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1 Introduction

1.1 Poorly soluble drugs

Poor aqueous solubility is one of the deficiencies of active pharmaceutical ingredients (API) in
the current pipelines of the pharmaceutical industry. The biopharmaceutical classification system
(BCS) was introduced by Amidon et al. [1] in 1995 to provide a regulatory framework for in vitro-
in vivo correlations of immediate release oral dosage forms. It defines four classes of drugs
according to their solubility and permeability in the gastrointestinal (Gl) tract which is depicted in
Figure 1.1.
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Figure 1.1: Biopharmaceutical classification system as proposed by Amidon et al. [1]

Accordingly, a drug has a low aqueous solubility if the highest single dose is not soluble in
250 mL aqueous media, referring to the volume that should be administered together with the
medication for drug intake. The pH of this medium should be varied in the range from 1 until 6.8
at 37°C (according to the FDA Guideline on BCS [2]). These APIs are subsumed in BCS classes
[l and IV. Additionally, requirements on dissolution (at least 85% or more of dissolved drug within
30 min) have been set up. This is also of relevance for in vivo considering Gl transit times.
Although solubility and permeability are considered separately from each other in this classifi-
cation system, the solubility-permeability interplay shall not be overlooked as pointed out by
Dahan et al. [3]. A tradeoff between solubility increase and permeability decrease has been
described e.g. for cyclodextrine complexation [4] where a decrease in the free fraction of the drug
is only one out of several explanations for the paradoxical effect on the absorption.
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In 2010, a modification of this classification system was proposed: the developability classifi-
cation system (DCS) by Butler et al. [5]. As the BCS has a strong regulatory focus with regard to
assurance of bioequivalence, it was designed conservatively in the context of protecting patients.
The DCS aims at a classification of new drug molecules focusing on the parameters that in fact
limit the extent of oral absorption. Therefore, it was proposed to consider the solubility of drugs
under small intestinal conditions by using biorelevant media e.g. fasted-state simulated intestinal
fluid (FaSSIF) with included bile salts instead of utilizing aqueous solubility and assuming higher
fluid volumes in the Gl tract (500 mL instead of 250 mL). Furthermore, BCS class Il was divided
into two subclasses: lla (dissolution rate limited) and llb (solubility limited).

Last, Butler et al. introduced the solubility limited absorbable dose considering that low solubility
of class Il drugs might be compensated by high permeability. In summary, this new classification
was meant to improve guidance for formulation development [6]. In effect, particle size decrease
with resulting higher surface areas and dissolution rates might lead to complete absorption of
crystalline class lla drugs. In contrast, class Ilb compounds require improvement of the so-called
"apparent solubility" which was the focus of this work.

The proposals by Butler et al. were further refined (rDCS) in 2018 with customized investigations
e.g. on ionic drugs [7]. This classification outlines the additional factors that have to be taken into
account for absorption of weak bases with high solubility at the acidic pH of the human stomach.

About 60-70% of pipeline drugs (Figure 1.2), which can be even up to 90% for certain indica-
tions [8, 9], need an increase in solubility to ensure sufficient bioavailability [10].

N

mBCSI mBCSI mBCSHI BCS IV

Figure 1.2: Drugs on the market (left) and drugs in the industrial pipeline (right) according to their
BCS classification, January 2018. Adapted from [11]

Poor aqueous solubility can be derived from the API’s lipophilicity or strong intermolecular
forces within the crystal lattice. The increasing number of poorly soluble compounds in the cur-
rent pipelines of the pharmaceutical industry (Figure 1.2) is related e.g. to results of the high
throughput-screenings, combinatorial chemistry and computational drug design as the driving
force for drug-receptor binding often is hydrophobicity [12].
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Apart from chemical modifications like formation of salts or co-crystals, there are several possi-
bilities for a formulation scientist to address the solubility issue [8]: particle size reduction (micro-
nization, nanoization) and so-called "enabling formulation" approaches like solubilization with
co-solvents or surfactants, amorphization, lipid-based drug-delivery formulations and cyclodex-
trine complexation to name a few. The physicochemical properties of newly developed drugs
necessitate different formulation strategies to guarantee ease of administration, stability and a
reproducible (and preferably food-independent) availability for uptake in the human body [13].
As the oral administration route is the most favored way in terms of compliance and adherence
[14, 15, 16], many formulation strategies including this work are oriented towards this route of
application.

The different forms in which a drug may occur upon dissolution and their corresponding per-
meabilities through the Gl membrane are exemplarily depicted for enabling formulations in Fi-
gure 1.3.

: Solubilized APl ) . >?
. release
Enabling
formulation
; ; (re-) distribution according to
dissolution affinity of API to solubilizers
M
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dissolution M
Crystaline API Y ——————> (_Molecularly dissolved API B
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gration 4] Drop of concentration E
= due to precipitation
2
o
dissolution -
Amorphous API <——_—— > / Truly supersaturated API
precipitation (metastable) -

Figure 1.3: Schematic depiction of different states in which the API can occur in the Gl tract and
their role in terms of permeability across the Gl membrane. From Buckley et al. [10]



1.2. Amorphous solid dispersions

1.2 Amorphous solid dispersions

As mentioned before, an improvement of the drug’s dissolution behavior can be achieved by
increasing the dissolution rate and/or the apparent solubility [17]. Amorphous solid dispersions
(ASD) have emerged as an oral drug delivery strategy to ensure sufficient bioavailability of poorly
soluble compounds of BCS class lIb. In 1971, Chiou and Riegelman [18] were the first to describe
pharmaceutical applications of solid dispersions for solubility enhancement.

1.2.1 The amorphous form

The conversion from crystalline to amorphous increases the free energy, entropy and enthalpy,
molecular mobility, free volume and chemical and thermodynamic activity of the API at a given
temperature [19]. Amorphous materials lack long-range order symmetry operators which is e.g.
detectable by a lack of X-Ray diffraction peaks or by the absence of a crystalline melting peak
in differential scanning calorimetry (DSC). Instead, amorphous materials are characterized by a
glass transition temperature T4 [20]. Below the T,, the material exists in a glassy (solid-like) form
and as a supercooled liquid above T4. Heat content and molar volume change abruptly in the T,
region upon heating.

Due to their molecular disorder, it is not necessary to overcome the crystal lattice energy upon
dissolution. In contrast to solubilization (e.g. by solubilizers, cyclodextrins or surfactants) which
might be accompanied by a decrease in permeability [3, 21], kinetic supersaturation is related to
enhanced free drug concentration which also is a beneficial driving force for enhanced passive
transport accross the Gl membrane [22].

However, there are also hurdles associated with the amorphous form mainly caused by the in-
herent thermodynamic instability which might lead to relaxation, nucleation, precipitation and
crystallization [23].

The glass forming ability (GFA) of drugs describes their propensity of existing in the amorphous
form or - in other words - their crystallization tendency. This tendency is commonly described by
the critical cooling rate (CCR) [24]. If cooling is performed faster than the CCR, the material is
frozen in the amorphous form and recrystallization will not occur. While there are several possi-
bilities to measure a material’s GFA, this study refers to the GFA classification system proposed
by Baird et al. [25] where GFA classes |, Il and Ill are defined according to differential scanning
calorimetry (DSC) experiments. Wyttenbach et al. [26] used this methodology to systematically
assess the GFA of amorphous compounds in marketed drug products which, except for vemu-
rafenib, belong to GFA class Il or Il with a high ease of amorphization.

