into 3 main parts. In the first one, it presents more details about the process and
parameters to generate the ASDs by Spray drying and their physical mixtures. Indeed, detailed
information about the techniques of characterization and their control parameters are also
presented. Following, once manufactured the spray dried ASDs, their solid-state structure and
their performance behavior (solubility, physical stability and in vitro API release by Sink and

non Sink conditions) will be evaluated and provided in the results.

Chapter 5 focuses on the manufacturing process of Hot melt extrusion. This chapter is
divided in two main parts. The first one is exactly the same structure and discussion of the
Chapter 4, followed by one part that will be the comparison between the both processes: Spray

drying and hot-melt extrusion.

Chapter 6 provides an overall summary and conclusions of the work presented in this
thesis and the scope for future work.

Chapter 7 contains references to published work cited within the thesis.

Figure 1 summarizes an overview about all the chapters of results in this thesis and the

main topics to be discussed.
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Chapter 1 — Introduction

Characterization of pure compounds

___________ Phase-diagram solubility

| CHAPTER4 |<— Spray Drying (SD) Hot-melt extrusion (HME)—>| CHAPTERS |
\*/

$

ASDs

Figure 1. Summary about the thesis outline and the main topics discussed on this thesis
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Chapter 2 — Theoretical Section

1. Poorly water soluble APIs

1.1. A general view on the solubility problem for oral pharmaceutical

formulation

1.1.1. The oral route

The oral route is the simplest, most convenient route for API administration. Oral dosage
forms are intended usually for systemic effects resulting from API absorption through the

various epithelia and mucosa of the gastrointestinal tract (Figure 2).

Oral Dosage
form

.

s Drug released

S| | from the dosage
é form

5 2 2

=

o

b% API dissolution

‘ Dissolution rate

. Drug
Dissolved API solubility
‘ Distribution
. Drug in systemic . .
Absorption = £1n 8ys : Drugs in tissues
circulation
GI permeation ‘ Elimination i
Excretion and Pharmacological
metabolism or clinical effect
Pharmacokinetics

Figure 2. Schematic representation of oral administration for API absorption and systemic effects [2]—

[4]-

Once administered by oral route, the dosage form (tablets, capsules or granules) might
lead to the API released. Progressing, the API released should be dissolved in the
gastrointestinal fluids to be finally available for absorption through the various epithelia and

mucosa of the gastrointestinal (GI) tract.

Physicochemical obstacles to oral bioavailability include low aqueous solubility and a

slow rate of dissolution. Low aqueous solubility of a API (a thermodynamic and form-
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dependent property) can therefore limit the API concentration in the intestinal lumen and result
in low absorption from the intestine. A slow rate of dissolution (a kinetic property) can also

limit absorption, as the API may pass its absorption site before complete dissolution.

The proportion of an API reaching the system circulation, and being available to be
absorbed by the intended site of action, is called bioavailability [5]. The oral bioavailability is
influenced by water solubility, GI permeability and dissolution rate of the API. The clinical
effectiveness depends on the bioavailability [6]. For this biological barrier, the
Biopharmaceutical Classification system (BCS) of Amidon et al (1995) provides a framework
for relating oral API absorption to gastric permeability and API water solubility (Figure 3).
Solubility is based on the highest-dose strength of an immediate release product. A drug is
considered highly soluble when the highest dose is soluble in 250 mL or less of aqueous media
over the pH ranging from 1 to 7.5 at 37 0.5 °C. The estimated volume of 250 mL is derived
from typical bioequivalence study protocols that prescribe administration of a drug product to
fasting human volunteers [7], [8]. When more than 85% of the administered API is absorbed
through the intestinal barrier, it exhibits a high permeability [9], [10].

The four categories of BSC include Class I (high solubility and high permeability), II
(low solubility and good permeability), III (good solubility and low permeability) and IV (low
solubility and low permeability) (Figure 3). In 2009, a new subdivision in Class II was proposed
to better identify the factor limiting oral absorption: dissolution rate (class I1a) or API solubility
(Class IIb) [11].

A Class lla
Class | Class II Limited dissolution rate
Z High Solubility Low Solubility
= High . ioh bili Class Ilb
‘s igh permeability High permeability
o Limited solubility
£
1S
o
o Class Il Class IV
o High solubility Low solubility
Low permeability Low permeability
<€

API water solubility

Figure 3. The Biopharmaceutical Classification System (BCS) [5] and the subdivision of Class II [11]
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1.1.2. Solubility challenges and reasons for poor solubility

Poorly water-soluble APIs have steadily grown on the global pharmaceutical industry.
The graphics in Figure 4 show the estimated distribution of marketed and pipeline APIs by BCS
classes [3]. APIs on the market show a fairly uniform distribution between the BCS classes,
with class I compounds expectedly ranking the highest (35%). However, a strong trend towards
API candidates is found with low aqueous solubility. Indeed, looking at Figure 4, only 5-10%
of potential API candidates fall under class I, and the vast majority (60-70%) are Class II. It is
also important to note that up to 90% of pipeline APIs are in class II or IV categories, where
APIs have poor water solubility. Low solubility of API candidates can translate in clinical use,
to poor bioavailability that might result in limited therapeutic potential and insufficient clinical

outcomes. Low solubility can contribute to the increasing cost of API development.

Class | 35% Class |
Class II Class Il 60-70%
Class Il Class Il
Class IV 10% Class IV 10-20%
Drugs on the Market ’ | Drugs candidates in the pipeline ’

Figure 4. Solubility challenges in the oral API development. A) marketed APIs and B) APIs in
development [3]

The observed trend towards poor water solubility can be attributed to some tools such as
genomics and molecular biology, combinatorial chemistry and computational API design
methodologies, which have been helping the biomedical and pharmaceutical research looking
for APIs exhibiting high potency to treat diseases. The driving force of API-receptor binding is
often composed of hydrophobic interactions. Consequently, many of these pipeline APIs

possesses high lipophilicity limiting their oral delivery applicability [3], [12], [13].
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The process of solubilization involves the breaking of inter-ionic or intermolecular bonds
in the solute, the separation of the molecules of the solvent to provide space in the solvent for
the solute, interaction between the solvent and the solute molecule or ion. APIs have different

physico-chemical properties and poor water solubility can be attributed to different factors:

- The solubility of the compounds in water is restricted due to strong

intermolecular bonds within the crystal structure.

Physicochemical stability and high purity are advantages of crystalline form. However,
high thermodynamic driving force energy is required to overcome the dissolution barrier [9],
[14]. To start the solubilisation process, a large amount of external energy is required to break
the API crystal lattice (Figure 5). A high crystal lattice energy, which generally increases with
increasing melting temperature of a compound, results in low solubility in essentially all

solvents.

oz o

a Latti ‘ e
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Figure 5. Schematic representation of the breakdown of the solid-state bonds within a crystal

- The solubility of the compounds in water is limited because they cannot form
bonds with water molecules, thus, their solubility is limited by the solvation process.
The aqueous solvation generally decreases with increasing log P value of a compound,

i.e., lipophilicity (Figure 6).
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Figure 6. Schematic representation of the solvation of the individualized species (API
molecules/ions/atoms) surrounded by a shell of water molecules.

- A combination of both, where the impact of high crystal energy on solubility is

exacerbated by low solvation energy.

1.2. Formulation approaches for solubility/dissolution rate enhancement

Different approaches have been developed over the last few decades to overcome
solubility and/or dissolution rate of API molecules. An overview of commonly used ways,

although non-exhaustive, is given here after.

1.2.1. Solubilization/Complexation

- Co-solvency

It is well-known that the addition of an water-miscible organic solvent to water can
dramatically change the solubility of poorly water soluble APIs [15], [16]. Most co-solvents
have hydrogen bond donor and/or acceptor groups as well as small hydrocarbon regions. Their
hydrophilic hydrogen bonding groups ensure water miscibility, while their hydrophobic
hydrocarbon regions interfere with waters hydrogen bonding network, reducing the overall
intermolecular attraction of water. By disrupting waters self-association, co-solvents reduce
waters ability to squeeze out non-polar, hydrophobic compounds, thus increasing solubility
[17].

- Solubilization by surfactants

Surfactants are molecules with distinct polar and nonpolar regions. Most surfactants
consist of a hydrocarbon segment connected to a polar group [18]. Surfactants can reduce

surface tension and improve the dissolution of lipophilic APIs in aqueous medium. When the
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concentration of surfactants exceeds their critical micelle concentration (CMC) it entraps the
API within the micelles improving the dissolution performance of poorly soluble APIs [19]—
[21].

- Inclusion complexes/complexation with cyclodextrins

Cyclodextrins are a group of cyclic oligosaccharides that have a polar cavity and
hydrophilic external surface [22]. In aqueous solutions, cyclodextrins are able to form inclusion
complexes with many APIs by taking up the API molecule or some lipophilic moiety of the
molecule into the central cavity. No covalent bonds are formed or broken during complex
formation and the molecules in complex are in rapid equilibrium with free molecules in the
solution [22], [23]. These inclusion complexes can be formed simply by adding the poorly water

soluble API and cyclodextrin together, resulting in enhanced apparent API solubility.

- Lipid-based systems

Encapsulating or solubilizing a poorly water soluble API in lipid excipients can lead to
increased solubilization and oral absorption, due to their spontaneous emulsification and

formation of an emulsion, microemulsion or nanoemulsion in aqueous media [24]-[26].

Lipid formulations, such as self-emulsifying (SEDDS), self-microemulsifying
(SMEDDS) and self-nanoemulsifying API delivery systems (SNEDDS) were explored in many
studies as an efficient approach for improving the bioavailability and dissolution rate of poorly
water-soluble APIs [25], [27], [28].

1.2.2. Crystal engineering

A range of different API properties, including solubility and dissolution rate might be

improved by modifying its crystalline state.

- Salts

The selection of an appropriate salt form is frequently the primary approach to increase
solubility and dissolution rate of weakly acidic and basic poorly soluble APIs [29]-[31].
Pharmaceutical salts comprise charged species of crystal structure, free bases and acids are

made up of uncharged species.

To dissolve a crystal, it has to be attacked by water molecules that knock API molecules
or counter out of the crystal lattice. This process is facilitated as the interaction between water
molecules and the crystal surface becomes stronger. Therefore pharmaceutical salts exhibiting

polar crystal surfaces in many cases show superior dissolution behavior compared to the
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respective free base or free acid. The API solubility as function of pH dictates whether salt

formation might be suitable.

- Pro-APIs

A pro-moiety, called pro-group is covalently linked to the API, to improve its lipophilicity
and absorption [24]-[26]. The biological activity of the native API substance is obtained when
the pro-API is metabolized in-vivo and is chemically or enzymatically converted to the native

API substance.

- Modification of the crystal habit

Polymorphism is the ability of an element or compound to crystallize in more than one
crystalline form. Different polymorphs of APIs are chemically identical, but they exhibit
different physicochemical properties including solubility, melting point, density, texture,
stability etc [34]-[36].

- Cocrystals

Crystal composed of at least two molecular species, an API and a conformer, held
together by non-covalent forces. The solubility of cocrystals is determined by a range of

coformer properties and possible interactions with the API crystal [12], [32], [37], [38].

- Particle size reduction

The size of the solid API particle influences firstly the dissolution rate because as a
particle becomes smaller, the surface area to volume ratio, available for solvation, increases.
The larger surface area allows a greater interaction with the solvent. The effect of the particle

size on solubility can be expressed by the equation:

log~ =-—2YY _
gso 2.303RTT

1)

Where, S is the solubility of infinitely large particles, Sy is the solubility of fine particles,
V is molar volume, yis the surface tension of the solid, R is the radius of the fine particle and

T is the temperature in Kelvin.

The particle reduction can attain micro or nano levels by high-pressure homogenization
or spraying methods, as well [12]. Milling is the most famous method by using ball milling, jet
milling, hammer milling or cryomilling to reduce particle size [32], [39], [40]. API particles,
preferably in nanometer size scale, exhibit increased dissolution rate due to higher surface area

and also increased solubility under critical particle size [20], [40], [41].

41



- Amorphous solid dispersions

The crystalline form of an API offers advantages in terms of high purity and
physical/chemical stability. However, constraints contributed by lattice energy must be

overcome to allow solute molecules to dissolve.

The amorphous state exhibits a disordered structure in comparison to the crystalline state
and possesses higher free energy. Thus it offers enhanced apparent solubility, dissolution rate
and oral bioavailability [9], [42]-[45]. Pure amorphous APIs are rarely developed alone into

medicinal products because of their inherent physical/chemical instability.

This has encouraged investigation of the stability of ASDs and thus led to advances have
been made in recent years. ASDs are defined as solid systems consisting of API and carrier
excipient(s) prepared using thermal and/or solvent based methods. A variety of excipients such
as polymers and surfactants may be used to prepare and stabilize the amorphous form of API
[3], [42], [43], [45]-{47].

ASDs will be the main object of study in this thesis. The next section reviews the main
theoretical and technical aspects of ASDs, focusing on generation, performance and stability of

these systems.
1.3. Solid dispersions engineering

1.3.1. Definition and types of solid dispersions

Chiou and Reigelman introduced the term, solid dispersion, in 1971. It is defined as a
dispersion of one or more API’s in an inert carrier at the solid state, prepared using thermal
and/or solvent based methods [42], [48], [49]. This definition indicates that there are several

types of solid dispersions.

Solid dispersions have been classified based on the distribution of solute molecules within

the carrier matrix as eutectic mixtures, crystalline or amorphous dispersions and solid solutions.
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Table 1. Classification of solid dispersions based on the solid state of API and carrier

Matrix

Type of solid dispersion (carrier) API Phases
1. Eutetics Crystalline Crystalline 2
2 Amorphm-ls precipitates Crystalline Amorphous 2
in crystalline matrix
3. Solid solutions Crystalline ~ Molecularly dissolved -
4. Glass suspension Amorphous Crystalline 2
5. Glass suspension Amorphous Amorphous 2
6. Glass solution Amorphous  Molecularly dissolved 1

Table 1 shows six different types of solid dispersions. The first generation of solid
dispersions used crystalline carriers and two types of solid dispersions were obtained differing
in the API state, crystalline API (type 1) or amorphous API (type 2). The second generation
employed natural or synthetic amorphous polymeric carriers, with crystalline (type 4) or

amorphous APIs (types 3 and 5).

Type 4 is classified as a crystalline glass suspension, type 5 as an amorphous glass
suspension. Type 4 is achieved if the API is dispersed as crystals in the amorphous polymer
phase. This is a two-phase system. This type of solid dispersion is very stable since the API

remains in its crystalline state.

Type 5 means that the API is transformed into an amorphous state but is not molecularly
dispersed in the carrier matrix. This type of glass suspension is usually metastable. This means
that, in the case of a too large amorphous API cluster, nuclei formation and hence nuclei growth

resulting in fast recrystallization is likely to occur.

In case of type 6, the solid dispersion of the API is molecularly dispersed in the carrier.
This results in a single-phase system. To obtain a glass solution, a certain degree of solubility
of one component in the other is required. This means that the API can dissolve in the carrier

up to a certain degree [21], [42], [48].

A wide range of pharmaceutical excipients such as polymers [19], [21], [46], lipids [24]-
[27] and surfactants [18], [50], [51] may be used to prepare and stabilize the amorphous form
of APIs.

1.3.2. The amorphous state

The crystalline state is characterized by a long range order of molecular arrangements in

the crystal lattice [52]. In contrast, the amorphous form possesses only short range order in their
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molecular arrangement. Because of this higher disorder, amorphous solids (or glasses) possess
higher molecular mobility and increased thermodynamic properties such as enthalpy, entropy
and free energy, compared to the crystalline state [42], [52], This phenomenon is visualized in
Figure 7 where enthalpy, entropy or volume for molecular substances are plotted in function of

temperature at constant pressure.
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Figure 7. Plot of enthalpy, entropy or free volume in function of temperature for molecular substances
at constant pressure. T% is the glass transition temperature and T" is the melting point. Adapted from [43]

In order to well understand the differences between crystalline and amorphous material,
let’s consider the crystalline state shown in Figure 7. When a crystalline solid is heated, it will
melt and become a liquid at T™, which is the melting temperature. Melting is a first order
transition and the liquid state is reached by a step change in enthalpy, entropy and free volume
values compared to the crystalline state [53]. When the molten liquid is cooled slowly, it will
allow for sufficient time for the molecules to reorganize and regenerate a crystalline structure.
In contrast, if the same molten liquid is cooled rapidly, it may attain a temperature lower than
T™ without crystallizing, going to a supercooled liquid state, which is in equilibrium with the
molten liquid state [9]. The system on further cooling continues to be in equilibrium until glass
transition temperature (T®) is attained, where the system enters into a non-equilibrium state. T8
is marked by a significant decrease in molecular mobility and viscosity. There is a sudden

decrease in kinetic energy of the system [52].
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As shown in the previous paragraphs, amorphous solids have higher free energy
compared to a crystal and lack the highly ordered crystal lattice. This gives them a benefit in

solubility since they don’t have to overcome lattice energy.

However, their excess properties also confer physical instability on the amorphous system
that has a tendency to convert to a stable crystalline state. Due to their inherent instability and

propensity to crystallize, amorphous forms of APIs are rarely formulated alone.

An amorphous form can be stabilized primarily by minimizing its molecular mobility in
order to prevent crystallization. The simplest approach is to store an amorphous form below its
T¢. An empirical rule known described in the literature recommends a storage of the amorphous
form at temperature 50°C below its T¢. This retards the molecular mobility of the amorphous
state making it sufficiently stable to provide a practical shelf life [54], [55]. However, this
strategy has limited applications as it affects stability during shelf life only. It has no effect on

subsequent events during dissolution.

As mentioned previously, a more practical approach towards stabilizing the amorphous
form is formulating an ASD wherein the amorphous API is incorporated into a matrix of
excipient(s). Figure 8 shows the energy landscape of a crystalline form, an amorphous form
and an ASD. Formulation of an amorphous API into an ASD lowers the free energy of the

amorphous form closer to the energy level of crystalline form [56].

Amorphous

ASI9Ud 9.1

Amorphous API
solid
dispersion
Ap, Ap,
 Z
Crystalline
API

Figure 8. Comparison of energy landscapes of amorphous form, ASD and crystalline form. M is the
chemical potential while E. is the activation energy barrier for crystallization. Diagram is not to scale.
Adapted from [53]
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1.3.3. Effect “Spring and parachute”

TUPAC has defined solubilization as a process by which an agent increases the solubility

or the rate of dissolution of a solid solute (IUPAC) [57].

The general solubilization mechanism of ASDs is called ‘spring and parachute’ concept.
The spring and parachute concept is the usual strategy associated with API release from solid

dispersions.

Considering a dissolution medium (Figure 9), a crystalline API is capable to be dissolved
until the concentration attains the API thermodynamic solubility. In other words, so far, it
reaches the equilibrium saturation, at which the concentration remains constant. In comparison,
immediately upon contact with aqueous medium, the amorphous form of the same API
dissolves more rapidly, reaches the supersaturation in the dissolution medium. This first step of
dissolution is named “spring” effect. Because of the poor physical stability of the amorphous
state, the concentration of dissolved API decreases quickly to achieve the equilibrium saturation
[9], [23], [42], [58], [59]. The supersaturation is short-lived, because it depends on the interplay
between the dissolution and crystallization rates of the API [42].
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Figure 9. API profile dissolution based on the aqueous solubility of amorphous and crystalline API
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The success of the ASD depends on the ability of the carrier, usually a soluble polymer,
to function as stabilizing agent and thus maintain supersaturated concentrations achieved during
dissolution. The combination of a rapidly dissolving and supersaturating "spring" with a
precipitation retarding "parachute" for a period of hours while API is being absorbed (parachute
effect) [42], [58] has often been pursued as an effective formulation strategy for ASDs to

enhance the rate and extent of oral absorption.

1.3.4. Mechanisms of API release from ASDs

Despite the significant advance in the design of ASDs, the API release from these solid
structures has been shown to be complex involving several mechanisms by which the carrier
prolongs the API supersaturation in the dissolution medium. Possible mechanisms of enhanced

dissolution include the following:

- Wettability

When a solid enter in contact with a liquid, a strong affinity between them can occur and
then, liquids might form a film over the surface of the solid. However, if this affinity is
nonexistent or weak, the liquid has difficulty to disperse the air and a bigger angle of contact
appears between the liquid and the solid [60]. This contact angle is determined from a balance
between adhesive and cohesive forces involving three interface tensions: (i) liquid and vapor
phase, (ii) solid and liquid phase and (iii) solid and vapor phase. If this angle is small, the solid
surface increases and then, wettability increases. Thus, the contact angle provides an inverse
measure of wettability [61]. In literature, the dissolution properties of individual materials have
been correlated with the process of wetting and wetting kinetics [62]-[64]. The mechanism of
improved solubility and dissolution rate of an API may involves its enhanced wettability in a

polymer-rich microenvironment as the polymer dissolves [65].

- Carrier nature

The nature of a carrier, i.e., hydrophilic, hydrophobic or amphiphilic may influence the
dissolution release of the API. The incorporation of poorly water-soluble API into a water-
insoluble carrier leads to delay the API release from matrix. On the other hand, if a poorly water
soluble API is added into a water-soluble carrier, the impact is inverse and the dissolution rate

is improved [66].
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Micellar solubilization is an intrinsic characteristic of surfactants with amphiphilic
behavior. To be amphiphilic means to be composed by a hydrophilic unit (contact with aqueous
media) and a hydrophobic unit (contact with the API) and thus to be capable to perform a
micellar solubilization [67]. In aqueous medium, the micellar solubilisation (Figure 10) can be
explained as follows: the hydrophilic part generates hydrogen bonds with water allowing the
dissolution, while the hydrophobic part forms hydrophobic niches where the API molecules

can come housing.

Crystalline API

Aqueous i

Amphiphilic e '_n_eiiiu_‘[l_:
polymer

-

Figure 10. Representative scheme of a micellar solubilization

- APIl-carrier ratio

The optimization of carrier to API ratio is important in the design and development of
solid dispersions for poorly water soluble APIs since carrier dissolution is a crucial component

in API release from these systems.

High polymer to API ratio can produce better wettability resulting in an enhanced
solubility possibly due to a more homogenous dispersion of the API within the polymer matrix
[66], [68]. In contrast, it is always more advantageous for the industry (cost-effectiveness) and

patient (by reducing dosage form) if the carrier is used in minimal amounts.

- APIl-carrier interaction

In addition to the ability of carrier matrix to improve local solubility and wettability of
APIs, carriers also contribute to enhance their aqueous solubility and dissolution rate through
specific interactions (like hydrogen bonds and/or hydrophobic interactions) with API functional

groups.

API precipitation (or recrystallization) might occur in two stages: nucleation and crystal

growth. When carriers (polymers in most cases) are added to API to generate solid dispersions,
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they may interfere in one or both of these processes through formation of hydrogen bonds or
hydrophobic interactions with API [43], [69].

In literature, different studies of ASDs have identified and discussed API-carrier
interactions. For example, in the case of indomethacin (API) and ethylcellulose (carrier), a
delayed release rate from ASD was related to strong indomethacin-ethylcellulose interactions
occurring during dissolution at acid pH [70]. In another example, ASDs containing
Ketoconazole and different carriers (PVP, PVP-VA, HPMC or HPMC-AS) demonstrated that
the presence of interaction between API and polymer at the molecular level plays a big role in
the API release rate [58].

It is important to mention here that the free API concentration in the dissolution medium
is dependent on the aqueous solubility of the crystalline or amorphous API, which in turn

depends on many factors including API crystallization rate but also API-carrier interactions.

1.3.5. Stability

Long-term stability has always been the main concern of formulation scientists on

amorphous solid dispersions [42], [71].

The apparent solubility and dissolution behavior of ASDs must remain unchanged during
storage. The best way to guarantee this is by maintaining their physical state. Physical
instability of solid dispersions such as phase separation and subsequent crystallization may
reduce the dissolution rate of the active ingredients. Since many solid dispersions contain
amorphous or molecularly dispersed APIs, they are often susceptible to crystallization during
storage [56]. Similarly, certain carriers may exist in thermodynamically unstable states in solid

dispersions and undergo changes with time [66], [70].

The physical stability of ASDs should be related not only to API crystallization but to
any change in molecular structure including the distribution of API within the ASDs [21], [43],
[56], [72], [73]. For optimal stability of ASDs, the molecular mobility should be as low as
possible.

A relevant quantity of factors has been noticed to influence the physical storage stability
of ASDs, among them, the crystallization tendency, the molecular mobility of APIs, the anti-
plasticization effect of ASDs in the API, API-carrier interactions and the manufacturing process
[44], [56], [74], [75], besides the storage environment (temperature and humidity). In particular,
moisture might facilitate the crystallization of amorphous APIs and for this reason solid
dispersions should be protected from moisture. Various studies reported reduced dissolution
rates of APIs in ASDs upon ageing [48], [54], [76].
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- The anti-plasticization effect

This effect is based on a thermodynamic approach that means an increase in the glass
transition temperature of a binary mixture (API and carrier). Typically, the polymer has a high
glass transition temperature and would have an antiplasticization effect on the API compound
[77]. An amorphous solid dispersion usually has a higher glass transition temperature than the
pure API compound. The increase in the glass transition temperature of the amorphous system
can often result in the amorphous system being in the glassy state at room temperature. This

effectively reduces the molecular mobility of the system and the crystallization rate.

For an ideally mixed binary mixture, the glass transition temperature of the binary mixture
(T‘,'f,, 1x) can be estimated from several equations such as Fox equation, Gordon-Taylor equation,

Couchman-Karasz or Kwei [77].

From Gordon-Taylor equation, Tﬂ 1x 18 calculated based on the individual contributions

of weight fraction and glass transition temperature of each component in the binary mixture,

without considering the intermolecular interactions between them:

_ WpaTp,+ K.(1-Wpa).Th,

)
Toix = Wpa+K.(1-Wpy) 2)

Tg 4 and Tf,o are the API and polymer glass transition temperatures, respectively. Wp, is the

API mass fraction in the mixture. K can be defined as a parameter characterizing the
intermolecular interactions between both components resulting in the curvature of the evolution
and is defined by equation 3 [78]. A value of 1 for K means that the interactions between both

components are similar to the ones of the pure components.

T3, -PPA
= afrn g
poPPo

Ppa and ppo are the densities of API and polymer, respectively.

- Crystallization tendency

Recrystallization is the major disadvantage of ASDs. As already discussed, amorphous
systems are thermodynamically unstable and have the tendency to change to a more stable state
under recrystallization. Molecular mobility is a key factor governing the stability of amorphous

phases, because, even at high viscosities, below T¢, there is enough mobility for an amorphous
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system to crystallize over pharmaceutically relevant time scales. Molecular mobility of the
amorphous system depends not only on its composition, but also on the manufacturing process
[79].

API molecularly dissolved Amorphous clusters of API
(thermodynamically stable) (only Kkinetically stabilized)

1 phase 2 phases
(glass solution) (glass suspension)
(A) Undersaturated ASD (B) Oversaturated ASD

Figure 11. Solid dispersions based on amorphous polymeric carriers, with API concentration exceeding or
not the solubility of the API in the carrier. A) Undersaturated ASD and (B) oversaturated ASD

Figure 11 (A) illustrates an ASD where the amorphous API is molecularly dissolved in
the carrier, i.e, the binary mixture is undersaturated in API. This system is thermodynamically

stable.

Figure 11 (B) shows that the API is in an amorphous state but is not molecularly dispersed
in the carrier matrix. This type of glass suspension is usually metastable. This means that, in
case of too large amorphous API clusters, nuclei formation and hence nuclei growth resulting
in fast recrystallization is likely to occur. If the clusters of the amorphous API are small, i.e.
they do not contain a sufficient number of API molecules to recrystallize, the immobilization
of API in the matrix, as an amorphous glass suspension can be sufficient to ensure a kinetic
control of the physical stability. Since water acts as a plasticizer and lowers the glass transition
temperature, moisture absorption needs to be avoided in the case of ASD type B shown in
Figure 11 in order to maintain sufficient stability. Also, ASD of type B are more susceptible to
evolve in its solid structure under unfavorable storage conditions such as elevated temperature
and humidity and other stress conditions such as compression, that is an important stage of

tablet manufacturing of ASDs [80].
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1.3.6. Characterization of amorphous solid dispersions (ASDs)

The aim of the characterization of an ASD is to exhibit the feasibility of this complex

system to enhance API solubility, dissolution rate and also, to maintain the supersaturated

solution performance in terms of stability, controlling/reducing its tendency to recrystallize

[81]. To achieve this aim, several techniques have been used in order to explore the physical

structure, molecular interaction and behavior of ASDs [45], [81], [82] and some of them are

summarized in Figure 12.

