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Chapter 1

General introduction

A part of this chapter has been published as a review paper: Boel E., Koekoekx R., Dedroog S., Babkin
I., Vetrano M.R., Clasen C., Van den Mooter G. Unraveling Particle Formation: From Single Droplet
Drying to Spray Drying and Electrospraying. Pharmaceutics, 12(7), 625 (2020).



1.1. THE CHALLENGES OF ORAL ADMINISTRATION OF DRUGS

Oral administration is the most preferred drug administration route as it is non-invasive, allows self-
administration, and can be used for a wide variety of dosage forms at relatively low costs'?. Despite
this preference of both patients and manufacturers, there are several barriers that a drug needs to
overcome to reach its therapeutic target after oral administration. To exemplify, during phase | clinical
studies with vemurafenib, which was a drug with potential to prolong the lives of patients with
metastatic melanoma, patients did not respond to very high doses of the drug as such?. The lack of
response was related to a poor absorption of the drug, which could be resolved by using a solubility
enhancing formulation strategy. Here, a formulation strategy was the direct answer to enable the drug
therapy in cancer patients®. In the following sections, the different factors that determine the oral
bioavailability will be discussed, together with possible targets for formulation strategies to increase

the oral absorption.

1.1.1. What factors determine the oral bioavailability?

There are five important factors that can influence the oral bioavailability of an Active Pharmaceutical
Ingredient (API), which is a measure for the rate and extent at which APl molecules reach their
therapeutic target unchanged®®. First, the drug product needs to be able to disintegrate, after which
the APl needs to dissolve in the Gastro-Intestinal (Gl) fluids, and thus have an adequate aqueous
solubility and dissolution rate (1)°. In a next step, the dissolved API has to permeate through the
intestinal wall (2), where efflux transporters, such as P-glycoprotein (Pgp) or Multidrug Resistance-
associated Protein (MRP), can interfere with the permeation process by redirecting the permeated API
back to the GI fluids (3). Additionally, presystemic metabolism of the API by CYP3A4 enzymes,
pancreatic enzymes and colonic bacteria® can decrease the oral bioavailability as well. After
permeation, the APl will pass through the portal vein to the liver, where first-pass metabolism can take
place, again lowering the bioavailability (4). Subsequently, assimilation might also take place in other
organs (5). Hence, the fraction of the API that reaches its therapeutic target is determined by the
fraction that is absorbed, the fraction that escapes the intestinal metabolism and the one that escapes
hepatic elimination®. Other features that could influence the oral bioavailability are the Gl motility”?2,

pH, food intake®, Gl physiology of the specific patient population® and drug-drug interactions®.

Accordingly, in order to obtain sufficient oral bioavailability, compounds should have adequate
solubility and be able to permeate the intestinal wall. These features have been correlated to concrete
physicochemical ‘drug-like properties’ by Lipinski et al.: an API is more likely to have a good oral

absorption when it has less than 5 H-bond donors, less than 10 H-bond acceptors, a lower molecular
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weight than 500 g/mol and a Log P lower than 5213, A high Log P is correlated with poor aqueous
solubility, while a high molecular weight and a high hydrogen bonding potential are related to poor
permeability’2. These drug-like properties are known as ‘the rule of five’ (Ro5), which is generally
accepted as the golden standard for the prediction of the absorption behavior of New Chemical Entities
(NCE). Nowadays, it is also being applied in the search of novel SARS-CoV-2 therapeutics®. In spite of
this, it should be kept in mind that the Ro5 does not account for the presence of intestinal wall active

transporters or metabolic events? and that exceptions on the Ro5 have been reported in literature®®"

17

1.1.2. The diametrical relation between screening approaches and drug-like

properties

Drug discovery nowadays is dominated by target-based approaches, where the aim is to generate
compounds with a high in vitro potency for their target®®. The shift from phenotypic-based approaches
towards target-based approaches started with the introduction of combinatorial chemistry and High
Throughput Screening (HTS) in the 1980s. Combinatorial chemistry allowed an automated synthesis of
a large number of small molecules®®, while HTS was employed to quickly screen this large amount of
compounds in a cost-effective manner®. A lot of NCE could be simultaneously assessed for their in
vitro potency for a target. During these screenings, polar aprotic solvents, such as dimethyl sulfoxide
(DMSO0), were used to dissolve the compounds because they could solubilize very diverse chemicals,
were completely miscible with water and compatible with most targets and cells®*. However, by
dissolving the NCE in an organic solvent, their thermodynamic aqueous solubility was not considered?®2.
Moreover, it was found that therapeutic targets are generally hydrophobic and thus have a higher
affinity for lipophilic NCE, which in turn led to the selection of NCE with poor aqueous solubility?2, It
has been estimated that 75% of NCE are poorly water soluble, which could result in an insufficient oral
bioavailability?*?*, Hence, physicochemical properties associated with a high in vitro potency are often
diametrically opposed to drug-like properties®®. In conclusion, these drug screening approaches
selected very potent hits, but did not account for physicochemical properties required for a good oral

bioavailability.

1.1.3. The Biopharmaceutics Classification System (BCS) and its extensions

In order to address the increasing amount of poorly water-soluble compounds in the drug pipelines, a
universal classification system that related the in vitro solubility and permeability of NCE to their in
vivo oral bioavailability was required. In 1995, Amidon et al. introduced the Biopharmaceutics

Classification System (BCS), which divides APls in four classes as a function of their aqueous solubility
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and permeability?® (Fig 1.1.). Both the European Medicines Agency (EMA) and the U.S. Food and Drug
Administration (FDA) define an API as highly soluble when the highest marketed dose of the APl is able
to dissolve in 250 mL over the entire pH range of the Gl tract, i.e., pH 1.2 to 6.8, at 37 + 1 °C*'% An
API has a high permeability when the absorbed fraction after oral administration is 85% or more based
on a mass balance study or compared to a reference dose which is administrated intravenously?’%%,
The permeability is often assessed relative to a high permeability internal standard (e.g., caffein),
where the tested API is considered as having a high permeability when its permeability is equal or
higher than that of the internal standard?”?%. Following these definitions, BCS Class | drugs are those
with a high solubility and permeability, which makes them ideal candidates for oral administration (Fig
1.1.)%. BCS Class Il drugs on the other hand, have a low solubility and high permeability, while Class IlI
drugs have a high solubility and low permeability. The oral bioavailability of Class Il drugs is determined
by their solubility and dissolution rate and that of Class Ill drugs by the GI membrane permeation. Class

IV drugs are very poor drug candidates for oral administration as they have both a poor solubility and

permeability?.

Several modifications of the BCS have been proposed to predict the in vivo oral bioavailability of NCE
more accurately?*%, For instance, the definition of a highly soluble API can be considered too strict in
case of weak acids categorized as BCS Class Il, as these APIs often have an adequate solubility and
permeability in the upper small intestine®’. Some extensions of the BCS led to new classification
systems: the ABI system?’, the Developability Classification System (DCS)*° and the Biopharmaceutics
Drug Disposition Classification System (BDDCS)*¥™34. In the ABT system, APIs are categorized based on
the fraction of the API that its absorbed rather than their solubility and permeability?®. In the DCS, Class
Il drugs are subcategorized in a dissolution rate limited (lla) and a solubility limited (llIb) oral
bioavailability*°. In addition to that, Butler and Dressman also proposed that the solubility had to be
tested in a larger volume, i.e., 500 mL instead of 250 mL, and that a more biorelevant medium had to
be used, such as Fasted State Simulated Intestinal Fluid (FaSSIF)*°. Wu and Benet developed the BDDCS,
where they replaced the permeability component of the BCS with the metabolic clearance of the drug,
allowing them to predict the effect of elimination routes and transporters on the oral bioavailability3!
34, In spite of these modifications, the BCS remains the most popular classification system to correlate
in vitro physicochemical properties to in vivo absorption behavior. When a NCE is categorized in BCS
Class I, lll or 1V, its classification can be used to determine an appropriate formulation strategy in order

to improve its drug-like properties and hence the oral bioavailability (Fig 1.1.).
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Figure 1.1. Biopharmaceutics Classification System (BCS) and formulation strategies to increase the oral bioavailability by
modifying the solubility and/or permeability. An API is highly soluble when the highest marketed dose of the API is able to
dissolve in 250 mL over the entire pH range of the Gl tract at 37 + 1 °C. An APl has a high permeability when the absorbed
fraction after oral administration is 85% or more?’?3. Modified from Singh and Van den Mooter 201632.

2 85%

1.1.4. Formulation strategies to increase the solubility and dissolution rate

The oral bioavailability of an API can be both solubility and dissolution rate limited. Before advancing
to formulation strategies to tackle these limitations, the difference between these two properties will
be clarified. The thermodynamic solubility of a compound is defined as its maximum concentration in
solution when it is in equilibrium with an excess amount of solid compound and the solid form does
not change over time, i.e., the most stable crystalline state of the solute is present*°, A compound can
also have an apparent solubility, which is defined as the solubility of a compound in solution that is in
equilibrium with one of its metastable forms*. The dissolution rate of a compound is the rate at which

it passes into solution, which can be described by the Nernst-Brunner equation (Eq. 1.1.)%*4;

dc _ DS
P = W(CS - Ct) Equation 1.1.

in which dC /dt is the change in APl concentration over time, i.e., the dissolution rate, D is the diffusion
coefficient, S the specific surface area, IV the volume of the dissolution medium, h the thickness of the
diffusion layer, Cs the saturation solubility of the API compound and C; its concentration in solution at

time t*. For compounds of which the absorption process is dissolution rate limited (Class lla in the
5



DCS*?), particle size reduction can increase the dissolution rate and thus the oral bioavailability. In the
Nernst-Brunner equation (Eq. 1.1.), this effect is represented by the surface area S, as smaller particles
have a relatively larger surface area, which is directly proportional to the dissolution rate dC/dt*.
Micronization of particles could for instance be achieved by using a dry-impact milling technique with

sufficient shear forces, such as ball milling or air-jet milling?*.

\4

\4

—

Figure 1.2. The three steps of the dissolution process of a crystalline solid. The crystal lattice needs to be disrupted (1) and
vacancies have to be created in the dissolution medium (2). These vacancies can then be filled with the free drug molecules
(3). Modified from Van den Mooter 2012 1.

On the other side, improving the oral bioavailability of compounds with a poor thermodynamic
solubility (Class Ilb in the DCS®), is not as straightforward. To better understand the possible targets
of solubility enhancing formulation strategies, the three subprocesses of a dissolution process will be
discussed (Fig 1.2.)*. First, the APl molecules need to be detached from one another by disrupting the
crystal lattice (1), which is an endothermic process represented by the lattice energy. A good indication
of the strength of intermolecular forces between APl molecules (and hence the energy requirement
to break them) is the melting point (T.) of a crystalline compound?. Second, vacancies in the
dissolution medium need to be created in order to make room for the solute molecules (2), which is
again an endothermic process and represented by the evaporation energy. Last, hydration/solvation
of the individual API molecules has to take place (3), which is a spontaneous process of which the
energy gain is represented by the solvation energy®'. The total energy requirement of these three steps

determines if the entire dissolution process is an exo- or endothermic process*.

The solubility of poorly water soluble APIs can be limited by their solid-state characteristics (1) and/or
by the hydration/solvation process (3)*. For all hydrophobic APIs, the dissolution process is limited by
hydration, yet for some of them it is also limited by the presence of strong intermolecular forces in the
solid state. When only hydration is the limiting factor, the APls might dissolve well in a non-aqueous
solvent, such as lipids. Therefore, these compounds are both hydrophobic and lipophilic, and are being

referred to as ‘grease balls’. On the other hand, ‘brick dust’ compounds are the ones with a poor



solubility in all solvents®?#3, Several authors have investigated the molecular features of poorly water
soluble APIs to classify them as ‘grease balls’ or ‘brick dust’ compounds**. In general, ‘grease balls’
were large, flexible and lipophilic molecules (high logP) while ‘brick dust’ molecules were smaller, rigid
and have relatively lower lipophilicity (low logP) and higher T,,**. However, these rules cannot be
applied to all APIs, as both exceptions and intermediates have been reported, e.g., the solubility of
aromatic structures with a high logP can be both solid-state and hydration limited*®. Yalkowsky et al.
translated this correlation between the solid state, the lipophilicity and the aqueous solubility in the

General Solubility Equation (GSE)(Eq. 1.2.)*"%:

log Sy = 0.5 —0.01 (T;,, — 25) — logP Equation 1.2.
where S is the intrinsic solubility, T, is the Celsius melting point and logP is the octanol-water
partition coefficient of the solute*”*%, The strength of the intermolecular forces is described by the T,

(1) and the ease of hydration by the logP (3)*.

The distinction between these types of poorly water-soluble APIs is especially important to select an
appropriate solubility enhancing formulating strategy. For lipophilic, ‘grease ball’ compounds,
solubilization in co-solvents, liquid surfactants or lipid-based delivery systems might be applied to
tackle the solubility issues, while for ‘brick dust’ compounds more complex modifications of the solid
form are required: production of salts, nanocrystals, complexation with cyclodextrins, stabilized
polymorphs, co-crystals®®, solvates, amorphous forms or Amorphous Solid Dispersions (ASDs) (Fig
1.1.)%24, In this thesis, the focus is on the application of ASDs to increase the solubility and dissolution

rate of poorly water-soluble APIs.

1.2. AMORPHOUS SOLID DISPERSIONS

1.2.1. The amorphous form

As the lattice energy of ‘brick dust’ compounds is larger than both the evaporation and solvation
energy, and thus responsible for their low aqueous solubility, the aim of generating an amorphous
form is to minimize this energy requirement by destroying the crystal lattice before oral
administration®. Hence, the difference between an amorphous material and a crystalline one lies in
the lack of any long-range order in case of the amorphous one, which can be ascribed to a random
distribution of molecular units. Amorphous materials have the molecular conformation of a frozen
liquid with such a high viscosity that molecular motion and relaxation processes are slowed down and
they appear as solids*"*°. Thus, at a molecular level, amorphous forms are similar to liquids, while at a

macroscopic level their properties resemble those of solids*. Where a crystalline solid is characterized



by a Tr, an amorphous one has a glass transition temperature (T,), which is the transition from a higher
to a lower mobility and viscosity®?. To clarify this difference, the relative enthalpic/entropic changes in
a compound in function of temperature are depicted in Fig 1.3.33°2, When a crystalline material is
heated, there will be a slight enthalpy/entropy increase, followed by a stepwise increase in
enthalpy/entropy at the T, (1). Subsequent cooling of the liquid will have a different effect depending
on the cooling rate. When a low cooling rate is applied, the same path will be followed in the opposite
direction, hence, crystal formation will take place (2). Contrarily, application of a very high cooling rate
does not leave any time for the material to rearrange in a more ordered state. Instead, a continuous
decrease in enthalpy takes place and a supercooled liquid is formed (3). At some point, the
temperature decrease will be too fast for the molecules to follow, and the molecules fall out of
equilibrium. This point is the T,, where the supercooled liquid becomes an amorphous solid or glass®2.
Depending on the cooling rate, the T, will be positioned at a higher or lower temperature, and it is thus

no constant but depending on the amorphization process®’.
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Figure 1.3. Enthalpy, entropy diagram of the various states of an APl in function of temperature. (1) Upon heating of a
crystalline material, the enthalpy and entropy will slightly increase (red line) until the melting point (Tp) is reached, where the
crystalline material will melt, and a liquid (blue line) is formed. (2) When the liquid is cooled slowly, crystal formation will take
place. (3) When it is cooled rapidly, a supercooled liquid will be formed (orange line). Continuing the rapid cooling process will
make that the molecules fall out equilibrium. This non-equilibrium point is called the glass transition temperature (Tg), after
which an amorphous form is obtained (green line). During storage, the amorphous form might undergo structural relaxation
towards its equilibrium state (purple line). Modified from Singh and Van den Mooter 201638,



In Fig 1.3., the enthalpy of the amorphous form is much higher than that of its crystalline counterpart,
which is a result of the absence of any long-range symmetry. Because of this, the first step in the
dissolution process will require much less energy as there is no lattice energy that needs to be
overcome. However, the enhanced thermodynamic properties and molecular mobility of the
amorphous form also make it inherently unstable®, The first law of thermodynamics states that all
systems strive to have the lowest Gibbs energy possible®?, thus, the amorphous form has the tendency
to convert back to its lower energetic crystalline form. During storage, this conversion can start with
structural relaxation processes, which is depicted in Fig 1.3. by a decrease in enthalpy of the
amorphous form, so-called enthalpy relaxation®!. The molecular mobility of a compound comprises
both its intra- and intermolecular relaxations that can be vibrational, translational and rotational®. At
the Ty, global or a-relaxations, which are cooperative movements of the intact molecule, are the main
relaxations taking place. On the other hand, local or sub-T, relaxations, which happen on a shorter
time scale and have a lower activation energy, are most important at a temperature below the 7,2
Although it was thought that a-relaxations determined the risk at crystallization, in recent years, it
became evident that sub-T, relaxations also play an important role in the crystallization process™.

Accordingly, both types of relaxation can be a precedent for crystallization.

The likelihood of these relaxation processes is dependent on the storage conditions, i.e., temperature
(T) and relative humidity (RH). The higher the storage temperature is relative to the Tg, the higher the
molecular mobility and thereby the risk of nucleation and subsequent crystal growth will be>**>, This
gave rise to the ‘T; — 50 °C rule’, that states that the contribution of a-relaxations to the relaxation
process can be neglected when the amorphous form is stored under these conditions3*4%°3, Also, the
RH of the storage environment can have implications for the crystallization risk. As the chemical
reactivity and hygroscopicity of amorphous forms is increased, water uptake in presence of a high RH
is very likely*®. Water will act as a plasticizer because of its very low T, (ca. -135 °C*’), thereby lowering
the T, of the amorphous compound. Thus, for samples stored at the same T, the T - T, will become
smaller, the molecular mobility higher and structural relaxation will be facilitated>*>”-°8. Hence, the

higher the moisture content, the more likely that crystallization and chemical degradation will occur.

In conclusion, based on thermodynamics, amorphous APIs are expected to have an improved solubility
and dissolution rate compared to their crystalline counterpart, yet they have such limited stability that
they are rarely used as such as an end product for oral administration®'. Examples of pure amorphous

APIs on the market are zafirlukast (Accolate®) and quinapril hydrochloride (Accupril®)>*,



1.2.2. Amorphous solid dispersions

To (partially) overcome these stability issues, an amorphous API can be formulated as an ASD or glass
solution, where the amorphous APl is molecularly dispersed in an inert carrier, which is most often a
polymer, at solid state®. The stabilizing effect of the carrier can be based on multiple principles: the
presence of APl-carrier interactions such as hydrogen bonding or dipolar interactions, the anti-
plasticization effect, a reduced molecular mobility and an increased viscosity®?. Hydrogen bonding
between an APl and its carrier can be beneficial for both the physical and chemical stability of an ASD®2,
However, the favorable effect of hydrogen bonding on the ASD stability depends on the degradation
mechanism of the API, and thus the presence of hydrogen bonding is no assurance for a better
stabilized system®. Moreover, hydrogen bonds are no necessity for an advantageous effect of the
carrier: Van den Mooter et al. showed that the anti-plasticization effect, i.e., elevation of the T, of the
ASD by using a polymeric carrier with a high T, was sufficient to prevent crystallization in ASDs of
ketoconazole and polyvinylpyrrolidone (PVP), where there was no hydrogen bonding potential
between the APl and polymer®®. The higher the T, of the ASD relative to the surrounding T, the lower

the molecular mobility and hence the crystallization risk.

In case of a miscible APl-polymer combination, the system typically exhibits a single T, that is
positioned in between the ones of the pure compounds®*°%%>, The T, of the system can be predicted
using the Gordon-Taylor equation which presumes that the adhesive interactions are of the same order

of magnitude as the cohesive ones (Eq. 1.3.)3%°%55;

Wngl + KWZng
T iy = ——————— Equation 1.3.
gmix w1+Kw, a

in which w is the weight fraction, T, stands for the glass transition temperature and 1 and 2 are the
amorphous compounds with the lowest and highest T,, respectively. K is a constant that can be
estimated using the Simha-Boyer rule (Eq. 1.4.):

~ P1Tg1
Y

Equation 1.4.

where p represents the density of the amorphous compounds. However, the Gordon-Taylor equation
only holds true for an ideally mixed API-polymer system with the same strength for adhesive and
cohesive forces. A deviation from the predicted T, value can indicate the presence of undetected phase
separation, strong specific interactions or a plasticizer such as water. A positive deviation often
indicates that the interaction strength between APl and polymer is higher than that of interactions in

the individual components, which can for instance suggest hydrogen bonding®®. Also a negative

deviation, indicating a loss in interaction strength upon mixing, can be observed®.

10



Hence, the Gordon-Taylor equation does presume an ideal situation, where the APl-polymer mixture
is miscible. Miscibility between an APl and polymer is indispensable in order to obtain homogenous
mixing at a molecular level and preserve the API in its amorphous state®. However, the degree of
miscibility is dependent on the specific API-polymer combination and therefore an important factor to
take into account when selecting a carrier. Moreover, as an ASD remains a high energetic state,
thermodynamic and environmental factors could still induce phase separation and subsequent
recrystallization of the amorphous form®8. Thus, as physical stability remains an issue for ASDs, the
miscibility between an APl and its carrier is a very important requisite for a successful ASD formulation.
Accordingly, numerous theoretical and experimental approaches have been proposed to determine
the miscibility and facilitate the carrier selection process: the Flory-Huggings theory, APl-carrier
thermodynamic phase diagrams, solubility parameters, solubility determination in polymer monomers

or polymer solutions, a computational docking approach and thermal analysis®?.

Furthermore, a carrier can also have advantageous effects on the dissolution behavior of the
amorphous APl. When a hydrophilic carrier is used, it will start to dissolve upon contact with the Gl
fluids and thereby release the molecularly dispersed APl as a supersaturated solution, i.e., the
concentration of this solution is higher than the thermodynamic solubility of the compound, with
enhanced absorption capacity®. However, the formation of a supersaturated state also results in an
inherent thermodynamic driving force for nucleation, crystal growth and eventually precipitation®. In
order to benefit from the solubility enhancement of an ASD, the supersaturated state should be
maintained long enough to allow for absorption in the Gl tract. The carrier plays an important role in
maintaining this supersaturated state by increasing the solution viscosity, interacting with API
molecules, absorption at the particle surface and slowing down the crystallization kinetics®2. Moreover,
by molecular dispersion of the APl in the polymer matrix, its particle size is strongly reduced. From the
Nernst-Brunner equation (Eq. 1.1.) follows that a decreased particle size results in an increased
dissolution rate. Hence, formulation as an ASD is not only beneficial to increase the solubility of a

poorly water-soluble API, but also to increase its dissolution rate.

Accordingly, an ideal carrier must be able to stabilize an amorphous API in its solid state and at the
same time, enhance the dissolution rate and maintain the supersaturated state for a long enough
period of time for absorption to take place®. Favorable properties of a carrier include: a high T,, the
presence of functional groups that enable hydrogen bonding (i.e., hydrogen donors and acceptors), it
should be inert and Generally Recognized As Safe (GRAS)*. Additional properties are dependent on
the applied manufacturing technique and the desired release profile. For immediate release
formulations, hydrophilic carriers should be used, while sustained release can be obtained by using

water-insoluble carries that swell rather than dissolve when brought in contact with water®. In this
11



work, the focus was on hydrophilic amorphous polymers and other carriers will therefore not be
discussed further. Amorphous carriers are either natural product-based polymers or fully synthetic
ones. The natural ones are cellulose derivatives, such as hydroxypropylmethyl cellulose (HPMC) and
hydroxypropylmethyl cellulose acetate succinate (HPMCAS), while the fully synthetic ones include for
instance PVP, polyvinylpyrrolidone-co-vinyl acetate (PVPVA) and polymethacrylates such as Eudragit L

and S%2.
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Figure 1.4. Timeline of marketed ASDs3%, Partially modified from Jermain et al. 20173.

Although physical stability issues remain a challenge for ASD formulation and selection of an ideal
carrier can be a time-consuming process, the number of ASDs that has successfully reached the market
has increased over the past few years (Fig 1.4.)%%7%. Currently, there are more than 30 ASD products
on the market, inter alia, itraconazole (Sporanox®), etravirine (Intelence ®), lumacaftor and ivacaftor
(Orkambi®) and tacrolimus (Prograf®)3. Also reformulation of already marketed APIs as ASDs has been
proven successful. To exemplify, lopinavir and ritonavir (Kaletra®) for anti-HIV treatment were first
marketed together in a soft-gelatin capsule, which had to be stored in a refrigerator and taken six times
a day together with food. Reformulation of these APIs as ASD reduced the amount of daily dosage
units, eliminated the need for refrigeration and diminished the effect of a meal on the drug plasma
concentrations®. Accordingly, the amount of ASDs in late-stage development is also increasing. In 2015,
it has been reported that 76 ASD products were in the pipeline’®. Currently, three clinical trials with

ASDs are ongoing, from which one is with hot-melt extruded efavirenz’?. Further, these numbers do
12



not reflect the amount of research that is being performed in the field of ASDs, as the amount of
preclinical ASD products is probably much higher, but the majority of research in this phase is not
published’®7374, Additionally, also injectable ASD formulations have been marketed, e.g., paclitaxel

(Abraxane®)™.

1.3. MANUFACTURING TECHNIQUES

Besides the selection of an appropriate carrier, also the ASD manufacturing technique should be
selected in function of the APl and its desired physicochemical characteristics. The production method
could influence the physical state, stability, particle morphology and pharmaceutical performance of
an ASD. There are three categories of ASD manufacturing methods available: heat/fusion-based
methods, mechanochemical activation/mechanical-based methods and solvent-based methods, from
which the latter comprises most techniques”. It has been reported that 56% of lab scale methods are
solvent-based, 35% heat-based, 7% mechanical-based an another 2% use a combination of techniques
(Fig 1.4.)”>. Combinations that have been described include hot melt extrusion (HME) together with
electrospinning and solvent-anti-solvent precipitation with sonication’. Moreover, the amount of
available manufacturing techniques is still increasing. To exemplify, vacuum drum drying was recently
introduced as a new solvent-based method 7. Also new approaches such as microwave induced in situ
amorphization of the APl in its final product are still being proposed 7’. A non-exhaustive overview of

possible manufacturing techniques per category can be found in Table 1.1.
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Figure 1.4. The frequency that manufacturing techniques for amorphous solid dispersions are used per category. Most
techniques are solvent based methods. Modified from Edueng et al. 20177>.

In pharmaceutical industry, hot melt extrusion and spray drying are most commonly applied’®. Spray
drying has the advantage that it is relatively easy to scale up form lab scale to an industrial scale and
moreover, that it is applicable to a wider range of physicochemical characteristics, which is especially

important for compounds with thermal and shear stability issues’. Hot melt extrusion can be
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preferred for processing of highly viscous materials and has the advantage that it is a continuous
process and it requires no solvents, thus it is generally considered a more green technology’®. In the
following paragraphs, the principles of hot melt extrusion, spray drying, and cryogenic milling will be

briefly discussed as these three manufacturing techniques were employed in this work.

Table 1.1. Non-exhaustive overview of manufacturing techniques for ASDs per category3°%8L.

SOLVENT BASED HEAT BASED MECHANOCHEMICAL
METHODS METHODS ACTIVATION
Spray drying Hot melt extrusion Ball milling
Electrospraying Hot melt granulation Cryogenic milling
Electrospinning Melt quenching
Freeze drying Spray congealing
Fluid bed coating KinetiSol® Dispersing

Super critical fluids
Coprecipitation
Film casting
Spray freezing
Thin film freezing
Vacuum drum drying

1.3.1. Hot melt extrusion

HME is a continuous manufacturing process in which raw material, e.g., a physical mixture of an API
and its carrier, is converted into a product of uniform shape and density by forcing it through a die
under defined conditions®223, There are four steps in a HME process: feeding the extruder via a hopper,
conveying of the material (and potential mixing and particle size reduction) inside the extruder, flowing
through the die and exiting the die followed by downstream processing®. A hot melt extruder can thus
be considered as a pump that allows both conveying and mixing®*. It exists out of a heated barrel in
which one or more rotating screws transport the material towards a die. Based on the processing steps,
an extruder can be dividid in different zones: feeding zone (1), conveying zone (2), melting zone (3)

and melt pumping zone (4) (Fig 1.5.)%.

During this process, there are two important energy inputs that allow amorphization and dispersion of
the API in the polymer matrix at a molecular level. First, the barrel is heated above the T, of the
compounds and sometimes even above the above the T,, of the crystalline API®°, Second, shear forces
generated by the continuously rotating screws can accelerate the dissolution of the APl in the polymer
matrix as well’”. Moreover, when the mixture exits the die, it is very rapidly cooled to room
temperature (RT), resulting in kinetic trapping, which can be considered as ‘freezing’ the APl molecules
in the polymer matrix. Kinetic trapping can be beneficial for the prevention of APl clustering, nucleation
and crystallization’®.
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Figure 1.5. Schematic representation of a typical twin-screw extruder: (1) feeding zone, (2) conveying zone, (3) melting zone
and (4) a melt pumping zone. Process parameters that are important for the final ASD product quality are: (A) screw
configuration, (B) barrel temperature, (C) screw speed and (D) feed rate. Modlified from Patil et al. 20162°,

The extent of shear forces that is generated by the screw movements is dependent on the type of
extruder and the screw design. There are different types of extruders available: single-screw extruders,
twin-screw extruders, which can be co-rotating or counter-rotating and have intermeshing or non-
intermeshing screws, and multi-screw extruders, which can have a static or a rotating central shaft®,
Most extruders in pharmaceutical development are twin-screw extruders. When a twin-screw
extruder with a counter-rotating design is used, the material is pushed through the gap in between the
screws as they move towards each other, resulting in high shear forces®. However, this is also linked
with air entrapment, generation of high pressure, a low maximal screw speed and a lower output.
When a co-rotating screw is used, lower shear forces are generated, yet the configuration allows for
higher screw speeds, while maintaing good mixing and conveying capacity, which makes them more
frequently used®. Most twin-screw extruders are of the fully intermeshing type, as it allows for self-
cleaning and it prevents local overheating by maitaining a continuous material flow. Non-intermeshing
extruders have a place in processing of highly viscous materials or removing large amount of volatiles

during prodution®,

Additionally, the configuration of an extruder can be easily modified by changing the screw elements.
A first type of screw elements are the typically helical shaped conveying screws, which are excellent at
moving the material further downstream in the extruder, but have a rather low mixing capacity®.
Kneading/mixing screw elements can be implemented to increase the mixing capacity. The paddle-like
shape of kneading elements results in accumulation of the material, which facilitates mixing in those
zones®. All extruders contain conveying elements, which might be accompied by additional

kneading/mixing elements, depending on the desired level of mixing.
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In addition to the selection of the appropiate equipment design (A), several process parameters can
have an impact on the final product quality of the ASD (Fig 1.5.). As mentioned above, the barrel
temperature (B) should be installed high enough to allow molecular mixing of the APl and polymer, yet
not above their degradation temperature®®8. A higher temperature also results in a lower viscosity of
the liquid mixture and thus a lower torque. Moreover, it should be taken into account that the product
temperature is generally higher than the barrel temperature, as mechanical energy is transfered from
the screws to the melt. The screw speed (C) has a direct impact on the residence time: the higher it is,
the lower the residence time will be. For amorphization, a high screw speed is beneficial in terms of
high shear mixing, yet if it is installed too high, there is a risk of incomplete mixing due to a too short
residence time. The last process parameter that can be adapted is the feed rate (D), which always has
to be balanced with the screw speed to maintain a constant melt flow. Generally, the filling level should
be kept at 20 to 50% (in case of twin-screw extrusion), because overfilling might give rise to too high

torque and reduced residence time®,

1.3.2. Cryogenic milling

Although it is well-established that milling is a top-down approach resulting in particle size reduction
and that it could thereby reduce crystallinity and induce amorphization, the mechanism behind this
solid-state amorphization has not yet been fully elucidated®®®®. A first hypothesis stated that
amorphization occurred via generation of heating effects and subsequent quenching®”. However, as
milling at lower temperatures, e.g. cryogenic milling, resulted in a higher degree of amorphization, this
approach was discarded®”®. Nowadays, it is generally accepted that the amorphization process by
milling is a result of an accumulation of crystal defects, which is illustrated in a relative

enthalpy/entropy - temperature diagram in Fig 1.6.%%%°,

The degree and kinetics of amorphization depend on the milling process parameters, from which the
temperature and milling intensity are the most important ones®. The milling temperature is a difficult
parameter to control as collisions of the beads (with each other or the milling chamber) can also induce
a temperature rise®®, By applying cryogenic grinding, where the materials are either frozen prior to
milling or the equipment is continuously flushed with liquid nitrogen, the effect of temperature-
induced changes during milling is minimised®. As (re)crystallization is a possible temperature-induced
change, the implementation of cryogenic milling enables the production of completely amorphous
material wich could not have been produced at RT*°. The milling intensity can for instance be adapted
by altering type and amount of beads inside the milling chamber. Another process parameter that

might influence the final product quality is the milling time®?.
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Figure 1.6. Enthalpy/entropy — temperature diagram. Milling is considered to induce a gradual increase in crystal defects
(vellow), eventually leading to formation of the amorphous form (green). Partially modified from Pas et al. 2020°2

In spite of the growing interest in cryo-milling of ASDs over the past few years, it has recently been
shown that polymer degradation and subsequent polymer-assisted decomposition of the APl might

take place during production®>%2,

1.3.3. Spray drying

In a spray drying process, a solution of an APl and its carrier in an (organic) solvent is atomized through
a nozzle (1), thereby generating small droplets which are subsequently dried due to very fast solvent
evaporation in the drying chamber (2). The atomization step is highly important in generating a
sufficiently large surface area over which heat and mass transfer can take place. Heat is transferred
from the hot drying gas in the drying chamber towards the droplet surface while vapor transfer occurs
from the droplet surface towards the carrier gas. Finally, the resulting dried particles are separated

from the drying gas via a cyclone (3) and collected in a collection vessel (4)%3. A typical spray drying set-

up is depicted in Fig 1.7.
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Figure 1.7. Schematic representation of a spray drying set-up. (1) The solution is pumped towards the nozzle, where it is
atomized in very fine droplets, (2) followed by very fast solvent evaporation in the drying chamber resulting in particle
formation. (3) The particles are separated from the drying air in the cyclone, (4) after which the particles can be collected in
the collection vessel. Modified from Singh and Van den Mooter 20163,

A very pivotal step in this process is the moment at which the very tiny droplets are brought in contact
with the heated gas and very fast solvent evaporation takes place. Rapid evaporation results in an
increased viscosity and permits kinetic trapping of the APl in the carrier matrix. This allows the
formation of (supersaturated) molecular dispersions®. In the following paragraphs, the drying

behavior and the factors that could influence this behavior will be discussed.
1.3.3.1.Theory of droplet drying

Generally, the droplet drying process can be divided in a constant-rate drying stage and a falling-rate
drying stage (Fig 1.8.). In a first stage of drying, the droplet drying is mainly characterized by the
solvent, similar to evaporation of a pure solvent droplet. The driving force for solvent evaporation is
the difference between the vapor pressure of the solvent and its partial pressure in the surrounding
environment. However, the drying rate is limited and controlled by the energy required for solvent
evaporation and thus by the heat transport towards the surface of the droplet®. Before the actual
drying process starts, the droplet will be heated until the wet-bulb temperature, which is the
equilibrium temperature due to a constant evaporation heat loss of the solvent into the surrounding
gas at a given pressure, T and RH, is reached®®®. After heating of the droplet to the wet-bulb

t%. As drying continues, solvent molecules

temperature, drying will start from the surface of the drople
will keep migrating from the center towards the surface. The migration of the solvent molecules can
be mediated through molecular diffusion relative to the solute, convection of fluid within the droplet

or capillary solvent flow through a solid porous matrix®3. The unhindered drying that is analogous to
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free solvent evaporation results in droplet shrinkage. If the ambient parameters remain unchanged,
the droplet temperature remains equal to the wet-bulb temperature and the drying rate is constant
and only controlled by the heat transfer towards the surface of the droplet®. For this reason, this stage

is named the constant-rate drying stage (Fig 1.8.).
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Figure 1.8. Schematic illustration of the different stages a droplet experiences during the drying process. Temperature
evolution is represented by a solid line and drying rate by a dotted line. The liquid fraction is shown in blue and the solid
fraction in red®?.

The second stage of drying is defined by the solutes present in the droplet. As solvent evaporation
takes place from the surface of the droplet, the solute concentration at the surface increases, and the
growing concentration gradient causes a diffusional solute flux away from the droplet surface towards
the center of the droplet. Eventually, the diffusional motion of the solutes towards the center of the
droplet becomes lower than the reduction rate of the droplet diameter due to the constant rate
solvent loss. At this point, crust formation will occur due to solute enrichment at the droplet surface,
leading to decreased drying rate and introducing the second drying stage!®. This point is referred to
as the critical point or locking point. At the start of the second drying stage, a porous solid crust and
an internal wet core can be distinguished in the drying droplet. The drying rate is now controlled by
the diffusion or capillary flow rate of the solvent from the wet core through (the pores of) the crust.
The reduced solvent evaporation rate still results in shrinkage of the wet core and substantial growth
of the crust towards the center of the droplet!®1?, The thickening of the crust will lead to an increasing
resistance for mass transfer and thereby a gradual reduction of the drying rate. Hence, this second
stage is named the falling-rate stage of drying (Fig 1.8.). During this stage, the droplet surface
temperature will increase until the dry-bulb temperature, which is the temperature of the surrounding
gas, is reached and a non-evaporating solid sphere is developed®. This implies that a particle with the

lowest possible amount of residual solvent is present, which can either be an equilibrium amount or
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residual solvent that cannot be removed by the drying process. Ultimately, the drying rate over time
in the falling-rate drying stage can take on different shapes depending on the system and the drying

conditions!0%102,

The relation between this two-stage drying process and the final particle morphology can be described
by the dimensionless Peclet number (Pe), which indicates the ratio of the evaporation rate to the

diffusion rate of the solutes (Eq. 1.5.)%103104:;

d
Pe = DL] Equation 1.5.
i

where d; is the droplet diameter, ] is volume loss per unit area or the evaporative flux and D; is the
diffusion coefficient of solute i in the solvent system. The Stokes-Einstein equation can be used to
determine the diffusion coefficient of a solute (D;) and shows the different factors that contribute to

the molecular mobility of a solute in a solvent system (Eq. 1.6.)°:

kT
L 6TTRp i

Equation 1.6.

where kj, is the Boltzmann constant and Ry, ; is the hydrodynamic radius of a molecule in the solvent

system experiencing a dynamic viscosity n at a temperature T.

The value of Pe will indicate whether the evaporation rate is relatively faster compared to the
diffusional motion of the solutes or vice versa. At high Pe values (Pe > 1), which is the case for most
polymer-solvent combinations, the solvent removal is faster than the diffusional motion of the solutes,
and the solutes concentration close to the surface will strongly and non-linearly increase, eventually
leading to crust formation. Hollow particles can be formed if the crust is strong but porous enough for
the residual solvent in the core to still evaporate without the collapse of the outer solid layer. Buckled
or collapsed particles are prominent when the crust cannot withstand the pressure difference caused
by the continued internal solvent evaporation. On the other hand, at low Pe values (Pe < 1), the
diffusion rate of the solutes is sufficient to avoid a strong enrichment at the receding surface. The
concentration gradients are low, and the dissolved solutes remain relatively homogeneously dispersed
inside the droplet. In this case, more smooth and spherical particles will be generated due to the lack
of early crust formation and uniform drying rates over the whole droplet surface. The generated

particles are typically smaller and denser compared to particles dried at high Pe values®>103104,

1.3.3.2. Factors that influence the spray drying process
Process parameters

A first process parameter that could impact the spray drying process is the nozzle design, which could

either be a pressure-nozzle, two/bi-fluid nozzle, rotary atomizer, or an ultrasonic nozzle. Most lab-
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scale spray dryers are equipped with a bi-fluid nozzle, which uses pressurized gas to break up the liquid
feed into individual droplets, whose size depends on the ratio of the pressurized air flow rate to the
liquid feed rate. The acquired droplet size ranges from 5 to 75 um. Because the velocity of the
atomizing air is significantly larger than the concurrently flowing drying air, the Venturi effect occurs,
resulting in a risk of backflow and clogging when bi-fluid nozzles are used!. However, on an industrial
scale, pressure nozzles are widely applied. These nozzles contain swirl inserts or spiral grooved inserts
and rely on the application of pressure on the liquid to generate a cone-shaped spray patterni”’. The
droplet size ranges from 20 to 200 um and is determined by the ratio of the applied pressure to the
solution feed rate, resulting in smaller droplets for higher pressures. Hence, bi-fluid nozzles generally
create smaller droplets (and thereby smaller particles) compared to pressure nozzles. Also, the energy
that is needed for the droplet generation in bi-fluid nozzles is 10 to 30 times higher, however, smaller
spray angles are obtained'?”’. These differences should be taken into consideration when scaling up

from a lab-scale setting to an industrial scale.

When a bi-fluid nozzle is used, the pressurized air flow rate is inversely related to the droplet size.
Thus, increasing the pressurized air flow in a spray dryer with a bi-fluid nozzle results in smaller
droplets, because of the higher relative velocity and larger shear forces'%, The liquid feed rate on
the other hand, is directly related to the droplet size, with larger droplets when a higher feed rate is
applied. However, it has been reported that for very low liquid feed rates of less than 5 mL/min, the
droplet size could increase again, which was attributed to a pulsing flow, provided by a peristaltic
pump, resulting in non-effective atomization®®1%, Moreover, when increasing the feed rate, more
energy is required for solvent evaporation and hence the outlet temperature in the spray drying
process will decrease®. Ultimately, the ratio of the pressurized air flow rate and the liquid feed rate
will determine the droplet size that is generated. The smaller the droplet size, the shorter the time
window for evaporation, which might result in spherical, smooth but hollow particles because of rapid
crust formation%, Larger droplets on the other hand will dry slower and thus allow for diffusion of
solutes to the center of the drying droplet, which results in more shriveled particles or dense
particles'®. Thus, not only different droplet size, but also different particle morphologies could be

obtained when varying the pressurized air flow rate and/or liquid feed rate.

The inlet/drying air temperature directly affects the heat and mass transfer phenomenon in the
droplet®®. More specifically, the heat transfer rate, is proportional to the temperature difference
between the temperature of the gas and the wet-bulb temperature of the droplet, which is lower since
the evaporation of the solvent draws heat from the droplet. For a given RH of the gas, the temperature
difference increases with the temperature of the gas, so the evaporation rate increases. From Eq. 1.5.,

it follows that higher Pe values will be obtained with increasing temperature. This increase of Pe results
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in a fast crust formation and more irregularly shaped, hollow, or collapsed particles. It is important to
note that the actual drying air temperature is not only affected by the installed inlet temperature, but
is a product of the liquid feed rate, feed concentration, pressurized air flow rate together with the inlet
temperature®, which can be observed during the spray drying process as the outlet temperature. It is
essential that the outlet temperature is not higher than the product T,, as the crystallization rate also
increases when the difference between the particle temperature and its T, is increased'®. Contrarily,
the temperature should be sufficiently high to kinetically trap the APl in the polymer matrix, which
requires very rapid solvent evaporation. In addition to this, the temperature will not only directly
influence the evaporation rate of the solvent, but also the molecular mobility of the solute, yet the
evaporation rate will generally increase more drastically with temperature than the diffusion
coefficient of the solutes. Also the relative position of the droplet’s drying temperature to the boiling
point (bp) of the involved solvent should be considered!'®!2, When the temperature exceeds the
boiling point, vapor generated in the core of the droplet can open the solidified skin to be released,
with a subsequent healing of these openings. This can occur several times until the crust is strong
enough to withstand this cycle. Depending on the mechanical properties of the formed crust, it can
not only crack, releasing the internal buildup of vapor, but also inflate, thin, and eventually explode,

leaving open shells with large cavities or disintegrating the particle completely into fragments.
Formulation parameters

Next to process parameters, also formulation parameters can have an impact on the drying behavior
and thereby the final particle morphology that is obtained: the chemical nature of the solutes, their
size and molecular weight, whether they have surface-active properties, their solubility in the
respective solvent, the solid concentration and especially the solvent used. In view of this PhD thesis,

the contribution of the solvent to the final product quality will be further elaborated.

