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Summary

This thesis focuses on factors affecting the stability and performance of amorphous solid

dispersions of poorly soluble active pharmaceutical ingredients (APls).

Over the last twenty years, the poor solubility profile of pipeline drugs has limited their
development as solid oral dosage forms. Formulating these APls as amorphous solid dispersions is
one strategy to overcome their poor aqueous solubility. The major limitation to amorphous solid
dispersion development is the physical instability of the amorphous state. The objective of this
thesis is to investigate factors affecting the physical and chemical stability of amorphous solid

dispersions.

The work carried out in this thesis has demonstrated that the chirality of an APl is a factor which
should be considered when developing an amorphous solid dispersion, particularly when cellulose-
based polymers are used, as chiral recognition may exist between the polymer and the API. This
was demonstrated to be true for opposing enantiomers of ibuprofen and the cellulose polymer,
HPMC, when cryo-milled together. The S-ibuprofen-HPMC system contained significantly less
crystalline ibuprofen than the equivalent R-ibuprofen-HPMC system. However, this stereoselective
effect was diminished when the amorphous solid dispersions were produced via spray drying. This
is believed to be due to the superior molecular mixing facilitated by solubilising both components
prior to spray drying, which enabled a greater extent of amorphisation for both enantiomeric
systems. It was also discovered that when the R,S-ibuprofen is formulated as an amorphous solid
dispersion with HPMC, a racemic switch (to the S enantiomer) can increase the amorphous

ibuprofen content and increase ibuprofen’s dissolution rate.

The choice of polymer in an amorphous solid dispersion formulation is acknowledged to influence
amorphous solid dispersion stability and performance. However, a comprehensive evaluation of
the effect that polymer physicochemical properties may have on amorphous solid dispersion
stability and performance, which would aid polymer selection at an early stage of development, is
lacking. The relationship between several physicochemical properties of poly-vinyl polymers, such
as molecular weight and co-polymer substitution ratio, and ketoprofen amorphous solid dispersion
stability and performance was determined. The relative humidity induced glass transition value was
found to be useful to describe the effect that co-polymer substitution ratio has on moisture
sorption and associated plasticisation. It was also discovered that it is the aqueous solubility of the
polymer, rather than the complete amorphisation of ketoprofen in the dispersion, which is the

critical factor determining the degree of ketoprofen supersaturation which is achievable.
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The relationship between the route of amorphous solid dispersion generation and performance
was also evaluated for two processes; electrospraying and spray drying. It was determined that
solution conductivity had no impact on the morphology of the particles produced via spray drying,
while solutions with lower conductivity, when processed via electrospraying, produced particles
which displayed webbing. The drug loading, physical state and dissolution profile of the ketoprofen-
PVP material was similar for both electrosprayed and spray dried material. However, the smaller
particle size associated with the electrosprayed material resulted in poorer compressibility and

higher surface moisture sorption rates compared to the equivalent spray dried material.

Factors affecting the chemical stability, specifically the photostability of spray dried amorphous
solid dispersions of nifedipine were also investigated. It was discovered that the solvent
composition of the solution which was spray dried was critical to the photostability of the
amorphous solid dispersion, which is believed to be due to its effect on the surface enrichment of

nifedipine.

Lastly, the potential of amorphous solid dispersions of nifedipine to be used in the treatment of
autonomic dysreflexia, a hypertensive crisis, was explored. Soluplus and HPMC were determined
to be unsuitable polymers for this purpose due to poor nifedipine release profiles attained from the
solid dispersions produced, while PVP-based systems exhibited nifedipine release profiles which
were similar to the nifedipine release profile obtained from a ruptured Adalat® capsule, which is
the current standard of care. Clearly, the PVP-nifedipine amorphous solid dispersion formulations
warrant further investigation for the treatment of this condition, as they may represent an

improvement on the status quo.
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Origin and scope

The poor solubility of new chemical entities (NCEs) has resulted in challenges in the pharmaceutical

1

formulation sector ', as solid oral dosage form development may not be feasible for these

molecules.

A variety of formulation strategies exist to improve the aqueous solubility of active pharmaceutical
ingredients (APIs), allowing for solid oral dosage form development. The generation of amorphous
solid dispersions (ASDs) is one such strategy which has received increasing attention over the last
twenty years 2. The higher thermodynamic energy of the amorphous state, due to the absence of a
crystal lattice, means that an amorphous API exhibits higher apparent solubility in aqueous media
compared to its crystalline counterpart 3. In theory, any APl can be amorphised if the transition
from the liquid state (solution or melt) to the solid state is sufficiently rapid %. In practical terms
however, the amorphisation of an APl or development of an amorphous form may be limited by its

solid-state physical instability.

Efforts to correlate API physicochemical properties with amorphous stability have offered some
insight into the interplay between the molecular weight, enthalpy of fusion and structural
complexity of a molecule and its propensity towards reversion to the crystalline form 4. The role
that enantiomeric composition has on the amorphous stability of a chiral API has not been fully
explored and is an area of research which may have significant implications in the context of
“racemic switches” >¢. Furthermore, the idea that chiral recognition may exist between chiral APIs
and the cellulose based polymers 7 which are commonly used in ASDs adds another factor to

consider.

The role that polymer selection plays in the performance of an ASD is well known, but studies thus
far have tended to focus on a solitary aspect of ASD performance, such as tendency towards
moisture-induced phase transition °, physical stability 1° or dissolution performance *. A holistic
evaluation of the physicochemical properties of a range of polymers and their impact on the
aforementioned ASD performance indicators is warranted to allow for rational ASD polymer

selection.

The impact that manufacturing route has on the performance of an ASD is less well explored %13,

which is surprising, as the micromeritic properties of powders, such as flow and density can clearly
be influenced by their method of production. An area of intensive research at present in the ASD
field is the application of electrohydrodynamic processes, such as electrospraying, to the
production of ASDs #7%, A head-to-head comparison of ASD material produced via the relatively

novel electrospraying method against material produced via the more traditional spray drying
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method is necessary to evaluate the merits and/or disadvantages of both processes to guide

manufacturing route selection.

While the physical instability of the amorphous form has understandably been a major area of
research in the ASD field, the chemical instability of the amorphous form has been largely
overlooked '8, One aspect of the chemical stability of an APl which is tested routinely, is its
tendency to degrade due to the presence of photons - so called photodegradation. The influence
that polymer selection has on the photostability of the amorphous form of an APl is unexplored in

the literature to date.

Lastly, while the growth of ASD formulations reaching the market is evident 2, the vast majority of
these approvals have been for NCEs. ASD formulations may also be beneficial for the emergency
administration of medicines which are already on the market, but which are unavailable in

appropriate formulations, such as in the treatment of hypertensive crises.
Bearing the above limits to current understanding of ASDs in mind, the scope of this thesis is to:

e Investigate the difference, if any, in the glass forming ability and glass stability between a
racemic compound and its single enantiomer counterpart using ibuprofen as a model API.

e Investigate if opposing enantiomers of ibuprofen demonstrate chiral recognition with
regard to their ease of amorphisation and/or resistance to recrystallisation in the presence
of cellulosic polymers.

e Investigate the impact that the physicochemical properties of polyvinyl polymers have on
the stability and performance of ketoprofen amorphous solid dispersions.

e Compare the particle characteristics and performance of ketoprofen and poly-vinyl
polymers ASDs prepared via spray drying and electrospraying.

e Investigate the influence that polymers have on the photostability of spray dried nifedipine
ASDs.

e Develop an ASD formulation of a poorly soluble APl for an unmet clinical need using

nifedipine in the treatment of autonomic dysreflexia as a model scenario.
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Chapter 1: Introduction

1.1 Bioavailability and properties of active pharmaceutical ingredients

1.1.1 Bioavailability

The bioavailability of an active pharmaceutical ingredient (API) has been defined by the Food and
Drug Administration (FDA) as the rate and extent to which it is absorbed from a drug product and
becomes available at the site of drug action °. In theory an APl administered via intravenous
injection has complete (100%) bioavailability. The bioavailability of the same API administered via
an oral dosage form is dependent on many factors. Patient factors such as age %, race %, gastric
contents 22 and concurrent drug use 2*> may affect the bioavailability of an API . The choice of
excipient(s) in the formulated medicine may also affect API bioavailability through mechanisms
such as increasing the surface area of the APl exposed to the dissolution media or by alteration of

gastric transit time 22.

An API’s bioavailability is also a function of its physicochemical properties, and is known to generally

increase with a reducing number of rotatable bonds and reducing polar surface area .

1.1.2 Tools to predict the bioavailability of active pharmaceutical ingredients

Considering the multitude of factors which are known to affect the bioavailability of an API, as
outlined above, a tool to predict the in vivo bioavailability from in vitro dissolution data would be
very beneficial for the drug development sector. The most widely adopted tool for this purpose is
termed the Biopharmaceutics Classification System (BCS) which was developed in the 1990s %. In
this system, APIs are classified based on two parameters: solubility in water and intestinal
permeability. APIs are deemed to have “high” solubility if the highest dose strength is soluble in
250 mL or less of water over the pH range 1-6.8 at 37 °C. APIs are deemed to have “high”
permeability if the extent of absorption in humans is 85% or greater of the administered dose based
on mass balance determination or relative to an intravenous dose 2. The BCS categories are
indicated below, in Figure 1.1. According to the BCS, Class 1 and Class 2 APIs formulated as
immediate release preparations would be predicted to have a good in vivo in vitro correlation
(IVIVC) as long as dissolution rate is slower than gastric emptying rate (for Class 1) or if in vitro
dissolution rate is similar to in vivo dissolution rate (for Class 2). No IVIVC is expected for Class 3

and Class 4 compounds .
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Figure 1.1: The Biopharmaceutics Classification System Categories

The BCS has been widely adopted by medical regulatory agencies to distinguish between generic
products which require in vivo bioavailability testing for approval, and those for which in vitro

dissolution equivalence to a reference product is sufficient - a condition known as a biowaiver 2.

Although the BCS is an extremely useful tool in drug development, it has received criticism for being
overly conservative. In the case of weakly acidic drugs, such as ketoprofen (high permeability and
pH dependent solubility), bioavailability is not dependent on solubility at gastric pH, as most of the
compound’s absorption occurs in the duodenum where the pH is >5 and ketoprofen is soluble #’.
As such, there is a strong argument for acidic compounds with high permeability to be considered
for biowaivers as the extent of their oral absorption is not dependent on their solubility at gastric

pH.

An alternative classification system, termed the developability classification system (DCS), was
created by GlaxoSmithKline. One major difference between the BCS and the DCS is that in the latter
system the solubility of the compound is determined in fasted small intestinal fluid rather than
across the pH range of 1-6.8 as in the BCS 28, Because of this, many non-steroidal anti-inflammatory
drugs (NSAIDs) with pH dependent solubility, which are classified as Class 2 in the BCS are
reclassified as Class 1 compounds in the DCS. Another major difference between the BCS and the
DCS is the creation of 2 sub-classes in the DCS (2a and 2b), as shown in Figure 1.2. In Class 2a
compounds, although concentration in the small intestine may exceed solubility limits, the high
permeability of the compound ensures sink conditions are maintained in vivo through intestinal

absorption. Thus, as long as the dissolution rate is sufficiently fast, bioavailability is high for these
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compounds. For Class 2b compounds the high permeability of the compound cannot compensate
sufficiently for the concentration of drug in the intestine and the compound’s absorption is
solubility limited. The boundary between Class 2a and Class 2b compounds is called the solubility

limited absorbable dose (SLAD), which is determined as shown in Equation 1.1

SLAD = S;; XV X Mp Equation 1.1

Where Sg; is the solubility of the compound in the small intestine, V is the volume of fluid available

(500 mL- note the increase from 250 mL in the BCS) and Mj is a permeability dependent multiplier.

Dose/ solubility ratio
250 500 1000 10,000 100,000

[N
o

Predicted P ¢in humans (cm.sec x 104)
=

o
=

Figure 1.2: The Developability Classification System Categories

1.1.3 Properties of pipeline drugs

Although the emergence of high throughput screening and combinatorial chemistry in the
pharmaceutical discovery sector in the early 1990s revolutionised lead molecule identification, it
also contributed to a change in the physicochemical profile of new chemical entity (NCE) portfolios
for many pharmaceutical companies 2>3°. As much as 90% of NCEs are poorly soluble in water,
making them sub-optimal candidates for formulation into solid oral dosage forms 3! . Oral
formulations are the most popular form of medicines administration for several reasons. From a

patient’s perspective, they are less invasive, more portable and painless to administer relative to
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other formulations such as an injection. From a pharmaceutical company’s perspective,
manufacturing oral formulations generally means that aseptic processing and cold chain storage
are not required and therefore the cost of manufacturing the medicine is minimized. As the expense
of bringing a new molecule from inception to market is now estimated at $2.6 billion, the need for

cost-savings is apparent 32

. There is therefore a pressing need for formulation scientists to develop
methods to overcome the poor solubility profile of NCEs so that pharmaceutical companies can

deliver new products to market, and ultimately to patients.

1.1.4 Solubility, supersaturation and dissolution

Solubility is a thermodynamic property of a molecule defined as the maximum amount of that
molecule that will remain in solution in a given volume of solvent at a given temperature and
pressure under equilibrium conditions 3. A solution is supersaturated when the solute is dissolved
at a concentration greater than the equilibrium solubility limit for that solute-solvent system.
Supersaturation is a thermodynamically unstable state and eventually the solute in question will
precipitate out of solution 3*. In the context of pharmaceutical development, it is the aqueous
solubility of molecules that is of great importance. Just under 70% of NCEs have an aqueous

solubility below 100 pg /mL, meaning they are considered practically insoluble in water .