In contrast to the thermodynamic solubility of a crystalline API, the "amorphous solubility" (=ki-
netic supersaturation) is hardly measurable due to fast precipitation. It can only be estimated by
the ratio to which the chemical potential of the amorphous form exceeds that of the crystalline
state [27].
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1.2.2 Functional principle of ASD

Due to their inherent thermodynamic instability, pure amorphous drugs are usually not developed
as commercial drug products but together with excipients used for stabilization. On the one hand,
these stabilizing excipients, which are usually pharmacologically inert, can be non-polymeric
carriers like e.g. amino acids, mesoporous silica, surfactants or solubilizers. On the other hand,
polymeric excipients (non-ionic and ionic) are frequently used which were also in the focus of this
work.

In this context, the combinations of API and excipients are called "solid dispersions" which arise
in different solid state forms of API and carrier. Laitinen et al. [28] summarized these possibilities
in Table 1.1.

Table 1.1: Nomenclature and classification of solid dispersions. From Laitinen et al. [28]

State of APl | Number of phases

1 2
Crystalline | Solid solution Eutectic mixture
Amorphous | Glass solution Glass suspension

The term ASD covers the stabilization of the API by a polymeric carrier both as glass suspen-
sions (two phase systems) as well as glass solutions (one phase systems). If the API exists in its
amorphous form and is fully miscible with its carrier and molecularly dissolved, a one-phase sys-
tem with one T, is generated. Depending on the solubility of the API within the polymer, which is
therefore also related to the drug load (DL), the API might alternatively be dispersed in the matrix
at a particle level resulting in glass suspensions with two separate T4. However, phase separation
is often difficult to detect if the phase domains are small. Short range crystalline clusters might
not be detectable by standard powder X-Ray diffraction (PXRD) but only analytical techniques
with higher resolution like small-angle X-Ray scattering (SAXS) [29] are suited in order to clearly
differentiate between glassy solutions or suspensions.

A solid dispersion can be considered as a system consisting of the drug as solute and the poly-
mer as solvent. As such, the phase behavior can be described by a schematic phase diagram
which is exemplarily depicted in Figure 1.4. The system is thermodynamically stable as long as
the drug load is below the solubility limit (solid black line). This is often only the case at low
drug loads or at high temperatures. In all the other cases, the drug must be kinetically stabilized
or "frozen" below the T,4. Not only recrystallization but also amorphous-amorphous phase sepa-
ration (APS) can occur with different API-rich or polymer-rich phases. Above Ty, viscosity and
molecular mobility drastically increase, lowering the kinetic stabilization and potentially enabling
both APS and recrystallization.
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Figure 1.4: Schematic phase diagram for a two-component amorphous solid dispersion. From
Luebbert et al. [30]

In both glass solutions as well as glass suspensions, the selected excipient stabilizes the API
against crystal growth and recrystallization during storage as well as against precipitation dur-
ing dissolution. Additionally, incorporation of the APl molecules into hydrophilic carriers improves
their wettability. If inhibition of precipitation and maintenance of superaturation during dissolution
is achieved for ASD, this then ends up in the so-called "spring and parachute effect" (Figure 1.5).
Neat amorphous APIs can also exhibit pronounced supersaturation (spring) but normally quickly
precipitate and return to the thermodynamic solubility of the crystalline state.
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Figure 1.5: Schematic dissolution profiles of crystalline API, neat amorphous APl and ASD
with spring and parachute effect according to Baird et al. [25]
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Hence, polymers significantly contribute to the functional principle of ASD. Table 1.2 summa-

rizes the criteria that might influence performance and stability of these formulations. The enu-

meration shows the various factors that have to be considered during formulation development.

Table 1.2: Factors that influence performance and stability of ASD. Modified and extended from

Baghel et al. [31]

Factors

Impact on performance and stability

Gibbs free energy

Glass forming ability (GFA)

Glass transition temperature (T,)

Temperature

Humidity

Degree of supersaturation

Precipitation

Drug-polymer miscibility

Drug-polymer solubility

Drug-polymer interactions

Excipient functionalities

Molecular mobility

The lower the Gibbs free energy of a system the more
stable it is. Amorphous forms possess higher free ener-
gies than the crystalline state.

The GFA classification describes the propensity of a drug
to recrystallize upon heating and cooling. It was possible
to link the GFA assignment to supersaturation [32].
Stability increases with increasing T, as mobility and
viscosity change drastically [30]. Storage temperatures
should be below Tg. Ty is also important for processa-
bility especially in hot-melt extrusion (HME).
Temperature increases molecular mobility especially
above Ty.

Moisture acts as plasticizer which lowers the T, of the
formulation and can also lead to APS [30].

The higher the degree of supersaturation the higher the
precipitation pressure to equilibrium solubility.
Precipitation inhibitors are used in ASD to maintain the
supersaturated state during dissolution. It has to be pro-
longed for a certain timeframe to enable enhanced ab-
sorption in the Gl tract.

Fully miscible components form one phase systems. Mis-
cibility can be assessed experimentally (e.g. by DSC)
where only one Ty is detected or by empirical parame-
ters like the Flory-Huggins interaction parameter.

If the DL is below the thermodynamic solubility of the API
within the polymer, the system is not prone to recrystal-
lization.

Drug-polymer interactions may reduce recrystallization
by increasing the T4 and reducing molecular mobilities.
Functional groups that interact with the drug and mole-
cular weight of excipients impact dissolution and stability
of ASD [33, 34].

Molecular mobility of amorphous molecules in glass so-
lutions should be reduced to hinder recrystallization (see
also drug-polymer interactions). This is associated to
macromolecular properties like viscosity. Quantification is
e.g. possible by measurement of relaxation time.
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Structural relaxation

Preparation method

Preparation conditions

Mechanical stress

Structural relaxation occurs in amorphous materials be-
low their T4 and is a measure for molecular mobility.
Molecular rearrangement that is also known as physical
aging. Enthalpy and free volume decrease during rela-
xation [35].

Different preparation methods induce different thermal
and mechanical histories.

Residence time in an extruder, downstream cooling rates
[24] or evaporation rates [36] with spray-dried dispersions
can affect the resulting stability of an ASD.

Mechanical stress can introduce seed crystals affecting
recrystallization behavior.

1.2.3 Translational drawbacks - status quo

In 1999, Serajuddin et al. [37] analyzed promises and pitfalls of the formulation of ASD. The

main problems were claimed as missing suitable (scale-up) manufacturing methods for ASD and

subsequent dosage forms, reproducibility of physicochemical properties and physical stability

issues. Although there is an ever increasing interest in formulating poorly soluble drugs and the

numbers of publications on the topic of solid dispersions are continuously increasing (Figure 1.6),

the number of marketed products does not rise to the same extent (Figure 1.7). Although there

are multifactorial reasons to be considered in this context which are of course not only related to

formulation aspects, this discrepancy is still evident and frequently discussed [29, 32, 38, 39].
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Figure 1.7: FDA approved drugs marketed as solid dispersions compiled with data from [11, 26,
40]

A lot of progress has been made especially in terms of manufacturing and scale-up but some
of Serajuddin’s concerns are still valid. This was also reflected by Shah et al. who discussed
current reasons being mainly responsible for the discrepancy between research and access to
the market. Hence, the following enumeration was adapted from Shah et al. [41] and additionally

extended by the last point:
1. Limited knowledge about physicochemical properties of polymeric stabilizers
2. Insufficient knowledge about the interactions between API and polymer
3. Limited amounts of APl available during early stages of development
4