A solvent for spray drying of ASDs should measure up to the following criteria: having a high volatility,
a common solubilizing capacity for the API and its carrier, be non-toxic, have an acceptable viscosity
and be non-combustive®. The solvent property that affects the evaporation rate and final particle
morphology the most is the solvent volatility. The RH of the specific solvent directly affects the wet-
bulb temperature. As evaporation is driven by the temperature difference between the gas and the
wet-bulb temperature of the droplet, highly volatile solvents will exhibit higher evaporation rates and
Pe numbers at a given temperature and partial pressure facilitating the formation of hollow or
collapsed particles. Low evaporation rates and volatilities on the other hand assist in the production
of dense particles!®!4, For a system with multiple solvents, the solvents with higher volatility will

evaporate faster, causing the Pe numbers to decrease during the droplet drying process!'>!1®, Second,
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the solubilizing capacity of the solvent influences the onset point of crust formation during drying. For
solutes with a high solubility, it takes longer to reach the saturation limit at the surface and to
precipitate at the droplet’s interface. The formation of a solid layer thus happens only at later stages
and allows for the crust to solidify homogeneously because most of the solvent is already evaporated
before the locking point. A thicker and more stable crust with minimal deformations is obtained in this
case. On the other hand, a thin and brittle shell is expected for solutes with a low solubility in the
solvent used, since the saturation limit is reached earlier''”118, |n principle, when the solutes have a
vast difference in solubilities, the first to occupy and dominate the droplet surface are ones with a
lower solubility, which are usually also the larger and slower diffusing molecules that initiate crust
formation!?®. Additionally, it has also been reported that the solvent power can affect the particle size

and surface composition of spray dried particles'?,

1.3.4. Rational selection of a manufacturing technique

The primary criteria for selection of an appropriate ASD manufacturing technique are the
physicochemical characteristics of the API that needs to be formulated, for instance its thermal stability
and T,>°. Generally, solvent-based methods can be used for APIs with more diverse physicochemical
characteristics than heat-based ones: APIs can have a broader distribution in molecular weight, T, and
logP”. The wide variety of solvents available, with variable dielectric constants, have the capacity to
dissolve compounds with very different polarity. For molecules with a high T, (i.e., ‘brick dust’
compounds) there is an increased risk of chemical degradation when processed using a heat-based
method at the required high temperature’. In addition, shear forces could also induce chemical
degradation in shear-sensitive materials®. Other criteria that should be considered when applying a
heat-based method are the T, of the compounds and the viscosity of the mixture and its extrudability’>.
In conclusion, the rather mild process conditions of spray drying, i.e., relatively lower temperature and
shorter exposure time, make it applicable to a wider range of compounds. Secondly, practical
considerations such as the equipment availability and the study purpose, i.e., screening or optimization
approach, should also be considered. Another practical consideration is the toxicity of the required
excipients. For instance, in case of solvent-based methods, the solvent toxicity is especially important.
If an ICH Class | solvent is needed to solubilize the API and its carrier, it is only accepted when a
relatively higher solubility is reached. Moreover, on an industrial scale, also process yield and batch

size are important®®.

As the selection of a manufacturing technique is most of the time still a practical consideration, a lot
of research is being performed to assess the performance of ASDs prepared with different techniques.
Mostly, hot melt extrusion and spray drying are being compared as they are most widely applied. A
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first aspect of interest is the impact of the preparation method on the physical state and physical
stability as the nucleation process could be affected®!?1123, A second one is the in vitro and in vivo
performance of the ASD. As solvent-based methods generally tend to result in smaller particle sizes,
faster API release is observed for these ASDs. Application of heat-based methods on the other hand,
usually results in more homogeneous ASDs with a better resistance for crystallization during

dissolution testing, which is in turn beneficial for the oral absorption process®®!?,

1.4. SOLID-STATE CHARACTERIZATION

1.4.1. Phase behavior of amorphous solid dispersions

The limited stability of the amorphous form can be partially overcome by incorporation of the APl in a
carrier matrix. Nevertheless, the presence of a carrier is no assurance for obtaining a single phase
system, i.e., an amorphous system that exhibits a single T,, and even when this would be achieved,
there are a lot of factors, such as storage conditions (i.e., temperature and humidity stress), that could
still induce crystallization. Therefore, the physical state of ASDs needs to be assessed both immediately
after manufacturing and over a longer period (i.e., by performing a physical stability study) by using
appropriate solid-state characterization techniques. Before discussing (some) of these techniques in

detail, the possible physical states of an ASD will be described.

Thermodynamically
stable solution

Solubility of drug in polymer

Temperature (°C)

Thermodynamically and
kinetically unstable solution

Glass solution

Kinetically stable

T_of ASD
glass 9

Drug content (% w/w)

Figure 1.9. Phase diagram of the API/polymer system in function of temperature (°C) and drug content (% w/w). The
thermodynamic solubility of the APl in the polymer matrix (red) and the Tg of the ASD (green) divide the phase diagram in four
zones: (1) glass solution, (2) kinetically stable glass, (3), thermodynamically stable solution and (4) thermodynamically and
kinetically unstable solution. Modified from Lehmkemper et al. 2017125,

APIs can be dissolved in a carrier matrix either above or below their thermodynamic solubility limit in

the polymer, either resulting in a stable single phase system or a supersaturated one, respectively. This

is depicted in Fig 1.9. by means of a state diagram, that describes the phase behavior of ASDs in terms

of the thermodynamic solubility of the API in the polymer matrix and the T, of the ASD'*. When the
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temperature is installed below the Ty and the amount of APl is lower than its thermodynamic solubility
limit, a glass solution (1) is formed. When the drug loading is higher than this limit, a supersaturated
system is formed, which is thermodynamically unstable, yet can be a kinetically stable glass (2)'%.
Increasing the temperature above the T, will result in liquification of the glass, thereby forming a
thermodynamically stable solution (3) or a thermodynamically and kinetically unstable solution (4),
again depending on the relative position of the amount of API to its thermodynamic solubility limit in

the polymer matrix.

Although kinetically stabilized glasses are metastable, they can be used for pharmaceutical
applications if the reduced molecular mobility can prevent crystallization during a pharmaceutically
relevant storage period?. This is especially important because the solubility of APIs in a polymer matrix
is generally relatively low, often even too low to reach therapeutically relevant concentrations?.
Fortunately, kinetic stabilization of high drug loadings in a polymer matrix is facilitated by kinetic
trapping, which can take place both during spray drying and hot melt extrusion®. In spite of this, as a
supersaturated state is thermodynamically unfavorable, it has the tendency to become more
heterogeneous over time. This process can start with amorphous-amorphous phase separation in a
drug-rich and a polymer-rich phase®. Subsequently, as there is relatively less polymer present in the
drug-rich phase and thus less stabilization, nucleation and subsequent crystal growth are likely to take
place. Hence, the crystalline fraction will increase until the APl is completely crystallized and thereby
the solubility advantage will be lost. However, it is not necessary for amorphous-amorphous phase
separation to take place before crystallization, as it can also directly start from a homogeneous

supersaturated ASD.

In Chapter 4, an overview of solid-state characterization techniques to assess the degree of
crystallinity/amorphicity, the miscibility of compounds, their molecular mobility, the presence of
interactions and the particle morphology is presented. As modulated Differential Scanning Calorimetry
(mDSC) and X-ray Powder Diffraction (XRPD) are the main methods used in this PhD thesis, their

principles will be briefly discussed.

1.4.2. Modulated differential scanning calorimetry

DSC is the method of choice for thermal analysis of ASDs, because it can simultaneously provide
information about the amorphicity/crystallinity, the miscibility and the molecular mobility of the
sample®. During a DSC analysis, the sample and reference are subjected to a linear heating (or cooling)
rate and the heat flow difference between these two is measured. The results from an analysis can be

depicted in a thermogram, where the heat flow is given in function of temperature (or time) and
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exothermic signals are usually directed upwards®?. The presence of an amorphous fraction can be
detected as a Ty, which is a step change in the baseline due to a change in heat capacity, while a
crystalline fraction can be detected as an endothermic melting peak. DSC allows the detection of a very

small amount of crystalline material; it has a limit of detection as low as 1%*%°.

However, in case of standard DSC, overlap of signals might lead to misinterpretation®. For instance,
when there is an overlap of the broad solvent evaporation endotherm with the T, signal, it might
appear as if there is no amorphous fraction present. To overcome this problem, mDSC, where an
additional sinusoidal heating rate is applied on top of the linear one, can be applied. This enables a
deconvolution of the total heat flow in a reversing heat flow, the heat capacity component, and a non-
reversing heat flow, the kinetic component. Events that respond to the temperature modulation can
be detected in the reversing heat flow, e.g., Ty, while the ones that cannot because they are kinetically
hampered are observed in the non-reversing heat flow, e.g., crystallization, solvent evaporation,
enthalpy recovery. This signal separation allows for an unambiguous determination of the T, via the
inflection point or half-height of the heat capacity change in the reversing heat flow. By detection of
one (or more) T, mDSC plays a pivotal role in the assessment of miscibility of a APl and a polymer (or
several polymers with one another)®, Ideally, an APl-polymer mixture is homogeneously mixed and
exhibits one Ty, however when the components are immiscible or phase separation in a drug-rich and
polymer-rich phase has occurred, two Tys will be detected. Also the molecular mobility of an ASD can
be investigated by mDSC, as enthalpy recovery, originating from enthalpy relaxation of the amorphous
form towards its more stable equilibrium state, can be detected as an endothermic peak superimposed

on the T, 168127,

1.4.3. X-ray powder diffraction

X-ray powder diffraction has been described as the golden standard for solid-state characterization of

pharmaceuticals®28

. It can be applied for identification, quantification and even modeling of
amorphous systems®®, During a XRPD analysis, monochromatic X-rays are diffracted by the atoms
presentin the sample®!. According to Braggs law, positive interference of waves reflected by the crystal
planes can only be achieved when the reflected waves are in phase with one another®’. In case of
positive interference, a Bragg peak is detected in the diffractogram. Amorphous materials on the other
hand, lack any long range order and thus broad, diffuse scattering signals, i.e., an amorphous halo, are
detected in the diffractogram instead of Bragg peaks™*'®® For a partially crystalline sample, the
crystalline fraction can be calculated from the ratio of the integrated intensity of the Bragg peaks
relative to the sum of the integrated intensity of the Bragg peaks and amorphous halo. Depending on

the methodology, the limit of detection for crystalline content is in between 1 to 5%°8.
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1.4.4. Predicting the solubility of an APl in a polymer matrix

As mentioned in section 1.2.2., there are numerous approaches available to predict the miscibility and
physical stability of APl-carrier systems®262129130 | view of this PhD thesis, Perturbed-Chain Statistical
Associated Fluid-Theory (PC-SAFT), which is a computational approach that employs a APl-carrier
thermodynamic phase diagram to make predictions, and one of many DSC-based approaches, i.e., the

recrystallization method introduced by Mahieu et al.’3, will be briefly discussed.

PC-SAFT is a thermodynamic model that is employed to estimate the API solubility, which is defined as
the maximum API content that can dissolve in the polymer at a certain temperature!?!32, The
thermodynamic solid-liquid equilibrium (SLE), in which the solid is represented by the API and the
liqguid by the polymer matrix, is employed to calculate the thermodynamic solubility of the API.

Assuming a pure solid phase, the following equation can be applied (Eq. 1.7.)%32:

1 ARSL T ACS’}xpz 5L TSL
xkpy = = exp [—ﬂ(l - T) — B (In(4RL)— 4Ry Equation 1.7.
Yip1 RT Tap1 R T T

In which x4p; is the solubility of the APl in mole fraction and R the universal gas constant. Ah35,, T3k,
and Acgfqp, are the heat of fusion, the melting temperature and the heat capacities of the API,
respectively. All of these can be determined experimentally by for instance DSC analysis. The only
parameter that depends on the polymer is ¥4p;, which is the activity coefficient of the API in the
API/polymer phase. The activity coefficient is a measure for the difference in molecular shape and
interactions of the APl and polymer and is dependent on both temperature and composition of the
mixture®2, Only this activity coefficient must be determined in order to resolve Eq. 1.7. and establish
the thermodynamic solubility of the API in the polymer matrix. To enable these calculations, each
molecule is considered as a chain of spherical segments that can interact with other molecules in
diverse ways: van der Waals interactions, repulsive interactions, hydrogen bonding, dipole-dipole

interactions and charges®*13°,

Each molecule is also characterized by its pure component
characteristics (e.g., solubility, vapor pressure), which allows calculation of the thermodynamic
properties of the mixture in function of temperature, pressure and composition'*2. Advantages of PC-
SAFT are that it takes into account almost all types of interactions and that all parameters used have a
physical meaning®. The result from these PC-SAFT calculations can be presented in a state diagram, as
was already demonstrated in Fig 1.9. The solubility line divides the state diagram in a
thermodynamically stable part, where the APl content is lower than its thermodynamic solubility limit,
and an unstable one, where the amount of APl is higher than its solubility limit'?®. Thus, the solubility

line determines the composition at which thermodynamic stabilization can no longer be achieved, yet

kinetic stabilization can still take place.
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This computational approach has been successfully applied to predict both the miscibility and physical
stability of binary ASDs'?>1337135 Recently, it has also been used to predict the influence of the solvent

136,136-138 Ternary phase diagrams

used during manufacturing of an ASD on the physical state of ASDs
of solvent, APl and polymer were established using the equilibrium solubility of the API in the polymer-
solvent mixture rather than the polymer alone. Moreover, the process design space for spray drying
has also been successfully predicted using this thermodynamic model**°. Although PC-SAFT is a very
valuable approach to make predictions about the phase behavior of ASDs, it does only account for
thermodynamic factors and not for kinetic ones, which could also contribute to the physical state of

an ASD.

Another promising method to establish the solubility of an API in a polymer matrix is the
recrystallization method that was introduced by Mahieu et al.®l. Using this method, the
thermodynamic solubility limit is obtained by demixing of a supersaturated amorphous solution rather
than by dissolution of a crystalline APl in a polymer matrix. As the molecular mobility in a
supersaturated system is relatively high, it slowly decreases during demixing until the thermodynamic
solubility limit is reached®!. In a first step, a supersaturated solid dispersion is generated by co-milling
of a physical mixture of an APl and its polymer at RT. Subsequently, the glass solution is subjected to a
DSC analysis, where it is annealed above its T, to complete the demixing process, after which the T, is
determined again. After that, the thermodynamic solubility can be derived from a Gordon-Taylor plot,
that describes the T, in function of the APl concentration. By applying different annealing
temperatures, an API-polymer solubility curve can be generated®*!. Several authors have compared
different DSC-based prediction methods with one another'*®1%2, from which it was found that the
melting point depression method and recrystallization method give similar results. An advantage of
the recrystallization approach is that there is no well-defined T, needed, yet on the other hand, the

work load is higher'#2,
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Chapter 2

Objectives
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The overall objective of this PhD project is to generate kinetically stabilized supersaturated Amorphous
Solid Dispersions (ASDs) and to establish the impact of several formulation and process parameters on
the extent of solid state supersaturation that can be obtained. Therefore, the highest drug loading that
can be formulated as a single amorphous phase is defined for every condition, which is the maximum
drug loading for which an amorphous halo in the XRPD diffractogram and/or a single T, in the mDSC

thermogram is detected. The specific objectives will be discussed per chapter.

Chapter 3: What is the influence of the manufacturing method and the carrier on the solid state

supersaturation?

In a first part of the project, the influence of manufacturing methods on the highest drug loadings of
ASDs of naproxen (NAP) with one of the following four polymers, polyvinylpyrrolidone (PVP) K25,
poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA) 64, hydroxypropylmethylcellulose (HPMC) or
hydroxypropylmethylcellulose acetate succinate (HPMC-AS) is investigated. This is especially
important as today it is not known what the impact of the ASD manufacturing technique on the kinetic
stabilization of supersaturated ASDs is. For this purpose, three different manufacturing techniques,
i.e., hot melt extrusion, spray drying and cryo-milling, will be applied, thereby covering all categories
of manufacturing methods for ASDs. Accordingly, both the influence of another preparation method

and a different carrier on the extent of solid state supersaturation can be studied simultaneously.

Chapter 4: What is the impact of the solvent on the solid state supersaturation? And can it be explained

by a difference in solubility?

Although the contribution of the solvent to the physicochemical characteristics of ASDs has gained
significant interest over the past few years, it is not known to what extent a single organic solvent can
influence the kinetic trapping efficiency and thereby the formulation of supersaturated ASDs. Hence,
the second objective is to study the influence of the solvent on the highest drug loadings that can be
obtained by spray drying and film casting. The latter is included to evaluate the influence of a slower
evaporation process. PVPVA 64 was selected as a carrier together with one of four APIs, i.e., NAP,
indomethacin (IMC), diazepam (DZP) or fenofibrate (FNB), and one of seven organic solvents, i.e.,
methanol, ethanol, isopropanol, acetonitrile, dichloromethane, acetone or ethyl acetate. Next to that,
the equilibrium solubility of these four APIs in all seven solvents will be determined and subsequently

compared to the highest drug loadings that could be obtained using the respective solvent.

Chapter 5: Does the solvent contribute to the physical stability of supersaturated systems?

For a successful ASD formulation, it is indispensable that the supersaturated state can be maintained
for a pharmaceutically relevant storage period. Correspondingly, the next objective is to study the
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influence of the solvent on the physical stability of ASDs of FNB and PVPVA prepared by spray drying.
There were two research questions in this part of the project. First, does the physical stability differ
when an ASD of the same API to polymer ratio is prepared using another solvent? And if so, can the
onset of crystallization be related to the highest drug loading that was previously obtained using the

same solvent?

Chapter 6: How does the solvent contribute to the physical state of supersaturated ASDs?

To gain more insight in the role of the solvent, a combination of Thermal Gravimetric Analysis (TGA) to
study the evaporation kinetics and Fourier Transform infrared (FT-IR) spectroscopy to establish
interactions in solution can be employed. The aim of these experiments is to explain the solvent
dependent highest drug loadings that were determined before. Moreover, these findings can be used
to rationally select process parameters that might enable to increase the extent of solid state
supersaturation. Accordingly, the potential of process optimization in the workable space will be

explored as well.

Chapter 7: What are possible challenges during solid-state characterization by mDSC and XPRD?

Ideally, there neither is a crystalline fraction nor amorphous-amorphous phase separation present in
a supersaturated system. To detect this non-ideal phase behavior, the combination of mDSC and XRPD
is employed as the standard for solid-state characterization in this work. The last objective is to identify
shortcomings of these well-established analytical techniques (in addition to the ones already known)
and to demonstrate that their combined use is of utmost importance to avoid erroneous conclusions

about the phase behavior of ASDs.
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Chapter 3

A comparison of spray drying, hot melt extrusion
and cryo-milling for the formulation of highly drug
loaded amorphous solid dispersions of naproxen

Results of this chapter are based on: Dedroog, S., Huygens, C., Van den Mooter, G., 2019. Chemically
identical but physically different: A comparison of spray drying, hot melt extrusion and cryo-milling for
the formulation of high drug loaded amorphous solid dispersions of naproxen. Eur. J. Pharm. Biopharm.
135.
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3.1. ABSTRACT

In spite of the large research efforts in the past two decades, it is still difficult, if possible at all, to
predict what manufacturing technology will lead to the best amorphous solid dispersions (ASDs) in
terms of drug to polymer ratio (“drug loading”) and physical stability. In general, ASDs can be prepared
by solvent based methods, heat based methods and mechanochemical activation. In the current study,
one manufacturing technique per category was selected: spray drying, hot melt extrusion and cryo-
milling, respectively. These processes were compared for their capability to formulate high drug loaded
ASDs. High drug loadings may allow decreasing the pill burden and/or reducing dosage size, which both
increase the therapeutic compliance. A fast crystallizer, naproxen, in combination with PVP K25, PVP-
VA64, HPMC or HPMC-AS was used as a model system. Clear differences in the physical structure of
the ASDs were observed. Our data indicate that not only the drug loading is dependent on the
manufacturing process, but also the carrier that is able to incorporate the highest drug loading. This
suggests that a carrier should be selected not only as function of the API, but also as function of the
manufacturing process. Overall, hot melt extrusion showed to be most suited to reach high drug
loadings for these naproxen-polymer combinations. This was in agreement with our finding that heat

is an important energy input for mixing.
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3.2. INTRODUCTION

A drawback of the current drug selection procedures is their high output of drug candidates with
unfavorable physicochemical properties'?. More specifically, ca. 70% of new drug candidates are
poorly water soluble®?*. Formulation of Amorphous Solid Dispersions (ASDs) of compounds belonging
to class Il and IV of the Biopharmaceutics Classification System (BCS) is considered as a potential
strategy to tackle their solubility and dissolution rate limited bioavailability issues'**!. Amorphization
of drug compounds results in a higher free energy compared to their crystalline form. The advantage
of this higher energetic state is a higher dissolution rate and solubility, but at the same time, it is also
responsible for physical stability issues like crystallization of the amorphous form. These physical
stability issues can be (partially) overcome by molecularly dispersing the Active Pharmaceutical
Ingredient (API) in a polymer matrix, and thus stabilizing the API by the presence of APl —polymer

interactions and by lowering the molecular mobility®.

In general, ASDs can be prepared by solvent based methods, heat based methods, mechanochemical
activation or a combination of these. Most manufacturing techniques are solvent based, such as Spray
Drying (SD), freeze drying, electrospraying, super critical fluids based processing and bead coating.
Heat based methods include melt/quench cooling and Hot Melt Extrusion (HME), which uses both heat
and shear forces as energy input®®’. All kinds of high energy milling are considered as
mechanochemical activation. An example of such a milling technique is Cryo-Milling (CM)*. In
pharmaceutical industry, both SD and HME are most used. The main reason is that they are relatively
easy to scale up. An additional advantage of SD is that compounds with thermal and shear instability
can be formulated. On the other hand, hot melt extrusion is a solvent-free continuous process and the
extrudates do not necessarily require a lot of downstream processing when a calendering step is

applied 505975,

Independently of the manufacturing technique used, mainly relatively low drug loadings are utilized
for the development of ASDs due to potential physical stability issues. When the drug weight fraction
increases, phase separation resulting in amorphous or crystalline drug precipitations may occur®. The
importance of attaining a higher drug loading is reflected in the present-day push for a lower pill
burden. By increasing the drug loading it may become possible to lower the pill burden and/or reduce

the dosage size, thereby increasing the therapeutic compliance®*.

The highest drug loading possible can be predicted by calculating the maximum amount of API that
can be dissolved in the polymer at a certain temperature. Perturbed-Chain Statistical Associating Fluid
Theory (PC-SAFT) is a thermodynamic model using the thermodynamic solid-liquid equilibrium to

calculate the solubility of the APl in the polymer. The liquid phase is made up of the polymer together
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with the dissolved API, while the solid phase is the crystalline API. Combining the calculated solubilities
and the experimentally determined glass transition temperatures (T,s), state diagrams for the

solubility of the API in a specific polymer can be established!?>145,

An ASD is thermodynamically stable as long as the drug loading does not exceed the solubility of the
APl in the polymer, meaning that the API will never crystallize. On the other hand, higher drug loadings
than the solubility limit can be reached due to kinetic stabilization. By kinetically trapping the APl in
the polymer matrix, the molecular mobility of the APl is reduced®>'?>. The phenomena by which kinetic
trapping is achieved differ between manufacturing techniques. Both rapid solvent evaporation and
rapid cooling can kinetically trap the API, using solvent based and heat based methods,
respectively®®°°, Therefore, it should be possible to reach higher drug loadings experimentally than the

ones predicted with a thermodynamic model.

Although the research in ASDs already started in the mid-sixties of the previous century’>%, today it
is not clear what manufacturing technology is the most suited for a given API-polymer combination.
This is an important observation in the light of high drug loaded ASDs. In this paper, the differences
between manufacturing techniques for their capability to obtain high drug loadings are described.
Three technologies were selected: spray drying, hot melt extrusion and cryo-milling. With this
selection, all categories of manufacturing techniques are covered. The novelty of this paper clearly lies
in the comparison of the most relevant technologies from all three categories of manufacturing

techniques.

Next to the manufacturing technique, the APl-polymer combination is a critical factor for reaching high
drug loadings”. Naproxen (NAP), which is a fast crystallizer’*’, in combination with PVP K25, PVP-VA64,
HPMC and HPMC-AS was used as a model system. These polymers belong to the most used carriers
for the formulation of ASDs. Their structural formulas are shown in Fig 3.1. As becomes clear from the
state diagrams generated with PC-SAFT, the mutual solid miscibility needs to be taken into account.
Thus, the state diagrams of naproxen and PVP K25, PVP-VA64 or HPMC-AS served as a starting point
for determining the highest drug loading experimentally (Fig 3.2.)1%>%, The diagram of naproxen and

HPMC was not yet described in literature.

Since interactions can also have an influence on the physical stability, the model system was selected
based on its interaction potential. Formation of hydrogen bonds between the molecularly dispersed
APl and the polymer is of great importance for the stabilization of ASDs*°. Naproxen is well known for
its capability to form hydrogen bonds'*®%°, Its carbonyl group and methoxy group are hydrogen
acceptors for the hydroxyl groups of HPMC and HPMC-AS. On the other hand, its hydroxyl group can
hydrogen bond with both the carbonyl groups of PVP, PVP-VA and HPMC-AS and the hydroxyl groups
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of HPMC and HPMC-AS. The hypothesis is that the physical structure resulting from different
manufacturing processes, and thus the contribution of hydrogen bonds to solid state miscibility will

vary. Therefore, the variations in phase behavior were investigated by preparing the same model

system with all three techniques.
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Figure 3.1. Structural formulas of naproxen (A), PVP (B), PVP-VA (C), HPMC (D) and HPMC-AS (D, E).
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Figure 3.2. State diagrams of NAP with PVP K25 (A), PVP-VA64 (B) and HPMC-AS (C). The black squares indicate the T,s and
the triangles the solubility of NAP in the polymer. The solubilities were determined experimentally (A, C) or taken from

literature (B). The lines with the red squares represent the solubilities calculated with PC-SAFT. These indicate the solubility of
NAP in the polymer at RT.

To the best of our knowledge, a study where the most relevant technologies from solvent based, heat
based and mechanochemical activation techniques are compared, has never been carried out before.
The objective of this study was to prepare the same API-polymer combinations with spray drying, hot
melt extrusion and cryo-milling. Hereby, the differences in capability of reaching high drug loadings

were investigated. Since the API-polymer combination is a crucial factor in attaining high drug loadings,

it was evaluated for four different polymers.
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3.3. MATERIALS AND METHODS

3.3.1. Materials

Naproxen (NAP) was purchased from SA Fagron NV (Waregem, Belgium) and both polyvinylpyrrolidone
K25 (PVP K25, Kollidon®) and polyvinylpyrrolidone vinyl acetate 64 (PVP-VA64) were obtained from
BASF® ChemTrade GmbH (Ludwigshafen, Germany). Hydroxypropylmethycellulose acetate succinate
(HPMC-AS) grade LF is a micronized grade of HPMC-AS, which was purchased from Shin-Etsu
(Plaguemine, USA). The fourth polymer, hydroxypropylmethylcellulose (HPMC), was obtained from
Colorcon (Dartford, UK). Methanol (MeOH) and dichloromethane (DCM) 99.9% were purchased from

ACROS Belgium (Geel, Belgium). All materials were used as received.

3.3.2. Preparation methods

3.3.2.1.Spray drying

Diverse ratios of NAP and polymer were spray dried using a Buchi mini spray dryer B-190 (Buchi, Flawil,
Switzerland). In all cases, a 10% w/V solid content was used. For the batches with PVP, PVP-VA and
HPMC-AS, MeOH was used as a single solvent. For the ones with HPMC, a binary solvent mixture of
MeOH:DCM (1:1; v:v ratio) was needed. The following conditions were applied: drying air temperature
of 65 °C, drying air flow rate of 33 m3/h, feed solution flow rate of 5 mL/min and an atomization air
flow rate of 10 L/min. Immediately after spray drying, the ASDs were further dried in a vacuum oven
for 4 days at 40 °C. Afterwards, the samples were analyzed and further stored at -28 °Cin the presence

of phosphorus pentoxide.
3.3.2.2. Hot melt extrusion
Batch extruder

Physical mixtures of the NAP-polymer combinations were prepared using a mortar and pestle and
extruded using a Mini extruder (DSM Xplore, Sittard, The Netherlands). This is a fully intermeshing
recirculating 5 cm?® extruder consisting out of two co-rotating screws. The barrel temperature was set
at 160 °C, which is above the melting point (T, ) of NAP (ca. 155 °C). For every batch, about 6 g was fed
into the extruder and mixed for 5 min with a screw speed of 100 rpm. The extrudates were cooled on
aluminum foil and milled using a laboratory cutter mill (Kika, Staufen, Germany). The milled ASDs were

analyzed and further stored at -28 °C in the presence of phosphorus pentoxide.

The effect of the barrel temperature on the phase behavior of the ASDs was explored by applying a

temperature of 20 °C above the glass transition temperature (T,) of the polymer involved. The Tgs of
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the four polymers were determined using modulated Differential Scanning Calorimetry (mDSC) (see
section 3.3.3.1.). To take into account possible water evaporation during extrusion, the Tgs obtained
in the second heating cycle were used as a starting point for determining the new processing

temperature.
Continuous extruder

To evaluate the influence of additional kneading zones on the phase behavior, a ThermoFisher process
11 twin screw extruder (ThermoFisher Scientific, Karlsruhe, Germany) was used. This is a co-rotating,
fully intermeshing twin screw extruder with a functional length of 40 L/D. Two kneading zones were
applied. The screw speed was set at 25 rpm and the barrel temperature was kept constant at 160 °C.
Herewith, 55 wt% of NAP was extruded in combination with PVP-VA. The same combination was
extruded with the Mini extruder, using the same screw speed and temperature. These extrudates were
also milled using a laboratory cutter mill (Kika, Staufen, Germany), analyzed and further stored at -28

°Cin the presence of phosphorus pentoxide.
3.3.2.3.Cryo-milling

Cryogenic grinding was performed using a CryoMill (Retsch, Disseldorf, Germany). Physical mixtures
of NAP-polymer combinations were prepared using a mortar and pestle before milling. Stainless steel
grinding jars of both 5 and 25 mL with two 7 mm beads and one 15 mm bead of the same material
were used, respectively. To maintain a constant ball to powder ratio the amount of sample was
adapted: 200 mg in case of the 7 mm beads and 1 g in case of the 15 mm one. The samples were pre-
cooled for 1 min at 5 Hz, cryo-milled for 30 min at 25 Hz and intermediately cooled for 5 min at 5 Hz to
avoid heating of the system. In total, six such cycles were applied. The ASDs were analyzed and further

stored at -28 °C in the presence of phosphorus pentoxide.

3.3.3. Analytical methods

3.3.3.1. Modulated differential scanning calorimetry (mDSC)

Modulated Differential Scanning Calorimetry (mDSC) was performed using a Q2000 mDSC (TA
Instruments, Leatherhead, UK), equipped with a Refrigerated Cooling System (RCS90) and applying a
dry nitrogen purge with a flow rate of 50 mL/min. Calibration for temperature, enthalpy and heat
capacity was carried out using indium and sapphire standards. Optimization of the modulation
parameters was performed based on the quality of the Lissajous figures and the shape of the
modulated heat flow. The final parameters were as follows: a linear heating rate of 2 °C/min combined

with a modulation amplitude of 0.5 °C and a period of 30 s. Approximately 1 to 5 mg of the sample
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was accurately weighed into aluminum DSC pans (TA Instruments, Zellik, Belgium). For all samples, a
heat-cool-heat procedure was performed to explore the influence of additional heating on the mixing
efficiency. All heating cycles were executed with the above-described parameters from -15 °C to 180
°C, while the cooling rate was set at 20 °C/min. DSC thermograms were analyzed using the Universal

Analysis software (Version 5.5, TA Instruments, Leatherhead, UK).
3.3.3.2. Thermogravimetric analysis (TGA)

For determining the polymer degradation temperature, a thermogravimetric analyzer SDT Q600 (TA-
Instruments, Leatherhead, UK) was used. The samples were heated at 5 °C/min to 230 °C in ambient
atmosphere, where the recorded weight loss as a function of time was due to degradation. All TGA
curves were analyzed using the Universal Analysis software (Version 5.5, TA Instruments, Leatherhead,

UK).
3.3.3.3. X-ray powder diffraction (XRPD)

The solid state of the ASDs was characterized using a X’Pert PRO diffractometer (PANalytical, Almelo,
the Netherlands) with a Cu tube (Ko A = 1.5418 A) and a generator set at 45 kV and 40 mA. In most
cases, the XRPD measurements were executed at Room Temperature (RT) and in transmission mode
using Kapton® Polyimide Thin films (PANalytical, Almelo, Netherlands). In case of temperature resolved
X-ray diffraction, an Anton Paar sample stage (TTK450 Sample Stage) was applied. In that case,
diffractograms were recorded every 10 °C between room temperature and 180°C. The following
experimental parameters were applied in all cases: continuous scan mode from 4° to 40° 26 with
0.0167° step size and 400 s counting time. The diffractograms were analyzed using X’Pert Data Viewer

(Version 1.7, PANalytical, Almelo, The Netherlands).
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3.4. RESULTS AND DISCUSSION

3.4.1. Spray drying

3.4.1.1.Influence of NAP-polymer combination on physical structure

In a first step, the same drug loading of NAP was spray dried in combination with all four polymers.
Using a drug loading of 35 wt%, the phase behavior varied for the different NAP-polymer combinations.
A single T, was detected for the ASD with PVP-VA, while the one with PVP resulted in two T,s (Fig 3.3,
A). In case of a one phase amorphous system, the Ty is situated in between the T, of the pure
amorphous drug and the one from the polymer. For example for the ASD of NAP and PVP-VA, the Ty
was situated at 57.1 °C, which is in between the 5 °C for amorphous NAP and 110 °C for PVP-VA (Table
3.1.)%0,
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Figure 3.3. A: mDSC thermograms of 35 wt% NAP spray dried with PVP-VA (orange), PVP (red), HPMC (blue) or HPMC-AS
(green). The arrows indicate the positions of the Tgs. The RHF signals are shown as arbitrary units. B: mDSC thermogram of 35
wt% NAP spray dried with PVP. The derivative (blue) of the reversing heat flow (red) shows peak maximums at the Ts.

Since the distinction between two Tgs is not always clear in the Reversing Heat Flow (RHF) signal, we
also used the derivative of this signal (Fig 3.3., B). In that case, a peak is generated with a maximum
value corresponding to the inflection point in the RHF signal. The presence of two Tgs, reflected in two
distinct peaks in the derivative RHF, indicates amorphous-amorphous phase separation in a drug-rich
and a polymer-rich phase. Although the NAP-PVP system is amorphous in case of a drug loading of 35
wt%, its immiscibility can be a precursor of crystallization, which will most likely start from the drug-
rich amorphous phase. Next to its advantage for distinguishing T,s, the derivative of the RHF signal was
used for determining the T, width. The broader this T, width, the more heterogeneous the ASD is.
Therefore, it can be stated that the broader this range, the sooner phase separation and thereby

crystallization may occur. For both the combinations with HPMC and HPMC-AS, a T; and a T, were
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observed. Here, the RHF signal is shown, but the T, s were detected in the total heat flow and non-
reversing heat flow signal (data not shown). These T, s indicated the presence of a crystalline phase of

NAP next to the amorphous one (Fig 3.3., A).

These results were in agreement with the ones obtained using XRPD. Both PVP-VA and PVP were X-ray
amorphous, while both HPMC and HPMC-AS showed Bragg peaks characteristic for crystalline NAP (Fig
3.4.). The importance of using complementary analytical techniques becomes clear when comparing
the DSC and XRPD results. Although the same conclusions about the presence of
amorphous/crystalline material can be drawn, XRPD does not give information about the different
amorphous phases. Whereas the NAP-PVP system was X-ray amorphous, it was not a single amorphous
phase. Since amorphous-amorphous phase separation can lead to crystallization, it should be avoided.
Only in a one phase system, the stabilization of NAP by the polymer is maximized, though not
guaranteed. To get as much information about the phase behavior as possible, all samples were

analyzed using both mDSC and XRPD.
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Figure 3.4. XRPD diffractograms of 35 wt% NAP with spray dried PVP-VA (orange), PVP (red), HPMC (blue) or HPMC-AS (green).
The intensities are shown as arbitrary units.

For all samples, a heat-cool-heat procedure was performed to investigate the influence of additional
heating on the mixing efficiency. For all of them, a single T, was obtained in the second heating run,
independently of the phase behavior in the first heating run. In case of 35 wt% NAP spray dried with
PVP, two Tzs were detected in the first heating cycle and a single T, in the second (Fig 3.5.). For the
combination of 35 wt% NAP with HPMC-AS, both a Tg and a T, could be distinguished in the first cycle
and a single T, in the second (Fig 3.5.). Next to this, the Ty width decreased when there already was a

single T, attained in the first heating run, indicating an increase in homogeneity of the system (data

41



not shown). This clearly points to the importance of heat as energy input for all these NAP-polymer
combinations. All further reported drug loadings were derived from the first heating cycle of the DSC

experiment.
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Figure 3.5. mDSC thermograms of 35 wt% NAP spray dried with either PVP (top) or HPMC-AS (bottom). The first heating cycle
(red) and the second (green) are shown. The arrows indicate the positions of the T,s. The RHF signals are shown as arbitrary
units.

3.4.1.2.Influence of drug loading on physical structure

Ideally, a single amorphous phase should be obtained, in which NAP is molecularly dispersed in the
polymer matrix. Since this phase behavior was only detected for the NAP-PVP-VA system, PVP-VA was
appointed the most promising polymer for increasing the drug loading further. For the other
combinations, the drug loading was lowered until a one phase amorphous system was achieved. The
drug loading for which this ideal phase behavior was attained, was defined as ‘the highest drug loading
possible’. Taking into account the possible process variability, the highest drug loading was not defined
as an exact percentage but as a range. Accordingly, the drug loading was lowered with intermediate
steps of 5 wt% for the NAP-PVP, NAP-HPMC and NAP-HPMC-AS combinations. The mDSC and XRPD
results are only described for the NAP-HPMC-AS system (Fig 3.6.), but the same principle has been
applied for the other combinations. In case of the NAP-HPMC-AS system, from 25 wt% on, both a T,
and a T, could be distinguished (Fig 3.6., A), and at 30 wt%, Bragg peaks were present in the XRPD
diffractogram (Fig 3.6., B). Thus, the highest drug loading for this NAP-HPMC-AS system in case of SD

is in between 20 wt% and 25 wt%.

The NAP-PVP-VA combination was the only one for which the drug loading could be increased above
35 wt%. It was increased from 35 until 60 wt% with intermediate steps of 5 wt%. Until 40 wt%, a single

Ty was detected, but starting from 45 wt% a T, was detected next to the Ty (Fig 3.7., A). The mDSC
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results were in good correlation with the ones from XRPD, showing Bragg peaks starting from 45 wt%
drug loading (Fig 3.7., B). Therefore, the highest drug loading for the NAP-PVP-VA system in case of SD

was in between 40% and 45%.
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Figure 3.6. A: mDSC thermograms of NAP-HPMC-AS system lowering the drug loading from 35 to 5 wt% with intermediate
steps of 5 wt%. When increasing the drug loading there was a shift of the T, towards lower values, which is indicated with the
dotted line. B: Corresponding XRPD diffractograms. The RHF signals (A) and intensities (B) are shown as arbitrary units.
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Figure 3.7. A: mDSC thermograms of NAP-PVP-VA system increasing the drug loading from 35 to 60 wt% with intermediate
steps of 5 wt%. When increasing the drug loading there was a shift of the T, towards lower values, which is indicated with the
dotted line. B: Corresponding XRPD diffractograms. The RHF signals (A) and intensities (B) are shown as arbitrary units

The four polymers can be ordered for their capability to stabilize high NAP loadings: PVP-VA > PVP >
HPMC/HPMC-AS. With a drug loading between 40 and 45 wt%, PVP-VA was the best polymer for
obtaining high drug loadings. In case of PVP, the highest drug loading was between 30 and 35 wt%,
while for both HPMC and HPMC-AS it was between 20 and 25 wt% (Table 3.4.). It is noteworthy that
these drug loadings only apply to spray drying and that variations are possible when applying other
manufacturing techniques (see below). It is expected that an API has a higher solid solubility in a
polymer where drug-polymer interactions are more pronounced®™!. Therefore, this may be an

indication of more favorable interactions between NAP and PVP-VA.
43



In this study, the main investigated characteristic is the capability to obtain high drug loadings. As
described earlier, the APl-polymer is a critical factor for reaching these drug loadings. Other important
properties to consider when selecting a suitable polymer for SD are the common solvent solubility of
APl and polymer, solution state chemistry, interaction potential, antiplasticizing efficiency, dissolution
rate and ability to maintain supersaturation during dissolution. Although Friesen et al. described
HPMC-AS as an ideal polymer for SD based on these characteristics, the drug loadings reached in this
study are rather low'*2, This demonstrates that there is no ideal polymer per manufacturing technique,
but that a polymer should also be selected according to the APl that needs to be formulated. Other
than that, it indicates that the capability to reach higher drug loadings is another important

characteristic to investigate when selecting a polymer for the formulation of an ASD.

3.4.2. Hot melt extrusion

3.4.2.1.Influence of NAP-polymer combination on physical structure

Physical mixtures of NAP with the different polymers were extruded in a 35:65 (drug:polymer; w:w)
ratio. The ASDs with PVP-VA and PVP showed a single T,, while for HPMC and HPMC-AS both a T; and
a T, could be distinguished (Fig 3.8., A). Both PVP-VA and PVP are thus promising polymers for
increasing the drug loading above 35 wt%. Although the same NAP-polymer combinations and drug
loading had been used as for spray drying, two NAP-polymer combinations could be formulated as a
single phase amorphous system instead of one, showing that the suitability of NAP-polymer

combinations depends upon the applied manufacturing technique.

All four NAP-polymer combinations were X-ray amorphous for a drug loading of 35 wt% (Fig 3.8., B).
Despite the fact that a T, could be detected in the thermograms of the combinations with HPMC and
HPMC-AS, there were no Bragg peaks present in the diffractograms, pointing again to the importance

of using complementary analytical techniques.
3.4.2.2.Influence of drug loading on physical structure

In case of HME, the drug loading was increased for the NAP-PVP-VA and NAP-PVP systems, but
decreased in case of the NAP-HPMC and NAP-HPMC-AS systems to obtain a one phase amorphous
system. A full comparison of the highest drug loadings reached per polymer and per manufacturing

technique is shown in Table 3.4.
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Figure 3.8. A: mDSC thermogram of 35 wt% NAP extruded with PVP-VA (orange), PVP (red), HPMC (blue) or HPMC-AS (green).
B: XRD diffractograms of 35 wt% NAP extruded with PVP-VA (orange), PVP (red), HPMC (blue) or HPMC-AS (green). The sharp
peak in the diffractogram of the ASD with HPMC originates from a crystalline impurity present in the polymer. The RHF signals
(A) and intensities (B) are shown as arbitrary units.

3.4.2.3.Impact of polymer-dependent-barrel temperature on phase behavior

Critical process parameters for HME are the screw speed, screw configuration, feeding rate and barrel
temperature. The interested reader is referred to excellent reviews for further information’®%>. In view
of using different NAP-polymer combinations, the barrel temperature is a crucial parameter. Since a
polymer needs to be extruded above its T, but below its degradation temperature, different
temperatures should be applied for the different NAP-polymer combinations. The temperature is also
of importance for processing of the API, but it can be processed below or above its Tp, resulting in

solubilization or miscibility of the APl in the polymer, respectively®>1°3,

First, the degradation temperatures of the four polymers were determined using TGA (Table 3.1.). Next
to this, the Tgs of the polymers and T, of pure NAP were taken into account. The Tgs of the polymers
were determined from the second heating cycle of the mDSC run to take possible water evaporation
during HME into account (Table 3.1.). The T,, of NAP was established at 155.2 °C (data not shown).
Since the degradation temperature and T, of PVP are comparable to each other, PVP is known to be a
difficult polymer for extruding. When heated to 150 °C, darkening of PVP is described®®*. On the other
hand, when increasing the temperature from 160 °C to 230 °C, only 2 wt% degradation of PVP was
measured during the TGA experiment. Thus, only a very small amount of PVP was degraded at 160 °C.