The dissolution rate of an API refers to the rate at which the solid APl enters solution. Dissolution
. N . . . dc, . . .

is a kinetic phenomenon. The rate at which dissolution occurs (d—i) is proportional to the difference
in the concentration of the drug in the solution at a given time (C;) and the concentration of the

saturated solution (Cs) in accordance with the Noyes-Whitney equation (Equation 1.2) 3¢, where K

is a constant.
dc .
i K(Cs — Cp) Equation 1.2

By applying Fick’s second law of diffusion to the Noyes-Whitney equation Nernst and Brunner
identified further factors affecting the dissolution rate of a substance which are described in
Equation 1.3 ¥

dc _ DS(Cs—Cp)

Tt vh Equation 1.3

Where D is the diffusion coefficient, S is the surface area of the substance dissolving, V is the
volume of the dissolution medium and h is the thickness of the diffusion boundary layer 3. By
examining this equation, it is apparent that the greater the difference between the concentration

of the APl in solution and the solubility limit of the API, the faster the dissolution rate will be.
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Where the volume of the dissolution medium is very large, or where the APl is being removed from
the dissolution medium (such as would happen in vivo through intestinal absorption of the API),

sink conditions may be present. Sink conditions refer to the situation where the concentration in

solution is significantly less than the concentration of the saturated solution, commonly C; < 1—3 3,

Under sink conditions the contribution of C; to the dissolution rate becomes negligible and

dissolution rate is proportional to the equilibrium saturated solubility (Cs) of the API.

From a thermodynamic perspective, the solubility of a solute in a solvent (S) can be expressed as

a function of three separate processes described in Equation 1.4 2,
S = f(Crystal Packing Energy + Cavitation Energy + Solvation Energy) Equation 1.4

The crystal packing energy refers to the energy necessary to disrupt the crystal lattice (endoergic),
the cavitation energy refers to the energy required to create a void in the solvent for the solute
(endoergic) and the solvation energy refers to the release of energy due to favourable interactions
being formed between solvent and solute (exoergic) 2. In relative terms, the magnitude of the
crystal packing energy tends to be larger than the other energetic processes and is the driving force

which governs solubility and hence dissolution rate.

1.2 Formulation strategies to improve drug agueous solubility and/or dissolution rate

In drug development, there is a desire for APIs to behave in a BCS Class 1 manner from a regulatory
as well as a clinical perspective. The poor permeability of BCS Class 3 and Class 4 APIs may
necessitate lead compound optimisation, while BCS Class 2 compounds may have BCS Class 1

properties conferred on them through suitable formulation strategies 441,

A non-exhaustive list of common formulation strategies used to improve API solubility for oral solid

dosage forms is shown in Figure 1.3.
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Figure 1.3: Common formulation strategies to improve API solubility for solid oral dosage forms

1.2.1 Chemical approaches
1.2.1.1 Salt formation

One commonly used strategy to improve API solubility is to create a salt of the compound. Salt
formation is only possible where the API has an ionizable functional group such as a carboxylic acid
or an amine. However, as almost two thirds of pharmaceutical compounds are considered to be
weak electrolytes 2, salt formation should be considered during formulation development. Salt
formation increases an API’s dissolution rate by modifying the pH of the diffusion layer where the
APl is dissolving. The API-salt therefore acts as its own buffer. Cs is increased relative to the free
acid or free base resulting in an increased dissolution rate in accordance with Equation 1.3 %, Salt
screening is commonly carried out to determine which counterion will produce a pharmaceutical
salt with acceptable stability, hygroscopicity, toxicity and solubility. Stable ionic bond formation
between the acid and base may occur when the difference in their pKa values is greater than 3 %4,
The most commonly used anion and cation used in marketed pharmaceutical salts are

hydrochloride and sodium ions respectively *3.

1.2.1.2 Prodrug formation

A prodrug is an inactive, chemically modified version of a parent drug, with improved
physicochemical properties relative to the parent drug, which can undergo a rapid
biotransformation to produce the parent drug in vivo *°. Approximately 7% of marketed drugs in
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2008 were prodrugs “6. This percentage increased to 15% in 2015 #’. The prodrug approach may be
used to increase drug solubility through the addition of a polar functional group (such as a
phosphate ester) to the parent molecule . As the prodrug approach involves additional steps in
the chemical synthesis of an API, it may not be favoured by pharmaceutical companies by the time

formulation is considered.

1.2.2 Complexation approaches
1.2.2.1 Cocrystal formation

An alternative approach to salt formation, for APIs which do not possess an ionizable functional
group, is the formation of a cocrystal. A cocrystal has been defined as a multicomponent assembly
(consisting of an API and a coformer) held together by freely reversible non covalent bonds #°.
Solvates and hydrates may also be considered to fit this definition but the semantics of this is
beyond the scope of this thesis. Cocrystal formation may confer a beneficial solubility profile to an
API through two mechanisms: reduced crystal lattice energy and increased solvation *°. Coformers
commonly include molecules with carboxylic acid, alcohol and amide functional groups *1. A
difference in pKa values between the API and the coformer of less than 3 units °, or a difference in
Hansen Solubility Parameter values less than 7 units > are predictive of the propensity of two
components to form a cocrystal. Common methods to produce cocrystals include hot melt

extrusion, solvent evaporation and grinding.
1.2.2.2 Cyclodextrin complexation

Cyclodextrins are cyclic oligosaccharides with a hydrophilic surface and a hydrophobic cavity. They
form inclusion complexes with low solubility APl through non-covalent interactions **. While
naturally occurring cyclodextrins have limited aqueous solubility, derivatives have been
manufactured which exhibit high aqueous solubility such as hydroxypropyl-B-cyclodextrin. APIls
which are suitable candidates for cyclodextrin complexation have molecular weights between 100
and 400 Daltons and should be relatively potent due to the high molecular weight of the
cyclodextrin, otherwise the size of the dose administered may not be acceptable to the patient >3,
One disadvantage with the use of cyclodextrins is the potential for toxicological effects, particularly

nephrotoxicity, although this risk is lower for oral formulations relative to parenteral formulations

54
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1.2.3 Physical approaches
1.2.3.1 Particle size reduction

As is clear from Equation 1.3, the dissolution rate of an API is proportional to surface area. As
surface area is inversely related to particle size, when particle size is reduced, dissolution rate
should increase. When particle size is reduced to the nanometre scale, the saturation solubility of
the API is also increased. This is in accordance with the Knapp modified Ostwald-Freundlich

equation (Equation 1.5) shown below.

RT, S 2 2
—ln—=—y— d

Vi So T 8mkrt

Equation 1.5

Where R is the universal gas constant, T is the temperature, S is the solubility of particles of radius
1, Sy is the equilibrium solubility, V;, is the molar volume, y is the surface tension, q is the electric

charge and k is the permittivity of the medium in which the particles are dispersed *°.

Common methods to reduce particle size include milling, spray drying and anti-solvent
precipitation. Particle size reduction is a universal approach that can be used to improve the
dissolution rate and/or solubility of all APls. However, when the particle size reduces to the
nanometre scale, there is a thermodynamic driving force towards crystal growth caused by the high
interfacial energy of the nanoparticles. In an effort to avoid this, many nanoparticulate formulations
include “stabilisers” as excipients, such as surfactants and polymers °¢. Another factor which must
be considered when using nanonisation as a formulation strategy is the potential for nanotoxicity.
Particles below approximately 150 nm can be internalized by cells via pinocytosis, which may result

in a greater potential for cellular toxicity than micron-sized particles 7.

1.2.3.2 Solid-state transformation

Another method of improving the solubility and/or dissolution rate of an API is to alter the solid-
state form of the API. Pharmaceutical materials in the solid state can be classified as existing in the
crystalline state or the amorphous state. A crystalline solid is characterised by the presence of
three-dimensional long-range order. In contrast, in an amorphous solid this long-range order is

8

absent, although there may be some degree of order present over short ranges *8. The relative

thermodynamic stability of a material in two different solid-state forms can be deduced by

examining the difference in Gibbs free energy (AG), which is calculated using Equation 1.6.

AG = AH —TAS Equation 1.6
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Where AH is the enthalpy difference between the two forms, which is related to the structural
energy differences, AS is the entropy difference between the two forms, which is related to the
degree of disorder, and T is the temperature *°. Where AG between two states is zero, they exist
in equilibrium together. This is illustrated in Figure 1.4. Thermodynamic equilibrium exists between
polymorphic form A and the liquid form at the melt temperature of form A (Tm A). The same is true
for polymorphic form B and the liquid form at the melt temperature of form B (Tm B) and the

amorphous and supercooled liquid form at the glass transition temperature (Tg).
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Figure 1.4: Gibbs free energy curves for a hypothetical compound. Adapted from Rodriguez-
Spong et al.>®

The amorphous state and high energy crystalline polymorphic states are likely to exhibit higher
solubility compared to the thermodynamically stable crystalline state. An explanation for this is that
these metastable states exist in a higher energy state relative to the thermodynamically stable
polymorph, as shown in Figure 1.4. This energy is stored as potential energy in the solid form, which
is released when added to a solvent, the so-called “spring” effect 2%, In the case of high energy
polymorphic forms (e.g. polymorph A in Figure 1.4) the crystal packing energy term described in
Equation 1.4 has a lower value than the thermodynamically stable polymorph B. Therefore, the
solubility of polymorphic form A is higher than polymorphic form B as the energy barrier required
to break the crystal lattice is lower. A general rule is that the solubility of a polymorphic form is

inversely related to both its melting temperature and thermodynamic stability.
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1.2.3.2.1 Polymorphic screening

Polymorphism has been defined as the ability of a substance to exist in different molecular

arrangements and/ or different molecular conformations >°

. As part of NCE research and
development it is prudent (as well as being a regulatory requirement), for companies to perform a
screening study to identify all possible polymorphs of the APl in the crystalline state. Conversion
from one form to another may occur during pharmaceutical manufacturing, and the appearance of
a previously unidentified polymorph during manufacture may have disastrous consequences, as
was the case for the anti-retroviral, ritonavir . Different polymorphic forms of the same API will
have different solubilities, melting points, densities, hardness ®2 and even chemical stability in some
cases . Control of processing parameters during manufacture is necessary to avoid accidental
conversion of one polymorph to another. Generally speaking, the most stable polymorphic form
i.e. the polymorph with the highest melting temperature, is desirable for pharmaceutical
manufacturing ®3. Deliberate formulation of a metastable polymorph may be indicated with low
aqueous solubility compounds in order to confer a clinical benefit to the patient e.g. faster onset of
therapeutic effect. Although there are many examples of APIs with polymorphs of different
solubilities, there are only a few examples where this has translated into a difference in
bioavailability in vivo ®%. For example, the metastable form of chloramphenicol palmitate
demonstrates faster absorption than the thermodynamically stable polymorph, but the same is not
true not for mefenamic acid . The anticipated solubility and hence bioavailability advantage of a
thermodynamically unstable polymorphic state can be estimated from the free energy difference
between the polymorphs. For mefenamic acid this difference is small (251 cal/mole), whereas for
chloramphenicol palmitate this difference is large (774 cal/mole) ®. It has been suggested that in
order for a metastable polymorph to demonstrate superior bioavailability to the

thermodynamically stable form, it should be at least 3.5 times more soluble than the stable form

67

Methods to preferentially produce metastable polymorphic forms of an APl tend to be methods
which are rapid in nature such as melt-quenching or anti-solvent precipitation ®. These rapid
methods do not give the molecules sufficient time to orientate themselves into the most stable
configuration. The main disadvantage with the development of a metastable polymorph is that,

given enough time, the metastable polymorph will revert to the thermodynamically stable state.

Page 26 of 268



Chapter 1: Introduction

1.2.3.2.2 Amorphisation

Amorphisation i.e. the prevention of the formation of a crystal lattice, or destruction of same, has
grown in popularity as a method to improve the aqueous solubility of poorly soluble APIs over the
last several decades. This is demonstrated in Figure 1.5 which shows a timeline of FDA approved
medicines which contain an APl in the amorphous state. Examining the therapeutic areas of
marketed amorphous formulations, it is clear that many of the APIs are for areas of high clinical
need e.g. anti-retrovirals, agents for the treatment of cystic-fibrosis and anti-neoplastic agents,

which highlights the importance of this formulation approach.

In theory, any APl can be amorphised if the transition from the liquid state (solution or melt) to the
solid state is sufficiently rapid *. This means that amorphisation can be considered a universal
approach, which could be applied to any molecule, as there is no requirement for ionizable
functional groups or molecular weight restrictions, as there are for salt or cyclodextrin complex

formation respectively.
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Zelboraf®—| — Harvoni®
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Zortress® — — Orkambi®
Meodigraf® — Venclexta™
ISOPTIN® SR — Sporanox® NuvaRing® Intelence® — Zepatier®
Eesamet“—l r Prograf® Ka[Etra“—I r Mavyret™

| e
1984 1988 1992 1996 2000 2004 2008 2012 2016

Figure 1.5: Timeline of FDA approval of medicines with APIs in the amorphous state. Adapted
from Jermain et al. ?

In reality, some molecules re-orientate themselves very rapidly to form the thermodynamically
stable crystalline state and the amorphous state of the APl cannot be created or maintained for a
sufficient time for solubility enhancement to be realised. This issue of solid-state instability is the
main disadvantage associated with amorphous formulations and approaches to minimise this will

be expanded on in Section 1.3.
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While the extent of the solubility advantage conferred by a metastable polymorphic form of an API
can be relatively reliably estimated from thermodynamic properties, the same is not true for the
amorphous state ®°. The absence of thermal events such as melting temperature and the associated
heat of fusion, as well as the potential for rapid crystallisation during dissolution testing make such
predictions difficult. Knowledge of the anticipated solubility advantage that the amorphous state
poses would be beneficial to the formulator, as if this is not orders of magnitude greater than the
crystalline form, it is unlikely to be a worthwhile approach. Hancock and Parks were the first

scientists to address this issue, by relating the solubility ratio of the amorphous to the crystalline
a

form at a given temperature (%) to the free energy difference between the two forms at that
T

temperature (AGy°), using Equation 1.7 %.
a
AGy = —RTln(% Equation 1.7
T

The free energy difference between the two forms can be calculated using Equation 1.8

AGEE = [AHJS _ (C{} _ C,?)(ch ~-T)]-T AT_HC; - (C{f - ng) <ln (g))] Equation 1.8
f

Where AHf is the enthalpy of fusion, C and Cj; are the specific heat capacities at constant pressure
for the crystalline and amorphous forms respectively, and ch is the melting temperature. The
theoretical amorphous solubility advantage for a range of APIs calculated using this method ranged
from 12-fold for iopanoic acid to 1652-fold for glibenclamide ®. However, the experimentally
determined solubility advantage was much lower than this, ranging from 1.1-fold for
hydrochlorothiazide to 24-fold for glucose. The cause of this discrepancy stems from the fact that
amorphous form dissolution is a non-equilibrium process. While Equation 1.8 gives an indication of
the driving force for the initial rapid dissolution rate, the propensity for dissolution mediated
crystallisation prevents amorphous formulations from reaching their theoretical solubility

advantage.