. Limited availability of representative processing techniques during preformulation develop-
ment (miniaturized or small-scale formulation screening)

o

Insufficient predictability of physical stability

6. Lack of time for structured development

7. Lack of biorelevant dissolution methods providing better predictions for in vivo performance

Carrier selection - focus on screening methods

Table 1.2 lists many factors that have to be taken into account for selecting the best suited poly-
meric carrier. This selection is always dependent on the API in a case-by-case decision. As there
are many pharmaceutically relevant polymers available, this results in a huge experimental setup
of drug-polymer combinations with several drug loads to be tested. The number of experiments
drastically increases if ternary systems (e.g. a combination of polymers or addition of plasticizers
or surfactants) are needed. Additionally, the limited amount of API available during preclinical

development intensifies the need for miniaturized screening methods with high throughput and
fast readouts [42].
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Therefore, 96-well plate based assays are attracting a lot of interest. Most popular are solvent-
casting methods as described for example by Chiang et al. [43] or Wyttenbach et al. [44] named
"Screening of Polymers for Amorphous Drug Stabilization (SPADS)". These provide a lot of infor-
mation at a time but e.g. residual solvents have to be carefully monitored and evaporation must
be sufficiently quick to avoid crystallization.

Second, there are solvent-shift screening methods described which induce supersaturation by
either pH-shift or use of organic co-solvents with high concentration of the API dissolved that is
being poured into agueous media [45]. One of the most important drawbacks of the latter one is
the impact of the co-solvent on the dissolution behavior. Both methods do not reflect dissolution
kinetics from solid state but rather reflect an enforced induction of supersaturation.

Melt-fusion methods are also applied using hot plates, hot-stage microscopy or DSC. For the
latter, e.g. melting point depression methods [46] or recrystallization trials are used [47]. One of
the main restrictions here is intimate mixing of the components in solid state as melt rheological
properties have to be considered [48]. Additionally, DSC methods can be used to measure the
solubility of the API within the polymer matrix which allows for determination of maximum DL [49].
All of the techniques mentioned above provide a lot of information with minimal amounts of APL.
As decision-making in early formulation development often is very time challenging and straight
forward, broad comparative studies between the different screening assays are missing. Further
advanced analytics and scale-up trials are only being conducted with two or three of the most
promising formulations lacking systematic evaluation of the predictability of these screenings.
These limitations may impair reliability of the screening methods.

Drug-polymer interactions

Intermolecular drug-polymer interactions are considered one of the most important aspects for
stabilization of the amorphous form which is of relevance both during dissolution and storage. In-
teractions may reduce the molecular mobility of API molecules which avoids nucleation or crystal
growth and in consequence also recrystallization. Furthermore, they may prevent amorphous-
amorphous phase separations (see Figure 1.4) with content inhomogeneities favoring the forma-
tion of one-phase systems [50]. Doing so, interactions may enable long-term physical stability
during storage [19]. Additionally, interactions can also contribute to stabilization of the supersa-
turated state during dissolution hindering precipitation [51].

Many theoretical approaches exist which try to explain these stabilizing effects. However, they
do not necessarily translate to in vitro or even in vivo performance [52]. Additionally, they are
mainly focused on ionic interactions neglecting hydrogen bonding, dipole-dipole interactions, hy-
drophobic interactions or van der Waals forces although there are also several non-ionic drugs
and carriers available (e.g. PVP derivatives, Soluplus™).

Quite some surrogate parameters are already known that should give an idea about drug-polymer
interactions. These are for example the Flory-Huggins interactions parameter (FH) or deviations

10
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from the calculated T, value of a drug-polymer mixture via Gordon-Taylor equation (GT).
However, these (semi-)empirical approaches often lack broad applicability and predictability.
Where this is being investigated (e.g. Turpin et al. [53]) it turns out that systematic evidence
is often missing.

From an experimental point of view, there are several possibilities to address interactions on a
molecular level. Advanced characterization techniques like Fourier-transform infrared (FTIR) or
Raman spectroscopy [54] and solid-state nuclear magnetic resonance (ss-NMR) [55] are used
to elucidate interactions at a molecular level. However, they require at least small-scale manu-
facturing in gram scale and are normally quite time and cost intensive which excludes them for
screening purposes.

Impact of manufacturing technique on excipients

There are several manufacturing techniques used for the preparation of solid dispersions inclu-
ding hot-melt extrusion (HME) and spray-drying (SD). The compilation of marketed ASD drug
products depicted in Figure 1.8 indicates the significance of these two methods over other tech-
nologies like spray layering (e.g. on mesoporous silica), Kinetisol® Dispersing (high energy mixing

[56]), electro spinning, supercritical fluids or coprecipitation.

<

mSDD = HME = Other

Figure 1.8: FDA approved amorphous drugs according to the manufacturing technique compiled
with data from [11, 26, 40]

For selection of the appropriate manufacturing technique and process optimization, formulation
scientists mostly rely on API properties (see also Figure 4.1). Thermostable compounds with a
low melting point are usually applicable to HME whereas a high melting point combined with high
solubility in volatile solvents favors SD. Only few studies systematically compare ASD prepared
by HME and SD and analyze influencing factors [57, 58, 59]. However, the manufacturing tech-
niqgue may impact the final formulation in terms of crystalline content [60] or degree of relaxation
and therefore presumably different levels of molecular mobility [61] and physical stability.

An increasing number of patents [62] reflects the importance of HME as one of the most widely
used manufacturing techniques for ASD. Repka et al. [63] performed a S.W.O.T. (strengths, weak-
nesses, opportunities, threats) analysis for pharmaceutical application of this technology.
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1.2. Amorphous solid dispersions

Considerable advantages over other ASD technologies were discussed: being solvent-free, ap-
plicability for continuous processing and suitability for further drug product formulation steps in
terms of downstream processing. The biggest limitation is found in the restriction on thermally
stable components, both APl and polymers, as remarkable heat and shear stress are applied on
the sample. Chemical and physicochemical degradation have to be monitored to ensure consis-
tent quality of the formulation. As there is a twofold energy input from heating of the barrel as
well as from viscous dissipation (shear stress), modelling of temperatures and exact mixing and
dissolving processes within the barrel is quite complex [64].

In contrast, thermal stability for spray-drying processes is less critical as the contact times with
heated air are very short. Instead, the choice of the solvent or mixture of solvents is crucial [65].
Both polymer and API should dissolve to a sufficient amount to ensure an efficient and economic
process. Therefore, the solvent used should be volatile and residual solvents have to be carefully
controlled observing the limits given in the ICH guidelines. Additionally, residual solvents may act
as plasticizers which decrease the T, and therefore potentially also stability of the formulation by
increasing the molecular mobility.

The analytical setup to characterize ASD is also mostly focused on the API (see Chapter 3).
Monitoring of chemical degradation, amorphization efficiency, physical stability during storage
and determination of melting point and glass transition temperature are analytics assessed on
a regular basis to just name a few. However, the polymer per se - often present in a higher
mass fraction than the API - is not monitored to the same extent. The chemical stability of poly-
mers was occassionally assessed e.g. for hydroxypropylmethylcellulose phthalate (HPMCP) [66]
or hydroxypropylmethylcellulose acetate succinate (HPMCAS) [67]. Chen et al. [68] and Crowley
et al. [69] published two of very few studies focusing on physicochemical characterization e.g. by
means of gel permeation chromatography (GPC) for ASD relevant polymeric carriers. Broader
application of this analytical technique would allow for process optimization with regard to the
carrier without any AP| consumption.