For the other polymers, the degradation temperatures were well above their T,s.

All NAP-polymer combinations were processed both at 160 °C and at 20 °C above the T, of the polymer
in question (Table 3.1.). The barrel temperature of 160 °C was installed as a common processing

temperature. For PVP-VA and HPMC-AS the T -dependent-temperature was below the T, of NAP,
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while for PVP and HPMC it was even higher than 160 °C. By using these barrel temperatures, the

influence of processing below or above the T,, of NAP on the final phase behavior was evaluated.

Table 3.1. T,s from second heating cycle, derived processing temperatures and degradation temperatures for PVP, PVP-VA,
HPMC and HPMC-AS.

Polymer T,2" heatingcycle T,+20°C T degradation

PVP 161.6 °C 180 °C 159.1°C
PVP-VA 110.8°C 130°C 197 °C
HPMC 147.8°C 167 °C 176 °C

HPMC-AS 115.8°C 135°C 166.8 °C

The results from both processing at 160 °C and at the T,-dependent-temperature are shown in Table
3.2. For the cases with a barrel temperature of 160 °C, the values for the Tys and Ty, s correlate with
the mDSC thermograms shown in Fig 3.5., A. In view of the clear differences in phase behavior for the

NAP-PVP-VA combination, these mDSC results are discussed more comprehensively (Fig 3.9.).

Table 3.2. Influence of HME processing temperature below/above T,, NAP on the phase behavior of the ASD. The ‘X’ indicates
that there was no second Ty or a T, present.

Polymer Temperature Tyl Ty2 Tm
PVP 160 °C 80.4 °C X X
Ty +20°C 56.2 °C X X
PVP-VA 160 °C 63.6 °C X X
Ty +20°C 45.4°C 80.4°C X
HPMC 160 °C 27.8°C X 127.9°C
Tg+20°C 26.5°C X 126.5°C
HPMC-AS 160 °C 24.3°C X 128.1°C
Ty +20°C 25.2°C X 126.5°C

When processing above the T, of NAP, no clear differences in phase behavior could be detected. Even
though there was a shift of the T, towards a lower temperature, a single T, remained in case of PVP.
With HPMC, a Ty and a T, were detected for both 160 °C and 167 °C. When processing below the T,
of NAP with HPMC-AS, almost no differences in phase behavior were detected. At both processing
temperatures, 160 °C and 135 °C, a Ty and a T, could be distinguished. On the other hand, in case of
PVP-VA, the phase behavior clearly differed. The amorphous-amorphous phase separation indicated
that extruding at temperatures lower than the T,, of NAP did not give the system its full capability of

both mixing and solubilizing the API in the polymer matrix. This is an important observation in the light
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of reaching high drug loadings. It is clear that for some API-polymer combinations it is important that
the barrel temperature is installed above the T, of the API. Therefore, all other batches were

processed at 160 °C to give the systems their full potential to mix and thereby reach high drug loadings.
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Figure 3.9. mDSC thermograms of 35 wt% NAP in combination with PVP-VA at 130 °C (green) and 160 °C (red). Tys are indicated
with arrows. The RHF signals are shown as arbitrary units.

3.4.2.4.Impact of kneading zones on amorphization

In a HME process, the combination of mixing and melting makes the generation of ASDs possible. For
this, two important energy inputs need to be taken into account. First, the heat conduction from the
barrel will have an influence on the melting and softening process, which is determined by the installed
barrel temperature. Second, the rotation of the screws will result in shear forces that will generate
additional heat. This energy input can be altered by changing the screw configuration. Thus, the screw
configuration is another critical process parameter. Several studies investigated the need for one or
more kneading zones during HME. Nakamichi et al. concluded that at least one mixing zone was
needed to make amorphization possible!*®. Saerens et al. showed that addition of a second or third
kneading zone did not have an additional advantage for the formulation of ASDs'®. Hence, one
kneading zone at two third of the barrel length is in many cases considered sufficient for mixing at

molecular level®.

In contrast to a continuous extruder, a typical lab-scale batch extruder has no additional kneading
zones, but exists out of two conical screws with conveying elements. Therefore, there is no alteration
of the screw configuration possible. To evaluate the addition of kneading zones on the final phase

behavior of the ASDs, a continuous extruder was used.
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The reasoning behind the addition of kneading zones for reaching higher drug loadings becomes clear
when comparing the different mDSC heating cycles. Every mDSC experiment existed out of two heating
cycles separated by a cooling cycle. As described for spray drying, the second heating cycle resulted in
better phase behavior. Despite the fact that there were two Tgs or a Ty and a T, in the first heating
cycle, a single T, was detected in the second one. A representative example of HME is shown for which
55 wt% NAP was extruded in combination with PVP-VA. Here, two Tgs and a T, were detected in the
first heating cycle and a single T, was observed in the second (Fig 3.10.). This implies that heat is a very

important energy input to obtain ASDs of NAP.
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Figure 3.10. mDSC thermograms of 55 wt% NAP extruded in combination with PVP-VA. Both the reversing heat flow (blue)
and the total heat flow (red) are shown. The arrows indicate the position of the Tys. The (R)HF signals are shown as arbitrary
units.

Since the energy input can be increased by the addition of kneading zones next to the conveying zones,
we evaluated the use of a continuous extruder to prepare ASDs made up of 55 wt% NAP and PVP-VA.
The screw speed was set at 25 rpm and the process temperature at 160 °C. An additional batch was
prepared with the lab scale extruder, using the same screw speed and process temperature to compare
the two processes. In both cases, a T, and a T, were detected (Fig 3.11.). The amount of crystallinity
was calculated from the heat of fusion, resulting in 0.6% crystallinity in both cases. Thus, it was not
possible to reach higher drug loadings using the continuous extruder. This suggested that the addition

of kneading zones did not result in enough energy input to increase the amorphization capability.

Lang et al. compared a single screw extruder, a small twin screw extruder and a continuous twin screw
extruder with kneading zones for the formulation of ASDs**’. They observed that only the continuous
twin-screw extruder with additional kneading zones resulted in ASDs of itraconazole with HPMC-AS
and polyethylene oxide (PEO). In this study, similar results were obtained with the lab-scale extruder

and the continuous extruder, pointing to the potential of the former. However, another explanation
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for the comparable results could be the remaining differences in processing time, e.g., the mixing
time/residence time of 5 min in the batch extruder compared to that in the continuous process. No
exact measurements of the residence time in the continuous extruder have been made, but it is clear
that the total time inside the extruder is far less than 5 min. Therefore, it can be stated that a full
comparison of a batch and a continuous extruder requires optimization of both processes to make the

correct conclusions about their capability of reaching high drug loadings.
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Figure 3.11. mDSC thermograms of 55 wt% NAP extruded in combination with PVP-VA using a batch extruder or a continuous
extruder. The reversing heat flow is shown in blue and the total heat flow in red. The (R)HF signals are shown as arbitrary
units.

3.4.3. Cryo-milling

3.4.3.1.Influence of NAP-polymer combination on physical structure

Physical mixtures of 35 wt% NAP in combination with one of four polymers were cryo-milled. The
experiments were performed with small grinding jars of 5 mL, 200 mg powder mass and 2 beads of 7
mm per grinding jar. The mDSC results showed two Tgs for the combination with PVP-VA and one T,
for the one with PVP (Fig 3.12., A). This indicated that in case of CM, PVP was the most promising
polymer for increasing the drug loading higher than 35 wt%. For SD this was PVP-VA, while for HME it
were both PVP and PVP-VA. This showed again that the success rate of an APl-polymer combination
clearly depended upon the manufacturing technique used. For both combinations with HPMC and

HPMC-AS, a T, and a T, were detected (Fig 3.12., A).

Despite the fact that the thermograms of the combinations with PVP-VA and PVP did not show
crystallinity (only glass transitions could be observed), the corresponding diffractograms showed

diffraction peaks that are characteristic for crystalline NAP (Fig 3.12., B). This is in contradiction with
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the higher sensitivity of mDSC compared to XRPD for the detection of crystallinity. For the other two
combinations, the mDSC and XRPD results were in good agreement with each other, indicating the

presence of crystalline NAP (Fig 3.12., B).
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Figure 3.12. A: mDSC thermograms of 35 wt% NAP extruded with PVP-VA (orange), PVP (red), HPMC (blue) or HPMC-AS
(green). The arrows indicate the position of the T,s. B: XRPD diffractograms of 35 wt% NAP cryo-milled with PVP-VA (orange),
PVP (red), HPMC (blue) or HPMC-AS (green).

The hypothesis to explain this discrepancy between mDSC and XRPD results was that by cryo-milling
the particle size was reduced significantly, leading to improved particle-particle contact. Hence, only a
small amount of heat was necessary to dissolve NAP in the polymer. This was further confirmed by
performing temperature resolved XRPD for the NAP-PVP combination, where the temperature was
increased from RT to 185 °C and a diffractogram was assessed every 10 °C. At RT, Bragg peaks indicating
the presence of crystalline NAP were present. The intensity of the peaks was identical at 75 °C, but
decreased at 85 °C. From 95 °C, the Bragg peaks completely disappeared, indicating that the sample
was X-ray amorphous (Fig 3.13.). This validated the hypothesis that heating up the sample resulted in
dissolving of NAP particles in the polymer matrix. The need for complementary analytical techniques
became clear when comparing these mDSC and XRPD results. When mDSC would have been used as
the only analytical technique, CM might have seemed as promising as SD. A drawback of mDSC is that
the sample needs to be heated, which can alter the characteristics of the analyzed sample. Thus, in
this case, XRPD was a more trustworthy technique to draw conclusions about the phase behavior of
the cryo-milled samples at RT. Bikiaris et al. reported a similar case, where Felodipine dissolved in
polyethylene glycol (PEG) during the DSC experiment, while diffraction peaks were present in the

diffractograms®>e,

A comparison of the obtained drug loadings using mDSC or XPRD is shown in Table 3.3. In case of mDSC,
the highest drug loading was defined as the one for which a single T, had to be observed, while for

XRPD the sample had to be X-ray amorphous. Although the obtained drug loadings were clearly lower
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using XRPD, PVP was in both cases the most suited polymer for obtaining high drug loadings. For
comparison with spray drying and hot melt extrusion, the drug loadings based on XRPD results were

used (Table 3.4.).
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Figure 3.13. XRPD diffractograms of 35 wt% NAP cryo-milled in combination with PVP. The temperature was increased from
25 °C (orange) to 185 °C (green). Starting from 85 °C (blue) the intensity of the Bragg peaks decreased and from 95 °C (purple),
they completely disappeared. The intensities are shown as arbitrary units.

Table 3.3. Comparison of ‘highest drug loadings’ based on mDSC or XRPD results in case of cryo-milling.

Polymer mDSC XRPD

PVP 50% - 55% 15% - 20%

PVP-VA 30% - 35% 10% - 15%

HPMC <5% <5%

HPMC-AS 10% -15% 5% - 10%

On the other hand, these mDSC results showed that heat is a very important energy input for these
NAP-polymer combinations. Together with the observations form the second heating cycles, where in
all cases a single T, was detected (Fig 3.5. and 3.10.), the mDSC experiments were a strong prove that
these NAP-polymer combinations do not reach their full potential of miscibility yet. This may be

reached by performing a full optimization of the process parameters.
3.4.3.2.Influence of drug loading on physical structure

For the NAP-PVP system, the drug loading was increased starting from 35 to 60 wt%. For the other
combinations, the drug loading was lowered from 35 to 5 wt%. A full comparison of the highest drug

loadings reached per polymer and per manufacturing technique is shown in Table 3.4.
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3.4.3.3. A small scale-up experiment: from 5 mL to 25 mL grinding jar

All previously described experiments were performed using a small grinding jar of 5 mL. The volume
of these stainless-steel grinding jars can differ: 5, 10, 25, 35 or 50 mL are possible. When scaling up
from a 5 mL to a larger grinding jar volume, the change of dimensions can have an influence on the
impact of the beads and thereby the final phase behavior of the ASD. Here, 35 wt% NAP in combination
with PVP-VA was cryo-milled in both the 5 mL and the 25 mL for 3 hours. The ball to powder ratio was
kept constant. At first sight, there is not much difference between the mDSC thermograms of the 5 mL
and 25 mL. In both cases, two distinct T,s indicating amorphous-amorphous phase separation were
detected (Fig 3.14., A). However, the glass transition width was broader when using the 5 mL grinding
jar than when using the 25 mL one, indicating that the amorphous phase was more heterogeneous in

case of using the 5 mL grinding jar.
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Figure 3.14. A: mDSC thermograms of 35 wt% NAP cryo-milled in combination with PVP-VA using a 25 mL grinding jar (green)
and a 5 mL grinding jar (red). The arrows indicate the position of the Tys. B: XRPD diffractograms of 35 wt% NAP cryo-milled
in combination with PVP-VA using a 25 mL (green) grinding jar and a 5 mL (red) one. The RHF signals (A) and intensities (B)
are shown as arbitrary units.

Even though the DSC thermograms did not show melting transitions, the diffractogram of the batch
prepared with the 5 mL grinding jar showed Bragg peaks characteristic for crystalline NAP (Fig 3.14.,
B). As described above, this can be explained by the dissolution of NAP in PVP-VA during the mDSC
experiment. Interesting is that the batch prepared with the 25 mL grinding jar was X-ray amorphous
(Fig 3.14., B). This difference was also reflected in the T, width (Fig 3.15., A). The fact that there was
still some crystalline material present in case of the 5 mL grinding jar resulted in a broader T, width. In
case of the 25 mL grinding jar there was no crystalline material left at the start of the mDSC analysis,

resulting in a more homogeneous system compared to the 5 mL one.

This small scale up experiment showed the potential of CM as a manufacturing technique for ASDs.

When the larger grinding jar was used, it became possible to prepare systems that were already
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completely amorphous at RT. Therefore, it can be hypothesized that the optimization of this
manufacturing technique could result in higher drug loadings than the ones that were obtained in this
study. Next to this, a deeper understanding of the underlying physics of this still non-conventional

technique is essential to predict possible changes during scale up.

3.4.4. Comparison of manufacturing techniques

The objective of this study was to prepare the same API-polymer combinations with spray drying, hot
melt extrusion and cryo-milling to compare their capability of reaching high drug loadings. The same
four NAP-polymer combinations were prepared with all three techniques. For SD and HME, the highest
drug loadings were defined as the drug loadings for which a one phase amorphous system was
attained, while for CM these were the drug loadings for which an X-ray amorphous ASD was obtained.
This distinction was made because of the discrepancy between mDSC and XRPD results for CM, which
were not present for SD and HME. Therefore, mDSC can be considered as a reliable technique for the
interpretation of the phase behavior in case of SD and HME, but not in case of CM. The drug loadings
were determined as described above and reported as a range to consider possible process variation.
A full comparison of the highest drug loadings reached per polymer and per manufacturing technique

is shown in Table 3.4.

Table 3.4. Comparison of highest drug loadings of NAP obtained per manufacturing technique and per polymer.
Technique Polymer Drug loading

Spray drying PVP 30% - 35%

PVP-VA 40% - 45%

HPMC 20% - 25%

HPMC-AS 20% - 25%

Hot melt extrusion PVP 55% - 60%

PVP-VA 45% - 50%

HPMC 20% - 25%

HPMC-AS 15% - 20%

Cryo-milling PVP 15% - 20%

PVP-VA 10% - 15%

HPMC <5%

HPMC-AS 10% - 15%
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From these results, it can be stated that HME was the most promising manufacturing technique for
obtaining high drug loadings in case of these NAP-polymer combinations. Since HME is a heat based
method, this finding is in line with the fact that heat is a very important energy input for these
combinations. The correct order of the techniques is as follows: hot melt extrusion > spray drying >
cryo-milling. Based on the mDSC results (Table 3.3.), it might have seemed that cryo-milling was as
promising as spray drying, but the heat applied during these experiments led to dissolution of NAP in
the polymer, leading to the wrong conclusion. Therefore, the reported drug loadings in Table 3.4. are
relatively low drug loadings based on XRPD results. Nevertheless, the scale up from a 5 mL grinding jar
to a 25 mL one showed the potential of CM for reaching higher drug loadings than the ones obtained

in this study.

An interesting system to compare the three manufacturing techniques was 35 wt% NAP in combination
with PVP-VA. Both in case of HME and SD a single T, was detected, while in case of CM two T,s could
be distinguished (Fig 3.15.). The difference between HME and SD exists in the variation of the T, width.
For HME this Ty width was 54.3 °C, while for SD it was 68.1 °C. This shows that the spray dried ASD was
more heterogeneous than the extruded one. Although for all techniques 35% NAP in combination with
PVP-VA was formulated, clear differences in phase behavior were detected. The most homogeneous
system was prepared using HME. This comparison supports the statement that HME is the best

manufacturing technique for obtaining high drug loadings in case of these NAP-polymer combinations.
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Figure 3.15. mDSC thermograms of 35 wt% NAP-PVP-VA prepared with all three manufacturing techniques. The arrows

indicate the positions of the Tys. The RHF signals are shown as arbitrary units.

Although there is a clear difference between the NAP-polymer combinations for the drug loadings that
could be obtained, there was no ideal polymer for NAP nor per manufacturing technique. Thus, the

selection of a polymer depends upon both the APl and the technique used. Considering the results in
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Table 3.4., the capability to reach high drug loadings is another important characteristic to evaluate

when selecting a polymer for the formulation of ASDs.
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Figure 3.16. State diagrams of NAP with PVP K25 (A), PVP-VA64 (B) and HPMC-AS (C). The black squares indicate the Tys and
the triangles the solubility of NAP in the polymer. The solubilities were determined experimentally (A, C) or taken from
literature (B). Here, the white triangles were derived from Kyeremateng et al. (2014) and the black ones from Prudic et al.
(2014). For PVP and PVP-VA, Flory-Huggings and an empirical model were applied as well. The solubilities calculated with PC-
SAFT are indicated with red squares, showing the solubility of NAP in the polymer at RT. The highest drug loadings reached
with spray drying (green), hot melt extrusion (blue) and cryo-milling (orange) are indicated.

The distinction between thermodynamic stabilization and kinetic stabilization becomes clear when
comparing these drug loadings with the ones calculated with PC-SAFT. As described earlier, the
solubility of the API in the polymer can be calculated using PC-SAFT. Lehmkemper et al. determined
the thermodynamic solubility of NAP in PVP-VA, PVP and HPMC-AS. This resulted in the following
maximum drug loadings at room temperature: 20.7% for PVP-VA, 31.4% for PVP and 3% for HPMC-AS
(Fig 3.2. and 3.16.)12>1%>, Here, higher drug loadings were reached with PVP-VA and HPMC-AS for both
HME and spray drying, because of kinetic trapping (Fig 3.16.). In a SD process, the feed solution is
atomized in droplets, followed by mixing of the droplets with the drying gas. The drying rate can be a
critical factor for amorphization. The solvent evaporation should be rapid enough to kinetically trap
the APl in the polymer matrix. Thereby the APl does not have the time to crystallize during processing.
Thus, the drying kinetics should be controlled to make preparation of completely amorphous ASDs
feasible3®. In a HME process, both the installed barrel temperature and applied shear forces heat the
sample. When exiting the die, the mixture is rapidly cooled, which should be fast enough to kinetically
trap the APl in the polymer matrix. These are two different mechanisms that result in kinetic trapping
of the API in the polymer matrix. As becomes clear from the results in Table 3.4., these mechanisms
make it possible to reach higher drug loadings than thermodynamically predicted. In case of PVP,
higher drug loadings could be reached using HME, but in case of SD the calculated drug loading of
31.4% was in between the experimentally determined range of 30% to 35% (Fig 3.16., A). Here, it was
not possible to reach higher drug loadings, but at least the calculated drug loading was reached. This

shows that the thermodynamic solubility can be considered as the minimum drug loading that should
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be achieved at a certain temperature. Since this minimum drug loading was not yet reached for the

NAP-PVP and PVP-VA combinations using cryo-milling, an optimization of the process is required.

This study showed clear differences between spray drying, hot melt extrusion and cryo-milling for their
capability to reach high drug loadings. In all cases, conventional process parameters were used. Except
for the alterations of the barrel temperature in case of HME, no optimization was performed. This
implies that the drug loadings reported here may be increased when a full optimization of the process
parameters is carried out. For SD, the drying air temperature, drying air flow rate, feed solution flow
rate and atomization air flow rate should be optimized. For HME the important process parameters
are the screw speed, screw configuration, barrel temperature and the feed rate. In case of CM, the
filling level in the milling chamber, the milling frequency, the milling time and the beads combination
should be optimized. Even though a full optimization may show even more potential for reaching
higher drug loadings for all manufacturing techniques, this study defined the potential differences
between the techniques. It can be stated that although the starting material is chemically identical,
the final products will be physically different when applying a technology from a different category of

manufacturing techniques.
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3.5. CONCLUSION

In this study, four NAP-polymer combinations were prepared using spray drying, hot melt extrusion
and cryo-milling. By comparing these three technologies, all three categories of manufacturing
techniques were covered. The same drug loading of 35 wt% was pursued for all NAP-polymer
combinations and every technique. Where PVP-VA was the best polymer for SD, PVP and PVP-VA were
both promising for HME and PVP showed the best results in case of CM. This showed that there is no
ideal NAP-polymer combination that could be applied for every manufacturing technique. The
selection of carrier should be made per API and per technique. More importantly, the highest drug
loadings feasible for all combinations were established per technique. Therefrom, it can be concluded
that HME was the best manufacturing technique for reaching high drug loadings in case of these NAP-
polymer combinations. This is in agreement with the importance of heat as an energy input for these
systems. By full optimization of the process parameters even higher drug loadings might be obtained
than described here in the article, yet robustness will need to be proven as the manufacturing process
is scaled and undergoes the full manufacturing variation. Next to this, it was shown that higher drug
loadings could be reached by kinetically trapping NAP in the polymer matrix than was predicted based
on thermodynamics. Since this kinetic stabilization can minimize the molecular mobility to an
acceptable low level, it is also essential for obtaining an appropriate shelf life. In addition, the

biopharmaceutical performance, manufacturability, and chemical stability should be considered.
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Chapter 4

The underestimated contribution of the solvent
to the phase behavior
of highly drug loaded amorphous solid dispersions

This chapter is dedicated to Célestine Kindts who recently sadly passed away.

Results from this chapter are based on: Dedroog, S., Boel, E., Kindts, C., Appeltans, B., Van den Mooter,
G., 2021. The underestimated contribution of the solvent to the phase behavior of highly drug loaded
amorphous solid dispersions. Int. J. Pharm. 121201.
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4.1. ABSTRACT

In spite of the fact that spray drying is widely applied for the formulation of Amorphous Solid
Dispersions (ASDs), the influence of the solvent on the physical properties of the ASDs is still not
completely understood. Therefore, the impact of organic solvents on the kinetic stabilization of drug
components in a polymer matrix prepared by either film casting or spray drying was investigated. One
polymer, PVPVA 64, together with one of four poorly water-soluble drugs, naproxen, indomethacin,
fenofibrate or diazepam, were film casted and spray dried using either methanol, ethanol, isopropanol,
acetonitrile, acetone, dichloromethane or ethyl acetate. For every combination, the highest drug
loading that could be formulated as a single amorphous phase was established. The solvent
determined the maximum amount of drug that could be kinetically trapped in the polymer matrix and
thereby the extent of kinetic stabilization. These maximum drug loadings were compared to the
thermodynamic solubilities of the drugs in the seven solvents. Generally, there was no relation
between the thermodynamic solubility of a drug and its highest drug loading attained using the same
solvent. Hence, the contribution of the solvent to the generation of a supersaturated state should not

be underestimated.
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4.2. INTRODUCTION

Drug discovery pipelines consist for 75% out of New Chemical Entities (NCE) that are poorly water
soluble, leading to insufficient oral bioavailability?#?>1%°, A successful formulation strategy to overcome
these solubility issues is the formulation of Amorphous Solid Dispersions (ASDs)*!, where an Active
Pharmaceutical Ingredient (API) is molecularly dispersed in a carrier matrix, which is most often an
amorphous polymer, at solid-state®’. Most manufacturing techniques for ASDs are solvent based
methods, from which spray drying is most commonly employed3®7®. In short, a solution of a drug and
a carrier is made up in a common solvent, pumped through an atomizing device and subsequently
transformed in a spray of very fine droplets inside of a heated drying chamber. Here, mass- and heat-
transfer take place at the droplet surface, resulting in particle formation, after which the particles are
separated from the drying gas in the cyclone. In contrast to this very rapid drying process, film casting,
also referred to as solvent casting, is conducted by applying a solution of drug and polymer to a
predefined area on a surface and letting it evaporate at Room Temperature (RT), resulting in a much
slower evaporation process. In spite of the difference in drying rate, film casting has been successfully

applied as a predictive screening tool to quickly assess the miscibility of an APl and a polymer?6-164,

Both for film casting and spray drying, the solvent should measure up to the following criteria: having
an acceptable viscosity and common solubilizing capacity for the APl and the polymer, and being highly
volatile, non-toxic, and non-combustive®>. However, this could still comprise numerous solvents
and/or solvent mixtures. Over the past years, the impact of the solvent on the phase behavior, particle
morphology, dissolution and physical stability of ASDs has gained significant interest!37:165-16% |n 3|
previously mentioned work, the overall aim was to correlate the solution properties, to the drying
process and the consequential solid-state characteristics of the spray dried ASDs. To exemplify, Paudel
et al. defined the influence of binary solvent mixtures of methanol (MeOH), acetone (Ac) and
dichloromethane (DCM) on the miscibility of ASDs of naproxen (NAP) and polyvinylpyrrolidone
(PVP)*, In another work, Wan et al. described different release rates of celecoxib from a poly(lactic-
co-glycolic acid) (PLGA) matrix prepared by spray drying with diverse solvent mixtures of Ac and
MeOH!?°, Nevertheless, to the best of our knowledge, it was not yet established to what extent a single
solvent can impact the kinetic trapping efficiency and thereby the miscibility of a given API-polymer

combination and its possibility to be formulated as a highly drug loaded ASD.

The faster the drying process, the more facilitated kinetic trapping of a drug in its amorphous state will
be, thereby promoting the formulation of higher drug loadings by spray drying compared to film
casting. When a drug is kinetically trapped in a polymer matrix, it can be dissolved in the polymer above

its thermodynamic solid solubility limit, resulting in a kinetically stabilized system, in which phase
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separation and subsequent crystallization are (partially and at least temporarily) prevented by the
polymer3®. In contrast to this, when the amount of drug is less than its thermodynamic solubility limit
in the polymer, the system is thermodynamically stable, implying that the amorphous drug will never
crystallize. The thermodynamic maximum can be calculated using for instance the Perturbed-Chain
Statistical Associating Fluid Theory (PC-SAFT), which is a theoretical model that employs the
thermodynamic solid (i.e., crystalline drug)-liquid (i.e., polymer with the dissolved drug) equilibrium
together with the glass transition temperatures (T,) of the system to establish two phasic diagrams of

the drug and polymer matrix!*

. Additionally, the potential of ternary phase diagrams of drug, polymer
and solvent has been described as well***%, Here, the thermodynamic solubility of a drug in the
polymer-solvent mixture was employed together with the T,s to predict the phase behavior of the

ASDs.

In the current study, the capability of film casting and spray drying to exceed the thermodynamic solid
solubility was investigated by defining the highest drug loading that could be formulated as a
homogeneous system, i.e., existed out of a single amorphous phase. The relevance of attaining high
drug loadings is supported by the present-day push to lower the pill burden for patients, which might
become possible if more drug could be loaded in the same dosage size'**. More importantly, the
relation between the highest drug loadings and the thermodynamic solubilities of the APl and its
carrier in the solvent was investigated. Ideally, during drying, the thermodynamic solubility limit of the
APl in the polymer-solvent mixture would never be exceeded to avoid an inhomogeneous distribution
of the APl in the polymer matrix. Contrarily, when the solubility limit would be surpassed, amorphous

phase separation and/or crystallization of the APl would be likely to take place®3®.

The kinetic stabilization of film casted and spray dried ASDs was investigated using seven single,
organic solvents, selected based on their dielectric constant as indication of the polarity and their
boiling point as an indication of the non-covalent interactions: MeOH, ethanol (EtOH), isopropanol
(PrOH), acetonitrile (ACN), Ac, DCM, and ethyl acetate (EtAc), hereby covering the most commonly
used solvents in spray drying processes. Since it could be expected that hydrogen bonds between API
and polymer could interfere with the contribution of the solvent to the physical state, the model
systems were also selected based on their interaction potential. From previous work, it was found that
poly(vinylpyrrolidone-co-vinyl acetate) 64 (PVPVA 64) was a suitable polymer to formulate high drug
loaded ASDs by spray drying (Chapter 3). Four model drugs, from which two that are well-known to
have hydrogen bonding potential with PVPVA, i.e., NAP and indomethacin (IMC), and two that have
none, i.e., fenofibrate (FNB) and diazepam (DZP), were selected (Fig 4.1.)1*149170171 The carbonyl
group from PVPVA could act as a hydrogen acceptor for the hydroxyl groups from both NAP and IMC,

while it has no hydrogen donor groups. Next to the presence of interactions, the crystallization
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tendency of an API could also influence its potential to be kinetically stabilized in a polymer matrix.
Therefore, the dependence of the Glass Forming Ability (GFA) of the drug compounds that could

potentially hydrogen bond with PVPVA, namely NAP and IMC, on the solvent was investigated as well.
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Figure 4.1. Structural formulas of NAP (A), IMC (B), FNB (C) and DZP (D).

The objective of this study was to characterize the efficiency of the kinetic trapping for these four API-
polymer combinations depending on the solvent employed during either film casting or spray drying.
For this, the highest drug loading that could be prepared as a single amorphous phase using a specific
solvent was established. Furthermore, the correlation between the maximum drug loadings and the

thermodynamic solubilities of the drugs in the various solvents was investigated.
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4.3. MATERIALS AND METHODS

4.3.1. Materials

Both naproxen (NAP) (PubChem CID: 156391) and diazepam (DZP) (PubChem CID: 3016) were obtained
from SA Fagron NV (Waregem, Belgium), while indomethacin (IMC) (PubChem CID: 3715) was
purchased from ABC chemicals (Wauthier-Braine, Belgium) and fenofibrate (FNB) (PubChemCID: 3339)
was supplied by Hangzohou Dayangchem Co. (Hangzhou City, China). Poly(vinylpyrrolidone-co-vinyl
acetate) 64 (PVPVA 64, Kollidon® VA64) (PubChem CID: 270885), was received from BASF® ChemTrade

GmbH (Ludwigshafen, Germany).

Methanol (MeOH) (> 99.8%) was purchased from ACROS Belgium (Geel, Belgium). Denaturated
ethanol (EtOH) (2 97% and 3% V/V diethylether) was received from Chem-Lab Analytical (Zedelgem,
Belgium). VWR Chemicals (Leuven, Belgium) supplied acetone (Ac) (= 99%) and 2-propanol (PrOH) (=
99.9%) was obtained from Carl Roth GmbH (Karlsruhe, Germany). Both dichloromethane (DCM) (=
99.5%) and acetonitrile (ACN) (= 99.9%) were received from Fisher Scientific (Loughborough, UK). Ethyl
acetate (EtAc) (> 99.5%) was purchased from Sigma-Aldrich (Brussels, Belgium). The boiling points and

dielectric constants of the solvents can be found in Annex 172,

Sigma-Aldrich (Gillingham, UK) delivered disodium hydrogen phosphate and Fluka™ (Seelze, Germany)
provided monosodium dihydrogen phosphate monohydrate. Both sodium acetate and acetic acid were
obtained from VWR Chemicals (Leuven, Belgium). To purify the water, it was de-ionized using a

Maxima system (Elga Ltd., High Wycombe Bucks, UK). All materials were used as received.

4.3.2. Crystallization tendency study

The crystallization tendency of the interacting model compounds, i.e., IMC and NAP, was evaluated in
MeOH, EtOH, PrOH, ACN, Ac and EtAc by means of a Bichi mini spray dryer B-191 (Blichi, Flawil,
Switzerland). Accurate amounts of IMC and NAP were dissolved in 20 mL solvent, resulting in a solid
content of 2.0 and 1.3 % w/V respectively, thereby ensuring equal molarity. The following parameters
were applied: a drying air temperature installed at the boiling point of the respective solvent, a drying
air flow rate of 33 m3/h, a feed solution flow rate of 5 mL/min and an atomization air flow rate of 15
L/min. All samples were prepared in triplicate and the resulting spray dried samples were analyzed
with modulated Differential Scanning Calorimetry (mDSC) right after spray drying (day 0), after one

day (day 1) and after one week (day 7) of storage at ambient conditions.
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4.3.3. Manufacturing of amorphous solid dispersions

4.3.3.1.Film casting

For all four model drugs, both the drug and PVPVA were dissolved in one of the seven selected solvents
(i.e., MeOH, EtOH, PrOH, ACN, Ac, DCM or EtAc). In case of NAP and FNB, the solid content was fixed
at 10% w/V, while for IMC and DZP, the solid content was limited to 2% w/V as the solubility of these
model APIs was lower. The API to polymer ratio was varied with steps of 5 wt% until the highest drug
loading, which was defined as the highest one that was X-ray amorphous, was achieved. The drug
loadings that were investigated for every specific APl-polymer-solvent combination can be found in
Table 4.1. The solutions were casted by pipetting 2 mL of the solution on a predefined area (i.e., 25
cm? for NAP and FNB, 16 cm? for DZP and IMC) of a glass plate, which was covered with Teflon tape
(High-tech-flon, Konstanz, Germany). To slow down the solvent evaporation process, the casted
solutions were covered with a funnel and dried for 2 days at ambient temperature. For every condition,
the films were prepared in duplicate. Immediately after drying, the entire films were analyzed as such

using X-Ray Powder Diffraction (XRPD).

Table 4.1. Range of drug loadings (wt%) prepared by film casting for every drug-polymer-solvent combination.

MeOH EtOH PrOH ACN Ac DCM EtAc
NAP 20-45 20-45 20-45 20-50 20-50 20-50 20-50
IMC 45-75 65-80 65-80 70-75 45-65 55-70 60-70
FNB 5-20 5-30 5-20 5-20 5-30 5-30 5-30
DZP 20-35 35-45 35-45 35-45 20-35 35-60 20-35

4.3.3.2.Spray drying

As for film casting, both the drug and polymer were dissolved in one of seven solvents (i.e., MeOH,
EtOH, PrOH, ACN, Ac, DCM or EtAc) in order to obtain a solid content of either 10% w/V for FNB and
NAP or 2% w/V for IMC and DZP. The ratio of drug and polymer was altered with steps of 5 wt% until
the highest drug loading, which was established as the highest one for which a single glass transition
could be obtained as an indication for a single amorphous system, for the specific composition was
defined. The drug loadings that were prepared for every APl-polymer-solvent combination are
described in Table 4.2. To investigate the presence of residual solvent after spray drying, 3 batches of
10% w/V PVPVA were spray dried using every solvent as well. The solutions were spray dried using a
Biichi mini spray dryer B-190 (Biichi, Flawil, Switzerland) by applying similar process parameters as for
the crystallization tendency study, apart from the atomization air flow, which was installed at 10 L/min.

Subsequently, the collected ASDs were further dried in a vacuum oven (Mazzali Systems, Monza, Italy)
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for 4 days at 25 °C. After secondary drying, the ASDs were analyzed using both XRPD and mDSC, and

further stored at -28 °C in the presence of phosphorus pentoxide.

Table 4.2. Range of drug loadings (wt%) prepared by spray drying for every drug-polymer-solvent combination.

MeOH EtOH PrOH ACN Ac DCM EtAc
NAP 40-45 40-50 40-45 40-45 40-50 40-50 40-50
IMC 70-90 70-90 70-80 70-90 80-90 80-90 80-85
FNB 5-20 20-30 20-30 20-30 20-35 20-30 20-30
DZP 35-45 35-70 35-70 35-70 25-45 25-60 35-70

4.3.4. Solid-state characterization of the amorphous solid dispersions

4.3.4.1. Modulated differential scanning calorimetry (mDSC)

The thermal behavior of the spray dried samples was investigated by mDSC using either a Q2000 mDSC
(TA Instruments, Leatherhead, UK) or a Discovery DSC 2500 (TA Instruments, Leatherhead, UK), which
were both equipped with a Refrigerated Cooling System (RCS 90) and a dry nitrogen purge at 50
mL/min. The equipment was calibrated for temperature, enthalpy and heat capacity using sapphire
and indium standards. An amount of 1 to 5 mg was accurately weighed into aluminum DSC pans (TA
instruments, Zellik, Belgium) and subsequently crimped with the corresponding lids (TA instruments,
Zellik, Belgium). For all measurements, a linear heating rate of 2 °C/min was combined with a
modulation amplitude of 0.212 °C and a period of 40 s. For NAP and IMC, the samples were heated
from -15 °C to 180 °C, while the temperature range was altered to -15 °C to 160 °C or -20 °C to 140 °C
for DZP and FNB, respectively. The thermograms were analyzed using the Universal Analysis software
(Version 5.5, TA Instruments, Leatherhead, UK) or Trios (Version 5.1, TA Instruments, Leatherhead,
UK). The Tys were measured at half height of transition in the reversing heat flow and the T, width was
established by determining the start- and endpoint of the T, using the derivative of the reversing heat
flow. When two Tgs were present, the Ty width was established starting from the beginning of the first

Ty to the end of the second Ty
4.3.4.2. X-ray powder diffraction (XRPD)

To investigate the physical state of both the spray dried and the film casted ASDs, an X'Pert PRO
diffractometer (PANalytical, Almelo, the Netherlands) with a Cu tube (Ko A = 1.5418 A) was employed.
For all measurements, the generator was installed at 45 kV and 40 mA. All film casted samples were
analyzed using a continuous scanning mode at RT, for which the samples were placed between two
Kapton® Polyimide Thin-films (PANalytical, USA). The samples were scanned from either 4 to 40° 26

with 400 s counting time for NAP, FNB and DZP, or 10 to 30° 26 with 800 s counting time for IMC.
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Likewise, the spray dried samples were characterized using a 800 s counting time from either 10 to 25°
20 for FNB and NAP or 10 to 30° 26 for DZP and IMC, respectively. In all cases, the step size was 0.0167°
and spinning was set at 4 s. The diffractograms were analyzed using the X’'Pert Data Viewer (Version

1.9a, PANalytical, Almelo, the Netherlands).
4.3.4.3.Scanning electron microscopy (SEM)

For the morphology assessment of the spray dried particles of NAP and PVPVA, Scanning Electron
Microscopy (SEM) was employed. The spray dried powders were attached to SEM stubs using double-
sided carbon tape (Ted Pella Inc., California, CA, USA) and subsequently platinum coated with a SCD-
030 Balzers Union sputter-coater (Oerlikon Balzers, Balzers, Liechtenstein). A Phillips XL30 SEM-FEG
(Philips, Eindhoven, The Netherlands) equipped with a Schottky field emission electron gun and a

conventional Everhart-Thornley secondary electron detector was used to record the SEM images.
4.3.4.4. Thermogravimetric analysis (TGA)

To investigate the difference in residual solvent of the spray dried ASDs prepared using diverse
solvents, for every solvent, 3 spray dried batches of 100 wt% PVPVA were analyzed using
thermogravimetric analyzer TGA 550 (TA instruments, Leatherhead, UK). For this, approximately 5 to
10 mg of the sample was weighed in a platinum HT pan (TA instruments, Zellik, Belgium) and heated
by applying a linear heating rate of 5 °C/min to 130 °C. The recorded weight loss in function of time
was attributed to solvent evaporation, which was deducted using the Universal Analysis software

(Version 5.5, TA instruments, Leatherhead, UK).

4.3.5. Solubility testing

The thermodynamic solubility of all drugs in MeOH, EtOH, PrOH, ACN, Ac, DCM and EtAc in absence or
presence of 2.5%, 5%, 7.5% and 9% w/V PVPVA was determined by using 10 mL of solvent (either with
or without PVPVA) in a volumetric flask of 25 mL, adding an excess amount of drug to it and stir it for
72 h at RT. Afterwards, the samples were transferred to glass test tubes and centrifugated for 5 min at
4500 g at RT. Subsequently, for MeOH, EtOH, PrOH and ACN, the supernatant was diluted using mobile
phase before HPLC-UV analysis (see section 4.3.6.). For Ac, DCM and EtAc, a predefined fraction of the
supernatant was evaporated, and the resulting solid fraction was dissolved (and if necessary further
diluted) in mobile phase before HPLC-UV analysis. For every condition, the thermodynamic solubility

was established in triplicate.

In addition, the solubility of PVPVA was determined by accurately weighing an amount of PVPVA and
adding it to 10 mL of MeOH, EtOH, PrOH, ACN, Ac, DCM or EtAc in glass test tubes using the shake-
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flask method for 72 h at RT. This process was repeated for higher concentrations of PVPVA until a white

precipitation was visually observed or the solution was too viscous to add more PVPVA.

4.3.6. High performance liquid chromatography coupled with ultraviolet

detection (HPLC-UV)

HPLC-UV analysis was performed using a VWR HITACHI Chromaster System (5160 pump, 5260
autosampler, 5310 column and 5410 UV-detector) with the Chromaster System Manager Software
(version 1.1) for data acquisition. To determine the drug concentrations, 10 pL of the sample was
injected and pumped over a Nucleodur C;s Gravity 5 um column (150 mm x 4.6 mm) (Macherey-Nagel,
Diren, Germany) at a flow rate of 1 mL/min. For all drugs, an isocratic method was employed. In case
of IMC, the mobile phase consisted out of a phosphate buffer (20 mM) of pH 6.80 with ACN (65/35
V/V) and the detection wavelength was set at 252 nm, resulting in a retention time of ca. 4 min.
Likewise, a phosphate buffer (20 mM) of pH 6.80 in combination with MeOH (20/80 V/V) was utilized
in case of DZP. The detection wavelength was set at 250 nm, rendering a retention time of ca. 5 min.
Both in case of NAP and FNB, an acetate buffer (25 mM) of pH 3.50, with either MeOH (30/70 V/V) or
ACN (15/85 V/V) was applied, respectively. For NAP, at a detection wavelength of 270 nm, this
rendered a retention time of about 4 min. At a detection wavelength of 290 nm, this resulted in a
retention time of 5 min for FNB. Before usage, all buffers were filtered through a cellulose acetate filter
(0.45 um) (Sartorius Stedim Biotech GmbH, Go6ttingen, Germany) and sonicated for 30 min. All
methods were validated for linearity (R > 0.995) and both the limit of detection (LOD), and the limit
of quantification (LOQ) were calculated from the signal to noise ratios. An overview of the HPLC-UV
methods including the LOD and LOQ is shown in Annex 2. For all methods, there was no matrix effect

observed for the highest concentration of PVPVA investigated, i.e, 9% w/V.

4.3.7. Data analysis: Calculation of % saturation of solubility

To facilitate the comparison of the acquired highest drug loadings by film casting/spray drying with the
thermodynamic solubility data, the degree of saturation of the solubility of the pure drug compound
was calculated for every solvent. More specifically, it was determined for the highest drug loading that
was established using XRPD and/or mDSC analysis. In Equation 4.1., both the highest drug loading
acquired using a specific solvent and the thermodynamic solubility of the pure drug compound in the
same solvent are expressed in mg/mL. This approach allowed to evaluate the differences in saturation

level for the maximum amount of drug that could be kinetically stabilized in the PVPVA matrix.

Highest drug loading

% Saturation of solubility = ( ) x 100 Equation 4.1.

Solubility of drug
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4.4. RESULTS AND DISCUSSION

4.4.1. Crystallization tendency study of NAP and IMC

As the presence of hydrogen bonds between an APl and its carrier can be beneficial for the physical
stability of an ASD3>'73, it can be expected that it could also be advantageous to kinetically stabilize
more APl in the polymer matrix and thereby the formulation of a highly drug loaded ASD. However,
next to the interaction potential, the intrinsic crystallization tendency of an APl is another important
characteristic that should be considered. As two model drugs with interaction potential were included

in this study, namely NAP and IMC, the dependence of their GFA on the solvent was investigated.