Despite this non-concordance with expected solubility advantage, amorphous formulations have
shown their benefit over other formulation strategies. Amorphous formulations were
demonstrated to improve the solubility of the poorly soluble APIs etoposide and progesterone,
while also increasing their permeability across a membrane 771, This was in contrast to with other
formulation strategies such as cyclodextrin complexation, which although improved solubility,
reduced permeability. This was explained by consideration that permeability is directly related to
the APIs partition coefficient between the membrane and aqueous phases. As aqueous phase

equilibrium solubility increases, the partition coefficient decreases, decreasing the observed
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permeability. In the case of an amorphous formulation, it is the apparent (i.e. non-equilibrium)
solubility which is increased through supersaturation rather than the equilibrium solubility. This
means that the partition coefficient (and hence permeability) should not be affected by the increase

in apparent solubility.

1.3 Factors affecting the stability of amorphous solid dispersions

As highlighted in Section 1.2.3.2.2 the thermodynamic instability of the amorphous form of an API
is the major disadvantage or risk when using amorphisation as a tool to improve the aqueous
solubility of an API. The most popular method to mitigate this risk is to disperse the amorphous API

in a carrier (often a polymer) which prevents crystallisation of the API.

The term “solid dispersion” was initially defined in 1971 as “the dispersion of one or more active
ingredients in an inert solid carrier or matrix at solid state prepared by the melting (fusion), solvent,
or melting-solvent method” 72. This broad definition encompasses situations where the solid
dispersion is a eutectic mixture, solid solution, glass solution or glass suspension, depending on the
solid form of the API, the solid form of the carrier(s), the number of phases and their miscibility in

the solid state as clarified in Table 1.1.

Table 1.1: Classification of solid dispersions. Adapted from Laitinen et al. 73

. Number of phases
Physical state of API
One phase Two phases
Crystalline Solid solution Eutectic mixture
Amorphous Glass solution Glass suspension

As the popularity of amorphisation of APIs has grown since 1971, the term “solid dispersion” has
become interchangeable with the term “amorphous solid dispersion” or ASD. ASDs refer to glass
solutions as detailed in Table 1.1, i.e. where both the APl and the carrier are present in the
amorphous form and mixed at the molecular level to form a monophasic system 4. Amorphous
solid solutions can be further classified into those which have a matrix which is polymer based,
mesoporous silica based, or small molecule based (so called co-amorphous systems). Mesoporous
silica amorphous solid dispersions consist of an APl in the amorphous form adsorbed onto the
surface of silica, which has pores with a diameter of between 2 nm and 50 nm 7>. This pore size is
often smaller than the crystal nucleus of the API, preventing crystallisation 7®. Drug loading is often

limited to 20-30% w/w and the loading process often involves the use of organic solvents.

Co-amorphous systems involve combining the APl with an amorphous coformer (either another API

or a low molecular weight excipient; commonly an amino acid 7”’8). The main advantage of co-
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amorphous solid dispersions is that the drug loading which can be achieved may be higher than the
equivalent polymeric solid dispersion. Co-amorphous formulations have also found use in fixed
dose combination therapy i.e. where two or more APIs are administered in the same tablet.
However, the therapeutically relevant ratio/doses of two APIs may not be the ratios at which co-

stabilisation occurs, if at all.

While mesoporous silica and co-amorphisation are certainly growing trends in the field of
amorphous solid dispersions, the vast majority of research to date has focused on polymeric
amorphous solid dispersions. Polymers can stabilise an ASD in the solid state by reducing molecular
mobility, and/or can prevent crystallisation from a supersaturated solution. A supersaturated
solution is thermodynamically unstable, and the API will precipitate from solution, if given enough
time. This precipitation may occur rapidly when ASDs are added to aqueous media. During the
dissolution of an amorphous solid, crystallisation can occur via two distinct, but non-exclusive
mechanisms; matrix crystallisation and/or solution crystallisation 7°. With matrix crystallisation, the
amorphous solid is the source of crystal nucleation and growth in the media, meaning that the
achievable degree of supersaturation will be minimised. With solution crystallisation, crystal
nucleation and growth originates in the supersaturated solution, and limits the amount of time the

supersaturated solution is maintained .

For a clinical benefit to be conferred by administration of an ASD, the supersaturated solution must
be maintained for a sufficient time for absorption to occur. To achieve this, crystal nucleation and
growth must be inhibited. Polymers can be used for this purpose and thus provide a “parachute”,
slowing down the reversion of a supersaturated solution to a saturated solution, allowing time for
absorption to occur . The cellulosic polymer, HPMC, has proven to be particularly effective as a

precipitation inhibiting polymer 8122,

Although the role of polymers in maintaining solution supersaturation is critical to the successful
development of an ASD formulation, the focus of this thesis is on the factors affecting the stability
of ASDs in the solid-state. A graph showing factors which are known to influence the physical
stability of polymeric ASDs (which shall be referred to as ASDs henceforth) is shown in Figure 1.6.
Broadly speaking, these can be classified as API, polymer, formulation, manufacturing and

environmental factors.
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Figure 1.6: Factors known to affect ASD physical stability
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1.3.1 API factors affecting ASD physical stability

1.3.1.1 Glass forming ability and stability

As mentioned previously, in theory, any crystalline APl can be transformed into the amorphous
state from the molten liquid state if cooled sufficiently quickly, so as to avoid the formation of
crystal nuclei. The glass forming ability (GFA) of an API has been defined as the ease with which a
glass/amorphous form is formed from a liquid on cooling %. The minimum cooling rate for this to
occur is called the critical cooling rate, which is often regarded as an inverse measure of GFA. The
critical cooling rate is determined using a time-temperature-transformation plot. In practice, the
critical cooling rate for some APIs may be so high as to be unachievable by current technology. The
glass stability (GS) of an APl may be regarded as its resistance to recrystallisation when reheated
from the amorphous state, above the glass transition temperature, into the supercooled liquid
state. GFA and GS are often related, i.e. the ease at which an amorphous form is created is a
predictor of how long it is likely to remain in the amorphous form, although this is not always the

case *.

While the GFA and GS are clearly critical to the feasibility of developing an ASD of an API, there is
very little understanding in the scientific community of why some APIs are easier to amorphise than
others. An excellent study carried out by the Taylor group attempted to correlate the
physicochemical features of an APl with its GFA and GS using a library of 51 APIs. Using a DSC
method, where the crystalline APl was heated above its melting temperature and then cooled to -
75 °C before being reheated, they classified APIs into three categories. Those for which
crystallisation was detected during the cooling cycle were termed Class 1, those where
crystallisation was detected during the reheating cycle were termed Class 2 and those for which no
crystallisation was observed in either cycle were termed Class 3 *. They discovered that APIs which
crystallised during cooling (i.e. Class 1 compounds) were likely to have lower molecular weight,
fewer rotatable bonds and higher enthalpy and entropy of fusion relative to the APIs with good
GFA/GS (i.e. Class 3 compounds). All of these observations are logical. APIs with high molecular
weight and a large amount of rotatable bonds will require more time to orientate themselves into
a position where nucleation and crystal growth can occur. Similarly, lower entropy and enthalpy of
fusion implies a lower enthalpy and entropy difference between the amorphous and crystalline
states for a compound with equal differences in heat capacity between the amorphous and
crystalline form as a function of temperature *. This means that the larger the Gibbs free energy
difference between the amorphous and the crystalline form, the more spontaneous the reversion
to the crystalline form will be. Other studies have echoed these findings, observing that molecular

weight and free energy difference are critical to an API’s glass forming ability and stability 8384,
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The above studies classified GFA and GS using a DSC method where the APl was heated above the
melt temperature and then cooled to below the glass transition temperature. This amorphisation
method can be considered to be a miniaturised version of hot melt extrusion, a method commonly
used to manufacture ASDs. The other commonly used ASD preparation method is spray drying, a
solvent evaporation-based method. Spin-coating has been used as a miniaturised version of spray
drying for screening studies previously 8. The Taylor group attempted to amorphise the same panel
of 51 APIs using a spin-coating method to determine if the same relationship between API
physicochemical properties and ease of amorphisation was observed. In nearly 70% of the APIs
examined, the crystallisation tendency classification was the same, regardless of the route of
amorphisation . These studies highlight that it is the inherent physicochemical properties of the
API rather than the method of manufacture which is the greatest predictor of amorphous state
formation/ stabilisation of the API. If the APl does not easily form the amorphous state, the

formulator will face an uphill battle formulating an ASD.

1.3.1.2 Glass transition temperature

A defining feature of an amorphous material is the presence of a glass transition temperature. The
glass transition temperature is a phenomenon that can be understood when the enthalpy or molar
volume of a substance versus temperature is plotted. These parameters increase linearly up until a
point where there is a discontinuity in the relationship between temperature and enthalpy/ volume
as shown in Figure 1.7. This point is known as the glass transition temperature of a substance ¥. At
temperatures below the glass transition temperature, the molecular mobility and relaxation

processes of the APl are much slower than above the glass transition temperature 74
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Figure 1.7: Relationship between amorphous and crystalline forms and temperature/enthalpy.
Tg = glass transition temperature, Tm = melting temperature. Adapted from Hancock et al. 3

At the glass transition temperature, the APl molecules can rotate relatively freely and a-relaxation
(also called global relaxation) can occur. This type of relaxation involves the co-operative movement
of several molecules of the API. Below the glass transition temperature, APl molecules are less free
to rotate and co-operative relaxation cannot occur. Secondary relaxation processes (often termed
B and y relaxation), may occur at temperatures below the glass transition temperature. These
secondary relaxation processes involve the local motions of the molecule which may include

intramolecular re-orientation .

The relationship between the speed of these molecular relaxation processes and the stability of an
amorphous solid is poorly understood. A longstanding rule-of-thumb originated in 1995 when
Hancock et al. found that the molecular mobility of three amorphous materials (PVP, indomethacin
and sucrose) was so low at temperatures 50 °C below their respective glass transition temperatures,
that they may be considered “kinetically frozen”. This temperature is also known as the Kauzmann
temperature 3. They concluded that at this temperature (Tg-50 °C) the molecular motions “slowed
to a point where they are insignificant over the normal lifetime of a pharmaceutical product” .
Due to their findings, common consensus was that amorphous materials should be stored at a
temperature at least 50 °C below their glass transition temperature to ensure physical state
stability. Ensuring physical state stability for pharmaceutical compounds may necessitate cold chain
storage, as the glass transition temperature is generally approximately two-thirds of the melting-

temperature (in degrees Kelvin) 9°2,

A more recent study examined the relationship between molecular mobility and the amorphous

state stability of nine pharmaceutical compounds. They discovered that the physical stability
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correlated well with the temperature at which secondary B relaxation occurs. If the storage
temperature was less than the temperature at which B relaxation occurred, no crystallisation was
observed. Conversely, if the storage temperature was greater than the temperature at which B
relaxation occurred, crystallisation was observed. The authors concluded that it is the B relaxation
temperature which is the critical temperature below which physical state stability can be assured
92_ Although interesting, there is clearly a need to test this theory on a larger panel of APIs to validate

these findings.

The glass transition temperature (i.e. molecular mobility) of an APl can therefore be considered a

critical factor in the solid- state stability of an ASD.

1.3.2 Polymer factors affecting ASD physical stability
1.3.2.1 Glass transition temperature

One of the main attractions of using a polymer to stabilise an ASD, is that many polymers have high
glass transition temperatures, meaning they can be used as an anti-plasticiser in a binary mixture
of a polymer and an API. This means that the glass transition temperature of the binary mixture of
APl and polymer, mixed at the molecular level, is raised relative to the glass transition temperature
of the APl and lowered relative to the glass transition temperature of the polymer. Several different
mathematical models describe the relationship between the glass transition temperature of the
binary system (Tymix) and the glass transition temperatures of the APl and polymer (T4, and Ty5)
respectively. These models include the Fox, Couchman-Karasz and Kwei equations °3. However, the
most popular model is the Gordon-Taylor equation, shown in Equation 1.9 9.
_ (WiTg +KW,Tg,)

Tgmlx = W Equation 1.9

W: and W; are the weight fractions of the APl and the polymer respectively and K is a constant
which can be calculated from Equation 1.10, where p is the true density of the material.

_Tg1p1

Equation 1.10
Tg2p2

It is therefore unsurprising that the commonly used polymers in ASD preparation tend to have
relatively high glass transition temperatures. Examples include HPMC, HPMCAS and PVP, which all
have Tgs > 100 °C.

The molecular weight of the polymer influences its Tg. The higher the molecular weight of a
particular polymer, the higher the Tg, as more thermal energy is required to cause an a relaxation

(glass transition) due to an increase in the viscosity of the polymer. Increasing the molecular weight
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of PVP used in ASDs of piroxicam increased the ability of the polymer to supress crystal growth in
the ASD °°. However, increasing the molecular weight of the polymer may result in retardation of

dissolution rate due to the increase in viscosity of the boundary layer in aqueous media ®.