Biorelevant in vitro dissolution

Friesen et al. [70] described the different drug, polymer and drug-polymer species that may form
upon dissolution of a SDD with HPMCAS as carrier (Figure 1.9). The extent to which these
species are formed could be correlated to the dosed drug level. The higher the dose the more
colloids were formed instead of free drug. As the permeation through the Gl membrane and
hence oral absorption depend on the appearance of the drug (Figure 1.3), this should be taken
into account to achieve a high bioavailability. Additionally, there are different possibilities how and
when a drug is released from the solid dispersion [71] (e.g. either together with the polymer or
separately). Hence, prediction of the dissolution behavior is very difficult. In contrast to other drug
products, not only the dissolution rate or fraction of drug dissolved over a certain time is relevant
but also the ability of the carrier to maintain supersaturation.
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CHAPTER 1. INTRODUCTION
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Figure 1.9: Potential species being formed upon dissolution of a SDD. Modified from Friesen et

al. [70]

A careful selection of appropriate dissolution methods is absolutely necessary to discriminate
between different formulations and select the best option in terms of polymeric carrier and drug
load. The usage of simulated intestinal fluids (SIF) for fasted state (FaSSIF), fed state (FeSSIF)
or gastric fluids (SGF) is highly recommended to account for bile salt, lecithin, fatty acids and
pepsine present in the intestinal fluids in vivo [72, 73].

An additional effect has to be considered for biorelevant dissolution of weak bases (see also
rDCS). Here, supersaturation can also be induced for crystalline drugs upon gastrointestinal tran-
sit [74]. The base is highly soluble in gastric media at low pH and reaches supersaturation when
being released to the small intestine. Polymeric precipitation inhibitors likewise the carriers for
ASD may stabilize the supersaturation and increase bioavailability. Such effects can be examined
with a gastrointestinal transfer model as described by Kostewicz et al. [75]. Again, small-scale ex-
perimental setups are beneficial to account for limited API availability which was realized by Jede
et al. [76] together with automated sampling. To date, such investigations were rarely conducted
for ASD but give important insights into in vitro-in vivo correlation and the benefits of different
formulation approaches.
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1.3. Aim of work

1.3 Aim of work

This thesis deals with the formulation and characterization of amorphous solid dispersions which
is one of the most promising strategies to overcome poor aqueous solubility. Although a lot of
understanding was gained in the formulation of ASD within the last decade, there still is a need
for further research as pointed out by Shah et al. (Chapter 1.2.3). These factors were taken
into account to define the scope of this work. In this regard, ASD consisting of a weakly basic
model compound should be developed with different pharmaceutically relevant polymeric carriers.
Solubility enhancement, tested in discriminating in vitro non-sink dissolution assays, compared to
crystalline API should be achieved. The different formulations should be manufactured by the two
most common manufacturing techniques HME and SD to enable systematic comparison between
the two manufacturing techniques. This broad objective setting was focused on the following three
pillars:

1. Predictability of miniaturized screening tools. As the amount of API in preclinical de-
velopment is very limited, miniaturized screening methods with high throughput and wide
applicability are needed. Small-scale manufacturing can only be conducted with a limited
number of carriers which are selected based on screening methods. Therefore, the reliabi-
lity and predictability of such screenings is crucial for successful formulations. Hence, these
criteria should be evaluated for a widely used solvent-based screening method. Further-
more, the transferability to different manufacturing techniques should be analyzed. Additio-
nally, a screening method for detection of drug-polymer interactions should be developed.

2. Physicochemical characterization of the polymeric carrier. Most of the analytical tech-
niques applied for characterization of amorphous solid dispersions only focus on the API
as a surrogate for the success of the whole formulation. However, the polymeric carrier
functionally contributes to the performance of the formulation to a great extent. Therefore,
a characterization method should be developed to show the impact of the manufacturing
technique on a polymer’s molecular weight and PDI complementary to standard analytical
tools. The impact of such changes on the performance of an ASD in dissolution should be
examined.

3. Biorelevant dissolution testing. Only few publications deal with the comparison between
supersaturation of amorphous formulations vs. physiologically induced supersaturation due
to the gastrointestinal transfer for weakly basic compounds. It was the goal to evaluate
this in a gastrointestinal transfer model considering the high variability of gastric pH in
correlation to drug-polymer interactions.

A standardized set of analytical methods for assessment of critical quality parameters should be
applied to enable systematic comparison of the different formulations.
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2 Cumulative part

2.1 Overview of journals

Table 2.1: Overview of journals where peer-reviewed articles were published

Journal Impact factor ~ 5-year impact Publisher

(2019) factor
European Journal of 3.62 3.71 Elsevier
Pharmaceutical Sciences (EJPS)
International Journal of 4.85 4.44 Elsevier
Pharmaceutics (1JP)
Molecular Pharmaceutics 4.32 n.a. American Chemical

(MolPharm)

Society
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2.2. Peer-reviewed publications

2.2 Peer-reviewed publications

The four publications described in this section were subject to a peer-review publication process
as full research articles. They have been published in the journals listed above (Table 2.1).
Table 2.2 references the four articles with a declaration on the contribution of the first author to
the experimental part as well as to the preparation of the manuscript.

These publications reflect the major part of the experiments that were conducted in the course
of this doctoral thesis. As such, all methods used are described in detail in the articles and the
results acquired were carefully discussed.

In Publication I, the predictability regarding dissolution performance of miniaturized screening
methods for polymer selection in ASD was examined. A commonly used solvent evaporation pro-
cedure that was derived from the SPADS assay by Wyttenbach et al. [44] was compared with a
newly developed melt-based method. The incorporation of the API within the polymeric carrier
was assumed to be dependent on the amorphization technique used - either by rapid solvent
evaporation or heat fusion. The dissolution results from the screenings were compared to ASD
intermediates from either hot-melt extrusion or spray-drying which did not perform equally either.
False negative results were found for polyvinylpyrrolidone (PVP) derivatives, namely the copoly-
mer PVP-co-vinyl-acetate 60:40 (PVP-VA64) and PVP K30, in the solvent screening which was
not the case in the melt-based approach. The solvent-based screening well predicted the perfor-
mance of the solvent-based spray-drying process for the polymeric carriers hydroxypropyl methyl
cellulose acetate succinate (HPMCAS) and cellulose acetate phthalate (CAP) whereas the per-
formance of hot-melt extrudates was better reflected by the melt-based screening.