IMC was found to exhibit a slow crystallization tendency irrespective of the solvent used, and this will
be discussed in more detail below for IMC spray dried from EtOH. As reported in Table 4.3., the average
crystallinity percentages of IMC spray dried from EtOH were relatively low, and thus IMC could be
classified as a GFA Class lll compound according to the classification of Van Eerdenbrugh et al.}’%. The
mDSC thermograms of IMC spray dried from EtOH were characterized by a single Ty in the reversing
heat flow, an exothermal crystallization event and two melting events in the total heat flow,
corresponding to the melting of the a- and y-polymorph of IMC, respectively (Fig 4.2A). In between
these two melting events, a second exothermic recrystallization event could be distinguished in the
non-reversing heat flow, which could be related to structuring into y-IMC (data not shown).
Accordingly, it was assumed that the y-polymorph, which is the thermodynamically most stable IMC
polymorphic form, was formed upon heating and therefore not present in the initial sample.
Consequently, the first exothermal crystallization event was solely attributed to formation of more a -
polymorph, and as a result, initial crystallinity percentages were calculated based on the a-IMC melting
enthalpy (i.e., 92.15 J/g). In case of Ac, DCM, ACN and PrOH, the determination of the initial percentage
of crystallinity was in some cases impeded by the presence of a third polymorphic form, i.e., §-IMC
(data not shown)”. Nevertheless, the results were overall in line with those that were obtained for
EtOH, demonstrating that IMC could be considered as a GFA class Ill compound for all solvents

investigated.

In contrast to this, NAP showed rapid crystallization behavior irrespective of the solvent applied. The
average crystallinity percentages for NAP spray dried using EtOH are reported in Table 4.3. The
corresponding mDSC thermograms were characterized by a single melting event (Fig 4.2B). Concerning
all solvents investigated, average crystallinity percentages of spray dried NAP ranged from 90 to 98%,

implying that this compound could be categorized as GFA Class | compound with respect to the
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classification proposed by Van Eerdenbrugh et al.'’%. Hence, for these two model compounds, the

crystallization tendency was not influenced by the solvent.
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Figure 4.2. mDSC thermograms of (A) IMC and (B) NAP spray dried from EtOH, right after spray drying (day 0), after 1 day
(day 1) and after one week (day 7) of storage.

Table 4.3. Average crystallinity percentages (%) in IMC and NAP samples spray dried using EtOH + standard deviation (sd).

IMC NAP ‘
Day0 24.38+391  96.60+1.11
Dayl 27.85+258  94.47+1.95
Day7 26.70+136  97.08+1.58

4.4.2. Solubility testing of PVPVA, NAP, IMC, FNB and DZP

The solubility of PVPVA was visually determined using the shake flask method. For 100 mg/mL, the
solution of EtAc was slightly opaque, yet no precipitates were observed. For higher concentrations,
PVPVA precipitated in EtAc, even so it was still freely soluble in all other solvents. Thus, EtAc was
defined as a poor solvent for PVPVA, where the polymer chains were no longer expanded, but started
to shrink and subsequently phase separated!!®. Similarly, Dohrn et al. predicted a miscibility gap for
PVPVA and EtAc'¥. In case of PrOH, as from concentrations of 750 mg/mL, the solubility was limited
by the viscosity of the solution. PVPVA remained freely soluble in all other solvents up to

concentrations of 900 mg/mL, meaning that the polymer chains maintained their expanded state.

The thermodynamic solubilities of NAP, IMC, FNB and DZP, both in absence (red) or presence of 2.5%
(green), 5% (blue), 7.5% (orange) or 9% w/V (purple) PVPVA are shown in Fig 4.3. For NAP, Ac had the
highest solubilizing capacity, i.e., 109.05 + 3.14 mg/mL, and ACN the lowest, i.e., 24.35 + 0.57 mg/mL
(Fig 4.3A). With increasing PVPVA concentration, the solubility of NAP kept increasing as well, e.g., up

to 178.73 = 16.64 mg/mL in case of Ac. Hence, it might be that the optimal PVPVA concentration for
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enhancing the NAP solubility was not yet achieved, however, testing of higher PVPVA concentrations
would not be relevant for ASD formulations. Nevertheless, independently of the PVPVA concentration

used, Ac remained the best solvent and either PrOH or ACN the worst.
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Figure 4.3. Thermodynamic solubilities of NAP (A), IMC (B), FNB (C) and DZP (D) in MeOH, EtOH, PrOH, ACN, Ac, DCM, EtAc
both in absence and presence of PVPVA. Four different concentrations of PVPVA were added: 2.5% w/v (green), 5% w/v (blue),
7.5% w/Vv (orange) and 9% w/v (purple).

In Fig 4.3B, it is shown that the thermodynamic solubility of IMC ranged from 11.70 + 1.00 mg/mL in
PrOH to 53.92 + 8.63 mg/mL in DCM and 64.91 + 4.15 mg/mL in Ac. When adding PVPVA to the matrix,
the IMC solubility was enhanced in all cases, which might indicate that the optimal PVPVA
concentration to facilitate IMC solubility was not yet reached. Generally, the addition of PVPVA did not

alter the trend observed for the pure solvents.

Similarly, the thermodynamic solubilities of FNB in the seven solvents are depicted in Fig 4.3C. In PrOH,
the thermodynamic solubility of FNB was 32.83 + 0.99 mg/mL, which was increased to 620.70 + 40.12
mg/mL in DCM. The solubility trend was as follows: DCM > Ac/EtAc > ACN > EtOH/MeOH > PrOH. These
results were in good correlation with the findings of Watterson et al., who determined the solubility

of FNB in MeOH, EtOH, PrOH, ACN and Ac at different temperatures’®. Starting from 5% w/V PVPVA,
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further increase of the PVPVA concentration did not enhance the equilibrium solubility of FNB,
indicating that the optimal amount of PVPVA for solubility facilitation was achieved. For some solvents,
addition of more PVPVA even lowered the FNB solubility, e.g., in case of Ac, the solubility was
augmented to 569.10 + 16.67 mg/mL with 5% w/V PVPVA and decreased again to 472.95 + 26.05
mg/mL and 477.98 + 29.24 mg/mL for 7.5% w/V and 9% w/V PVPVA, respectively. Moreover, PVPVA

did not modify the trend observed for the pure solvents.

The solubilities of DZP ranged from 17.39 = 1.76 mg/mL in PrOH to 484.64 + 51.84 mg/mL in DCM,
rendering the following trend: DCM > Ac > EtAc > MeOH > EtOH/ACN > PrOH (Fig 4.3D). As for FNB, the
optimal PVPVA concentration for solubility enhancement was obtained, which was 5% w/V PVPVA in
all solvents, except in DCM, where 2.5% w/v PVPVA was more beneficial. Furthermore, the addition of

PVPVA did not alter the solubility trend observed for the pure solvents.

4.4.3. Determination of highest drug loadings by film casting

First, the same drug loading was solvent casted using all seven solvents for all four model compounds.
After drying the films for 2 days at RT and subsequent solid-state characterization by XRPD, the drug
loading was either lowered or increased, until the highest drug loading that was X-ray amorphous was
attained. To exemplify, in Fig 4.4, the XRPD diffractograms of films of NAP and PVPVA prepared with
MeOH (Fig 4.4A) and with Ac (Fig 4.4B) are depicted. Bragg peaks could be detected starting from 25
wt% in case of MeOH, while in case of Ac, these were only visible starting from 45 wt%. Hence, the
highest drug loading could be formulated using Ac as a solvent (i.e., 40 wt%), while MeOH only gave
rise to half of this drug loading in a completely X-ray amorphous state (i.e., 20 wt%). Accordingly, the
highest drug loadings ranged from 20 wt% for MeOH to 45 wt% for ACN and EtAc (Fig 4.5A). Following
the same approach, the highest drug loadings obtained by film casting of IMC and PVPVA ranged from
45 wt% for Ac to 70 wt% for PrOH (Annex 5, Fig 4.5A). It should be noted that the Bragg peaks present
in case of PrOH, indicated the presence of a mixture both the a- and y-polymorph of IMC, while those
observed in case of Ac, could not be assigned to any of the polymorphic modifications reported in
literature. However, this did not affect the amount of IMC that could be formulated as an ASD. For
FNB, a model API without hydrogen donor groups, the maximum drug loading for MeOH was defined
as 5 wt% and was augmented to 20 wt% for Ac, EtOH, DCM and EtAc (Annex 5, Fig 4.5A). For DZP, the

highest drug loadings ranged from 25 wt% in case of Ac to 55 wt% in case of DCM (Annex 5, Fig 4.5A).
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Figure 4.4. XRPD diffractograms of film casting of NAP and PVPVA with MeOH (A) and Ac (B). For MeOH, the drug loadings
ranged from 20 wt% (red) to 45 wt% (black), while for Ac they went from 20 wt% (red) to 50 wt% (brown). The diffraction
peaks at 5 and 15 °28 originated from the Kapton film.
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Figure 4.5. The highest drug loadings per solvent as established by either film casting (A) or spray drying (B). The drug loadings
of FNB are depicted in red, those of DZP in green, those of NAP in blue and the ones of IMC in orange.

From Fig 4.5A, it is evident that the solvent played a decisive role in the amount of API that could be
formulated in a completely X-ray amorphous ASD. Hence, independently of the physicochemical
characteristics of the APIs, the solvent was the most crucial factor for the degree of structuring in the
ASD. However, generally lower drug loadings were attained for the non-interacting model drugs, i.e.,
FNB and DZP, compared to the interacting ones, i.e., NAP and IMC. Only in case of DCM and PrOH,
more DZP could be kinetically trapped in the polymer matrix when compared to NAP. Additionally, the
GFA of the interacting model drugs (see section 4.4.1.) could also be related to the range of drug
loadings that was obtained, with generally higher drug loadings for a slow crystallizer (i.e., IMC) in

contrast to a fast crystallizer (i.e., NAP). It is also worth noting that the XRPD measurements in case of
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NAP were conducted at 400 s counting time, while those of IMC were applied at 800 s counting time.
Hence, the sensitivity difference between these measurements emphasizes that the formulation of
high drug loaded ASDs was facilitated for IMC. Moreover, the thermodynamic solid solubility limit of
NAP in PVPVA, i.e., 20.7 wt%, and that of IMC in PVPVA, i.e., 34 wt%, was exceeded in all cases?>133134,
These limits are considered as the maximum drug loadings for a thermodynamically stable ASD. The
fact that it was possible to achieve higher drug loadings than this thermodynamic maximum, points
out that even though the solvent was evaporated at RT, the drying process was still sufficiently fast to
enable kinetic trapping of the drug in its amorphous state. Hence, the influence of kinetics next to
thermodynamics on the phase behavior of ASDs should not be minimized. The extent to which kinetic
trapping was achieved was dependent on the relation between solvent, polymer, and API
characteristics. For instance, a possible explanation for the poor performance of MeOH, EtOH and
PrOH for solvent casting of NAP based ASDs, could be that NAP preferentially forms dimers in these
proton donating solvents, while proton accepting solvents are known to reduce the self-association of

NAP, rendering an increased amount of free NAP to hydrogen bond with PVPVA?®,

4.4.4. Determination of highest drug loadings by spray drying

As film casting has been successfully applied as a predictive tool for the phase behavior of spray dried
productsi®1® the effect of the solvent on the phase behavior of high drug loaded ASDs could be
expected to be similar for both techniques. For the solid-state characterization of the spray dried ASDs,
mDSC was employed along with XRPD. Accordingly, the highest drug loading was defined as the
maximum drug loading that was both X-ray amorphous and displayed one T, in mDSC analysis. As
mDSC is in general more sensitive for the detection of crystallinity, it should be pointed out the drug
loadings reported in this part are generally based on the detection of a smaller amount of crystalline
material compared to film casting. Consequently, there was no direct comparison between film casting
and spray drying possible, however, the trends regarding the impact of different solvents on the

physical state could be compared.

For NAP, it was previously reported that spray drying with MeOH could give rise to drug loadings of 40
wt% (Chapter 3). In Fig 4.6., an example of spray drying with another solvent, EtOH, is depicted. A
single phase system was obtained for both the 40 wt% and the 45 wt%, while in case of 50 wt% a
melting event, indicating the presence of crystalline NAP, could be distinguished (Fig 4.6A). These
results corresponded with the XRPD ones, where Bragg peaks were present for the 50 wt% loaded ASD
(Fig 4.6B). Consequently, the maximum drug loading was established at 45 wt%. Similarly, the drug
loadings for all other solvents were defined, ranging from 40 wt% for MeOH to 50 wt% for Ac and EtAc
(Fig 4.5B). In Table 4.4., the Tgs and their corresponding T, width are shown for all ASDs of NAP and
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PVPVA prepared by spray drying. Similar Tgs and T, ranges were obtained for the same drug loadings,
independently of the solvent employed. Despite the fact that the position of the T, is an important
indicator of the mobility of an ASD, it could not be related to the difference in phase behavior obtained

using diverse solvents.
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Figure 4.6. mDSC thermograms (A) and corresponding XRPD diffractograms (B) from spray drying of NAP with PVPVA using
EtOH. In Fig A, both the reversing and total heat flow are depicted. Exothermic events are depicted upwards. The color code
for both figures was as follows: 40 wt% (red), 45 wt% (green) and 50 wt% (blue). The diffraction peak at 15 °2 originated
from the Kapton film.

Table 4.4. Position of the Ty and T width of ASDs of NAP and PVPVA prepared by spray drying.

Solvent 40 wt% 45 wt% 50 wt%
Tg(°C) Tgwidth (°C) Tg(°C) Tgwidth(°C) Tg(°C) Tg width (°C)
MeOH 55.59 41.09 55.59 43.92 - -
EtOH 55.55 44.76 53.88 45.4 47.94 47.49
PrOH 54.36 44.55 53.54 46.86 - -
ACN 58.85 42.24 55.37 49.28 - -
Ac 57.86 42.24 52.39 48.97 48.72 42.66
DCM 56.87 45,58 52.46 43.93 48.54 48.55
EtAc 57.08 49.86 53.50 48.76 49.93 40.35

In addition to the Tys reported in Table 4.4., the mDSC analysis of some spray dried ASDs of NAP
revealed an endothermic event with the characteristics of a second T, situated at a higher
temperature, i.e., 130 °C, than that of the pure polymer, i.e., 110 °C (Fig 4.7A). In case of amorphous-
amorphous phase separation in a drug-rich and polymer-rich phase, it would be expected to detect
two Tgs, which would typically be situated in between the one of the pure drug and the polymer.
However, the positioning of this second T, contradicted this. For this reason, it was hypothesized that
there was amorphous-amorphous phase separation in a Mobile Amorphous Fraction (MAF) and a Rigid

Amorphous Fraction (RAF), represented by the first and second T,, respectively. It was theorized that
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the MAF existed out of an amorphous NAP fraction, molecularly dispersed in PVPVA, while the RAF
comprised PVPVA that was immobilized by a small crystalline fraction of NAP. The presence of both a
MAF and RAF was previously reported for semicrystalline polymers and amorphous polymer matrices
in which nanoparticles were dispersed, where the amorphous polymer fraction was immobilized by a

177183 Here, the lower molecular mobility of

crystalline polymer fraction or nanoparticles, respectively
the RAF resulted in a higher energetic state, i.e., a higher T, than that of the pure polymer. Additionally,
Litvinov et al. investigated the influence of miconazole on the heterogeneity of the chain dynamics of
the polyethylene-glycol-polyvinyl alcohol (PEG-g-PVA) graft copolymer'®. Here, the presence of (semi-
Jrigid amorphous phases could be attributed to the semicrystalline nature of PVA, while the drug was
molecularly dispersed in the copolymer matrix, thereby not crystalline and not capable to immobilize
the amorphous fractions of the copolymer. In contrast to this, as PVPVA is an amorphous polymer and
cannot form its own ordered regions, it was hypothesized that a part of PVPVA was immobilized by the
presence of a small crystalline fraction of NAP, thereby forming a RAF. As a result, this rigid phase could

only liquefy when the NAP crystals started to melt, which took place at a temperature that was situated

above the T, of the pure polymer.
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Figure 4.7. mDSC thermograms (A) and SEM images (B, C) of spray drying of NAP and PVPVA with DCM. Both the reversing
and total heat flow are shown for the 45 wt% (red) and 50 wt% (blue). Exothermic events are depicted upwards. The arrows
indicate the positions of the Tgs. The two SEM images correspond to the 45 wt%.

In Fig 4.7A, the presence of a RAF is depicted for 45 wt% and 50 wt% of NAP spray dried using DCM.
For the 50 wt%, two T,s and a melting event were revealed, where the melting took place before the
second T, was detected. This demonstrated the importance of melting of the NAP crystals before the
RAF could be mobilized and thereby liquefy. This hypothesis was at least partially confirmed by SEM
analysis, where needle shaped NAP crystals could be distinguished in case of the 45 wt% loaded NAP
spray dried ASD using DCM (Fig 4.7B, C). Hence, it was clear that there was a crystalline NAP fraction
that was not detected by mDSC analysis, yet clearly present during the morphology assessment. As
reported in previous work, the explanation for this discrepancy might be the dissolution of NAP crystals
in the polymer matrix during the mDSC analysis®>. This second, high temperature T, was detected
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during the mDSC analysis of spray dried ASDs prepared with different solvents, yet it was not

repeatable and is therefore subject for further investigation.

In case of IMC, a maximum drug loading of 80 wt% was obtained irrespective of the solvent (Fig 4.5B).
For lower drug loadings, a single Ty was observed in the mDSC analysis, while starting from 80 wt% an
exothermic crystallization event and two endothermic melting events, indicating the presence of both
a - and y-IMC, could also be distinguished (Annex 6). As described for the crystallization tendency study
of IMC, it was assumed that the exothermic crystallization event was solely attributed to the formation
of (more) a-IMC upon heating, thereby allowing the calculation of the initial percentage of crystallinity
based on the melting enthalpy of the a-polymorphic form. Following this, it could be deducted that
there was no crystalline material present in the initial sample for the 80 wt% and that crystallization
took place upon heating. As for NAP, similar Tys and T, widths were observed for the same drug to
polymer ratio, irrespective of the solvent (Annex 3). All XPRD diffractograms consisted out of an
amorphous halo up until drug loadings of 90 wt%, which could be explained by the higher sensitivity
of mDSC for small traces of crystalline material. Hence, IMC was molecularly dispersed in PVPVA up
until 80 wt%, while crystalline fractions were present for higher drug loadings, independently of the

solvent.

In a next step, the two non-interacting model compounds, FNB and DZP, were spray dried using all
seven solvents as well. The maximum drug loadings of FNB ranged from 5 wt% in case of MeOH to 25
wt% for Ac and EtAc (Annex 6, Fig 4.5B). DCM and Ac gave rise to ASDs with Tgs slightly lower than that
of ASDs of the same drug to polymer ratio prepared using other solvents (Annex 3). At the same time,
the T, width was larger, indicating that a more heterogeneous system was obtained. However, for Ac,
the spray dried samples did not contain a crystalline fraction up until 25 wt% of FNB, in contrast to
most other solvents. A broader T, is a more preferred phase behavior than the presence of crystalline
material. In addition, it should be pointed out that the mDSC analysis of the spray dried FNB samples
was not always straightforward. As discussed in Chapter 7, the broad solvent evaporation endotherm
could cover up the melting of FNB®, Here, the XRPD results showed Bragg peaks, while the sample
appeared amorphous based on the mDSC analysis. Therefore, XRPD showed to be more trustworthy

for defining the highest drug loadings of FNB.

Likewise, the highest drug loadings for DZP extended from 25 wt% for DCM to 65 wt% for EtOH (Fig
4.5B). For the previous drug compounds, the presence of a crystalline fraction determined the
maximum drug loading that could be achieved. In case of DZP, two T,s, indicating amorphous-
amorphous phase separation in a drug-rich and polymer-rich phase, were detected in the mDSC

analysis of several samples. As crystallization is very likely to start from a drug-rich phase, this
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heterogeneous phase behavior should be avoided. In Annex 6, an example of the mDSC analysis of
samples spray dried with DCM, where two Tgs and an enthalpy recovery event were detected, is shown.
The Ty4s and corresponding Ty widths of these ASDs of DZP are shown in Annex 3. The ASDs spray dried
with DCM had the broadest Tgs and thereby the most diversified phase behavior. In addition, lower,

broader Tgs were observed for ASDs of DZP prepared with PrOH and EtAc compared to other solvents.

During spray drying, the outlet temperature is of great importance to avoid stickiness of the material
and to prevent physical instability. More specifically, the relation between the T, of the ASD and the
outlet temperature (T,.t) should be considered. The smaller this temperature difference, the more
mobile the system will be, and the crystallization rate can be expected to increase. In Annex 4, the
outlet temperature ranges observed during spray drying are reported. These temperature differences

could however not be related to the observed phase behavior of the ASDs.

After spray drying, the Tys of the spray dried ASDs might still be influenced by the amount of residual
solvent present. The solvent could act as a plasticizer, thereby lowering the Tg, increasing the mobility
of the system at RT and decreasing its stability. The presence of residue was investigated for 3 batches
of 100 wt% PVPVA per solvent as the polymer is the component that is responsible for most of the
solvent retention (Annex 4). TGA analysis revealed that the amount of residual solvent was similar for
the different solvents, with a maximum difference of + 1.6 wt% of solvent. As the presence of an API
compound would result in lower residual solvent content, it can be expected that the influence of the

residual solvent on the physical state was negligible.

More importantly, independently of the manufacturing technique, the solvent had a decisive impact
on the physical state of the ASDs of NAP, FNB and DZP. Film casting and spray drying gave rise to a
similar trend with regard to the most ideal solvent for the formulation of high dug loaded ASDs,
evidencing that film casting can be of high predictive value for the influence of a solvent on the phase
behavior of ASDs. Nevertheless, although the solvent affected the homogeneity of the IMC films, it
did not influence the maximum drug loadings of its spray dried ASDs (Fig 4.5). This could be attributed
to the combination of enhanced kinetic trapping by spray drying, the interaction potential between
IMC and PVPVA and the low crystallization tendency of IMC (see section 4.1.1.). When applying a rapid
drying process to a solution of two compounds that can hydrogen bond with one another, it might be
that the interaction strength between these compounds is too high and/or the timeframe to separate
them is too short, facilitating the formulation of high drug loaded ASDs. Contrarily, as NAP was a GFA
class | drug, it was such a fast crystallizer, that even during a faster drying process, i.e., spray drying,
the evaporation rate was still not high enough and/or the interaction strength between PVPVA and

NAP too low, to avoid crystallization of the drug. It is clear that contribution of the solvent to the phase
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behavior was codependent on the evaporation rate, the interactions between the APl and polymer

and the crystallization tendency of the drug.

4.4.5. Thermodynamic solubilities vs. the highest drug loadings

In the upcoming section, the thermodynamic solubilities (see section 4.4.2.) will be compared with the
maximum drug loadings obtained by film casting (see section 4.4.3.) (Fig 4.8.) and spray drying (see
section 4.4.4.) (Annex 7). Additionally, these highest drug loadings were expressed as the degree of
saturation of the solubility of the pure API in the solvent. When interpreting these results, two
important factors should be kept in mind. First, this saturation level only takes into account the initial
situation in solution, yet during drying, the degree of saturation constantly increases until a
film/particle is formed. Secondly, the degree of saturation considers the solubility of the pure drug
compound without the possible solubility increasing effect of PVPVA (Fig 4.3.), hence, in some cases a
solubility saturation of more than 100% was observed (Fig 4.8.). Despite this, the saturation level allows
to evaluate possible differences in saturation that were obtained when the highest drug loading that

could be kinetically stabilized in the polymer matrix was attained.

First of all, as only EtAc was a poor solvent for PVPVA, and all others could be considered as good
solvents, the solubility of the polymer could not be correlated with the abovementioned solvent

dependent drug loadings.

For NAP, it was clear that the solubility differences could not be related to the solvent dependent drug
loadings that were achieved by film casting (Fig 4.8A). For instance, Ac clearly was the best solvent to
dissolve NAP under all conditions (Fig 4.3A), however, it did not enable the formulation of higher drug
loadings than when applying ACN, the solvent with the worst solubilizing capacity. Because of the poor
solubility of NAP in ACN, a high degree of solubility saturation was reached when using ACN as a
solvent, however, it still enabled the formulation of higher drug loadings compared to MeOH, in which
NAP dissolved better and therefore a lower saturation level was reached for the same amount of NAP.
For the highest drug loading prepared with ACN the saturation level was 184.80%, whilst for MeOH
this was only 34.15% (Fig 4.8A). Spray drying with Ac enabled the formulation of higher drug loadings,
i.e., 50 wt%, but the same was true for EtAc, yet NAP had a much lower solubility (i.e., 45.98 + 1.60
mg/mL) and consequently a higher degree of solubility saturation (i.e., 108.74%) in EtAc compared to
Ac (i.e., solubility of 109.05 * 3.14 mg/mL and saturation level of 45.85%) (Annex 7).

From Fig 4.8B, the lack of correlation between the thermodynamic solubilities of IMC and its highest
drug loadings achieved by film casting becomes evident. Interestingly, the highest solubility (i.e., 64.91

t 4.15 mg/mL in Ac) resulted in the lowest drug loading (i.e., 45 wt%) and thereby also the lowest
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solubility saturation (i.e., 13.86%). Both PrOH and EtOH gave rise to a drug loading of 70 wt%, however,
in case of PrOH this corresponded to a degree of saturation of 119.65% compared to 58.13% for the
same amount of IMC in EtOH. Moreover, as spray drying produced an identical drug loading of 80 wt%

for all solvents, there clearly was no relation with the solubilizing capacity (Annex 7).
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Figure 4.8. Correlation between the highest drug loadings acquired by film casting, the thermodynamic solubilities and the %
saturation of solubility for the respective highest drug loading of NAP (A), IMC (B), FNB (C) and DZP (D) per solvent. The highest
drug loadings are shown in red, the thermodynamic solubility of the pure drug compound in black and the % saturation of
solubility in blue. The error bars indicate the standard deviation on the thermodynamic solubility. When not visible, the
standard deviation was smaller than the square shown in the scatter plot.

Although the solubility of FNB in MeOH, EtOH and PrOH was similar, they gave rise to different highest
drug loadings when film casting, i.e., 5 wt% for MeOH, 20 wt% for EtOH and 15 wt% for PrOH (Fig 4.8C).
These drug loadings corresponded to a degree of solubility saturation of FNB of 11.66% for MeOH,
44.16% for EtOH and 45.70% for PrOH. Thus, despite the lower saturation level in MeOH, no higher
drug loadings could be formulated as an ASD using this solvent. Although FNB had a higher solubility
in DCM, spray drying enabled the production of even higher drug loadings for EtAc and Ac as opposed
to DCM. Counterintuitively, the solvent that had the highest solubilizing capacity and thereby the

lowest degree of solubility saturation, DCM, did not foster higher drug loaded ASDs (Annex 7).

For DZP, the highest drug loading by film casting (i.e., 55 wt%) correlated well with the highest solubility
in DCM (i.e., 484.64 + 51.84 mg/mL) and the lowest solubility saturation level (i.e., 2.27%) (Fig 4.8D).
In contrast to this, the highest degree of saturation was obtained in case of PrOH for a drug loading of
40 wt% (i.e., 46%), which was higher than the maximum drug loading obtained when using MeOH as a

solvent (i.e., 30 wt%), while the degree of solubility saturation was much lower in case of MeOH,
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namely 14.31%. Spray drying with DCM vyielded a drug loading of 25 wt%, which was not only lower
than all other solvents, but also lower than for film casting. This inconsistency could be explained by a
sensitivity difference of the selected analytical techniques. A more sensitive approach resulted in the
lowest drug loading for DCM, whilst it was the best solvent for DZP and thereby DZP also had the lowest

saturation level in this solvent (Annex 7).

Overall, there was no relation between the solubility or the degree of solubility saturation in a specific
solvent and the drug loading in an ASD prepared using this solvent. Hence, the impact of the solvent
power on the homogeneity of the drug distribution should not be overestimated. At the same time,
the contribution of the solvent, although only present at a trace level in the dry ASD, should not be

underestimated.

The potential of ternary phase diagrams of drug-polymer-solvent mixtures to predict the phase

136-139  Here, the thermodynamic

behavior of ASDs using PC-SAFT has been reported in literature
solubility of the crystalline drug in the polymer-solvent mixture, together with the T, of the system was
employed to define a state diagram. Therefrom, it was found that the solubility in the polymer-solvent
mixture was an important factor to predict the homogeneity of the ASDs. Following this, it could be
stated that the solvent power was an important solvent characteristic to take into account, however,
from this work, it became clear that it is not the only factor that should be considered. Overall, there
was no correlation between the solubility in a specific solvent and the highest drug loading achieved
using this solvent. Because of kinetic trapping, it was possible to attain much higher drug loadings than

would be expected based on the thermodynamic equilibria. Kinetics showed to be more important for

the phase behavior compared to thermodynamics.

Nevertheless, the solid-state characterization presented in this work was performed immediately after
preparation, thus, the ASDs might crystallize over time until their thermodynamic solid solubility is
reached. Lehmkemper et al. demonstrated this for formulations of NAP and PVPVA prepared by hot
melt extrusion?. Hence, it should be kept in mind that the inclusion of a stability study is indispensable
during an ASD manufacturing process. Despite the fact that a supersaturated state might not be
maintained for a long period of time, it was clear that the extent of supersaturation was dependent on
the solvent used. This is especially important when only one solvent is used to assess the feasibility of
ASD production by solvent based manufacturing techniques. By accidently selecting a solvent that
results in a poor kinetic trapping efficiency, a very low drug loading might be attained, and one might
make erroneous conclusions about the kinetic stabilization potential of the solvent based technique.
On the other hand, when a solvent with very good kinetic trapping properties would be selected, it is

possible that the prepared drug loading is way above the thermodynamic solid solubility limit, which
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might in turn result in a poor physical stability of the ASD. This is a very important finding as current
solvent selection procedures do not take this element into account. Hence, to produce an ASD with
the most optimal phase behavior, i.e., a homogeneous distribution of the drug in the polymer matrix
at a molecular level, the solvent selection procedure should not be limited to finding a common solvent
for both API and polymer. To identify additional criteria that should be taken into account, a deeper
understanding of factors that could influence the drying process and thereby the kinetic trapping
efficiency of the drug in the polymer matrix is indispensable, e.g., the evaporation rate of the solvent
and its dependence on the solutes, the GFA of the drug compound and possible interactions between

APl-polymer, API-solvent and polymer-solvent.

The identification of additional solvent selection criteria is not only important to choose an appropriate
solvent for a specific APl-polymer combination, but also to optimize the ASD production process. In
this work, both for film casting and spray drying, the same process parameters were employed for
every drug-polymer-solvent composition. Although this was necessary to compare the highest drug
loadings with one another, it is very likely that the selected parameters were not ideal for every
combination. Hence, rational solvent selection and rational process optimization are inextricably
linked. For instance, when for a specific solvent the evaporation rate is too low, the inlet temperature
of the spray drying process might be increased to achieve a faster evaporation process and thereby

possibly a higher drug loading could be kinetically stabilized.

Moreover, this might also have implications for the physical stability of ASDs. It is possible that the
solvent that enables kinetic stabilization of higher drug loadings, is also capable of maintaining it for a
longer period of time. As physical stability issues are inherent to ASDs, this could be an important factor

for the ASD production process and will therefore be the subject for further investigations.
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4.5. CONCLUSION

From the crystallization tendency study, NAP and IMC were defined as a GFA Class | and Class Il drug,
respectively. Their crystallization behavior was independent of the solvent. In a next step, the
solubilities of PVPVA and the four model compounds in the seven solvents were established. From this,
it was found that EtAc was a poor solvent for PVPVA, while all others could be defined as good ones.
Generally, the addition of 2.5%, 5%, 7.5% or 9% w/V PVPVA did not alter the solubility trend observed
for the pure drugs. For NAP and IMC, the thermodynamic solubility kept increasing with higher PVPVA
concentrations, indicating that the maximal solubility enhancement was not yet achieved. The addition
of 5% w/V PVPVA let to an optimal solubility increase for FNB and DZP, except for the solubility of DZP

in DCM, where 2.5% w/V was more beneficial.

The solvent had a decisive impact on the physical state of all film casted ASDs. More specifically, the
solvent determined the highest drug loading that could be formulated in a completely X-ray
amorphous state. Moreover, there was no ideal solvent for the formulation of high drug loaded ASDs
of PVPVA. It became clear that the role of the solvent was not only dependent on the interaction
potential between APl and polymer, but also on other physicochemical API characteristics, such as the
GFA of the drug compound. Interestingly, although spray drying enabled the production of higher drug
loaded ASDs, the same trend as for film casting was observed for NAP, FNB and DZP. Accordingly, the
predictive value of film casting for the impact of the solvent on the phase behavior of ASDs was
demonstrated. In contrast to this, the effect of the solvent on the homogeneity of the spray dried ASDs
of IMC was nullified by the faster evaporation process. This could be related to an interplay between
the lower crystallization tendency of IMC, its possibility to form hydrogen bonds with PVPVA and the
increased evaporation rate of the spray drying process. Ultimately, it was clear that the contribution
of the solvent to the phase behavior was codependent on the evaporation rate, the interactions

between the APl and polymer and the crystallization tendency of the API.

Furthermore, there was no relation between the thermodynamic solubilities of the APl compounds
and the phase behavior of the ASDs as obtained by either film casting or spray drying. These results
proved that the role of the solvent exceeds its solvent power, and thereby the need for rational solvent
selection becomes clear. Currently, solvent criteria are generally limited to finding a good solvent for
all constituents, and having an acceptable volatility, toxicity, and viscosity. To identify additional
criteria that should be considered, further research to establish the importance of the solvent
evaporation rate and the relation between the characteristics of the feed solution (interactions
between solvent-polymer-API) and the microstructure of the resulting ASD are indispensable.

Moreover, the role of kinetics next to thermodynamics for the formulation of high drug loaded ASDs
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was highlighted. Here, the efficiency of kinetic trapping was dependent on both the solvent and API
compound. It should be noted that all reported drug loadings were defined immediately after
preparation and therefore it is possible that the samples crystallize over time until their
thermodynamic solid solubility limit is reached. However, the extent to which supersaturation of the
drug compound in the polymer matrix was attained, was clearly dependent on the solvent. Ultimately,

the contribution of the solvent to phase behavior of ASDs should not be underestimated.
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Chapter 5

The impact of the solvent on the physical stability
of spray dried amorphous solid dispersions
of fenofibrate
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5.1. ABSTRACT

The physical instability of Amorphous Solid Dispersions (ASDs) remains a challenge for their
production. In spite of the extensive research that has been performed on factors that could influence
the physical state of ASDs over time, limited research describes the potential influence of the solvent
used during the manufacturing process on the physical stability. However, the vast majority of
manufacturing techniques for ASDs are solvent based methods, from which spray drying is most widely
applied. In this work, the influence of seven single organic solvents on the physical stability of spray
dried ASDs of fenofibrate (FNB) was established. For this purpose, three batches containing 10 wt%
FNB and poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA) were prepared using every solvent and stored
at 25 °C and 53% RH for 6 weeks. Every week, all samples were analyzed using both modulated
Differential Scanning Calorimetry (mDSC) and X-Ray Powder Diffraction (XRPD). It became evident that
the solvent determined the crystallization onset of these ASDs of FNB, with batches prepared with
methanol (MeOH) having the poorest physical stability and the ones made with ethyl acetate (EtAc)
having the best. Moreover, the time at which the presence of a crystalline FNB fraction was first
detected, could be related to the maximum amount of FNB that could be kinetically stabilized in the
PVPVA matrix. In conclusion, the solvent did not only determine the amount of API that could be
kinetically trapped in the polymer, but it also impacted the stability of these spray dried ASDs of FNB

over time.
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5.2. INTRODUCTION

Despite the fact that several ASDs have successfully reached the market, the physical instability of the
amorphous compounds remains a challenge for their production. Both during processing and storage
(temperature and humidity stress) the amorphous drug may undergo crystallization®. Several factors
could influence the ease of nucleation and subsequent crystal growth in ASDs: glass transition
temperatures (T,) of drug and polymer, drug-polymer miscibility, solid solubility of the drug in the
polymer, drug-polymer interaction, Glass Forming Ability (GFA) of the drug, the storage environment
and the manufacturing process®>. Numerous studies have been performed to investigate the
significance of these factors. For instance, the success rate of different polymers (with different T,s)
for the crystallization inhibition might differ'®’. The effect of a high humidity (storage conditions) on
phase separation was for example explored in spin-coated films of felodipine and polyvinylpyrrolidone
(PVP) K29/32 by Qi et al'®. Moreover, both the influence of the polymer type and a high humidity have
been successfully predicted using Perturbed-Chain Statistical Associated Fluid Theory (PC-SAFT)%,
Also the impact of downstream processing by tableting of ASD powders should not be underestimated:
demixing of naproxen and PVP K25 upon compression has been described in literature®. Additionally,
the importance of hydrogen bonding for the physical stability has been shown by Huang et al. for ASDs
of nifedipine and ethylcellulose/Eudragit RL®%. However, hydrogen bonds between APl and polymer
are no requirement for a profitable effect of the polymer on the formation of nuclei. The importance
of the anti-plasticizing effect of the polymer, the increased viscosity and thereby the inhibition of the
diffusion of drug molecules for the prevention of crystallization has been described by Van den Mooter
et al. for ASDs of ketoconazole and PVP K25, where no hydrogen bonding between these components
was present®,

As most manufacturing techniques for ASDs are solvent based methods, such as spray drying and fluid
bed bead coating, the selection of an (organic) solvent to dissolve both the drug and its carrier is
required. This solvent could be another factor that could potentially influence the phase behavior of
ASDs over time and thereby the shelf life of ASDs. To exemplify, Zhang et al. investigated the effect of
acetone (Ac) and Ac/water binary solutions on the physical stability of ASDs of enzalutamide and
hydroxypropylmethylcellulose acetate succinate (HPMC-AS)*L. Here, the addition of a small fraction of
water reduced the hydrodynamic radius of HPMC-AS, making it more available for interaction with the
drug, which was in turn beneficial for the physical stability of the ASDs. Likewise, Chen et al.
demonstrated that the combined use of a polar protic solvent like ethanol (EtOH), and a non-polar one
like dichloromethane (DCM), resulted in a better physical stability compared to the use of a single

solvent for ASDs of felodipine and Soluplus®2. Although these findings are of utmost importance for
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the future of ASD production by solvent based methods, a deeper understanding of the impact of single

solvents on the physical stability is needed before advancing to the complexity of using binary solutions.

In this study, the influence of single solvents on the physical stability of ASDs prepared by spray drying
was investigated. Seven solvents were selected based on their volatility (i.e., boiling point) as a
measure of the non-covalent interactions, and polarity (i.e., dielectric constant, €): methanol (MeOH),
EtOH, isopropanol (PrOH), acetonitrile (ACN), Ac, DCM, and ethyl acetate (EtAc). In Chapter 4, it was
already shown that the impact of these solvents on the physical structure of ASDs of fenofibrate (FNB),
naproxen (NAP), indomethacin (IMC) and diazepam (DZP) was not limited to the solvent power. The
solvent determined the extent to which kinetic stabilization was achieved. Following this, the
correlation between the highest drug loading that could be kinetically stabilized using a specific solvent
and the physical stability of ASDs prepared using the same solvent was investigated. As the impact of
the solvent on the physical structure was most pronounced for ASDs of FNB and poly(vinylpyrrolidone-
co-vinyl acetate) (PVPVA), where the highest drug loadings ranged from 5 wt% when using MeOH to
25 wt% using Ac or EtAc, this non-interacting model system was selected for the physical stability
study. For all solvents, the same drug loading was prepared, i.e., 10 wt%, and stored at mild conditions,
namely 25 °C and 53% RH. As will be described in Chapter 7, it was indispensable to employ both X-
Ray Powder Diffraction (XRPD) and modulated Differential Scanning Calorimetry (mDSC) for the solid-

state characterization of ASDs of FNB.
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5.3. MATERIALS AND METHODS

5.3.1. Materials

Fenofibrate (FNB) (PubChemCID: 3339) was obtained from Hangzhou Dayangchem Co. (Hangzhou City,
China). Poly(vinylpyrrolidone-co-vinyl acetate) 64 (PVPVA64, Kollidon® VA64) (PubChem CID: 270885)

was supplied by BASF® ChemTrade GmbH (Ludwigshafen, Germany).

Acetone (Ac) (2 99%) was purchased from VWR Chemicals (Leuven, Belgium) and methanol (MeOH) (>
99.8%) from ACROS Belgium (Geel, Belgium). Both dichloromethane (DCM) (= 99.5%) and acetonitrile
(ACN) (= 99.9%) were supplied by Fisher Scientific (Loughborough, UK). Chem-Lab Analytical
(zedelgem, Belgium) provided denaturated ethanol (EtOH) (= 99%, from which 3% V/V diethylether).
Ethylacetate (= 99.5%) and magnesium nitrate hexahydrate were purchased from Sigma-Aldrich
(Brussels, Belgium). Carl Roth GmbH supplied the 2-propanol (PrOH) (= 99.9%). Both acetic acid and
sodium acetate were received from VWR Chemicals (Leuven, Belgium). Water was de-ionized using a

Maxima system (Elga Ltd., High Wycombe Bucks, UK). All materials were used as received.

5.3.2. Manufacturing of amorphous solid dispersions by spray drying

FNB and PVPVA were dissolved together in one of seven solvents (i.e., MeOH, EtOH, PrOH, ACN, Ac,
DCM or EtAc) at a solid content of 10% w/V. The ratio of drug to polymer was kept constant at 10 wt%
FNB. Spray drying of these solutions was performed using a Blichi mini spray dryer B-190 (Blichi, Flawil,
Switzerland). The atomization air flow rate was installed at 10 L/min, the feed rate at 5 mL/min (which
was adapted to the solvent used), the drying air flow rate at 33 m3/h and its temperature at the boiling
point of the respective solvent. Afterwards, the spray dried powders were further dried in a vacuum
oven (Mazzali Systems, Monza, Italy) for 4 days at 25 °C. Subsequently, their solid-state properties
were investigated by performing both mDSC and XRPD, after which the physical stability study was

started.