1.3.2.2 Interaction with API

The ability of a polymer to form a stabilising interaction with the API should also be considered
when formulating a polymeric ASD. This can reduce the molecular mobility of the ASD and prevent
crystallisation. For example, PVP is capable of hydrogen bond formation with nifedipine and
probucol, which results in ASDs which are physically stable in the solid state relative to the
equivalent systems created with polymers with weaker or no hydrogen bonding propensity %7,
The ability of a polymer to hydrogen bond with an APl may also prevent crystallisation during the
dissolution of an ASD, as has been demonstrated for the dietary flavonoid quercetin %, For APIs and
polymers with ionizable functional groups, the potential for salt formation should also be

considered. Salt formation between Eudragit E and indomethacin, ibuprofen and naproxen has

previously been described %1%,

The potential for intermolecular interaction can be evaluated by examining the chemical structures
of the API and the polymer for potential hydrogen bond donor and acceptor functional groups.
Intermolecular interaction between the ASD and the polymer can be demonstrated experimentally
through spectroscopic techniques such as ATR-FTIR. The presence of any intermolecular interaction
is also commonly inferred from DSC data. One of the assumptions underlying the glass transition
temperature prediction from the Gordon Taylor equation is that there are no strong intermolecular
interactions between the two components %, If intermolecular interactions between the APl and
the polymer are present in the ASD, and stronger than any intramolecular interaction experienced
by either component, a positive deviation from the Gordon-Taylor predicted value is generally

observed .

1.3.2.3 Miscibility with API

As defined previously, solubility is a thermodynamic property of an API at a given temperature and
pressure with a specified solvent under equilibrium conditions. This definition can be extended to
encompass an ASD, whereby the crystalline APl is considered as a solute and the amorphous
polymer, above its own Tg (i.e. supercooled liquid), is considered to be a solvent. However, as
solubility measurements should be determined for systems in a state of equilibrium, and an ASD
represents a non-equilibrium state %, experimental determination of an API’s solubility in a given
polymer is difficult, if not impossible to calculate. Because of this, APl solubility in a polymer is often

determined under non-equilibrium conditions, and solubility at ambient temperature is determined
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by extrapolation 1°%. The crystalline APl-polymer solubility limit at a specified temperature can then

be estimated.

The “miscibility” of an APl and a polymer is generally understood to refer to the solubility of an
amorphous (rather than crystalline) APl in an amorphous polymer 14192 The degree of miscibility
between the polymer and the API is a critical factor to consider in the creation of an ASD, as it
determines the maximum drug loading which can be obtained at a specified temperature in a stable
ASD. This limit is known as the amorphous API-polymer miscibility limit. The more miscible an API
and a polymer are, the greater the amount of amorphous API which can be incorporated into the
polymeric matrix before the polymer becomes saturated with respect to the amorphous API, and
crystallisation of the API begins. If a drug and polymer are immiscible, or miscible only at very low
API concentrations, the development of an oral formulation of an ASD may require very large

polymer concentrations which may require a very large tablet mass.

Several methods of predicting the miscibility between an APl and polymers exist. Perhaps the most
well-known is the melting point depression method. In this method, a mixture of crystalline APl and
amorphous polymer are heated in a DSC pan, and the onset temperature of the melting point of
the APl is recorded. If the melting point of the mixture is depressed relative to the melting point of
the pure API, a degree of miscibility between the components is present, as its chemical potential
is reduced. Conversely, if the melting point remains unchanged there is no miscibility present 12,
By application of Flory-Huggins theory, the melting point depression can be used to determine the
interaction parameter (x) between drug and polymer %194 A negative interaction parameter
indicates that mixing between the components is energetically favoured and the two components
should be miscible with each other *%. In order for this methodology to be applied, the API should
not decompose at its melting temperature and the melting temperature of the APl should be at
least 20 °C higher than the glass transition of the polymer 1%, This method will not work in situations

where the API has a melting point below or very near the glass transition of the polymer.

Alternative methods to predict APl-polymer miscibility include measuring the solubility of the drug
in @ monomeric liquid analogue of the polymer or the use of Hansen Solubility Parameters. The
Hansen Solubility Parameter (&) approach involves examining the molecular structure of the two
components and ascribing values to each of them based on dispersive forces (6,) , potential for
interaction between polar groups (6,) and hydrogen bonds (6;,) using tables created by Van
Krevelen %7, The equation for determining the Hansen Solubility Parameter (HSP) of a substance is

shown in Equation 1.11.
§2=65+62+ 64 Equation 1.11
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If an APl and a polymer have HSP values which differ by less than 7 units they are likely to be
miscible, while if this difference is greater than 10 units they are likely to be immiscible 2. Clearly,
there is a grey area whereby if the difference in HSP values is between 7 and 10, there is no
predictive power in this model. Another disadvantage with this model is that, as it is calculated
based on the monomeric unit, polymers with randomly occurring substituents e.g. HPMC, will only

have estimated HSP values.

The homogeneity of an ASD can be inferred by the presence of a single glass transition temperature.
This homogeneity may be considered as evidence that there is miscibility between the polymer and
the API at the examined ratio. There has been some criticism of this technique however, as the
sensitivity of a DSCin detecting a phase separated system is approximately 30 nmi.e. the API-region
or polymer-region must be at least this size in order for two glass transitions (and immiscibility) to
be detected 1%, Solid-state NMR can determine regions of phase separation from regions as small
as 5 nm, but not as many facilities have the equipment or expertise for this type of analysis as have

DSC, for example %,
1.3.2.4 Hygroscopicity

The hygroscopicity of a polymer will also influence the physical stability of an ASD. Water is a very
strong plasticiser with a Tg of approximately -137 © C 3, Therefore, only a small amount of water,
mixed at the molecular level with the polymer, may plasticise the system to a significant degree,
depressing the glass transition temperature of the polymer in accordance with the Gordon-Taylor
equation. If this water is not removed during the preparation of the ASD, it will also depress the

glass transition temperature of the ASD, reducing its physical stability at ambient temperatures.

The hygroscopicity of the polymer will also govern the amount of water sorbed by the ASD at
conditions of high humidity. As well as the plasticising effect, the addition of water to the system
may mean that water molecules displace the APl in the ASD by forming hydrogen bonds with the
polymer. This can lead to phase separation, whereby instead of a homogenous, molecularly mixed
system, with a single glass transition temperature, a drug-rich region and a polymer-rich region are
created. The presence of this biphasic system is often detectable due to the presence of two distinct
glass transition temperatures. Where water causes this phase separation by the aforementioned
mechanisms, the process is termed moisture induced phase separation (MIPS). MIPS has been
demonstrated in PVP-felodipine, PVP-ibuprofen and PVPVA-felodipine ASDs %!l Phase
separation may result in an ASD which is initially maintained in the amorphous state, but may be a
process which precedes API crystallisation, as was observed for a PVP-felodipine ASD stored at high

relative humidity %°,
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The propensity of a polymer to sorb moisture can be experimentally determined using
thermogravimetric analysis (TGA) or dynamic vapour sorption (DVS) analysis. DVS is particularly
useful as it can be used to determine the relative humidity induced glass transition i.e. the relative
humidity at which sufficient water has been adsorbed by the polymer for the glass transition to

occur at the temperature of the analysis 1.

1.3.3 Formulation factors affecting ASD stability
1.3.3.1 APl loading

As explained in Section 1.3.2.3, the degree of miscibility between polymer and APl determines the
amount of API which can be thermodynamically stabilised in the ASD. This limit should determine
the ratio of APl to polymer used in the formulation. This can best be understood visually, as shown
in Figure 1.8. Zones 1 and 3 describe thermodynamically stable ASDs and supersaturated ASDs
respectively. There is no thermodynamic driving force for recrystallisation in Zone 1 ASDs, while
there is for Zone 3 ASDs 1%, Ideally ASD formulation design should aim for Zone 1 classification.

However, this may mean that drug loading is too low for a viable formulation to be developed.

Drug loading in polymer

Tg of polymer

Temperature

Figure 1.8: Hypothetical phase diagram of ASDs adapted from Qian et al °'. Zone 1-
thermodynamically stable glass, Zone 2- thermodynamically stable liquid, Zone 3- supersaturated
glass, Zone 4- supersaturated liquid, Zone 5 — supersaturated immiscible glass, Zone 6-
supersaturated immiscible liquid

In this instance, a Zone 3 ASD formulation should be considered. Zone 3 ASDs may be stabilised
through kinetic processes i.e. by reducing the molecular mobility of the system through favourable
interaction with the polymer, as described in Section 1.3.2.2. A remarkable case study of a

thermodynamically metastable (Zone 3) ASD (nifedipine-PVP-Eudragit RS), which remained
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amorphous after 25 years of storage, was explained by kinetic stabilisation 13 . Conversely, phase
separation was observed for a supersaturated ASD (Zone 3) of griseofulvin and PVP, which was

attributed to a lack of kinetic stabilisation 4.

1.3.3.2 Ternary components

As the physical stability of ASDs is the major limitation to their development in commercial
products, formulators have explored the use of other excipients in ASD formulations to optimise
stability. One of the most common approaches is the use of a second polymer to create a ternary
ASD 15119 The |ogic behind the use of a second polymer is that the drug loading achievable may
be increased relative to a binary system. One of the polymers might be chosen because of its very
high Tg, i.e. stabilisation through kinetic mechanisms, while the other might be chosen because of
its ability to solubilise the APl or inhibit its crystallisation from a supersaturated state i.e.
stabilisation through thermodynamic mechanisms. A judicious combination of polymers should
ensure ASD stability in the solid-state during storage, as well as inhibition of crystallisation from a
supersaturated solution during dissolution. The advantage of ternary ASDs over binary ASDs, in
terms of solid state stability and supersaturation maintenance during dissolution, has been

demonstrated for an ASD of indomethacin using PVP and Eudragit synergistically 1%,

Other excipients which may be considered in ASD formulations include surfactants and fillers.
Ternary ASDs containing surfactants such as sodium dodecyl sulphate have demonstrated increased
dissolution rates relative to binary systems, as they increase API solubility through solubilisation as
well as amorphisation 2°. This solubilisation effect could not be attributed to the formation of
micelles, as surfactant concentrations in the dissolved ternary formulations were below their
respective critical micelle concentrations 2°. The improved dissolution profile conferred by the
inclusion of surfactants in ternary ASDs may, instead, be explained by the improved drug wettability
and reduced interfacial tension between drug particles and the dissolution medium caused by the
presence of the surfactant 12°. However, it has been theorised that surfactants in ASDs may induce
nucleation by decreasing the viscosity of the system, reducing the kinetic barrier to recrystallisation

or alternatively may inhibit nucleation by acting as an impurity at the interface of clusters of APIs

121

Fillers such as MCC, mannitol and lactose which are blended with the ASD prior to tabletting, are
commonly used to improve the wettability and compression properties of ASDs 122, The effect of
these additives on the physical stability of ASDs was investigated by Leane et al. They found that
tabletted ASDs which used mannitol as a filler exhibited the poorest amorphous state stability of

the API ibipinabant upon storage, while MCC stabilised the amorphous API the most effectively 23,
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This observation was explained by consideration that mannitol is more crystalline in nature than

MCC, therefore it provides a surface onto which the amorphous API can crystallise.

These studies demonstrate that although excipients are often considered inert components of a

formulation, they can play an active role in stabilisation and performance of an ASD.

1.3.4 Manufacturing related factors affecting ASD physical stability

1.3.4.1 Particle size/porosity

The manufacturing process chosen to produce an ASD can also affect the stability and performance
of the system, as this will determine the particle size and or/ porosity of the ASD particles. As
crystallisation is known to be orders of magnitude faster from the surface of a material relative to
the bulk of the material 12#1%, the higher the surface area of ASD particles, the more prone to
crystallisation they may be. This has been demonstrated experimentally for an ASD of a BCS Class
2 compound (referred to as compound X in the study) and PVPVA prepared via spray drying and
hot melt extrusion. The spray dried ASD exhibited poorer physical stability after 2 months compared

to its hot melt extruded equivalent, which was attributed to differences in surface area 2.

1.3.4.2 Degree of polymer-API mixing achieved

Different methods of manufacturing ASDs can allow different degrees of mixing between the
polymer and API during the amorphisation process. It has been demonstrated previously that a
higher drug loading can be achieved for ASDs prepared by spray drying relative to milling 2. This
was explained by consideration that, during spray drying, the polymer and API are freer to interact
as they are already molecularly dispersed in a solution, while during milling the crystal lattice of the
APl must be mechanically destroyed before the APl and polymer can be mixed at a molecular level.
A similar finding was observed for a formulation containing ramipril and hydrochlorothiazide
prepared with either PVPVA or Soluplus by hot melt extrusion or spray drying. While ramipril was
successfully amorphised via both processes, hydrochlorothiazide was only completely amorphised
via spray drying. The hydrochlorothiazide material processed via hot melt extrusion remained

partially crystalline and continued to crystallise on storage 3.

1.3.4.3 Compression

ASD formulations are commonly processed via direct compression into tablets. ASD systems which
are metastable (i.e. in Zones 3 and 5, Figure 1.8), such as naproxen 30% w/w in PVP, were found to
be susceptible to compression induced demixing when compaction pressures above 367 MPa were
used 27, This resulted in phase separation which was observed as two distinct glass transitions. In

contrast, a compressed ASD of naproxen and PVPVA showed improved physical state stability
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relative to the uncompressed powder due to increased drug-polymer interaction, as evidenced

through FTIR spectra 2,

As solubility is a thermodynamic limit described for a given solute-solvent system at a specified
temperature and pressure, it is understandable that when pressure is applied to a system, such as
through direct compression, the stability of a system may change. Although this seems obvious,
compression induced demixing is a phenomenon that has not been explored extensively in the

literature to date.