API-carrier miscibility:
Thermal analysis (T®), theoretical
models (Hansen solubility parameters,
Flory- Huggins), phase-diagram

Characteristics of pure
compounds:
Thermal analysis (Tg, T™, Tdegradation)
XRD (solid state and cristallinity)

solubility

Physical structure:
Scanning electron microscopy (SEM),
Surface area analysis

Surface properties:
Raman microscopy (RM), Atomic
force microscopy, Inverse gas
chromatography and dynamic vapor
sorption (DVS)

API-carrier interaction:
FTIR spectroscopy, Raman
spectroscopy and solid state NMR

Stability:

Thermal analysis (evolution of T¢),
under stress conditions (temperature,
RH and compression), Dynamic vapor
sorption

Dissolution and Solubility
enhancement:
In vitro dissolution (SINK and non
SINK conditions), intrinsic
dissolution, dynamic solubility

Figure 12. Summary of ASDs techniques of characterization.

Techniques that will be used in this thesis are the following:

1.3.6.1. Thermal analysis

Thermal analysis might be the most essential routine tool for the ASD characterization.

They are commonly used to monitor phase transformation through exothermic processes (e.g.,

crystallization, chemical degradation) and endothermic processes (e.g., glass transition, melting

point). The most widely thermal methods are Differential Scanning Calorimetry (DSC) and
modulated differential scanning calorimetry (mDSC) [78], [81], [83].

In these methods, the material is heated, and then the energy associated with its

transformation can be measured in order to detect thermal transitions such as the glass transition

temperature, polymorphic transformation, melting point and recrystallization [81].
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Figure 13 shows an example of DSC thermogram, where the thermal transformations are
represented. Crystalline materials, once heated, attain the melting temperature (T™) and
consequently, they pass by an endothermic transformation corresponding to melting. On the
contrary, amorphous materials, once heated, reach the glass transition temperature (T#) instead
of T™. Indeed, an amorphous material can also show an exothermic event (recrystallization),

which is then followed by an endothermic melting one.

Exo | - £y

heat ’ |

Endo \ /

temperature ————==

Figure 13. Schematic representation of a DSC thermogram with the main endothermic and exothermic
processes. Taken from [84]

Sometimes, DSC analysis can exhibit some limitations to detect the thermal transitions
because they are weak or overlap another event, for example, water evaporation occurring at
the same time. mDSC is then, applied to overcome these limitations by separation of
overlapping thermal events if it is possible and this method has higher sensitivity in measuring
heat capacity (CP) [81]. mDSC has been used to measure the APIs crystallization tendency,
glass transition, API-polymer miscibility, crystallinity/crystallization (e.g. crystal growth rate,
crystallinity degree) and molecular mobility (e.g. structural relaxation and viscosity) [78].
mDSC provides the ability to enhance interpretation of complex thermal curves. To perform
mDSC analysis, a sinusoid is added on the ramp of T by a software that is coupled to the

conventional DSC, allowing the separation of the signal of total heat flow in:

- Reverse heat flow (reversing): which contains heat capacity related events such as the
glass transition;
- Non-reversing heat flow: which contains kinetic events such as crystallization, crystal

perfection and reorganization, cure and decomposition.

53



Heat capacity (C?) of a system is the amount of heat (often expressed in SI by J.kg'!.K!)
needed to raise the system's temperature by 1K. Usually the specific heat is not measured during
first order transitions in the physical state (e.g. melting), where it can be infinitely large. The
measurement of C? by DSC for crystalline and amorphous form is distinctive. For the first one,
the measure occurs before melting point (crystalline compound) and after melting point (liquid).
For amorphous material, C* might be measured before glass transition to ensure that it will be
a measure corresponding to all material because the increase in temperature stimulates the

appearance of other thermal events, such as recrystallization [1].

Concerning API-polymer miscibility, the homogeneity between the compounds is an
important factor for stability. A unique T# for the mixture, placed between the T¢’s of the pure
compounds, can indicate homogeneity between the compounds at molecular level
corresponding to a single phase. The T¢ of the pure compounds should be quite different of, at

least, 10°C in order to exhibit a true analyze by DSC or mDSC [56].

1.3.6.2. X-ray diffraction

XRD has been used to study and identify, the presence or change in crystallinity (or
amorphicity) and polymorphism in ASDs [42], [78], [85]. Also, XRD has proven to be a

valuable tool to assess the storage stability of amorphous systems [86].
This technique of characterization is based on Bragg’s Law defined by the equation:
nl= 2dsin(6) (4)

A is the wavelenght radiation, d the distance between atomic planes, 0 the Bragg angle and n

the diffraction order.

This technique deals with the incidence of parallel X-rays, which attack the crystalline
planes and are then diffracted at angles related to the spacing between the planes of molecules
lattice. Characteristic peaks in the diffraction pattern evidence crystallinity, which can be
determined. On the other hand, amorphous state is detected by the absence of characteristic

Bragg’s peaks [86].

1.3.6.3.Spectroscopic methods: Raman (RM) and Fourier-transform infrared

spectroscopy (FTIR)

When the material is exposed to electromagnetic radiation, changes, such as electronic
transitions, vibrational transitions and nuclear spin transitions on the molecular and atomic-
level, can occur. This phenomenon represents the base of spectroscopic methods and can be

divided into, for example, Raman Spectroscopy or Infrared spectroscopy, based on the energy
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gap between the ground and excited states [81]. These techniques allow the identification of

substances due to fingerprints that are specific to each substance.

For ASDs, the spectroscopy imaging might provide essential molecular-level information
about local structure in amorphous solids, such as API-polymer interaction, phase separation
and crystallization. Infrared (IR) is based on the absorption, reflection and emission of light and
Raman (RM) is based on the phenomenon of light scattering. They are complementary

techniques.

FTIR can be used to identify specific interactions between API and polymer, such as
electrostatic interactions, hydrogen bonds, dipole interactions and forces of van der Walls by

observing changes in peak shape or position (disappearance, appearance or peak displacement).

RM is an important supplemental technique of FTIR to evaluate the miscibility in API-
polymer systems since it provides localized compositional information that is distinctive from
the bulk characterization [49], [56]. RAMAN spectroscopy offers the advantage to make
possible to obtain chemical detailed information on the spatial distribution of the sample
constituents. When coupled to microscopy, high-resolution chemical images of the spatial

distribution of sample components can be obtained through RAMAN mapping [1].

1.3.6.4. Scanning electron microscopy (SEM)

This technique is based on the emission of monochromatic electron beam to probe the
surface and near-surface area of materials at a higher magnification and resolution than a
traditional light microscopy [81]. SEM provides high-resolution images from the application
of a potential difference in a Tungsten filament, which will interact with the surface of the
material to be analyzed, which in response produce secondary electrons that will be detected
forming the image of the micrograph [1]. SEM have been widely applied in the ASDs
characterization examining the effects of manufacture process on particle morphology and
homogeneity of samples. It can also be used to investigate the morphology of ASDs after

dissolution or a physical stability tests [81].

1.3.6.5. Dynamic vapor sorption (DVS)

Water vapor sorption is an established method, used to study the affinity of powders and
their physical mixtures towards water. A water sorption isotherm reflects the interaction
between a powder material and water by relating the humidity of air in equilibrium with water

content of the solid material at a constant temperature and pressure [87].
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The measurement of this affinity is evidenced by the degree of hygroscopicity of the
carrier used in the ASD formulations. If the carrier (polymer) is hydrophilic, the interaction
with water increases. Due to the plasticizing effect of water, the mixture glass transition
decreases, higher molecular mobility is detected and consequently, the recrystallization

tendency is stimulated [48].

DVS has been applied to study the effect of water uptake in amorphous systems through
sorption/desorption isotherms of ASDs [88].

1.3.6.6. Apparent kinetic solubility

Thermodynamic solubility is normally measured according to the method of Higuchi and
Connors [89]. In this method, an excess amount of API is suspended in an aqueous buffer or
solvent and rotated or shaken for an extended period of time, typically, 24 to 48 hours, to ensure
the attainment of equilibrium. At the end of the equilibration, the solution is filtered or
centrifuged and the concentration of the filtrate is measured using ultraviolet light absorption

spectroscopy or high performance liquid chromatography and compared to a standard.

Unlike crystalline APIs, equilibrium solubility cannot be determined for amorphous
materials because, at equilibrium, API solubility using the crystalline or amorphous form is
similar, by definition. If we accept the fact that precipitation follows supersaturation, then
concentration of API from ASDs at the peak of the solubilisation could be used for the

determination of apparent (kinetic) solubility (Cmax) as represented in Figure 14.

A Conax_ Kinetic solubility

Solubility (ng/g)

\4

Time

Figure 14. Schematic representation of kinetic solubility for amorphous materials.
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1.3.6.7. Dissolution

As already discussed in topic 1.3.3., upon dispersion of an API in a carrier matrix, a true
solid solution will result if the API and polymer are completely miscible to yield a single phase.
In an ASD where the API concentration exceeds its own solubility in the carrier matrix, the
resulting supersaturation will induce crystallization in the solid state what, depending on the

crystallization induction period, may compromise the solubility advantage of the dispersion.

The rate at which an API goes into solution (dissolution rate) is an essential pre-requisite
for the absorption process. Dissolution is hence an important aspect of formulation
development of ASDs. Essentially, the apparent solubility advantage of ASDs determines the
probability of success of improving bioavailability in vivo. Typically, the apparent solubility
behaviors of ASDs are evaluated by dissolution studies. Not only the peak concentration

achieved but also the duration of supersaturation is biorelevant.

The scientific literature is enriched with a great number of studies on the dissolution
assessment of amorphous dispersions. Majority of them are using powder dissolution to

elucidate the mechanism of the dissolution behaviors of amorphous dispersions.

Dissolution method development for these formulations has faced challenges due to their
unstable supersaturation state in aqueous media. The rate of dissolution can be expressed by
using Noyes-Whitney equation, which provides various parameters that can help the
improvement of dissolution rate of a poorly water-soluble API, to minimize the limitations of

oral availability:

ax _ DA _X
E_h(cs V) (5)

dx

" is the dissolution rate, A is the surface area available for dissolution, D is the diffusion

coefficient of the API particle, drug is the thickness of the diffusion layer adjacent to the
dissolving API particle surface, C; is the saturation solubility of the API particle in diffusion
layer, X is the amount of API particle dissolved at time t and V is the volume of dissolution
medium [72].

As ASD disintegrates, the increased solubility (Cs) of the amorphous form will yield a
higher dissolution rate relative to the corresponding stable (crystalline) form, as well the
increased surface area (A) resulting from size reduction of the API particles during solid

dispersion process to the molecular or nearly molecular scale.
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However, rapid dissolution of the amorphous API will quickly lead to attainment of a
high supersaturation level with respect to the more stable form, which will start to crystallise

immediately or after a certain induction period.

Broadly, there are two types of crystallization which may affect the dissolution profiles
of ASDs [9], [90] namely, (I) crystallization from solution and (II) conversion of amorphous

state into crystalline state in the undissolved material due to the plasticizing effect of water.

The dissolution behavior of ASDs is governed by the degree of supersaturation (C > Cs).
Then, crystallization can take place under supersaturated conditions and the rate of this
transformation is affected by the degree of supersaturation besides factors like API

physicochemical properties and API-carrier interactions.

- Defining Dissolution in Sink/Non-Sink conditions

Based on kinetic (apparent) solubility, dissolution conditions can be varied with regard
to dose, volume and composition of dissolution medium. In the European Pharmacopeia [8],
sink conditions are defined as a volume of dissolution medium that is at least three to ten times
the saturation volume. In other words, the volume of dissolution medium has to be sufficient to
dissolve, into the dissolution vessel, 100% API loaded (Dose) in the studied formulation. This
condition is based on the determined thermodynamic solubility and the dissolution is not limited

by diffusion [90]. A typical dissolution profile under sink condition is shown in Figure 15.

Cristallinity solubility

100%f= = = = = — = —

Drug release

v

Time

Figure 15. Example of in vitro dissolution profile for perfect Sink conditions
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To observe the supersaturation effect of amorphous SDs, in vitro dissolution studies
should be conducted under non-sink conditions as is commonly encountered on entering the

gastrointestinal (GI) tract [90].

Two types of dissolution kinetics could be expected under non-sink conditions. They are

represented in Figure 16.

A (Fig. 16 A): Supersaturation is sustained over time during whole experiment and
crystallization is unnoticed. In this case, the dissolution profile shows a supersaturation

behavior with concentrations higher than the equilibrium solubility of crystalline API;

B (Fig. 16 B): The dissolution profile leads to a supersaturation solution followed by
crystallisation [90].

Intermediate non-
sink conditions
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Figure 16. In vitro dissolution profiles for A) Intermediate non-Sink conditions and B) Extremely non-
Sink conditions

For supersaturating formulations, the maintenance of supersaturation over dissolution

time depends on the level of ‘stress’ imposed to the formulation under dissolution. Therefore,
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the degree (%) of supersaturation in the dissolution medium can provide an efficient way to
screen formulations, since the ability for a formulation to maintain a temporary supersaturation
in the dissolution medium depends on the dissolution of the powder and the ability of the carrier
to inhibit API recrystallization [43], [90], [91].

Based on this, the sink index (SI) was introduced [90], which is defined as follows [90]:

SI= o5 (6)

14

C, is the solubility of crystalline API, V the volume of dissolution medium and Dose is

the total amount of API in the test sample. In order, to establish in vitro-in vivo correlation of
. : : Mo /V .
API dissolution and absorption, Dose can be defined as Dose = % (7), where M,, is the
S

dose and V, the initial gastric volume, 250 mL. In general, SI is a dimensionless number
equivalent to the inverse of the maximum theoretical supersaturation ratio. This number can be
at least 3 (up to 10) for dissolution Sink conditions and about 0.1 for dissolution non-Sink

conditions.

- Studies comparing dissolution under sink and non-sink conditions

It is still a challenge compare sink and non-sink conditions due to the several factors
affecting supersaturated solutions [18]. So far, few studies have reported the effect of sink and
non-sink conditions in dissolution release from solid dispersions. A recent review on this topic
was provided by Sun [90]. Some of the more relevant results are summarized here: Franga et
al. performed solid dispersions with chlorthalidone and polymer (Soluplus®) — surfactant
(sodium lauryl sulfate — SLS) complex. API release was evaluated using sink and non-sink
conditions in different dissolution media (pure water and biorelevant medium) and the results
showed differences between the dissolution kinetics carried out under the two different
dissolution conditions, even if a high level of supersaturation (up to 6-fold the crystalline

solubility) was maintained for 6 drug in biorelevant medium [18].

Another example is the work performed by Huo et al. who generated solid dipersions of
tacrolimus with HPMC and poloxamer 188 as carrier materials [92]. It was found that all the
solid dispersions showed favorable dissolution rate under sink conditions. However, the release
of tacrolimus was hampered in non-sink conditions, being also influenced by the pH of the

medium in the non-sink environment.

Finally, Newman et al. has already commented that, for in vitro dissolution testing of

ASD formulations, few studies have clearly specified ‘sink’ or ‘non-sink’ dissolution
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conditions [93]. Additionally, some authors claim that, ideally, formulations should be able to
maintain the high supersaturation level or prolong the induction period for crystallization for at
least 2-3 hours [94].

- Mathematical analysis of API release kinetics

To further understand the release mechanism from ASDs, experimental data can be
subjected to mathematical analysis to determine release/dissolution profile characteristics from

the formulations.

API release profiles can be analyzed using independent [dissolution efficiency - DE] and

model-dependent (curve-fitting) approaches.

¢ Dissolution efficiency (DE)

Model-independent methods generate a single value from a dissolution profile, thus

allowing data to be compared directly.

Model-independent methods include the dissolution efficiency percentage (DE). This
concept has been presented by Khan and Rhodes in 1972 [95]. For each sample, the percentage
dissolution efficiency is calculated as the percentage ratio of the area under the dissolution
curve up to time t to that of the area of the rectangle described by 100% dissolution at the same
time point, and is defined as follows:

t

J 2y at
DE =—4~
Y100 (t2—t1)

100%  (8)

y is the percentage of dissolved product. DE is then the area under dissolution curve
between time points t; and t; expressed as the percentage of the curve maximum dissolution.

1005 over the same period.

The dissolution efficiency (DE) has been used to evaluate API release performance from
different API delivery systems (solid dispersions and others) under different formulations and

test conditions with a 100% of drug delivery.
e Curve-fitting model

Model-dependent methods explore the mathematical equations governing the liberation
profile as a function of certain parameters related to the pharmaceutical dosage form. These

models allow an easy quantitative interpretation of data. A large number of mathematical
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models were developed to describe the release rate of APIs from different API delivery systems.

Some of the important models are [96]:

Diffusion model

Zero order kinetics model
First order kinetics model
Higuchi model
Korsmeyer-Peppas model

AR A

- Diffusion model

Two laws can explain the diffusion mechanism: Fick’s first law of diffusion and Fick’s

second law of diffusion.

- In Fick’s first law of diffusion, the diffusion flux occurs from regions of high
concentration to regions of low concentration, with a magnitude that is

proportional to the concentration gradient. The law can be defined:
J==-D— (9
Where, J is the amount of substance passing perpendicularly through a unit surface area

. . cop . dc . . .
per time, D is the diffusion coefficient and o 18 the concentration gradient.

The negative sign in the equation is to illustrate that the diffusion occurs in the direction

opposite to the increasing concentration.

- In Fick’s second law of diffusion, concentration changes with time. This law is a

derived from Fick’s first law and illustrates that the change rate in concentration
in a volume within the diffusional field is proportional to the rate of change in

spatial concentration gradient at that point in the field.

dt dx?

The diffusion models are applied to find flux and concentration across membranes.
Fickian diffusion generally occurs in polymeric matrices in which the value of the vitreous
transition temperature of polymer (T®) is less than the temperature of the environment. When
the polymer is in the rubbery state, polymeric chains have high mobility, enabling easy solvent

penetration [97].
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- Zero order kinetics model

This model represents a slow release of API from dosage forms that do not disaggregate.

It is represented by
Qo — Qs =Kot (A1)

Q, is the initial amount of API in the solution (most times, Qy=0), Q is the amount of

API dissolved in time t and K|, is the zero order constant.

This model is applied to describe the API dissolution of several types of modified
pharmaceutical dosage forms, such as, transdermal systems, matrix tablets with low soluble

API in coated forms, osmotic systems, etc.

- First order kinetics model

This model is used to describe absorption and elimination of some APIs. The release can

be expressed by the equation:

dc
S——kCc 2

Where, K is the first order rate constant.

This model can be used to describe the API dissolution in pharmaceutical dosage forms
such as those containing water-soluble APIs in porous matrices. There are a variety of
therapeutic systems that display this type of first-order release. For soluble active agents
incorporated in a porous matrix, the amount of drug released is proportional to the amount of
remaining drug in the matrix. Thus, the amount of active released tends to decrease in function

of time [97].

- Higuchi model

In 1961, this model was proposed by Higuchi in order to describe the API release from

matrix systems. The hypothesis was based on:

(1) Initial API concentration in the matrix is much higher than API solubility;

(i1))  API diffusion takes place only in one dimension (edge effect must be negligible);
(iii)  API particles are much smaller than system thickness;

(iv)  Matrix swelling and dissolution are negligible;

(V) API diffusivity is constant and

(vi)  Perfect sink conditions are always attained in the release environment.

Higuchi model is given by the equation:
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Q = Kyty); 13)

Q is the amount of API released in time t per unit area A and Ky is the Higuchi

dissolution constant.

This model is applicable to describe API dissolution from several modified release dosage

forms like, some transdermal systems and matrix tablets with water soluble APIs.

- Korsmeyer-Peppas model (Power law)

Korsmeyer et al. (1983) derived a simple relationship to observe and understand the API
release mechanism from polymeric system. /n vitro release data was converted into the fraction
of API or polymer released from the solid dispersions and plotted against time [98]. This plot

was then fitted to the model described in Peppas equation.
Q = K¢t™ with Q =2t (14)
Qoo
Q; is the amount of API dissolved in time t and Q, is the maximum amount of API
dissolved in time t, Kk is a constant of Korsmeyer-Peppas, n is an important parameter in

Korsmeyer-Peppas model, which characterizes the release mechanism as summarized in Table

2. The (n) value is used to characterize different release for cylindrical or spherical shaped

matrices.
Table 2. Interpretation of release mechanisms from polymeric matrices [97], [99], [100]
Release exponent (n) API transport mechanism Description
0.45 (cylinder) Fick diffusion Solvent transport rate or diffusion >>

0.43 (sphere) Polymeric chain relaxation

o Diffusion and Swelling. The
0.45<n<0.89 (cylinder) ~ Non-Fickian and anomalous  rearrangement of polymeric chains is

0.43<n<0.85 (sphere) transport slow.
0.89 (cylinder) Swelling or relaxation of polymeric
Case II — Non-Fickian chains

0.85 (sphere)

n>0.89 (cylinder) Super Case II — Non-Fickian Tension of the polymers chain
n>(0.85 (sphere)

This model has been frequently used to describe API release from several modified

release dosage forms.

- Selection of the model for release study

There are various criteria for the selection of the mathematical models. The most widely

used method employs the coefficient of determination R? to assess the fit of the model equation.
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Other criteria can also be used like least square fit, i.e. AIC (Akaike’s information criterion)

and RMSE (root mean square error).

In general, the release models with major application are the Higuchi model, zero order
model and Korsmeyer-Peppas law. The Higuchi and zero order model represents two limit
cases in the transport and API release phenomena and Korsmeyer-Peppas model can be the

decision parameter between these two models [101].

Korsmeyer-Peppas model has described well the dissolution behavior of solid dispersions

of various APIs, polymers and manufacturing processes as shown in Table 3.

Table 3. Summary about works in the literature that have used Korsmeyer-Peppas model to fit API
release from solid dispersions. (Web of science- Keywords: solid dispersions, dissolution and Korsmeyer-
Peppas model. Accessed in 11/10/2018)

Manufacturing processes References
= 5}
4 S = = -
S| = gl g = S o
S| 8| 2| E| | § =
API Carrier é’ = ;?- ‘5_ g g -é
o0 Z g 3 ) g &
= = 2 = E| g &
B v Loy & ® =
S| 2| | S| g| A
@ 2
Artemisinin Succinic acid X X [102]
Efavirenz Soluplus® X [103]
. Eudragit® RL/RS PO
Pelubiprofen +Aminoclay X [104]
PVP K15, K30 and
PABA esters K90 X [105]
Clopidogrel
bisulphate PEG-4000 X [106]
Allopurinol Polyethg(l)eo%e glycol X X X X X [107]
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1.3.7. Manufacturing amorphous solid dispersions (ASDs)

As already discussed earlier in the Chapter, a more practical approach towards stabilizing

an amorphous form is formulating ASDs.

Melting or solubilization of API and a carrier in a suitable solvent or solvent mixture are
the basic principles of the transformation of the API in an amorphous stabilized form. The steps

of this transformation is schematically represented in Figure 17 [77].

In the melting process showed in Figure 17, also called solvent-free method, API and
carrier, generally a polymer, are pre-mixed and heated to melt the API. The polymer is firstly
heated at temperatures above its glass transition temperature (if amorphous) or above its melting
temperature (if crystalline). We will focus here on amorphous polymers. Above the Té¢, the
mobility in relatively long segments of polymer chains occurs freely. The crystal lattice
structure of API can be destroyed by high temperatures (above its melting point) and it can then
interact with the mobile polymer chains. The binary mixture is subsequently rapid cooled to

‘freeze out’ the solid state API-polymer in an amorphous solid structure.

On the other hand, i.e., starting from a solution of API and carrier in a common solvent
or solvent mixture, the named ‘solvent evaporation’ method (Figure 17), the lattice crystal
structure is completely destroyed during the solution preparation step. API molecules that are
solubilized in the solvent are incorporated into the loosened polymer chains. The common
solvent in the multi-constituent solution is subsequently eliminated generally by a rapid
evaporation to ‘freeze out’ the solid state API-polymer in the resulting amorphous solid

structure.
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Figure 17. Schematic representation of formation of ASD through melting and solvent evaporation
methods. Adapted from [77]

In the last two decades, ASDs have attracted an increasing attention in the works as
showed in Figure 18, being a well-established strategy for overcoming limited aqueous
solubility and poor oral bioavailability of APIs, by dispersing them in carriers, usually
amorphous polymers. In the majority of published studies, ASDs have been produced by
different preparation methods such as freeze-drying [67], [108]; hot-melt extrusion [109],
[110],[1],[49]; rotary solvent evaporation [14]; film casting [112], [113]; ball milling [114];
cryo-milling [115]; super-cooling [116] and spray drying [46], [111], [117]-[119]. In these
studies, the final product (ASD) obtained by each process is characterized and then, depending
on the studied parameters (process conditions, composition), compared for evaluation of the
preparation method efficiency, solid state, physical stability, solubility and dissolution

enhancement.
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Figure 18. Summary about works using amorphous solid dispersions (ASDs) in this century (Source —
Web of Science-keywords: Amorphous solid dispersions. Accessed in: 18/07/2018)
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As shown in Figure 19, spray drying (SD) and Hot-melt extrusion (HME) have been the
most used processes in the published studies. Both are also largely applied in the industrial
research to attend industrial criteria such as cost-effectiveness and efficient scale-up from a
small-scale laboratory. Table 4 shows some commercially available medicines using
amorphous solid dispersions technologies. It highlights the preference for SD and HME as

ASDs manufacturing processes.
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Figure 19. Generation Processes of ASDs used in this century (2000-2017) (Source — Web of Science;
keywords: amorphous solid dispersions, process and drug. Accessed in: 18/07/2018)
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Table 4. Some commercially available medicines using amorphous solid dispersions technologies.

Adapted from [120]
Commercial name API substance Polymers Preparation method Year of approval
Isoptin® ER-E Verapamil HPC/HPMC Hot-melt extrusion 1981
Cesamet® Nabilone PVP Solvent evaporation 1985 (FDA)
Nivadil® Nilvadipine HPC/HPMC Solvent evaporation 1989
Sporonax® Itraconazole HPMC Spray drying on 1992
sugar beads
Prograf® Tacrolimus HPMC Spray Drying 1994 (FDA)
Gris-PEG™ Griseofluvin PEG Hot-melt extrusion 2000 (FDA)
Crestor® Rosuvastatin HPMC Spray Drying 2200004;(531\6123/
. 2004
Cymbalta® Duloxetine HPMCAS N/A (EMA/FDA)
Lopinavir/ . 2005 (FDA)/
Kalet PVP/VA Hot-melt ext
aletra® Ritonavir VP/V ot-melt extrusion 2001 (EMA)
Eucreas® Vildagliptin/ )
Galvumet™ Metformin HCL HPC Hot-melt extrusion 2007 (EMA)
. . 2008
Intelence® Etravirine HPMC Spray Drying (EMA/FDA)
Modigraf® Tacrolimus HPMC Spray Drying 2009 (EMA)
Samscar® Tolvaptan N/A Granulation (EMZX?FgD A)
Certican®/ . . 2010
Votubia®/ Zotress™ Everolimus HPMC Spray Drying (EMA/FDA)
Onmel™ Itraconazole HPMC Hot-melt extrusion 2010 (FDA)
Fenoglide™ Fenofibrate PEG/ Polaxamer Hot-melt extms10m 2010 (FDA)
188 Spray drying
Novir® Ritonavir PVP/VA Hot-melt extrusion %8(1)(9) EE??A))/
. . . . 2011
Incivek™/Incivo® Telaprevir HPMCAS Spray Drying (EMA/FDA)
Zelboraf® Vemurafenib HPMCAS Coprecipitation 2012 ((11:‘:1]\)4:)) 2011
. 2012
Kalydeco® Ivacaftor HPMCAS Spray Drying (EMA/FDA)
Noxafil® Posaconazole HPMCAS Hot melt extrusion 2014 ((11:‘:1]\)4:)) 2013
_ Ombitasvir/
Viekira™/ . . . 2014
Viekirax® Par.ltapre\_llr/ PVP-VA/TPGS Hot melt extrusion (EMA/FDA)
Ritonavir
. Lumacaftor/ . 2015
Orkambi® Ivacaftor HPMCAS Spray Drying (EMA/FDA)
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1.3.8. Manufacturing processes

1.3.8.1. Spray drying (SD)

A very efficient solvent-evaporation-based technology is spray drying since it allows for
extremely rapid solvent evaporation, leading to a fast transformation of an API-carrier solution

to solid API-carrier particles [121].

The spray drying process, schematically shown in Figure 20 is conceptually simple,
involving the droplet formation from a liquid state by a solidification process driven by solvent
evaporation. The process consists of three basic stages: nebulization of the liquid formulation,
mixing of the liquid with the drying hot gas, evaporation of the liquid and separation of the
dried particles from the gas. The solvent is mostly aqueous, but in case of solid dispersion
preparation, organic solvents are mainly used. In case of using organic solvents in the feed,
inert drying gases are required (e.g. dry nitrogen) in combination with a closed-cycle setup. The
use of organic solvents involves also some restrictions and particular measures for safe and

environmentaly friendly use [121].