5.3.3. Physical stability testing of amorphous solid dispersions

Three batches were manufactured for every condition to explore the inter-batch variability. After
secondary drying, the samples were immediately analyzed and further stored at 25 °C and 53% RH,
which was installed using a saturated solution of magnesium nitrate hexahydrate. For a time period of
6 weeks, the physical structure was characterized every week using both XRPD and mDSC, from which
the latter was performed in duplicate. Only batches prepared using EtAc were further evaluated up

until 9 weeks.
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5.3.4. Solid-state characterization of amorphous solid dispersions

5.3.4.1. Modulated differential scanning calorimetry (mDSC)

A Q2000 mDSC (TA instruments, Leatherhead, UK) was employed to investigate the thermal behavior
of the spray dried ASDs. It was equipped with a dry nitrogen purge at 50 mL/min and a Refrigerated
Cooling System (RCS90). The calibration for temperature and enthalpy was performed with indium
standards, while calibration for heat capacity was performed using sapphire standards. To analyze the
samples, an amount of 1 to 5 mg was accurately weighed into aluminum DSC pans (TA instruments,
Zellik, Belgium) and then crimpled with the corresponding lids (TA instruments, Zellik, Belgium). The
samples were heated from -20 °C to 140 °C using a combination of a linear heating rate of 2 °C/min
with a modulation amplitude of 0.212 °C and a period of 40 s. The resulting thermograms were

analyzed using the Universal Analysis software (Version 5.5, TA Instruments, Leatherhead, UK).
5.3.4.2. X-ray powder diffraction (XRPD)

The physical structure at Room Temperature (RT) was investigated using an X'Pert PRO diffractometer
(PANalytical, Almelo, the Netherlands) with a Cu tube (Ka A = 1.5418 A) and its generator installed at
45 kV and 40 mA. Approximately 10 mg of sample was placed between two Kapton® Polyimide Thin-
Films (PANalytical, USA) and subsequently analyzed by continuously scanning from either 10 to 25 °26.
The counting time was installed at 800 s, step size at 0.0167° and the spinning was set at 4 s. The
resulting diffractograms were analyzed using the X'Pert Data Viewer (Version 1.9a, PANalytical,

Almelo, the Netherlands).
5.3.4.3.Thermogravimetric analysis (TGA)

The amount of residual solvent in the spray dried samples was determined using a thermogravimetric
analyzer TGA 550 (TA instruments, Leatherhead, UK). For this, approximately 5 to 10 mg of the sample
was weighed in a platinum HT pan (TA instruments, Zellik, Belgium) and heated by applying a linear
heating rate of 5 °C/min to 130 °C. The recorded weight loss in function of time was attributed to
solvent evaporation, which was deducted using the Universal Analysis software (Version 5.5, TA
instruments, Leatherhead, UK). Univariate one-way ANOVA, Tukey post hoc tests (a = 0.05) were
applied to evaluate the significant difference in amount of residual solvent depending on the solvent

used during the spray drying process.
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5.3.5. High performance liquid chromatography coupled with ultraviolet

detection (HPLC-UV)

The FNB content of all spray dried batches was determined in triplicate by HPLC-UV analysis using a
VWR HITACHI Chromaster System (5160 pump, 5260 autosampler, 5310 column and 5410 UV-
detector) equipped with a Nucleodur Cis Gravity 5 um column (150 mm x 4.6 mm) (Macherey-Nagel,
Diren, Germany). Data was acquired with the Chromaster System Manager Software (version 1.1). An
isocratic method using an acetate buffer (25 mM, pH 3.50) with ACN (15/85 V/V) was used at a flow
rate of 1 mL/min. The detection wavelength was installed at 290 nm and the retention time of FNB
was 5 min. The acetate buffer was filtered through a cellulose acetate filter (0.45 um) (Sartorius Stedim
Biotech GmbH, Goéttingen, Germany) and sonicated for 30 min before use. The linearity of the method
was validated (R? > 0.995) and the limit of detection (LOD) and the limit of quantification (LOQ) were
calculated from the signal to noise ratios. The LOD was established at 0.015 pg/mL and the LOQ at
0.049 pg/mL.
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5.4. RESULTS AND DISCUSSION

5.4.1. Solid-state characterization at timepoint zero

As mentioned in Chapter 4, the highest amount of FNB that could be kinetically stabilized in PVPVA by
spray drying ranged from 5 wt% when MeOH was used to 25 wt% in case of Ac or EtAc. In this study,
the same drug loading of 10 wt% FNB was formulated in triplicate for all solvents, which was above
the highest drug loading for MeOH and yet below that for all other solvents. This drug loading was
selected because a lower drug loading of 5 wt% would make it even harder to detect the onset of

crystallization during the physical stability study.

Before the start of the stability study, all samples were characterized using XRPD, mDSC, TGA and their
FNB content was established. The assay assured the presence of approximately 10 wt% FNB for all
batches (Table 5.1.). Furthermore, TGA was performed to determine the amount of residual solvent,
as it could negatively impact the stability of the systems (Table 5.2.). The DCM samples contained
significantly more residual solvent than the ACN and EtAc ones (p < 0.05). The EtAc batches also
included significantly less residue than the Ac and PrOH batches (p < 0.05). There was also a significant
difference between the ACN and PrOH batches (p < 0.05), with the ACN ones containing less residual
solvent after secondary drying. Despite the fact that these differences were significant, the amount of
residual solvent for all batches was in the same range, with a maximum difference of 1.47 wt% of

solvent.

Table 5.1. Amount of FNB present in the spray dried formulations (wt%) * standard deviation (sd)

Batch MeOH EtOH PrOH ACN Ac DCM EtAc
1 10.41+0.14 10.30+0.17 10.17+£0.25 10.25+0.17 10.27+0.11 10.44+0.06 10.42+0.05

2 10.62+£0.05 10.63+0.03 10.14+0.16 10.48+0.08 10.35+0.25 10.31+0.07 10.43+0.05

3 10.59+0.12 10.58+0.07 10.36+0.03 10.11+0.12 1042+0.06 10.41+0.01 10.56+0.04

Table 5.2. Residual solvent of spray dried formulations of FNB (wt%) as determined by TGA analysis

Batch MeOH EtOH PrOH ACN Ac DCM  EtAc
1 3.231 3.313 3.659 3.144 3566 4.180 3.170

2 3.627 3.584 3.70 3.110 3.480 3.610 2.710

3 3491 3.453 3.794 3.097 3.650 3.690 3.080

In Fig 5.1., the results from the mDSC (Fig 5.1A, B) and XRPD analysis (Fig 5.1C) at timepoint zero, i.e.,

immediately after secondary drying, are depicted. An isothermal preheating step of 60 min at 60 °C
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was included before the start of the mDSC analysis, which was required to evaporate residual solvent
to distinguish the presence of a possible melting event of FNB (see Chapter 7). It should be noted that
the isothermal preheating step could give rise to thermal alterations, hence, the mDSC analysis was
always performed using an identical method. All samples showed a single Ty in mDSC analysis, although
it was slightly lower and broader for DCM and Ac, indicating increased heterogeneity (Fig 5.2.). This
difference in uniformity could not be related to a difference in residual solvent content (Table 5.2.). In
the total heat flow, there were no melting events detectable (Fig 5.1B). Nevertheless, from Fig 5.1C, it
is clear that Bragg peaks were present for MeOH, demonstrating that the sample was partially

crystalline. Hence, XRPD was more sensitive for detecting the presence of crystalline traces of FNB.
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Figure 5.1. Solid-state characterization of spray dried 10 wt% FNB and PVPVA at timepoint zero of the physical stability study.
From the mDSC analysis, both the reversing heat flow (A) and total heat flow (B) are depicted with all exothermic signals
directed upwards, together with the corresponding XRPD diffractograms (C). In all cases, one analysis per solvent is shown:
MeOH (red), EtOH (green), PrOH (blue), ACN (orange), Ac (purple), DCM (brown) and EtAc (black).
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Figure 5.2. Average Tg (A) and T, width (B) of 10 wt% FNB batches prepared with different solvents as determined by mDSC
analysis. The averages were calculated based on 3 batches and 2 analyses per batch for every condition.
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5.4.2. Physical stability testing

All spray dried ASDs were stored at 25 °C and 53% RH and weekly monitored using both mDSC and
XRPD. After 1 week, XRPD reflections were not only present in the diffractograms of the MeOH
samples, but could also be detected at 22 °26 for EtOH, whereas all other ASDs remained X-ray
amorphous (Fig 5.3., t1). After one more week, Bragg peaks could be identified for PrOH, ACN and
DCM, rendering only Ac and EtAc batches X-ray amorphous (Fig 5.3., t2). In case of Ac, the samples
started to crystallize after 3 weeks, while for EtAc, the first Bragg peak could only be observed at 22
°20 after 6 weeks (Fig 5.3., t5, t6).
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Figure 5.3. Weekly XRPD diffractograms from the physical stability study of spray dried 10 wt% FNB with PVPVA. The same
color code was applied in all figures: MeOH (red), EtOH (green), PrOH (blue), ACN (orange), Ac (purple), DCM (brown) and
EtAc (black).

These findings were supported by the mDSC analysis, where an endothermic event, corresponding to
the melting of FNB (ca. 77.30 °C), could be distinguished in the total heat flow for both MeOH and EtOH
after 1 week (Fig 5.4., t1). The amount of crystalline material could not be deduced from this mDSC
analysis due to coinciding of the T, with the melting of FNB. For instance, in case of the ASD prepared
using EtOH, a T, of 93.37 °C with a Ty width of 48.82 °C overlapped with the endothermic melting event
of FNB at 77.30 °C. Hence, not only the solvent evaporation endotherm, but also the positioning of the
Ty impeded the detection of a possible endothermic melting event of FNB. Although an isothermal
preheating step was included in the mDSC analysis, XRPD showed to be more trustworthy for the

detection of crystalline material in these ASDs. After storage for three weeks at 25 °C and 53% RH, an
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endothermic melting event was also observed for ASDs prepared using ACN and PrOH, yet not for the
ones prepared with DCM, Ac and EtAc (Fig 5.4., t3). The same results were obtained after 6 weeks,
demonstrating that there was relatively less FNB crystallized in the batches prepared using Ac, DCM
and EtAc (Fig 5.4., t6). Nevertheless, the ASDs prepared using DCM already showed Bragg peaks in
their XRPD analysis after 2 weeks and the ones formulated with Ac after 3 weeks. Although mDSC is
generally more sensitive for small traces of crystalline material, it has been shown several times in this
work that XRPD was a more sensitive approach to detect a crystalline fraction of FNB. Moreover, XRPD
was applied in a qualitative manner, hence, the amount of crystalline FNB could still be relatively less
in batches spray dried using Ac, DCM, EtAc compared to the ones made with MeOH, EtOH, PrOH and
ACN.
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Figure 5.4. mDSC thermograms from the physical stability study of spray dried ASDs of 10 wt% FNB and PVPVA. Timepoints 1
week, 3 weeks and 6 weeks are shown. Both the reversing and total heat flow are depicted, and the exothermic signals are
directed upwards. The color code was as follows: MeOH (red), EtOH (green), PrOH (blue), ACN (orange), Ac (purple), DCM
(brown) and EtAc (black).

As the occurrence of XRPD reflections was not very clear after 6 weeks for the ASDs made using EtAc,
these batches were evaluated further up until 9 weeks. Although detected after 6 weeks at 22 °26,
there were no Bragg peaks detected after 7 weeks, which shows that the amount of crystalline material
was close to the detection limit of the XRPD method (Fig 5.5., A). After 8 and 9 weeks, it was clear that
there were Bragg peaks present and hence, that the ASDs were partially crystalline (Fig 5.5., A).
However, from 6 to 9 weeks, there was no clear increase in the intensity of the XRPD reflections, which
might demonstrate that the crystallization rate was relatively low. These results were in good
agreement with the ones obtained by mDSC analysis, where there was no melting event detected in
the total heat flow after 7 weeks, but after 8 and 9 weeks there was a small endothermic event visible,

which originated from the melting of crystalline FNB (Fig 5.5., B).
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Figure 5.5. XRPD diffractograms (A) and mDSC thermograms (B) from the physical stability study of 10 wt% FNB and PVPVA
spray dried with EtAc. The EtAc batches were further evaluated after 7 weeks (red), 8 weeks (green) and 9 weeks (blue). For
the mDSC analysis, both the reversing and the total heat flow are shown, and exothermic signals are directed upwards.

The previous XRPD and mDSC results only reported one analysis per solvent, however, there were 3
batches spray dried using every solvent, which were each analyzed by XRPD. Accordingly, the
repeatability of the influence of the solvent on the physical stability could be evaluated. For instance,
Fig 5.6. shows all diffractograms that were obtained after 3 weeks of storage at 25 °C and 53% RH.
Here, all diffractograms contained Bragg peaks, except for the ones spray dried with EtAc,
demonstrating the repeatable impact of the solvent on the phase behavior of these ASDs of FNB. Only
in case of ACN, one of three diffractograms appeared to be an amorphous halo, which might be related
to the different shape of the halo. Generally, batches manufactured using the same solvent showed
the same crystallization onset. Ultimately, the contribution of the solvent to the physical stability of

these ASDs of FNB was repeatable.

Hence, despite the fact that all batches existed out of a single amorphous phase at timepoint zero
(except for MeOH), the solvent used during spray drying determined the crystallization onset of the
ASDs during storage, where the highest stability was found for batches spray dried using EtAc.
Although the ASDs spray dried with EtAc contained a relatively low amount of residual solvent (Table
5.2.), the amount of residue in these batches was not significantly different from that in all ASDs
prepared with other solvents and could therefore not explain the improved physical stability of these

ASDs.
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Figure 5.6. XRPD diffractograms of spray dried 10 wt% FNB and PVPVA after 3 weeks at 25 °C and 53% RH. Every diffractogram
was the result of the XRPD analysis of one batch prepared using MeOH (red), EtOH (green), PrOH (blue), ACN (orange), DCM
(brown), Ac (purple) and EtAc (black).

In spite of the repeatable influence of the solvent on the crystallization behavior, all samples were
partially crystalline after 6 weeks at 25 °C and 53% RH, thereby not having a viable shelf life. Hugo et
al. reported a longer stability period of 3 months at 25 °C and 60% RH for 25 wt% FNB and PVPVA spray
dried with EtOH, however, only mDSC without an isothermal preheating step was employed, which
might give rise to a lower sensitivity limit for small traces of crystalline material®. If only mDSC would
have been employed in this physical stability study, the impact of the solvent on the crystallization
onset of the ASDs would have been overlooked. Accordingly, this highlights the importance of using
more than one analytical technique for the solid-state characterization of ASDs (see Chapter 7).
Moreover, implementation of another manufacturing method than spray drying might also give rise to
ASDs of FNB with a better physical stability. For instance, Theil et al. successfully employed hot melt
extrusion to formulate ASDs of 15 wt% FNB and PVPVA in which there was no relevant amount of
recrystallization detected after a time period of 15 years under ambient conditions!®3. Also, another
polymer could be beneficial for the physical stability. To exemplify, the influence of different molecular
weight of PVP on the stability of FNB ASDs prepared by hot melt extrusion was investigated, where the
lower molecular weight polymer was superior’®*. Also thin film freezing with HPMC and HPMC-AS in a
1:6 w:w FNB:polymer ratio resulted in a better phase behavior over time. After 3 months at 40 °C and
75% RH there was still no crystalline FNB fraction detected *°. Notwithstanding the potential of other
manufacturing techniques and/or other carriers to stabilize FNB for a longer period of time in its
amorphous state, the influence of the solvent used during spray drying to the physical stability of ASDs

of FNB could be of utmost importance for optimization of an ASD formulation.
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5.4.3. Correlation between physical stability and highest drug loadings

It is especially important that the results from this short-term physical stability study could be related
to the highest drug loadings as obtained by spray drying (see Chapter 4). When a higher drug loading
could be formulated as a single amorphous phase using a specific solvent, the same solvent resulted
in a formulation that was stable for a longer period of time. Hence, although a lower drug loading than
the maximum one was produced (except MeOH), the solvent was the determinative factor for the
physical stability of the formulation. In Fig 5.7, the highest drug loading (green), the timepoint at which
the first crystal peaks were detected in XRPD analysis (red) and a saturation level (blue), describing the
difference between the selected drug loading of 10 wt% FNB and the maximum amount of FNB that
could be kinetically stabilized in PVPVA using the respective solvent, are depicted. This saturation level

was calculated as follows:

10 wt%
Higest drug loading wt%

% Saturation of highest drug loading = ( ) x 100 Equation 5.7.

Here, the highest drug loading is the one that was previously reported in Chapter 4, ranging from 5
wt% for MeOH to 25 wt% for Ac and EtAc. The lower this saturation level was, the earlier a crystalline

fraction was detected in the XRPD analysis.

For instance, using PrOH, ACN and DCM, 20 wt% was established as the highest drug loading (i.e., a
saturation level of 50% was reached), and the first Bragg peaks were detected after 2 weeks during the
stability study of the 10 wt% (Fig 5.7.). Nevertheless, EtOH also allowed the production of drug loadings
as high as 20 wt%, but showed to be less stable (i.e., 1 week) than PrOH, ACN and DCM did. As the
maximum drug loadings were established using intermediate steps of 5 wt%, it might be that 20 wt%
was the upper limit for EtOH, whereas the other three would also allow the production of higher drug
loadings in between 20 and 25 wt%. Ac and EtAc enabled the production of higher drug loadings (i.e.,
25 wt% and a saturation level of only 40% was reached) and gave rise to ASDs with a better physical
stability (i.e., 3 weeks for Ac and 6 weeks for EtAc). The difference in crystallization onset when using
Ac or EtAc might again be explained by the screening approach for the highest drug loadings. Possibly,
25 wt% was the upper limit in case of Ac, while drug loadings in between 25 and 30 wt% could also be
kinetically stabilized in PVPVA using EtAc as a solvent. As it was only possible to formulate 5 wt% as a
single phase using MeOH, all 10 wt% batches were already crystalline at timepoint zero. The relation
between the highest drug loadings and the physical stability demonstrated that the solvent had an
impact on both the efficiency of kinetic trapping and the kinetic stability of the ASDs. Hence, these
results emphasized the important contribution of kinetic factors next to thermodynamic ones to the

physical state of ASDs.
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Figure 5.7. Correlation between the highest drug loading of FNB that could be kinetically stabilized in PVPVA (green), the
timepoint at which the first crystal peaks were detected in the XRPD analysis (red) and the degree of saturation of the
maximum drug loading that was obtained when preparing ASDs of 10 wt% (blue).
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5.5. CONCLUSION

In this chapter, the decisive impact of the solvent used during spray drying on the physical stability of
ASDs of FNB was demonstrated. Three batches containing 10 wt% FNB and PVPVA were spray dried
with seven different organic solvents and stored at 25 °C and 53% RH. Immediately after spray drying,
the batches prepared with MeOH already contained a crystalline FNB fraction, while the ones made
with EtOH crystallized after 1 week, followed by the ones prepared with PrOH and ACN after 2 weeks
of storage. After one more week, also the ASDs manufactured with Ac showed Bragg peaks in their
XRPD analysis, while the ones prepared with EtAc remained X-ray amorphous up until 6 weeks. This
influence of the solvent on the crystallization onset was found to be repeatable. Moreover, the time at
which the first crystal peaks were detected in the XRPD analysis during this physical stability study could
be related to the highest amount of drug that could be kinetically stabilized in the PVPVA matrix. Thus,
the solvent did not only determine the amount of drug that could be kinetically trapped in the polymer,
but it also determined the stability over time. Ultimately, a deeper understanding of the contribution
of the solvent to the physical state (and thereby physical stability) is required to optimize the kinetic
stability of ASDs.
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Chapter 6
Gaining insight in the role of the solvent
during spray drying of amorphous solid dispersions
by studying evaporation kinetics
and interactions in solution

The revised version of this Chapter has been submitted to Molecular Pharmaceutics
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6.1. ABSTRACT

Spray drying is one of the most commonly used manufacturing techniques for Amorphous Solid
Dispersions (ASDs). During spray drying, very fast solvent evaporation is enabled by the generation of
small droplets and exposure of these droplets to a heated drying gas. This fast solvent evaporation
leads to an increased viscosity that enables kinetic trapping of an Active Pharmaceutical Ingredient
(API) in a polymer matrix, which is favorable for the formulation of supersaturated, kinetically
stabilized ASDs. In this work, the relation between the solvent evaporation rate and the kinetic
stabilization of highly drug loaded ASDs was investigated. Accordingly, Thermal Gravimetric Analysis
(TGA) was employed to study the evaporation kinetics of seven organic solvents and the influence of
solutes, i.e., poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA), fenofibrate (FNB) and naproxen (NAP),
on the evaporation behavior. At 10 °C below the boiling point of the respective solvent, methanol
(MeOH) had the lowest evaporation rate and dichloromethane (DCM) the highest. PVPVA decreased
the evaporation rate for all solvents, yet this effect was more pronounced for the relatively faster
evaporating solvents. The APIs had opposite effects on the evaporation process: FNB increased the
evaporation rate, while NAP decreased it. The latter might indicate the presence of interactions
between NAP and the solvent or NAP and PVPVA, which was further investigated using fourier
transform — infrared (FT-IR) spectroscopy. Based on these findings, spray drying process parameters
were adapted to alter the evaporation rate. Increasing the evaporation rate of MeOH and DCM
enabled the kinetic stabilization of higher drug loadings of FNB, while the opposite trend was observed
for ASDs of NAP. Here, the difference between the T, and the outlet temperature (T,.:) was
determinative for the physical state. Even when higher drug loadings could be kinetically stabilized by
adapting the process parameters, the improvement was limited, demonstrating that the phase
behavior of these ASDs of FNB and NAP was predominantly determined by the API-polymer-solvent

combination rather than the process parameters applied.
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6.2. INTRODUCTION

Spray drying is widely applied for the manufacturing of Amorphous Solid Dispersions (ASDs), which are
molecular dispersions of an amorphous Active Pharmaceutical Ingredient (API) in a polymer matrix at
solid state®l. The spray drying procedure starts with dissolving the API together with its carrier in a
common solvent, which is subsequently atomized into droplets inside the drying chamber, where heat
is transferred towards the droplet surface and solvent evaporation occurs. The very fast solvent
evaporation gives rise to a fast increase in viscosity, which is a critical factor for kinetic trapping of an
APl in a polymer matrix and might result in kinetic stabilization of supersaturated molecular
dispersions®. Generally, the higher the solvent drying rate, the higher the chance at kinetic trapping
and thus the formation of supersaturated/highly drug loaded ASDs. Accordingly, it has been reported
that the solvent evaporation rate was an even more important factor than the polymer molecular

weight and the drug to polymer ratio to decrease the extent of nucleation in ASDs*®,

There are several factors that could influence the drying rate, such as droplet size, physicochemical
properties of the solutes, drying gas temperature and especially the type of solvent that is employed®:.
For spray drying, the solvent should measure up to the following criteria: have a common solubilizing
capacity for API and polymer (and other additives), an acceptable viscosity, a low toxicity, a high
volatility, be non-combustive and the solutes should have an acceptable chemical stability in solution®.
Although selecting a solvent in which all compounds have a sufficiently high solubility is indispensable,
it was found in previous work that the importance of the solubility for the phase behavior of ASDs
should not be overestimated'®”. More specifically, the solvent determined the amount of API that could
be kinetically stabilized in the poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA) matrix, yet there was no
relation between this amount and the equilibrium solubility of the APl in the respective solvent.
Therefore, a molecular level understanding of the interactions between API, polymer and solvent and
the resulting physical state of ASDs is of utmost importance to identify additional solvent selection
criteria. Accordingly, several authors have been investigating the influence of the solvent on various
physicochemical properties of ASDs!2%.165-168.1%8 | view of the formulation of highly drug loaded ASDs,
the impact of the solvent on the evaporation behavior is especially important. The tendency to
evaporate, i.e., volatility, is reflected by the boiling point (bp) of a solvent, which is the temperature at
which the vapor pressure of the solvent is equal to the atmospheric pressure and thus the temperature
at which the liquid will start to vaporize. The higher the bp, the lower the vapor pressure at Room
Temperature (RT) and thus the less volatile the solvent will be. Not only the temperature, but also the
amount of energy that is required for the liquid to gas transition influences the evaporation behavior,

which is represented by the heat of vaporization. Moreover, type and concentration of solutes can also
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have an impact on the drying process. The presence of solutes will increase the thermal efficiency of
the drying process as there is relatively less solvent present that needs to be evaporated®. On the other
hand, as the presence of solutes increases the entropy in solution, the vapor pressure will be lower,
resulting in an increased bp of the solution compared to the pure solvent. Accordingly, the
concentration dependent influence of PVP on the evaporation rate of diverse combinations of
methanol (MeOH), acetone (Ac) and dichloromethane (DCM) was demonstrated by Paudel et al*®’. Also
Al-Obaidi et al. investigated the evaporation behavior of polymer solutions in Ac/water or Ac/MeOH
and related it to the viscosity, polymer conformation and relaxation behavior of ASDs of griseofulvin®,
Likewise, Mugheirbi et al. studied the impact of the water content on the evaporation behavior of DCM
combined with different alcoholic solvents and related it to the physical state of ASDs'®°, Also Na Li et
al. demonstrated that the presence of a small fraction of water in the solvent mixture could result in
phase separation of ASDs of ritonavir and PVPVAZ®, Moreover, the interplay between the solvent
evaporation rate and diffusional motion of the solutes in the specific solvent determines the particle

117 As the relation between solution properties and the particle

morphology of the spray dried particles
formation process has been extensively studied®, this work focused on the influence of the solvent

evaporation rate on the kinetic stabilization of highly drug loaded ASDs.

Accordingly, the evaporation kinetics of seven single organic solvents, i.e., MeOH, ethanol (EtOH),
isopropanol (PrOH), acetonitrile (ACN), Ac, DCM, and ethyl acetate (EtAc), were investigated by means
of Thermal Gravimetric Analysis (TGA). These solvents were selected as it was demonstrated in previous
work that their different polarity and volatility could give rise to a diverse phase behavior of ASDs¥,
The influence of solutes on the evaporation behavior was also of interest: PVPVA, fenofibrate (FNB) and
naproxen (NAP) and combinations of these APIs with PVPVA were studied. The structural formulas of
these compounds can be found in Fig 6.1. NAP was selected as it can hydrogen bond with PVPVA: its
carboxylic acid group can act as a hydrogen donor for the carbonyl group of PVPVA#1%9 |n contrast,
FNB has no hydrogen bonding potential with PVPVA as it has no hydrogen donor groups'’®. However, it
was found that the solvent had a large impact on the physical state of ASDs of FNB, with the maximum
amount of drug that could be kinetically stabilized ranging from 5 wt% using MeOH to 25 wt% using
Ac/EtAc!’. Besides the expected effect of the solutes on the vapor pressure, also interactions between
APl-polymer-solvent could interfere with the evaporation process!®’. From the selected solvents, the
alcoholic ones are hydrogen bond donors and acceptors, while Ac and EtAc could only act as hydrogen
bond accepting solvents. Hence, the prevalence of API-polymer interactions might depend on the
solvent in which they are dissolved, which was investigated using Fourier Transform — InfraRed (FT-IR)
spectroscopy. In Fig 6.1., the functional groups for which vibration bands could be detected in the

spectral region of 1800 to 1600 cm™ are indicated.
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After extensively studying the evaporation kinetics and interactions in solution, the aim of this work
was to rationally select new process parameters for spray drying. The potential impact of process
parameters on the physical state of ASDs has been extensively described in literature®*°49%:201-203 | thijs
study, the parameters were selected in order to adapt the evaporation rate to generate even more
supersaturated ASDs. Accordingly, the inlet temperature (Ti») was adapted together with the liquid feed
rate to modify the droplet size. Ultimately, the kinetic trapping potential was evaluated by

demonstrating the potential impact of process optimization on the phase behavior of ASDs of NAP and

FNB.

=
®
“Q,

Figure 6.1. Structural formulas of PVPVA (A), NAP (B) and FNB (C). Both the carbonyl stretching vibration of the vinyl
pyrrolidone carbonyl! (red) and the vinyl acetate one (yellow) could be detected using FT-IR in the spectral region of 1800 to
1600 cm* (A). For NAP, the carbonyl stretching vibration (red) and aromatic skeleton stretching (green) could be detected (B).
For FNB, two carbonyl stretching vibrations (blue, orange) and aromatic skeleton stretching (purple) could be detected (C).
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6.3. MATERIALS AND METHODS

6.3.1. Materials

Naproxen (NAP) (PubChem CID: 156391) was obtained from SA Fagron NV (Waregem, Belgium) and
fenofibrate (FNB) (PubChemCID: 3339) was purchased from Hangzohou Dayangchem Co. (Hangzhou
City, China). Poly(vinylpyrrolidone-co-vinyl acetate) 64 (PVPVA 64, Kollidon® VA64) (PubChem CID:
270885) was supplied by BASF® ChemTrade GmbH (Ludwigshafen, Germany).

ACROS Belgium (Geel, Belgium) supplied Methanol (MeOH) (= 99.8%) and Sigma-Aldrich (Brussels,
Belgium) provided ethyl acetate (EtAc) (> 99.5%). Acetone (Ac) (= 99%) was received from VWR
Chemicals (Leuven, Belgium), denaturated ethanol (EtOH) (= 97% and 3% V/V diethylether) from
Chem-Lab Analytical (Zedelgem, Belgium) and 2-propanol (PrOH) (= 99.9%) from Carl Roth GmbH
(Karlsruhe, Germany). Both acetonitrile (ACN) (= 99.9%) and dichloromethane (DCM) (> 99.5%) were
purchased from Fisher Scientific (Loughborough, UK). Molecular sieve (type 4 A, mesh 8 — 12) was

obtained from Sigma-Aldrich (Brussels, Belgium).

6.3.2. Thermal gravimetric analysis (TGA)

6.3.2.1. Evaporation kinetics

To study the evaporation kinetics of the seven organic solvents as such (i.e., MeOH, EtOH, PrOH, ACN,
Ac, DCM, EtAc), solutions of PVPVA and solutions of PVPVA together with either FNB or NAP a
thermogravimetric analyzer TGA 550 (TA instruments, Zellik, Belgium) was used. For the solutions, the
solid content was kept constant at 10% w/V, which existed either out of 100 wt% PVPVA or 30 wt% of
API and 70 wt% of PVPVA. To investigate the influence of a higher concentration of PVPVA on the
evaporation rate of MeOH and DCM, solutions of 30% w/V PVPVA were prepared for these solvents as
well. For every analysis, 40 uL of the sample was pipetted directly in a platinum HT pan (TA instruments,
Zellik, Belgium) and kept isothermal for 10 min at a temperature 10 °C below the boiling point of the

respective solvent. Every sample was analyzed in triplicate.

The recorded weight loss in function of time was attributed to solvent evaporation, from which the
evaporation rate could be deducted. In case of the pure solvents, the evaporation followed a linear
behavior, or in other words zero order kinetics, hence the following equation (Eq. 6.1.) could be

employed:

y=a+ bx Equation 6.1.
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Here, y corresponds to the weight (weight%) and x to the time (min). From this, the evaporation rate

constant, b (weight%/min), could be established.

For the solutions, the first part of the curve also showed a linear relation, however, it was followed by
an exponential decay in weight%, hence, the evaporation followed first order kinetics. The first part of
the curve could be described by Eq. 6.1, while for the second part, a biexponential decay function (Eq.

6.2.) was applied:
y=Yyo+ Ale_x/tl + Aze_x/tz Equation 6.2.

From the time constants (t; and t;, min), the evaporation rate constants (ki and k>) could be deducted.

These evaporation rate constants were equal to the reciprocal of the time constants (ki and kz, min?).

To divide the evaporation behavior into these two parts, the second derivative of the weight change
in function of time was used. It allowed to establish the maximal change of the evaporation rate, at
which the curve was divided into two. To exemplify, the division of the evaporation curve for MeOH
from a solution containing 10% w/V PVPVA is shown in Fig 6.2. The curve was split into two at 4.4 min,
which was the peak maximum. Before this point, a linear fit was used to determine the evaporation
rate constant, and after this maximum, the biexponential decay fit allowed to establish the two

evaporation constants that described the last part of the curve.
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Figure 6.2. Weight loss in function of time (red) and its second derivative (blue). The peak maximum in the second derivative
was used to divide the curve into a linear and an exponential zone.

6.3.2.2.Residual solvent

To determine the amount of residual solvent in the spray dried ASDs after secondary drying, a
thermogravimetric analyzer TGA 550 (TA instruments, Leatherhead, UK) was employed as well.

Approximately 5 to 10 mg of sample was accurately weighed in a platinum HT pan (TA instruments,
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Zellik, Belgium) and heated at 5 °C/min to 130 °C. Every batch was analyzed in triplicate. The recorded
weight change in function of temperature was attributed to solvent evaporation and could be

determined using the Universal Analysis software (Version 5.5, TA instruments, Leatherhead, UK).

6.3.3. Fourier transform — infrared spectroscopy (FT-IR)

Prior to FT-IR analysis, all organic solvents were dried overnight using a molecular sieve type 4 A to
remove residual water present in the solvents. Additionally, PVPVA was dried for 4 days at 60 °C to
remove the excess of water present. Solutions of PVPVA (10% w/V), FNB (2% w/V), NAP (2% w/V),
PVPVA together with FNB (10% w/V) and PVPVA together with NAP (10% w/V) in MeOH, EtOH, PrOH,
ACN and DCM were investigated. For the solutions of PVPVA and a drug compound, the following drug
loadings were prepared: 10, 20 and 30 wt% of drug. The organic solvents were also analyzed as such.
FT-IR spectra were recorded using a Perkin Elmer Spectrum two by accumulating 16 scans with a
resolution set at 1 cm™ over a spectral region of 4000 to 1100 cm™. The region of interest was the
carbonyl stretching vibration region (1800 - 1600 cm™). For the blank, a background spectrum was
recorded and subtracted from the sample spectrum. For every sample, 30 uL was pipetted in a semi
demountable cell equipped with CaF; cell windows. After the FT-IR analysis in solution, the CaF; cell
windows were opened, and the sample was dried at RT for 1 min. Subsequently, the dried film was
analyzed again to compare the interaction behavior of drug and polymer in solution to that in the dried
state. All spectra were analyzed using the OriginPro software (Version 8.5, Northampton, United

States).

6.3.4. Manufacturing of amorphous solid dispersions by spray drying

The drug and polymer were dissolved together in either MeOH or DCM in order to obtain a solid
content of 10% w/V. The drug to polymer ratios were dependent on the highest amount of the APIs
that could be kinetically stabilized in the PVPVA matrix, which was reported in previous work®’. For
FNB, 5, 10 and 15 wt% of FNB were investigated when using MeOH as a solvent, while in case of DCM,
20, 25 and 30 wt% of FNB were prepared. For NAP, higher drug loadings of 40 and 45 wt% were studied
using MeOH and 45 and 50 wt% of NAP when using DCM. These solutions were spray dried using a
Biichi mini spray dryer B-190 (Biichi, Flawil, Switzerland) by applying a drying air flow rate of 33 m3/h
and an atomization air flow rate of 10 L/min. The drying air temperature and feed solution flow rate
were adapted, depending on the need for a faster or slower evaporation process. The investigated sets
of process parameters are described in Table 6.1. The ADS were further dried in a vacuum oven
(Mazzali Systems, Monza, Italy) for 4 days at 25 °C, analyzed using XRPD, mDSC and TGA and stored at

-28 °C in the presence of phosphorus pentoxide.
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Table 6.1. Spray drying process parameters per tested condition and per solvent.

Conditions Parameters MeOH DCM
Flow rate (mL/min) 2.5 2.5
Standard conditions Inlet temperature (°C) 65 39
Flow rate (mL/min) 5 5
Lower evaporation rate Inlet temperature (°C) - 29
Flow rate (mL/min) - 10

6.3.5. Solid-state characterization of amorphous solid dispersions

6.3.5.1. Modulated differential scanning calorimetry (mDSC)

A Q2000 mDSC (TA Instruments, Leatherhead, UK) was used to investigate the thermal properties of
the spray dried ASDs of NAP. The system was equipped with a Refrigerated Cooling System (RCS 90)
and a dry nitrogen purge at 50 mL/min and calibrated for temperature, enthalpy and heat capacity
using indium and sapphire standards. Approximately 1 to 5 mg was accurately weighed into aluminum
DSC pans (TA instruments, Zellik, Belgium), which were then closed using the corresponding lids (TA
instruments, Zellik, Belgium). The samples were heated from -15 °C to 180 °C using a linear heating
rate of 2 °C/min combined with a modulation amplitude of 0.212 °C and a period of 40 s. The Universal
Analysis software (Version 5.5, TA Instruments, Leatherhead, UK) was used to analyze the
thermograms. The T,s were measured at half height of transition in the reversing heat flow and the T,
width was established by determining the start- and endpoint of the T, using the derivative of the

reversing heat flow.
6.3.5.2. X-ray powder diffraction (XRPD)

The physical state of the ASDs of both FNB and NAP was investigated using an X'Pert PRO
diffractometer (PANalytical, Almelo, the Netherlands) with a Cu tube (Ka A = 1.5418 A). The generator
was installed at 40 mA and 45 kV. The samples were placed in between two Kapton® Polyimide Thin-
films (PANalytical, USA) and continuously scanned from e10 to 25 °26. The counting time was installed
at 800 s, the step size at 0.0167° and the spinning was set at 4 s. The obtained diffractograms were

analyzed using the X’'Pert Data Viewer (Version 1.9a, PANalytical, Almelo, the Netherlands).
6.3.5.3.Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) was employed for the morphology assessment of the spray dried

PVPVA particles. The spray dried powders were attached to SEM stubs using double-sided carbon tape
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(Ted Pella Inc., California, CA, USA) and subsequently gold coated with a SCD-030 Balzers Union
sputter-coater (Oerlikon Balzers, Balzers, Liechtenstein). A Phillips XL30 SEM-FEG (Philips, Eindhoven,
The Netherlands) equipped with a Schottky field emission electron gun and a conventional Everhart-

Thornley secondary electron detector was used to record the SEM images.
6.3.5.4.Solid state NMR (ssNMR)
High-resolution 13C-CPMAS solid-state NMR

Solid-state *C-CPMAS (Cross Polarization Magic Angle Spinning) NMR spectra were acquired on a
Bruker 400MHz spectrometer (9.4 Tesla) equipped with a 4 mm probe. Magic angle spinning was
performed at 10 kHz in ceramic zirconia rotors. The aromatic signal of hexamethylbenzene was used
to calibrate the carbon chemical shift scale (132.1 ppm). Acquisition parameters used were: a spectral
width of 50 kHz, a 90° pulse length of 4.0 ps, an acquisition time of 15 ms, a recycle delay time of 2.5
s, a spin-lock field of 50 kHz, a contact time of 2 ms and between 25000 and 60000 accumulations.

High power proton dipolar decoupling during acquisition was set to 70 kHz.
¢ liquid-state NMR

The *C-NMR spectrum of Fenofibrate was measured at room temperature on a 400 MHz Varian Inova
NMR spectrometer using a 5 mm OneNMR PFG probe. Hereto a solution of 130 mg/ml crystalline
Fenofibrate was prepared CDCl; supplemented with 15mM Cr(acac)s as relaxation reagent. The
chemical shift scale (J; in ppm) was calibrated relatively to CDCls (77.7 ppm). All spectra were acquired
with a 90° pulse of 8.0 us, a spectral width of 27.8 kHz, an acquisition time of 1 s, a relaxation delay of
6 s and 8000 accumulations. A line-broadening of 3 Hz was applied prior to Fourier transformation to

the frequency domain.
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6.4. RESULTS AND DISCUSSION

6.4.1. Evaporation kinetics

6.4.1.1. Evaporation kinetics of pure organic solvents

In a first step, the evaporation behavior of the seven organic solvents as such was determined by
analyzing the samples at 10 °C below the boiling point of the respective solvent. From Fig 6.3A, it was
clear that the slope of the weight loss curve in function of time was steepest for DCM, while it was
flattest for MeOH. In Fig 6.4A, the corresponding evaporation rate constants deducted using a linear
fit (Eq. 6.1.) are shown. Hence, despite the similar energy input relative to the boiling points of the
solvents, a difference in evaporation rate was observed. This difference could not be related to the
purity of the solvents. For instance, the effect of residual water was investigated by analyzing purer

MeOH (99.9%), which still had a lower evaporation rate compared to EtOH (97%) (data not shown).

A Pure solvent B 10% w/V PVPVA
—— MeOH
—— EtOH
—— ProH
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Figure 6.3. Weight loss in function of time of pure solvents (A) and solutions containing 10% w/V PVPVA (B) when kept
isothermal at 10 °C below the boiling point of the respective solvent. The following color code was applied: MeOH in black,
EtOH in red, PrOH in blue, ACN in green, Ac in orange, DCM in pink and EtAc in purple.

6.4.1.2.The influence of PVPVA on the evaporation kinetics

Solutions containing 10% w/V PVPVA had the same relative evaporation behavior as the pure organic
solvents (Fig 6.3B). However, for all solvents (except for PrOH), PVPVA slowed down the evaporation
process (Fig 6.4A), which could be explained by the lower vapor pressure of the solutions compared to
their pure counterparts, resulting in a lower tendency to evaporate and hence a slower evaporation
process. Moreover, the PVPVA concentration gradually increased during evaporation, resulting in an
increased viscosity, which in turn further decreased the evaporation rate. The latter was most

pronounced for the faster evaporating solvents, i.e., DCM, Ac and EtAc, where a very fast increase in
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PVPVA concentration and thereby the viscosity of the solution gave rise to what could be considered
as a skin formation through which further solvent evaporation had to take place. The final weight% in
case of DCM and Ac was slightly higher compared to the other solvents (Fig 6.3B), which indicated that

more DCM and Ac was already evaporated before the start of the TGA analysis.

A B C
[ Pure solvent I 100 wt% PVPVA 06+ [ 100 wt% PVPVA
-60- | 100% wt% PVPVA I 30 wt% FNB [ 30 vt% FNB
[ 30 wt% FNB [0 30 wt% NAP [0 30 wi% NAP
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Evaporation rate constant (1/min)

Evaporation rate constant (weight%/min)
Evaporation rate constant (1/min)

MeOH EtOH PrOH ACN Ac DCM  EtAc

MeOH EtOH PrOH ACN Ac DCM MeOH EtOH PrOH ACN Ac DCM

Figure 6.4. Evaporation rate constants deducted from the weight loss in function of time using a linear fit (A) and a
subsequential biexponential fit (B, C). The following color code was applied: pure solvents in red, solutions only containing
PVPVA in green, the ones containing both PVPVA and FNB in blue and the ones comprising both PVPVA and NAP in orange.

To confirm the different impact of PVPVA on the evaporation rate of relatively faster and slower
evaporating solvents, the evaporation behavior of solutions of 30% w/V PVPVA in MeOH, i.e., the
slowest evaporating solvent, and DCM, i.e., the fastest one, was investigated. In Fig 6.5., the
corresponding drying rate constants are reported. It was clear that 30% w/V of PVPVA immediately
reduced the rate of volatilization of DCM by ca. 50%, while it initially had no effect on the evaporation
of MeOH (Fig 6.5A). Further progress of the evaporation behavior showed similar evaporation rate
constants for MeOH and DCM for the second part of the curve (Fig 6.5B, C). This showed that the
delaying effect of PVPVA was much more pronounced in case of a faster evaporating solvent, yet, it
was also present in case of a slower evaporating solvent at later timepoints, which demonstrated that
in both cases skin formation took place, it only took a longer period of time in case of the initially slower

evaporating solvent.

The different effect of PVPVA on the drying rate of organic solvents might also have implications for
the particle morphology. For instance, it has been described by Boel et al. that the difference in
evaporation rate of MeOH and Ac during fluid bed coating was responsible for the morphology of bead
coated ASDs of felodipine, where a porous coating was observed for the faster evaporating Ac
compared to a homogeneous coating for the slower evaporating MeOH?%. However, a microscopic
evaluation of PVPVA particles spray dried with the seven different solvents revealed that all were
collapsed (except for PrOH), hence, the difference in evaporation behavior could not be directly related

to the morphology of spray dried PVPVA particles (Fig 6.6.).
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Figure 6.5. Evaporation rate constants deducted from the weight loss in function of time using a linear fit (A) and a
subsequential biexponential fit (B, C). The constants for pure MeOH and DCM are shown in red, those of solutions containing
10% w/V PVPVA in green and the ones with 30% w/V PVPVA in blue.
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Figure 6.6. SEM images of PVPVA particles spray dried using MeOH (A), EtOH (B), PrOH (C), ACN (D), Ac (E), DCM (F) and EtAc
(G).
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6.4.1.3.The influence of drug compounds on the evaporation kinetics

In Fig 6.4., the effect of either 30 wt% FNB or 30 wt% NAP on the evaporation behavior is depicted.
Initially, the evaporation rate of DCM, Ac and EtAc was increased in case of the 30 wt% drug solutions
compared to the ones solely containing PVPVA (Fig 6.4A). This could be explained by a less pronounced
viscosity increase during evaporation in presence of the drugs compared to pure PVPVA, which would
in turn lead to less rapid skin formation. In Fig 6.4B, it is shown that the evaporation rate constants for
30 wt% FNB solutions were highest, followed by the 100 wt% PVPVA solutions and at last the 30 wt%
NAP solutions, independently of the solvent, with as an exception DCM. Further in time, the same
trend was still observed in case of MeOH, EtOH, PrOH and EtAc, yet not anymore in case of the other
solvents (Fig 6.4C). These results could be an indication of interactions between both NAP and the
solvent and NAP and PVPVA, as the latter could result in a viscosity increase and thereby a lower
evaporation rate as well. On the other hand, it might indicate the absence of/weaker interactions

between both FNB and the solvent and FNB and PVPVA.