1.3.4.4 Residual solvent level

Although solvent mediated mechanisms of ASD preparation, such as spray drying, may enable a
greater degree of mixing between the polymer and the API as outlined above, removal of any
residual solvent to an acceptable level must be carried out to maintain ASD physical stability as well
as ensure compliance with regulatory requirements. Ensuring that residual solvent levels are at an

acceptable standard may require a secondary drying step such as tray drying or fluid bed drying °.

1.3.5 Environmental factors affecting ASD physical stability

1.3.5.1 Storage temperature

The temperature at which an ASD is stored is a critical factor in its stability. Interestingly, reducing
the storage temperature of an ASD can have oppossing effects on the thermodynamic and kinetic
stabilising forces acting on the ASD 3. As temperature reduces, an ASD which is at its API’s
thermodynamic solubility limit may become supersaturated and prone to recrystallisation. It is also
known that the Flory-Huggins interaction parameter, one of the tools used to predict drug-polymer
miscibility, is temperature dependent. A study examining the relationship between temperature
and interaction parameter for felodipine ASDs found that as temperature increased, the Flory-

Huggins interaction parameter reduced in value, indicating an increased driving force for mixing **°.

From a kinetic perspective, reducing the storage temperature slows down molecular mobility,
reducing the risk of crystallisation. Generally speaking, kinetic factors would be expected to
dominate during storage at elevated temperatures i.e. high storage temperatures would be
anticipated to result in increased crystallisation of an API relative to ambient conditions. By using a
variable temperature FTIR, Marsac et al. showed that the hydrogen-bonding strength between

felodipine and PVP decreased when temperature was increased, in line with this assumption °,

Page 42 of 268



Chapter 1: Introduction

1.3.5.2 Storage humidity

Due to their higher volume, amorphous materials are more prone to sorption of atmospheric

112131 As well as the inherent increased

moisture relative to their crystalline counterparts
hygroscopicity of the amorphous state, many of the polymers selected for ASD development tend
to be hygroscopic. As water is a strong plasticiser as previously described, the sorption of water can
dramatically increase the molecular mobility of an ASD, leading to API crystallisation. Indeed, there
is a strong argument that most ASDs should be treated as ternary systems, as the presence of water
is ubiquitous. When sorbed moisture was accounted for in the predicted glass transition
temperature values using the Gordon Taylor equation for an ASD of PVP and ketoconazole, the

predicted values matched well with the experimental values 12

. If the presence of water had been
disregarded, the experimental values would have deviated negatively from those predicted from
the binary Gordon Taylor equation. Any inferences regarding the intermolecular interaction

between ketoconazole and PVP based on these findings would have been flawed.

1.3.5.3 Storage time

As described previously, ASDs can be stabilised thermodynamically and kinetically. Often ASDs will
be stabilised via a combination of both mechanisms and the relationship between these forces is
often complex and intertwined. The kinetic component of ASD stabilisation is commonly described
in terms of a characteristic relaxation time, taken as a measure of the molecular mobility of an ASD
133134135 The longer the relaxation time, the more stable the ASD is, as the ASD will take longer to
“relax” or revert to the ordered crystalline form. Given enough time, all ASDs will eventually revert
to a phase separated system with the APl in a crystalline state. Formulators must ensure that this

does not happen in a pharmaceutically relevant time frame.

1.4 Chemical stability of the amorphous state

Factors affecting the physical stability of APIs in the amorphous state and in ASDs have been well
explored in the literature as described in Section 1.3. Logically, as the amorphous form of an API
exists in a higher free energy state than its crystalline counterpart, as shown in Figure 1.4, one may
expect the amorphous form of an APl to exhibit reduced chemical stability relative to the crystalline
state. Research on amorphous state chemical stability is sparse relative to amorphous state physical
stability, and much of it dates from the 1970s, but this assumption of amorphous state chemical

instability has been demonstrated to be true in several studies as described in two review articles

3,136

The amorphous state has a greater tendency to sorb moisture than the crystalline state 3 and the

presence of water can plasticise the amorphous API, resulting in increased molecular mobility and
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reduced physical stability as outlined in Section 1.3.2.4. The presence of water may also contribute
to chemical instability, as chemical reactions requiring water, such as hydrolysis, may be able to

proceed.

The rate of solid-state hydrolytic degradation of the cephalosporin antibiotic, cephoxitin sodium, is
known to be dependent on the water content of the sample *¥’. It is not surprising therefore, that
the amorphous form of this antibiotic showed reduced chemical stability relative to the crystalline
form. What is surprising however, is that this observation persisted even when the amorphous and
crystalline forms had the same water content (0.5% w/w) **’. The superior chemical stability of the
crystalline state over the amorphous state (with equivalent moisture content) has also been
described for two salt forms of an antibiotic in the same drug class as cephoxitin; cephamandole
sodium and cephamandole nafate 8 The same author also found that for cephalothin sodium, the

crystalline content of the solid form correlated well with its chemical stability 7.

Another example of amorphous state chemical instability has been described for insulin. When
insulin is converted to the amorphous state via lyophilisation, it decomposes due to water sorption,

and a cyclic anhydride intermediate is formed 3,

Lastly, another study examined the chemical decomposition of indomethacin at temperatures very
close to the melting temperature of the crystalline form, and found that the amorphous form

decomposed faster, and via a different kinetic model to crystalline indomethacin %,

A detailed mechanistic explanation for amorphous state chemical instability has not been deduced
for any of the above examples. One theory is that, in the amorphous state, molecules are more free
to re-orientate themselves than they would be in a rigid crystal lattice, allowing for a greater degree
of interaction with other molecules involved in the chemical degradation reaction 38136, Clearly,
this is an area of research which needs further investigation. It is apparent that formulation
scientists should assess the often-overlooked chemical stability of the amorphous state of an API,

if an ASD formulation is being considered.
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1.5 Summary

In summary, the deliberate creation of an amorphous state of an APl is a technique to overcome
the poor aqueous solubility of pipeline NCEs. The growth in popularity of this approach is apparent.
A remarkable example of the successful application of an ASD formulation has been demonstrated
for the anti-neoplastic agent vemurafenib. Preliminary clinical trials with crystalline vemurafenib
showed no tumour regression, even with doses as high as 1.6 g 2. This lack of efficacy was attributed
to poor oral bioavailability of the APl and the clinical trial was halted. The decision was made to re-
formulate the API as an ASD. When the clinical trial resumed using the new formulation, the
bioavailability of the APl was dramatically improved *°, and tumour regression was observed in a
majority of patients 2. The ASD formulation was subsequently approved by the FDA under the trade

name Zelboraf ®.

If ASD success stories such as this are to be replicated, the amorphous form’s inherent physical
instability must be overcome via stabilisation over a pharmaceutically relevant timeframe.
Understanding the many factors which affect this stabilisation are thus of the utmost importance,

and a contribution to the same is the basis of this thesis.
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A list of the materials used in this thesis are detailed in Table 2.1 below

Table 2.1 Material and supplier list for materials used

Material

Supplier

(R)-(-)-ibuprofen (98% purity) (R I1BU)

Fluorochem Ltd. (U.K.)

(R)-(-)-ibuprofen (98% purity)” (R 1BU)

School of Chemical and Bioprocess
Engineering, UCD (Ireland)

(R,S)-(x)-ibuprofen (99% purity) (R,S IBU)

Kemprotec Ltd. (U.K.)

(R,S)-(*)-ketoprofen (98% purity) (KETO)

Sigma Aldrich (Ireland)

(S)-(+)-ibuprofen (98% purity) (S IBU)

Kemprotec Ltd. (U.K.)

Acetonitrile (HPLC grade)

Fisher Scientific (Ireland)

Adalat® 10mg soft capsule

Bayer (U.K.)

Ethanol (96% v/v)

Corcoran Chemicals (Ireland)

Hydrochloric acid (37% w/v)

Sigma Aldrich (Ireland)

Hydroxypropyl cellulose (L-HPC) (HPC)
Mw 100,000 g/mol

ShinEtsu (Japan)

Hydroxypropyl methyl cellulose (Pharmacoat 606) (HPMC)
Mw 35,600 g/mol

ShinEtsu (Japan)

Hydroxypropyl methyl cellulose acetyl succinate (Agoat LF)
(HPMCAS)
Mw 140,000 g/mol

ShinEtsu (Japan)

Hydroxypropyl methyl cellulose phthalate (HP-55) (HPMCP)
Mw 45,600 g/mol

ShinEtsu (Japan)

Liquid nitrogen

BOC (Ireland)

Magnesium stearate

Sigma Aldrich (Ireland)

Methanol (HPLC grade)

Fisher Scientific (Ireland)

Microcrystalline cellulose (Avicel PH 102)

FMC Biopolymer (Belgium)

Microcrystalline cellulose spheres (Vivapur-500 um diameter)

JRS Pharma (Germany)

Monosodium phosphate

Sigma Aldrich (Ireland)

Nifedipine (98% purity)

Fluorochem Ltd. (U.K.)

Nifedipine (micronized) (98% purity)

ICFTI (Italy)

Nifedipine Impurity A CRS (100% purity)

European Pharmacopoeia (France)

Nifedipine Impurity B CRS (100% purity)

European Pharmacopoeia (France)

Phosphorous pentoxide

Acros Organics (Belgium)

Polyvinyl acetate (PVAcetate)
Mw 100,000 g/mol

Acros Organics (Belgium)

Polyvinyl acetate phthalate (PVAP)
Mw 47,000-61,000 g/mol 14

Colorcon (U.S.A))

Polyvinyl alcohol (PVAlcohol)
Mw 15,000 g/mol

MP Biomedicals (U.S.A.)

Polyvinyl pyrrolidone K17 (PVP 17)
Mw 7,000-11,000 g/mol

BASF (Germany)

Polyvinyl pyrrolidone K30 (PVP 30)

BASF (Germany)
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Mw 54,000-55,000 g/mol

Polyvinyl pyrrolidone K90 (PVP 90)
Mw 1,000,000-1,500,000 g/mol

BASF (Germany)

Polyvinyl pyrrolidone vinyl acetate 3:7 E335 (VP:VA 3:7)
Mw 28,000 g/mol 1%

Ashland (U.S.A.)

Polyvinyl pyrrolidone vinyl acetate 6:4 (Kollidon VA 64)
Mw 45,000-70,000 g/mol

BASF (Germany)

Polyvinyl pyrrolidone vinyl acetate 7:3 E735 (VP:VA 7:3)
Mw 56,700 g/mol 106

Ashland (U.S.A.)

Sodium chloride

Sigma Aldrich (Ireland)

Sodium hydroxide

Sigma Aldrich (Ireland)

(Soluplus)
Mw 118,000 g/mol

Polyvinyl caprolactam polyvinyl acetate polyethylene glycol

BASF (Germany)

Water (HPLC grade)

Elix 3 connected to Synergy UV

system (U.K.)

# The methodology for the crystallisation and isolation of R-(-)-ibuprofen (98% purity) used by

personnel at the School of Chemical and Bioprocess Engineering, UCD, Ireland is described in

Section 2.2.1.6
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2.2 Methods

2.2.1 Unit operations

2.2.1.1 Spray drying (SD)

All spray drying was carried out using a B-290 Mini Spray Dryer (Blichi, Switzerland) equipped with
a high efficiency cyclone configured in the open mode. For all systems, a solution feed rate of ca. 9-
10 mL/min, a drying air flow of ca. 35 m3/hr and an atomisation air flow of ca. 667 normlitres/hr at
standard temperature and pressure were used. Specific inlet and outlet temperatures for each

spray dried system described in this thesis are outlined below.

2.2.1.1.1 Preparation of ibuprofen-HPMC samples via SD

A 1% w/v solution of varying mass ratios of one of R,S-ibuprofen, S-ibuprofen or R-ibuprofen
(Fluorochem Ltd., U.K.) and HPMC were prepared by dissolving these components in a 50:50 v/v
ethanol: water mixture under constant stirring. The resulting solutions were spray dried using an
inlet temperature of 105 °C. The outlet temperature fluctuated between 49 °C and 56 °C. The

production yield from this process ranged from 7.5% to 52%.

2.2.1.1.2 Preparation of solid samples of polymeric solutions via SD

As the source material for VP:VA 7:3 and VP:VA 3:7 were supplied as 50% w/w ethanolic solutions
it was necessary to process these solutions via spray drying to obtain a fine powder. The solutions
as supplied were diluted with ethanol to a 2% w/v solution and spray dried using an inlet
temperature of 78 °C. The outlet temperature fluctuated between 45 °C and 48 °C. The typical batch

size processed was 250 mL. The production yield for this process was approximately 70%.
2.2.1.1.3 Preparation of ketoprofen-polymer samples via SD

The polymer (PVP30 or Kollidon VA 64 with molecular weights of 54,000-55,000 g/mol or 45,000-
70,000 g/mol respectively) was dissolved in ethanol and the total solute concentration was fixed at
5% w/v. Ketoprofen content was 0%, 10% or 20% w/w total solute. Solutions were spray dried using
an inlet temperature of 80 °C. The outlet temperature fluctuated between 44 °C and 56 °C. The
typical batch size processed was 100 mL. The production yield for this process varied between 58

% and 74%.
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2.2.1.1.4 Preparation of nifedipine-polymer samples via SD

The polymer (HPMC, PVP or Soluplus) and nifedipine (Fluorochem Ltd., U.K.) were dissolved in
ethanol (PVP and Soluplus systems) or ethanol and water (70:30 v/v ratio for all systems and 50:50
v/v ratio for HPMC-nifedipine). Total solute content concentration was fixed at 2% w/v and
nifedipine concentration was either 0%, 15% or 30% w/w of total solute concentration. Solutions
were spray dried using an inlet temperature of 105 °C for solutions containing ethanol and water
or an inlet temperature of 78 °C for solutions containing ethanol only. The outlet temperature
fluctuated between 49 °C and 55 °C. The typical batch size processed was 200 mL. The production
yield for this process ranged from 35% to 55%. The nifedipine-containing solutions were protected
from light by covering the spray dryer glass in aluminium foil. The powders produced via spray

drying were stored in amber jars immediately after manufacture.