Gas-solid
SR . particle ;
Liquid nebulization Liquid drying Evaporation | separation Spra}".drled
formulation — droplets — droplets —) (solid)
powder

Figure 20. The spray drying process occurring in successive steps: 1. Nebulization of a liquid
Sormulation; 2. Liquid droplets (spray) - hot drying gas stream contact (mixing and flow); 3. Drying of spray
(solvent evaporation); 4) Separation of dried product from the air.

Solvent evaporation kinetics certainly contribute to formation of amorphous solid
dispersions but also other factors such as the physical properties of feed, equipment components
and processing parameters showing in Table 5 will influence the final physical structure of the
obtained solid dispersion particles. For example, parameters influencing the initial droplet size
(and the evaporation rate and also the spray-dried particle size) not only include formulations

variables such as viscosity, surface tension and density, but also the nebulizing conditions. The
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nebulizing conditions can be designed from several nozzles available on the market, which use

different kinds of forces input to obtain fine droplets [1], [122].

The balance between liquid properties and process parameters is key parameter to design
the desired particle characteristics. By modifying the spray drying processing conditions and
feed formulation it is possible to alter and control over the properties of spray-dried powders
such as particle size, shape, morphology, bulk density and moisture content besides functional

properties such as solubility, flowability and dispersibility [72], [73], [121], [123].

Despite the energy of the hot drying gas transferred to the droplets, the most of this energy
is used to vaporize the solvent, being this process available for thermolabile APIs in spray-dried
ASDs.

Table 5. Process and formulation parameters that influence the characteristics of the particle [123]

Formulation Drvi Spray-dried powder
Nebulizing conditions r}.’lflg
variables conditions properties

e Morphology

e Nebulizing e Input e DParticle size
* Flow rate technique (two- temperature e Solubility
* Temperature fluid, pressurized | ¢ Relative e Dissolution rate
* Solid content or rotary nozzle) humidity e Hysroscopicit
e Viscosity e Flow rate and type | e Drying gas . Dyf " PEm
e Type of solvent of drying gas flow rate ey

e Residual moisture

The spray-dried solid formation typically occurs within parts of a second to a few
seconds. This high speed evaporation also avoids crystallization of the API during solid
formation. It is an advantage in comparison to other slower evaporation processes such as film
casting, where the time required for complete drying is in the range of minutes rather than
seconds, during which the API may crystallize with the increase of API concentration in the

solution.

In addition, the main advantages and disadvantages of the spray drying processes for the

production of ASDs are summarized in Table 6.
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Table 6. The main advantages and disadvantages of Spray drying

Advantages

Disadvantages

e A one-step process from liquid to
powder

e Low thermal stress

e Fast process

e Quick drying avoids intermediate
crystallization of the API during
solid formation

e Resulting powder can be directly
formulated into solid oral dosage

forms

eHigh costs of raw materials (solvent,

nitrogen) and energetic cost

eResidual solvents may remain in the

powder

eThe powder is sensitive to moisture

(high surface area and, depending of
the hygroscopicity of the
formulation, it will take up moisture

affecting physical stability)

e Flexible particle sizes

e Scalable process

- Carriers for manufacturing ASDs of poorly soluble APIs by spray drying

After selecting spray drying as the process for preparation of ASDs of a poorly soluble
API, it is crucial to select the right carrier for the suitable API-carrier binary mixture. Most of
the carriers used for amorphous solid dispersion formulations are hydrophilic polymeric
compounds that primarily serve as crystallization inhibitor by decreasing the molecular
mobility (anti-plasticization) of the amorphous form of an API dispersed in the matrices. The
aim is to enhance solubility by maintaining the super saturation generated during dissolution in

the gastrointestinal fluids [77], [119].

For manufacturing a solid solution by spray drying, a solution of API and a suitable carrier
in an appropriate solvent or a mixture of solvents has to be prepared first. Sometimes it is not
easy to find an appropriate and common solvent for both components. Typical solvents for
spray drying are ethanol, isopropanol, methanol, acetone, ethyl acetate, methylene chloride
[122], [124], [125]. However, the suitable solvent is a regularly used volatile organic solvent to

project the viability of the process up to a commercial scale.

The solids concentration of the organic solutions is limited by viscosity since highly
viscous solutions can no longer be nebulized properly. This also restricts the range of polymers,
which can be employed, even if viscosities of polymers in organic solvents are commonly lower

than in aqueous solvents [126].
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Spray drying conditions have to be adjusted to avoid thermal stress of the API in the

liquid formulation and to yields a dry product with very low levels of residual solvent. Besides

safety considerations, residual solvents can avoid recrystallization [127].

APIs that are published over the years.

Table 7. General trend in the use of carriers used for the preparation of ASDs of poorly water soluble

Trend Water T# ™
name Polymer soluble? | (°C) °C) API Reference
Poly (ethylene glycol)grafted with a [103]
Soluplus® | copolymer of poly (vynil caprolactam) Yes 79 - Efavirenz
and poly(vinyl acetate)
Probucol [128]
HPMC-AS Hydroxypropryhnethyl cellulose acetate | Yes at 130 ) Danazol
succinate pH>5.5
Phenytoin
"Polyvinylpyrrolidone
PVP! and 2 S ' 173! 145- [117]
Isomalt '6—O—a—-D—Glucopyranosyl—D— glucitol Yes and L50° Celecoxib
mixed with 1—O—a—D—glucopyranosyl—D— 63.6
mannitol
[129]
PVP K-30 Polyvinylpyrrolidone Yes 63.6 - Nifedipine
Sulfametho [130]
PEG 6000 Polyethylene glycol 6000 Yes -22.7 60 xazole and
Nifedipine
[131]
PLGA Poly (lactic-co-glycolic acid) Yes 42-50 - Celecoxib
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1.3.8.2. Hot-Melt extrusion (HME)

Since the 1930’s, hot-melt extrusion (HME) has been applied in several industrial fields,
mostly in the plastic and food industry. The technology itself can be described as a process in
which a material melts or softens under elevated temperature and pressure and is forced through
a die by rotating screws [132]. The process set-up consists basically of three distinct parts: a
conveying and kneading system for material transport and mixing; a die for forming the
extrudates and downstream auxiliary equipment (cooling, shaping and collecting) as shown in

Figure 21 [129].

Solids Compounding/ Shaping Cooling ~ Granules
feeding —) extrusion —) Downstreaming — Pellets
(Molten material) Milled powder

Melting, conveying and
kneading systems

Figure 21. Schematic representation of a hot melt extrusion process

Academic and industrial researches have demonstrated HME processes as being an
attractive alternative to traditional processing methods for preparation of complex API delivery
systems, including granules, pellets, sustained release tablets, implants [133]. HME has
becoming a popular process to prepare amorphous solid dispersions for the improvement of
solubility and dissolution rates of poorly soluble APIs [48], [134]. During the melt extrusion
process, the API dissolution into the polymer matrix is accelerated under the influence of shear

and heat.

- Process COI’ZﬁEUl’Cll‘l‘OI’Z

HME process can be operated in two different configurations: single and twin-screw
extruders. The single-screw extruder has been most commonly used in the plastic industry
because it is more simple and cheaper. Twin-screw extruders are more common for
pharmaceutical applications and it has several advantages over single-screw extruder, such as:
easier material feeding, higher kneading and dispersing capacities, less tendency to over-heat
and shorter residence times (which prevents degradation of heat-sensitive components) [133],
[135]. The biggest difference between a plastic and pharmaceutical extruder is the contact
between the product and metal parts in the machine. For a pharmaceutical extruder, regulatory
requirements should be applied, such as, they must be not reactive, or absorptive with the

product. Most screws are made from surface coated stainless steel with reduced friction. The
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equipment is configured for the cleaning and validation requirements associated with a

pharmaceutical environment [86], [136].

The basic components of an extruder shown in Figure 22 are the feeder, barrel, control
panel, torque sensors, heating/cooling device, and assorted dies. The raw material can be

volumetric or gravimetric fed into the barrel.

The feedstock will reach the conveying section in the barrel where the conveying
elements move the material to the die section. The efficiency in this step can be improved by
adapting the geometry of conveying elements. The next step is the melting section. In this step,
the material is softening and melting by conductive thermal and mechanical energy input via
preheated barrel and screws, respectively. It is a relevant pass to remove residual moisture or
gas that might have been entrapped during intense mixing and melting. Following the process,
the molten extrudate is pushed by pressure through the die, which defines the product shape
(e.g. film, annular and circular). Finally, a conveyor belt is often employed for the cooling of
the extrudate [86], [110], [133], [135], [137].

Polymer API

R

Barrel of
Feeder — temperatures

Feed rate —>

Downstream process

* Tableting
* Film

Pelletization

Screw speed
input

*  Granulation

v Conveying / Melting/ Mixing/ Venting/ Discharge

torque

Figure 22. Schema of Hot-melt extrusion for pharmaceutical application

- Screw conﬁgumtion

HME screws are segmented and can be configured as desired to meet various application

requirements [110]. As already said, the most common application of screw configurations is
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conveying, melting, mixing and shaping. Table 8 illustrates the different types of screw

elements that are currently used in a HME process.

Table 8. Different types of screw elements. Adapted from [138]

SCREW ELEMENTS APPLICATION

v QA w Conveying
Q’ ﬁ Mixing

\ ,{ Distributive flow

@ Discharge feed screws

Conveying elements are used in the feeding, conveying and venting sections. They have

a self-wiping lead geometry.

Mixing elements are composed of a combination of single mixing elements with offsets

of 30, 60 or 90°. High offset leads to low conveying but high mixing properties.

Distributive flow elements are used to generate low energy mixing when liquids are added
to the melt in the barrel. The elements are composed of an outer grooved and inner plain

diameter disk.

Finally, discharge feed screws have a single lead geometry to generate the extrusion

pressure to shape the final product at the die [86], [135], [139].

- Process variables and parameters

Versatility is one of the most attractive attributes of the HME technology. This
characteristic is due to the high number of adjustable variables and parameters involved in this
process (Figure 23), which gives the operator many possibilities to optimize the qualities of a

certain formulation.

76



Chapter 2 — Theoretical Section

INPUT Adjustable DEPENDENT
VARIABLES | —— | Feedrae VARIABLES
*  Screw speed Process
*  Barrel *  Residence time
Material temperature Material +  Shear-stress
*  Melting point *  Product temperature +  Torque
*  Glass transition Configuration *  viscosity *  Pressures
*  Physical *  Screw des%gn *  Mixing quality . Melt
properties *  Barrel design temperature

* Die geometry

Figure 23. Input and dependent variables in the HME process

The input variables are set directly by the operator, whereas the dependent variables are
not directly controlled but are important data to the reproducibility of a given process. For
example, the segmented screw elements allow agitator designs to be easily optimized to suit a
particular application; die plates can also be easily exchanged to alter the extrudate diameter
and hence the spheroid diameter [140]. Consequently, a single machine is able to process many
different formulations only by changing its parameters and process variables, not requiring

space- and time-consuming solutions.

Most extruders have a modular design to facilitate different screw configurations [126].
The screw profile appears to have a significant impact on the extrusion process [86]. The
operator is able to adapt the screw configuration by varying the number and arrangement of
conveying and kneading elements (Table 8). Its design aims to achieve either a high or a low
shear. One can arrange the kneading elements in order to obtain 30, 60 or 90° offset between
consecutive elements, so to provide plasticizing, mixing and dispersing actions to the melt. The
higher the angle, the higher the shear and mixing power provided to the flow at that point and

the lower the transport action.

Distributive mixing refers to the content uniformity of a particular ingredient, as the API,
while dispersive mixing relates to the size reduction and distribution [136]. The distributive
screw element leads to a state of homogeneity whereas the dispersive mixing elements apply
more shear stress and have less conveying capability, and therefore break down any
agglomerates to a molecular level depending on their geometry. The distributive mixing
elements avoid the formation of API clusters (oversaturated stages of the API in the polymer
melt). This combined action assists the formation of the desired molecular dispersion. The
larger the angle, the more mixing action takes place due to more leakage streams generation

and residence time reduction [126].
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- Carriers for HME

A prerequisite of the polymer to be used in HME is appropriate thermoplastic behavior.
In addition, it should be solid at room temperature (T¢> room temperature) for handle use, and
have low hygroscopicity. Polymer has to be processed above its glass transition temperature
(T¢) but below its degradation temperature (Tde2dation) The same should be attributed for the
APL In this case, the process can occur below or above its melting point (T™) depending on

whether a miscibility regime or a solubilization, respectively is being used [141].

Table 9 presents a number of polymers that have been employed in HME process to

produce ASDs. The number of polymers approved for pharmaceutical use is limited.

Table 9. Summary of the polymers generally used in HME. Adapted from [110]

Trend nam Polymer Water T T | Tesmdnton
¢ ¢ y soluble? | (°C) | (°C)
Poly (ethylene glycol)grafted with a 280
Soluplus® |copolymer of poly (vynil caprolactam) and Yes 79 -
poly(vinyl acetate)
260
Kollidon® | Copolymer of poly(vinyl pyrrolidone) and Yes 105 i
VA 64 poly(vinyl acetate)
Kollidon® Poly(vinyl pyrrolidone) Yes 82 - 300
12 PF
Affinisol® Hidroxyproprylmethyl cellulose v 127 ) 300
HPMC ©
Kolliphor® 350
P188 Poloxamer 188 Yes - 54
Copolymer of poly(ethyl acrylate), 170
Eudragit® poly(methyl methacrylate) and N 65
O -
RS poly(trimethylammonioethyl methacryalate
chloride) 1:2:0.1
Copolymer of poly(butyl methacylate), Ves at 250
es a
Eudragit® E poly((2-dimethylaminoethyl) methacrylate) He<s 55 -
<
and poly(methyl methacrylate) 1:2:1 P
Eudragit® Copolymer of poly(ethyl acrylate) No 65 i 170
RL poly(methyl methacrylate) and
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poly(trimethylammonioethyl methacrylate
chloride) 1:2:0.2

Copolymer of poly(methyl acrylate) and Yes at 190
Eudragit® L pow poly( ylactylate) 190 -
poly(methyl methacrylate) 1:1 ph>7
Copolymer of poly(methyl acrylate) and Yes at 180
Eudragit® S pow poly( ylactylate) 180 -
poly(methyl methacrylate) 1:2 pH>6
Kollicoat® Copolymer of poly(methyl acrylate) and Yes at 14 175
MAE100P poly(ethyl acrylate) 1:1 pH>5.5
Kollicoat® Poly(ethylene glycol) grafted with v 45 200
es -
IR poly(vinyl alcohol)
Kollicoat® Poly(ethylene glycol) grafted with v 45 200
es -
Protect poly(vinyl alcohol) + poly(vinyl alcohol)
Hydroxyproprylmethyl cellulose acetate Yes at 250%*
HPMC-AS YETORYPIOPEY . Y 130 -
succinate pH>5.5
HPMCP Hydroxyproprylmethyl cellulose phtalate Yes 190 - 250%*
Methocel® Methyl cellulose Yes 190 - 250
Ethocel® Ethyl cellulose No 130 - 300
Parteck® . ) 40- >250
Milled polyvinyl alcohol Yes 170
MXP 45

In addition, the main advantages and disadvantages of HME process are given in Table 10.
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Table 10. The main advantages and disadvantages of Hot-melt extrusion [110], [138], [139]

Advantages Disadvantages

e Solvent-free

e Environmentally-friendly

) e High temperature of process
e Shorter and more efficient g p P

process time e High energy from the shear forces

e Good controlled temperature * Downstream processing

system e Not suitable for thermally labile APIs

 Easier material feeding (such as proteins, peptides, etc)

« High kneading e Must be relatively moisture free

e Dispersing capacities

e Variety of shapes possible

1.3.8.3. Comparison of manufacturing processes

ASDs prepared by different methods do not necessarily exhibit the same physical or
physicochemical characteristics, which might affect product performance such as dissolution

behavior, solubility, including physical stability [142].

The dissolution behavior of ASDs is known to be affected by many variables, such as the
aqueous solubility of components, the type of carrier and API-carrier ratio, but also by some
characteristics of the solid forms such as particle size (surface area of contact with the
dissolution medium), wettability and API-carrier interactions. The last three mentioned
characteristics can be influenced by the manufacturing process, as demonstrated through some

of the few examples found in the literature.

One example highlighting differences in physical stability and dissolution behavior was
the study case performed by Dong et al. providing a comparative between ASDs with a
compound A synthesized in-house, generated by hot-melt extrusion (HME) and by solvent co-
precipitation (CP) process [143]. The carrier was the polymer HPMC-AS. The CP product was
prepared by precipitation of Compound A and HPMC-AS from their solution and was dried
under vacuum. The CP product was also milled prior to use. Both the HME and the CP products
have the same API loading (40 wt%). Both CP and HME processes produced amorphous solid
dispersions of Compound A which have the following in common: spectroscopic properties,
powder X-ray diffraction, true density, and water vapor sorption/desorption behavior. In

addition, the API was uniformly dispersed in both products as indicated by the single glass
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transition temperature in DSC thermographs. However, CP process produced solid dispersion

with larger specific surface area, which provided a faster dissolution compared with the HME

process. Although both bulk products showed acceptable physical stability for three months in
the 40°C/75% RH chamber, their stability was also evaluated in a suspension form. The two
products were stored in 40°C/75% RH chamber for 3 months to monitor potential
crystallization of Compound A from the products using XRD. In addition, suspensions of the
HME and CP products were prepared in an aqueous vehicle (2% hydroxypropyl cellulose) at
25 mg/mL of concentration. After agitation for several days, the suspensions were collected,
filtered and dried and the solid product was analyzed by XRD. The CP product was physically

less stable, which was attributed to the surface area differences.

Another study reported differences in the onset of crystallization as a function of the

preparation method for an amorphous solid dispersion model system containing Itraconazole
(API) and the polymer Eudragit E100. ASDs with API loadings from 5 to 60 wt% were prepared
by spray drying and film casting [144]. The crystallization temperature of Itraconazole reported
from modulated differential scanning calorimetry (mDSC) analysis for the two processing
methods indicate that Itraconazole crystallized more easily upon heating from film-casted
samples than from spray-dried samples. This meant that the solid dispersions prepared by this
process were less stable influencing the crystallization behavior of the API in the polymer. In
brief the two methods produced dispersions of equal composition but different properties such

as the kinetics of phase separation.

Some works have compared hot-melt extrusion and spray drying [46], [145]-[149]. Most
of these studies employed a downstream processing like jet milling [46], ball milling [145],
[150], mortar and pestle [149], [151] or co-milling [82] in order to reduce differences in particle
size (surface area) between spray-dried powders and milled extrudates. The focus is generally
a comparative between dissolution behavior and physical stability of ASDs produced by SD
and HME.

Among them, Kelleher et al., 2018 [148] investigated the application of these two
processes to the production of fixed-dose combination (FDC) monolithic systems comprising
of Hydrochlorothiazide and Ramipril for the treatment of hypertension. Identical FDC
formulations (APIs and carrier, with 5wt% API loading) were manufactured by hot-melt
extrusion and spray drying and characterized using powder X-ray diffraction (XRD) and
mDSC. Two polymers were used as immediate-release carriers: Kollidon® VA 64 and
Soluplus®. Differences in the API solid state were observed between spray-dried (amorphous)

and extruded (partially crystalline) ASDs. This result is not surprising, since the temperature in
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the HME process was limited by the degradation temperature of Ramipril (123°C), which was
below the melting point of the second API, Hydrochlorothiazide (272°C).

SD formulations offered greater long-term amorphous stability than the HME
formulations under the particular stability test conditions chosen (10%RH and 75%RH at
25°C). The authors explained that since SD products were found to be completely amorphous
and HME products to be partially crystalline, the crystal components may have encouraged
further crystal growth to occur throughout the product as time progresses, leading to decreased
amorphous stability in the HME products when compared to SD products. Initial T¢'s were also
relatively lower for HME products when compared to SD products, which could result in
decreased amorphous stability. Generally, a system with a higher T# results in longer-term

amorphous stability when compared to a system with a lower T¢.

In contrast, Agrawal et al.; 2013 [82] and Mahmah et al., 2014 [146] narrated the
opposite. Agrawal et al. prepared solid dispersions of a compound X and PVP-VA64 in a
concentration of 30 wt% of API, whereas Mahmah et al. developed solid dispersions of
Felodipine (API loadings of 50, 30 and 25 wt%) in HPMC-AS or PVP. In both systems, HME
offered greater long-term amorphous stability than the SD formulations under specific stress
conditions (40°C/75%RH and 50°C/51%RH). This trend was attributed, on the one hand, to the
possible presence of residual solvent in the spray-dried ASDs that may enhance crystallization
and to different physical characteristics between them, and on the other hand, to the highly
dense product provided by HME in comparison with SD, which leaded to better product
stability [146].

Moreover, considering in vitro dissolution behaviors, two different tendencies have
been observed comparing ASDs of same composition prepared by SD and HME processes: a
faster dissolution rate for spray-dried ASDs [146], [150] or the opposite [148]. These results
are attributed mainly to different physical characteristics of ASDs or the level of molecular
interactions between API and polymer and chemical arrangements in the ASDs. An interesting
result was shown by Agrawal et al. [82], who have noticed that similar dissolution performance
was found for samples (Compound X in PVP-VA64) of ASDs produced by SD and HME
processes, in spite of their large differences in surface area (22 times). They attributed the
similar dissolution performance to a same level of molecular interactions between the

components in the samples produced by both processes.

Based on these works, it is evident that the choice of the manufacturing process and its

specific parameters of control might have a direct impact in the ASDs structure, generating
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particles with different characteristics such as the level of molecular interactions between API

and carrier.

2. Rational development of amorphous solid dispersions

A rational selection of appropriate carriers needs the support of thermodynamic and
experimental methods to predict ASD formation from API-carrier miscibility estimation and,

physical stability from temperature-composition phase-diagram of the API/carrier system.
2.1. Screening of carrier

2.1.1. API-carrier miscibility

The miscibiliy between an API and a polymer can be calculated using the solubility
parameter (0) introduced by Hildebrand and Hansen [152], [153]. This parameter is based on
the cohesive energy of each component calculated from a group contribution of dispersion
forces (d4), polar interactions (6p) and hydrogen bonding (61) (Equation 15) defined by Hoftyzer

and Van Krevelen. The solubility parameter is expressed in (J/cm?)'2 or MPa!”2,
§=(8%+82+ 802  (15)

where:

1’ZF2i [SE
8a="0; §,="—"; & =11 (16)

Y
\% P v

In this equation, i is the structural chemical groups of component, Fq; is molar attraction
constant due to dispersion component, Fy; is molar attraction constant due to polar component,

Eni is the hydrogen bonding energy and v is the molar volume. The values of Fy;, Ep; and Fy;

were determined by group contribution methods using the table described in Appendix 1.

These three parameters are used to position the compounds in a three-dimensional frame.
Then, around the API is defined a sphere of solubility of radius (A§,), which corresponds to
the radius of interaction in the space of Hansen. Thanks to the values of Ady, AS,, and Ay, the
distance between the API and the carrier, AJ, can be calculated. Any carrier molecule that is
included in the sphere around the API (so with a API/carrier distance Ad less than Ad,) will be
miscible with the API. This distance is expressed [153]:

AS? = (61— 063 + (82 —682)" + (61 —-6D)% (1)
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The API-polymer miscibility can be classified according to the difference between the
solubility parameter & of the individual components in the mixture Ad [56], [86], [154]. Ad <

U2 indicates

7 MPa'”? indicates miscibility between the two compounds whereas AS > 10 MPa
an immiscibility. A value between these ranges may result in partial miscibility [56], [86],

[154].

Solubility parameters have been used as a rapid screening tool for the selection of
potential carrier polymers in solid dispersions, predicting if one material (API) will dissolve in
another (carrier) to form a solution. However, it presents some limitations. Perhaps the most
significant limitation is the purely thermodynamic foundation of the theory. Solid dispersions
are not limited to the thermodynamically stable API-carrier binary mixture but kinetically stable
mixtures can be equally useful for the improvement of apparent aqueous solubility. This method

also neglects the entropy of mixing.

2.1.2. Temperature-composition phase diagrams

The physical stability of an ASD is strongly dependent on its glass-transition temperature
and on the API solubility in the carrier matrix. Consequently, for the rational development of
ASDs, it is essential to know the solubility of the API in the carrier because this value
determines the maximal API load without a risk of phase separation and recrystallization [42],
[71], [86].

Determining a phase-diagram of an API/carrier system means to establish a relation
between temperature and API concentration and, consequently, represents the limits of stability

(thermodynamic and kinetic) of the various phases in a chemical system at equilibrium [155].

In Figure 24 a typical phase-diagram is represented. The full (green) curve represents the
solubility of the crystalline API in the carrier (single polymer or polymer blend). The dashed
(red) curve marks the glass-transition temperature of the amorphous API-carrier binary mixture.

The curve divides the phase diagram into four areas:

- Zone 1 and 2: thermodynamically stable,
- Zone 3: Unstable (demixing + recrystallization),

- Zone 4: Unstable (slow kinetic of demixing).

If the API load in ASD is lower than the API solubility in the carrier (left of the solubility

curve), the amorphous system will be a thermodynamically stable, one-phase system. It can be
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amelt (zone 1, above the glass-transition temperature curve) or a glass (zone 2, below the glass-
transition temperature curve). For an ASD, if the API is molecularly dispersed in the carrier at
concentrations below the API solubility at a fixed temperature, this system is, in theory,
thermodynamically stable [42], [71], [86].

ASD systems with API loads to the right of the solubility curve are supersaturated and,
thus, thermodynamically unstable. Clearly, kinetic effects are greater at temperature lower than
T9 [156]. Zone 3 is the most unstable region where, above the glass-transition temperature
curve, API recrystallization has a high probability to occur due to the higher molecular mobility
in the supersaturated state (kinetically unstable). In zone 4, the supersaturated ASD systems are
unstable but they can be kinetically stable because, due to the lower molecular mobility (region
below the glass transition temperature curve), there is a weak tendency for demixing and

recrystallization of API in excess.

The two curves represented in Figure 24 might be determined by mathematical or

experimental approaches.

Gordon-Taylor equation is generally used to estimate the theoretical glass transition
temperature of API-carrier mixture Tf,, 1x- This equation was previously presented in Chapter 2

(section 1.3.5).
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Figure 24. Schematic phase-diagram of an API/carrier mixture. It represents the evolution of
equilibrium concentrations as a function of temperature (green line) and the evolution of the glass transition
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temperature of mixture (red line) as a function of temperature. They delimit zones of stability represented by
1, 2, 3 and 4.

Measuring the crystalline API solubility in polymers (solubility curve) is still a challenge
due to the high viscosity of polymeric solutions that hampers the solubility equilibrium
achievement (equilibrium between a crystalline solid and its solution with a polymer), and
makes difficult the experimental construction of solubility curves in a low time consuming and,
consequently, the construction of a phase diagram API-polymer [109]. To overcome this

difficulty and produce a solubility curve, different methods have been developed, among them:

- Estimation of the solubility of an API in a polymer from the solubility of the API in
a low molecular weight liquid, chemically analogue to the polymer [157];

- Methods based on thermal analysis such as the melting point depression method
[158], the dissolution end point method [159] and recrystallization methods [76],
[109], [115]. These methods, schematically represented in Figure 26, will be

presented in more details.

Theoretically, melting of a crystalline API occurs at the temperature (T™) when the
chemical potential of the crystalline API equals to the chemical potential of the molten APIL.
The melting point depression method explores the depressed melting point of the API in the
presence of a miscible polymer [157]. The onset of the melting endotherm is considered as the
equilibrium solubility temperature of the given composition. Marsac et al. showed a study of
melting point depression optimization between Nifedipine or Felodipine in PVP K12. Their
group reported that after method, which involved reducing the scan rate and controlling particle
size, substantial melting point depression was verified for a increase in the polymer composition
as seen in Figure 25 [158]. The choice of the melting onset eliminates the impact on T™ of
particle size and preparation method of the physical mixtures. However, the onset only marks
the beginning of the API dissolution in the polymer but does not provide information
concerning the amount of API in the binary mixture that can be dissolved at that respective

temperature [157].
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Figure 25. Illustration of extrapolated onset of melting of nifedipine (triangle) and felodipine (circles)
as demonstrated by Marsac et al. Taken from [158].

Progressing the protocol for thermal analysis, the cryomilling of the physical mixtures
was proposed in order to compensate the slow dissolution kinetics by reducing the size crystals
prior to DSC experiments [85]. However, cryomilling is a longstanding process and have some
limitations to control and to standardize particle characteristics such as size, morphology, shape
and surface properties [160]. In contrast, the dissolution endpoint method enables the
measurement of the endpoint of the dissolution step and thus might be more accurate [161].
The end point value represents the melting point of the final composition, assuming complete
mixing has occurred. The disadvantage of this method is its strong dependence on the particle
size. If the particle size is not sufficiently small, the melt is not able to reach its equilibrium
state during heating. This may result in a higher dissolution end point, leading to

underestimation of the API-polymer solubility.