Publication Il focuses on the physicochemical characterization of the polymeric carrier PVP-
VA64. As such, the impact of hot-melt extrusion on molecular weight (M,,) and polydispersity
index (PDI) was examined. A gel permeation chromatography (GPC) method with refractive in-
dex (RI) and multi-angle light scattering (MALS) detection was developed. This enabled absolute
molar mass determination of the polymer with high reproducibility and sensitivity towards chain-
scission and high molecular weight species. Different extrusion temperatures were used and
minute changes of M,, and PDI could be detected while chemical integrity was proven by solution
NMR. In a second step, KTZ was incorporated into the differently HME pre-stressed PVP-VA64
samples via spray-drying. The amorphous spray-dried dispersions (SDD) were tested in FaSSIF
dissolution buffer for 120 min. As the SDD were manufactured with exactly the same process
parameters, the changes detected in the dissolution profiles could be ascribed unambiguously to
the changes in M,, and PDI of the polymeric carrier which were previously induced by HME.
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CHAPTER 2. CUMULATIVE PART

As the assessment of drug-polymer interactions lacks high-throughput miniaturized methods,
Publication Ill describes a new screening method based on changes in viscosity between poly-
mer and polymer-KTZ solutions. The fluorescent molecular rotor 9-(2-Carboxy-2-cyanovinyl)julo-
lidine (CCVJ) which emits different fluorescent yields depending on the viscosity of the surroun-
ding solvent was used to rank drug-polymer interactions. A relative increase between polymer
solutions and polymer-API solutions served as surrogate for interactions. '*C ss-NMR spin-lattice
relaxation time measurements (T1p) were applied to investigate the interactions at a molecular
level and confirmed the fluorescent viscosity screening (FluViSc) results for the two systems
KTZ/HPMCAS and KTZ/PVP-VA64 that were chosen for proof of concept. The results were addi-
tionally correlated to the empiric Gordon-Taylor equation and shifts in Raman spectra where the
FluViSc turned out to be both more accurate and discriminating.

One of the most important aspects in carrier selection for ASD is the generation and stabi-

lization of supersaturation. Therefore, biorelevant dissolution methods are required that allow for
small-scale testing and differentiation between different excipients. For ASD, this is usually real-
ized by discriminative non-sink dissolution testing.
For weakly basic compounds, a second pathway of inducing supersaturation caused by the gas-
trointestinal transit is possible. Therefore, Publication IV compares the performance of ASD
versus physical mixtures with the same carrier at different gastric pH. The precipitation inhibi-
tion was examined for different grades of HPMCAS and a ternary system with the basic polymer
Eudragit™E PO to further analyze the influence of acidity and drug-polymer interactions for sta-
bilization of supersaturation.
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2.2. Peer-reviewed publications

Table 2.2: Declaration of contributions to the different publications. A: Planning, execution, analy-
sis and evaluation of the corresponding experiments, B: Contribution to the manuscript

Publication Title Contribution

Publication | C. Auch, M. Harms, K. Mader Melt-based screening A:90% B: 85%
method with improved predictability regarding polymer
selection for amorphous solid dispersions. European
Journal of Pharmaceutical Sciences 124 (2018) 339-348
Publication Il C. Auch, M. Harms, K. Mader How molecular weight and A: 90% B: 85%
PDI of a polymer impact dissolution performance. Inter-
national Journal of Pharmaceutics 556 (2019) 372-382
Publication I C. Auch, M. Harms, Y. Golitsyn, D. Reichert, K. Mader A:75% B: 75%
Miniaturized measurement of drug-polymer interactions
via viscosity increase for polymer selection in amorphous
solid dispersions. Molecular Pharmaceutics 16 (2019)
22142225
Publication IV C. Auch, C. Jede, M. Harms, C. Wagner, W. Weitschies, A: 60% B: 75%
K. Méader Impact of amorphization and Gl physiology
on supersaturation and precipitation of poorly soluble
weakly basic drugs using a small-scale in vitro trans-
fer model. International Journal of Pharmaceutics 574
(2020) 118917
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CHAPTER 2. CUMULATIVE PART

2.2.1 Melt-based screening method for polymer selection

Title: Melt-based screening method with improved predictability regarding polymer selection for
amorphous solid dispersions

European Journal of Pharmaceutical Sciences

DOI: https://doi.org/10.1016/j.ejps.2018.08.035

Link: https://www.sciencedirect.com/science/article/pii/S0928098718304007

Supplementary Material:
https://ars.els-cdn.com/content/image/1-s2.0-S0928098718304007-mmc1.pdf

Abstract The predictability of preformulation screening tools for polymer selection in amor-
phous solid dispersions (ASD) regarding supersaturation and precipitation was systematically
examined. The API-polymer combinations were scaled up by means of hot-melt extrusion and
spray-drying to verify the predictions. As there were discrepancies between a solvent-based
screening and performance of ASD, a new screening tool with improved predictability at mini-
mal investments of time and material is presented. The method refinement resulted in a better
correlation between the screening and ASD prototypes. So far, a purely solvent-based screening
was used which consisted of film casting by rapid solvent evaporation. This approach was im-
proved by applying a heating step after film casting. Four representative polymers were tested
with two different model active pharmaceutical ingredients (APl) under non-sink dissolution con-
ditions. Polyvinylpyrrolidone (PVP) based polymers showed no benefit towards pure API in the
solvent-based screening but good supersaturation as ASD formulations. The extrudates with
cellulose derivatives hydroxypropylmethylcellulose acetate succinate (HPMCAS) and cellulose
acetate
phthalate (CAP) showed lower supersaturation than predicted by the solvent-based screening
but performed especially well as spray-dried dispersions (SDD). False negative results for PVP-
co-vinyl acetate (PVP-VA64) could be avoided by using the new melt-based screening. Further-
more, comparing the results from the two different screening methods allowed to predict the
performance of extrudates vs. SDD with cellulose derivatives as polymeric excipients.
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Figure 2.1: Graphical abstract to Auch et al. [77]




CHAPTER 2. CUMULATIVE PART

2.2.2 Impact of polymer degradation in HME

Title: How changes in molecular weight and PDI of a polymer in amorphous solid dispersions
impact dissolution performance

International Journal of Pharmaceutics

DOI: https://doi.org/10.1016/j.ijpharm.2018.12.012

Link: https://www.sciencedirect.com/science/article/pii/S0378517318309189?via%3Dihub
Supplementary Material:
https://ars.els-cdn.com/content/image/1-s2.0-S0378517318309189-mmc1.pdf

Abstract Polymers functionally contribute to supersaturation and precipitation inhibition of
the active pharmaceutical ingredient (API) in amorphous solid dispersions (ASD). Therefore, it
is necessary to monitor phyhemsicochemical changes of the polymeric carrier caused by the
manufacturing process. This is especially important when the material is exposed to heat and
shear stress as in case of hot-melt extrusion (HME). This study evaluated the impact of HME pro-
cess conditions on physical characteristics of poly(vinylpyrrolidone-co-vinyl-acetate) 60:40 (PVP-
VA64) which is a widely used polymer for HME. Focus was set on molecular weight (M,,) and
polydispersity index (PDI), by means of absolute molar mass detection via multi-angle light scat-
tering. The generation of a high M,, fraction together with a decrease of the average M,, was
detected. In a next step, the influence of these changes on the dissolution behavior of ASD was
evaluated. Different stress conditions were applied onto PVP-VA64 in placebo extrusions. The
obtained stressed polymer samples were subsequently used to prepare verum ASD with ke-
toconazole by spray drying (SD). SD dispersions (SDD) of thermally stressed PVPVA64 were
compared to SDD prepared with bulk powder. Although there were only slight changes in M,, and
PDI, they significantly impacted supersaturation and precipitation of the formulation.
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2.2.3 Analysis of API-polymer interactions in ASD

Title: Miniaturized measurement of drug-polymer interactions via viscosity increase for polymer
selection in amorphous solid dispersions

Molecular Pharmaceutics

DOI: 10.1021/acs.molpharmaceut.9b00186

Link: https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.9000186

Supporting Information:
https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00186/suppl_file/mp9b00186_si
001.pdf