2.2.1.2 Cryo-milling (CM)

All cryo-milling was carried out using a Cryogenic Mixer Mill CryoMill (Retsch, Germany) attached
to an auto filling liquid nitrogen dewar (Retsch, Germany). A stainless steel cryo-mill chamber of 25
mL capacity filled with three stainless steel balls of 12 mm diameter were used for all cryo-milling
carried out in this thesis. An automatic precooling step was applied before any milling was
commenced. This consisted of the mill operating at a frequency of 5 Hz while liquid nitrogen
circulated around the stainless-steel chamber until cryotemperature was reached, which was
automatically detected via a sensor. The material was milled for three cycles, where each cycle
consisted of a grinding step at a frequency of 30 Hz for 5 minutes followed by an intermediate
cooling step at a frequency of 5 Hz for 2 minutes. Cryotemperature was maintained throughout

milling via liquid nitrogen circulating around the milling chamber.
Specific methods used for each cryo-milled system described in this thesis are outlined below.

2.2.1.2.1 Chiral recognition screening of ibuprofen-cellulose polymer systems via CM

250 mg of ibuprofen (R,S-ibuprofen, S-ibuprofen or R-ibuprofen (Fluorochem Ltd., U.K.) and 250 mg
of the cellulose polymer (HPC, HPMC, HPMCAS or HPMCP) were placed in the cryo-mill chamber

and milled as described above.

HPMCP was too fibrous to mix well in a physical mixture and so was cryo-milled (as outlined above)

prior to testing.

2.2.1.2.2 Generation of ketoprofen-polymer solid dispersions via CM

As PVAlcohol and PVAcetate were supplied as large grains/ beads (approx.. 3mm and 5mm in length

respectively) it was necessary to process these using a cryo-mill prior to physically mixing these with
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ketoprofen. 1 g of these materials as supplied were placed in the cryo-mill chamber and milled as

described above.

Physical mixtures of ketoprofen and polymer in a 20:80 w/w ratio were melt-quenched in an
aluminium weighing boat by placing on a PC-400D hot plate (Corning, USA) at 120 °C for 10 minutes
before being quenched in liquid nitrogen and then cryo-milled to obtain a powder. Cryo-milling was
necessary as some of the system formed glassy films upon melt quenching which would not have
been suitable for dissolution and stability testing. 500 mg of the melt-quenched material was placed

in the cryo-mill chamber and milled as outlined above.

2.2.1.3 Electrospraying (ES)

Solutions were electrosprayed using a Nanon-01A Electrospinner (Mecc Co. Ltd, Japan) using a 25G
needle (0.26 mm nominal inner diameter) as a nozzle. The collector consisted of metal stage
platform approximately 20 cm x 20cm in dimension, which was covered in aluminium prior to
electrospraying. The distance between nozzle tip and collector was fixed at 30 cm, the flow rate
was 1 mL/h and the potential difference applied was 15 kV. Electrospraying was carried out under
ambient conditions of approximately 20 °C and 40% RH. The polymer (PVP30 or Kollidon VA 64 with
molecular weights of 54,000-55,000 g/mol or 45,000-70,000 g/mol respectively) was dissolved in
ethanol and the total solute concentration was fixed at 5% w/v. Ketoprofen content was 0%, 10%
or 20% w/w total solute. The typical feed solution batch size was 10 mL. The solution containing
PVP and 20% w/w ketoprofen was chosen for further studies so a larger batch (~35 mL) was
processed for this purpose. The production yield for the electrospraying process outlined above

was approximately 72%.

2.2.1.4 Tabletting

2.2.1.4.1 Tabletting, tablet hardness, tensile strength and ejection force measurements of polymer-
ketoprofen systems

Solid dispersions were mixed with MCC in a 50:50 w/w ratio in an agate pestle and mortar. 200 mg
of this mixture was tabletted using an NP-RD10 single punch tablet press (Natoli, U.S.A) with an 8
mm diameter flat-faced die. The compaction pressure applied was 6 kN and the tablet was held at
this pressure for 60 seconds. Tablets were removed from the die using the bottom punch and the
force required to eject the tablet was recorded. Immediately after manufacture, the tablet
thickness was recorded using a micrometre (AnyiMeasuring, China) and the tablet was subjected
to radial hardness testing using a handheld tablet hardness tester (Electrolab, India). The tensile

strength of the tablets was calculated using Equation 2.1.
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o= 2E Equation 2.1
nDH

Where o is the tensile strength (MPa), F is the radial hardness (N), D is the tablet diameter (mm)

and H is the tablet thickness (mm).

Control measurements were also recorded for each polymer-ketoprofen system by physically
mixing crystalline ketoprofen, the polymer of choice and MCC in a 10:40:50 w/w ratio in an agate
pestle and mortar. For each solid dispersion and their crystalline ketoprofen controls, a minimum

of 3 tablets were manufactured and tested.

2.2.1.4.2 Tabletting of amorphous solid dispersions of nifedipine

Spray dried amorphous solid dispersions of nifedipine, containing nifedipine and polymerin a 15:85
w/w ratio, were mixed with 500 um MCC spheres in a 50:50 w/w ratio in an agate pestle and mortar.
134 mg of this mixture (equivalent to 10mg nifedipine) was tabletted using an NP-RD10 single
punch tablet press (Natoli, U.S.A) and an 8 mm diameter flat-faced die. The compaction pressure
applied was 1 kN and the tablet was held at this pressure for 60 seconds. Pitting of the tablets was

prevented by brushing the die with magnesium stearate.

2.2.1.5 Production of physical mixtures

Physical mixtures of polymers and crystalline APIs (used as controls in many studies in this thesis)
were prepared by gentle mixing of specified polymer: APl mass ratios with an agate pestle and
mortar. For the photostability studies in Chapter 6 physical mixtures were prepared by mixing the
polymer-only powders produced by spray drying (as described in Section 2.2.1.1.4) with micronized

nifedipine (ICFTI, Italy) in an agate pestle and mortar in an 85:15 w/w ratio.
2.2.1.6 Crystallisation and isolation of R-ibuprofen

(R)-(-)-ibuprofen (98% purity) was isolated by dissolving 1 mole of racemic ibuprofen with 0.5 mole
L-lysine monohydrate to create the R-ibuprofen-S-lysinate salt. The salt was removed from the
solution by filtration and recrystallized twice to improve purity. Free (R)-(-)-ibuprofen was isolated
from the lysine salt through the addition of concentrated hydrochloric acid. This work was carried

out by staff and students in the School of Chemical and Bioprocess Engineering, UCD, Ireland.

2.2.2 Characterisation of ketoprofen-polymer solutions for electrospraying and spray drying

The polymer (PVP or PVPVAG64) was dissolved in ethanol and the total solute concentration was
fixed at 5% w/v. Ketoprofen content was 0%, 10% or 20% w/w total solute. The conductivities of

the solutions were measured using an EL30 Benchtop Conductivity Meter (Mettler Toledo™, U.S.A).
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The dynamic viscosities of the solutions were measured using an SV-10 Vibro Viscometer (A&D,
Japan). The surface tensions of the solutions were measured using a 701 Force Tensiometer (Sigma,
Sweden). All measurements were carried out at a solution temperature of 25 °C and were
conducted in triplicate. The solution properties were tested for statistically significant differences

(p<0.05) using an unpaired two-tailed student t-test (GraphPad, U.S.A)

2.2.3 Solid state characterisation

2.2.3.1 Powder X-ray diffraction (pXRD)

Samples were analysed using a Miniflex Il X-ray diffractometer (Rigaku, Germany) with Ni-filtered
Cu Ko radiation (1.54 A). The tube voltage and tube current used were 30 kV and 25 mA
respectively. The samples were analysed on a silicon zero-background sample holder in the
reflection mode. Diffraction patterns were collected for 28 ranging from 5° to 40° at a step scan

rate of 0.05° per second.
2.2.3.2 Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR)

Samples were analysed using a Spectrum 1 FT-IR Spectrometer (Perkin EImer, U.S.A) equipped with
a Universal Attenuated Total Reflectance and diamond/ZnSe crystal accessory. Each spectrum was
scanned in the range of 650-4000 cm-1 with a resolution of 1 cm™. The data was normalised by
dividing the absorbance values in each spectra by the maximum absorbance value recorded for that

spectra.

For the ibuprofen-cellulose systems whose spectra showed a shoulder in the carbonyl region, the

relative intensity of the absorbance of the shoulder to the main peak was determined.

2.2.3.3 Thermogravimetric analysis (TGA)

Ketoprofen-PVP ASDs prepared via SD and ES were analysed using a Q50 TGA (TA Instruments,
U.K.). Samples (weighing between 1 and 3 mg) were loaded into standard aluminium pans with a
capacity of 20 pL and heated from room temperature to 150 °C at a heating rate of 10 °C/min, using
nitrogen as a purge gas. The mass loss in this temperature range was determined. Analysis was

performed in duplicate.

The same procedure was used to determine the moisture/ residual solvent levels of spray dried

nifedipine-polymer ASDs in Chapter 6.a. Analysis was performed in triplicate.
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2.2.3.4 Differential scanning calorimetry (DSC)/ Modulated differential scanning calorimetry
(mDSC)

All (m)DSC work carried out in this thesis was performed using a TA Q200 DSC (TA Instruments,
U.K.) equipped with an RCS-90 refrigerated cooling system (TA Instruments, U.K.) and purged with
nitrogen gas at a flow rate of 50 mL/min. The temperature was calibrated with indium and tin and
further validated with indium. The enthalpy and the specific heat capacity were calibrated and
verified using indium and sapphire, respectively. Standard aluminium pans with a capacity of 20 uL
and 3 pinholes were used in all experiments except where otherwise stated. Universal Analysis
software (TA Instruments, U.K) was used to analyse data. Methodologies specific to different

systems which were examined using DSC are detailed below.

2.2.3.4.1 Thermal analysis of ibuprofen-cellulose polymer samples by mDSC

Samples of the ibuprofen-cellulose polymer systems (2-8mg) were weighed out in standard
aluminium pans and cooled to -60 °C and then heated to 120 °C using a ramping speed of 5 °C/min
while the temperature was modulated by 0.80 °C every 60 seconds. The melting endotherm, where
present, was determined from the total heat flow signal. The proportion of ibuprofen in the
ibuprofen-cellulose polymer systems which remained crystalline after cryo-milling was determined
by dividing its melting endotherm by the melting endotherm of an unprocessed physical mixture of
the cellulose polymer-ibuprofen (enantiomer or racemic compound) at the same weight ratio and

multiplying by 100 to obtain a percentage.

The glass transition temperature of the systems, where present, was determined from the reversing

heat flow.

2.2.3.4.2 Determination of glass transition temperature of polymers and ketoprofen by mDSC

Samples of the polymers (2-8mg) used in Chapter 4 were weighed out and placed in standard
aluminium pans which were then heated from 15 °C to 200 °C using a ramping speed of 5 °C/min
while the temperature was modulated by 0.80 °C every 60 seconds. The glass transition onset

temperature was determined from the reversing heat flow signal.

The glass transition temperature of ketoprofen as received was determined by heating a sample in
a pan from 5 °C to 110 °C and holding it at this temperature for 2 minutes to allow crystalline
ketoprofen to melt. The pan was then cooled at 10 °C/min to -30 °C to form ketoprofen in the
amorphous state. The pan was then reheated at 5°C/ min to 110 °C while the temperature was
modulated by 0.80 °C every 60 seconds and the glass transition onset temperature was taken from
the reversing heat flow signal in the second heating cycle. These analyses were carried out in

triplicate for each system.
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2.2.3.4.3 Determination of glass transition temperature of polymer-ketoprofen systems by mDSC

The glass transition onset temperatures of polymer-ketoprofen systems used in Chapter 4 were
determined by creating melt-quenched systems in situ in the DSC. Samples were first mixed in an
agate pestle and mortar (80:20 w/w polymer: ketoprofen) and accurately weighed into standard
aluminium pans (2-6mg). No pin holes were placed in the lids. The pan was then heated at 10 °C/min
to 120 °C and held isothermally at this temperature for 10 minutes to allow molten ketoprofen to
diffuse through the polymer. The pan was then cooled at 10 °C/min to -30 °C and reheated at 5
°C/min while the temperature was modulated by 0.53 °C every 40 seconds. Pans were re-weighed
after analysis. The glass transition onset temperature was determined from the reversing heat flow

signal in the second heating cycle. This was carried out in triplicate for each system.

2.2.3.4.4 Prediction of glass transition temperature of polymer-ketoprofen systems

The predicted glass transition temperature was calculated using the Gordon-Taylor equation

(Equation 2.2).

W4T, KW5T,
Tymix = (WhTga +KWaTyz) Equation 2.2
(W1 +KW5)

Where Tymix is the glass transition temperature of the mixed system, Ty; and W; are the glass
transition onset temperature and weight fraction of the first component respectively, and T, and
W: are the glass transition onset temperature and weight fraction of the second component
respectively. K is a constant which can be calculated from Equation 2.3

_Tg1p1

Equation 2.3
Tg2p2

Where p is the true density of the material.

2.2.3.4.5 Determination of glass transition temperature of polymer-ketoprofen SD and ES systems

by mDSC

Pans were first heated to 180 °C to remove residual moisture before being cooled to -40 °C. The
temperature was then modulated by 0.53 °C every 40 seconds and the pan was reheated at 5

°C/min to 200 °C. The glass transition temperature was taken from the second heating run.