The described methods follow the dissolution kinetics of APIs into polymers at under
saturated concentration solutions (Figure 26). Another way to determine the API-polymer
solubility is to reach the equilibrium solubility by following the recrystallization
(recrystallization method) of the API from a supersaturated homogeneous API-polymer solid
solution [115], [157]. The demixing kinetics of APIs from supersaturated systems is expected
to be much faster than the dissolution kinetics of APIs into under saturated systems. This
difference arises directly from the molecular mobility in the polymer matrix, which is higher in

supersaturated API-polymer solutions than in undersaturated ones.
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The supersaturation of the API into the polymer can be obtained from a physical mixture
of crystalline API and polymer carrier by different techniques such as film casting method [157]
and cryomilling [115], [161] that forces the miscibility of the two compounds to reach
supersaturation as seen in Figure 26. The supersaturated glass solution is then loaded in a DSC
analyzer and annealed above its T9 during a sufficient time to complete the demixing process,
i.e., to release the excess of API in the mixture to reach the equilibrium solution concentration
at the annealing temperature. The new equilibrium dissolution concentration of the API
remaining dispersed in the polymer was then determined by applying another cooling-heating
cycle to measure the TY of the equilibrium phase obtained. Finally, this new TY is associated

to an equilibrium concentration using the Gordon-Taylor equation [78], [162].

Annealing temperature and annealing time are essentials parameters and play an
important role in the recrystallization method. At lower annealing temperatures, a longer time
is required to reach the equilibrium state. The reason is probably a slower demixing kinetics
due to an insufficient molecular mobility, leading consequently to slower API diffusion in the

polymer matrix [115].

Binary interactions between polymer and API are commonly described by Flory-Huggins
parameter () obtained from the solubility curve. Immiscibility between the components is

represented by a positive x, while miscibility is indicated by a negative x [52], [96], [102].

Flory-Huggins model will be deducted in the next section.
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Figure 26. Schematic time and process evolution of the glass transition temperature of an API-polymer
mixture when reaching its equilibrium solubility in an annealing. Adapted from [115]

2.1.2.1. Equilibrium equations

Solubility is an intrinsic property of solids or fluids that can act as a solute dissolved in a
solvent. This dissolution will happen until the system achieves the equilibrium and forms,
consequently, a homogeneous solution. Equilibrium occurs under dynamic conditions when the
two, simultaneous and opposing processes of dissolution and solids precipitation, happens at a
constant rate [20]. Pressure, temperature, intermolecular interaction, crystal lattice and the

molecular structure are properties that influence the solubility.

Considering our system as been an API dispersed in a polymer, it is essential to implement
a thermodynamic approach to well understand the solubility and molecular interactions of this
system. The thermodynamic study of polymer solutions has been investigated in order to
explain the mixing-demixing phenomena of binary systems since 1940s by Flory and Huggins
[164], [165]. They developed the rigid lattice theory: the system is represented by (equation
18):

NO = NS + AN 0 (18)

The molecules of the pure liquids in their mixture are distributed over N, lattice sites and should
be equal to the addition of the number of solvent molecules, N, and the number of polymer

repeated units, AN ,, where:
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1= 19

Vs

is the ratio of the molar volume of the polymer V , to the one of the solvent V5. Based on
this, Flory and Huggins obtained the expression for the entropy of mixing ( §,,) by counting

the possible number of conformations taken by a first chain in the empty lattice.
K is the constant of Bolzmann. and  are the volume fractions of the polymer and the

solvent respectively, which can be calculated by:

=—f% a4 =1- @21)

T Ng+ Np

Assuming that the API dissolved in the polymer matrix is equivalent to the solvent,
previous equations can be rewritten by replacing index “S” by the index “PA” corresponding
to the API. As combinatorial aspects are not sufficient, Flory and Huggins have introduced a

new parameter y, which takes into account the specific interactions between API and polymer:

AHypy

X = o (22

" KTNp vpa

H,, is the enthalpy of mixing and T the temperature. Immiscibility between the components
is represented by a positive value of y, while miscibility is indicated by a negative x [56], [115],
[163].

The Gibbs free energy of mixing  ,,, can be written:

Cm_Nan 4+ Noln  +xN, 23)

This equation can be derived partially with respectto N , to give the following equation

for the variation of the PA chemical potential (expressed per mole unit):

1

A
24 = (1= vpo) + (1=3) Vo + 1vpo?  (24)

R is the gas constant (8.314 J/mol/K). The expression above will be essential to demonstrate

the phase equilibrium for an API-polymer binary mixture.

In a thermodynamic approach, the solubility can be defined by the equality of the
chemical potentials of the phases in equilibrium [88], [103]. In our case, we have to consider a
phase constituted of polymer saturated in API and a solid crystalline phase of API. Presuming
that the solid API is pure and can be considered as an incompressible fluid, the expression for

the variation of the solid API chemical potential can be written [167]:
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T T
wa=(Ci-cy) (T"z ~T =Tin (%)) — BB T By) (1= ) + (Bo -

PV, =V  (25)
From this equation, some remarks and simplifications can be done. Assuming no variation in

the pressure (Py = P) and equality of the liquid and solid heat capacities (C AL =C AS), the

variation of the solid API chemical potential can be written:

A pa — A PmA(TI-Z"}%PO) <l _ L) (26)

RT R T TN
A ™ is the melting enthalpy of API at the pressure P, and the melting temperature of API TpY
(in J/mol). Finally, for a binary mixture having a melting temperature equal to Tyjx, the
equilibrium between the polymer phase saturated in API and the solid API phase leads to the
following equality:

L - _ R — _1 2
™oy TE, A (1 (1=vpo) + (1 ;L)VPO + X Vpo ) 27)

The polymer volume fraction , can be calculated according Equation 28:

Wp

0= mfﬁ (28)

ppA PPo
W po is the polymer mass fraction and p; is the density of the compound i.

The Equation 27 can be used to predict the Flory-Huggins parameter y. Indeed, knowing the

melting temperatures Tyjx of mixtures at different polymer mass fractions Wp, it is possible

L L) - (1 (1—vpo)+ (1 - %)vpo) as a function of vpg? and the slope

m m
Tmix  Tpa

to plot — 2 glA(
o plo -

of the obtained line (at least at low mass fraction) is equal to y [168] as represented in Figure
27.
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Figure 27. Example of literature how to predict the Flory-Huggins solubility parameter y. ¢2% | ..., is
the volume fraction of polymer. Taken from [158].

3. Amorphous solid dispersion of Efavirenz (API) and Soluplus® (carrier)

3.1. Active Pharmaceutical Ingredient (API) - Efavirenz

HIV continues to be a major global public health disease, reaching more than 35 million
people so far. In terms of statistics, approximately 1.0 million people came to death as victim

from HIV and 1.8 million people became newly infected with this disease in 2016 [169].

Efavirenz (EFV) ((S)-6-chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoromethyl)-
2H-3,1-benzoxazin-2-one, the molecule of choice of this thesis, is recommended by World
Health Organization (WHO) as an alternative first-line treatment of Human immunodeficiency
virus (HIV) [169].

EFV is a non-nucleoside transcriptase inhibitor (NNRTI), used as part of high activity
antiretroviral therapy (HAART) to ensure the amount of HIV at low levels in the organism of
humans [170]. The recommended oral dose ranges from 50 to 600 mg, given once daily. Due
to a narrow therapeutic window [171], its therapeutic monitoring is recommended to prevent

collateral effects and discontinuation of the treatment.

The molecular formula of EFV is Ci9HoCIF3NO; (315.68 g/mol). A summary of its

physicochemical characteristics is presented in Table 11.
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Table 11. Summary of physicochemical characteristics of Efavirenz

Molecular weight 315.68g/mol Chemical structure
Melting point 139-141 °C
pKa 10.2
LogP 4.6
Aqueous solubility 1-9 pg/mL (25°C)
DRUG- acceptors 5
DRUG-donors 1

EFV is classified as a class II of the Biopharmaceutical Classification System (BCS), i.e.,
it has low aqueous solubility (1-9 pg/mL at room temperature), resulting in poor gastrointestinal

absorption and, consequently, poor bioavailability [45][22], [172]-[174].

EFV has an intrinsic dissolution rate (IDR) of 0.037 mg/(cm?/min) [45], [175]. IDR of
0.1 mg/(cm?>.min) is considered the low threshold limit for oral API absorption [176].
Dissolution rate is thus a limiting factor for oral absorption of EFV. In addition, EFV is highly
lipophilic (log P = 5.4) [177]. In connection with reasons for low solubility of APIs discussed
in topic 1.1.2, its low solubility in water is probably limited by the solvation process (log P >
4).

Some research results have been published focusing on enhancement of
solubility/dissolution rate for EFV such as polymeric micelles [171] microcrystals [178] or
organogels [179]. Other studies, grouped in Table 12, have focused on solid dispersions,
crystalline physical mixtures of crystals or nanocrystals dispersed in polymer matrix) or
amorphous (ASDs) [179].

Table 12 also shows that different polymer carriers (cellulosic polymers,
polyvinylpyrrolidone - PVP, hydroxyproprylcelulloses - Klucel, polyethylenoglycol,
HPMCAS, Eudragits and Soluplus) have been used to generate solid formulations with

enhanced solubility or dissolution rate, by using different manufacturing processes.
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Table 12. Summary about Efavirenz studies (Source-Web of science. Keywords: Efavirenz and
dissolution. Accessed in: 20/05/2018)

. . Concentration
Reference Carrier API state  Formulation in EFV (wt%) Process
[180] Cellulose Amorphous Nan(gg'ilir(;lcles 25 Dialysis and then,
acetate based dispersion Freeze Drying
Cellulosic Amorphous .
[64] polymers ASD 15 Solvent C.a.s ting
matrices and Griding
Klucel LF Crystalline Colloidal mill and
[175]  Klucel ELF and Suspension 10 then, freeze
HPMC drying or spray
drying
[103] Soluplus® Amorphous ASD 10, 17 and 44 Spray-drying
[181] PVP K-30 Amorphous ASD 30,50 and 60 Freeze Drying
Soluplus® and  Amorphous Hot-melt
[182] HPMCAs ASD 30 extrusion
[183] PVP K-30 Amorphous ASD 30,50 and 60 Spray Drying
Crystalline Nanocrystals High—pre.ssu're
[177] PVP K-30 solid 2 and 4 homogenization
dispersion and Hlot-melt
extrusion
Crystalline Binary Solid state and
[173] Nicotinamide physical 50 solvent dropped
mixture grinding
[22] l?;g?({;gﬁgg Amorphous ASD 1,5,10 and 30  Kneading process
Crystalline Solid Kneading and
[184] PVP K-30 . . 20 Solvent
dispersion .
evaporation
Polyethylene =~ Amorphous .
[174]  glycol 8000 and ASD 6,9 and 17 Sofv“;?‘rlniﬁfo .
PVP K-30
Amorphous .
[172]  Eudragit EPO and Solid 10, 25, 50, 60 Hot-melt
. dispersion and 70 extrusion
Crystalline
[45] Eudragit EPO  /\morphous ASD 50 Hot-melt
extrusion
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The majority of these works have demonstrated solubility and dissolution enhancement
compared with the unprocessed EFV crystals. Mazumder et al. showed that the solubility
increased 10-20 fold compared with the crystalline EFV alone in a potassium phosphate buffer
at pH 6.8 [180]. Indeed, Lavra et al. indicated a solubility increase of 6 fold in water and 1.5-2
fold in FeSSIF (fed state simulating intestinal fluid — pH 5.0) in comparison with crystalline
EFV [103]. Sathigari et al. showed a dissolution enhancement of the HME formulation with
Eudragit EPO of approximately 2 fold higher than EFV alone and the corresponding physical

mixture [45].

3.2. Carrier - Soluplus®

The choice of a carrier is a critical parameter for ASDs because it impacts a number of
factors such as molecular mobility, preparation methods and the physical/chemical stability of

the amorphous form [71].

Soluplus® has gained much attention in ASDs area, because it acts as a solubilizing agent

for APIs with low aqueous solubility, inhibiting recrystallization during dissolution [19].

Soluplus® is a block graft copolymer with poly(vinyl acetate) PVAc and poly(vinyl
caprolactam) PVCL block grafted on a poly(ethelyne glycol) PEG backbone in a ratio of
30:57:13 respectively.

Its average molecular weight is in the range of 90 000-140 000 g/mol and its chemical
structure is shown in Figure 28. It is amorphous, with a glass temperature transition around

80 °C [185].
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Figure 28. The structure of Soluplus®. The three different block polymers shown are PVCL, PVAc,
and PEG, and their respective monomer ratios 57:30:13.

The composition of Soluplus® (Figure 28) allows the polymer molecule to self-assemble
and to form molecular micelles. The graft copolymer provides a polyethylene glycol backbone
as hydrophilic part and vinylcaprolactam/vinyl acetate side chains as lipophilic structure. It

forms micelles in aqueous solution above the CMC of 7.6 mg/L [18].

The size of micelle formed by Soluplus® alone was found to be in the range of 65 nm to
70 nm with unimodal size distribution [186], [187] at a temperature of 25 °C, whatever the
polymer concentration. However, at 37°C the micelle size increases with increasing

concentration [187].

As noticed previously, due to its amphiphilic structure, Soluplus® forms micelles in
aqueous solution which can solubilize poorly soluble APIs, as schematically represented in
Figure 29. The hydrophilic domain (polyethylene glycol) of Soluplus® serves as a flexible
outer shell of the core—shell structure in aqueous solution while the hydrophobic domain
(polyvinyl caprolactam) forms the solid inner core, which will entrap the hydrophobic API in

its interior.
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Figure 29. Micelles formation of Soluplus in water and entrapment of API

Due to this solubilizing action, it was shown that Soluplus® enables a many fold

supersaturation for several APIs (Figure 30).

Saturation solubiity in phosphate buffer
pH 7.0 [g/100 mi]
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Figure 30. Solubility of several APIs with and without Soluplus® (10 wt%), adapted from BASF [185]

Soluplus® is a thermoresponsive polymer. Thermoresponsive polymers are a class of
smart materials that exhibit change in their physical properties with temperature [188]. In
aqueous solutions they exhibit a critical solution temperature (LCST), where phase separation
is induced by a small change in temperature. The temperature at which the polymer solution
starts to phase-separate, thus becomes cloudy is known as cloud point. Soluplus® exhibits a
lower critical solution temperature (LCST) near 40°C [187], [189], above which it aggregates
into larger micelles and displays gel-forming ability. This process is reversible upon cooling

the polymer solution.
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3.3. Efavirenz- Soluplus miscibility

API-polymer miscibility is a requirement to proper amorphous solid dispersions
formation. A qualitative estimation of EFV-Soluplus miscibility was already demonstrated by
our group using the Hansen solubility parameter approach [1]. The different structural groups
present in EFV and Soluplus were discriminated from their known chemical structures and
allowed estimation of solubility parameter components and subsequently total solubility
parameter given in Table 13. The difference between the miscibility parameters of EFV and
Soluplus is 4.7 MPa'!’?, suggesting miscibility between the two compounds [1]. However, it is
important to keep in mind that this is a prediction to orientate in polymer choices but does not

guarantee miscibility.

Table 13. Hansen solubility parameters for Efavirenz and Soluplus

API and
. EFV Soluplus
carrier
Hansen parameter &
24,5 19.8
(MPal/Z)
A8 (MPa'’?) 4.7
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1. Introduction

Before designing amorphous solid dispersions systems, it is very important to
characterize and correlate the physicochemical properties of API and carrier in an early stage

of this development. In this work, some properties of API and polymer were firstly determined:
- Melting point of EFV, glass transition temperature of EFV and Soluplus;
- True density, shape and morphology of EFV unprocessed crystals;
- Soluplus micelles size, EFV solubility in aqueous media containing or not Soluplus.

As reviewed by DeBoyace et al [1], temperature-composition phase diagrams for very
few APIs (indomethacin, felodipine, ketoconazole, aceclofenac) with carriers [2]-[6] have been
published to date, despite their usefulness. In this thesis, a temperature-composition phase
diagram of Efavirenz, and the polymer Soluplus® was determined and is presented in this
Chapter. These phase-diagrams are essential to understand and predict the kinetic and
thermodynamic stability of binary-mixture at a given composition and temperature. To this end,
we propose an original method to rapidly produce a supersaturated solid solution of EFV in
Soluplus by a spray drying process. Spray drying is one of the main processes capable of being
scaled-up into large manufacturing scale to produce ASDs [7], [8] and was one of the
manufacturing methods used in this work to produce EFV-Soluplus ASD systems as it will be
shown in Chapter 4. However, it will be demonstrated in the present chapter that, preparing
supersaturated API-polymer solid solutions by spray drying could also represent an alternative
to determine API-carrier solubility from demixing, because it is a fast process (some seconds)
compared to other ones commonly used as solvent casting or comilling, which are very time-

consuming (hours).

115



2. Materials and Methods

2.1. Materials

Efavirenz was kindly provided by Cristalia Ltd (Itapira, Brazil).
Soluplus® was provided by BASF corporation (Ludwigshafen, Germany).

Ethanol used as organic solvent in the preparation of solid dispersions was purchased
from Carlo ERBA Reagent (Italy). For the purpose of analysis, distilled and purified water was
obtained by the purification system Milli-Q (classic Purelab DI, MK2, E3lga, UK).

2.2. Methods

2.2.1. Characterization of pure compounds

The pure compounds, API and carrier were firstly characterized.

2.2.1.1. Shape and morphology (SEM)

SEM images of pure EFV and Soluplus were obtained using a scanning electron
microscope Philips XL30 ESEM-FEG (Philips, USA) with acceleration voltage of 20 kV.
Samples were fixed on a support using a double-sided adhesive and covered with platinum

using a high-resolution SEM coated spray Polaron SC7640 (Quorom Technologies, England).

2.2.1.2. True density

The true densities of EFV and Soluplus powders were determined in duplicate using a
gas displacement pycnometer (Accupyc 1330, Micromeritics, UK). For these analyses, helium
was injected at a known pressure into a cell containing the solid to be analyzed. The gas was
then expanded in an expansion cell and its pressure in the cell was measured. The sample
volume was calculated by the difference between the volume of the sample cell and the
expansion cell with the pressure variation. The volumes of two cells were determined during
calibration performed using stainless spheres of known weight and volume. Values and

standard deviations were determined from 10 successive measurements.

2.2.1.3. Solid state (XRD)

Powder X-ray diffraction patterns were obtained by X’Pert Panalytical X-ray
diffractometer (Philips, USA) using CuKa radiation, putting 40 mA of current and 45 kV of
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voltage. The recording spectral range was set at 7-50° with a measuring step (angular deviation
between 2 consecutives points) of 0.0167° and an acquisition time of 100 s per point. In
addition, the powder was rotated in its sample holder (1 revolution/s) during the acquisition of

the results.

2.2.1.4. Thermal properties (DSC)

Thermal analyses were performed using a DSC Q200 with the base module and mDSC
(TA instruments, USA). A RCS90 cooling system was set up in order to control precisely the
cooling rate. Nitrogen was used as the purging gas at 50 mL/min, the analysis was made in non-
hermetic aluminum pans, indium standards were used for enthalpy and temperature calibration
and an empty aluminum pan was used as a blank. Samples were heated with a rate of 2 °C/min,

from 10 to 150 °C.

In mDSC analysis, sapphire was used to calibrate in heat capacity with constant pressure
(CP). Experiments were carried out in order to determine the glass transition temperatures for
Soluplus and EFV. In these analyzes, the samples were heated at 2 °C/min from 10 to 150 °C,

with a modulation period of 40 s and an amplitude of 0.2 °C.

2.2.1.5. Characterization of Soluplus® micelles

Aqueous solutions containing Soluplus at a concentration of 10 mg/L, higher than the

critical micelle concentration (CMC=7.6 mg/L) [9], were prepared at 25°C.

Three different samples of polymer were used: the commercial product and two others
processed by different manufacturing processes (spray drying and hot-melt extrusion). The
micelle size was measured by dynamic light scattering (DLS). All measurements were

performed using a Malvern Zetasizer Nano ZS.

2.2.1.6. Solubility of crystalline EFV in aqueous medium

Solubility studies of unprocessed EFV crystals were determined following the standard
shake flask method. For that purpose, an excess amount of samples was added into 30 mL of a
dissolution medium containing purified water plus 0.25 wt % of Sodium Lauryl Sulfate (SLS)
under magnetic agitation at 37 0.5 °C in a water bath as recommended by Pharmacopeia USP
[10], [11] (Figure 31). The USP specifications state aqueous solution containing 1% and 2%
wt% of SLS as dissolution media for EFV. The concentration of SLS was chosen at 0.25 wt%,
because this is a more biorelevant condition [12]. The addition of SLS 0.25 wt%, in the

maximum limit of CMC was necessary to improve the wettability of EFV.
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The samples of 2 mL were collected from 5 min until 48 h. Concentration of EFV in the
medium was measured by HPLC system (Agilent 1100 Series) equipped with a UV-visible
detector (Protocol to quantify EFV from the ASDs is described in appendix 2). The experiments

were carried out in duplicate.

Figure 31. Experimental apparatus for solubility tests (37°C)

2.2.1.7. Solubility of crystalline EFV in the presence of Soluplus®

To investigate the solubilizing power of Soluplus®, the equilibrium solubility of
crystalline EFV in purified water containing 0.01 to 0.2 mg/mL of Soluplus at room temperature
was determined and compared with the equilibrium solubility in the absence of the polymer in

purified water.

The concentration range of Soluplus was chosen based on some preliminary experiments
(data not shown), which demonstrated that at concentrations higher than 0.20 mg/mL, Soluplus
exhibits absorbance at the same EFV wavelength (247 nm!) disturbing API quantification by
UV spectroscopy.

2.2.2. Temperature-composition EFV-Soluplus phase diagram

2.2.2.1. Preparation of a supersaturated EFV-Soluplus solid dispersion by spray drying

A supersaturated amorphous solid dispersion was prepared by spray drying with an EFV
load of 85 wt%. It will be named 85%EFV-15%SOL ASD system. The process conditions for

its preparation and the results of the characterization study confirming its amorphous state will
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be detailed in Chapter 4, which focuses on the generation of ASDs by spray drying, including
the one discussed in this study. The present chapter is focused on the method used for
determining the solubility of EFV in Soluplus from a spray-dried supersaturated amorphous

solid dispersion of EFV in Soluplus, by employing a recrystallization method.

2.2.2.2. Determination of EFV solubility in Soluplus by recrystallization

85%EFV-15%SOL ASD system was loaded into the DSC analyzer and annealed at
different temperatures below the T™ (melting point) of EFV for 2-28 h, aiming to recrystallize
the excess of API in the mixture and to reach the equilibrium solubility. After annealing, the
sample was cooled to 10 °C and ramped at a rate of 2 °C/min to determine the T9 (glass

transition temperature) of the annealed material.
The recrystallization method presented in Figure 32 illustrates a typical DSC running:

- Run 1 (first heat cycle) represents a change in the solid state evidenced by a unique
glass transition temperature of the binary mixture, followed by an exothermic
phenomenon (recrystallization).

- Run 2 (isotherm) aims to reach the equilibrium state for the sample at a given annealing
temperature.

- Run 3 is the cooling to prepare the sample to follow the next cycle.

- Finishing the cycle, Run 4 (second heat cycle) gives the new glass transition
temperature of the binary mixture, corresponding to the API amount that still remains
dispersed in the polymer carrier at the equilibrium temperature, which corresponds to

. . . g
the melting temperature of this mixture T}, y.
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Figure 32. Principle of DSC analysis for recrystallization method

Annealing temperature and annealing time are essentials parameters and play an
important role in the recrystallization method. At lower annealing temperatures, a longer time
is required to reach the equilibrium state. The reason is a slower demixing kinetics due to an
insufficient molecular chain mobility, leading consequently to slower API diffusion in the
polymer matrix [4]. Completing the DSC analysis, the new equilibrium dissolution
concentration of the API remaining dispersed in the polymer was calculated using the Gordon-
Taylor equation already introduced in Chapter 2 (section 1.3.5), following a procedure

described in Chapter 2 (section 2.1.2).

2.2.2.3. Theoretical considerations

- Prediction of Mixed Phase Glass Transition Temperature (Ty,,)

Gordon-Taylor equation is used to estimate the theoretical glass transition temperature of
the mixture Tﬁ 1x- Itis calculated based on the individual contributions of weight fraction and

glass transition temperature of each component in the binary mixture, without considering the

intermolecular interactions between them.
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- Solubility curve fitting

Flory-Huggins modeling, already described in Chapter 2 (Equations 27 and 28, section
2.1.2.1) was used to construct the solubility curve and to estimate API solubility in polymer
within the range of annealing temperature of 90 to 137°C. The calculated data were compared

to the experimental results obtained with the DSC protocol.

Binary interactions between polymer and API are commonly described by Flory-Huggins
parameter () obtained from the solubility curve. Immiscibility between the components is

represented by a positive y, while miscibility is indicated by a negative y [4], [6], [13].

3. Results
3.1. Characterization of pure compounds

3.1.1. Efavirenz

Cristallinity studies (XRD), thermal analysis (DSC) and surface morphology studies

(SEM) were carried out to characterize the unprocessed EFV crystals.

In terms of morphology (SEM analysis), the unprocessed EFV crystals are long rods with
regular and organized multi face geometry as seen in Figure 33. The true density of EFV

particles determined experimentally by helium pycnometry is 1.39 g/cm?.

cc.Y Spot Magn
00kY 2.0 6400x

SE 9.7

e
e & 4

Figure 33. SEM image of unprocessed EFV crystals
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XRD spectra for unprocessed EFV crystals exhibit principal sharp diffraction peaks at 20
of 12.20°, 17.50° and 21.35° which represents characteristic peaks for crystalline nature of EFV
in accordance to the literature [14], [15] (Figure 34).

17.50°
—EFV

12.20°

21.35°

20

Figure 34. XRD diffractogram for unprocessed crystals of EFV

mDSC shows in Figure 35 (A) a unique endothermic peak of 138.5°C (melting point)
with an enthalpy of 52.8 J/g for crystalline EFV. In Figure 35 (B), no endothermic peak was
detected suggesting the amorphization of EFV. A glass transition temperature of 36.1 °C was
determined from atomized EFV through of DSC.
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Cycle 4
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Figure 35. mDSC thermogramme for EFV. (A) unprocessed EFV (B) amorphous EFV obtained by
Spray Drying already determined by our group in previous studies [16].

- Solubility of crystalline EFV in aqueous media

The saturation solubility of crystalline EFV at 37 0.5 °C in pure water was measured as

3.80 0.18 pg/g. This value is in the same order of magnitude of values already published,
from 1 to 9 pg/mL at 25°C [17].

The solubility of EFV is greatly increased in presence of surfactants as shown by our
measurements performed in an aqueous medium at 37°C containing 0.25wt% of SLS: 41.04

9.38 ng/g, an increase of 10 fold compared to the EFV solubility in pure water.

3.1.2. Soluplus®

X-ray diffraction (XRD) and thermal analysis (DSC) were carried out to characterize the

polymer Soluplus. From XRD, the absence of Bragg’s peaks indicates the amorphous nature of

this polymer (Figure 36).
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Glass transition temperature of Soluplus, determined by mDSC (Figure 37) is 79.9 °C,
and ACp=0.246 j/g.°C. In comparison to EFV amorphous mDSC thermogram, the signal is

—SOoL

Figure 3

26

6. XRD diffractogram for unprocessed Soluplus polymer

more noisy, and the glass transition is much larger (around 20°C)
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Figure 37. mDSC thermogramme for Soluplus®
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The true density of Soluplus determined experimentally by helium pycnometry is 1.18
g/cm?. The true density of API and polymer are needed to calculate the glass transition

temperature of mixture from Gordon-Taylor equation (equations 2 and 3, Chapter 2).

- Characterization of Soluplus® micelles

Using a DLS method, the formation of a colloidal micelle structure was found to be 62-
67 nm at 25 °C (Table 14). The Soluplus micelles present a unimodal size distribution shown
in Figure 38. The results are in accordance to previous measurements already published and
discussed in Chapter 2. The micellar size had not changed after 1 month of storage under
ambient conditions. This property (micelles formation) has been shown to improve the

solubility and dissolution behavior of existent APIs from BCS Class II and Class IV [18]-[24].

Table 14 also shows that Soluplus processed by two different manufacturing processes,
spray drying and hot-melt extrusion, present colloidal micelle structures similar to that of the

unprocessed one.