Abstract Drug—polymer interactions have a substantial impact on stability and performance
of amorphous solid dispersions (ASD) but are difficult to analyze. Whereas there are many
screening methods described for polymer selection based for example on glass forming ability,
drug—polymer miscibility, supersaturation, or inhibition of recrystallization, the distinct detection of
physico-chemical interactions mostly lacks miniaturized techniques. This work presents an inter-
action screening assessing the relative viscosity increase between highly concentrated polymer
solutions with and without the model drug ketoconazole (KTZ). The fluorescent molecular rotor 9-
(2-carboxy-2-cyanovinyl)julolidine was added to the solutions in a miniaturized setup in plL-scale.
Due to its environment-sensitive emission behavior, the integrated fluorescence intensity can be
used as a viscosity dye within this screening approach (FluViSc). Differences in relative visco-
sity increases through addition of KTZ were proposed to rank polymers regarding KTZ—polymer
interactions. Absolute viscosities were measured with a cone—plate rheometer as a complimen-
tary method and supported the results acquired by the FluViSc. Solid-state nuclear magnetic
resonance (ss-NMR) relaxation time measurements and Raman spectroscopy were utilized to in-
vestigate drug—polymer interactions at a molecular level. Whereas Raman spectroscopy was not
suited to reveal KTZ—polymer interactions, ss-NMR relaxation time measurements differentiated
between the selected polymeric carriers hydroxypropylmethylcellulose acetate succinate (HPM-
CAS) and polyvinylpyrrolidone vinyl acetate 60:40 (PVP-VA64). Interactions were detected for
HPMCAS/KTZ ASD while there was no hint for interactions between KTZ and PVP-VA64. These
results were in correlation with the FluViSc. The findings were correlated with the dissolution
performance of ASD and found to be predictive for supersaturation and inhibition of precipitation
during dissolution.
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2.2.4 Application of gastrointestinal transfer model for ASD

Title: Impact of amorphization and Gl physiology on supersaturation and precipitation of poorly
soluble weakly basic drugs using a small-scale in vitro transfer model

International Journal of Pharmaceutics

DOI: https://doi.org/10.1016/j.ijpharm.2019.118917

Link: https://www.sciencedirect.com/science/article/pii/S0378517319309627 ?via%3Dihub
Supporting Information:
https://ars.els-cdn.com/content/image/1-s2.0-S0378517319309627-mmc1.xml

Abstract Formulation of amorphous solid dispersions (ASD) is one possibility to improve poor
aqueous drug solubility by creating supersaturation. In case of weakly basic drugs like ketocona-
zole (KTZ), supersaturation can also be generated during the gastrointestinal (Gl) transfer from
the stomach to the intestine due to pH-dependent solubility. In both cases, the supersaturation
during dissolution can be stabilized by polymeric precipitation inhibitors. A small-scale Gl transfer
model was used to compare the dissolution performance of ASD versus crystalline KTZ with the
polymeric precipitation inhibitor HPMCAS. Similar in vitro AUCs were found for the transfer from
SGF pH 2 into FaSSIF. Moreover, the impact of variability in gastric pH on drug dissolution was
assessed. Here, the ASD performed significantly better at a simulated hypochlorhydric gastric
pH of 4. Last, the importance of drug-polymer interactions for precipitation inhibition was evalu-
ated. HPMCAS HF and LF grades with and without the basic polymer Eudragit E PO were used.
However, E PO caused a faster precipitation probably due to competition for the interaction sites
between KTZ and HPMCAS. Thus, the results are suited to assess the benefits of amorphous
formulations vs. precipitation inhibitors under different gastrointestinal conditions to optimize the
design of such drug delivery systems.
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3 Results and discussion

The work presented in this thesis aimed at developing tools to improve the translation from pre-
formulation research to formulation development in the field of ASD. Several gaps were identified
throughout the formulation development of ASD (see Chapter 1.2.3) which were thus investigated
within this thesis. The special circumstances to be considered in terms of gastrointestinal trans-
fer of weakly basic compounds were accounted for by using the model API ketoconazole (KTZ)
(chemical structure see Figure 3.1). KTZ was carefully selected to represent relevant API pro-
perties in terms of melting point (149°C), log P (4.3), solubility (23 pg/mL in FaSSIF) and GFA.
KTZ belongs to GFA class Il similar to most marketed ASD compounds [32] which means that
there is a high propensity for amorphization (no recrystallization observed after quench-cooling
in a DSC heating-cooling-heating cycle).

To systematically analyze certain aspects like supersaturation, precipitation, storage stability,
miscibility or drug-polymer interactions, a broad set of formulations for comparison was needed.
These formulations were developed with different polymeric carriers which are summarized in
Table 3.1. These were non-ionic, anionic or cationic in nature with different Ty and Tyeq as well as
molecular weights; factors which are of relevance when selecting a polymeric carrier as outlined
in Table 1.2. This enabled the comparison across various pharmaceutically relevant polymers and
different manufacturing techniques. Four formulations where a complete dataset was acquired
were additionally tested regarding physical stability under different storage conditions (2-8°C,
25°C/60% relative humidity (r.h.) and 40°C/75% r.h. according to ICH Q1A(R2) guideline) for up
to one year.

Table 3.1: Summary of formulations consisting of the listed excipient and KTZ that were
developed and analyzed within PhD thesis

Excipient Solvent Screening Melt Screening  FluViSc HME SDD  Stability
HPMCAS HF X X X X X X
HPMCAS LF X - - - X -
HPMCAS HME X - - X X X
CAP X X X X X X
HPMCP HP50 X - X X - -
Soluplus X - X X X

PVP K30 X X X X X -
PVP-VA64 X X X X X X
Eudragit E PO X - - X - -
Eudragit L100-55 x - X X - -

27



e o O
// \_/ \_<\ NJ/

_—

Cl

Figure 3.1: Chemical structure of model compound ketoconazole

The first aspect under closer investigation was the predictability of a preformulation screening
tool for polymer selection. A modification of the SPADS assay by Wyttenbach et al. in a 96 well
quartz plate was used as starting point which can be considered as a standard miniaturized
screening method based on solvent film casting. Stability testing was conducted by storage of
the amorphous films under accelerated conditions (40°C/75% r.h.). Two different drug loads of
20 and 40% were tested both giving amorphous films. For further experiments, it was decided
to continue with the higher DL (40%) to challenge physical stability and pose a potential risk for
recrystallization and instabilities during a manageable timeframe. The corresponding dissolution
results are depicted in Figure 3.2.
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Figure 3.2: Solvent screening for KTZ with various polymers and 40% DL. Non-sink dissolution
testing in FaSSIF-V1 pH 6.5. Arithmetic means of n=3 + S.D.

The casted film of neat KTZ was used as reference which showed slightly higher concentrations
of drug dissolved than the thermodynamic solubility of crystalline KTZ. Different degrees of su-
persaturation were achieved for all formulations except for PVP-VA64 and PVP K30.
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CHAPTER 3. RESULTS AND DISCUSSION

The best result was achieved with HPMCAS HF in terms of supersaturation, precipitation inhibi-
tion as well as storage stability. CAP and L100-55 showed a quite strong decrease in concen-
tration of drug dissolved after seven days whereas Soluplus, E PO and HPMCP stabilized the
supersaturation well but on a generally lower level.