2.2.3.4.6 Determination of glass transition temperature of polymer-nifedipine systems by mDSC

Pans were equilibrated at 10 °C before being heated at 5 °C/min to 190 °C while the temperature

was modulated by 0.80 °C every 60 seconds.
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2.2.3.4.7 Non-isothermal crystallisation studies of R,S-ibuprofen and S-ibuprofen

R,S-ibuprofen and S-ibuprofen were heated at 10 °C/min to 10 °C above their respective melting
temperatures and held isothermally for 3 minutes. The melt was then cooled at 10°C/min to -70°C
and held isothermally for 3 minutes before being re-heated at 10 °C/min to 10 °C above the
respective melting temperature. This procedure was repeated using cooling rates of 5, 2 and 1

°C/min and secondary heating rates of 5 and 2 °C/min.

2.2.3.4.8 Enthalpy recovery studies of R,S-ibuprofen, S-ibuprofen and R-ibuprofen

R-ibuprofen (UCD, Ireland) was used in this study. Samples were placed in hermetically sealed pans
with a capacity of 40 L . Pans were heated at 10 °C/min to 100 °C and held isothermally for 2
minutes before being cooled at 10 °C/min to =77 °C and held isothermally for 2 minutes. This heat-
cool cycle was repeated a second time to ensure that the sample was completely amorphous. The
sample was then heated from =77 °C to —66 °C or -56°C at 10 °C/min and held isothermally for 10,
60, 180, 360 or 720 minutes. Finally, the sample was held at —60 °C and then the temperature was
modulated by 0.32 °C every 60 seconds and heated at 2 °C/min to —20 °C. Enthalpy recovery was
calculated from the total heat flow using Universal Analysis software (TA Instrument, UK). Enthalpy
recovery was plotted using the Kohlrausch-William-Watts (KWW) stretched exponential function

142 (Equation 2.4) to determine the characteristic relaxation time (t) of the material.
AHyeiqx = AHo[1 — exp{—(t/T"")F}] Equation 2.4

AH, .14 and AH,, are the enthalpy relaxation and the maximum enthalpy recovery at a given

Kww

temperature. The other parameters t, T and B are the ageing time, enthalpy relaxation time

and the non-exponential parameter respectively 123, AH_, was calculated using Equation 2.5
AH,, = ACy(T, — T) Equation 2.5

Where, AC, is the change in the heat capacity at the glass transition temperature and T is the
ageing temperature. AC, was calculated as the average change in heat capacity for each material

at the glass transition of the unaged sample.

2.2.3.5 Specific surface area analysis

Specific surface area was measured using a Gemini VI analyser (Micromeritics, U.S.A.). Prior to
analysis, samples were degassed under nitrogen gas, using a SmartPrep degasser (Micromeritics,
U.S.A.) at 40 °C overnight, to remove residual moisture. The amounts of nitrogen gas adsorbed at
the relative pressures of 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30 were determined and the BET

multipoint surface area was calculated. Each experiment was carried out in triplicate for the
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ketoprofen-polymer studies (Chapter 5) and in duplicate for the nifedipine-polymer studies

(Chapter 6).
2.2.3.6 Density and compressibility analysis

2.2.3.6.1 Determination of true density by helium pycnometry

The density of samples was determined using an Accupyc Il 1340 Pycnometer (Micromeritics,
U.S.A). The samples were weighed prior to analysis and were placed in a sample cup of 1 cm?
capacity where they were purged with dry helium (99.995% purity) at a pressure of 19.2 psig using
an equilibration rate of 0.0050 psig/ min. Samples were analysed in duplicate and each analysis

consisted of five consecutive measurements. Results are presented as the average of ten values.
2.2.3.6.2 Determination of bulk and tapped densities

Samples of select solid dispersion systems studied were gravity fed into a 1 mL glass syringe with
graduations of 0.02 mL and the mass and volume of the sample were recorded. The bulk density
(pp) was calculated by dividing the mass by the volume. The syringe was tapped against a flat
surface 100 times and the new volume that the sample occupied in the syringe was recorded. The

tapped density (p;) was calculated by diving the mass by the new volume value .

2.2.3.6.3 Carr’s Compressibility Index determination

The Carr’s Compressibility Index (CCl) was calculated using Equation 2.6

Carr's Compressability Index = 100(’)’;;’%) Equation 2.6
b

2.2.3.7 Dynamic vapour sorption (DVS)

Dynamic vapour sorption studies carried out in this thesis were conducted using a DVS Advantage-

1 automated gravimetric vapour sorption analyser (Surface Measurement Systems, U.K.).

2.2.3.7.1 Determination of relative humidity induced glass transition by DVS

The relative humidity induced glass transitions (RHr;) for melt-quenched cryo-milled ketoprofen-
polymer samples were determined at 25 °C (+ 0.1 °C). Between 6 and 14 mg of powder were dried
to a constant mass (dm/dt <0.002mg/min) at 0% RH in the sample basket in the DVS. After drying,
the powder was exposed to a 10% RH increase per hour from 0% RH to 90% RH. From this data a
curve of mass versus time was generated. The initial linear portion of this curve was taken to be the
surface adsorption of water, and the second linear portion of this curve was taken to be a

combination of surface and bulk sorption of water by the powder. The intercept of these two lines
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was determined and the time at which RHrg occurred was determined. The relative humidity at
which RHr; occurred was then determined by plotting time versus RH. A sample plot is shown in
Figure 2.1. The amount of water sorbed by the powder at the RHy; as a percentage of starting
sample mass, was also determined. Analysis was carried out in triplicate for each system and
although determination of the RHy; values required manual fitting of portions of the data, the

results were deemed to be sufficiently reproducible.
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Figure 2.1: Sample plot of RHy; determination for melt-quenched cryo-milled PVP30KETO system

Page 58 of 268



Chapter 2: Materials and Methods

2.2.3.7.2 Moisture diffusion studies and surface adsorption rate determination

Moisture sorption profiles of electrosprayed and spray dried PVP containing 20% w/w ketoprofen
were determined at 25 ° C (£ 0.1 °C). Between 6 and 14 mg of powder were dried to a constant
mass (dm/dt <0.002 mg/min) at 0% RH in the sample basket in the DVS. After drying, the powder
was exposed to 20% RH until equilibrium mass was reached (defined as dm/dt <0.002 mg/min).
After reaching equilibrium mass at 20% RH the powder was then dried at 0% RH until equilibrium

mass was reached again, and the process was repeated at 40%, 60% and 80% RH.

The diffusion coefficient (D) of water molecules into the powder was determined using a modified
Fick’'s equation shown in Equation 2.7 using the in-built software (DVS Advantage-1 Control

Software Ver 1.2.1.2)

0.5
Me i(E) — 3Dt for Mt < 0.8 Equation 2.7
Minf ™p \T 7 Minf
Where MMt is the ratio of the mass at a given time t (M) and the mass at equilibrium (M), 73, is
inf

the particle radius (determined from the SEM analysis results in Section 5.2.2.2 Particle size
analysis) and t is the diffusion time %7147 A sample diffusion analysis plot is shown in Figure 2.2.
The diffusion coefficients of the powders prepared via both spray drying and electrospraying were
analysed for statistical significance using an unpaired two tailed student t-test using Prism software

(GraphPad, U.S.A).
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Figure 2.2: Sample diffusion analysis plot for electrosprayed PVP 20% w/w ketoprofen at 20%,
40% 60% and 80% RH.
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The rate of moisture uptake on the surface of the powders was determined by analysing the initial
increase of mass at each relative humidity stage. By normalising the percentage mass increase to
the starting mass of the sample, a curve of mass increase versus time was generated. The linear
portion of this curve was plotted and the rate of mass increase (taken to be the surface adsorption
of moisture onto the powder) was determined for both spray dried and electrosprayed samples.
The surface adsorption of the powders prepared via both processes were analysed for statistical

significance using an unpaired two tailed student t-test using Prism software (GraphPad, U.S.A).

2.2.3.8 Scanning electron microscopy (SEM)

Images of select samples were captured using a Supra Variable Pressure Field Emission Scanning
Electron Microscope (Zeiss, Germany) equipped with a secondary electron detector at 2 kV.
Samples were mounted onto aluminium pin stubs and sputter-coated with gold-palladium under

vacuum using a 208HR Sputter Coater (Ted Pella, U.S.A) prior to analysis.

2.2.3.9 Particle size analysis

2.2.3.9.1 SEM image-based particle size analysis

Images of particles produced by both spray drying and electrospraying in Chapter 5 were captured
using SEM as outlined above. Each stub was divided into quadrants and representative images from
each quadrant were analysed using Image J (N.L.H., U.S.A.) to determine the average particle
diameter using the projected area diameter. Where agglomerates were present, each individual
sphere was counted as a separate particle. A minimum of 168 particles were analysed for each
sample. The average diameters for each set of particles prepared by electrospraying and spray
drying were analysed for statistical significance using a two tailed Mann-Whitney test using Prism

software (GraphPad, U.S.A.).

2.2.3.9.2 Laser diffraction-based particle size analysis

The particle size distributions of nifedipine-polymer system were determined using a Malvern
Mastersizer 3000 (Malvern Instruments, U.K.). Particles were dispersed using an Aero S dry powder
disperser (Malvern Instruments, U.K.) using a micro-volume tray under 2 bars of pressure. An
obscuration value of 0.5-3% was obtained under a vibration feed rate of approximately 30%.
Mastersizer 3000 software (Version 3.63) was used for the analysis of particle size. Each sample

was analysed in triplicate.
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2.2.3.10 Broadband dielectric spectroscopy (BDS)

Dielectric spectroscopy studies of R,S-ibuprofen and S-ibuprofen samples were carried out in the
Silesian Centre for Education and Interdisciplinary Research, Chorzow, Poland. Dielectric
spectroscopy studies were carried out using an Alpha dielectric spectrometer (NovoControl,
Germany), in the frequency range from 10! Hz to 10° Hz, at temperatures from 153 K to 323 K with
steps of 5 K. The temperature was controlled by a Quattro temperature controller (NovoControl,
Germany) with temperature accuracy greater than + 0.1 K. The samples were physically mixed for
2 minutes before being placed on a parallel-plate cell made of stainless steel with a diameter of 10
mm and a 0.1 mm gap using Teflon spacers. Samples were heated to 373 K and held at this
temperature for 30 minutes to ensure complete melting of the ibuprofen and to dry the sample
before analysis was commenced at 153 K. The data was fitted and analysed by Dr. Justyna Knapik-
Kowalczuk (University of Silesia, Poland) using WinFit software (NovoControl, Germany). The a, B
and y-relaxation times of the samples were determined using the Havrilak-Negami (HN) function

(Equation 2.8)

Ae

" o sl — _—
gy () = &' (w) —ie"(w) = € + [1+(iwTgpn) 4P

Equation 2.8

Where ¢f;y (w) is the Havrilak Negami permittivity over the frequency range w , €' and "’ are the
real and imaginary parts of complex dielectric permittivity, &, is the high frequency limit
permittivity, A is the dielectric strength and tunis the Havrilak-Negami relaxation time. Symmetric
and asymmetric broadening of the relaxation peak are represented by parameters a and b

respectively 148,

The calculated fitting parameters were then used to calculate t, using Equation 2.9 148149

Tq = TN [sin (%)]_1/61 [sin (;azbb)]l/a Equation 2.9

To parametrize the to(T) dependence the Vogel-Fulcher-Tammann (VFT) equation °%5! (Equation

2.10) was used for the alpha relaxation process where T, To and D are fitting parameters.

T4,(T) = T exp( ) Equation 2.10

DT,
T—T,

To is called the Vogel temperature which is 50-70K below the glass transition temperature. To
parameterise the tp, (T) dependencies in the glassy state, the Arrhenius equation was used
(Equation 2.11) where E is the activation energy for the process and R is the gas constant in kJ K

mol™?.

Eq .
T8y (T) = T €Xp (E) Equation 2.11
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The fragility was calculated using the dynamic fragility or “steepness index”, mp. This has been

defined as follows **2

_ dlogrq _ D(Ty/Ty)
Py (1—(7"0/Tg))2 In(10)

Equation 2.12

2.2.3.11 Physical stability studies of ketoprofen-polymer samples

150 mg of freshly prepared samples of melt-quenched cryo-milled ketoprofen were measured into
amber glass vials and placed in a vacuum sealed storage box containing either phosphorous
pentoxide (0% RH) or a saturated sodium chloride solution (75% RH) 1> . These storage containers
were placed in an oven (Gallenkamp, U.K.) and maintained at 25 °C. Temperature and humidity
were monitored using a logger (Sensirion, Switzerland). Samples were taken after 1, 2, 4, 8 and 12

weeks of storage for analysis by DSC and pXRD.

2.2.3.12 Photostability testing of nifedipine samples

The spray dried powders containing 15% w/w nifedipine and their equivalent physical mixtures
were placed in a photostability chamber which was constructed from a plastic container, covered
in aluminium foil, with two light sources placed at the top of the container. The light sources
consisted of two fluorescent tube light holders (Beamz, The Netherlands), powered by alternating
current. One light holder contained a 15 W coolwhite lightbulb, while the other contained a 15 W
U.V. lightbulb (Sylvania, U.S.A). Approximately 50mg of the powder being tested was spread thinly
on a glass slide of dimensions 76 mm x 26 mm (Hirschmann Laborgerate, Germany) which was
placed 10 cm from the light sources in the photostability chamber. Care was taken not to compress
the powder in any way so as to allow as much of the nifedipine powder as possible to be exposed
to light. The light intensity inside the photostability chamber was quantified using an RS PRO
ILM13324 lux meter (Radionics, Ireland). The light intensity in the photostability chamber was

determined to be 3000 lux.