Table 14. Size of micelles for different types of Soluplus®

Type of Soluplus® Size of micelles (nm)*

Spray-dried** 62.48 0.65
Extruded** 66.81 1.94
Commercial 65.82 0.62

*Values represent the standard deviation, n =3
** The processing conditions used to produce spray-dried and extruded

samples of Soluplus are given in Chapters 4 and 5, respectively.
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Figure 38. Example of size distribution of commercial Soluplus® micelles

3.1.3. Solubility of crystalline EFV in the presence of Soluplus® in water

Table 15 shows that the equilibrium solubility of EFV changed significantly as a function
of the polymer concentration in aqueous solution, in the range of 0.01 to 0.2 mg/g. These results
indicate that, in the studied range of concentration (above the CMC of Soluplus®), the EFV

solubility increase is probably due to a mechanism of micellar solubilization, i.e., inclusion of

EFV molecules into the micellar structure of the polymeric carrier.

Table 15. Equilibrium solubility of Efavirenz (EFV) in purified water and in presence of dissolved
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polymeric carrier (Soluplus)

Solubility of EFV (ng/g) SOL (mg/g)
3.80 0.18* 0
27.56 7.47 0.01
3333 3.62 0.02
61.24 12.30 0.06
87.87 10.46 0.20
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*Values represent the standard deviation, n =2

3.2. API-polymer solubility determination by recrystallization

85%EFV-15%SOL ASD system was successfully prepared by spray drying. The glass
transition temperatures of ASD sample and pure compounds were determined by DSC (Table
16). ASD revealed a single and distinctive mixture glass transition temperature (Ti 1x) in the
reversing heat flow signals, which indicates the formation of one-phase in the solid structure

produced by spray-drying.

The experimental Tﬁ 1x 18 compared (Table 16) to the theoretical value calculated by the
Gordon-Taylor equation previously detailed. The experimental TY value is lower than the
theoretical one obtained from Gordon-Taylor plot equation. This could be attributed to residual
solvent effects on the spray-dried solid structure or due to molecular interactions between the

components.

Table 16. Glass transition temperatures of solid dispersion and pure components determined by DSC
and Gordon-Taylor equation

Thux (CO%2°C

Wpa Gordon Taylor

equation DSC
0.00 - 79.9
0.85 47.2 36.7
1.00 - 36.1

Other measurements (XRD and Raman mapping) that will be presented in the next
chapter confirmed the amorphous state of the high API load ASD produced by spray drying.
This sample was then annealed from 90 °C until 130 °C to promote the recrystallization of
excess EFV amount. In order to use a reasonable annealing time, the lower limit of temperature

range (90°C) was chosen far enough above the glass transition (=79.9°C for pure polymer,
36.7°C for the mixture), the molecular mobility reducing strongly as we approach Tﬂ 1x. The

upper value of this range was chosen under the melting point of pure API (Tp,=138,5°C).

The reverse signal of mDSC scans corresponding to 120 °C annealing temperature is

shown in Figure 39, as example. A mixture glass transition (Tj7,,) in Run 1 at 36.7 3°C
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followed by a recrystallization which starts at about 90 °C and is stopped at the annealing

temperature of 120 °C.

In Run 2 (isotherm, not seen for clarity reasons), the sample is kept at 120°C during 2 h.
This step is essential, because it favors the end of recrystallization of the remaining excess EFV

in order to reach the equilibrium state.

Once reached the equilibrium state, the sample was cooled (Run 3, not seen for clarity
reasons) and rescanned (Run 4) in the same conditions as the first run. It is detected a higher
second mixture glass transition (Tjy,,=51.2 3 °C) by a decrease in CP (0.32 J/g/K for Run 1
and 0.16 J/g/K for Run 4). This increase in the T;y,, value and the smaller amplitude of CP? is

expected to be due to the reduction of amorphous API amount in the solid dispersion that

recrystallized in comparison with the Run 1.

===run 4
2 ==run 1
Annealing, 2 h
— @—>Q T T T
10 30 50 70 90 110

T(°C)

Figure 39. Reverse heat flow of spray-dried 85%EFV-15%SOL ASD.

The new EFV composition can be determined from Gordon-Taylor equation thanks to
the Ty, obtained in run 4. Table 17 regroups the saturated EFV concentrations at equilibrium

obtained for all annealing temperatures.
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Table 17. Calculated equilibrium concentrations (Wp,) from spray-dried 85% EFV in SOL

Annealin ; i
e e T,
%0 28 55.0 0.58
100 28 53.4 0.61
110 2 52.2 0.64
120 2 51.2 0.66
125 2 47.1 0.75
130 2 45.9 0.78
137 ] ] 1.00

In the case of lower temperature than 110 °C, 2 h wasn’t enough to reach the saturation
equilibrium because of the slower kinetic of demixing. In that case, the time required to reach

the saturation equilibrium had to be increased to 28 h.

Flory-Huggins model was used to estimate the y parameter by lowering of the 79 mixture
temperature. This model is expressed in a linear form for which y is the slope of the obtained
line (Figure 40 (A)). The full line represents the linear regression of the data obtained with the
least squares method. The dashed lines in the same figure represent the limit of the 95 %
confidence interval (Clos) for the slope. The number of data used for the regression was
decreased until all used data are in this confidence interval. Finally, the x parameter of Flory-
Huggins obtained is -1.165 with Clos=[-1.70;-0.63]. A negative y parameter represents
attractive API-polymer interaction [25]. Figure 40 (B) presents the best fit of Flory-Huggins
model with the corresponding limits of y confidence interval, as represented in Figure 40 (A).
To refine these results, a polynomial fitting is also represented. The two fitting models are in
good agreement between them for low temperatures and give the solubility curve of EFV in
SOL. Thanks to these plots, it is possible to identify regions of kinetic and thermodynamic
stability. For example, approximatelly 20 % (Flory-Huggins model) of EFV is soluble in
Soluplus at room temperature (25 °C). It means that a thermodynamic stability should be
achieved at room temperature for API loads lower than 20 %. In contrast, a high API load SD
with 85 % of EFV might be phase separate and eventually recrystallize at 25 °C.
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The lower temperature, the more difficult the determination of the solubility curve, since
the time required to reach the saturation equilibrium is relevant due to slow kinetic of demixing.
Although there is no thermodynamic stability, the sample was still stable from the kinetic point
of view. As showed in Table 17, below 110 °C, the slow molecular mobility makes the
demixing process slower and then, a longer time was required to reach the saturation

equilibrium (28 h in our experiments).

This method can not be applied for the lowest temperature given by the crossing point
between the solubility and Gordon-Taylor curves. In our case, the crossing point for the Flory-
Huggins model is 63.4°C, what means that, if the annealing is done under this temperature, it
would result in an abrupt reduction of molecular mobility and consequently of the demixing

process avoiding the reach of saturation equilibrium [4].

0
m
0 L ) X measured TMIX
0-0.05+ * - —Flory-Huggins model
£ TTeellL - - Flory-Huggins model Cly ,,
2 . .
> -01F N
T
%015~
o
S
S 02r
T«
A Ea
( ) T 025r
'x
E2 03~ S
S
L 035
~N N
< N
In. A
04 N
97
-0.45 ‘ : :
0 0.05 0.1 0.15 0.2 0.25

130



Chapter 3 — Efavirenz/Soluplus® properties and solubility measurements

150 -

g
O measured TMIX

=+=-Gordon-Taylor model X

| m
125~ X measured TMIX

-------- Polynomial model
—Flory-Huggins model :
100 - - - Floy-Huggins model C P

Temperature (°C)
>
T

® BT
. S
.............. O
25+~
//
1
0 /| ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Wop 0

Figure 40. A) Estimation of Flory-Huggins parameter y by linear regression
B) Phase diagram of EFV-SOL
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4. Conclusion

As expected, we confirm the very poor solubility of the crystalline form of EFV in pure

water (3.80 0.18 pg/g at 37°C). It could be demonstrated that its solubility is influenced by

the presence of surfactants and of dissolved Soluplus. The measured values indicated an

increase of 10 fold in 0.25% SLS and from 7 to 23 fold in presence of Soluplus concentrations

from 0.01 to 0.2

mg/g, respectively.

It is, at our knowledge, the first study reporting a phase diagram of EFV and Soluplus,

presented again in Figure 41, where it is possible to identify regions of kinetic and

thermodynamic stability varying temperature and EFV concentration. It can be very useful (a

preformulation tool) for researchers studying amorphous solid dispersions of Efavirenz in

Soluplus, to assist for predicting the stability of EFV-Soluplus ASDs at different EFV loadings

and under different thermal conditions.
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Figure 41. Schematic EFV-SOL phase diagram with all ASDs

API-polymer solubility and the glass transition temperature are the main factors that

influence physical stability and performance behavior. The EFV-Soluplus phase-diagram is

useful to predict the stability of amorphous binary-mixtures of different compositions under
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different temperature conditions. For example, samples are stressed under different temperature
conditions from room to 40°C in order to investigate physical stability. The EFV solubility in
Soluplus ranges from 20 wt% (25°C) to 30 wt% (40°C). Amorphous solid dispersions of EFV
in Soluplus containing more than 30% of EFV in mass are supersaturated and their stability

should be monitored over storage from room to accelerated (40°C) temperature conditions.

From this point, the aim is to predict the physical stability (thermodynamically stable,
kinetically stable or unstable) amorphous solid dispersions with a large range of composition
(indicated in Figure 41), with the assistance of the EFV-Soluplus temperature-composition

phase diagram.

In the chosen composition interval, only one ASD system (20%EFV-80%SOL) is
placed in a thermodynamically stable glass region. The other ASD systems to be produced are
in a kinetically stable glasses region, but thermodynamically unstable. In this region, physical

stability against phase separation and recrystallization is a challenge.
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1. Introduction

As introduced earlier in this thesis, spray drying is one of the main processes capable of
being scaled-up into large manufacturing scale to produce amorphous solid dispersions and is

one of the manufacturing methods used here to produce EFV-Soluplus ASD systems.

This chapter presents the methodologies employed for the preparation, by spray drying,
and characterization of a large range of solid dispersion compositions (20 wt% until 85 wt% in
EFV). Their solid-state structure, performance behavior (solubility, in-vitro dissolution) and

physical stability under controlled conditions during storage are evaluated.
The large range of composition aimed:

- Firstly, to investigate the feasibility to generate high-API load amorphous solid
dispersions of EFV in Soluplus.
ASDs are often produced with a relatively low API load (<30 wt%) dispersed in the
carrier at molecular level [1]. The problem is that a low API-loaded amorphous solid
dispersion requires a large dose to ensure therapeutic efficacy. The insertion of high
API load formulations on the market is expected to meet patients demand for fixed,
unique and smaller dosage combinations products. Furthermore, the supersaturated
combinations may reduce dosage amounts as well as decrease the production in the

pharmaceutical industries to supply cost savings [2]-[7].
- Secondly, to investigate the physical stability of high-API loaded ASDs produced by

spray drying, taking in account their position in the EFV-Soluplus phase diagram
presented in Chapter 3.
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2. Generation of EFV-SOL binary mixtures

2.1. Preparation methods
EFV ASDs were prepared by spray drying.

A Buchi B-290 mini spray dryer (Buchi Labortechnik AG, Flawil, Switzerland) equipped
with Inert Loop B-295 and an integrated two-fluid 0.7 mm nozzle was used to produce the ASD

samples.

Solvent choice is an essential step in the spray dryer process and it was based on high
solubility of API and polymer, generation of a feed solution with acceptable viscosity, low
toxicity and high volatility to be easily evaporated during the drying of the liquid droplets.
Ethanol respects these specifications was used as the common solvent. The feeding solution
was prepared by dissolving EFV in a 10 wt % solution of Soluplus in absolute ethanol 99%.
Compressed nitrogen was used as the drying/carrying gas with a flow rate of 600 L/h.

The other operation parameters are presented in Table 18.

Table 18.Spray drying process conditions used to generate ASDs

Feed Inlet temperature Outlet
Sample rate © g) temperature Yield (%)
(g/h) °C)
20%EFV-80%SOL-SD 172.8 74 59 56.4
40%EFV-60%SOL-SD 154.8 72 60 61.6
60%EFV-40%SOL-SD 187.2 80 61 31.8
70%EFV-30%SOL-SD 187.2 73 62 43.7
85%EFV-15%SOL-SD 288.1 80 57 38.8

The liquid feed rate and inlet gas temperature were the adjustable process variables. The
inlet temperature was controlled at 72 to 80°C and the outlet temperature (57-62°C) was

determined by the inlet temperature and relative factors such as gas and liquid flow rates.

Ethanol was continuously condensed in the process for further disposal. The dry powder

was recovered in a cyclone. Yield was calculated according the follow equation:

140



Chapter 4 —
Efavirenz/Soluplus® amorphous solid dispersions manufactured by Spray Drying

Total weight of solid dispersions
Weight of EFV+Weight of Soluplus

Yield (%) =

(100%) (1)

Aiming to compare and, if possible, to differentiate the behavior of ASD systems from a
simple physical mixture of the same compounds, two physical mixtures with different
compositions were also prepared: 20%EFV-80%SOL-PM (a physical binary mixture
containing 20 wt% in EFV) and 40%EFV-60%SOL-PM (a physical binary mixture containing
40 wt% in EFV).

3. Characterization techniques

ASDs were characterized to investigate their solid-state structure, API-carrier interactions

and their performance behavior.

Some techniques already described in Chapter 3, ie., X-ray diffraction (XRD),
differential scanning calorimetry (DSC) and scanning electron microscopy (SEM), were also

employed in this part of the work and are not presented here (see Chapter 3).

3.1. Raman Mapping (RM)

Raman mapping was performed using a Raman confocal microscope 300AR Alpha-AFM
(Witec, Germany), equipped with a laser at a wavelength of 532 nm and the analyses were
conducted at room temperature. Samples were analyzed by a 50x objective with a lateral
resolution of 432 nm and an axial resolution of 1320 nm. A surface (10x10 um) and deep

mapping (12x10 um) were used to predict drug and polymer distribution.

3.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR investigations were realized on a Thermo Scientific Nicolet 5700 spectrometer. The
samples were premixed with KBr using mortar and pestle at 10% of the samples in KBr and
the discs were produced by compressing the powders at a working pressure of 10 ton. The

scanning range was 4000-400 cm™! with a 4 cm™! resolution.
3.3. Performance behavior

3.3.1. In vitro drug release dissolution tests

Dissolution rate of ASDs was studied using a six-station dissolution rate test type II
apparatus (DT 60 ERWEKA, Germany, shown in Figure 42). Paddle stirrers at a speed of 50
rpm and temperature of 37 0.5°C were used in each test. Poor powder wetting of APIs highly
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lipophilic as EFV has been overcoming by addition SLS (0.25% to 1.0 wt%) in dissolution tests
[8]-[11]. In this study, the dissolution medium was purified water containing 0.25 wt% SLS as

wetting agent, as already explained in the section 2.2.1.6 of Chapter 3.

Tests were carried out in Sink and non-Sink conditions. The SI (Sink Index), defined as

SI = %, was maintained at a constant value of 3 and 0.1, respectively, for Sink and non-Sink
\4

conditions in all dissolutions experiments, which was possible by adjusting the amount of ASDs
in accordance to the measured equilibrium solubility of EFV in the dissolution medium. In other

words:

- Sink conditions: 7 mg of EFV by sample in 500 mL of dissolution medium;
- Non-Sink conditions: 210 mg of EFV by sample in 500 mL of dissolution medium;

Samples of dissolution, i.e., 0.25wt% SLS aqueous medium (2 mL) were withdrawn at
different time intervals (2, 5, 8, 10, 15, 20, 30, 60, 120, 240 and 360 min) and assayed for EFV
by HPLC system (Agilent 1100 Series) equipped with a UV-visible detector. The dissolution

experiments were conducted in triplicate.

Values were calculated based on protocol described in Appendix 1.

Figure 42. A dissolution tester DT 60 (type II dissolution apparatus)
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- Methods used to compare EFV release profiles from spray dried ASD systems

EFV release profiles were analyzed using dissolution efficiency (DE) and curve-fitting

respectively as independent and dependent-model approaches.

DE, already defined in the section 1.3.6.7 in Chapter 2, was calculated by the free open
source software KinetDS® 3.0, according to Equation 8 (Chapter 2). KinetDS® 3.0 was also
used to fit the release curves to the Korsmeyer—Peppas mathematical model (Equation 14,
Chapter 2). The coefficient of determination (R?), Akaikes’s information criterion (AIC) and

root mean square error (RMSE) are calculated by the following equations:

AIC =2k +n(l O, (yiobs — yipred)?) (2)

n iobs—Vi 2
RMSE = \/Zzn(ywbs yipred? 5

n

where, i is the data points, n is the number of data point, i bs is the observed value and

ipred is the model predicted value.

3.3.2. Physical Stability studies

Phase transformation from amorphous to crystalline or/and to amorphous phase separated
systems can be induced by unfavorable storage conditions such as elevated temperature and
humidity. In this study, we performed the physical stability assessment under different stress

conditions:

- Monitoring the water sorption capacities of the powders using an automated water

sorption (DVS)

Dynamic vapor sorption is a gravimetric technology which measures the water uptake of
samples upon exposure to humidity as a function of time [12]. It is a powerful tool to study the
kinetics of moisture uptake of samples. DVS is normally used in two modes to investigate the
kinetics of water adsorption and absorption. The first one is termed as isohumidity whereby
samples are exposed to certain humidity at a fixed temperature for a certain time length until
the equilibrium is obtained. The second one is termed as isothermal, which involves a step
increase of the provided humidity at a certain temperature and monitor the mass change of the

sample against time. The second mode was applied in this study.

An automated water sorption analyzer (DVS-2, Surface measurement systems Ltd.,
London, UK) was used for the investigation of moisture uptake by samples. An isothermal test

at 25°C was performed on spray-dried ASD samples, including Soluplus and EFV raw powders.
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The relative humidity around the sample was controlled by mixing saturated and dry carrier gas
streams using mass flow controllers. The temperature was kept constant at 25°C. Prior to being
exposed to any water vapor, the sample was dried at 0% RH to remove any water present. Next,
the sample was exposed to the desired relative humidity and the moisture uptake was measured.
More specifically, approximately 50 mg of sample was weighed into the sample pan of the DVS
and subjected to one 0-95% relative humidity (RH) sorption-desorption cycle, over 10% RH
increments. During the measurements, the instrument was run in dm/dt mode (mass variation
over time variation) to decide when equilibrium was reached. A fixed dm/dt value (0.01) was
selected at each RH segment. This criterion permits the DVS software to automatically
determine when equilibrium has been reached and complete a step. When the rate of change of
mass falls below this threshold over a demanded period of time, the RH set point proceeded to

the next programmed level.

- Following an International Conference on Harmonization ICH guideline (Q1A) for

accelerated stability condition (40°C + 2°C/75% RH + 5% RH) during 15 days.

Spray-dried ASD samples in open containers were exposed at 40 °C and 75 % RH during
15 days. Every 3 days, they were analyzed by DSC to monitor changes in the physical state.

4. Results

4.1. Characterization of ASDs

4.1.1. SEM images

SEM analyses were carried out for all samples. SEM images of three spray-dried ASDs
are presented in Figure 43. Firstly, from SEM analyses, it was not possible to distinguish the
two components isolated in this new structure with uniform appearance, suggesting good
mixture between both amorphous compounds. However, it was possible to observe that the
physical appearance of the spray-dried particles was markedly influenced by EFV content in

the binary mixture.

The SEM images revealed that the particles with higher concentration of polymer (80
wt%) have a physical shape closer to that of spray-dried particles of pure polymer (Figure 43
(A)), i.e., they have a less spherical shape and a wrinkled surface. In contrast, spray-dried ASD
particles containing higher loads of EFV and then lower amounts of polymer (equal or less than
60 wt%, Figure 43 (C) and (D) respectively) are predominantly spherical with smoother

surfaces.
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It is well known that feed concentration plays an important role in defining spray-dried
morphology [13]. In order to explain the differences in physical appearances, let us consider
the concentration in dissolved solids from each of these formulations before spray-drying:
Spray-dried Soluplus particles (Figure 43 (A)) were generated from a liquid solution
concentration of about 10 wt% in polymer. In this case, through the evaporation process of the
liquid droplets with 10 wt% of dissolved polymer, their surface remained wet for a longer time
creating hollow particles with a thin solid skin that could deflate resulting in a wrinkled
morphology. For 20%EFV-80%SOL ASD (Figure 43 (B)) the behavior was the same due to

the low total solid concentration (12.5 wt%) in the feed, as well.

In contrast, the liquid formulations generating ASDs with 40 wt% or more in EFV are
more concentrated. For example, 40%EFV-60%SOL ASD (Figure 43 (C)) contains 34 wt% of
total solid in the liquid feed. In this case, with higher initial liquid feed concentrations, the
droplets dry with a solid surface being rapidly created, preventing further shrinkage. The same
trend is expected with more concentrated liquid feeds as observed in Figure 43 (D) with
70%EFV-30%SOL ASD.
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Figure 43. SEM images of ASDs. (A) Spray-dried SOL; (B) 20%EFV-80%SOL; (C) 40%EFV-
60%SOL and (D) 70%EFV-30%SOL

4.1.3. Raman Mapping

A Raman mapping was performed to gain insight into the EFV distribution inside the
polymer matrix. Figure 44 presents the Raman spectra for the spray-dried ASDs as well as for

the individual components.

EFV spectrum show characteristic peaks at a wavelength around 3100 cm™ and 2250 cm-

! due to amine group N-H and C-C triple bond respectively.

Soluplus spectrum show characteristic peaks around 2987 cm™! and 2900 cm! due to C-
H stretching bands. Raman spectrum revealed all EFV and Soluplus vibrations bands in the
ASDs.

Still in Figure 44, 3D images represent a scan of the characteristic peak of each
component in a SD sample region (10 pm x 10 pum). The similarity between these images for
each ASD confirms the presence of Soluplus and EFV and their good distribution with a better
uniformity for Soluplus. Moreover, the 3D images of the highest concentrated ASD (85%EFV-

15%SOL) present a yellow area observed in 3D Raman imaging corresponding to EFV
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characteristic Raman peak, not associated to Soluplus peaks as observed for the other ASD
samples. This ‘spot’ of EFV could correspond to an API cluster in the sample, that could be
expected considering the very high API load (85 wt%) in the solid analyzed.

EFV SOL
2250 ecm- 2900 em!

EFV peak

D cots

60%EFV-40%SOL-SD

40%EFV-60%SOL-SD

2 £

20%EFV-80%SOL-SD

n 0 1200 1600 2000 2400 W00 N0 K00
tel. 1fom

Figure 44. Spectra from Raman Spectroscopy of EFV, SOL and ASDs
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4.1.4. Solid state (XRD)

Solid states of ASDs were characterized by XRD analysis. XRD diffractograms for pure
compounds were already presented in the previous section (Chapter 3, section 2.2.1.3). The
XRD patterns obtained for all ASDs were depicted in Figure 45. In this figure, the characteristic
Bragg’s peaks of unprocessed EFV appeared in the 26 range of 5-35° showing its high
crystalline structure. However, these peaks disappeared in the spray-dried EFV-Soluplus
formulations, which means that the EFV and Soluplus solubilization in ethanol, followed by
the fast solvent evaporation and solidification process by spray-drying, resulted in the EFV

amorphization in the binary mixture.

—EFV

—SO0L
20%EFV-80%SO0L-SD

—40%EFV-60%S0L-SD

——60%EFV-40%SO0L-SD
70%EFV-30%S0L-SD

—85%EFV-15%S0L-SD

_A ) SE——
| \ \ | |
5 10 15 20 25 30 35
20

Figure 45. XRD diffractograms for pure EFV and Soluplus and for all studied spray-dried ASDs

4.1.5. Glass transition temperature of binary mixtures (DSC)

T# of mixtures (Tfm.x) are expected to be placed as an intermediary between the pure API
and polymer values as calculated by Gordon-Taylor (GT) model already described in Chapter
2 (section 1.3.5). Tﬂu.x is calculated from GT equation based on the individual contributions of

weight fraction and glass transition temperature of each component in the binary mixture,
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without considering the intermolecular interactions between them. The true densities (g/cm?)

of pure constituents were needed to calculate a value of 1.03 for K (equation 3, section 1.3.5,
chapter 2). T fm.x was firstly calculated for all binary mixture considered here (20 wt% to 85

wt% of EFV) and are shown in Figure 46.

EFV has a T¢ close to 36°C that could compromise the stability of a pure amorphous
phase under stability studies (40°C). The anti-plasticization effect of EFV-Soluplus binary
mixtures is then demonstrated in Figure 46. They are expected to have higher glass transition
temperature than the API compound by itself. The increase in the glass transition temperature
of the amorphous system can result in the amorphous system being in the glassy state at room
temperature. This effectively reduces the molecular mobility of the system and the

crystallization rate.

Thermal analysis was also performed to determine the experimental glass transition
g

temperature of the spray-dried mixed systems. Figure 46 shows the experimental values of T, ;.
obtained from reversing heat flow signals in mDSC analysis as a function of the EFV load in
the spray-dried ASDs and physical mixtures of same compositions. The results showed only

g
one Tml.x

for each spray-dried formulation in an intermediary band between T9 of the pure
compounds, suggesting the existence of only one amorphous phase in ASDs produced by spray
drying. The amorphous state of these mixtures was also demonstrated by the XRD analysis

previously presented in this Chapter.

The Figure 46 also reveals, for two of the spray-dried ASDs (20%EFV-80%SOL-SD and

40%EFV-60%SOL-SD) a negative deviation of around (24% and 14%, respectively) between
g

the experimental values of T, ; for spray-dried ASDs and the theoretical values calculated

9

mix

mixtures more concentrated in EFV (70%EFV-30%SOL-SD and 85%EFV-15%SOL-SD).

from GT model. In contrast, negative deviations from GT-T:, . were also observed for physical

These negative deviations of experimental values from GT-Tgu.x could be attributed to

different reasons:

- Molecular interactions between the compounds could explain this variation from the
theoretical GT model as already discussed in the literature for similar findings [13];

- In the case of physical mixtures, some experimental errors in weighted amounts of
individual constituents and physical composition of mixture due to the handling of
small amount of powder (few mg);

- In the spray-dried samples, a plasticizing effect of water molecules adsorbed by

amorphous systems;
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- In the spray-dried samples, residual solvents leading to a plasticizing effect on

amorphous systems.
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Figure 46. Mixture glass transition temperature (T gu- )¢ measured (green asterisks — SD and blue
diamond - PM) and theoretical values by GT model (red line).

4.1.6. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 47 displays the FTIR spectra for ASDs, pure components and their physical

mixture.

The main characteristic peaks previously reported for EFV [13]-[16] were also identified
here: around 3320 cm™!, 2250 cm™!, 1750 cm!, 1600 cm™! and 1250 cm™! due to the amine group
N-H (stretching vibration), C-C triple bond (stretching vibration), C=0 (stretching vibration),
N-H (bending vibrations) and C-F stretching vibrations, respectively.

SOL spectra shows distinctive peaks in accordance to the literature [13], [17], [18]:
around 3675 cm! due to the hydrogen bonds O-H group, 2987 cm™! and 2900 cm™ due to C-H
stretching bands, 1735 cm™ and 1635 cm! corresponding to carbonyl bonds C=O group and
1406 cm! to C-O-C stretching vibrations.

The spectral analysis of spray-dried ASDs presented some characteristic peaks of the pure
components. However, some modifications can be observed in the region between 3700 — 2700

cm!:
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- A disappearance of a characteristic peak of Soluplus (3675 cm! corresponding to O-H

group) and of a characteristic peak of EFV (3320 cm! corresponding to N-H);

- A broadening of Soluplus peaks at 2987 cm™ and 2900 cm™ due to C-H stretching
bands.

Moreover, the characteristic peak of EFV at 1750 cm™!, corresponding to C=0 (stretching
vibration) and Soluplus peak at 1735 cm™ (C=O bond) are broadened in ASDs.

These changes in FTIR spectra observed in ASDs compared to the pure components or
their physical mixture may be related to hydrogen bonds interaction between the proton
donating groups (-NH) of EFV and the proton accepting groups (C=0) in the Soluplus®, as

already proposed in literature [13].

1 — Efavirenz
2 - Soluplus®
3 — 40%EFV-60%SOL-PM
4 — 40%EFV-60%SOL-SD
5 - 60%EFV-40%SOL-SD
6 — 85%EFV-15%SOL-SD
N-H | C-C triple
1 (3320 cm™) (2250 cm™ C=0 (1750 em™

O-H C-H
2 (3675 cm™) 2900 cm-!)

C=0 (1735 cm™

Transmittance

-b\uu

43
i

4000 3500 3000 2500 2000 2000 1800 1600 1400 1200 1000

Wavenumber (cm™) Wavenumber (cm'l)

Figure 47. FTIR spectra for pure components, physical mixture and ASDs.
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4.2. Performance behavior

4.2.1. Solubility studies

For the ASD to be effective in enhancing the API (kinetic) solubility in an aqueous
medium, an appropriated API-carrier proportion is desired. It would be more advantageous if
carrier is used in minimal amounts. The ability of the different spray-dried ASD compositions
to generate and maintain supersaturated EFV solution was assessed by kinetic solubility
measurements in an aqueous medium containing 0.25% SLS at 37°C and the results are

presented in Figure 48.
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Figure 48. Kinetic Solubility profiles for ASDs generated by spray drying with several API-carrier
mass proportions loadings (30 wt% to 80 wt% of carrier).