The ranking derived from solvent screening results (Figure 3.2) should be correlated to ASD in-
termediates in terms of supersaturation and precipitation inhibition. Therefore, all polymers were
first employed for manufacturing of ASD via HME as the predictability of the screening should be
systematically investigated. The non-sink dissolution results for the milled extrudates correlated
well with the solvent screening except for HPMCAS HF, CAP, PVP-VA64 and PVP K30 which
is seen when comparing the concentrations of drug dissolved in Figure 3.3 A with Figure 3.2.
Therefore, these four formulations were additionally formulated as SDD to examine the impact of
the manufacturing technique. Figure 3.3 B shows the concentrations of drug dissolved that were
achieved from dissolution of SDD particles.
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Figure 3.3: Concentration of KTZ dissolved in a non-sink dissolution of A) milled hot-melt extru-
dates and B) SDD powder (legend see A) with 40% DL in FaSSIF-V1 pH 6.5 com-
pared to crystalline KTZ. Arithmetic means of n=3 + S.D. From [77]

For in depth characterization of the formulations, the following setup of analytical methods was
developed:

1. Reversed-phase high-performance liquid chromatography (RP-HPLC) - content analysis
(for dissolution testing and content uniformity) and purity

2. Differential scanning calorimetry - measurement of T, and T4, miscibility assessment

3. Powder X-Ray diffraction (PXRD) - solid state analysis

4. Microscopy with standard light/polarized light (PLM) - particle size assessment, crystallinity
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5. Gel permeation chromatography (GPC) with Rl and MALS detection - determination of
polymers’ molecular weight and polydispersity index

6. Viscosity measurements (FluViSc, cone-plate rheometer) - analysis of drug-polymer inter-
actions via viscosity increase

7. Raman spectroscopy - solid state analysis and detection of drug-polymer interactions

8. Solution NMR - quantification of residual solvents, chemical integrity of polymer

9. Solid-state NMR - detection of drug-polymer interactions via relaxation time measurements
10. Thermogravimetric analysis (TGA) - Tqeq, Water content
11. Loss on drying - monitoring of powders’ humidity during processing and stability testing
12. Static light scattering - particle size distribution
13. Non-sink dissolution testing in different scales (96 well, Eppendorf Caps)

14. Gastrointestinal transfer model - dissolution testing under simulated Gl conditions

The analytical methods 1-4 were routinely applied to all ASD intermediates. Fulfillment of preset
specifications for these analytical methods was considered as a prerequisite for comparability
among the different formulations allowing further interpretation of the data. Fully amorphous for-
mulations with 40% DL for all formulations listed in Table 3.1 were produced according to DSC,
PLM and PXRD together with 95-105% content uniformity and >98% purity (n=4).

Exemplary results of the analytics (where applicable) for crystalline API, solvent casted films,
physical mixtures (PM), SDD and HME are depicted in Figure 3.4 for KTZ formulations with the
carrier HPMCAS. The absence of a crystalline melting peak in the HME and SDD samples as
well as a single T, indicate formation of one phase amorphous systems in the DSC thermograms
(Figure 3.4 A). A melting point depression from 149°C (crystalline KTZ) to 141°C onset tempe-
rature in the PM was detected in the DSC runs which is considered as a hint for miscibility and
interaction as explained in detail by Marsac et al. [80]. The amorphous halo for both HME and
SDD formulations can be clearly differentiated from crystalline Bragg peaks (also present in PM)
in the PXRD diffractograms acquired via long-term measurements (Figure 3.4 B). As HPMCAS
is semi-crystalline in nature, special attention is needed for judging residual crystallinity via PLM
which is only possible by comparison with placebo films, SDD particles or milled extrudates (Fi-
gure 3.4 C).

The two manufacturing techniques resulted in different performances of the ASD although the
analytical results did not reveal any differences between extrudates and SDD in terms of amor-
phization, Ty, content or purity. As this discrepancy in performance would heavily influence the
decision for the most suited manufacturing technique, a predictive screening tool should be es-
tablished to assist in choosing the best formulation technique.
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Figure 3.4: Exemplary results of A) DSC, B) PXRD and C) microscopy and PLM for HPMCAS
with 40% DL KTZ
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Therefore, a melt screening was developed [77] to better mimick the conditions in a HME pro-
cess. The temperatures chosen for heating were selected to be below Tgeq but above Ty of the
drug-polymer films to enable certain mobility for molecular rearrangement.

The comparison between both screening approaches showed clear differences as depicted in
Figure 3.5. On the one hand, both cellulose derivatives performed better in the solvent screening
than in the melt screening. On the other hand, there was a pronounced supersaturation predicted
for PVP-VA64 by the melt screening which was not seen at all in the solvent-based approach.
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Figure 3.5: Overall comparison of concentration of drug dissolved with both screening tools (melt-
based and solvent-based), SDD and HME with 40% drug load KTZ each after 60 min
dissolution time. Arithmetic means of n=3 + S.D. Pure KTZ was not fully amorphous
as SDD without polymeric excipient and was not processed by means of HME. From
[77]

It could be shown that the way the screening is conducted can be correlated to the manufacturing
technique. Furthermore, it was demonstrated that the solvent screening underpredicted the per-
formance of the two polyvinylpyrrolidone derivatives for KTZ solubility enhancement. This would
lead to systematically false-negative results that unnecessarily limit the formulation options of
ASD.

These findings were subsequently confirmed with an internal pipeline compound (MC1) in formu-
lation with PVP-VA64 and HPMCAS (chemical structure and results are shown in [77]). Again,
PVP-VAG4 did not lead to supersaturation in the solvent screening but only in the melt screening
which was proven by HME and SD. In contrast to KTZ, MC1 belongs to GFA class | with additional
melt degradation effects which was considered a worst case example for the melt screening.
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Nevertheless, the good correlation detected for KTZ could be directly transferred to MC1. For fur-
ther interpretation, a closer investigation on the reasons for different performances depending on
the manufacturing technique was necessary. One of the hypotheses was the creation of different
drug-polymer interactions being built either upon solvent evaporation (solvent screening and SD)
or upon heat fusion (melt screening and HME).

Drug-polymer interactions are generally known to contribute to the functional principle of ASD
as discussed in Chapter 1.2.3. However, miniaturized and simple screening tools that give an
idea on interactions during preformulation development were missing. Therefore, a pL-scale poly-
mer screening based on viscosity measurements via fluorescent molecular rotors was developed
named fluorescent viscosity screening (FluViSc). Placebo polymer stock solutions and solutions
additionally containing the APl with 40% DL were prepared. The fluorescent molecular rotor 9-(2-
carboxy-2-cyanovinyl)julolidine (CCVJ) was added to the solutions and the fluorescence emission
intensity was measured after excitation. An increase in fluorescence intensity of these rotors is a
marker of increased viscosity [81]. To rank the extent of interactions between different polymers,
a relative increase in fluorescence intensity between polymer and polymer-KTZ was calculated.
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Figure 3.6: Relative viscosity increase between placebo and verum solutions with 50 mg/mL poly-
mer each w/wo 40% DL. Arithmetic means of n=3 + S.D. with asterisks indicating sta-
tistical significance in t-tests between polymer and polymer-KTZ
(*: p <0.05, **: p<0.01, ***: p<0.001). From [78]
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The FluViSc (Figure 3.6) showed a strong increase for the acidic polymers (L100-55, HPMCAS,
HPMCP, CAP) and non-significant results for the PVP derivatives and Soluplus. As KTZ is a
weakly basic compound, ionic interactions between acidic polymers and KTZ are likely to occur.
As these are much stronger compared to hydrophobic interactions or hydrogen bonds, they were
expected to dominate the results which was indeed seen in the screening. For the stabilizing
effect of Soluplus in ASD, its solubilization capacity caused by its amphiphilic nature is frequently
discussed in literature. This might explain a subordinate manifestation of drug-polymer interac-
tions in this case.