6.4.2. FT-IR spectroscopy

6.4.2.1. The behavior of PVPVA, NAP and FNB in solution

In Fig 6.7A, the different behavior of 10% w/V PVPVA in DCM, ACN, MeOH, EtOH and PrOH is depicted.
The exact peak positions depending on the solvent are described in Annex 8. For DCM, the first signal,
i.e., 1735 cm™, corresponds to the carbonyl stretching vibration of vinyl acetate (VA) (marked in yellow
in Fig 6.1A), while the second one, i.e., 1681 cm, originated form the carbonyl stretching vibration of
vinyl pyrrolidone (VP) and more specifically to its C=O — C=0 dipole interactions (marked in red in Fig
6.1A)2%2% pyPVA behaved similarly when dissolved in ACN, while its behavior clearly differed in the
alcoholic solvents. Here, the carbonyl stretching signal of VA was split in a non-hydrogen bonded
vibration signal, which was situated at higher wavenumbers, and a hydrogen bonded vibration signal,
which was positioned at lower wavenumbers. Additionally, the signal corresponding to the VP carbonyl
stretching vibration was broadened and shifted towards lower wavenumbers, also indicating the
presence of hydrogen bonding with the solvents. Hence, the VP amide carbonyl accepted protons more
readily compared to the VA ester carbonyl, which could be attributed to the more polar nature of the
VP part of the copolymer and its well-known availability for hydrogen bonding?”’. Interestingly, the
peak shift of the VP stretching vibration was dependent on the alcoholic solvent in which PVPVA was
dissolved, with the largest shift in case of MeOH (i.e., 1664 cm™), followed by EtOH (i.e., 1666 cm™)
and the smallest in PrOH (i.e., 1668 cm™). This evidenced that there were stronger hydrogen bonds
between PVPVA and MeOH than between PVPVA and EtOH and those were in turn stronger than the

ones between PVPVA and PrOH.
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A well-known property of naproxen is that it can self-associate and form both dimers and open-chain
oligomers'#8208209 Erom the IR spectra in Fig 6.7B, it became clear that the self-association behavior
of NAP was influenced by the solvent (Annex 8). In case of DCM, the first signal corresponded to the
carbonyl stretching vibration of the monomer, i.e., 1748 cm™, while the second one correlated to that
of the dimer, i.e., 1710 cm™ (marked in red in Fig 6.1B). The other two signals in this spectral region
originated from aromatic skeleton stretching vibration, namely, in plane C-H bending at 1636 cm™ and
in plane C-C stretching at 1607 cm™ (marked in green in Fig 6.1B)?®. As previously reported in
literature, dimer formation of NAP was diminished in the weakly hydrogen bond accepting solvent
ACN?%, The sole presence of the monomer at 1740 cm™ demonstrated that NAP was more available
for interaction with the solvent when compared to the other solvents. In the three alcoholic solvents,
NAP manifested itself as both monomer (i.e., 1738 cm™) and dimer (i.e., 1708 cm?), although there
was relatively less dimer present when compared to DCM (Fig 6.7B)'*8. There was however no
difference observed between the behavior of NAP in the alcoholic solvents. Accordingly, NAP
interacted the strongest with ACN, followed by all three alcoholic solvents and it had the weakest

interactions with DCM.
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Figure 6.7. FT-IR spectra of 10% w/V PVPVA (A), 2% w/V NAP (B) and 2% w/V FNB (C) in DCM (black), ACN (green), MeOH
(red), EtOH (blue) and PrOH (orange). The transmittance is depicted in arbitrary units.

The behavior of FNB in the organic solvents is depicted in Fig 6.7C and the corresponding peak positions
per solvent in Annex 8. The first peak correlated to the carbonyl stretching vibration of the ester
carbonyl, i.e.,, 1732 cm™ (indicated in orange in Fig 6.1C), the second one to the other carbonyl
stretching vibration signal, i.e., 1654 cm™ (marked in blue in Fig 6.1C), and the last signal detected in
this spectral region corresponded to the in-plane benzene ring stretch, i.e., 1600 cm™ (indicated in
purple in Fig 6.1C)?°, FNB showed similar behavior in DCM and ACN, but not in the other three
solvents. Here, the second carbonyl stretching vibration signal was clearly broadened, indicating

hydrogen bonding with these solvents.
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6.4.2.2.The presence of interactions between NAP and PVPVA in solution

After characterization of the reference compounds in solution, solutions of different APl to polymer

ratios were characterized to investigate possible interactions between APl and polymer and the impact

of the solvent on the prevalence of these interactions.
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Figure 6.8. FT-IR spectra of NAP, PVPVA and 10, 20 and 30 wt% NAP and PVPVA in MeOH (A), EtOH (B), PrOH (C), ACN (D) and
DCM (E). The following color code was applied: NAP in red, PVPVA in black, 10 wt% NAP in blue, 20 wt% NAP in orange and
30 wt% NAP in green. The transmittance is delict in arbitrary units.

In Fig 6.8, the IR spectra of solutions containing 10, 20 and 30 wt% of NAP and PVPVA are shown. The

exact peak positions for solutions with 10 wt% NAP are described in Annex 8. For the alcoholic solvents

(Fig 6.8A to C), a shoulder in the peak of VP carbonyl stretching vibration signal became visible for the

solution containing 20 wt% NAP and became more evident for the one with 30 wt% NAP. This vibration

signal originated from the sum of aromatic skeleton stretching of NAP and strong hydrogen bonding

between NAP and PVPVA2°%2% For ACN and DCM, this vibration signal was already clearly detected at

1636 cm™ for 10 wt% of NAP, demonstrating strong hydrogen bonds between NAP and PVPVA for

lower drug loadings (Fig 6.8D, E). Moreover, in these solvents, the relative intensity of the VA and VP

carbonyl stretching region changed when increasing the NAP drug loading, with a similar intensity of

both signals for the highest drug loading of 30 wt%. This could be attributed to part of the VP

interacting with NAP combined with an overlap of the VA vibration signal with that of the carbonyl

stretching vibration of the NAP monomer. Interestingly, there was no difference observed in API-

polymer interactions between ACN and DCM, although the self-association behavior of NAP in these
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solvents was clearly different (Fig 6.7B). This demonstrated that the affinity of NAP for PVPVA, a strong

hydrogen acceptor, was higher than for ACN, a weak hydrogen acceptor.

More importantly, as the presence of hydrogen bonding was detected for lower drug loadings in case
of DCM and ACN, it could be concluded that in these solvents, NAP and PVPVA formed stronger
hydrogen bonds compared to in the alcoholic ones. This could be attributed to the multiple interaction
possibilities in the alcoholic solvents: hydrogen bonding was not only possible with PVPVA, but also
with NAP, resulting in less free PVPVA and NAP to associate with each other. Therefore, the tendency
for NAP and PVPVA to hydrogen bond with one another was higher in case of DCM and ACN compared
to the other solvents. This is an important finding as these results clearly indicate that the probability
of APIl-polymer interactions is influenced by the solvent, which might have implications for the

formulation of highly drug loaded ASDs and/or the physical stability of ASDs.

6.4.2.3.The presence of interactions between FNB and PVPVA in solution
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Figure 6.9. FT-IR spectra of FNB, PVPVA and 10, 20 and 30 wt% FNB and PVPVA in MeOH (A), EtOH (B), PrOH (C), ACN (D) and
DCM (E). The following color code was applied: FNB in red, PVPVA in black, 10 wt% FNB in blue, 20 wt% FNB in orange and 30
wt% FNB in green. The transmittance is depicted in arbitrary units.

The IR spectra of solutions containing 10, 20 and 30 wt% FNB and PVPVA are depicted in Fig 6.9 and
the corresponding peak positions for the 10 wt% FNB solutions are described in Annex 8. For the
alcoholic solvents, FNB did not influence the behavior of PVPVA in solution (Fig 6.9A to C). For ACN and
DCM, a shoulder peak on the VP carbonyl stretching signal was detected for the solution containing 30

wt% FNB (Fig 6.9D, E). This vibration signal corresponded to the carbonyl stretching vibration signal of
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FNB, that overlapped with the VP carbonyl stretching vibration signal. Hence, the IR spectra of FNB
together with PVPVA were an overlap of the spectra of the individual components in solution,

indicating that there were no interactions between FNB and PVPVA, independently of the solvent.
6.4.2.4. Comparison of interactions in solution and in the dried state

A comparison of the behavior in solution and dried state of pure PVPVA, pure NAP and samples
containing 30 wt% NAP and PVPVA is depicted in Fig 6.10A and B. The exact peak positions can be
found in Annex 8. In MeOH, the VP carbonyl stretching vibration of PVPVA was broader and positioned
at lower wavenumbers and that of its VA group was split in two (Fig 6.10A). After drying for 1 min at
RT, the VA vibration signal was no longer split in two, but positioned at 1733 cm™, which was in
between its signals at 1740 cm™ and 1719 cm™ in solution. Additionally, both carbonyl stretching
vibrations appeared broader after drying. Drying of the MeOH solution containing 2% w/V NAP
resulted in the formation of both monomer (1732 cm1) and dimer (1687 cm™) of NAP. When the
solution of both NAP and PVPVA was dried, the shoulder peak on the VP carbonyl stretching vibration
that was present in solution became more evident, i.e., the signal at 1636 cm™ in solution was now
clearly detected at 1633 cm™. The relative intensity of the VP and VA carbonyl stretching vibration also
changed upon drying, resulting in a similar intensity of both signals. When drying the solution of PVPVA
in DCM, only the VP carbonyl stretching vibration was broader and shifted towards lower
wavenumbers, i.e., it shifted from 1681 cm™ in solution to 1670 cm™ in dried state (Fig 6.10B). There
was no difference between the IR spectrum of NAP dried from a MeOH solution or from a DCM
solution. Moreover, also the IR spectra from NAP and PVPVA together were identical, thus, there was
no longer competition with the solvent for hydrogen bonding, resulting in the formation of hydrogen
bonds between NAP and PVPVA, independently of the solvent that was present. Although the
prevalence of interactions between NAP and PVPVA was much higher in case of DCM compared to
MeOH, this did not influence the interactions formed upon drying. Additionally, widening of the
carbonyl stretching vibrations of PVPVA, and especially that of the VP, originated from water uptake
from the environment when drying at RT for 1 min. This was most pronounced for the VP carbonyl

stretching vibration due to the hygroscopic nature of VP,

Likewise, Fig 6.10C and D depict the behavior in solution and dried state of pure PVPVA, pure FNB and
samples of 30 wt% FNB and PVPVA. The peak positions can be found in Annex 8. Both in case of MeOH
and DCM, the ester carbonyl stretching vibration shifted from 1733 cm™ to 1731 cm™ upon drying of
the FNB solution, while the other carbonyl stretching signal was positioned at 1657 cm™ in dried state
compared to 1654 cm™ in solution (Fig 6.10C, D). When drying the solution of both FNB and PVPVA,

the carbonyl stretching vibration corresponding to the VP part shifted towards lower wave,
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independently of the solvent. More specifically, in case of MeOH, it was positioned at 1657 cm™ in
dried state compared to 1664 cm™ in solution and in case of DCM, it shifted from 1681 cm™ in solution
to 1658 cmin dried state. Thus, the extent of the peak shift appeared to be dependent on the solvent.
To evaluate the repeatability of the peak shift of the VP carbonyl stretching vibration upon drying,
three aliquots of the same solution of 10% w/V PVPVA in DCM were characterized (Annex 9). From
this, it became clear that the extent of the peak shift upon drying was not repeatable, i.e., vibration
signals were detected at 1663 cm™, 1670 cm™ and 1658 cm®, which could be explained by a variable
water uptake from the environment upon drying, which gave in turn rise to a different level of

hydrogen bonding.
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Figure 6.10. Comparison of FT-IR spectra in solution to those in the dried state for NAP in/dried from MeOH (A) and DCM (B)
and for FNB in/dried from MeOH (C) and DCM (D). The spectra from samples in solutions are depicted in red and those from
samples in the dried state in black. The transmittance is shown in arbitrary units.

Moreover, to investigate possible interactions in the dried state between FNB and PVPVA, CPMAS
ssNMR and liquid state NMR were applied as well (Annex 9). The NMR spectrum of FNB in deuterated
chloroform was employed to evaluate peak shifts that might take place upon amorphization of FNB.
Characterization of spray dried FNB and PVPVA in 3 different ratios (10 wt%, 20 wt% and 30 wt% FNB)

revealed that the only peak shifts present originated from the different physical state of FNB, i.e., the
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amount of crystalline FNB present. Hence, the absence of interactions between FNB and PVPVA in solid

state was confirmed by the application of CPMAS ssNMR.

6.4.3. Rational selection of spray drying process parameters

As MeOH had the slowest evaporation rate, formed the strongest hydrogen bonds with PVPVA and it
could also interact with both FNB and NAP, it had the poorest properties to be used to formulate highly
drug loaded ASDs. In contrast to this, DCM evaporated the fastest and there were no interactions
observed between either the drugs and DCM or PVPVA and DCM, which made DCM a promising
solvent to be used to prepare highly drug loaded ASDs. Accordingly, the spray drying process
parameters were adapted to increase the evaporation rate of MeOH in order to load more APl in the
PVPVA matrix (Table 6.1.). In case of DCM, both the influence of an increased and a lower evaporation

rate on the physical state was evaluated (Table 6.1.).
6.4.3.1.Spray drying of ASDs of NAP

Applying standard process parameters, i.e., inlet temperature set at the boiling point of the solvent
and a liquid feed rate of 5 mL/min, resulted in a highest drug loading of 40 wt% NAP when using MeOH.
However, when preparing 3 batches with the same composition, one of them was partially crystalline
in XRPD analysis (Fig 6.11A). Likewise, two out of three batches showed Bragg reflections when a higher
evaporation rate was applied. The phase behavior was thus non repeatable, which could be attributed
to contingencies, such as environmental conditions (i.e., RH and T) that cannot be controlled in a spray
drying set-up. Independently of the set of process parameters used, the 45 wt% sample was partially
crystalline, although the crystalline fraction was larger in case of the higher evaporation rate, i.e., 2.52
+ 0.17 % compared to 1.76 + 0.14 % (Fig 6.11.). Accordingly, it was not possible to formulate higher
drug loadings of NAP when increasing the drying rate of MeOH. Moreover, increasing the drying rate
of MeOH resulted in a poorer phase behavior. In spite of this, a lower residual solvent content was

found when a higher evaporation rate was applied (Annex 10).

Using DCM as a solvent and standard process parameters gave rise to a maximum drug loading of 45
wt%, which was determined by the presence of a melting event of NAP in the total heat flow of the
mDSC analysis for higher drug loadings (Annex 11). Similarly, the thermogram of 50 wt% NAP prepared
using a higher evaporation rate also contained a melting event, although the crystalline content was
higher, i.e., 1.58 + 0.09 % compared to 0.29 + 0.16 %. Interestingly, when applying a lower evaporation
rate, there were neither melting events detected in the mDSC analysis for the 50 wt% nor Bragg peaks

in the XRPD analysis (Annex 11). These findings were in contrast with the idea that faster solvent
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evaporation would be favorable for kinetic trapping and thus the formulation of kinetically stabilized

highly drug loaded ASDs.
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Figure 6.11. XRPD diffractograms (A) and mDSC thermorgrams (B) of 40 wt% (blue) and 45 wt% (green) NAP and PVPVA spray
dried using MeOH using standard process parameters or parameters that enabled a higher evaporation rate. 40 wt% samples
were prepared in triplicate (A). For the mDSC analysis, both the reversing (dashed line) and total heat flow (full line) are
depicted, and exothermic signals are directed upwards (B).

However, not only the evaporation rate, but also the outlet temperature (Tou:) is a very critical factor
for the final phase behavior of a spray dried ASD. In Table 6.2., both the T, in the beginning and the
end of the spray drying process are reported. The larger the difference between these values, the more
energy consuming the drying process was, e.g., a AT of 2 °C in case of process parameters that enabled
a higher evaporation rate relative to a AT of 5 °C for standard process parameters. Moreover, the solid
phase crystallization rate increases when the difference between the T, of the ASD and the particle
temperature (and thus Tout) increases®22. To exemplify, as the T, of 40 wt% NAP and PVPVA ASDs was
ca. 55.52 °C, installing an inlet temperature (Ti) of 85 °C when spray drying with MeOH gave rise to a
Tout Situated above the T, (Table 6.2.). This increased crystallization tendency together with the fact
that NAP is a very fast crystallizer, classified as a Glass Forming Ability (GFA) Class | compound
according to Van Eerdenbrugh et al., resulted in a poorer phase behavior when applying process
parameters that enabled a faster evaporation process'#’. On the other hand, installing a lower T;, when
spray drying with DCM, gave rise to a Tou situated further below the T, of ASDs of NAP than when
applying standard parameters, i.e., ASDs of 45 wt% NAP and PVPVA had a T, of ca. 51.60 °C relative to
a Tout of 28 °C. Hence, lowering the drying rate indirectly decreased the solid phase crystallization
tendency. Likewise, Paudel et al. investigated the effect of the inlet temperature on the phase behavior
of ASDs of NAP and PVP K25, where higher inlet temperatures resulted in phase separated systems2%2,
Ultimately, the drying air temperature should be sufficiently high to remove the solvent and enable
kinetic trapping of the drug in the polymer matrix, yet it should be in balance with the potentially

unfavorable impact of a high T,.: on the crystallization tendency.
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Table 6.2. Outlet temperatures (To,t) observed during spray drying of ASDs of 40 wt% NAP and PVPVA using MeOH and ASDs
of 45 wt% NAP and PVPVA using DCM.

Solvent Condition Tin (°C)  Tout,begin(°C)  Tout,end (°C)  ATout (°C)
MeOH  Standard evaporation rate 65 48 43 5
Higher evaporation rate 85 60 58 2
DCM Standard evaporation rate 39 33 28 5
Higher evaporation rate 59 44 42 2
Lower evaporation rate 29 28 22 6

The fact that an increased drying air temperature had a disadvantageous effect on the phase behavior
of ASDs of NAP, does not exclude the possible beneficial effect of an increased drying rate on the
kinetic trapping efficiency. For instance, solely modifying the liquid feed rate to generate smaller
droplets could still result in a faster evaporation process without increasing the T,u.:. Therefore, a

further process optimization might give rise to the kinetic stabilization of higher drug loadings.
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Figure 6.12. mDSC thermogram of 40 wt% NAP and PVPVA spray dried using MeOH and process parameters that enabled a
higher drying rate. The total heat flow (black), reversing heat flow (red) and derivative of the reversing heat flow (blue) are
depicted. Exothermic signals are directed upwards, and the arrows indicate the positions of the two Tgs.

As discussed in Chapter 5, the mDSC analysis of ASDs of NAP and PVPVA sometimes contained a
peculiarity that had the characteristics of a T,. Likewise, a second T, above the T, of the polymer was
detected for some 40 wt% NAP batches prepared using MeOH and a higher drying rate. In the example
depicted in Fig 6.12., the first Ty was positioned at 59.55 °C, which was the Mobile Amorphous Fraction
(MAF), and the second one at 115 °C, which was the Rigid Amorphous Fraction (RAF). As all three
batches of 40 wt% NAP were analyzed in triplicate by mDSC analysis and only three out of nine analyses
indicated the presence of a RAF, it was clear that this phenomenon was not repeatable. Interestingly,

for the samples that showed this peculiarity in the mDSC analysis, the diffractogram contained a Bragg
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peak (Fig 6.12.), which supported the hypothesis that this step change in heat capacity in the mDSC

analysis originated from a RAF that was immobilized by NAP crystals.
6.4.3.2.Spray drying of ASDs of FNB

When using MeOH with standard process parameters, Bragg peaks were present in the XRPD
diffractogram starting from 10 wt% FNB (Fig 6.13A). Adapting the parameters to increase the drying
rate, resulted in an amorphous halo for 10 wt% FNB, yet for the 15 wt% FNB Bragg reflections could
be detected at 16, 17 and 22 °26 (Fig 6.13B). According to the TGA-analysis, a higher evaporation rate
resulted in a lower amount of residual solvent in the 5 wt% FNB batches, i.e., 2.73 £ 0.18 % compared

to0 4.05 £ 0.25 % (Annex 10).
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Figure 6.13. XRPD diffractograms of 5 wt% (green), 10 wt% (red) and 15 wt% (blue) FNB and PVPVA spray dried using MeOH
with standard process parameters (A) and parameters that allowed a faster evaporation of MeOH (B).

When spray drying with DCM, the highest drug loading of FNB that could be kinetically stabilized was
previously established at 20 wt% °’. Applying a lower evaporation rate resulted in a partially crystalline
sample for the 20 wt% (Annex 11). Increasing the evaporation rate on the other hand, resulted in an
X-ray amorphous 20 and 25 wt% FNB sample, while Bragg peaks were present for the 30 wt% FNB one
(Annex 11). These findings were in accordance with the expected favorable effect of an increased
evaporation rate on the kinetic trapping efficiency and thereby formulation of highly drug loaded ASDs.
The absence of a disadvantageous effect of the higher T, can be explained by the lower drug loadings
of FNB that were prepared, namely 5 to 30 wt%, and thus higher product Ty, i.e., ranging from = 100
°C for 5 wt% FNB to 54.50 °C for 30 wt% FNB 7. In spite of that, a possible explanation for the partial
crystallinity of the 30 wt% FNB sample when increasing the drying rate of DCM, could be the relatively
higher T,.: of 44 °C (Annex 10). However, the physical state of these ASDs of FNB was predominantly

determined by the increased drying rate (Ti) rather than the T,.: as was the case for ASDs of NAP.
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Evidently, depending on the physicochemical characteristics of the API (e.g., GFA) and the API to

polymer ratio, the T,.: will be a limiting factor for increasing evaporation rate by adaptation of the Tj,.

In spite of the fact that a higher amount of FNB could be kinetically stabilized by increasing the drying
rate, the improvement is limited to 5 wt%, independently of the solvent. Especially for MeOH, this
cannot be related to the Tou, as an ASD of 10 wt% FNB has a T, of £ 93.29 °C, which is well above the
Tout of 60 °C. Accordingly, the physical state was not only determined by the balance of Tj;and Tou, but
more importantly, by the drug-polymer-solvent combination. For MeOH, this could be related to the
inherently slow evaporation behavior of the solvent relative to the others (even when applying
parameters that enable a higher drying rate) together with the fact that MeOH can hydrogen bond
with both PVPVA and FNB. Ultimately, the physical state of these ASDs of FNB was determined by the

APIl-polymer-solvent combination rather than the set of spray drying process parameters used.
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6.5. CONCLUSION

The combination of TGA and FT-IR spectroscopy was successfully applied to gain insight in the
evaporation kinetics and interactions (in solution), respectively. The evaporation rate of the seven
organic solvents 10 °C below the bp of the respective solvent clearly differed, with MeOH evaporation
the slowest and DCM the fastest. The addition of PVPVA did not alter the relative evaporation rate, yet
decreased the evaporation rate for all solvents, which was most pronounced for the relatively faster
evaporating solvents, i.e., DCM, Ac and EtAc. FNB and NAP had opposite effects on the evaporation
rate: FNB increased the drying rate again, while NAP decreased it. The latter was an indication of
interactions between NAP and PVPVA or NAP and the solvent. Accordingly, the FT-IR analyses revealed
hydrogen bonding between NAP and MeOH, EtOH, PrOH and ACN, and hydrogen bonding between
NAP and PVPVA, which was more pronounced for the solvents that did not interact with PVPVA, i.e.,
DCM and ACN. However, drying from DCM or MeOH resulted in the same IR spectrum of NAP and
PVPVA, demonstrating that the same hydrogen bonding strength could still be obtained. Based on
these findings, spray drying process parameters were altered to increase the evaporation rate of
MeOH and on the other hand to both lower and increase the drying rate of DCM. For FNB, a higher
evaporation rate enabled the formulation of higher drug loadings, which was in line with the idea that
an increased drying rate favored kinetic trapping and thereby the formulation of supersaturated ASDs.
On the other hand, an increased drying rate did result in poorer phase behavior of ASDs of NAP, while
a lower evaporation rate resulted in kinetic stabilization of higher drug loadings. These findings could
be related to the relative position of the T, of the ASD to the T,., where the solid phase crystallization
tendency was increased due to the smaller temperature difference. Hence, the drying air temperature
should be high enough to enable kinetic trapping, but in balance with the potentially unfavorable
impact of a high T, on the crystallization tendency. Moreover, even when higher drug loadings could
be kinetically stabilized by altering the process parameters, the improvement was limited. Hence, the
phase behavior of these ASDs of FNB and NAP was predominantly determined by the API-polymer-

solvent combination rather than the process parameters applied.
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Chapter 7

Solid-state analysis of amorphous solid dispersions:
Why DSC and XRPD may not be regarded
as stand-alone techniques

Results from this chapter are based on: Dedroog, S., Pas, T., Vergauwen, B., Huygens, C., Van den
Mooter, G., 2020. Solid-state analysis of amorphous solid dispersions: Why DSC and XRPD may not be
regarded as stand-alone techniques. J. Pharm. Biomed. Anal. 178.
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7.1. ABSTRACT

Amorphous solid dispersions (ASDs) are single phase amorphous systems, where drug molecules are
molecularly dispersed (dissolved) in a polymer matrix. The molecular dispersion of the drug molecules
is responsible for their improved dissolution properties. Unambiguously establishing the phase
behavior of the ASDs is of utmost importance. In this paper, we focused on the complementary nature
of (modulated) Differential Scanning Calorimetry ((m)DSC) and X-Ray Powder Diffraction (XRPD) to
elucidate the phase behavior of ASDs as demonstrated by a critical discussion of practical real-life
examples observed in our research group. The ASDs were manufactured by either applying a solvent-
based technique (spray drying), a heat-based technique (hot melt extrusion) or mechanochemical
activation (cryo-milling). The encountered limiting factors of XRPD were the lack of sensitivity for small
traces of crystallinity, the impossibility to differentiate between distinct amorphous phases and its
impossibility to detect nanocrystals in a polymer matrix. In addition, the limiting factors of (m)DSC
were defined as the well-described heat-induced sample alteration upon heating, the interfering of
residual solvent evaporation with other thermal events and the coinciding of enthalpy recovery with
melting events. In all of these cases, the application of a single analytical technique would have led to
erroneous conclusions, whilst the combination of (m)DSC and XRPD elucidated the true phases of the

ASD.
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7.2. INTRODUCTION

One of the main issues in pharmaceutical development is that approximately 70% of new drug
candidates are poorly water soluble?*?13, |eading to low and erratic oral absorption and hence low
bioavailability'?. A promising strategy to increase their dissolution rate and solubility is the formulation
of Amorphous Solid Dispersions (ASDs)*, where an Active Pharmaceutical Ingredient (API) is
molecularly dispersed in a polymer matrix, thereby forming a one phase amorphous system (Fig 7.1A,
B). The API can be dissolved in the polymer either below or above its thermodynamic solubility in the
polymer. The former situation leads to a stable single phase system (Fig 7.1A), while the latter is a
supersaturated (metastable) system (Fig 7.1B). As described by Lehmkemper et al., this temperature-
dependent solubility of an APl in a polymer can be described by a state diagram (Fig 7.2.)'%. Here, the
solubility line (Fig 7.2., red line) makes a distinction between glass solutions (Fig 7.1A) and
thermodynamically stable melts on the left, while the right comprises kinetically stable glasses (Fig
7.1B) and thermodynamically, kinetically unstable melts. When the temperature (Fig 7.2., green line)
is installed below the glass transition temperature (T,) of the system, supersaturated systems can form
kinetically stable glasses (Fig 7.1B). Nevertheless, above the equilibrium solubility, polymers may not
be able to stabilize the APl completely and phase separation into a polymer-rich and drug-rich region
can occur (Fig 7.1C). This can either already take place during manufacturing or as a result of physical
aging, which can be accelerated by increased temperature or humidity. In addition, phase separation
caused by mechanical influences or moisture uptake may also occur when an initially stable ASD (Fig
7.1A) was formulated. Since the stabilizing effect of polymers will be diminished in drug-rich regions,
formation of phase separation is often a first step towards crystallization. From there, either
amorphous drug clusters that are prone to crystallize will develop (Fig 7.1D, 7.1E) or crystallization will
start immediately from the drug-rich region (Fig 7.1E). Next to that, crystal formation can also directly
take place from a (supersaturated) ASD (Fig 7.1F). Eventually, the API will crystallize completely and

the solubility advantage of manufactured ASDs will be lost (Fig 7.1G).

It should be noted that crystallization is much more complex than shown in Fig 7.1. In short, both
nucleation and crystal growth are crucial for crystal formation. Both are influenced by thermodynamic
factors, for example free energy and entropy, and kinetic factors, such as T, and molecular mobility?**
217 For more information, the reader is referred to excellent reviews concerning the crystallization
mechanism?>218, Moreover, it should be taken into account that the crystallization tendency is clearly

dependent on the API that is formulated, more specifically on its Glass Forming Ability (GFA)®.

127



NS g

¢ ¢ °

API
(crystalline)

I+

Polymer

+

Heat-based

ASD
manufacturing
technique(s)

Legend:
® o
o2 x>
< <><> Q9
API API
Polymer

(crystalline) (amorphous)

4

Amorphous drug—  Crystallized
cluster formation drug

Polymer rich region

APl rich region

p—

Mechanical influences,

(%) .
presence of moisture, ...

Amorphous Solid Dispersion (ASD) -
Below thermodynamic solubility of

drug in polymer

Polymer-rich region

Drug-rich region

Amorphous Solid Dispersion (ASD) -
Above thermodynamic solubility of
drug in polymer

o 4

Amorphous phase
separation

At

e - —

Nucleation /
Crystallization

I'4

Nucleation /
Crystallization

Amorphous drug -
cluster formation

At

Further crystallizati
crystal growth

Totally crystallized

Figure 7.1. General overview of the phase behavior in amorphous solid dispersions (ASDs). The three main mechanisms of ASD
manufacturing are: heat-based (e.g., hot melt extrusion), solvent-based (e.g., spray drying) and mechanochemical activation
(e.g., cryo-milling). Legend of different phase behavior encountered: (a) ASD mixed on the molecular level (below the
thermodynamic solubility of the drug in the polymer), (b) ASD mixed on the molecular level (above the thermodynamic
solubility of the drug in the polymer), (c) phase separation into drug- and polymer-rich phase, (d) amorphous drug-cluster
formation over time in the drug-rich phase, (e) crystallization of drug in the drug-rich phase or crystallization from the
amorphous drug-clusters that were formed, (f) direct crystallization directly occurring in the supersaturated ASD and lastly (g)
total crystallization of the drug due to further crystallization/crystal growth.
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Figure 7.2. State diagram on the conventional phase behavior of APl/polymer systems in which the (temperature dependent)
solubility of the APl in the polymer and the optimum glass transition temperature of the ASD divide it into four areas, namely:
a region that constitutes the thermodynamically stable melt (light orange), one that comprises the glass solution (green), one
that contains the kinetically stable glass (light green), and one that is the thermodynamically and kinetically unstable melt
(orange). The glass solution can be assigned to the situation in Fig 7.1a and the kinetically stable glass to that in Fig 7.1b.

It is well known that miscibility of APl and polymer(s) is indispensable for the physical stability of
ASDs?%, As a result, detection of (the early onset of) these differences in physical structure of ASDs (as
illustrated in Fig 7.1.) is of utmost importance. Hence, a broad range of complementary analytical
techniques can be applied (each having its own features). In accordance, Table 7.1. summarizes
existing techniques and their classification according to which solid-state characteristics they can
disclose. Only the first two characteristics, i.e., crystallinity/amorphicity and phase behavior, can be
correlated with Fig 7.1. Here, phase behavior can refer to both amorphous-amorphous and
amorphous-crystalline phase separation, meaning that the API can be in its amorphous or crystalline
state. Hence, techniques classified under crystallinity/amorphicity can distinguish between amorphous
(Fig 7.1A, B, C, D) and (partially) crystalline (Fig 7.1E, F, G) solid dispersions. By determining the phase
behavior, a distinction between miscible (Fig 7.1A, B) and phase separated (Fig 7.1C, D, E, F) solid
dispersions can be made. Next to these properties, the presence of APl-polymer interactions, the
molecular mobility, and the particle morphology are important solid-state characteristics to consider

during ASD formulation (Table 7.1.).
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Table 7.1. An overview of the solid-state characterization techniques in ASD formulation. The analytical techniques are
classified according to which solid-state characteristics they can disclose crystallinity/amorphicity, miscibility, alpha and beta
molecular mobility and particle morphology. Since the focus of this work is the complementary nature of (m)DSC and XRPD,
they are depicted in bold. For both the principles and applications of the enumerated analytical techniques, the interested
reader is referred to excellent reviews (a =220, b =68 ¢ =221 ¢ =222 ¢ =50 =65 g =223 h =224) |n gddition, it should be noted
that hyphenated techniques, e.qg., DSC-TGA or DSC-Raman, will strengthen the power of the obtained results.

Structural information Analytical techniques

Crystallinity/amorphicity - X-ray powder diffraction (XRPD)*"¢

- Modulated differential scanning calorimetry (mDSC)*"**

- Infrared spectroscopy (IR)*de

- Raman spectroscopy®® e

- Solid state nuclear magnetic resonance (ssNMR)®ef

- Small-angle and wide-angle X-ray scattering (SAXS and WAXS)*8

- Dynamic mechanical analysis (DMA)®ef

- Hot-stage microscopy (HSM)?

- Localized thermal analysis (LTA)*®

- Dielectric relaxation spectroscopy (DRS)*¢f

- Terahertz pulsed spectroscopy (TPS)*<¢

- Second order nonlinear optical imaging of chiral crystals (SONICC)®
Miscibility - Modulated differential scanning calorimetry (mDSC)"*

- (Micro)-Raman spectroscopy®™9-e

- Dielectric relaxation spectroscopy (DRS)*¢f

- Thermally stimulated current (TSC)

- Solid state NMR (ssNMR)>b-ef

- Dynamic mechanical analysis (DMA)®ef

- Atomic force microscopy (AFM)®

- Localized thermal analysis (LTA)*¢

- Positron annihilation lifetime spectroscopy (PALS)®

- Fluorescence resonance energy transfer (FRET)®
Molecular mobility - Modulated differential scanning calorimetry (mDSC)*"*

- Raman spectroscopy® e

- Dielectric relaxation spectroscopy (DRS)*¢f

- Thermally stimulated current (TSC)®

- Solid state NMR (ssNMR)?

- Dynamic mechanical analysis (DMA)>ef

- Terahertz pulsed spectroscopy (TPS)?

- Positron annihilation lifetime spectroscopy (PALS)®
Interactions - Infrared spectroscopy (IR)>*

- Solid state NMR (ssNMR)>b-ef

- Raman spectroscopy®®e

- Inverse gas chromatography (IGC)®
Morphology - Dynamic vapor-sorption analysis (DVS)?

- Atomic force microscopy (AFM)be

- Time-of-flight secondary ion mass spectrometry (ToF-SIMS)®

- X-ray photoelectron spectroscopy (XPS)®

- Scanning electron microscopy (SEM)b®

- Transmission electron microscopy (TEM)®

- (Hot-stage) Polarized light microscopy ((HS)PLM)®

- Hot-stage microscopy (HSM)?
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In this paper, we will highlight the two most commonly applied analytical techniques for solid-state
characterization of ASDs, namely (modulated) Differential Scanning Calorimetry ((m)DSC) and X-Ray
Powder Diffraction (XRPD). Most importantly, we would like to invigorate the importance of their
complementary nature and to stress the remaining uncertainty about the solid-state of ASDs in case
only one of both is used. As summarized in Table 7.1., both approaches exhibit information about the
presence and the quantity of crystalline and amorphous material, while (m)DSC thermograms can also
withhold information about the miscibility and the molecular mobility of the system. For the latter, the

interested reader is referred is to comprehensive reviews on structural relaxation measurements®22,

To demonstrate the different aspects that (m)DSC and XRPD can uncover, Fig 7.3. illustrates a
comparison between (m)DSC thermograms and XRPD diffractograms. The presence of crystalline
material reflects itself either in Bragg peaks in case of XRPD or in a melting endotherm in case of (m)DSC
(Fig 7.3A). Both the position of the Bragg peaks (° 208) and the melting point (°C) are characteristic for
a specific polymorph (Fig 7.3B). In addition, (re)crystallization can take place upon heating during DSC
analysis, which is detectable as an exothermic peak (Fig 7.3C). When samples are only partially
crystalline, Bragg peaks will be smaller and superimposed on amorphous halos in XRPD, whilst melting
endotherms will be smaller for (m)DSC (Fig 7.3D). On the other hand, the presence of amorphous
material results in amorphous halos in XRPD and Tgs in (m)DSC (Fig 7.3E). Presence of one single Ty
indicates that APl and polymer are molecularly dispersed, while amorphous-amorphous phase
separation will present itself as two distinct T,s. In (m)DSC, the total heat flow can be deconvoluted
into the reversing heat flow (the heat capacity component) and the non-reversing heat flow (the kinetic
component). This makes separation of some overlapping events possible. In this particular illustration,
the Ty can be determined from the reversing heat flow, while the total heat flow contains all events.
In the total heat flow, a T, can be superposed with an endothermic event, namely enthalpy recovery
(Fig 7.3E’). This event can increase with physical aging and can be used to determine molecular
mobilities of these systems??®. In addition, deconvolution of the total heat flow makes it possible to

separate solvent evaporation endotherms from Tgs (Fig 7.3F).

This demonstrates that both (m)DSC and XRPD can resolve physical structures of ASDs, with (m)DSC
having the possibility to discriminate additional events that occur during heating of the sample.
Subsequently, (m)DSC is generally more sensitive to detect crystalline material than XRPD.
Nevertheless, the combined use of both techniques is of utmost importance for the solid-state
characterization of ASDs®>?%, It is well known that sample alteration can take place during (m)DSC
measurements. For example, Bikiaris et al. described that felodipine dissolved in PEG during DSC
analysis, while their Wide-Angle X-ray Scattering (WAXS) analysis showed the presence of crystalline

material'®®. Hence, a non-destructive method such as XRPD is valuable to evaluate the physical

131



structure at Room Temperature (RT). Additionally, the application of a modulated heating rate makes
it possible to separate glass transitions from overlapping kinetic signals, but isolation of different
kinetic signals is not possible (if they overlap). Consequently, a Tr or a crystallization event cannot be

evaluated separately from a solvent evaporation endotherm that might interfere.
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Figure 7.3. lllustration of the different physical structures that can be elucidated by (m)DSC and XRPD: the XRPD
diffractogram(s) illustrates (a) both crystalline materials exhibiting Bragg peaks, (b) distinction between polymorphs as they
demonstrate different diffraction patterns, (d) partial amorphous material which presents itself as superimposed Bragg peaks
on an amorphous halo and (e) amorphous material (or melted/dissolved) to demonstrate an amorphous halo without
reflections. The (m)DSC thermogram(s) illustrates the following thermal events: (a) melting of crystalline material visible in
the total heat flow and partially in the reversing heat flow observed as endothermic events, (b) different melting points (Tn)
for distinct polymorphs, (c) crystallization of drugs as exothermic events only visible in the total (and non-reversing) heat
flow(s), (e) a molecularly mixed system showing one glass transition (T,) which can be deconvoluted into the reversing heat
flow (in case phase separation would be present, two distinct Tys would be observed), (e’) a relaxated molecularly mixed
system demonstrating (endothermic) enthalpy recovery superimposed on the glass transition which after deconvolution is
only observable in the non-reversing heat flow and is not detectable in the reversing heat flow and (f) residual solvent
evaporation appearing as broad endotherms which by deconvolution are only observable in the non-reversing heat flow and
are not present in the reversing heat flow.

In this paper, strengths and limitations of both XRPD and (m)DSC are discussed based on real-life
examples. In all cases, using a single analytical technique would have led to erroneous conclusions
about the phase behavior of the ASD. Since the combined use of XRPD and (m)DSC is not always
evident or straight forward, we would like to emphasize on situations in which the application of these
orthogonal analytical techniques was imperative. Notwithstanding, it has to be mentioned upfront that
the cases discussed in this work are not exhaustive and that it may be possible to encounter other

limitations of using (m)DSC or XRPD as stand-alone technique for the solid-state analysis of ASDs.
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7.3. MATERIALS AND METHODS

7.3.1. Materials

Naproxen (PubChem CID: 156391) was obtained from Certa (Braine-I'Alleud, Belgium), whilst
fenofibrate (PubChem CID: 3339) was purchased from Hangzhou Dayangchem Co. (Hangzhou City,
China), indomethacin (PubChem CID: 3715) and ketoconazole (PubChem CID: 456201) from ABC
Chemicals (Wauthier-Braine, Belgium) and itraconazole (PubChem CID: 55283) from Janssen
Pharmaceutica NV (Beerse, Belgium). Chemical structures are depicted in Fig 7.4. Methanol (MeOH)
99.9% was obtained from ACROS Organics (Geel, Belgium) and dichloromethane (DCM) from Fisher
Scientific (Leicestershire, U.K.). Bovine serum albumin (BSA), heat shock fraction, pH 7, > 98%, was
obtained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Gelatin 50PS, supplied by
Rousselot bvba (Gent, Belgium), was manufactured using an acid-pretreatment (Type A process) and
is characterized by having a Bloom value of 56 grams, a viscosity at 6.67% (w:w) of 1.75 mPa.s, and an
isoelectric point of 8.5. Hydroxypropylmethyl cellulose (HPMC 5 mPas) was obtained from Colorcon
(Idstein, Germany) and Kollidon 25 (= Polyvinylpyrrolidon K25 = PVP K25) and Kollidon VA 64 (=

Polyvinylpyrrolidon vinylacetate = PVPVA) were received from BASF (Ludwigshafen, Germany).
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Figure 7.4. Chemical structures of fenofibrate, indomethacin, itraconazole, ketoconazole and naproxen. Created with
MarvinSuite software (ChemAxon).

I Naproxen

N

N

S

133



7.3.2. Preparation of amorphous solid dispersions

7.3.2.1. Preparation of amorphous solid dispersions by cryo-milling (CRYO)

ASDs were prepared by concomitantly milling powder mixtures at reduced temperature (liquid
nitrogen = -196 °C) in an oscillatory CryoMill (Retsch GmBH, Haan, Germany). In some cases, 1 g of
drug-polymer mixtures was cryo-milled for 3 hours at 25 Hz in a 25 mL stainless steel grinding jar
containing only one stainless steel bead of 15 mm. In other cases, 200 mg samples were prepared by
using 5 mL jars containing a number, not exceeding three of 7 or 10 mm stainless steel beads by using
the same equipment. To prevent “overheating/heating” of the jar, the 3 hours interval was spread
evenly over six shorter intervals of 30 min at 25 Hz alternated with 5 min of oscillation at 5Hz. All
samples were analyzed either immediately by (m)DSC and/or by XRPD or were stored in a freezer at T

< -28°C before analysis.
7.3.2.2. Preparation of amorphous solid dispersions by spray drying (SD)

Fenofibrate was spray dried in combination with PVPVA using a Buchi mini spray dryer B-190 (Buchi,
Flawil, Switzerland). A binary solvent mixture of MeOH:DCM (1:1, v:v ratio) and a solid content of 10%
w/v was used. The following process conditions were applied: drying air temperature of 52 °C, drying
air flow rate of 33 m3/hour, feed solution flow rate of 5 mL/min and an atomization air flow rate of 10
L/min. Immediately after spray drying, the ASDs were further dried in a vacuum oven for 4 days at 25
°C. All samples were analyzed either immediately by (m)DSC and/or XRPD or were stored in a freezer

at T <£-28°C before analysis.