It is evident the EFV apparent solubility is enhanced for all ASDs compared to the
equilibrium solubility of the crystalline EFV also represented in Figure 48 (dark dashed line).
However, before comparing the concentration of EFV in solution at predetermined time
intervals to observe the solubilization effect of Soluplus, let us to start by analyzing the kinetic
solubility profiles shown in Figure 48. This figure reveals that the solubilization of EFV from
water-soluble Soluplus is almost instantaneous, resulting in an initial surge of EFV
concentration followed by a sharp decline due to the nucleation and crystallization events
triggered by the rapid build-up of API supersaturation. An oscillatory behavior is detected in
the solubility profiles for ASDs with until 2h of experiment, for ASDs with EFV loads equal
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and higher than 40 wt%. This behavior might be explained by an attempt of samples
stabilization, owing to the samples exhibited the follow behavior: solubilization,

recrystallization and solubilization.

Spray-dried ASDs with 30 wt% to 60 wt% carrier attained the higher supersaturation
level in solution around 24h, which was maintained for at least 48h (end of the experiment). In
contrast, the ASD with the highest amount of carrier (80 wt%) exhibited a spring-parachute
effect not observed for the other ASD formulations: a maximum kinetic EFV solubility was

attained around 24h, followed by a sharp reduction in the dissolved EFV amount in the medium.

Spring (initial dissolution step) and the parachute (supersaturation maintenance step)
effects are two sequential and distinctive processes mediated by the API amorphous state
properties (solubility, dissolution rate), carrier characteristics (solubilizing capacity, dissolution
rate, amphiphilicity) and interaction between them [19], [20]. The reason for the less
effectiveness of the 20%EFV-80%SOL ASD in maintaining the maximum supersaturated level
of EFV in solution is probably related to concentration effects of Soluplus on micelle size and
thermoresponsive behavior at the temperature of 37°C, nearly its LSCT (40°C) [21]. This
assessment is based in some evidences found in literature: In an aqueous dissolution medium,
Soluplus enters in the solution as a single polymer chains which then arrange into uni-chain
polymer micelles [22], [23]. Linn (2011), in his PhD work, have characterized Soluplus
micelles considering the effects of temperature (25°C and 37°C) and Soluplus concentration
(0.01 to 100 mg/mL) on micelles size. It was observed that at 37°C the micelle size increased
with increasing Soluplus concentration, leading to a beginning aggregation at this point (multi-
chain polymer micelles), even lower its LCST. This trend was increased at Soluplus

concentrations higher than 75 mg/mL [23].

As already discussed, due to hydrophilic and hydrophobic functionalities in its chains,
Soluplus displays solubilizing properties through micelle formation in solution [22]. In polymer
micelles the soluplus polycaprolactam moieties might create hydrophobic pockets to
accommodate EFV molecules; polyethylene glycol groups located on the external surface of
colloidal micelle usually provides to micelle solubility. As a consequence, the final result for
this carrier, proposed to improve the release of the embedded API, could depend on the relative
weight of these opposite parameters, as already demonstrated by Cavallari et al. [24]
highlighted by the dynamic solubility profile of spray-dried ASD prepared with the highest

Soluplus concentration (80%) shown in Figure 48.

Figure 49 (A and B) compares the solubilizing effect of spray-dried ASDs (20 wt% and
40 wt% EFV) with physical mixtures of EFV and Soluplus with similar compositions. Also,
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for the corresponding physical mixture, the EFV solubility exhibited an increasing effect
dependent on the carrier concentration, however, the markedly improvement in solubility of the
API obtained with both ASDs can be mainly attributed to the amorphous dispersions (absence
of crystal lattice to disrupt compared to crystalline EFV in the physical mixture), in addition to
the solubilizing action of Soluplus, which helped EFV to achieve micelle solubilization.
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Figure 49. Comparison between kinetic solubility profiles for spray-dried ASDs and physical mixtures
(PM) with similar API-carrier compositions

As so many works have reported, Soluplus has been efficient to improve the kinetic
solubility of some APIs [13], [17], [24]-[27]. This trend is also confirmed by our results

grouped in Figure 50 from all spray-dried ASDs as a function of time. Also the values declined
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with an increase in the polymer concentrations, further illustrating the solubilization effect of

Soluplus.
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Figure 50. Kinetic solubility profiles for all spray-dried ASDs

4.2.2. Dissolution studies

In order to evaluate the mechanisms of API release, dissolution tests were realized under
sink and non-sink conditions. SI was previously calculated to define the dissolution conditions.
The equilibrium solubility of crystalline EFV (Cs), already presented in Chapter 3 (section
3.1.1), is 41.04 9.38 pg/g at 37.0 0.5 °C in 0.25% SLS aqueous dissolution medium. In
Figure 51, the dissolution profiles for all spray-dried ASDs studied are represented. Dissolution
parameters such as percentage of EFV dissolved in 360 minutes and DE3z¢o for the samples that

attained 100 % of cumulative release are given in Table 19.
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Figure 51. In vitro dissolution profiles for all ASDs. (A) Sink conditions (B) non-Sink conditions
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Table 19.Summary of dissolution key parameters under Sink and non-Sink conditions

Dissolution Sample Cumulative Dissolution
conditions Releasesso (%) Efficiencyseo

(DE - %) (n=3)*

20%EFV-80%SOL-Sink 104.83 3.0 98.07
40%EFV-60%SOL -Sink 102.09 3.6 98.20
Sink
60%EFV-40%SOL -Sink 106.14 0.2 91.10
70%EFV-30%SOL -Sink 103.32 6.0 80.70
20%EFV-80%SOL- NonSink 107.35 0.8 98.94
40%EFV-60%SOL- NonSink 104.99 0.5 96.51
Non-Sink
60%EFV-40%SOL- NonSink 63.43 3.3 -
70%EFV-30%SOL- NonSink 4486 2.8 -

e Values represent the mean of three independent determinations.

Analyzing the Figure 51 and Table 20, in all cases, the spray-dried solid dispersions
exhibited faster and almost complete dissolution under sink conditions (Figure 51 (A)). Indeed,

the dissolution efficiency DE decreases gradually with increasing EFV load in ASD samples.

According to the Pharmacopeia, a compound can be considered soluble in an aqueous
medium if 85 wt% of its highest clinical dose is dissolved in less than 30 min [28], [29]. To be
considered as an immediate release, the API amount dissolved in the dissolution medium should

be at least 80% in 15 min [23]. Table 20 presents the percentage of EFV released in 15 min.

Table 20 shows, for example, that ASD with 20%EFV-80%SOL presented a rapid and
efficient release (more than 88 wt% of API) in 15 min, under both sink and non-sink conditions.
For all other spray-dried ASD studied, the cumulative EFV release was dependent on the
dissolution condition (sink or non-sink), being lower for non-sink conditions as observed for
60%EFV-40%SOL and 70%EFV-30%SOL ASDs. The reason could be the exposition of the
dissolving solids to a medium with a high level of supersaturation, in which the release becomes

controlled by dissolution of the APL

Few studies have reported the dissolution performance of EFV in Soluplus matrix [13],
[30] and until now, no studies were realized comparing sink and non-sink dissolution. The

transformation of amorphous state into crystalline structures during the dissolution process has
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been considered a limiting factor in the development of amorphous solid dispersions since the
recrystallization in the biological environment can directly influence the drug absorption
present in these systems [13]. Non-sink conditions are better representative of the in vivo

conditions.

Table 20. EFV cumulative percentage released in the dissolution medium in 15 min

Dissolution Sample Cumulative
conditions Release (%)

20%EFV-80%SOL-Sink 88.24 12.90
Sink 40%EFV-60%SOL -Sink 90.28 7.86
(SI=3) 60%EFV-40%SOL -Sink 60.09 2.58

70%EFV-30%SOL -Sink 3443 10.83

20%EFV-80%SOL- NonSink 9424 2.04
Non-Sink 40%EFV-60%SOL- NonSink ~ 78.15 2.18
(SI=0.1) 60%EFV-40%SOL- NonSink ~ 41.32 1.37

70%EFV-30%SOL- NonSink  20.20 4.69

To determine the mechanism of EFV release from spray-dried ADS systems, the first
60% drug release data from all SDS formulations were fitted by Korsmeyer—Peppas model

(Equation 14, Chapter 2) [31]-[33] . Nonlinear regressions were applied for cumulative

dissolved drug.

From the obtained results (Table 21) it is observed that EFV release from ASDs is well
described mathematically by the Korsmeyer-Peppas, considering the values of R2, AIC and
RMSE determined using KinetDS 3.0 rev. 2010 software, Krakow, Poland.
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Table 21. Summary of results obtained after after the kinetic fitting by Korsmeyer-Peppas model

Sample Kk (min™) R? n AIC RMSE
20%EFV-80%SOL-Sink 3679 0999 035 13.18 1.57
. 40%EFV-60%SOL -Sink 4220 0999 029 5.36 0.59
K COMEFV-40%SOL -Sink 3061 0996 025 19.85 1.17
70%EFV-30%SOL -Sink 1397 0993 036 4141 2.66
20%EFV-80%SOL- NonSink 5172 0999  0.26 -8.05 0.08
Nop.  A0%EFV-60%SOL-NonSink ~ 39.00 0998 025 14.64 1.29
Sink  600%EFV-40%SOL- NonSink 2842 0969  0.17 13.62 0.43
70%EFV-30%SOL- NonSink ~ 10.54 0977 025 10.10 0.39

Korsmeyer-Peepas is a semi-empirical equation to describe drug release from
pharmaceutical polymeric systems when the drug release involves more than one release
phenomenon or unknown mechanisms. Based on this, the exponent (n) is used to characterize
different release mechanisms. All values of exponent (n) determined from Korsmeyer-Peppas
model were < 0.5, suggesting Fickian diffusion as the mechanism of drug release from all
formulations. The penetration of the dissolution medium will be controlled by the diffusion

through the polymer layer around the drug molecularly dispersed in the solid dispersions.

All the graphs for the fitting model are reunited in Appendix 3.

4.2.3. Physical Stability

Stability of ASDs can be directly influenced by water uptake during downstream
processing and storage. The aim of this study was firstly to evaluate the effect of polymer carrier
(Soluplus) and formulation parameters (EFV:Soluplus mass proportion) on the water uptake

properties of the amorphous solid dispersions generated by spray drying.

- Dynamic vapor sorption (DVS)

A water sorption isotherm at 25°C was used to obtain information about the affinity
between the analyzed powders and water, upon exposure to stressed humidity. The general
shape of the isotherm, reversibility of moisture uptake, presence and shape of a hysteresis loop

provide information on the manner of interaction of the solid with water [34], [35]. Figure 52
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displays the DVS isotherm plots for the studied samples, showing the change in mass
percentage as a function of changing relative humidity (RH) in the range 0% to 95%RH.
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Figure 52. DVS sorption isotherms at 25°C for spray dried samples, demonstrating the weight change (%) as
a function of the relative humidity (%) for each sample: (4) EFV; (B) Soluplus; (C) 40%EFV-60%SOL ASD;
(D) 60%EFV-40%SOL ASD; (E) 70%EFV-30%SOL ASD.

Firstly, the hydrophobic character of the pure API was demonstrated by the low sorption
of water in Figure 52 (A). Our results showed that the water content of pure API did not reach
more than 0.1% change of mass at 95%RH. At 25°C, the sample is in its amorphous glassy

state (T<T?®) and the very low uptake level is mainly due to surface adsorption.

In contrast, amorphous solids like spray-dried Soluplus can absorb significant amounts
of moisture as shown by its measured water sorption isotherm (32.4% change of mass at 95%
RH, Figure 52 (B). The measured sorption is a contribution of both adsorption (surface
phenomenon) and absorption (volume phenomenon). Water vapor is absorbed into structure of
amorphous solids and not simply adsorbed on the surface. Water absorbed can act as a
plasticizer and increase molecular mobility due to the breakage of hydrogen bonds between
molecules [36]. Although water vapor sorption is reversible, the hysteresis observed between
the sorption and the desorption isotherm for the spray dried Soluplus is probably due to a slow

diffusion-controlled bulk desorption process.

In turn, spray-dried ASDs were more sensitive to environmental moisture than the pure
API. However, all ASDs sorbed little moisture (Table 22) over the RH 0-95%. As shown in
Figure 52 (C) to Figure 52 (E), the % change in weight was not more than 1.60% at 60% relative
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humidity and not more than 2.94% at 75% relative humidity for all studied spray-dried ASD

systems.

Table 22. Summary of water uptake (%) for spray dried ASDs in the different relative humidity (60%,
75%, 85% and 95% RH) at 25°C.

Relative Humidity (RH), %
Sample

60 75 85 95
Efavirenz 0.01 0.02 0.05 0.10
Soluplus 5.07 11.04 18.49 32.43
40%EFV-60%SOL 1.60 2.94 4.54 8.16
60%EFV-40%SOL 1.03 1.46 2.00 2.73
70%EFV-30%SOL 0.83 1.17 1.50 1.83

The water sorption isotherm of binary mixtures can be predicted by assuming additivity
of the individual component isotherms. Assuming that there is no interaction between the
components, the moisture isotherm of an EFV-Soluplus binary mixture can be calculated using

the equation:

Wpampg+Wp mp

Wuix = 4)

mpa+mp

Where W is the mass of sorbed water per dry mass of solid and m is the component mass
in the mixture [37]. On the other hand, if EFV and Soluplus interact with each other, a deviation
from the ideal behavior implied by Equation 3 would be observed and the extent of the deviation

can be regarded as a measure of the strength of the EFV-Soluplus interaction.

In fact, when the water amount up taken by the ASD systems are compared to the data
calculated from Equation 3 using pure-components, a decrease of the amount of water up taken
could be observed for all cases as represented in Figure 53. The lower sorption in the spray-
dried ASDs compared to the predicted from Equation 3 for the EFV-Soluplus binary system, is
possibly due to EFV-Soluplus interactions in the solid dispersions, already indicated by FTIR

analysis.
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Figure 53. Water mass change of the ASDs compared with theoretical water sorption at 95% RH.

- Stability studies at accelerated stability condition (40°C/75% RH)

Stability studies were performed in accordance to the ICH guidelines at accelerated
stability condition 40°C/75% RH with two spray-dried ASD samples containing different EFV
loadings: 40 wt% and 70 wt%.

Samples were monitored by DSC analysis each 3 days, within 15 days. The results are
grouped in Table 23. It is noticeable that the samples have evolved over time since T&mix

increases in both cases.

This behavior suggests some variation in the amorphous mixture composition. However,
any particular signs of amorphous phase separation like emerging of a second Tg, or drug

recrystallization were detected by DSC analysis for the sample loaded with 40%EFV-60%SOL.

Contrarily, the 70%EFV-30%SOL sample revealed an evolution of crystallization
enthalpy (AH) over time, corresponding to a partial EFV recrystallization. Considering
AH=52.83 J/g for the unprocessed EFV crystals, it was possible to estimate the percentage of
EFV recrystallized during the stability test duration. Table 23 also shows that, after 15 days of
storage, approximately 7.79% of the amorphous EFV dispersed in soluplus recrystallized
(calculated according Equation 1, Chapter 3).
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Table 23. Stability results under stress conditions (40 °C/75 % RH)
Jfor EFV-SOL ASDs with API loads of 40wt % and 70 wt%

40 % EFV- o o
60% SOL- SD 70 % EFV-30% SOL- SD
Crystallization
t (days) T*glix &) Tfn o CO) enthalpy Crystallization
Hpy (J/g)
(%)
3 59.8 514 1.3 2.89
6 64.9 534 2.6 5.79
9 64.1 55.9 2.8 6.24
15 67.2 57.7 3.5 7.79
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5. Conclusion

Supersaturated ASDs, in a large range of API concentration, loaded up to 85 wt% in API,
could be generated by spray drying. The amorphous state of all binary mixtures was confirmed

by XRD and DSC analysis.

The two components seem to be well spatially distributed in most of the spray-dried ASDs
as demonstrated by Raman mapping. However, high API loads might generate supersaturated
systems in which the amorphous EFV in excess is distributed as amorphous clusters in the
sample (as observed for 85%EFV-15%SOL-SD).

The solubilization effect of Soluplus and the ability of this carrier to generate and
maintain supersaturated EFV solutions were demonstrated. However, this effect depends on
the Soluplus concentration in the spray-dried ASD and can be limited if high concentrations of

this carrier are used, as observed for the ASD containing 80% of Soluplus.

Different dissolution profiles were generated depending on the dissolution conditions
(sink or non-sink). Although these differences, all spray-dried ASDs have not shown signs of

recrystallization in non-sink conditions.

Physical stability demonstrated to be a critical parameter for ASDs. The spray-dried
ASDs studied here present the following characteristics favoring physical stability:

- An antiplasticizing effect of the carrier used, confirmed by the increase of T&mix
with the increased mass proportion of Soluplus in the binary mixtures;

- Possible interactions between EFV and Soluplus, related to hydrogen bonds
interaction between the proton donating groups (-NH) of EFV and the proton
accepting groups (C=0) in the Soluplus.

However, we could verify under stress tests that the stability depends on the level of
supersaturation of the samples. A spray-dried ASD with 70% EFV (70%EFV-30%SOL ASD)
started to recrystallize in a short time experiment (15 days) during exposition to 40°C and
75%RH.
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1. Introduction

HME and SD are two of most common continuous processing techniques used to produce
solid dispersions, with both techniques having their own associated advantages and
disadvantages [1]-[3] [3]-[5]-

In most cases, one of these methods is chosen and then formulation scientists modify the
formulation until the desired characteristics of the solid dispersion are achieved. However, as
already discussed in Chap 2, solid dispersions prepared by different techniques can display
differences in their physicochemical properties [1], [3], [S]-[7] and because of that, during early
stage development of a formulation, it may be important to understand the influence of the

processing technique on the desired formulation.

The main objective of Chapter 5 is to present the methods applied and the results obtained
from the study of generation, by HME, of amorphous solid dispersions with similar compositions

to those already prepared by spray drying and presented in the previous chapter.

One of the main objectives of this thesis is to produce EFV- Soluplus ASDs by SD and
HME and to investigate how these different manufacturing techniques affect physicochemical
properties, product performance and physical stability. Chap 5 closes with a comparative analysis

between extruded and spray-dried ASDs with similar compositions.
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2. Generation of EFV-SOL binary mixtures

2.1. Preparation methods

A Thermo-Fisher pharma 16 Extruder (Thermo scientific™, Germany) equipped with a

co-rotating twin-screw parallel with five heating zones, two mixing zones and a screw diameter

(D) of 16 mm and L/D ratio equal to 40 (L being the length of barrel) was used to generate the

extruded samples. This pilot, shown in Figure 54, is composed by:

Two Brabender gravimetric feeders (Germany) with different capacities. The large dosing
unit has a flow rate range from 0.5 to 10 kg/h and the small dosing unit has a flow rate
range from 0.05 to 2.5 kg/h. To generate the ASDs, the small dosing unit was used due to
the low powder feed rate implemented (maintained at 0.25 kg/h);

Twin-screw configuration located in the sheath allows conveying and mixing the powder.
The configuration used is based on the various application requirements. The most
common application of screw configurations is conveying, melting, mixing and shaping.
In the feeding, conveying and venting, conveying elements are used. Then, the angles
between the mixing elements can take values of 30, 60 and 90°. To generate low energy
mixing when liquids are added in the melt in the barrel, distributive flow rate are used.
Finally, discharge feed screws have a single lead geometry to generate the extrusion
pressure to shape the final product at the die;

A Pharmalab Data to control the operating parameters.

Operating parameters and configuration are schematically represented in Figure 55. They

were defined based on a previous studies developed in our laboratory. The temperature profile

giving in Table 24 was defined, based on the EFV melting temperature and also preliminary

experiments (not shown).

API and polymer were previously premixed during 12 min in a powder mixer Turbula T2F,

also shown in Figure 54. The physical mixtures were then exposed to 55°C in a vacuum oven

during approximately 2h to evaporate residual moisture from the samples.
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Gravimetric feeder
(higher quantity) Gravimetric Feeder

(A) Barrel
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Figure 54. (A) Thermo-Fisher pharma 16 Extruder and (B) Powder mixer Turbula T2F
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Figure 55. Schematic representation of HME configuration u for extruded ASDs generation
Process conditions: screw speed of 150 rpm; dosing rate of previously physically

compounds of 0.25kg/h; die diameter of 1 mm)

Table 24. Temperature profile for ASDs production by Hot-Melt Extrusion process

Sample Die 727 76 75 74 73 72 71

Pure Soluplus 160 160 160 160 160 110 50 40
20%EFV-80%SOL-HME | 135 135 135 135 135 90 50 20
20%EFV-80%SOL-HME | 125 125 125 125 125 80 40 20
20%EFV-80%SOL-HME | 110 110 110 110 110 70 40 20
20%EFV-80%SOL-HME | 110 110 110 110 110 70 40 20

3. Characterization techniques

Extruded ASDs were characterized as previously performed with the spray-dried ADS

samples. All techniques already described in Chapters 3 and 4, i.e., X-ray Scattering diffraction

(XRD), differential scanning calorimetry (DSC), scanning electron microscopy (SEM), Raman

mapping (RM) and performance behavior (in vitro drug release dissolution tests, physical

stability) were also employed in this part of the work and are not presented here (see Chapters 3

and 4).
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4. Results

4.1. Characterization of ASDs

4.1.1. Microscopic observations

SEM and optical images were obtained from all extruded samples. The optical images were
performed using a Keyence digital optical microscope equipped with polarized light. Figure 56
shows typical images of the extrudates, obtained by SEM and optical microscopy. The extruded
products have around 1mm in diameter. From optical image, they are completely transparent and
look like a glass (Fig. 3B). SEM image (Fig 3A) also shows uniform appearance, from which it

is not possible to distinguish the two components (API and polymer).

A

AccY Magn Det WD — 200 um
800KV 100x BSE 11.8 AUX 0.3 Torr
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(B)

Figure 56. Images of extruded ASD with a charge of 70%EFV-30%SOL A) From SEM analysis and B) From
optical microscopy.

4.1.2. Raman Spectroscopy
Raman spectra of the extruded ASDs are exhibited in Figure 57.

In Chapter 4 (section 4.1.2), the characteristic peaks for pure compounds were already
described. Raman spectra revealed all EFV and Soluplus vibrations bands in the ASDs, without
modifications. Moreover, the intensity of Raman peaks increases with the concentration of each

compound in the mixture.

EFV SOL
2250I cm! 2900 cm™!

70%EFV-30%SOL-HME

60%EFV-40%SOL-HME

CCDcts

40%EFV-60%SOL-HME

20%EFV-80%SOL-HME

400 800 1200 1600 2000 2400 2800 3200 3600
rel. 1/cm

Figure 57. Spectra from Raman Spectroscopy for extruded EFV-Soluplus ASDs
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4.1.3. Solid state (DRX)

The XRD patterns obtained for all extruded ASDs were depicted in Figure 58, including
those for the pure compounds already presented (Chapter 3, section 2.2.1.3). The characteristics
peaks of unprocessed EFV crystals disappeared in all extruded EFV-Soluplus ASDs, which
means that EFV and Soluplus, after melting process, had given origin to a binary mixture between

Soluplus and amorphous EFV.

—S0L
——20%EFV-80%S0L-HME
\ 40%EFV-60%S0L-HME
———B0%EFV-40%S0L-HME
\ 70%EFV-30%SOL-HME

Figure 58. XRD diffractograms for extruded EFV-SOL ASDs

4.1.4. Glass transition temperature of binary mixtures (DSC)

Thermal analysis was performed to determine the experimental glass transition temperature
g

of the extruded ASD systems. Figure 59 shows the experimental values of T, ; obtained from

reversing heat flow signals in mDSC analysis as a function of the EFV load in the extruded
g

ASDs. As already seen for spray-dried ASDs, a single T, ; was identified for each extruded

formulation, a first indicative of only one amorphous phase in the binary mixture. Moreover,
Figure 59 exhibits no deviations between the experimental values of Tfm.x for extruded ASDs

and the theoretical values calculated from GT model.
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Figure 59. Mixture glass transition temperature (T ‘;Jm- )¢ measured (green asterisks — HME and blue
diamond - PM) and theoretical values by GT model (red line).

4.1.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of extruded ASDs were shown in Figure 60. FT-IR Spectra of pure EFV and

pure Soluplus, also represented in Figure 7, have been already described in Chapter 4 (section
4.1.5).

Spectral analysis of extruded ASDs showed a peak at 2250 cm™! corresponding to C-C
triple stretching vibrations of EFV, which the intensity increases as the ratio of EFV in these
systems increased. Furthermore, it can be observed some modifications in the region between
3700 — 2700 cm! as a disappearance of characteristic peak of Soluplus (3675 cm™),
disappearance of characteristic peak of EFV (3320 ¢cm™') and a broadening of Soluplus peaks at
2987 cm™ and 2900 cm™ due to C-H stretching bands. These modifications suggest some
interaction between Soluplus and EFV in ASDs (possible interaction related to hydrogen bonds
between the proton donating groups (-NH) of EFV and the proton accepting groups (C=0) in the
Soluplus).
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1 — Efavirenz

2 - Soluplus®

3 - 40%EFV-60%SOL-PM

4 — 20%EFV-80%SOL-HME
5 — 40%EFV-60%SOL-HME
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7 - 70%EFV-30%SOL-HME
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Figure 60. FTIR spectra for pure components, physical mixture and ASDs.

4.2. Performance behavior

4.2.1. Solubility studies

The ability of the extruded ASD systems to produce and maintain supersaturated EFV
solution was evaluated by kinetic solubility studies in an aqueous medium containing 0.25% SLS

at 37°C following the same protocol described in Chapter 3 (section 2.2.1.6).

Figure 61 shows the kinetic solubility profiles obtained over 48h. From these results, it is
evident the EFV apparent solubility enhancement for all ASDs compared to the equilibrium
solubility of crystalline EFV (dark dashed line).

As already observed with spray-dried ASDs, an oscillatory behavior is also detected for
some samples during the first 2h, corresponding to events of solubilization and creation of a
supersaturated solution followed by an instantaneous recrystallization, resolubilization... in an
attempt of sample stabilisation. However, after that, no recrystallization was detected for all the
extruded ASDs until the end of tests (48h).

183



==20%EFV-80%SOL-HME ~#=40%EFV-60%SOL-HME
60%EFV-40%SOL-HME “=70%EFV-30%SOL-HME
= —crystalline phase solubility of EFV
2000 %
1800
1600
1400
1200
1000
800
600 T
400
200

4

-

W

Concentration of EFV (ng/g)

12 18 24 30 36 42 48
Time (h)

=

Figure 61. Solubility profile for different ASD compositions generated by hot melt extrusion

Figure 62 (A) and (B) compare the solubilizing effect of extruded ASDs (20 wt% and 40

wt% of EFV loading) with physical mixtures of EFV and Soluplus with similar compositions.

Once again, the solubilizing effect of Soluplus can be observed from physical mixtures of
EFV with the polymer. This effect is proportional to the concentration of Soluplus. However,
compared to the physical mixtures, this solubilizing power is still more pronounced with both

ASDs showed in Figure 62, mainly due to the amorphous state of these formulations.
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Figure 62. Comparison between kinetic solubility of extruded ASDs, and solubility of crystalline EFV, pure or
Dphysically mixed with Soluplus.

Figure 63 regroups the values of kinetic solubility for the four extruded ASDs systems
studied in this work. Their positive impact in the improvement of kinetic solubility over 12, 24
and 48h is clearly demonstrated. A similar trend has also been found in several works in the
literature [3], [8]-[12].
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Figure 63. Kinetic solubility profiles for all extruded ASDs

4.2.2. In vitro dissolution studies

Dissolution tests of extruded ASDs were carried out following similar study already

performed with spray-dried ASDs (Chapter 4, section 4.2.2).

To perform these tests, the physical dimension of extruded ASD samples were standardized

in Imm in diameter and 5mm in length, featuring a surface area of around 17.3 mm?.

Figure 64 displays the dissolution profiles for all extruded ASD systems. Dissolution

parameters such as percentage of EFV dissolved in 360 minutes are given in Table 25.
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Figure 64. In vitro dissolution profiles of all samples including crystalline EFV and ASD's. (A) Under Sink
dissolution conditions (B) under non-Sink dissolution conditions
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Table 25.Summary of dissolution key parameters under Sink and non-Sink conditions

Disso!u.tion Sample Cumulati‘;e
conditions Releasesq (%)
20%EFV-80%SOL-Sink 92.14 4.80

Sink 40%EFV-60%SOL -Sink 28.87 3.98
(SI=3) 60%EFV-40%SOL -Sink 22.07 2.16
70%EFV-30%SOL -Sink 3229 5.12
20%EFV-80%SOL- NonSink 91.57 2.39

Non-Sink 40%EFV-60%SOL- NonSink 27.65 2.03
(SI=0.1) 60%EFV-40%SOL- NonSink 24.87 0.76
70%EFV-30%SOL- NonSink 1451 0.82

e Values represent the mean of three independent determinations.