Of course, this completely new approach had to be subsequently verified by complimentary me-
thods and also transferred to the dissolution performance and storage stability of selected ASD.
Therefore, absolute viscosity measurements with a cone-plate rheometer as orthogonal method
were conducted which confirmed the findings of the FluViSc. Deviations from the Gordon-Taylor
equation were also fitting the data with a clear positive deviation towards higher T, of the mixture
than calculated for L100-55 and CAP which is depicted in Auch et al. [78].

To give a proof of concept regarding molecular interactions, ss-NMR measurements were con-
ducted. HPMCAS and PVP-VA64 were chosen as positive and negative controls from the scree-
ning. The '3C ss-NMR spectra for neat substances PVP-VA64, HPMCAS and KTZ are shown in
Figure 3.7.
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Figure 3.7: "°C ss-NMR spectra for neat PVP-VA64, HPMCAS and KTZ as references for peak
assignment in Figure 3.8. Modified from [78]
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Figure 3.8: T1p decay curves from "°C ss-NMR spin-lattice relaxation time measurements of refe-
rences and formulations. A) Ketoconazole (peak a/b) alone and 40% DL in HPMCAS
formulations B) Ketoconazole (peak a/b) alone and 40% DL in PVP-VA64 formulations
C) HPMCAS matrix (peak c) D) PVP-VA64 matrix (peak d). From [78]

The spectra of crystalline KTZ were clearly different from its amorphous form within the ASD
formulation (HME and SDD, data shown in [78]). However, there were no distinct peak shifts ob-
served that could have been related to interactions. This was somehow expected as signals in
ss-NMR are very broad compared to solution NMR. Nevertheless, they provide the possibility to
examine interactions in the undissolved state.

Therefore, additional spin-lattice relaxation time (T1p) measurements were performed. Figure 3.7
shows the peak assignment for neat KTZ, HPMCAS and PVP-VA64. The corresponding rela-
xation times of these distinct peaks are depicted in Figure 3.8. The decay curves showed a
strong effect in relaxation times of KTZ due to amorphization of the API (Figure 3.8 A and B).
This was observed to a similar extent in both systems with either HPMCAS (A) or PVP-VA64
(B). Here, the conversion from crystalline to amorphous was expected to dominate the relaxation
behavior compared to drug-polymer interactions.

As the polymers did not undergo a change in solid state, it was investigated if their relaxation
times change due to generation of drug-polymer interactions.
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This was indeed found for the amorphous HPMCAS formulations (Figure 3.8 C) which corre-
lated to high and stable supersaturation profiles and physical stability up to one year at 25°C and
60% r.h. In total, three HPMCAS peaks were tested and gave reproducible results (see [78]).

In contrast, the PVP-VA64 relaxation times were not influenced but overlaid in their decays of the
reference neat polymer curve, PM and SDD. The HME sample even showed faster relaxation.
One possible explanation would have been a higher water content causing plasticization and
therefore faster relaxation. However, this was not the case as confirmed in TGA trials and gave
rise to the question what could be the discriminating factor between the HME and SDD samples
which remained unexplained by the analytical techniques used at this stage of work.

Both screening studies (solvent/melt and FluViSc) revealed extraordinary results for PVP-VA64.
The solvent screening gave false negative results for PVP-VA64 which could be mitigated by the
development of the new melt screening method. In addition, there was a different relaxation be-
havior observed for distinct PVP-VA64 peaks after processing by HME which was not seen for
SDD samples.

This confirmed the hypothesis regarding formation of different stabilizing mechanisms depen-
ding on the manufacturing technique. Hence, there was a clear rational for closer evaluating the
physicochemical properties of PVP-VA64 in correlation with the HME process and in comparison
to SD.

PVP-VA64 has a high degradation temperature as declared by the manufacturers (230°C)

which enables a broad HME processing window between T, and Tgeq. Within this range, the
polymer is claimed to be thermally stable. However, it has to be considered that exact tempe-
ratures of the melt within a HME process with mechanical energy contributions are difficult to
access.
To detect minute differences caused by the manufacturing process, a GPC method was deve-
loped with a refractive index (RI) and multi-angle light scattering (MALS) detector coupling. It
allowed for highly sensitive absolute molar mass measurement with approx. 97% mass recovery.
To ensure comparability between different samples and measurements, the elution peak was al-
ways divided in three subsections according to Figure 3.9 A. The analysis of molecular weight
and PDI was always conducted for peak 2 where appropriate size separation was achieved (Fi-
gure 3.9 B).
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Figure 3.9: A) Chromatogram of PVP-VA64 bulk powder. Light scattering signal (LS) depicted in
red, differential refractive index (dRI) depicted in blue. The polymer peak is divided
into three sections. 1) Total peak for calculation of mass recovery, 2) polymer main
peak with appropriate size separation for calculation of M,, and PDI and 3) high mo-
lecular weight peak B) Molar mass plot of peak 2 acquired for thermally stressed
PVP-VA64 sample with high molecular weight fraction. Modified from [34]

Neat PVP-VA64 was exposed to different heat and shear stress in a small-scale extruder (co-
rotating twin-screw extruder with three heating zones) with process temperatures far below the
T4eg (130°C, 160°C and 180°C) resulting in the different extrudates Ex 130, Ex 160 and Ex 180.
M,, and PDI were measured and compared to unprocessed bulk material (Figure 3.10). The
highest decrease in molecular weight was observed for Ex 130 which was the sample with the
lowest extrusion temperature applied. As lower temperatures are related to higher melt viscosity,
this might result in higher shear stress.
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Figure 3.10: Molecular weight and PDI of unprocessed PVP-VA64 versus stress-samples.
A) Bars indicate molecular weight, PDI is depicted as dots of three different pro-
cess conditions for PVP-VA64 extrudates versus unprocessed PVP-VA64 bulk pow-
der. B) Integrated light scattering intensity of high molecular weight peak (peak 3,
definition according to Figure 3.9). Arithmetic means of n=4 + S.D. From [34]

Hence, it could be shown that the shear stress was the dominant root cause compared to tem-

perature induced changes in M,, and PDI.

To exclude chemical degradation effects, solution NMR spectra were acquired (Figure 3.11).
They confirmed the chemical integrity of PVP-VA64. Furthermore, a shift for the peak at 2.1 ppm
was detected which points towards conformational changes of the polymer. These are very likely
to be induced when changes of M,, occur which influences coiling and dissolution behavior of the

polymer.
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Figure 3.11: "H NMR solution spectra of PVP-VA64 bulk powder, Ex 130, Ex 160 and Ex 180.
The samples were dissolved in deuterated chloroform containing tetramethylsilane

for signal referencing. Modified from [34]
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Figure 3.12: Radlius of gyration (rg) of the differently stressed PVP-VA64 extrudates (Ex 130,
Ex 160 and Ex 180) versus unprocessed bulk powder. Arithmetic means of
n=4 + S.D. Statistical significance was shown with One-Way ANOVA (p=0.006).
From [34]

The impact on the polymer coiling could additionally be confirmed by comparing the radii of
gyration (ry) acquired by GPC-MALS measurements as depicted in Figure 3.12. Although the limit
of quantification of the MALS detector for (rq) is around 10 nm, the trend between unpro