7.3.2.3. Preparation of amorphous solid dispersions by hot melt extrusion (HME)

Physical mixtures of the APl (naproxen or indomethacin) and the polymer (HPMC or PVPVA) were
prepared using a mortar and pestle and extruded using a Mini extruder (DSM Xplore, Sittard, The
Netherlands). The barrel temperature was set at 160 °C, which is above the melting point (T,,) of both
naproxen (155 °C) and indomethacin (159°C). For every sample, approximately 6 g was fed into the
extruder and mixed for 5 min at 100 rpm. The extrudates were cooled on aluminum foil and milled
using a laboratory cutter mill (Kika, Staufen, Germany). All samples were analyzed either immediately

by (m)DSC and/or XRPD or were stored in a freezer at T < -28°C before analysis.
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7.3.3. Solid-state characterization of amorphous solid dispersions

7.3.3.1. X-ray powder diffraction (XRPD)

An automated X’'pert PRO diffractometer (PANalytical, Almelo, The Netherlands) with a Cu tube (Ka A
=1.5418 A), and a generator set at 45 kV and 40 mA was used to carry out XRD experiments (specified

in next sections).
Transmission mode measurements at room temperature

Measurements in transmission mode were performed at room temperature, using Kapton® Polyimide
Thin-films (PANalytical, USA). The selected experimental settings included a continuous scan mode
from 4° to 40° 268 with 0.0167° step size and 400 s counting time. The diffractograms were analyzed

using X’'Pert Data Viewer (Version 1.7, PANalytical, Almelo, The Netherlands).
Temperature resolved XRPD-measurements

For temperature resolved XRPD-measurements, an Anton Paar sample stage (TTK450 Sample Stage)
was applied. The analyses were carried out by collecting several consecutive diffractograms by
increasing the temperature with 10 °C for every subsequent measurement after starting at 25 °C (25
°C>35°C>45°C- ... » X°C, respectively). The selected experimental settings included a continuous
scan mode from 4 ° to 40 ° 26 with 0.0167 ° step size and 400 s counting time. The diffractograms were

analyzed using X’'Pert Data Viewer (Version 1.7, PANalytical, Almelo, The Netherlands).
7.3.3.2. Modulated differential scanning calorimetry ((m)DSC)

A Q2000 DSC (TA Instruments, Leatherhead, U.K.) was used for assessing the thermal behavior of the
ASDs. It was equipped with a refrigerated cooling system (RCS90) accessory under a dry nitrogen purge
at a flow rate of 50 mL/min. Before measuring, routine calibration was carried out using indium
standard for temperature and enthalpy calibration, while sapphire was used for heat capacity
calibration. Samples were prepared by accurately weighing 1 — 5 mg of the sample into standard
aluminum pans provided by TA instruments (Zellik, Belgium) followed by crimpling with aluminum
standard lids (Zellik, Belgium). All samples were heated at a rate of 2 °C/min within the range of -15 °C
to 230 °C depending on the characteristics of the APl and the polymer. At the same time, temperature
was modulated with an amplitude of either 0.212 °C every 40 s or 0.5 °C every 30 s. DSC thermograms
were acquired and analyzed by using the Universal Analysis software (version 5.5, TA Instruments,

Leatherhead, UK).
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7.3.3.3.Scanning electron microscopy (SEM)

In case morphology and particle size examination was requested, Scanning Electron Microscopy (SEM)
images were acquired. By means of double-sided carbon tape, collected powders were adhered to
SEM stubs as first sample preparation step. Subsequently, they were all platinum coated with a SCD-
030 Balzers Union sputter-coater (Oerlikon Balzers, Balzers, Liechtenstein) for further analysis. SEM
images were recorded by a Phillips XL30 SEM-FEG (Philips, Eindhoven, The Netherlands) equipped with
a Schottky field emission electron gun and a conventional EverhartThornley secondary electron
detector. Spot size 3 was selected and the acceleration voltage was set at 2, 5, 10, 15 or 20 kV

respectively, depending on the needs.
7.3.3.4. Thermogravimetric analysis (TGA)

To determine the amount of residual solvent in the spray dried samples, a thermogravimetric analyzer
SDT Q600 (TA-Instruments, Leatherhead, UK) was used. The samples were heated at 5 °C/min to 125
°C in ambient atmosphere and their weight loss in function of temperature was recorded. All TGA
curves were analyzed using the Universal Analysis software (Version 5.5, TA Instruments, Leatherhead,

UK).
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7.4. RESULTS AND DISCUSSION

In the upcoming sections a selection of real-life examples are discussed for which neglecting the
combined use of complementary techniques like (m)DSC and XRPD would have led to ambiguous
results because of “missing” information. Hence, the relevance of using both analytical techniques to

resolve the solid-state characteristics of ASDs is demonstrated.

7.4.1. Limiting factors of XRPD for ASD solid-state analysis

7.4.1.1. Lack of sensitivity to detect small traces of crystallinity

With conventional XRPD equipment (and conventional run times) detection limits of approximately 5%
(or lower)??%227 depending on the API, can be reached. This makes XRPD less sensitive to traces of
crystallinity than (m)DSC. As a result, remaining crystalline traces, which can act as seeds for further
crystal growth, are possibly overlooked in case amorphicity of ASDs is only evaluated by means of XRPD

analysis.

An interesting case, illustrating this particular shortcoming of XRPD, is the 25% drug-loaded hot melt
extrudate of naproxen and HPMC which solid-state investigation is depicted in Fig 7.5. If decision-
making had only taken its diffractogram into account (Fig 7.5b), full amorphicity of the ASD would have
been assumed because of lack of Bragg peaks. Contrarily, this was not the case when taking (m)DSC
data into consideration (Fig 7.5A). Thermal analysis revealed a small but clearly distinguishable
endothermic melting event (T,) at 118 °C. This corresponded to a residual drug crystallinity of
approximately 1.24%, based on the heat of fusion of naproxen’s crystalline form (T, = 115.7 °C), which
XRPD was unable to detect. The observed lower melting point of naproxen, 118 °C instead of 155.7 °C
(Tm of the starting material), was devoted to melting point depression as to the best of our knowledge
no polymorphs have been reported. In addition, formulation of higher drug loadings of naproxen with
HPMC (up until 35%) resulted in the same discrepancy between (m)DSC and XRPD analysis (see Chapter
3). Based on thermal analysis, a drug loading of 35% corresponded to a residual crystallinity of
approximately 4.83%, which was not detectable using XRPD (data not shown). For higher drug loadings,

both (m)DSC and XRPD analysis would have disclosed the higher amount of residual crystallinity.

In this regard, it becomes clear that (m)DSC has a lower detection limit than XRPD for the
determination of small amounts of crystalline material. It should be emphasized that the detection of
any crystalline content is of utmost importance to maximize the physical stability of the ASDs.
Notwithstanding, the detection of a small amount of crystalline content may still be challenging using

(m)DSC. Hence, in case of uncertainty, other analytical techniques may be inquired (Table 7.1.). For
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example, in recent times, Second Order Non-linear optimal Imaging of Chiral Crystals (SONICC) is

applied for the detection of crystallinity in ASDs of chiral APIs that were amorphous using conventional

analytical techniques®>?%,
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Figure 7.5. Solid-state characterization by (m)DSC and XRPD demonstrating the lack of sensitivity to detect small traces of
crystallinity by XRPD. a) (m)DSC thermograms of hot-melt extruded naproxen and HPMC at a drug loading of 25% (dark green)
and crystalline naproxen (red) b) Corresponding XRPD diffractograms (same color coding as for (m)DSC). The sharp peak in
the diffractogram of the ASD with HPMC originates from a crystalline impurity present in the polymer. The (reversing) heat
flow (a) and intensities (b) are shown as arbitrary units.

7.4.1.2. Impossibility to differentiate between distinct amorphous phases

A second limiting factor of XRPD analysis is that no discrimination between distinct amorphous phases
can be made. This would be desirable to uncover amorphous-amorphous phase separation in a
polymer-rich and a drug-rich phase, if present. As mentioned, detection of this particular phenomenon
is of utmost importance as phase separation is deemed a strong precursor for nucleation and
subsequent crystallization. Fortunately, due to their complementary nature, discrimination between

these phases is possible with (m)DSC where distinguishable glass transitions can be exhibited.

More specifically, Fig 7.6. illustrates examples of 45% drug-loaded indomethacin-PVPVA and 35% drug-
loaded naproxen-PVPVA extrudates. In both cases, XRPD analysis assigned lack of crystallinity as
illustrated by the absence of Bragg peaks in their corresponding diffractograms (Fig 7.6B, D). Without
further characterization, one would not have been able to state unambiguously that indomethacin was
molecularly dispersed in the PVPVA matrix. Hence, additional (m)DSC data (Fig 7.6A) was necessary for
further elucidation. In case of the 45% drug-loaded indomethacin-PVPVA, the (m)DSC thermogram
displayed two distinct Tgs at approximately 83 °C (indomethacin-rich phase) and 101 °C (PVPVA-rich
phase), indicating the presence of amorphous-amorphous phase separation. This became more clear
when plotting the derivative of the reversing heat flow, which is depicted in Fig 7.6A and 7.6C. Since
this derivative exhibits peaks at the position of the Tgs, it helps to distinguish the exact position and

width of the T,s. For the 35% drug-loaded naproxen-containing extrudate, on the other hand, no phase
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separation had occurred as was clear from the presence of a single Ty at 63.3 °C, showing itself as a
single peak in the derivative at the same temperature (Fig 7.6C). Thus, although both ASDs were X-ray
amorphous, (m)DSC analysis clarified their structural differences. Hence, this case clearly indicates that
the analytical gap in solid-state characterization with XRPD can be filled by performing (m)DSC analysis.
As a result, (m)DSC provided additional information about the physical structure of the ASDs, which
XRPD analysis lacked.
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Figure 7.6. Solid-state characterization by (m)DSC and XRPD demonstrating the impossibility of XRPD to differentiate between
distinct amorphous phases. a) and c) (m)DSC thermograms of hot-melt extruded ASDs of indomethacin (45%) or naproxen
(35%) and PVPVA (dark green). The total heat flow, the reversing heat flow and its derivative are shown. b) and d)
accompanying XRPD diffractograms of the same samples (crystalline drugs included — red diffractograms). The (reversing)
heat flow (a and c) and intensities (b and d) are shown as arbitrary units.

Although (m)DSC is most commonly used, Table 7.1. gives an overview of other analytical techniques
that can be applied to assess the miscibility of the API and the polymer in ASD formulation. For this
purpose, XRPD can also be combined with computational methods, namely Pair Distribution Function

Calculations (PDFs), Pure Curve Resolution Methods (PCRM) and Alternate Least Squares (ALS)?2%2%°,

7.4.1.3. Difficulties in detecting nanocrystallinity and/or (nano)crystals suffering from a high degree

of crystal defects

Nanocrystallinity and (nano)crystal defects constitute a third difficulty in XRPD analysis as they both
contribute to Bragg peak broadening eventually leading to the formation of what seems to be an
“amorphous” halo at the position of the most abundant Bragg peaks??. These two features, crystallite
size and strain (“structural defects”), accordingly have to be kept in mind while interpreting XRPD

230

results=®. It should be noted that crystallite size does not equal particle size, as polycrystalline

aggregates might be present. Decreasing crystallite size will correspond to less crystal planes per
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crystal and hence a decreased chance on positive interference of reflected X-rays. The same is
observed for crystal defects as planes are interrupted or imperfect. As a result, residual crystallinity
greater than those mentioned in section 7.4.1.1. might be unobservable in a recorded XRPD

diffractogram and hence catalogued as “XRPD amorphous”.
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Figure 7.7. Solid-state characterization by (m)DSC and XRPD demonstrating XRPD its difficulty in detecting nanocrystallinity
and/or (nano)crystals suffering from a high degree of crystal defects. a) ASDs consisting out of 30% indomethacin and BSA
cryo-milled under two conditions: 5 mL grinding jar and 1 x 10 mm bead (dark green) and 5 mL grinding jar and 3 x 10 mm
beads (purple). b) Corresponding XRPD diffractograms. The arrows indicate the positions of the melting points. The (reversing)
heat flow (a) and intensities (b) are shown as arbitrary units.

An example of this pitfall is amorphization by cryo-milling, because the mechanisms of amorphization
during cryo-milling are deemed to be crystallite size reduction and crystallite defect induction, which
in turn can transition towards the amorphous state®. In Fig 7.7., the solid-state evaluation of two cryo-
milled ASDs, containing 30% indomethacin and BSA, is depicted. From the XRPD analysis, lack of
crystalline content would have been assumed due to the sole presence of a diffuse “amorphous” halo
(Fig 7.7B). On the other hand, thermal analysis of the one cryo-milled in the presence of a single 10
mm bead (Fig 7.7A) revealed a residual drug crystallinity of approximately 19.5%. Contrarily, the solid-
state analysis of the ASD cryo-milled using three 10 mm beads resulted in a fully amorphous ASD based

on both (m)DSC and XRPD analysis (Fig 7.7a, b).

In order to identify the root cause of XRPD’s inability to detect these high amounts of residual
crystallinity, SEM was performed (Fig 7.8.). SEM assessment of the starting materials and the cryo-
milled samples clearly showed the transformation of nicely shaped crystals in the micrometer range
before cryo-milling (Fig 7.8A, B) towards less structurally defined agglomerates in the nanometer range
afterwards (Fig 7.8C, D). Hence, this might be an indication of the formation of nanocrystals being

present and XRPD’s inability to detect them.
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Figure 7.8. SEM assessment of the starting materials (indomethacin (a) and BSA (b)) and the cryo-milled ASDs containing 30%
indomethacin (c and d) clearly visualizing the transformation of nicely shaped crystals with clearly defined crystal planes in
the micrometer range before cryo-milling (a and b) towards less structurally defined agglomerates in the nanometer range
afterwards (c and d).

In addition to the abovementioned analytical technique (section 7.4.1.1.) that can detect
nanocrystallinity, Small Angle X-ray Scattering (SAXS) is another promising technique for the detection

223

of nanoheterogeneity Nevertheless, in this specific case, (m)DSC showed to be a good

supplementary analytical technique to XRPD.

7.4.2. Limiting factors of (m)DSC for ASD solid-state analysis

Likewise, thermal characterization of ASDs by (m)DSC may not be regarded as a stand-alone technique
for their solid-state characterization. From literature, it is already known that the obtained

thermograms can differ depending on the application of different parameters, e.g., heating rates or
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isothermal hold time?¥232, Nevertheless, even when applying the same set of parameters, one should

keep the following limitations in mind to avoid misinterpreting.

In the upcoming sections, two pitfalls of (m)DSC analysis that were encountered will be discussed. In
these cases, decision-making solely based on the acquired (m)DSC thermograms would have led to
erroneous conclusions. The first being the well-known thermal change upon heating which might alter
the original state of the sample®*%¥22 The second being the presence of residual solvent revealing
itself by a broad endothermic evaporation endotherm, which can potentially overlap with (exothermic)

crystallization or (endothermic) melting events.
7.4.2.1.Sample alteration upon heating

Thermal analysis of two cryo-milled ASDs containing naproxen and either PVP or BSA (Fig 7.9A, D)
resulted in what seemed to be a molecular dispersion of naproxen in both carriers (35% drug-loaded
naproxen-PVP: T, = 87.2 °C; 30% drug-loaded naproxen-BSA T, = 121.65 °C). The lack of crystallinity
was in contradiction with the detection of characteristic Bragg peaks for naproxen in the thermally
unaltered XRPD samples (Fig 7.9B, E). As mentioned, it is considered that (m)DSC is more sensitive
towards detection of crystalline traces and hence should have detected the residual crystallinity of
naproxen. In order to further investigate this discrepancy, temperature-resolved XRPD analysis was
performed on both samples (Fig 7.9C, F). Therefrom, it became clear that the diffractograms
transitioned from being “XRPD crystalline” towards “XRPD amorphous” either within the range 85-95
°C (35% drug-loaded naproxen-PVP) or 135-145 °C (30% drug-loaded naproxen-BSA). Since this event
took place at lower temperatures than the melting point of naproxen (T, = 154.3 °C), it was caused by
dissolution of naproxen particles in the PVP/BSA matrix instead of melting of naproxen itself. This
discrepancy between XRPD and (m)DSC results was most likely caused by the extensive particle size
reduction that took place during cryo-milling. As becomes clear from Fig 7.8. and section 7.4.1.2.,
nanocrystals were formed, resulting in an increased particle-particle contact. Hence, the combination
of a low heating rate (2 °C/min) and the large surface area, and hence large contact area between drug
particles and polymer, made dissolution in the polymer matrix possible. It should be noted that these
examples include both synthetic and biopolymers, meaning that the dissolution event is not restricted
to a certain type of polymer. In addition, dissolution occurred either at or above the T, of the system,
where the increased mobility of the system facilitated the dissolution process. The dissolution event
was not clearly visible, what might be due to differences in dissolution of distinct domains at discrete
temperatures making this event smeared out over a broad temperature range between Ty and Tr. As
a result, both orthogonal techniques as well as a temperature-resolved set-up of XRPD were needed

to uncover the physical state of the ASD at RT.
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Figure 7.9. Solid-state characterization by (m)DSC and XRPD demonstrating sample change upon heating during thermal
analysis. The (m)DSC thermograms (a and d), XRPD diffractograms (b and e) and temperature-resolved XRPD diffractograms
(c and f) of cryo-milled naproxen with either PVP at a drug loading of 35% (top) or with BSA at a drug loading of 30% (bottom)
are depicted. The ASDs are shown in dark green and crystalline naproxen in red. The arrows indicate either a T, or the absence
of a Tn. The (reversing) heat flow and intensities are shown as arbitrary units.

7.4.2.2.Residual solvent evaporation interfering with other thermal events

Residual solvent evaporation can also constitute erroneous conclusions when only considering (m)DSC

analysis, as thermal events occurring during evaporation are not always easily distinguished.

A first example that suffered from such interference is presented in Fig 7.10. Here, 5-35% drug-loaded
spray dried ASDs of fenofibrate and PVPVA contained a substantial amount of residual solvent. More
specifically, based on TGA-analysis, 4.27%, 3.86%, 3.90%, 2.87%, 2.55%, 1.96% and 2.19% residual
solvent, respectively. It is evident from Fig 7.10. that XRPD-reflections were detected starting from
10% drug loading of fenofibrate whilst thermal analysis identified only drug loadings of 30% or higher

as being partially crystalline. Hence, sample alteration during thermal analysis needed to be excluded.

Therefore, thermal analysis was performed subsequent to keeping the samples isothermal at 40 °C for
30 min. Here, for the 25% drug-loaded sample, a small melting event could be distinguished on top of
the broad solvent evaporation endotherm (Fig 7.10D). Before application of a preheating step, it was
not possible to detect a melting event for the 25% drug-loaded ASD (Fig 7.10A), while this additional
step made it distinguishable. This was an indication of the coinciding of the solvent evaporation
endotherm with this event rather than dissolving of fenofibrate in PVPVA during heating. It should be
noted that substantial isothermal hold times (or even at higher temperatures) or always implementing
one should be handled with care as it will impact the thermal history?3!. For lower drug loadings, the

melting endotherms were still not detectable as shown for the 20% drug-loaded ASD (Fig 7.10D), which
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might be explained by the lower amount of crystalline material in these ASDs. Hence, temperature-
resolved diffractograms of the 20% drug-loaded ASD were recorded from 25 °C to 125 °C. The most
important diffractograms are presented in Fig 7.10c. Here, the existing reflections disappeared in the
interval from 65 °C to 75 °C, which was attributed to melting of the residual crystalline fenofibrate. It
should have been possible to detect this residual crystallinity during thermal analysis if the broad
solvent evaporation endotherm did not coincide with the melting endotherm of fenofibrate.
Consequently, one should pay attention to this particular limitation when analyzing APIs with a low
melting point.
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Figure 7.10. Solid-state characterization by (m)DSC and XRPD demonstrating the interference of residual solvent evaporation
with melting during thermal analysis. a) (m)DSC thermograms of some selected spray-dried ASDs containing fenofibrate and
PVPVA at drug loadings between 5% and 35%: 10% (dark green), 25% (light blue), 30% (dark blue) and 35% (orange). b) XRPD
diffractograms of a 5%, 10% and 35% drug-loaded ASD of fenofibrate and PVPVA. c) Temperature-resolved XRPD
diffractograms of the 20% drug-loaded sample. d) (m)DSC thermogram of the 25% drug-loaded sample after isothermal
heating for 30 min at 40 °C took place before thermal analysis. The (reversing) heat flow (a, d) and intensities (b, c) are shown
as arbitrary units.

A second example concerns crystallization events occurring simultaneously with evaporation of water
(and possible residual solvents in the starting material) during thermal analysis. Fig 7.11. and 7.12.
show the solid-state analysis of four 30% drug-loaded ASDs, namely ketoconazole (Fig 11A and 12A)
and itraconazole (Fig 7.11B and 7.12B), containing either BSA or gelatin 50PS as carrier, which all
seemed to be (m)DSC crystalline and XRPD amorphous. At first sight, this was not surprisingly, as
(m)DSC is more sensitive than XRPD for the detection of crystalline content. Nevertheless, residual
drug crystallinities were high, namely 29.6% in case of ketoconazole and 49.1% in case of itraconazole.
High residual crystallinities were also observed for the ASDs containing gelatin 50PS (Fig 7.12.).

Although the possibility to form nanocrystals during cryo-milling should be kept in mind, it could have

144



been possible to detect these high percentages of drug crystallinity during XRPD analysis. Accordingly,
temperature-resolved XRPD experiments were performed for two BSA-containing systems between
25 °C and 225 °C (Fig 7.11.). The obtained diffractograms revealed that crystallization of the drugs
started between 65 °C-75 °C (ketoconazole) or 75 °C-85 °C (itraconazole). Secondly, disappearance of
Bragg peaks was observed at 145 °C-155 °C (ketoconazole) and 165 °C-175 °C (itraconazole), which
correlated well with the melting points of the pure drugs (Tm ketoconazole = 147.95 °C, Tmitraconazole = 165.87
°C). A closer look at the (m)DSC thermograms could insinuate onset of crystallization at the above-
indicated temperature ranges. It should be noted that both evaporation and (re)crystallization can also

be evaluated from the non-reversing heat flow; nevertheless, the same overlap was detected here.
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Figure 7.11. Solid-state characterization by (m)DSC and XRPD demonstrating the interference of residual solvent (water)
evaporation with crystallization during thermal analysis. The (m)DSC thermograms (left), XRPD diffractograms (center) and
temperature-resolved XRPD diffractograms (right) for 30% of ketoconazole (a) or itraconazole (b) cryo-milled with BSA as a
carrier are shown. The crystalline APIs are shown in red and the cryo-milled ASDs in dark green. The (reversing) heat flow and
intensities are shown as arbitrary units.

When comparing these BSA-containing systems (Fig 7.11.) with those containing gelatin 50PS (Fig
7.12.), the exothermic crystallization events were more pronounced in case gelatin was used as carrier.
To conclude, if only thermal analysis would have been applied, the initial crystalline contents of these
samples would have been overestimated. Hence, this limitation of (m)DSC shows a combination of
sample alteration during heating and the coinciding of a broad solvent evaporation endotherm with
the possible detection of this alteration. Consequently, the application of (m)DSC and XRPD was
essential in unambiguously determining the solid-state of these ASDs and hence proved their

combined strength.
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Figure 7.12. Solid-state characterization by (m)DSC and XRPD demonstrating the interference of residual solvent (water)
evaporation with crystallization during thermal analysis. The (m)DSC thermograms (left) and XRPD diffractograms (right) for
30% of ketoconazole (a) or itraconazole (b) cryo-milled with gelatin 50PS as a carrier are shown. The crystalline APIs are shown
in red and the cryo-milled ASDs in dark green. The (reversing) heat flow (a) and intensities (b) are shown as arbitrary units.

7.4.2.3. Enthalpy recovery coinciding with melting events

The third encountered limitation of (m)DSC analysis is caused by the presence of another thermal
event, namely enthalpy recovery. Because this event is the consequence of enthalpy relaxation, it can
be used for relaxation measurements and estimation of the physical stability of ASDs. Fig 7.13. depicts
the (m)DSC analysis (Fig 7.13A) and the XRPD analysis (Fig 7.13B) of a 30% drug-loaded ASD of
indomethacin and HPMC, manufactured by cryo-milling. In this example, (m)DSC analysis revealed two
endothermic events (partially overlapping with one another) in the total heat flow and a single Ty in
the reversing heat flow (Fig 7.13A). In addition, XRPD diffractograms showed Bragg peaks that were
characteristic for y-indomethacin (Fig 7.13B). Hence, the two endothermic events in the total heat flow
were assigned to melting of residual crystalline indomethacin and enthalpy recovery, from which the
latter is always detected at the same position as the T, The coinciding of enthalpy recovery with a
melting event, makes it difficult to detect crystalline traces. Hence, although in some cases there might
still be an indication of crystalline traces in (m)DSC analysis, this overlap could give rise to erroneous

conclusions about the physical structure of ASDs.
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Figure 7.13. Solid-state characterization by (m)DSC and XRPD demonstrating the coinciding of enthalpy recovery with melting
events. The (m)DSC thermograms (a) and XRPD diffractograms (b) of cryo-milled indomethacin and HPMC at a drug loading
of 30% are shown which were processed with 8 beads of 5 mm in a 5 mL grinding jar. The (reversing) heat flow (a) and
intensities (b) are shown as arbitrary units.

It should be noted that when applying a heat-cool-heat procedure in (m)DSC analysis, it could have
been possible to differentiate between enthalpy recovery and melting. After the first heating cycle,
the thermal history would have been erased; making that melting would have been the only
endothermic event that could have been detected in the second heating cycle. Nevertheless, because
of the miscible nature of indomethacin and HPMC, in the second heating cycle only a single T, could
be distinguished (Fig 7.13A). Therefore, the application of a heat-cool-heat procedure cannot resolve
the overlap of enthalpy recovery and melting events for ASDs. This example clearly shows that both
(m)DSC and XRPD analysis were indispensable for determining the correct physical structure of the

ASDs.
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7.5. CONCLUSION

In the present work, the importance of combining orthogonal analytical techniques for the solid-state
characterization of ASDs was demonstrated. Six practical examples showed that the combined
application of (m)DSC and XRPD made it possible to assign the correct physical state to the ASDs being
evaluated. Herewith, limiting factors of (m)DSC and XRPD in solid-state analysis were linked to these
practical examples and discussed into more detail to establish that their separate use can often lead
to erroneous conclusions. It was demonstrated that lack of sensitivity, impossibility to differentiate
between distinct amorphous phases and nanocrystallinity or (nano)crystal defects can be limiting
factors in XRPD-analysis whilst thermal changes of samples upon heating and residual solvent
evaporation coinciding with other thermal events can complicate solid-state characterization by
(m)DSC. In all treated cases, both techniques were indispensable to characterize their initial solid-state
unambiguously. Nevertheless, it should be mentioned that other techniques than (m)DSC and XRPD
can also have their place in the characterization of ASDs even though (m)DSC and XRPD are established

techniques.
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8.1. KINETIC STABILIZATION OF AMORPHOUS SOLID DISPERSIONS

The overall aim of this PhD thesis was to manufacture kinetically stabilized supersaturated ASDs and
to evaluate factors that might determine the extent of supersaturation that could be achieved. To
generate a supersaturated ASD, the APl should be dissolved in the polymer matrix above its
thermodynamic solubility limit, thereby forming a thermodynamically unstable mixture. In spite of the
fact that the inherent instability of supersaturated systems can be a challenge for attaining a viable
shelf life, there are two important reasons to prefer them over lower drug loaded systems. First, the
present-day push for a lower pill burden requires the formulation of higher drug loadings as it might
reduce the amount of daily dosage units required and thereby increase the therapeutic compliance of
patients'*, Second, the thermodynamic solubility of APIs in a polymer matrix is generally low, often

even too low to reach therapeutically relevant concentrations®.

Although supersaturated systems are thermodynamically unstable, they can be kinetically stabilized
under the right circumstances. In this project, kinetic stabilization of supersaturated concentrations
was achieved by kinetic trapping of an APl in the polymer matrix, which was either a result of fast
solvent evaporation leading to a fast viscosity increase during spray drying or rapid cooling of the liquid
mixture upon exiting the die during hot melt extrusion. Accordingly, the important contribution of
kinetic factors next to thermodynamic ones to the phase behavior of ASDs became abundantly clear.
In Chapter 3, it was described that both spray drying and hot melt extrusion allowed to produce
kinetically stabilized supersaturated ASDs of NAP that contained more API than the thermodynamic
solubility limit as predicted by PC-SAFT!?>1° Also by spray drying with IMC and PVPVA, the highest
drug loading exceeded the equilibrium solubility limit (Chapter 4)3*13% For FNB and DZP, the
equilibrium solubility limit in PVPVA was not yet established and could therefore not be compared to
the maximum drug loadings determined in this work (Chapter 4). However, as both these APIs have no
hydrogen bond donors and thus no hydrogen bonding potential with PVPVA, it could be expected that
their solubility limit in PVPVA is lower compared to that of NAP and IMC®. As generally higher drug
loadings could be obtained for DZP than for NAP, these DZP ASDs could also be considered as kinetically

stabilized supersaturated systems.

On the other hand, in case of spray drying of NAP and PVP, the highest drug loading was found to be
slightly lower than predicted by PC-SAFT (Chapter 3). However, the highest drug loadings were
determined with intermediate steps of 5 wt%, and the maxim drug loading ranged from 30 to 35 wt%,
in between which the solubility limit of 31.4 wt% was situated. Moreover, cryo-milling never enabled

the formulation of supersaturated ASDs of NAP, independently of the polymer (Chapter 3). As the
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thermodynamic solubility limit of an APl in a polymer matrix defines the maximum APl to polymer ratio
for which physical instability is less likely to be an issue, this limit can be considered as the minimum
drug loading that should be achieved during ASD manufacturing. When a lower maximum drug loading
is found, process optimization might enable the formulation of this drug loading (or higher) (see section
8.3.2.). Hence, the use of a thermodynamic model, such as PC-SAFT, to predict the equilibrium
solubility limit is an important tool during ASD development3271351%5 yet it should be kept in mind that
ASDs are per definition non-equilibrium systems and thus their phase behavior depends on both

thermodynamic and kinetic factors.

Throughout the project, it became clear that several factors determined the success rate of kinetic
stabilization of supersaturated ASDs. From the factors depicted in Fig 8.1., the influence of all
formulation parameters, i.e., the physicochemical characteristics of the API, carrier and solvent, the
manufacturing technique and applied process parameters will be discussed in the following sections.
Also environmental factors, i.e., temperature and Relative Humidity (RH) of the surroundings, could
influence the extent of supersaturation that could be achieved, and that both during development and

during storagel?>14>233.234,

Solvent

KINETIC
STABILIZATION

Process
parameters

Manufacturing
technique

Figure 8.1. Overview of factors that could influence the success rate of kinetic stabilization of supersaturated ASDs.
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8.2. IMPACT OF FORMULATION PARAMETERS ON KINETIC
STABILIZATION

8.2.1. Is the extent of supersaturation inherent to the API?

In Chapter 4, two APIs that could hydrogen bond with PVPVA were studied, yet their crystallization
tendency differed: according to the classification by Van Eerdenbrugh et al., NAP was a Glass Forming
Ability (GFA) class | compound, i.e., a fast crystallizer, while IMC was categorized as GFA class lll, i.e., a

slow crystallizer’’

. When comparing the thermodynamic solubility limit of these APIs in PVPVA and
the maximum amount of drug that could be kinetically stabilized using PVPVA, the extent of
supersaturation was relatively higher for IMC. Although this could be related to the slower
crystallization tendency of IMC, a relation between the GFA classification system and the extent of
solid state supersaturation that can be obtained has not yet been proposed. Moreover, it has recently
been described that GFA class Ill compounds do not necessarily give rise to single phase amorphous
systems?®, In addition to that, some authors describe a clear relation between the GFA and the
physical stability of ASDs?%, while others do not?*’. Hence, to answer the title of this section: the
potential for kinetic stabilization of supersaturated systems might to some extent be predetermined
by the API, yet it also depends on multiple other factors, as described in the following sections. To

make unambiguous statements about the relation between the GFA classification and the extent of

supersaturation that can be obtained, much more API-polymer combinations should be considered.

8.2.2. Kinetic stabilization as factor for carrier selection

An ideal carrier must be successful at both stabilizing the amorphous API in its solid state and
maintaining its supersaturated state upon dissolution long enough for absorption to take place®. In
Chapter 3, PVP, PVPVA, HPMC and HPMC-AS were compared for this first aspect. Both using hot melt
extrusion and cryo-milling, PVP was able to kinetically stabilize a higher amount of NAP, while in case
of spray drying, PVPVA showed to be the best polymer to obtain high drug loadings of NAP. However,
the thermodynamic solubility of NAP in PVP (i.e., 31.4 wt%) is higher than that in PVPVA (i.e., 20.7
wt%), thus it could have been expected that higher drug loadings were found using PVP, independently
of the manufacturing technique. A possible explanation for this discrepancy is the influence of the
solvent during spray drying. Both for PVP and PVPVA, MeOH, which can act as a hydrogen bond donor
(and acceptor), was used. As PVP is known to hydrogen bond with MeOH?® and VP is more available
for hydrogen bonding with MeOH compared to VA (Chapter 6), there was relatively more of the better

hydrogen bond acceptor available when PVP was used. The stronger interactions between MeOH and
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PVP could leave less free PVP to hydrogen bond with NAP, which might explain the relatively lower
drug loadings for NAP in PVP by spray drying. Another aspect that might explain this difference is the
potential disadvantageous effect of the residual solvent on the phase behavior, which also depends on
the affinity of the polymer for the solvent in question. Despite the fact that the impact of the solvent
might be a plausible explanation for the difference between PVP and PVPVA, PVPVA was selected for

all further investigations by spray drying.

Although it was clear that PVP and PVPVA were superior for kinetic stabilization of highly drug loaded
ASDs of NAP, this does not neceseraly mean that they are better carriers for NAP. A carrier should also
be able to maintain the supersaturated state during dissolution for a long enough time period, which
was not taken into account in this work. Several authors have studied the supersaturation potential of

152,238-241

carriers , where HPMC and HPMC-AS were generally good candidates. Moreover, it has been

shown that HPMC-AS could be more effective in maintaining supersaturation than PVPVA, because of

its slower dissolution rate?®

. Hence, to identify an ideal carrier, a balance between the kinetic
stabilization potential and potential to stabilize the supersaturated state during dissolution is of utmost

importance.

8.2.3. Impact of the solvent on kinetic trapping efficiency

In recent years, the contribution of the solvent to the phase behavior of (supersaturated) ASDs has
gained significant interest!20136,165-168.242 However, up until now, the impact of a single organic solvent
on the kinetic trapping efficiency was not yet established. In Chapter 4, it was described that the
solvent determined the extent of solid state supersaturation that could be achieved by film casting and
spray drying, yet it could not be related to the equilibrium solubility of the API in the respective solvent.
This was an interesting finding as the common solubilizing capacity of the solvent for the API and its
carrier is nowadays one of the most important solvent selection criteria3®%, In contrast, the potential
of ternary state diagrams of APl-polymer-solvent mixtures, which are based on the solubility of the API
in the polymer-solvent mixture, to predict the phase behavior of ASDs using PC-SAFT has been
described as wel|'36138242 Ag mentioned above, an explanation for this discrepancy could be that the
phase behavior of ASDs is determined by an interplay of kinetic and thermodynamic factors, while PC-

SAFT only accounts for thermodynamic ones.

Another critical solvent characteristic is the volatility, which affects the evaporation rate and
accordingly also the chance for kinetic trapping of the APl in the polymer matrix in a supersaturated
state. Correspondingly, as described in Chapter 6, the contribution of the solvent to the physical state
was successfully related to the evaporation behavior and the presence of interactions in solution. In

general, the higher the solvent evaporation, the higher the kinetic trapping efficiency and thus the
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higher the amount of API that could be kinetically stabilized in PVPVA. Similarly, Wu et al. reported
that the evaporation rate was even more critical than the polymer molecular weight and the drug to

polymer ratio to decrease the extent of nucleation in ASDs*®.

In spite of the clear relation between the solvent, its evaporation rate and the degree of solid state
supersaturation that could be obtained, there are a lot of other physicochemical characteristics that
could be influenced by the solvent, such as the diffusional motion of solutes, the polymer conformation
in solution and the viscosity. Moreover, together with the initial droplet diameter and the diffusional
motion of the solutes, the evaporation rate determines the particle morphology (Chapter 1). To
exemplify, PVPVA slowed down the evaporation rate of all solvents, yet this effect was more
pronounced for the relatively faster evaporating solvents, which was explained by a faster
concentration and viscosity increase, resulting in earlier crust formation (Chapter 6). Although this
effect did not result in a different particle morphology when spray drying, it did in case of fluid bed
coating, where a porous coating was observed for the faster evaporating Ac compared to a
homogeneous coating for the slower evaporating MeOH?%. The evaporation rate during spray drying
is generally much higher compared to fluid bed coating, where evaporation has to take place from a
surface. Hence, the very fast solvent evaporation during spray drying resulted in hollow, collapsed

spray dried particles, independently of the solvent (except for PrOH).

As particle formation is a result of a complex interplay of multiple factors, a lot of research is being
performed to gain more insight in this process®. Experimentally, single droplet drying techniques could
be employed as a more simplified approach to droplet formation'®. Several experimental set-ups
could be applied: using a filament, an acoustic levitator, levitation by air flow, or a free-fall technique,
from which the latter can resemble the drying process during spray drying best10103:243.234 | this PhD
project, a single droplet drying set-up using the free-fall technique was built in collaboration with Prof.
Vetrano (Mechanical Engineering, KU Leuven) in order to record a difference in drying behavior
between MeOH and Ac droplets. However, as the optimization of this set-up was a time consuming
process, the experimental work will be continued by another PhD researcher in our group. Additionally,
a lot of research is being performed about modeling the drying process, and that both during single

droplet drying and spray drying®.
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8.3. INFLUENCE OF PROCESSING ON KINETIC STABILIZATION

8.3.1. Kinetic stabilization as factor for selection of a manufacturing technique

Despite the fact that some authors have compared manufacturing techniques one by one (mostly hot
melt extrusion and spray drying), today it is not known how the selection of a manufacturing technique
could influence the extent of solid state supersaturation that can be obtained. In this work, hot melt
extrusion showed to be the most promising manufacturing technique to prepare highly drug loaded
ASDs of NAP, which was related to the beneficial effect of heat on the dissolution of NAP in the
polymers (Chapter 3). Similar results were obtained by Boel et al. for the manufacturing of ASDs of
itraconazole and fenofibrate?®. Likewise, Haser et al. reported that ASDs of 60 wt% NAP and PVP K25
contained a smaller crystalline fraction when prepared using HME compared to spray drying'®.
Moreover, crystal growth was much less pronounced in case of HME, which was explained by the fewer
nucleation sites and the fact that they were better dispersed. Interestingly, the effect of the processing
method on the physical stability was only observed for drug loadings above the thermodynamic
solubility limit of NAP in PVP K25'23, Also for felodipine and HPMC-AS, ASDs prepared using HME had
a superior physical stability?®®. In general, these findings indicated that HME was not only better to
kinetically stabilize higher drug loadings immediately after preparation (as was the case in this thesis),
but also to maintain the supersaturated state over time. However, it should be kept in mind that this

could also be influenced by the applied process parameters and downstream processing.

Cryo-milling gave rise to lower maximum drug loadings, even lower than the thermodynamic solubility
limit of NAP in the polymers (Chapter 3). At first, this was related to insufficient process optimization,
as a small scale up experiment from a 5 to a 25 mL grinding jar showed promising results with regard
to the formulation of higher drug loadings. However, in the meantime, it was found that cryo-milling
with synthetic polymers results in polymer degradation and polymer-assisted API degradation®>%2, As
a result, it is very likely that the actual NAP content in the ASDs was even lower than the theoretical
drug loadings. Hence, cryo-milling was an even worse technique for kinetic stabilization of high drug
loadings than initially described in Chapter 3. Moreover, these findings suggested that the
manufacturing technique could also influence the polymer intrinsically (e.g., stability, dissolution
behavior) and thereby potentially also the extent of supersaturation that could be achieved.
Nevertheless, this does not exclude cryo-milling as a promising amorphization technique: several
authors have been successfully applying cryo-milling for the manufacturing of co-amorphous systems,
where no polymer was used and thus no polymer-assisted degradation of the API(s) could take

place247,248
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Film casting was employed as another solvent based method to evaluate if the contribution of the
solvent to the phase behavior was dependent on the manufacturing technique (Chapter 4). The
maximum drug loadings obtained by film casting were generally lower than for spray drying, and thus
this method resulted in poorer kinetic stabilization of supersaturated ASDs. This can be attributed to
the lower evaporation rate in case of film casting, and thus less chance of kinetic trapping, resulting in
lower drug loadings. In spite of that, the same trend was observed with regard to the contribution of
the solvent to the phase behavior, independently of the technique. In addition to the already well-
established predictive value of film casting for assessing the miscibility of compounds!®314, this

demonstrated that also the influence of a solvent could be predicted.

In addition to the techniques investigated in this work, it is possible that other manufacturing methods
could be as good as HME (or better) for the kinetic stabilization of supersaturated systems. For
instance, Ziaee et al. demonstrated that rotary evaporation resulted in more homogenous ASDs of
ibuprofen than spray drying and electrospinning did**°. Also new manufacturing approaches such as

microwave in situ amorphization could potentially perform better”’.

8.3.2. What is the added value of process optimization for kinetic stabilization?

A lot of researchers have studied the impact of process parameters on the physicochemical
characteristics of ASDs, which is frequently done using a Design of Experiments (DoE) 2°%25°, Although
the phase behavior of ASDs is often included as a response in a DoE, the extent of supersaturation that
can be obtained as a result of kinetic stabilization is not. In this project, both for hot melt extrusion
and spray drying, some process parameters were altered in order to investigate the potential effect of

process optimization on the amount of API that could be kinetically stabilized in the polymer matrix.

In case of HME, both the effect of the barrel temperature and the presence of additional kneading
blocks was investigated (Chapter 3). It was found that in case of PVP and PVPVA, the barrel
temperature had to be installed above the T, of NAP (i.e., at 160 °C) in order to obtain a completely
amorphous ASD, and that the temperature could not be installed higher, as PVP started to degrade at
150 °C. In spite of the fact that heat was an important energy input, the increase in barrel temperature
was limited by the polymer degradation temperature. Also APl degradation could be a limiting factor
for further increasing the energy input, in which case spray drying might be a better alternative?®,
Moreover, there was no improvement in phase behavior when a continuous extruder with a kneading
zone at two third of the barrel length was employed instead of the batch extruder. However, as a high

shear configuration is known to give the best results with regard to mixing capacity®*>®

, it is possible
that the addition of more kneading zones could increase the extent of solid state supersaturation, yet

this was not explored in this project.
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In view of the decisive impact of the solvent evaporation rate on the kinetic trapping efficiency during
spray drying, the evaporation rate was modified by adapting the drying air temperature and liquid feed
rate at the same time to evaluate the potential impact of an extreme change in drying rate (Chapter
6). For FNB, increasing the solvent evaporation rate resulted in a slight improvement in phase behavior,
which was in line with the idea that a higher solvent evaporation rate was an important factor to
decrease the extent of nucleation®. Interestingly, the opposite trend was observed for NAP, where a
lower drying rate was more beneficial for the phase behavior. This could be related to the relatively
higher position of the T,.: to the product T, when the T, was increased, thereby increasing the
crystallization tendency of NAP. Although the importance of the T, for the phase

29 3nd particle morphology?%%?%! of spray dried particles has

behavior?94161.257.25%8 ¢ rface composition
been described in literature, these findings demonstrated that the balance between the T;, and Tou:
might also be a limiting factor for process optimization with regard to the formulation of higher drug
loadings. Moreover, the relative importance of the T, clearly depended on the APl and the API to
polymer ratio. It should be noted that it might still be possible that generating smaller droplets without

increasing the drying air temperature enables the formulation of higher drug loadings of NAP.

In general, the adaptation of process parameters resulted in limited improvement with regard to the
extent of supersaturation, demonstrating that the manufacturing technique and the API-polymer-
(solvent) combination predominantly determined the phase behavior. Nevertheless, it should be noted
that these adaptations were performed in the workable space, and thus that process optimization
could still have potential when a completely different set of process parameters would be selected as

a starting point.

8.4. CHALLENGES DURING MANUFACTURING OF (KINETICALLY
STABILIZED) SUPERSATURATED AMORPHOUS SOLID DISPERSIONS

8.4.1. Challenges of solid-state characterization

A first challenge that was encountered during the manufacturing of supersaturated ASDs, was the
detection of heterogeneous phase behavior using appropriate analytical techniques. Even though well-
established analytical techniques were employed, it became clear that in some cases, it was
indispensable that more than one technique was applied to avoid erroneous conclusion about the
physical state. As discussed in Chapter 7, in a lot of cases, mDSC and XRPD complement each other
very well for this purpose. However, depending on the characteristics under investigation, the

application of other analytical techniques might be required.
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For instance, in Chapter 4, the results from the mDSC and XRPD analysis of ASDs of IMC were shown.
The presence of several polymorphic forms of IMC together with crystallization during the mDSC
analysis complicated the determination of the initial amount of crystalline material (yet it was possible
when some assumptions were made). As the XRPD diffractograms showed amorphous halos for all
ASDs of IMC and the mDSC analysis was not always straightforward, Raman microscopy, which is a
vibrational spectroscopic technique with a higher sensitivity for crystalline traces than XRPD?272%5, was

employed to confirm the absence of a crystalline fraction (data not shown).