Figure 64 and Table 25 show that extruded ASD samples provided faster and increased
dissolution for the ASD with 20%EFV-80%SOL compared with the others ASDs that exhibited
a slow and progressive release. For non-Sink conditions, the dissolution profiles obtained showed
that supersaturated solutions were generated and maintained for up to 360 min for all samples
(no recrystallization was revealed). Moreover, the kinetic profile exhibited by 20 wt% EFV ASD
was completely different from the others samples (40 wt%, 60wt% and 70wt%) for both

conditions.

Table 26 shows that all extruded ASDs had a delayed release (<40%) under both, sink and
non-sink conditions, within 30 min of experiment. This might be attributed to densification and
reduction of polymeric-free volume during the hot-melt extrusion process [6]. Melt extruded
materials are denser with less hydrophilic surface area. In this case, the thermoresponsive
characteristic of Soluplus might be evidenced. Soluplus exhibits a lower critical solution
temperature (LCST) near 40°C [13], above which it aggregates into larger micelles and displays
gel-forming ability. The dissolution experiments were performed (37 0.5°C) with temperature
conditions close to the LCST. A possible gelling near to the extruded surface could be occur and

promoted a barrier against API diffusion from the gelled surface.

A retard in the release of Ramipril and Chlorothiazide from Soluplus extruded was already

observed in a previous work [3].
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Indeed, the dissolution efficiency decreases gradually with increasing EFV load in

extruded ASD samples.

Moreover, considering both conditions studied (sink and non-sink), the same order of

magnitude in the dissolution profiles, cumulative release and DE was demonstrated.

Table 26. EFV cumulative percentage released in the dissolution medium in 30 min

Dissolution Sample Cumulative
conditions Release (%)

20%EFV-80%SOL-Sink 37.26 5.15
Sink 40%EFV-60%SOL -Sink 417 0.17
(SI=3) 60%EFV-40%SOL -Sink 1.86 0.24

70%EFV-30%SOL -Sink 510 1.22

20%EFV-80%SOL- NonSink ~ 40.90 0.57
Non-Sink 40%EFV-60%SOL- NonSink  5.72 0.68
(S1=0.1) 60%EFV-40%SOL- NonSink  5.85 0.82

70%EFV-30%SOL- NonSink  1.81 0.17

EFV release from extruded ASD systems was also fitted with Korsmeyer—Peppas model,
similarly to the mathematical treatment provided for spray-dried ASD systems (see Chap. 4).
Just in reminder, the first 60% drug release data from all extruded ASDs formulations were fitted
by the Equation 14 defined in Chapter 2 (section 1.3.6.7). Nonlinear regressions were applied for

cumulative dissolved API.

From the obtained results (Table 27) it is confirmed that EFV release from ADSs is well
described mathematically by the Korsmeyer-Peppas. The cylindrical extruded shape was

considered when analysing the values for the expoent n, an indicative of mechanism release.

The expoent (n) is higher than 0.89 for 20%EFV-80%SOL sample under sink dissolution
conditions, suggesting a non-Fickian EFV release mechanism. In this case, the API release
corresponds to zero-order release kinetics and the mechanism driving the API release is the
swelling or relaxation of polymeric chains. The velocity of dissolution medium diffusion by the
system (gellified region) is faster compared to the process of relaxation on the gel-vitreous

polymeric interface, which marks the inner limit of penetration or solvent dispersion at a
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determined time. The vitreous region has almost no medium penetration and the diffusivity of
the medium in the gelled region is higher [14]. This behavior well represents the slow release of
the API and its in good agreement with the thermoresponsive character of the Soluplus already

presented.

The value of expoent (n) ranged in the interval 0.45<n< 0.89, suggesting also a non-fickian
diffusion with anomalous transport for the other extruded samples. This type of mechanism refers
to a combination of both diffusion and erosion controlled-API release. In this case, diffusion and
swelling are comparable. The rearrangement of polymeric chains ocurring slowly and the
simultaneous diffusion process cause the time-dependent anomalous effects [14]. Non-fickian
diffusion with anomalous transport was already reported in the litterature to explain the API

release mechanism from extruded solid dispersions [15].

All fitting models are reunited in Appendix 3.

Table 27. Summary of results obtained after after the kinetic fitting by Korsmeyer-Peppas model

Sample K (min™) R? n AIC RMSE
20%EFV-80%SOL-Sink 1.206 1.000  0.991 22.494 0.931
' 40%EFV-60%SOL -Sink 0.206 0.998 0.833 21.967 0.610
i 60%EFV-40%SOL -Sink 0.082 0.998 0.882 5.820 0.311
70%EFV-30%SOL -Sink 0.427 0.985 0.729 46.664 1.708
20%EFV-80%SOL- NonSink 2.825 0.999 0.780 20.369 0.828
Non- 40%EFV-60%SOL- NonSink 0.332 0.996 0.743 33.436 0.984
Sink

60%EFV-40%SOL- NonSink 0.409 0.999 0.693 29.155 0.823

70%EFV-30%SOL- NonSink 0.110 0.994 0.829 0.349 0.248

4.2.3. Physical stability

Stability of ASDs can be directly influenced by water uptake during downstream
processing and storage. The aim of this study followed the same investigations already presented

in Chapter 4 (section 4.2.3).

- Dynamic vapor sorption (DVS)

A water sorption isotherm at 25°C was used to obtain information about the affinity

between the analyzed powders and water, upon exposure to stressed humidity. The general shape
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of the isotherm, reversibility of moisture uptake, presence and shape of a hysteresis loop provide
information on the manner of interaction of the solid with water [16]. Figure 65 shows the DVS
isotherm plots for the extruded ASDs exhibiting the change in mass percentage as a function of

changing relative humidity (RH) in the range 0% to 95%RH.
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Figure 65. DVS isotherms at 25°C for extruded samples, demonstrating the weight change (%) as a
function of the relative humidity (%) for each sample: (A) extruded Soluplus; (B) 20%EFV-80%SOL; (C)
40%EFV-60%SOL; (D) 60%EFV-40%SOL ASD; (E) 70%EFV-30%SOL ASD.

Figure 65 (A) and (B) shows the DVS isotherm for pure Soluplus and for 20%EFV-
80%SOL ASD, respectively. Pure Soluplus can absorb 30.28% of water at 95%RH. When, the
APl is added in the formulation, the water uptake drops 5 fold for 20%EFV-80%SOL ASD (5.9%
change of mass at 95% RH) and 50 fold for the others extruded ASDs (< 0.6% change of mass
at 95% RH) as exhibited in Figure 65 (C), (D) and (E). All these results are summarized in Table
22. This behavior is attributed to the Soluplus amount in the samples. Soluplus has high

hygroscopicity, which stimulates the uptake of a significant amount of water.

Large hysteresis between the sorption and the desorption isotherm are observed for all
extruded ASDs studied (Figure 65 (A) to (D)). This is probably due to a slow diffusion-controlled
bulk desorption process. As reported in an earlier work, amorphous materials can take up
significant amount of moisture into their structure and not just on surface, which can result in a

relevant hysteresis between sorption and desorption isotherm [17].

However, for pure Soluplus and 20%EFV-80%SOL ASD, an ‘open hysteresis’ is also
detected. This type of hysteresis is normally attributed to an irreversible phenomenon
(chemisorption) or diffusion-limited desorption. If the desorption branch doesn't reach the
adsorption branch, it can means that the equilibrium pressure is not established due to the slow

diffusion rate of water in the micropores of ASDs materials [18].
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Table 28. Summary of water uptake (%) extruded ASDs in the different relative humidity (60%, 75%,
85% and 95% RH) at 25°C.

Relative Humidity (RH), %
Sample
60 75 85 95
Soluplus 0.84 5.13 13.76 30.28
20%EFV-80%SOL 0.162 0.630 2.073 5911
40%EFV-60%SOL 0.097 0.173 0.267 0.527
60%EFV-40%SOL 0.065 0.094 0.145 0.225
70%EFV-30%SOL 0.052 0.097 0.140 0.226

The water sorption isotherm of binary mixtures can be predicted as already presented in
Chapter 4 (Equation 3, section 4.2.3) by assuming additivity of the individual component

1sotherms.

Figure 66 shows the water mass change of the extruded ASDs compared with theoretical
water sorption at 95% RH. The water uptake for the extruded ASDs charged with higher than 40
wt% of EFV is close to zero. This low water absorption can be explained by the high densification
of the extruded ASDs [6].
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Figure 66. Water mass change of the extruded ASDs compared with theoretical water sorption at 95%
RH.
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- Stability studies at accelerated stability condition (40°C/75% RH)

Stability studies were performed following the methodology and the conditions already

described in chapter 4 (section 4.2.3).

Samples were monitored by DSC analysis each 3 days, within 15 days. The results are
g

grouped in Table 29. It is noticeable that the samples have evolved over time since T, increases

in both cases, which could be an indicative of some evolution of the amorphous mixture
composition. However, no particular signs of amorphous phase separation like emerging of a

second T¢, or drug recrystallization were detected in both samples, from DSC analysis.

Table 29. Stability results under stress conditions (40 °C/75 % RH)
for EFV-SOL ASDs with drug loads of 40 % and 70 %

40%EFV- 70%EFV-
60%SOL- HME |30%SOL- HME
t (days) T . (°C) T .. (°C)
3 60.60 53.93
6 64.24 54.02
9 64.16 56.68
15 61.59 56.76

5. Effect of the manufacturing process on the ASD properties

As already discussed in Chapter 2 (section 1.3.7.), the choice of the manufacturing process
and its specific process variables can have a direct impact in the ASDs structure and provide
ASD systems with different characteristics such as the level of molecular interactions between
API and carrier. Here, we propose to compare the impact of process in the performance behavior

of the ASDs with same compositions, generated by SD and HME processes.

Two compositions were selected: 40%EFV-60%SOL and 70%EFV-30%SOL.
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5.1. Solid dispersion characteristics

5.1.1. Solid state, homogeneity, spatial distribution of EFV

As confirmed in Figure 67, amorphous binary mixtures with the following compositions:
40%EFV-60%SOL and 70%EFV-30%SOL were generated by SD and HME processes.

These amorphous mixtures are characterized by a single glass transition temperature (T ‘fm. .
as assembled in a single figure (Figure 68). The values of Tiix measured for extruded ASDs

were closer to the values Tﬂu.x calculated from GT equation. The deviations observed for spray

dried ASDs might be due to the presence of some residual solvent in the spray-dried products.
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Figure 67. Comparative of XRD diffractograms for spray-dried and extruded ASDs.
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Figure 68. Mixture glass transition temperature (T rgnix)" measured (blue circles — HUE and green
diamonds-SD) and theoretical values by GT model (red line).

The mapping of individual components in spray-dried and extruded amorphous solid
dispersions, provided by Raman microscopy, have confirmed a good EFV distribution within the
polymeric matrix, as illustrated in Figure 69 for extruded and spray-dried 70%EFV-30%SOL
ASDs, which is more likely to recrystallize.
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Figure 69. Raman Spectra of spray-dried and extruded 70%EFV-30%SOL ASD systems.

5.1.2. EFV-Soluplus interactions

EFV and Soluplus interactions were investigated by FTIR. Figure 70 represents FTIR of
ASDs of two different compositions produced by SD and HME processes.

It can be seen that FTIR of spray-dried and extruded ASDs are quite similar, indicating the
same modifications of some characteristic peaks of EFV and SOL as already discussed

individually in Chapter 4 for spray-dried samples and before in the current chapter for extruded

samples.
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Figure 70. FTIR spectra for pure components, physical mixture and ASDs generated by SD and HME
processes.

5.2. Performance behavior

5.2.1. Solubility studies

A comparative of the ability of spray-dried and extruded ASD systems to enhance EFV
kinetic solubility in aqueous medium containing 0.25% SLS at 37°C is depicted in Figure 71 and
Table 30. Both manufacturing processes were efficient to enhance the EFV kinetic solubility
when compared with their similar physical mixtures. The API content in the ASDs have

influenced on the kinetic solubility enhancement (Table 30).
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Figure 71. Comparison between kinetic solubility profiles for spray-dried and extruded ASDs with similar API-
carrier compositions

Table 30. Comparative of apparent solubility enhancement for PM, HME and SD samples

API Sample APIload (%) | ‘Apparentsolubility
enhancement

Physical mixture - PM 5.5 fold

ASD-HME 20 48 fold

ASD-SD 46 fold

Physical mixture - PM 14 fold

Efavirenz

ASD-HME 40 34 fold

ASD-SD 27 fold
ASD-HME 11.5 fold

70
ASD-SD 17 fold

The solubilizing effect of Soluplus is, clearly visualized in an increase relationship

between the maximum supersaturated concentration of EFV reached in solution and the

concentration of Soluplus in ASDs, as represented in Figure 72. The aqueous solubility of

crystalline EFV in aqueous medium containing 0.25% SLS at 37°C of 41.019  9.38 pg/mL is

also represented in this figure.
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Figure 72. Effect of Soluplus in the ASDs generated by SD and HUE

5.2.2. Dissolution studies

Figure 73 displays together the dissolution studies of different solid dispersions prepared
by HME and SD processes. Dissolution parameters such as percentage of EFV dissolved in 360

minutes and DE3go are given in Table 31.

Besides a confirmed kinetic solubility enhancement, all ASDs contributed to a higher
dissolution rate of EFV in the studied media. The API release from spray-dried ASDs was much
faster and higher when compared with extruded samples. This effect is attributed mainly to
differences of physical characteristics between extruded and spray dried ASDs. Indeed, shape
factor (cylinder vs spherical particles), size and specific surface area of extruded and spray-dried
samples are completely different. This latter point has a big influence on the release profiles since
the surface of exchange with the dissolution media is much higher for spray dried samples than

for extrudates (several orders of magnitude), which explains the kinetics difference.

Regardless of the dissolution conditions, favoring (non-sink) or not (sink) the
supersaturation of the aqueous media, no signs of recrystallization represented by a decline in
the EFV concentration in solution over time were observed. This is a positive result since the
transformation of amorphous state into crystalline structures during the dissolution process has

been considered a limiting factor in the development of amorphous solid dispersions since the
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recrystallization in the biological environment can directly influences the drug absorption present
in these systems [8].
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Figure 73. In vitro dissolution profiles of all samples including crystalline EFV, spray-dried and extruded
ASDs. (A) SD ASD under Sink dissolution conditions, (B) SD ASD under non-Sink dissolution conditions, (C)

HME ASDs under Sink dissolution conditions (D) HME ASD under non-Sink dissolution conditions.
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Table 31. Summary of dissolution key parameters under Sink and non-Sink conditions for spray-dried and

extruded ASD
Dissolution
Dissolution Cumulative Efficiencyseo
diti Samples Releasesqo
condaitions (%) (DE _ 0/0)
(n=3)*
40%EFV-60%SOL-SD 102.09 3.6 98.20
Sink 70%EFV-30%SOL-SD 103.32 6.0 80.70
SI=3 40%EFV-60%SOL-HME 28.87 4.0 ;
70%EFV-30%SOL-HME 32.29 5.1 -
40%EFV-60%SOL-SD 104.99 0.5 96.51
Non-Sink 70%EFV-30%SOL-SD 44.86 2.8 -
SI=0.1 40%EFV-60%SOL-HME 27.65 2.0 -
70%EFV-30%SOL-HME 14.51 0.8 -

* Values represent the mean of three independent determinations.

5.2.3. Physical Stability

The affinity with water is a critical attribute for physical stability. Presentation of DVS

results for spray-dried and extruded samples have demonstrated that EFV is a very liphophilic

API and that the association of this molecule with a hygroscopic polymer likes Soluplus could

lead to a more hygroscopic amorphous binary mixture whose physical stability should be

surveyed.

Figure 74 reunites the water amount up taken by the ASD systems, showing that spray-

dried ASDs might be more hygroscopic, even if the amounts of water up taken by ASDs with

EFV content higher than 40wt% remains low (lower than 5 wt%, in water mass change at 95%RH

at 25°C).
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Figure 74. Water mass change of the ASDs compare with theoretical water sorption at 95% RH, 25°C
for spray-dried and extruded ASDs.

The exposition of spray-dried and extruded ASD samples (40°C and 70% RH in an
accelerated stability study) revealed different tendencies for the more concentrated sample
studied (70 wt% EFV). While we did not observe any particular signs of amorphous phase
separation or API recrystallisation for the sample loaded with 40%EFV-60%SOL for both spray-
dried and extruded ASD samples, the spray-dried 70%EFV-30%SOL ASD sample revealed a
partial EFV recrystallization.

The main reason for the absence of recrystallization for the HME ASDs is probably the
effect that HME provides highly densification and consequently, reduction of polymeric-free
volume during HME manufacturing compared with less dense SD samples as already reported
in the literature [21]. Particle size plays a big role in the comparison of these two processes, as
well [21]. In conclusion, HME ASDs compared with SD ASDs conducted to better product

stability during the stress test condicted in this work.
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6. Conclusion

Here, we demonstrated that supersaturated ASDs, in a large range of API concentration,
loaded up to 70 wt% in API, could be also generated by hot-melt extrusion. Amorphous
behavior was confirmed through XRD and DSC analysis.

Raman Mapping exhibited a well spatially distribution of the two compounds for all
extruded ASDs.

The apparent EFV solubility enhancement from extruded ASDs was also confirmed, as

well as, the dependence on the Soluplus concentration.

Different dissolution profiles were generated depending on the dissolution conditions
(sink or non-sink). Although these differences, all ASDs generated by hot-melt extrusion did
not show signs of recrystallization in non-sink conditions. The results demonstrated a slow API

release for all ASDs controlled by a Non-Fickian diffusion mechanism.

The highest concentrated EFV-Soluplus ASD with 70 wt% in EFV generated from both
manufacturing processes, SD and HME, revealed a lower physical stability of the ASD
produced by spray drying, already during the short duration of the stress test conducted (15
days at 40°C and 75% RH).
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General conclusion and perspectives

The main difficulty when an Active Pharmaceutical Ingredient (API) is orally
administered is to guarantee that the clinical dose of the API will be dissolved in the available
volume of gastrointestinal fluids. However, about 40% of APIs with market approval and
nearly 90% of molecules in the discovery pipeline are poorly water-soluble and exhibits a

poor oral absorption, which leads to a weak bioavailability.

Amorphous solid dispersions (ASDs) is considered as one of the most effective
strategies to solve solubility limitations of poorly-water soluble compounds and hence,
enhance their oral bioavailability. Despite their introduction as technical strategy to enhance
oral APIs bioavailability more than 50 years ago, ASD formation and physical stability

remains a subject of intense research.

In general, the advantages of amorphous form in pharmaceutical dosage forms are lost
because of their inadequate thermodynamic stability and their tendency to recrystallize in the
solid state or during dissolution. Therefore, to achieve the full advantage of ASDs, it is
obligatory not only to maintain supersaturated concentration of the API during dissolution in

the gastrointestinal tract, but also to stabilize the amorphous API during storage.

A relevant quantity of factors that have been noticed can influence the physical storage
stability of ASDs, among them, the glass transition temperature of the API-carrier binary
mixture, the apparent solubility of the API in the carrier, interactions between API and carrier,

and the manufacturing process.

This thesis consisted of three parts that aim on developing new formulations of ASDs
of an antiretroviral API, Efavirenz (EFV), dispersed in an amphiphilic polymer, Soluplus, by
using two different processes, Spray-drying (SD) and Hot-melt extrusion (HME). EFV is the
class I BCS API of our choice because it is a challenging API for new formulations. It needs
more high-dosed ASDs, for which chemical and physical stability during storage and

dissolution will be critical.

Aiming a rational development of high-loaded EFV-Soluplus ASDs, the first part
focused on the construction of a temperature-composition EFV-Soluplus phase diagram. The
phase-diagram was constructed from a thermal study of recrystallization of a supersaturated
ASD (85 wt% in EFV), generated by spray drying. To our knowledge, this is the first study
reporting a phase-diagram for this binary system. This phase-diagram is very useful and
demonstrated that the EFV solubility in Soluplus ranges from 20 wt% (25°C) to 30 wt%
(40°C). ASDs of EFV in Soluplus containing more than 30 wt% of EFV should be monitored
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over storage under typical temperature conditions. This phase-diagram might be considered
as a preformulation tool for researchers studying novel ASDs of EFV in Soluplus, to predict

(thermodynamic and kinetic) stability.

ASDs prepared by different techniques can display differences in their physicochemical
properties. Each of the two other studies focused on the manufacturing of ASDs by HME or
SD processes. We demonstrated that supersaturated ASDs, in a large range of EFV
concentration, loaded from 20 wt% up to 70 wt% EFV could be generated by HME. Indeed,
more supersaturated ASD containing 85 wt% EFV was generated by spray drying,
composition not investigated with HME. The amorphous state of all ASDs was confirmed by
XRD and DSC analysis.

The two components seem to be well spatially distributed in all extruded ASDs and in
most of the spray-dried ASDs as demonstrated by Raman mapping. However, high API loads
might generate supersaturated systems in which the amorphous EFV in excess is distributed

as amorphous clusters in the sample, as detected for the spray-dried ASD with 85 wt% EFV.

The manufacturing processes influenced the EFV apparent solubility enhancement,
studied in an aqueous medium containing 0.25% SLS. For a same formulation (20%EFV-
80%Soluplus), the results revealed an increase of 48 fold for spray-dried ASDs and 46 fold
for extruded ASDs. No remarkable difference was observed in the maximum apparent
solubility achieved for extruded and spray-dried ASDs (46-48 fold) with this EFV load
(20 wt%). Nevertheless, the ‘parachute effect” was limited over time for the spray-dried ASD.
In 24 h experiment, a decline of the kinetic solubility was detected for this sample, a behavior

not observed for the extruded ASD.

Soluplus has interesting characteristics to maintain supersaturation by forming micelles
and ensuring a micellar API solubilization. However, very high concentrations in the aqueous
medium can lead to other effects like gelling, changes of chains conformation related to a
thermoresponsive behavior at temperatures near its LCST of 40°C. The gelling effect was

already mentioned in other studies reported in the literature, although rarely.

To predict in vitro EFV dissolution behavior, different dissolution profiles were
generated depending on the dissolution conditions (sink or non-sink). So far, few studies have
reported the dissolution performance of EFV in Soluplus matrix and no studies were realized
comparing sink and non-sink dissolutions. The transformation of amorphous state into
crystalline structures during the dissolution process has been considered as a limiting factor

in the development of ASDs. Indeed, the recrystallization in the biological environment can
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directly influence the drug absorption present in these systems and non-sink conditions are
better representative of the in vivo conditions. Although these differences, all ASDs have not
shown signs of recrystallization in non-sink conditions. Moreover, the API release from spray-
dried ASDs revealed to be much faster and higher when compared with extruded samples.
This result is linked to differences in the particle size of spray dried and extruded particles,

with a difference of, approximately, 90 fold in the surface area of the final product.

The release kinetics showed that the drug release mechanism involved in the EFV
release from all spray-dried ASD formulations corresponds to a Fickian diffusion control. The
penetration of the dissolution medium is controlled by the diffusion through the polymer layer

around the EFV molecularly dispersed in the solid dispersions.

In contrast, the release kinetics from extruded ASDs with 20 wt% EFV under sink
conditions suggests a non-Fickian release mechanism. In this case, the controlling mechanism
could be the swelling or relaxation of polymeric chains. This behavior represented well the
slow EFV release and is in good agreement with the thermoresponsive character of the
Soluplus already mentionned. For the other extruded ASDs, the release kinetics seems to be
driven by a non-Fickian diffusion, with anomalous transport marked by a combination of

different mechanisms (diffusion, swelling, rearrangement of polymeric chains).

It will be interesting for the subsequent release studies of EFV-Soluplus ASDs to
implement a downstream processing like jet milling, ball milling, mortar and pestle, or co-
milling in order to reduce differences in particle size (surface area) between spray-dried
powders and milled extrudates. Moreover, to carry out dissolution studies, intrinsic
dissolution rate (IDR) or surface area normalized dissolution (for dispersions) rate might be a
relevant strategy to properly compare the impact of manufacturing process in the final product

generated by SD and HME processes.

The creation of a stable glass solution requires the equilibrium or thermodynamic solid
solubility of the API in the carrier not to be exceeded. In practice, however, this
thermodynamic solid solubility can be exceeded, creating glass solutions which are unstable
over time (i.e., kinetically stable). According to our temperature-composition EFV-Soluplus
phase diagram, the most of studied ASDs are supersaturated at typical storage temperature.
Hence, physical stability can be considered as a critical parameter for them. However, the

ASDs generated in this thesis present the following characteristics to favor physical stability:

- An antiplasticizing effect of the carrier used, confirmed by the increase of T&mix

with the increased mass proportion of Soluplus in the binary mixtures,
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- Possible interactions between EFV and Soluplus, confirmed by FTIR studies and
probably due to hydrogen bonds interactions between the proton donating

groups (-NH) of EFV and the proton accepting groups (C=0) of the Soluplus.

Moreover, a comparative analysis also revealed reduction of the intensity of
characteristic compounds peaks for extruded ASDs. This might suggest a higher interaction
between EFV and Soluplus in extruded compared to spray-dried ASDs. Melting process could
generate ASDs with deeper interaction at the molecular level, however this clearly deserves

further investigation.

It was also of interest to determine the feasibility of using high EFV loads. The more
supersaturated the glass solution, the more prone it will be to crystallize. While it was
demonstrated that the spray-dried ASD with 70 wt% EFV started to recrystallize in a short
time experiment (15 days) at 40°C and 75%RH, no evolution was detected for extruded ASD

with similar composition.

In future studies of EFV-Soluplus physical stability, it will be interesting to perform
analysis in a prolonged time experiment (at least 6 months) to better investigate the physical

stability performance for supersaturated EFV binary mixture.

Finally, this study clearly shows that ASD is a useful formulation strategy to improve
the aqueous solubility and the dissolution rate of EFV from EFV-Soluplus binary mixtures.
HME and SD manufacturing processes demonstrated to be efficient to generate ASDs in a
large range of compositions and loads of EFV. The optimization of EFV to Soluplus ratio can
be used to tailor the release kinetics from ASDs. The choice of a high EFV load exceeding
the thermodynamic solid solubility in Soluplus is possible but it needs the consideration of its

kinetic stability over time.
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Résumé étendu en francais

Lors de I'administration d’un ingrédient pharmaceutique actif (PA) par voie orale, les
obstacles physico-chimiques a sa biodisponibilité orale comprennent une faible solubilité dans
I’eau (propriété thermodynamique a I’équilibre) et une vitesse de dissolution lente (propriété
cinétique). La faible solubilité dans 1’eau d’un PA peut en effet limiter sa concentration dans les
fluides gastriques et entrainer une faible absorption par I’intestin [1]. Une faible vitesse de
dissolution peut également limiter 1'absorption, en particulier lorsque la solubilit¢ du PA est
suffisamment faible. Il sera nécessaire de maintenir la concentration en PA proche de sa solubilité
afin que I’absorption soit maximale au cours du temps limité pendant lequel le PA transite dans

le tube digestif (Figure 75).

Forme
pharmaceutique
(voie orale)

¥

Relargage du PA

‘ Solubilité du PA

Dissolution » Absorption

du PA
‘ Permeation GI

PA en circulation » Excrétion et
systémique métabolisme

oss:

Taux de dissolution

3

Effet
pharmacologique ou
clinique

Figure 75. Représentation schématique du devenir d’un PA dans I’organisme aprés administration
orale [2]-[4].

Les tendances émergentes dans la chimie combinatoire et le design des molécules actives
d’intérét pharmaceutique ont conduit au développement de candidats-médicaments ayant une
lipophilicité plus importante et une faible solubilité dans I’eau [3], [5], [6]. Comme I’indique la
Figure 76, environ 40% des PA approuvés par le marché et pres de 90% des molécules-candidates

en développement sont peu solubles dans I'eau. La plupart de ces composés appartiennent a la
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classe II selon le Systeme de Classification Biopharmaceutique (BCS). Les composés de classe

IT se caractérisent par une faible solubilité dans I'eau et une perméabilité effective élevée [3].

A
Class| 35% Class |
Class Il Class II 60-70%
Class I Class Il
Class IV Class IV 10-20%
PA commercialisées ” PA en développement ”

Figure 76. Défis de la solubilité dans le développement des PA pour une administration orale.
A) PA commercialisés et B) PA en développement [3]

Différentes approches (modifications de 1’état du solide ou solubilisation/ complexation)
ont été mises en ceuvre pour développer des formes galéniques orales des PA peu solubles dans
l'eau comme indiqué sur la Figure 77. Au cours des derniéres années, les dispersions solides, qui
impliquent la dispersion d'un compos¢ faiblement soluble dans 1'eau dans un support hydrophile

ou amphiphile, sont apparues comme une stratégie prometteuse [7]-[9].