Also in Chapter 4 and 6, the presence of a peculiar phenomenon in the mDSC analysis of some ASDs of
NAP was described: a signal situated above the T, of the pure polymer with the characteristics of a

second T,. Based on findings in the field of polymer science®’’18

, it was hypothesized that this second
Ty originated from a polymer fraction that was immobilized by the presence of (nano)crystals of NAP,
thereby forming a Rigid Amorphous Fraction (RAF). As neither mDSC nor XRPD revealed the presence
of a crystalline fraction (except for the batches described in Chapter 6), several other techniques were
employed to study this phenomenon further: Dynamic Mechanic Analysis (DMA), *H NMR relaxometry
and Scanning Electron Microscopy (SEM). Only the latter showed the presence of the typical needle-
shaped crystals of NAP, demonstrating the added value of a microscopic evaluation to investigate
(surface) crystallization. Moreover, this phenomenon was clearly not repeatable, as it was not even
always present when the same sample was analyzed in triplicate by mDSC. However, as the detection

of a RAF might indicate the presence of crystalline traces, it could be an interesting subject for further

investigations.

In addition to that, it might be argued whether or not a single T4 in the mDSC analysis proves that the
ASD is completely homogeneous and exists out of a single amorphous phase. Although mDSC is widely
applied to assess the miscibility of compounds, it cannot detect phase separated domains smaller than
approximately 30 nm?23, Accordingly, Qian et al. found that two batches prepared using HME that had
similar phase behavior based on mDSC and XRPD analysis, clearly differed in homogeneity by Raman
microscopy, which could be related to their difference in physical stability?®. Also *H NMR relaxometry
is more sensitive than mDSC for the detection of phase separation?7-2%°, Despite the availability of

more sensitive techniques, mDSC gives a good indication of the homogeneity of an ASD.

In conclusion, the importance of applying more than one analytical technique for the solid-state
characterization of ASDs was emphasized in this work. In most cases, mDSC and XRPD are a good
starting point for the solid-state analysis, yet the shortcomings of both techniques should be kept in

mind and accordingly, another analytical technique should be applied when needed.
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8.4.2. The limits of process optimization

Even though there was no DoE performed in this project, the limited impact of process optimization
on the extent of supersaturation that could be achieved was described in section 8.3.2. Although it is
well-described that a too high barrel temperature could give rise to degradation issues during HME?>®
and that a too high outlet temperature during spray drying could result in stickiness and physical

93,94,257.258 it wwas demonstrated that these factors also limited further increase in the amount

instability
of APl that could be kinetically stabilized. Generally, the adaptation of process parameters resulted in
little improvement of the phase behavior, which makes one to question the potential and relevance of
process optimization with regard to increasing the extent of supersaturation. If only a small increase
in supersaturation can be obtained, is it worth the effort of performing a DoE? And if it is this difficult

to increase the extent of supersaturation, will the ASD not start to crystallize immediately?

Nevertheless, this does not mean that process optimization is not of utmost importance to modify
other factors that are essential for a successful ASD formulation, such as the desired particle
morphologies, particle size (distribution), release profiles during dissolution testing and residual

solvent content levels.

It is also worth mentioning that all ASDs in this work were manufactured using a lab-scale set-up, and
that scaling up to an industrial scale could propose some challenges with regard to process
optimization. For instance, most lab-scale spray dryers are open loop systems, while production-scale
spray dryers operate using a closed-loop or a recycle mode, where the drying gas (containing solvent
vapor) is condensed, reheated and reused?’°. The presence of solvent vapor in the drying gas could
influence the efficiency of the evaporation process and thus adaptation of the process parameters
might be required. Also the increased residence time at high outlet temperatures in a production-scale
spray dryer could be disadvantageous for the chemical and physical stability of the ASDs. Hence, when
scaling-up, additional process optimization might be needed to obtain the desired physical state and
residual solvent levels®®. Nevertheless, the findings in this work can still be considered valuable for ASD
manufacturing at an industrial scale, as they indicated which aspects could potentially influence the

extent of solid state supersaturation that could be obtained.

8.4.3. It’s all about balance: supersaturation in solid state, during dissolution

and over time

In the previous sections, different factors that could influence the extent of solid state supersaturation
were described. Although it is favorable to attain a supersaturated solid state, it should also be feasible

to maintain this supersaturated state, and that both during dissolution and over time. First, as
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mentioned above, the supersaturated state should also be maintained during dissolution for a long
enough period of time for absorption to take place. In general, the higher the amount of API, the harder
it is to maintain the supersaturated state in solution and to prevent crystallization and subsequent
precipitation of the API, which also depends on the carrier used. In addition to that, the release
mechanism is also dependent on the drug loading, with lower drug loadings generally resulting in a
better drug release and in vivo oral bioavailability?’*2’4. Accordingly, a lot of research is being
performed to gain a mechanistic understanding of the release mechanisms of ASDs in order to improve
the dissolution performance of highly drug loaded ASDs?’*?73, Moreover, the dissolution performance
might also be influenced by the manufacturing technique used. For instance, as spray drying generally
results in smaller particle sizes, it has been reported that the dissolution rate of spray dried ASDs is
higher than that of extruded ASDs?*%%6, Hence, also the possible impact of the manufacturing method

on the dissolution performance should be considered.

Another very important aspect is the physical (and chemical) stability of the supersaturated ASD. Even
when a supersaturated system can be kinetically stabilized, there is no guarantee that the kinetic
stabilization will be maintained for a pharmaceutically relevant storage period. In this work, the focus
was on the physical state of ASDs immediately after preparation (Chapter 3, 4 and 6). Only in Chapter
5, the influence of spray drying with another organic solvent on the physical stability of ASDs of FNB
has been discussed. Next to this, the solvent could also potentially influence the chemical stability of
ASDs, which has been demonstrated for ASDs of the photosensitive nifedipine?’®. In this work, there
were no photosensitive APIs investigated, but the potential (dis)advantageous effect of the solvent on

photodegradation could be another important factor for solvent selection.

Lehmkemper et al. have studied the relation between the amount of API that could be kinetically
stabilized in a polymer matrix, the thermodynamic solubility and physical stability!?>'%, They found
that in most cases, the thermodynamic solubility predicted by PC-SAFT was a good indicator for the
amount of API that could be maintained in its amorphous state during a physical stability study, while
higher drug loadings led to crystallization. Exceptions on this rule were detected, yet the

125,145

supersaturated amount was in those cases close to the solubility limi . These findings
demonstrated the importance of conducting a physical stability study for supersaturated ASDs in
addition to the evaluation of the phase behavior immediately after preparation. On the other hand,
Zhang et al. reported that ASDs of itraconazole with either PVPVA or HPMC-AS had a good physical
stability when stored at RH < 60%, despite the fact that the amount of itraconazole surpassed the

thermodynamic solubility limit?*3. In addition, ASDs with PVPVA were more susceptible to an increase

in RH and subsequent crystallization of the API than the ones with HPMC-AS?%3, which might be another
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important factor for carrier selection in addition to ability of the carrier to kinetically stabilize a high
amount of API (section 8.2.2.). Hence, predictions by a thermodynamic model can also play a pivotal
role in evaluating the phase behavior over time, however, the fact that a system is supersaturated,
does not imply that it cannot be kinetically stabilized for a long enough time period to have a viable

shelf life.

In general, there are three important elements for a successful formulation of supersaturated ASDs:
achieving a supersaturated state immediately after preparation, maintaining it for a pharmaceutically
relevant storage period and stabilizing it during dissolution so absorption can take place. This PhD
project focused on the first aspect by gaining insight in the factors that influence the extent of
supersaturation that can be achieved. In addition to the above-mentioned remaining questions, there
is still a lot of room for further research with regard to the relation of solid state supersaturation and
the dissolution performance and physical stability of ASDs. For instance, how can the dissolution
performance of highly drug loaded ASDs be improved? And how does the applied manufacturing

technique influence the kinetic stabilization of a supersaturated system over time?

161



Chapter 9

Summary/Samenvatting
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9.1. SUMMARY

In this thesis, supersaturated solid dispersions were manufactured under different conditions. To
generate a supersaturated state, the APl has to be dissolved in the polymer matrix above its
thermodynamic solubility limit, thereby forming a thermodynamically unstable mixture. The
supersaturated state can however be kinetically stabilized under the right circumstances. Accordingly,
the overall aim of this project was to investigate the influence of several formulation and process

parameters on the kinetic stabilization of supersaturated solid dispersions.

To situate this PhD project in the field of pharmacotechnology, the challenges of oral administration
were described with a focus on the importance of aqueous solubility and permeability to achieve a
sufficient oral bioavailability. In this regard, the Lipinski’s rule of five, the BCS and several modifications
to this classification system, i.e., the ABI system, BDDSC and DCS, were discussed. The need for
classification systems that can relate the in vitro solubility and permeability of NCE to their in vivo oral
bioavailability was explained by the increasing amount of poorly water-soluble drugs in the drug
pipelines, i.e., 75% of NCE have a poor aqueous solubility. In light of solubility enhancing formulation
strategies, the different aspects of a dissolution process were described and related to the difference
between ‘grease balls’ and ‘brick dust’ compounds. The solubility enhancing strategy of interest, i.e.,
amorphous solid dispersions, was introduced by first discussing the advantages of the amorphous state
of an API over its crystalline counterpart. Subsequently, amorphous solid dispersions were described
as a solution to (partially) overcome the physical stability issues of the amorphous form. The increasing
success of ASD formulations has been demonstrated by showing the increasing amount of marketed
ASDs over the past ten years. To continue, an overview of the different manufacturing techniques for
ASDs was given, after which hot melt extrusion, cryo-milling and spray drying were briefly discussed.
In the last section of the introduction, the different physical states of a solid dispersion were described,
with a focus on the impact of the relative position of the drug loading to the thermodynamic solubility
of the API in the polymer matrix, thereby stressing the importance of kinetic stabilization of
supersaturated systems. As last, the principles of mDSC and XRPD were explained, together with the
potential of two approaches to predict the solubility of the APl in the polymer matrix, i.e., PC-SAFT and

the recrystallization method.

In Chapter 2, the various formulation and process parameters studied in this project were named. First,
it was described how the influence of three manufacturing techniques on the extent of solid state
supersaturation was investigated. This was combined with a comparison of four different polymers for
the formulation of ASDs of NAP. Second, the focus was on the contribution of the solvent to the phase

behavior, where the dependence of the extent of solid state supersaturation on the solvent was
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studied, followed by several approaches to explain this dependence. Moreover, the impact of the
solvent on the physical stability of ASDs of FNB was studied as well. It was also described that while
investigating the influence of these parameters, several challenges with regard to solid-state

characterization of ASDs using mDSC and XRPD were encountered.

In a first part of the project, spray drying, hot melt extrusion and cryo-milling were compared for their
capability to formulate highly drug loaded ASDs of NAP and one of the following four polymers, i.e.,
PVP K25, PVPVA 64, HPMC or HPMC-AS. This allowed to simultaneously study the effect of the
preparation method and the carrier selection on the extent of solid state supersaturation. It was found
that PVPVA was most suited to achieve high drug loadings of NAP by spray drying, that PVP and PVPVA
were both promising using HME and that PVP was most suited when cryo-milling was applied. Hence,
it was concluded that the optimal NAP-polymer combination was dependent on the technique. Even
more importantly, the highest drug loadings could be obtained using HME, independently of the
polymer used, which was in agreement with the importance of heat as an energy input for these
systems. The highest drug loadings were above the thermodynamic solubility limit of NAP in the
different polymers, demonstrating that kinetically stabilized supersaturated ASDs were obtained by
spray drying and hot melt extrusion. In case of cryo-milling, only drug loadings below the equilibrium

solubility limit were obtained.

In Chapter 4, the influence of different organic solvents on the kinetic stabilization of supersaturated
ASDs prepared by either spray drying of film casting was described. PVPVA 64 and one of the following
four poorly water-soluble APIs, i.e., NAP, IMC, DZP or FNB, were formulated together as an ASD using
one of seven organic solvents, i.e., MeOH, EtOH, PrOH, ACN, Ac, DCM, EtAc. The highest drug loading
that could be formulated as a single amorphous phase was determined for every API-polymer-solvent
combination. In case of film casting, the solvent determined the extent of solid state supersaturation
that could be obtained for all APIs. When spray drying, the effect of the solvent on the physical state
of ASDs of IMC was nullified, which was related to the faster evaporation process, the lower
crystallization tendency of IMC and its hydrogen bonding potential with PVPVA. For the other three
APIs, the solvent still decided the extent of solid state supersaturation that could be achieved. Although
spray drying generally enabled the formulation of higher drug loadings, the same trends were observed
as for film casting, demonstrating the predictive value of film casting for the impact of the solvent on
the phase behavior. Additionally, the importance of kinetics next to thermodynamics for the
generation of supersaturated ASDs was highlighted by demonstrating that the highest drug loadings
depended on the solvent, the API, and the manufacturing technique. Furthermore, the thermodynamic
solubilities of the APIs in the seven solvents were determined, both in absence and presence of PVPVA

(i.e., 2.5%, 5%, 7.5% and 9% w/V). It was found that PVPVA did not alter the solubility trend of the pure
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APIs. Moreover, there was no relation between the thermodynamic solubility of the APl and the
highest drug loading attained using the same solvent. The overall conclusion of this chapter was that
the contribution of the solvent to the phase behavior of ASDs should not be underestimated and that

it was not (solely) related to a difference in solubility.

The next chapter was about the impact of the solvent on the physical stability of spray dried ASDs of
FNB. The FNB-PVPVA system was selected as it was the one for which the solvent had the largest
influence on the kinetic stabilization of the supersaturated state. For every solvent, three batches of
the same drug loading of 10 wt% FNB were prepared, stored at 25 °C and 53% RH for 6 weeks and
weekly analyzed using mDSC and XPRD. The solvent determined the crystallization onset of these ASDs
of FNB, and thus whether or not the supersaturated state could be kinetically stabilized over time. The
influence of the solvent on the crystallization onset was found to be repeatable. Moreover, the
timepoint at which the presence of a crystalline fraction was detected, could be related to the highest
drug loading that could be kinetically stabilized. Hence, the higher the extent of solid state
supersaturation could be, the longer lower (supersaturated) drug loadings were maintained in an
amorphous state. These interesting findings asked for a deeper understanding of the impact of the
solvent on the physical state (and physical stability) to optimize the kinetic stabilization of

supersaturated ASDs prepared by solvent-based methods.

Therefore, Chapter 6 addressed the relation between the solvent evaporation rate and the kinetic
stabilization of highly drug loaded ASDs. The evaporation kinetics of the seven organic solvents as such
and of solutions containing only PVPVA or PVPVA with either FNB or NAP were investigated by means
of TGA. At 10 °C below the boiling point of the respective solvent, MeOH had the lowest evaporation
rate and DCM the highest. PVPVA decreased the evaporation rate for all solvents, yet this effect was
more pronounced for the relatively faster evaporating solvents, i.e., DCM, EtAc and Ac. FNB and NAP
had opposite effects on the evaporation behavior: FNB increased the evaporation rate again, while
NAP decreased it. As the latter could be an indication of interactions between NAP and PVPVA and/or
NAP and the solvent, the presence of interactions in solution was further investigated using FT-IR.
Hydrogen bonding was detected between NAP and MeOH, EtOH, PrOH and ACN, and between NAP
and PVPVA, which was more pronounced for the solvents that did not interact with PVPVA, i.e., DCM
and ACN. Based on these findings, the effect of a higher drying rate of MeOH and that of both a higher
and lower evaporation rate of DCM on the phase behavior of ASDs of NAP and FNB was studied. The
evaporation rate was modified by rational selection of spray drying process parameters. Increasing the
evaporation rate of MeOH and DCM enabled the kinetic stabilization of higher drug loadings of FNB,
while the opposite trend was observed for ASDs of NAP, where the relative position T, of the ASD to

the T, was determinative for the phase behavior. Even when a higher extent of solid state
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supersaturation could be achieved by adapting the process parameters, the improvement was limited,
demonstrating that the phase behavior of these ASDs of FNB and NAP was predominantly determined

by the API-polymer-solvent combination rather than the process parameters applied.

During this PhD project, the solid-state characterization of supersaturated ASDs by mDSC and XRPD
was not always straightforward. Accordingly, Chapter 7 describes the importance of applying more
than one analytical technique for the solid-state analysis, thereby stressing the complementary nature
of mDSC and XRPD. Limiting factors of mDSC and XRPD were related to practical examples encountered
during this PhD project that revealed that the application of a single analytical technique would have

led to erroneous conclusions about the phase behavior.

In the last chapter, it was explained that the generation of supersaturated ASDs can be preferred over
lower drug loaded ones. Subsequently, the different factors that could influence the kinetic
stabilization of supersaturated ASDs were discussed: the physicochemical characteristics of the API,
carrier and solvent, the manufacturing process, the process parameters, and environmental factors.
Finally, the challenges that can be encountered during the formulation of supersaturated ASDs were
discussed, from which a very important aspect was finding a balance between the generation of a

supersaturated state, having a good physical stability, and obtaining the desired dissolution profile.
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9.2. SAMENVATTING

In deze thesis werden oververzadigde vaste dispersies bereid onder verschillende omstandigheden.
Om een oververzadigde toestand te bekomen, moet er meer actief farmaceutisch ingrediént (AFI)
aanwezig zijn dan de thermodynamische oplosbaarheidslimiet van het AFl in de polymeer matrix.
Ondanks het feit dat er hierdoor een thermodynamisch onstabiele toestand gecreéerd wordt, kan een
oververzadigd systeem kinetisch gestabiliseerd zijn onder de juiste omstandigheden. De algemene
doelstelling van dit project was de invloed van verschillende formulatie- en procesparameters op de

kinetische stabilisatie van oververzadigde amorfe vaste dispersies (AVDs) te onderzoeken.

Om dit project te situeren in het farmacotechnologische domein, werden eerst de uitdagingen die
gepaard gaan met de orale toediening van geneesmiddelen besproken, waarbij er gefocust werd op
het belang van een hoge oplosbaarheid en permeabiliteit om een voldoende hoge orale biologische
beschikbaarheid te bekomen. In dit verband werden de Lipinski’s regel van vijf, het BCS en
verschillende aanpassingen aan dit classificatiesysteem besproken, namelijk het ABI systeem, BDDCS
en DCS. Het werd uitgelegd dat deze classificatiesystemen noodzakelijk zijn om de toenemende
hoeveelheid slecht wateroplosbare geneesmiddelen (momenteel geschat op 75% van de nieuwe
chemische entiteiten (NCE)) correct te kunnen classificeren en hun in vivo orale biologische
beschikbaarheid te kunnen voorspellen. Vervolgens werden de verschillende stappen van een
oplossingsproces besproken en werd het verschil tussen zogenaamde ‘grease balls’ en ‘brick dust’
componenten verklaard. Hierna werden AVDs geintroduceerd door eerst de theorie achter het
oplosbaarheidsvoordeel van een amorfe vorm ten opzichte van een kristallijne vorm uit te leggen.
AVDs werden besproken als een oplossing om de stabiliteitsproblemen van een amorfe vorm te
verminderen. Het toenemende succes van AVD formulaties werd aangetoond door een overzicht te
geven van het toenemende aantal AVD formulaties op de markt. Vervolgens werd er een overzicht
gegeven van de verschillende productiemethodes voor AVDs, waarna de principes van ‘hot melt
extrusion’, ‘spray drying’ en ‘cryo-milling’ werden besproken. In het laatste gedeelte van de introductie
werden de verschillende fysische toestanden van een vaste dispersie behandeld, waarbij er gefocust
werd op het belang van de relatieve positie van de geneesmiddelbelading ten opzichte van de
thermodynamische oplosbaarheidslimiet van het AFl in de polymeer matrix. Als analytische technieken
om deze verschillende fysische toestanden te detecteren werden mDSC en XRPD kort besproken.
Tenslotte werden twee methodes om de oplosbaarheid van het AFl in de polymeer matrix te

voorspellen behandeld, namelijk PC-SAFT en de rekristallisatiemethode.

In het tweede hoofdstuk werden de onderzochte formulatie- en procesparameters benoemd. Een

eerste aspect was de invloed van verschillende AVD productiemethodes op de mate van vaste toestand
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oververzadiging die bereikt kon worden. Dit werd gecombineerd met het vergelijken van vier
polymeren voor de formulatie van AVD van NAP. Als tweede werd er gefocust op de bijdrage van het
solvent aan het fasegedrag van AVDs en het vinden van een verklaring voor deze invloed. Daarbij werd
het effect van het solvent op de fysische stabiliteit van AVD van FNB ook onderzocht. Tenslotte werden
verschillende situaties besproken waarin het gecombineerde gebruik van mDSC en XRPD noodzakelijk

was om het correcte fasegedrag van een AVD te achterhalen.

Het derde hoofdstuk van deze thesis behandelde de vergelijking van ‘hot melt extrusion’, ‘spray drying’
en ‘cryo-milling’ voor hun vermogen om AVDs met hoge geneesmiddelbelading te bekomen. Dit werd
onderzocht voor AVDs van NAP met een van de volgende polymeren, PVP K25, PVPVA 64, HPMC of
HPMC-AS, waardoor zowel het effect van de productiemethode als de carrier op de mate van vaste
toestand oververzadiging kon worden onderzocht. Er werd vastgesteld dat PVPVA het beste polymeer
was om een hoge geneesmiddelbelading te bekomen met ‘spray drying’, terwijl PVP en PVPVA beide
goede polymeren waren via ‘hot melt extrusion’ en PVP het meest veelbelovende polymeer was via
‘cryo-milling’. Hieruit bleek dat de optimale NAP-polymeer combinatie afhankelijk was van de
techniek. In het algemeen konden de hoogste geneesmiddelbeladingen bekomen worden met ‘hot
melt extrusion’, wat overeenkwam met de bevinding dat warmte een belangrijke energie input was
voor de mengbaarheid. Daarbovenop waren de hoogste geneesmiddelbeladingen in geval van ‘spray
drying’ en ‘hot melt extrusion’ hoger dan de thermodynamische oplosbaarheidslimit, wat aantoonde
dat kinetisch gestabiliseerde oververzadigde AVD van NAP konden worden bekomen. In geval van

‘cryo-milling’ daarentegen waren de geneesmiddelbeladingen steeds lager dan de evenwichtslimiet.

In het volgende hoofdstuk werd de invloed van het solvent op de kinetische stabilisatie van
oververzadigde AVD besproken. Hiervoor werden AVD van PVPVA 64 met een van de volgende slecht
wateroplosbare AFIs bereid, NAP, IMC, DZP of IMC, waarbij een van de volgende zeven organische
solventen gebruikt werd, MeOH, EtOH, PrOH, ACN, Ac, DCM of EtAc. Voor iedere AFl-polymeer-solvent
combinatie werd de hoogst mogelijke geneesmiddelbelading bepaald waarvoor een eenfasig amorf
systeem kon worden bekomen, en dat zowel met behulp van ‘spray drying’ als “film casting’. In geval
van ‘film casting’ was het solvent steeds de bepalende factor voor de mate van vaste toestand
oververzadiging die bekomen kon worden. Dit was ook het geval voor alle AVDs bereid met ‘spray
drying’, behalve voor de AVDs van IMC, wat gerelateerd werd aan het snellere verdampingsproces
gecombineerd met de lagere kristallisatietendens van IMC. Ondanks het feit dat in geval van ‘spray
drying’ over het algemeen hogere geneesmiddelbeladingen bereikt konden worden, werden dezelfde
trends geobserveerd voor beide technieken, wat de predictieve waarde van ‘film casting’ voor de
impact van het solvent op het fasegedrag van AVDs aantoonde. Bovendien werd het belang van

kinetica naast thermodynamica voor het genereren van oververzadigde AVDs benadrukt. Daarnaast
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werden de thermodynamische oplosbaarheden van de vier AFls in de zeven organische solventen
bepaald zonder PVPVA en met PVPVA (2.5%, 5%, 7.5% en 9% m/V), waaruit bleek dat PVPVA geen
effect had op de oplosbaarheidstrend van de pure AFls. Bovendien werd er geen verband gevonden
tussen de thermodynamische oplosbaarheid van een AFl en de hoogste geneesmiddelbelading die
bereikt kon worden met behulp van hetzelfde solvent. De algemene conclusie van dit hoofdstuk was
dat de invloed van het solvent op het fasegedrag van AVDs niet onderschat mag worden en dat het

niet (alleen) te wijten is aan een verschil in oplosbaarheid.

De invloed van het solvent op de fysische stabiliteit van AVDs van FNB werd besproken in hoofdstuk
vijf. Het FNB-PVPVA systeem werd geselecteerd omdat het solvent hierbij een grote invioed had op de
hoogste geneesmiddelbelading die bereikt kon worden. Voor ieder solvent werden drie loten met 10%
m/m FNB bereid, die bewaard werden bij 25 °C en 53% relatieve vochtigheid en wekelijks geanalyseerd
werden met behulp van mDSC en XRPD. Het tijdspunt waarop er een kristallijne fractie aanwezig was,
was afhankelijk van het solvent, wat betekent dat het solvent de beslissende factor was voor hoelang
de oververzadigde toestand kinetisch gestabiliseerd kon worden. Bovendien kon dit tijdspunt
gerelateerd worden aan de hoogste geneesmiddelbelading die bereikt kon worden, d.w.z. hoe hoger
de mate van vaste toestand oververzadiging kon zijn, hoe langer de lagere (oververzadigde)
geneesmiddelbelading gestabiliseerd kon worden. Er werd geconcludeerd dat het noodzakelijk is om
een dieper inzicht te verwerven in de bijdrage van het solvent aan het fasegedrag van AVDs met als

doel de kinetische stabilisatie van oververzadigde AVDs te optimaliseren.

Daarom werd in het volgende hoofdstuk het verband tussen de verdampingssnelheid van het solvent
en de kinetische stabilisatie van oververzadigde AVDs besproken. De verdampingskinetiek van de
zeven organische solventen op zich en van oplossingen van PVPVA en PVPVA met FNB of NAP werd
onderzocht met behulp van TGA. Hieruit bleek dat 10 °C onder het respectievelijke kookpunt van het
solvent MeOH het traagste verdampte en DCM het snelste. PVPVA vertraagde het verdampingsproces
voor alle solventen, maar dit effect was het meest uitgesproken voor de relatief sneller verdampende
solventen, namelijk DCM, EtAc en Ac. De AFls hadden tegengestelde effecten: FNB verhoogde de
verdampingssnelheid opnieuw, terwijl in aanwezigheid van NAP het verdampingsproces nog trager
was dan wanneer er enkel PVPVA in de oplossing aanwezig was. Aangezien dit laatste een aanwijzing
kon zijn van interacties tussen NAP en PVPVA en/of NAP en het solvent, werd de aanwezigheid van
interacties in oplossing verder onderzocht met FT-IR. Hieruit bleek dat waterstofbindingen werden
gevormd tussen NAP en MeOH, EtOH, PrOH en ACN, en tussen NAP en PVPVA, waarbij dit laatste het
meest uitgesproken was in solventen die niet interageerden met PVPVA, namelijk in DCM en ACN. Op
basis van deze resultaten, werden de ‘spray drying’ procesparameters zodanig aangepast dat de

verdampingssnelheid van MeOH verhoogd werd of in geval van DCM, ofwel verhoogd of verlaagd
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werd. Voor AVDs van FNB resulteerde een hogere verdampingssnelheid van zowel MeOH als DCM in
een hogere mate van vaste toestand oververzadiging die bereikt kon worden. De omgekeerde trend
werd echter waargenomen in geval van AVDs van NAP, wat verklaard werd door de relatieve positie
van de T, ten opzichte van de AVD product T,. Hoewel het in sommige gevallen mogelijk was om door
middel van een aanpassing van de ‘spray drying’ procesparameters de hoogst mogelijke
geneesmiddelbelading te verhogen, was deze toename echter beperkt. Daarom werd er besloten dat
het fasegedrag van deze AVDs van NAP en FNB voornamelijk bepaald werd door de AFl-polymeer-

solvent combinatie en niet zozeer door de gebruikte procesparameters.

Tijdens het uitvoeren van dit project was de analyse van de vaste toestand met behulp van mDSC en
XRPD niet altijd eenvoudig. Daarom werd in hoofdstuk zeven benadrukt dat het belangrijk was om
meer dan één analytische techniek te gebruiken voor de karakterisering van de vaste toestand van

AVDs, waarbij dat er gefocust werd op de complementariteit van mDSC en XRPD.

In het laatste hoofdstuk werd de voorkeur voor oververzadigde AVDs in plaats van AVDs met een lagere
geneesmiddelbelading gekaderd. Vervolgens werden de verschillende factoren die de kinetische
stabilisatie van de oververzadigde toestand kunnen beinvioeden een voor een besproken: de
fysicochemische eigenschappen van de AFl, de carrier en het solvent, de productiemethode, de
procesparameters en omgevingsfactoren. Tenslotte werden de mogelijke uitdagingen tijdens de
productie van oververzadigde vaste dispersies behandeld, waarvan een zeer belangrijk aspect het
uitbalanceren van een hoge geneesmiddelbelading, een goede fysische stabiliteit en het gewenste

dissolutieprofiel was.
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Annex

Annex 1. Boiling point and dielectric constants of organic solvents

Organic solvent  Boiling point (°C) Dielectric constant at 20 °C

Methanol 64.7 32.6
Ethanol 78.2 22.4
Isopropanol 82.3 18.3
Acetonitrile 81.6 37.5
Acetone 56.3 20.6
Dichloromethane 39.7 9.1
Ethyl acetate 77.1 6.0
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Annex 2. Overview of HPLC-UV methods

A flow rate of 1 mL/min and an injection volume of 10 uL was employed in all cases. MeOH stands for
methanol and ACN for acetonitrile

API Mobile phase A(nm) tr(min) LOD (ug/mL) LOQ (ug/mL)
Naproxen 25 mM acetate buffer pH 3.50/ 270 4 0.026 0.088
MeOH 30/70 V/V
Indomethacin 20 mM phosphate buffer pH 6.80/ 252 4 0.016 0.052
ACN 65/35 V/V
fenofibrate 25 mM acetate buffer pH 3.50/ 290 5 0.015 0.049
ACN 15/85 V/V
Diazepam 20 mM phosphate buffer pH 6.80/ 250 5 0.003 0.012
MeOH 20/80 V/V
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Annex 3. Position of the Tg and Tg width of spray dried ASDs

A.3.1. Position of the Tg and Tg width (Tgw) of ASDs of indomethacin and PVPVA prepared by spray
drying with different organic solvents. The drug loadings ranged from 70 wt% to 90 wt%.

Solvent 70 wt% 75 wt% 80 wt% 85 wt% 90 wt%
Tg(°C) Tgw(°C) Tg(°C) Tgw(°C) Tg(°C) Tgw(°C) Tg(°C) Tgw(°C) Tg(°C) Tgw(°C)
MeOH 62.10 31.11 6356 3573 59.02 31.74 5475 3278 53.05 30.14
EtOH 63.01 31.52 59.19 3153 5736 32.36 5346 2816 53.12 27.06
PrOH 62.62 37.42 5883 36.35 5365 34.88 - - - -
ACN 63.93 3042 60.18 33.12 5538 30.85 53.77 31.1 51.45  28.58

Ac - - - - 55.25 33.32 52.81 31.56 52.72 28.13
DCM - - - - 57.67 34.03 51.56 29.54 53.01 27.71
EtAc - - - - 56.33 35.17 52.20 31.9 - -

A.3.2. Position of the Tg and Tg width (Tgw) of ASDs of fenofibrate and PVPVA prepared by spray drying
with different organic solvents. The drug loadings ranged from 5 wt% to 35 wt%.

Tg(°C) Tgw(°C) Tg(°C) Tgw(°C) Tg(°C) Tgw(°C) Tg(°C) Tgw(°C)
EtOH 7239 50.57 6551 5205 5578  62.28 - -
PrOH 7039 4815 6224 5407 56.19 5891 - -
ACN  73.08 4829 6246 49.09 53.52 5877 - -

Ac 7491 5151 59.64 7461 47.96 69.56 29.98  80.49
DCM  74.89 69.54 56.14 7545  49.40 74.27 - -
EtAc  71.47 5414 6547 4842 56,55  58.1 - -

5 WT% 10 WT% 15 WT% 20 WT%
Tg(°C) Tgw(°C) Tg(°C) Tgw(°C) Tg(°C) Tgw(°C) Tg(°C) Tgw(°C)
MeOH 100.00 4398 93.29 4592 83.60 42.44 7550  50.3

A.3.3. Position of the Tg and Tg width (Tgw) of ASDs of diazepam and PVPVA prepared by spray drying
with different organic solvents. The drug loadings ranged from 25 wt% to 70 wt%.

Solvent 25 wt% 30 wt% 35 wt% 40 wt% 45 wt%

Tg(°C)  Tgw(°C) Tg(C) Tgw(’C) Tg(°’C) Tgw(°’C) Tg(°C) Tgw(C) Tg(°C) Tgu(°C)
MeOH 88.71 41.01 87.09 44.04 86.93 42.18 50.36 62.85 50.31 60.86
85.29 83.36
EtOH 88.25 40.85 83.62 42.06 83.65 48.87 77.99 47.36 71.37 48.96
PrOH 87.99 46.15 81.55 47.67 76.89 63.32 62.34 71.26 63.61 58.41
ACN 88.43 40.1 85.39 42.86 80.83 46.76 77.08 43.52 75.02 47.73
Ac 83.36 49.39 81.20 52.2 80.30 51.44 79.80 54.93 71.54 67.09
DCM 94.79 81.4 40.66 85.79 47.62 79.74 47.33 86.24 48.27 86.35
91.48 93.55 96.69 92.76
EtAc - - - - 65.56 59.46 64.27 53.72 62.39 70.66
50 WT% 55 WT% 60 WT% 65 WT% 70 WT%
Tg(°C) Tgw(°C) Tg(C) Tgw(’C) Tg(°’C) Tgw(°’C) Tg(°C) Tgw(’C) Tg(°C) Tgu(°C)
EtOH 69.25 40.55 65.06 42.37 56.88 35.11 55.30 34.50 54.84 36.91
PrOH 50.55 52.35 50.93 47.96 51.99 55.07 51.57 45.39 48.60 41.61
ACN 66.89 40.49 55.11 40.28 56.57 36.92 55.73 34.05 52.75 37.38
DCM 45.15 79.89 46.45 81.7 47.11 72.93 - - - -
94.53 89.22 88.50
EtAc 50.67 63.58 50.77 53.02 50.74 47.5 52.69 49.63 40.45 43.28
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Annex 4. Observations during/after spray drying of PVPVA samples
with different organic solvents

A.4.1. Average amount of residual solvent present in spray dried PVPVA batches per solvent + standard
deviation

Solvent Residual solvent (wt%)
MeOH 3.89 +£0.08
EtOH 3.75+0.17
PrOH 3.66 +0.09
ACN 2.72 £0.03
Ac 3.32£0.45
DCM 3.34+0.04
EtAc 2.63 £0.05

A.4.2. Range of outlet temperatures observed during spray drying of 10% w/V PVPVA solutions per
solvent. The inlet temperature was always installed at the boiling point of the respective solvent.

Solvent Tout (°C)

MeOH 49 -42
EtOH 57-53
PrOH 59 -55
ACN 61—-57

Ac 43-41
DCM 31-27
EtAc 56 — 54
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Annex 5. Solid-state characterization of film casted ASDs of IMC, FNB
or DZP with PVPVA and different organic solvents
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A.5.1. XRPD diffractograms of film casting of IMC and PVPVA using Ac (A) and PrOH (B). For Ac, the
color code from bottom to top was: 45 wt% (red), 50 wt% (green), 55 wt% (blue), 60 wt% (orange) and
65 wt% (purple). In case of PrOH, higher drug loadings of 65 wt% (red), 70 wt% (green), 75 wt% (blue)
and 80 wt% (orange) are depicted. The diffraction peak at 15 °26 originated from the Kapton film.
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A.5.2. XRPD diffractograms of film casting of FNB and PVPVA with MeOH (A) and Ac (B). In both cases,
the color code was as follows: 5 wt% (red), 10 wt% (green), 15 wt% (blue), 20 wt% (orange), 25 wt%
(purple) and 30 wt% (black). The diffraction peaks at 5 and 15 °20 originated from the Kapton film.
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A.5.3. XRPD diffractograms of film casting of DZP and PVPVA with Ac (A) and DCM (B). For Ac, the drug
loadings ranged from 20 wt% (red) to 35 wt% (orange), while for DCM, a broader range from 35 wt%
(red) to 70 wt% (black) is shown. The diffraction peaks at 5 and 15 °26 originated from the Kapton film.
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Annex 6. Solid-state characterization of spray dried ASDs of IMC, FNB
or DZP with PVPVA and different organic solvents
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A.6.1. mDSC thermograms (A) and corresponding XRPD diffractograms (B) from spray drying of IMC
and PVPVA with MeOH. In Fig A, both the reversing and the total heat flow are shown. Exothermic
signals are depicted upwards. Both in Fig A and B, the drug loadings were increased from 70 wt% (red),
75 wt% (green), 80 wt% (blue), 85 wt% (orange) to 90 wt% (purple). The diffraction peak at 15 °26
originated from the Kapton film.
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A.6.2. mDSC thermograms (A) and XRPD diffractograms (B) from spray dried FNB and PVPVA with Ac.
The mDSC thermograms shown both the reversing and the total heat flow and exothermic events are
depicted upwards. In both figures, the following color code was applied: 20 wt% (red), 25 wt% (blue),
30 wt% (green) and 35 wt% (orange). The diffraction peak at 15 °20 originated from the Kapton film.
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A.6.3. mDSC thermograms showing the reversing heat flow (A) and total heat flow (B) of spray dried
DZP and PVPVA with DCM. In both figures, the following color code was applied: 25 wt% (red), 30 wt%
(green), 35 wt% (blue), 40 wt% (orange), 45 wt% (purple), 50 wt% (pink), 55 wt% (black). Exothermic
signals are depicted upwards.
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Annex 7. Comparison of highest drug loadings acquired by spray drying
with different solvents and thermodynamic solubilities of the APIs in

the solvents
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A.7.1. Correlation between the highest drug loadings acquired by spray drying, the thermodynamic
solubilities and the % saturation of solubility for the respective highest drug loading of NAP (A), IMC
(B), FNB (C) and DZP (D) per solvent. The highest drug loadings are shown in red, the thermodynamic
solubility of the pure drug compound in black and the % saturation of solubility in blue. The error bars
indicate the standard deviation on the thermodynamic solubility. When not visible, the standard
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Annex 8. FT-IR peak positions

A.8.1. Peak positions (cm™) for PVPVA and NAP in the spectral region from 1800 to 1600 cm™ per

solvent.
Solvent PVPVA NAP 10:90 w:w NAP:PVPVA
MeOH | 1740 1719 1664 | 1738 1708 1636 1608 | 1740 1719 1664 1636 1608
EtOH 1741 1720 1666 | 1738 1708 1636 1608 | 1741 1720 1666 1636 1608
PrOH 1742 1722 1668 | 1738 1708 1636 1608 | 1742 1722 1668 1636 1608
ACN 1735 - 1681 | 1740 - 1636 1608 | 1735 - 1681 1636 1608
DCM 1735 - 1681 | 1748 1710 1636 1607 | 1735 - 1681 1636 1607

A.8.2. Peak positions (cm™) for PVPVA and FNB in the spectral region from 1800 to 1600 cm™ per

solvent.
Solvent PVPVA FNB 10:90 w:w FNB:PVPVA
MeOH 1740 1719 1664 | 1733 1654 1600 | 1740 1719 1664 1600
EtOH 1741 1720 1666 | 1734 1655 1600 | 1741 1720 1666 1600
PrOH 1742 1722 1668 | 1735 1655 1600 | 1742 1722 1668 1600
ACN 1735 - 1681 | 1732 1656 1600 | 1735 - 1681 1600
DCM 1735 - 1681 | 1732 1654 1600 | 1735 - 1681 1600

A.8.3. Comparison of peak positions (cm™) for PVPVA, NAP and 30 wt% NAP and PVPVA samples in the
spectral region from 1800 to 1600 cm™ in solution and in the dried state.

Solvent Condition PVPVA NAP 30:70 w:w NAP:PVPVA
MeOH Dissolved | 1740 1719 1664 | 1738 1708 1636 1608 | 1740 1719 1664 1636 1608
Dried 1733 - 1664 | 1732 1687 1632 1605 | 1733 - 1670 1634 1607
DCM Dissolved | 1735 - 1681 | 1748 1710 1636 1607 | 1735 - 1681 1636 1607
Dried 1735 1670 | 1732 1687 1632 1605 | 1733 - 1671 1633 1605

A.8.4. Comparison of peak positions (cm™) for PVPVA, FNB and 30 wt% FNB and PVPVA samples in the
spectral region from 1800 to 1600 cm™ in solution and in the dried state.

Solvent Condition PVPVA FNB 30:70 w:w FNB:PVPVA
MeOH Dissolved | 1740 1719 1664 | 1733 1654 1600 | 1740 1719 1664 1600
Dried 1733 - 1664 | 1731 1657 1600 | 1733 - 1657 1600
DCM Dissolved | 1735 - 1681 | 1733 1654 1600 | 1735 - 1681 1600
Dried 1735 1670 | 1731 1657 1600 | 1733 - 1658 1600
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Annex 9. Further investigations of peak shift in FT-IR spectra of FNB
and PVPVA
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A.9.1. FT-IR spectra of PVPVA after drying for 1 min at RT from a solution of 10% w/V PVPVA in DCM.
Three aliquots from the same solution were analyzed. The transmittance is shown in arbitrary units.
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A.9.2. 3C NMR spectra of crystalline FNB (red), PVPVA (orange), spray dried ASD of 10 wt% FNB and
PVPVA (blue), one with 20 wt% FNB (purple), one with 30 wt% FNB (green) and the spectrum of FNB
in chloroform-d (brown). The intensity is shown in arbitrary units.
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Annex 10. Observations during/after spray drying of samples of NAP
and PVPVA or FNB and PVPVA with different organic solvents

A.10.1. Average amount of residual solvent (wt%) in ASDs of 40 wt% NAP and PVPVA spray dried using
MeOH and ASDs of 45 wt% NAP and PVPVA spray dried using DCM # standard deviation.

Solvent Condition Residual solvent after secondary drying (wt%)
MeOH Standard evaporation rate 1.40 +0.08
Higher evaporation rate 0.93 +£0.08
DCM Standard evaporation rate 1.12 +£0.09
Higher evaporation rate 0.85+0.11
Lower evaporation rate 0.73+£0.06

A.10.2. Average amount of residual solvent (wt%) in ASDs of 5 wt% FNB and PVPVA spray dried using
MeOH and ASDs of 20 wt% FNB and PVPVA spray dried using DCM = standard deviation.

Solvent Condition Residual solvent after secondary drying (wt%)
MeOH  Standard evaporation rate 4,05+0.25
Higher evaporation rate 2.73+£0.18
DCM Standard evaporation rate 2.77£0.04
Higher evaporation rate 1.92+£0.12
Lower evaporation rate 1.83+£0.08

A.10.3. Outlet temperatures (Tout) Observed during spray drying of ASDs of 5 wt% FNB and PVPVA using
MeOH and ASDs of 20 wt% FNB and PVPVA using DCM.

Condition Tout, begin (OC) Tout, end (OC) AT (BC)
MeOH  Standard evaporation rate 51 44 7
Higher evaporation rate 61 59 2
DCM Standard evaporation rate 32 29 3
Higher evaporation rate 44 42 2
Lower evaporation rate 28 22 6
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Annex 11. Solid-state characterization of ASDs of FNB or NAP with
PVPVA spray dried using DCM
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A.11.1. XRPD diffractograms (A) and mDSC thermograms (B) of 45 wt% (green) and 50 wt% (red) NAP
and PVPVA spray dried using DCM with standard process parameters and parameters that gave rise to
an increased evaporation rate. For the mDSC analysis, both the total heat flow (full line) and reversing
heat flow (dotted line) are depicted. Exothermic signals are directed upwards. The arrows indicate the
position of an endothermic melting event of NAP.
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A.11.2. XRPD diffractograms of 20 wt% (green), 25 wt% (red) and 30 wt% (blue) FNB and PVPVA spray
dried using DCM with standard process parameters (A), parameters that resulted in a lower
evaporation rate (B) and ones that resulted in an increased evaporation rate (C). The intensity is shown
in arbitrary units.
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