Plusieurs types de dispersions solides ont été¢ développés selon I'état physique du PA dans
le polymere. Les systémes les plus courants et les plus attrayants sont les suspensions ou solutions
solides amorphes, dans lesquelles le composé actif est sous forme amorphe ou dispersé au niveau
moléculaire. L'état amorphe ou la dispersion moléculaire d'un PA montre généralement une

biodisponibilité orale supérieure a celle de la forme cristalline [10]-[12].
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Solubilisation
par des
tensioactifs

Réduction de
la taille des

particules ‘
Améliorer la /’

S Modification
Solubilisation et Sl onli » y
complexation s dretat du
p actif solide
(Classe I1 BCS)

Co-
solvabilité

Complexation
par
cyclodextrines

Dispersions .
Polymorphisme

Systémes a solides
base de amorphes

lipides

Figure 77. Formulations stratégiques utilisées pour traiter la problématique d’amélioration de la
biodisponibilité d’un principe actif d’intérét pharmaceutique (Classe I1 BCS).

Les dispersions solides amorphes (ASD) offrent un avantage potentiel dans la
stabilisation d'une forme amorphe d’un PA. Cependant, la conversion de cette approche
technologique en produits commerciaux performants reste un défi. Des problémes tels qu'une
mauvaise stabilité due a I'hygroscopicité, des écarts par rapport au comportement de dissolution

attendu et une faible aptitude au traitement peuvent limiter leur utilité en tant que stratégie de
formulation viable [11], [13]-[16].

Les performances des ASD (cinétique de solubilité et de dissolution, stabilité chimique
et physique) sont affectées par les variables de formulation et de procédé. Les supports, en
général les polymeres [17], jouent un rdle important dans la stabilisation par divers mécanismes,
comme |’anti-plastification ou des interactions intermoléculaires spécifiques [18], [19] sur la
réduction de la mobilit¢ moléculaire du PA amorphe [3], [11], [18], [20]-[22]. Les aspects
moléculaires de la miscibilité et de I’interaction entre le PA et le polymeére doivent donc étre pris
en compte lors de la formulation des dispersions solides. De plus, le choix approprié du support,
la composition de la forme solide [17], [23] et le processus de fabrication peuvent aider a
formuler un systéme amorphe stable, mais le contrdle minutieux de ces parameétres reste un défi
scientifique. En particulier, la charge en PA dans ces structures solides représente un paramétre
critique. exacerbé par le besoin sur le marché de formulations avec des doses plus ¢élevées [15],
[19], [24]. En effet, 'insertion sur le marché de dispersions solides amorphes a forte charge en
PA peut réduire les doses ainsi que la production des industries pharmaceutiques afin de réaliser

des économies de colits. Au contraire, pour obtenir une stabilisation adéquate, les ASD sont
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souvent produites avec une charge du PA relativement faible (<30 % m), nécessitant de fortes

doses de la formulation pour assurer 'efficacité thérapeutique.

Divers procédés sont utilisés pour la fabrication des ASD en utilisant un procédé basé sur
la fusion ou la solubilisation [25]. Néanmoins, l'extrusion a chaud (HME) et le séchage par
atomisation (SD) sont les procédés de fabrication les plus courants [26]-[29]. Le SD est un
procédé a base de solvant dans lequel la structure du réseau cristallin du PA est complétement
détruite pendant le processus de préparation par sa solubilisation, généralement dans un solvant
organique. C'est une technologie trés efficace basée sur I'évaporation extrémement rapide du
solvant, conduisant a une transformation rapide du PA en une forme amorphisée dispersée dans
des particules de support solides. L’extrusion a chaud est un processus sans solvant, dans lequel
la structure cristalline du PA est détruite par les températures élevées et les contraintes
mécaniques. Ces deux procédés de fabrication sont attrayants compte tenu des possibilités de
changement d’échelle. Cependant, une amorphisation imparfaite des dispersions solides
extrudées due a la présence de noyaux restants ou de petits cristaux, ou la présence de solvants
résiduels dans des dispersions solides séchées par atomisation peut conduire a une
recristallisation apres la préparation. Certains points critiques doivent étre contrdlés ou surveillés

lors de la préparation de la suspension solide ou de la solution par ces procédés [27]-[29].

Le but de la caractérisation d'une ASD est donc de montrer la faisabilité de ce systéme
complexe et sa capacité a améliorer la solubilité d’un PA, la vitesse de dissolution et également
a maintenir les performances de la solution sursaturée en termes de stabilité, en controlant /
réduisant sa tendance a la recristallisation [30]. Pour atteindre cet objectif, plusieurs techniques
peuvent étre utilisées afin d'explorer la structure physique, l'interaction moléculaire et le

comportement des ASD [20], [27], [30] comme le montre la Figure 78.
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Figure 78. Résumé (non-exhaustif) des techniques de caractérisation des ASD.

Chaque molécule active d’intérét pharmaceutique représente un cas spécifique et

I’adaptation d’une technologie a un PA n’est généralement pas évidente. L’Efavirenz (EFV) est

le PA de choix pour le développement de cette these car il représente un défi pour les nouvelles

formulations : EFV, antirétroviral, appartient a la classe II du systeme BCS, c’est-a-dire qu’il a

une faible solubilité¢ dans 1’eau (entre 1- 9 pg/mL a la température ambiante), entrainant une

mauvaise absorption gastro-intestinale et, par conséquent, une faible biodisponibilité orale [31]—

[33].

La formule moléculaire de EFV est CioHoCIF3NO; (315,68 g/mol). Un résumé de ses

caractéristiques physico-chimiques est présenté dans le Tableau 1.
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Tableau 1. Résumé des caractéristiques physicochimiques de I'Efavirenz,

Masse
moléculaire 315,68 g/mol Structure chimique
Point de fusion 139-141 °C
pKa 10,2
Log P 4,6
Solubilité o
aqueuse 1-9 pg/mL (25°C)
Accepteurs - 5
PA
Donneurs - PA 1

Plusieurs travaux de recherche portant sur 1’amélioration de la solubilité/vitesse de
dissolution de ’EFV, parmi lesquels les ASD, ont été publiés. IIs ont été développés en utilisant
différents supports polymeéres et procédés de fabrication [20], [34]-[38] et les formulations
obtenues ne sont pas comparables que ce soit au niveau de la composition ou de la structure
physique. De plus, la stabilité physique est étudiée dans des conditions spécifiques, mais le
comportement n'est pas toujours compris. L'EFV a également besoin d’ASD a plus forte dose,
pour lesquelles la stabilité chimique et physique pendant le stockage et la dissolution sera
essentielle [20], [34], [35], [39].

Dans ce contexte, cette thése a été composée de trois parties qui visent a développer de
nouvelles formulations d’ASD avec EFV (le PA) dispersé dans Soluplus (un polymeére
amphiphile), en utilisant deux procédés différents : le séchage par atomisation (SD) et I’extrusion
a chaud (HME).

Dans le but de développer de manicre rationnelle les ASD EFV-Soluplus fortement
chargées en EFV, la premicre partie de cette thése s'est concentrée sur la construction d'un
diagramme de phase EFV-Soluplus. Le diagramme de phase représenté sur la Figure 79 a été
construit a partir d'une étude thermique de la recristallisation d'une ASD sursaturée (85 % m en
EFV), générée par SD. A notre connaissance, il s'agit de la premiére étude rapportant un
diagramme de phase pour ce systéme binaire. Ce diagramme de phase est trés utile et démontre
que la solubilité de 'EFV dans le Soluplus va de 20 % m a 25 °C jusqu’a 30 % m (40 °C). Les
ASD de I’EFV dans le Soluplus contenant plus de 30 % m d'EFV doivent donc étre surveillées

pendant le stockage dans des conditions de température ambiante. Ce diagramme de phase peut
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étre considéré comme un outil de pré-formulation pour les chercheurs qui étudient des ASD

d'EFV dans le Soluplus afin de prédire la stabilité (thermodynamique et cinétique).
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Figure 79. Diagramme de phase EFV(PA)/Soluplus. Les formulations des ASD étudiées dans cette thése
ont également été représentées a la température de T= 37°C (T utilisée pour les essais de solubilité et
dissolution)

Les ASD préparées par différents procédés peuvent montrer des différences dans leurs
propriétés physico-chimiques. Chacune des deux autres études portait sur la fabrication d’ASD
par les procédés HME ou SD. Nous avons démontré que les ASD sursaturées, dans une large
gamme de concentration allant de 20 a 70 % m d'EFV, pouvaient étre générées par HME et SD.
Les ASD sursaturées les plus concentrées avec 85 % m en EFV ont été générées par SD,
composition non étudi¢e avec HME. L’état amorphe de toutes les ASDs a été confirmé par
analyses DRX et DSC.

Les deux composants semblent bien répartis spatialement dans toutes les ASD extrudées
et dans la plupart des ASD séchées par atomisation, comme le montre la cartographie Raman
(Chapitres 4 et 5). Cependant, des charges du PA ¢élevées peuvent générer des systémes sursaturés
dans lesquels ’EFV amorphe en exces est distribué¢ sous forme de clusters amorphes dans

1'échantillon, comme détecté pour I’ASD séchée par atomisation avec 85 % m en EFV.

La solubilité apparente de I'EFV a été étudiée pour les différentes ASD dans un milieu

aqueux contenant 0,25 % m de SLS. Aucune différence remarquable n'a été observée dans la
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solubilité apparente maximale obtenue pour les ASD extrudées et séchées par atomisation (46 a
48 fois) avec une charge de EFV de 20 % m. Néanmoins, I’effet « parachute » a été limité dans
le temps pour I’ASD générée par SD. En effet, pour une durée de 24h, une diminution de la
solubilité cinétique a été détectée pour cet échantillon, comportement non observé pour I’ASD

extrudée.

De plus, le Soluplus présente des caractéristiques intéressantes pour maintenir la
sursaturation en formant des micelles et en assurant une solubilisation micellaire du PA.
Cependant, des concentrations tres ¢levées dans le milieu aqueux peuvent avoir d'autres effets,
tels que la gélification, des modifications de la conformation des chaines liées & un comportement
thermo-réactif a des températures proches de sa valeur de Température de Solution Critique
Inférieure (LCST) de 40 °C. L'effet gélifiant a déja été mentionné dans d'autres études, bien que
rarement[29], [40].

Pour prédire le comportement de la dissolution in vitro pour I’EFV, différents profils de
dissolution ont été générés en fonction des conditions de dissolution (sink et non sink). Jusqu'a
présent, peu d'études ont rapporté les performances de dissolution de I'EFV dans la matrice
Soluplus et aucune étude n'a été réalisée comparant les dissolutions dans ces conditions. La
transformation de 1'état amorphe en structures cristallines au cours du processus de dissolution a
été considérée comme un facteur limitant dans le développement des ASD. En effet, la
recristallisation dans l'environnement biologique peut directement influer sur l'absorption du
principe actif présent dans ces systemes, et les conditions non-sink sont plus représentatives des
conditions in vivo. Toutes les ASDs ont montré des signes de recristallisation dans des conditions
non-sink et ce relargage d’EFV s'est révélé beaucoup plus rapide et plus élevé pour les ADS
séchées par atomisation que celle des échantillons extrudés. Ce résultat est essentiellement 1ié
aux différences de granulométrie des particules séchées par atomisation et des particules

extrudées, avec un facteur d'environ 90 entre les surfaces spécifiques des produits finaux.

La cinétique de relargage a montré que le mécanisme de libération d’EFV de toutes les
formulations d’ASD séchées par atomisation correspond a la diffusion « fickienne ». La
pénétration du milieu de dissolution est controlée par la diffusion a travers la couche de polymere
autour de ’EFV dispersée moléculairement dans les dispersions solides. En revanche, la
cinétique de relargage des ASD extrudées avec 20 % m en EFV dans des conditions sink suggére
un mécanisme de libération non « fickien ». Dans ce cas, le mécanisme de controle pourrait etre
le gonflement ou la relaxation des chaines de polymeéres, ce comportement étant en accord avec
le caractére thermo-réactif du Soluplus déja mentionné. Pour les autres ASD extrudées, la

cinétique de libération semble étre controlée par la diffusion non fickienne, avec un transport
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anormal marqué par une combinaison de différents mécanismes (diffusion, gonflement,

réarrangement des chaines de polymeres).

I1 sera intéressant, pour les études a venir des ASD EFV-Soluplus, de mettre en ceuvre un
traitement en aval tel que le broyage a jets d’air, le broyage a billes, le mortier et le pilon, ou le
co-broyage, afin de réduire les différences de taille des particules (surface spécifique) entre les
matériaux obtenus par atomisation et extrudés. De plus, pour mener des études de dissolution, le
taux de dissolution intrinséque (IDR) ou le taux de dissolution normalisé par la surface (pour les
dispersions solides) pourrait €tre une stratégie pertinente pour comparer correctement 1’impact
du processus de fabrication sur le produit final généré par les deux procédés, SD et HME. De
plus, la variation des conditions de dissolution (pH, composition du milieu, .. .) pourrait permettre

de compléter cette comparaison entre les procédés.

La création d'une dispersion solide amorphe stable nécessite que la solubilité¢ du PA dans
le support ne soit pas dépassée afin de ne pas créer des solutions vitreuses cinétiquement
instables. Selon notre diagramme de phase température-composition du mélange EFV-Soluplus,
la plupart des ASDs étudiées sont sursaturées a une température de stockage proche de
I’ambiante. Par conséquent, la stabilité physique peut étre considérée comme un paramétre
critique pour ces mélanges. Cependant, les ASD générées dans cette thése présentaient les

caractéristiques suivantes pour favoriser la stabilité physique :

- effet anti-plastifiant du support utilisé, confirmé par I'augmentation de la température

de transition des mélanges binaires, T,™*, avec l'augmentation de la quantité de Soluplus,

- interactions possibles entre ’EFV et le Soluplus, confirmées par les études FTIR et
probablement dues a des interactions de type liaison hydrogene entre les groupes donneurs de

proton (-NH) de ’EFV et les groupes accepteurs de protons (C=0) du Soluplus.

En outre, une analyse comparative a également révélé une réduction de I’intensité des
pics caractéristiques des composés pour les ASD extrudés. Cela suggere une interaction plus
forte entre ’EFV et le Soluplus dans les ASD extrudées par rapport aux ASD séchées par
atomisation. Le processus de fusion pourrait ainsi générer des ASDs avec une interaction plus
profonde au niveau moléculaire, mais cela mérite clairement d’étre confirmé par une étude plus

approfondie.

I1 était également intéressant de déterminer la faisabilité¢ d’ASDs avec des charges élevées
d’EFV. En effet, plus la solution vitreuse est sursaturée, plus elle sera susceptible de recristalliser.
Il a été démontré que I’ASD séchée par atomisation avec 70 % m en EFV a commencé a

recristalliser au cours d'une expérience de courte durée (15 jours) a 40 °C et a 75 % d’humidité
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relative, alors qu’aucune évolution n'a ét¢ détectée pour une ASD extrudée de composition

similaire.

Dans les futures études de stabilité physique EFV-Soluplus, il sera intéressant de réaliser
une expérience a long terme (au moins 6 mois) afin de mieux étudier les performances de la

stabilité physique du mélange binaire de I’EFV sursaturé.

Enfin, cette étude montre clairement que les ASD constituent une stratégie de formulation
utile pour améliorer la solubilité dans I'eau et la vitesse de dissolution de I'EFV a partir de
mélanges binaires EFV-Soluplus. Les procédés de fabrication, HME et SD, se sont révélés
efficaces pour générer des ASD dans une large gamme de compositions d'EFV. L'optimisation
du ratio EFV sur Soluplus peut étre utilisée pour adapter la cinétique de libération des ASD. Le
choix d’une charge d’EFV ¢levée dépassant la solubilité de I’EFV dans le Soluplus est possible,

mais il convient de prendre en compte sa stabilité¢ dans le temps.
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INTRODUCTION AND OBJECTIVE

Poorly water-soluble drugs have steadily grown on the global
pharmaceutical industry. The technological approach focused
on rendering the drug amorphous in nature to improve
apparent solubility, dissolution rate and bioavailability remains
a challenge since amorphous state is metastable in nature
with a potential to undergo recrystallization (Wlodarski, 2015).
In order to prevent this conversion, amorphous materials have
been stabilized as solid dispersions using generally polymeric
materials for stabilization (Lu, 2016).

An amorphous solid dispersion (ASD) is basically a drug—
polymer two-component system in which the mechanism of
drug dispersion is the key to understanding its behavior. Such
formulations impart an antiplasticizing effect on the amorphous
compound yielding an increase in the glass transition
temperature thereby reducing molecular mobility (Patel, 2013).
However, in order to achieve adequate stabilization, solid
dispersions are often produced with a relatively low drug load
(<30% w/w) where the drug is dispersed in the polymer at the
molecular level. The problem is that a low drug loaded ASD
requires a large dose to ensure therapeutic efficacy.

The insertion of high drug load formulations on the market is
expected to meet patients demand for fixed, unique and
smaller dosage combinations products. Furthermore, the
supersaturated combinations may reduce dosage amounts as
well as decrease the production in the pharmaceutical
industries to supply cost savings. The aim of the current work
was to verify the possibility to formulate high drug loaded
(>40%) ASD of Efavirenz (EFV) by spray drying. EFV is a non-
nucleoside reverse transcriptase inhibitor used in the first-line
treatment of HIV and a class 2 drug in the Biopharmaceutical
Classification Systems (BCS) with low solubility (3-9 » g/mL)
and high permeability (Hoffmeister, 2016). To stabilize the
amorphous drug, an amphiphilic and water-soluble copolymer
named Soluplus® was used.

MATERIALS AND METHODS

EFV was kindly supplied by Cristalia Ltd (ltapira, Brazil),
Soluplus® (polyvinyl caprolactam-polyvynil acetate-
polyethylene glycol) was obtained from BASF corporation
(Ludwigshafen, Germany) and Ethanol was used as organic
solvent (Carlo Erba, Italy).

A Buchi B-290 minispray dryer (Buchi Labortechnik AG, Flawil,
Switzerland) equipped with Inert Loop B-295 and an integrated
two-fluid 0.7 mm nozzle was used to produce the ASD
samples. Compressed nitrogen was used as the
drying/carrying gas with a flow rate of 600 L/h. The solution
feed rate was typically 3g/min, the inlet temperature was set to
80 +/- 2°C and the outlet temperature was maintained at 59°C
+/- 2°C. The feeding solution was prepared by dissolving EFV
in a 10 (w/w) % solution of Soluplus in ethanol. Binary
mixtures EFV-Soluplus containing 40wt%, 60wt% and 85wt%
of EFV were formulated as spray-dried powders.

X-ray diffraction (XRD), modulated differential scanning
calorimetry (mDSC), Raman spectroscopy, scanning electron
microscopy (SEM) and dynamic vapor sorption (DVS) were

used to characterize the solid state of the spray-dried
samples.

RESULTS AND DISCUSSION

Firstly, the absence of Bragg peaks in X-ray diffractograms
(Figure 1) of all spray-dried solids indicates the complete loss
of the crystalline structure of EFV, which became amorphous
during the spray-drying process.

Figure 1. PXRD diffractogramms of: (1) pure EFV; (2)
pure Soluplus®; (3) ASD 40%EFV-Soluplus (w/w); (4)

ASD 60%EFV-Soluplus (w/w) and (5) ASD 85%EFV-
Soluplus (w/w)
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Figure 2. Glass temperature transition (Tg) determined

by mDSC (blue circles) and theoretical values by GT

equation (dotted red line)

MDSC thermal analysis was performed to investigate the
apparent EFV-Soluplus® miscibility. Figure 2 shows the single
experimental glass transition temperature (Tg) identified for
each binary mixture EFV-Soluplus loaded with 40% to
85%(w/w) EFV, probably corresponding to the formation of an
amorphous solid dispersions of EFV-Soluplus. The individual
constituents (drug and polymer) were also spray-dried from
ethanol solutions and used for comparison purposes (Tg also
in Figure 2). The Tg of mixtures are placed as an intermediary
between the pure drug and polymer values and are close to
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RESULTS AND DISCUSSION

4 X-ray diffraction (XRD): Absence of Bragg peaks confirms
the production of amorphous solid dispersions.
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4 Raman spectroscopy: The presence of characteristic
peaks of pure components in all ASD Raman spectra
confirmed the good mixing between EFV-Soluplus® for

* Dynamic vapor sorption (DVS): The decreased
affinity to water with increased drug loading could be an
interesting attribute for the amorphous phase physical
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particles of ASD EFV-Soluplus® are
predominantly spherical.
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CONCLUSION AND PERSPECTIVES REFERENCES

4 At the best of our knowledge, it is the first study reporting such levels of drug
loading (>40%) in amorphous solid dispersions of EFV;

4 Solubility and dissolution studies are currently being performed and stability
studies are on going under stress conditions (40°C, 75%RH and compression
tests).
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Abstract

Amorphous solid dispersions (ASDs) refers to drug - carrier systems, where the
drug is dispersed in the carrier at a molecular level. In this work, ASDs were
SJormulated by spray drying. The aim was to achieve high drug loads of an
amorphous hydrophobic drug (Efavirenz - EFV) in the carrier Soluplus®.
Solid state characterizations (mDSC, XRPD, DVS, Raman, SEM, stability and
solubility studies) were done. EFV amorphisation in ASDs (20 to 85% EFV
loads) resulted in improved drug solubility compared to unprocessed EFV

crystals and tendency of properties evolution over time for ASDs with EFV
loads higher than 70 wt%.

Keywords: amorphous solid dispersion, spray drying, high drug loading,
soluplus, efavirenz.
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MOTIVATION AND OBJECTIVE

CONTEXT

4 Amorphous solid dispersions (ASD) are a well-established strategy to improve apparent solubility, dissolution rate and bioavailability.

4 High doses of APIs are suitable to achieve therapeutic efficacity with ASD.

4 SCIENTIFIC CHALLENGE: Physical stability of ASD, in practice with high APl load (> 40wt%).
Authors v/ AIM OF THIS STUDY: To generate, by spray drying, ASDs comprising a hydrophobic drug class Il BCS (Efavirenz) in a hydrophilic
‘Bhianca Lins de A. carrier (Soluplus®-SOL) expecting to achieve drug loads higher than 40 wt%.
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Appendix

Appendix

Appendix 1- Contribution values of functional groups (Van Krevelen & Te

Nijenhuis, 2009)

Fai Fpi Eni
Structural Group (MJ.m*)2.mol"! M J,m3)1/2.:nol'1 (J.mol)
-CHs 420 0 0
CHy- 270 0 0
>CH- 80 0 0
>C< -70 0 0
=CH, 400 0 0
_cH- 200 0 0
=C< 70 0 0
CsH11 1620 0 0
CeHs 1430 110 0
CeHa 1270 110 0
(ortho/méta/para)

F 220 - )
« 450 550 400
-Br 550 - )
-CN 430 1100 2500
_OH 210 500 20000
0- 100 400 3000

-COH 470 800 4500
_CO- 290 770 2000
-COOH 530 420 10000
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Appendix

Appendix 2 — Approved procedure to EFV quantification by HPLC
(Monograph posted on the Pharmacopeia USP)

1- Description of Chromatographic system

The liquid chromatograph is equipped with a column Phenomenex C18 kinetex (25 cm x
4.6 mm x 5 um) with a UV detector of 252 cm™!. The flow rate is about 1.0 mL per minute. The
program used was based in an isocratic elution (mobile phase) with 50% of Acetonitrile (ACN)

and 50% of an acetate buffer at pH 7.5.

Solution A: Dissolve 800 mg of ammonium acetate in 1000 mL of water, and then, the pH was

adjust with 0.5% ammonia solution to a pH of 7.5  0.05.
Solution B: Acetonitrile

Mobile phase: Mixture of half of each solutions (A and B) and then, filtration with a
polypropylene membrane of 0.45 pum.

The column was maintained at 25°C and retention time of EFV was about 9.3 min,

which is in good agreement with the EFV monograph.

MWD1 B, Sig=252,16 Ref=360,100 (060417\026-0801.0)
mAU

—=0-373

0 2 4 6 8 10 12 14 min

Example of EFV chromatogram obtained by HPLC
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2- Calibration curve

The calibration curve of EFV in Acetonitrile was prepared with different dilutions from the

concentrated solution of EFV.

Firstly, a standard solution was prepared with a concentration of 1mg/g of EFV in ACN.
Then, successive dilutions were performed in order to obtain the described calibration curve.
Moreover, witnesses with EFV, ACN and aqueous medium containing 0.25% of SLS were also

prepared to support the dissolution analysis by Sink an non-Sink conditions.
Preparation of witnesses:
- Sink conditions:

3.5 0.2 mg of EFV were adding to 15g of ACN and then, the volume was completed

until reaching 250g with aqueous medium containing 0.25% of SLS.
- Non-Sink conditions:

42 0.2 mg of EFV were adding to 50g of ACN and then, the volume was completed

until reaching 100g with aqueous medium containing 0.25% of SLS.

All analyses were performed in triplicate.

Calibration curve in HPLC for EFV
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Appendix

Appendix 3 — API release fitting described mathematically by Korsmeyer-
Peppas (KP) model

1- Spray Drying

v" Sink conditions
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v" Non-sink conditions

¢ 20%EFV-80%SOL-SD-NonSink-KP experimental

==20%EFV-80%SOL-SD-NonSink-KP calculated
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API dissolved (%)

API dissolved (%)
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2- Hot-melt extrusion

API dissolved (%)
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v" Sink conditions
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® 60%EFV-40%SOL-HME-Sink-KP experimental
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API dissolved (%)

API dissolved (%)

v" Non-sink conditions
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API dissolved (%)

API dissolved (%)
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Generation of high drug loading amorphous solid dispersions by different
manufacturing processes

The main difficulty when an Active Pharmaceutical Ingredient (API) is orally administered is
to guarantee that the clinical dose of the API will be dissolved in the available volume of
gastrointestinal fluids. However, about 40% of APIs with market approval and nearly 90% of
molecules in the discovery pipeline are poorly water-soluble and exhibits a poor oral absorption,
which leads to a weak bioavailability. Amorphous solid dispersions (ASD) are considered as one of
the most effective strategies to solve solubility limitations of poorly-water soluble compounds and
hence, enhance their oral bioavailability. Despite their introduction as technical strategy to enhance
oral APIs bioavailability more than 50 years ago, ASD formation and physical stability remains a
subject of intense research. Indeed, several factors can influence the physical storage stability of ASD,
among them, the glass transition temperature of the API-carrier binary mixture, the apparent solubility
of the API in the carrier, interactions between API and carrier, and the manufacturing process. This
thesis consisted of two parts that aim on developing new formulations of ASD of an antiretroviral API,
Efavirenz (EFV), dispersed in an amphiphilic polymer, Soluplus, by using two different processes,
Spray-drying (SD) and Hot-melt extrusion (HME). EFV is the class Il BCS API of our choice because
it is a challenging API for new formulations. It needs higher-dosed ASDs, for which chemical and
physical stability during storage and dissolution will be critical. Aiming a rational development of
high-loaded EFV-Soluplus ASDs, the first part focused on the construction of a temperature-
composition EFV-Soluplus phase diagram. The phase-diagram was constructed from a thermal study
of recrystallization of a supersaturated ASD (85 wt% in EFV), generated by spray drying. To our
knowledge, this is the first study reporting a phase-diagram for this binary system. This phase-diagram
is very useful and demonstrated that the EFV solubility in Soluplus ranges from 20 wt% (25 °C) to
30 wt% (40 °C). ASD of EFV in Soluplus containing more than 30 wt% of EFV should be monitored
over storage under typical temperature conditions. This phase-diagram might be considered as a
preformulation tool for researchers studying novel ASD of EFV in Soluplus, to predict
(thermodynamic and kinetic) stability. ASD prepared by different techniques can display differences
in their physicochemical properties. The second part of this thesis focused on the manufacturing of
ASD by HME or SD processes. This study clearly shows that ASD is a useful formulation strategy to
improve the aqueous solubility and the dissolution rate of EFV from EFV-Soluplus binary mixtures.
HME and SD manufacturing processes demonstrated to be efficient to generate ASDs in a large range
of compositions and loads of EFV. The optimization of EFV to Soluplus ratio can be used to tailor the
release kinetics from ASD. The choice of a high EFV load exceeding the thermodynamic solid

solubility in Soluplus is possible but it needs the consideration of its kinetic stability over time.

Keywords: Amorphous solid dispersions, spray drying, hot-melt extrusion, solubility enhancement,
phase diagram, drug release, Efavirenz, Soluplus.