2.2.3.13 Ibuprofen spherulite growth studies

2.2.3.13.1 Preparation of ibuprofen—HPMC mixtures for spherulite studies by rotary evaporation

Ibuprofen and HPMC were dissolved in an 80:20 v/v ethanol: deionised water mixture to create a
1% w/v solution. R-ibuprofen (UCD, Ireland) was used in this study. The solvent was removed by
rotary evaporation using a Rotavapor R-205 (Blichi, Switzerland). The heating bath was maintained
at 60 °C, the round bottom flask was rotated at 200 rpm and the vacuum was set to 175 mbar for
10 minutes before being reduced to 72 mbar for a further 10 minutes to ensure complete solvent
evaporation. The resulting samples were gently ground in an agate mortar and pestle for 5 minutes.
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2.2.3.13.2 Measurement of ibuprofen spherulite growth rate

Approximately 2-4 mg of ibuprofen or ibuprofen-HPMC mixtures prepared as described above
(Section 2.2.3.13.1) were added to a glass slide which was then placed onto an LTS420 hot stage
(Linkam, U.K.) of a BX53 polarised light optical microscope (Olympus, U.K.). The hot stage
temperature was calibrated using indium and tin. The powder was heated to 100 °C using a heating
rate of 10°C/min per minute and held isothermally for 30 seconds before being cooled at 10°C/min
to a specific temperature (25/30/35/40 °C) to create a supercooled liquid state of ibuprofen. A
second slide was added on top of the supercooled liquid to induce crystallisation, following a
method described by another group ***. The sample was held at this temperature for 10 minutes,
while an image of the sample was captured every 2 seconds. The growth rate of the crystalline
spherulite was determined by plotting the radius of the spherulite over time. Radial measurements

of the spherulites were determined using Image J software (N.l.H., U.S.A.).

2.2.4 Dissolution testing

2.2.4.1 Dissolution testing of spray dried ibuprofen-HPMC samples

Spray dried IBU: HPMC 60:40 w/w samples were tested under sink conditions using an AT7
Dissolution Apparatus (Sotax, Switzerland) with paddle attachment using 500 mL of phosphate
buffer pH 6.8 equilibrated for an hour at 37 (+ 1) °C. 42 mg of a freshly prepared spray dried sample
(equivalent to 25.2 mg of ibuprofen) was added to the dissolution vessel. The paddle was rotated
at 50 rpom and 5 mL of the test solution was removed at regular intervals for 90 minutes and
replaced with the same volume of warmed dissolution medium. The samples were filtered using a
0.45 pum polytetrafluoroethylene (PTFE) filter (Fisher Scientific, U.S.A) prior to HPLC analysis.
Dissolution profiles were compared using the statistical analysis software DDSolver (Y. Zhang, China
Pharmaceutical University, Nanjing, China) using difference factor (f1) and similarity factor (f;)

analyses 1,

2.2.4.2 Dissolution testing of spray dried and electrosprayed ketoprofen-PVP samples

Samples were tested under sink conditions using a CE7 flow through cell apparatus (Sotax,
Switzerland). A quantity of the amorphous dispersion containing 3 mg of ketoprofen was placed on
top of 500 mg of glass beads in a dry cell of 12 mm diameter. A 4 mm ruby bead was placed at the
bottom of the cell to ensure laminar flow of the medium. The water bath was maintained at 37(+
1) °C. The dissolution medium was 0.1 M hydrochloric acid (pH 1.2) and the volume used was 100

mL. The dissolution medium was recirculated through the cell in a closed loop system using a flow
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rate of 8 mL/min. At sampling time points, 1 mL of the medium was filtered using a 0.45 um PTFE
filter (VWR, U.S.A) and diluted using appropriate volumes of methanol prior to HPLC analysis. After
each sample was taken it was immediately replaced with an equal volume of pre-heated medium.

Each experiment was carried out in triplicate.

2.2.4.3 Dissolution testing of nifedipine-polymer tablets and Adalat® capsules

2.2.4.3.1 Paddle method using aqueous dissolution medium

Aqueous medium (dilute hydrochloric acid pH 1.2) was degassed immediately prior to use by
heating to 41 °C before filtering through a 0.45 um PES membrane filter (Supor PALL Corporation,
U.S.A.), as recommended by the British Pharmacopoeia °°. This was performed to avoid the
formation of bubbles which may adhere to the dissolving surface of the tablet, affecting its
dissolution performance. Dissolution was carried out in an AT7 dissolution paddle apparatus (Sotax,
Switzerland) using 900 mL of the degassed dilute hydrochloric acid heated to 37 (+ 1) °C. The paddle
speed was set to 50 rpm and a 2 mL sample of the solution was withdrawn at 1, 2, 5, 10, 15, 30, 60,
90 and 120 minutes after the tablet/capsule was added to the vessel. The samples were filtered
using 0.45 um PTFE syringe filters (VWR, U.S.A.). The sample volume was immediately replaced
using pre-warmed medium. All consumables which came into contact with the sample were pre-

heated prior to use.

Amorphous solid dispersion tablets were added to the vessel directly. To recreate the ‘bite and
swallow’ technique a blade was used to make a horizontal incision through the middle of the
capsule, and the capsule was added to the dissolution bath. Any nifedipine solution which escaped
from the capsule during this process (i.e. onto blade/ gloves) was rinsed into the vessel with
dissolution medium from the vessel. Both capsules and tablets were observed to sink to the bottom
of the dissolution vessel and therefore no sinkers were required. This experiment was carried out
in triplicate for each formulation studied. Due to the photolabile nature of nifedipine, the

dissolution apparatus was covered in aluminium foil for the duration of the experiment.

Solid fractions of the formulations which remained after two hours were extracted from the
dissolution medium and allowed to dry over night at ambient temperatures prior to a repeat pXRD

analysis.

2.2.4.3.2 Paddle method using biphasic dissolution media

A second paddle dissolution experiment was carried out for the two best performing ASD
formulations (PVP17NIF and PVP30NIF) as well for the Adalat® capsule. This was also carried out in

the Sotax AT7 dissolution bath. This method involved using a biphasic medium i.e. 450mL of an
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aqueous layer (dilute hydrochloric acid pH 1.2) and 150mL of 1-octanol and was adapted from a
method reported in the literature *’. The capsule/ tablet was added to the degassed aqueous layer
before the addition of 1-octanol on top of the aqueous layer. This was done to avoid contamination
of the octanol layer with nifedipine while adding the capsule/tablet to the medium. The capsule
was split open as described in Section 2.2.3.3.1 prior to adding to the dissolution vessel. Both phases
of the dissolution medium were maintained at 37 (x 1) °C throughout the experiment. The paddle
was centred in the aqueous phase and set to a rotation speed of 100 rpm. At each time point (1, 2,
5, 10, 15, 30, 60, 90 and 120 minutes after the paddle was turned on), 2 mL was withdrawn from
both the agueous and octanol phases. The aqueous phase was filtered using a 0.45 pum PTFE syringe
filter (VWR, U.S.A.) and diluted to an appropriate concentration using HPLC grade methanol prior
to analysis. The octanol sample was also diluted using HPLC grade methanol prior to analysis. The
sample volumes were immediately replaced using pre-warmed media (aqueous and octanol phase).

All consumables which came into contact with the samples were pre-heated prior to use.

2.2.5 Solubility testing

2.2.5.1 Determination of crystalline ketoprofen equilibrium solubility at pH 1.2

An excess of ketoprofen was added to a glass amber vial with a capacity of 10 mL containing 5 mL
of 0.1 M hydrochloric acid (pH 1.2). These vials were sealed and crimped and placed in a reciprocal
shaking water bath (ThermoFisher Scientific, U.S.A) maintained at 37 ( 1) °C and shaken at 50 cpm.
After 24 hours 1 mL of the solution was filtered using a 0.45 um PTFE filter (Fisherbrand, U.S.A) and
diluted to an appropriate concentration in methanol before being analysed using HPLC. All
consumables which came into contact with the undiluted ketoprofen suspension were pre-heated

prior to use. This was carried out for three separate vials.

2.2.5.2 Determination of ketoprofen-polymer solid dispersion dynamic solubility at pH 1.2

100 mg of each polymer-ketoprofen system was added to 20 mL dilute hydrochloric acid (pH 1.2)
in a jacketed beaker with a capacity of 60mL containing maintained at 37 (1) oC via a water bath
(Lauda, Germany). The suspension was stirred continuously by magnetic stirring at 1000 rpm with
a 12 mm long magnet for 2 hours. At various time points, 1mL of the liquid was filtered through a
0.45 pum PTFE filter (Fisherbrand, U.S.A.), and diluted with methanol. Ketoprofen concentration was
determined using HPLC. All consumables which came into contact with the undiluted ketoprofen

suspension were pre-heated prior to use. Each system was tested in triplicate.
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2.2.5.3 Determination of crystalline nifedipine equilibrium solubility at pH 1.2

An excess of crystalline nifedipine was added to a glass amber vial with a capacity of 10 mL
containing 5 mL of 0.1 M hydrochloric acid (pH 1.2). These vials were sealed and crimped and placed
in a reciprocal shaking water bath (ThermoFisher Scientific, U.S.A) maintained at 37(+ 1) °C and
shaken at 50 cpm. After 24 hours 1 mL of the solution was filtered using a 0.45 um PTFE filter
(Fisherbrand, U.S.A.) and diluted to an appropriate concentration in methanol before being
analysed using HPLC. All consumables which came into contact with the undiluted nifedipine

suspension were pre-heated prior to use. This analysis was carried out for three separate vials.

2.2.6 High performance liquid chromatography (HPLC)

2.2.6.1 Ibuprofen HPLC analysis

Ibuprofen concentration in the dissolution medium was determined using an Alliance HPLC with
2695 Separations Module system and 2996 Photodiode array detector (Waters, Ireland) which was
used at a wavelength of 222 nm. The mobile phase consisted of acetonitrile and phosphate buffer
pH 7.5 in a 45 to 55 (v/v) ratio. The phosphate buffer was prepared by adjusting the pH of a 50 mM
potassium dihydrogen phosphate solution with 1 M sodium hydroxide. The column used was a
Spherisorb® ODS2 C18 column (250 mm x 4.6 mm, particle size 5 um; Waters, Ireland). Isocratic
elution was used with a column temperature of 25 °C, 1 mL/min flow rate and 10 pL injection
volume. Three samples were analysed at each time point and this experiment was performed in
duplicate. Calibration curves for R,S-ibuprofen and S-ibuprofen were constructed by measuring the
peak area for six concentrations in triplicate in the 50-500 pug/mL range. Sample HPLC traces and

calibration curves are shown in the Appendix.

2.2.6.2 Ketoprofen HPLC analysis and drug loading determination

Ketoprofen concentration in aqueous media was determined using an Alliance HPLC with 2695
Separations Module system and 2996 photodiode array detector (Waters, Ireland) which was used
at wavelength 259 nm. The mobile phase consisted of acetonitrile and phosphate buffer pH 3 in a
45 to 55 (v/v) ratio. The phosphate buffer was prepared by adjusting the pH of a 20 mM solution of
monosodium phosphate with 1 M sodium hydroxide. The column used was an ODS C18(2) column
(150 mm x 4.6 mm, particle size 5 um; Phenomenex, France). Isocratic elution was used with a
column temperature of 25 °C, 20 ulL injection volume and a flow rate of 1 mL/min. A six-point
calibration curve was created spanning 0.5 pg/mL to 500 pg/mL. Sample calibration curves and

HPLC traces are shown in the Appendix.

Ketoprofen loading of the spray dried and electrosprayed PVP polymers with a theoretical drug
loading of 20% w/w was analysed by dissolving samples in methanol and quantifying ketoprofen
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concentration using the HPLC method outlined above. Drug loading was determined using the

following equation

Actual drug concentration

Drug loading = X 100 Equation 2.13

Theoretical drug concentration

2.2.6.3 Nifedipine HPLC analysis

2.2.6.3.1 Nifedipine photostability testing and aqueous dissolution medium HPLC method

Nifedipine and its related photodegradants (Impurity A and B) were quantified in the spray dried
powders and equivalent physical mixtures before, during and after photostability testing using a
HPLC method modified from the British Pharmacopoeia *°8. An Alliance HPLC with 2695 Separations
Module system and 2996 photodiode array detector (Waters, Ireland) were used at a wavelength
of 235 nm. The mobile phase consisted of acetonitrile, methanol and deionised water in a 9:36:55
(v/v/v) ratio. The column used was an ODS C18(2) column (150 mm x 4.6 mm, particle size 5 um;
Phenomenex, France). Isocratic elution was used with a column temperature of 25 °C, 20 uL
injection volume and a flow rate of 2 mL/min (adapted from the 1mL/min flow rate prescribed in
the British Pharmacopoeia). Calibration curves (r>>0.99) for nifedipine and related impurities were
created using a minimum of six concentrations spanning from 2.5 pg/mL to 500 pg/mL for
nifedipine and 3 pg/mL to 245 ug/mL for the impurities. Calibration was repeated approximately
fortnightly during HPLC analysis. Impurity A, B and nifedipine had elution times of 10, 13 and 18
minutes respectively. The three peaks (where observed) complied with the system suitability test,
as specified in the British Pharmacopoeia, as resolution between peaks was greater than 1.5.

Sample calibration curves and HPLC traces are shown in the Appendix.

2.2.6.3.2 Nifedipine biphasic dissolution medium HPLC method

In order to reduce the HPLC running time (which was approximately 30 minutes per sample using
the method above), an alternative nifedipine HPLC method described in the literature was used *°.
This method used the same HPLC module system, column, PDA and wavelength as described above.
The mobile phase consisted of methanol and deionised water in a 2:1 (v/v) ratio. Isocratic elution
was used with a column temperature of 25 °C, 20 uL injection volume and a flow rate of 0.7 mL/min.
The elution time of nifedipine using this method was 7 minutes. A calibration curve for nifedipine
spanning 1 pg/mL to 50 pug/mL was created for this method. Sample calibration curves and HPLC
traces are shown in the Appendix. Photodegradant impurities were not detected using this method.

As previous dissolution tests showed no photodegradation of nifedipine, due to the protective

measures taken, this was deemed acceptable.

Page 67 of 268



Chapter 3: The impact of chirality on ASD stability and performance

Chapter 3: The impact of chirality on ASD
stability and performance
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3.1 Introduction

3.1.1 The impact of API chirality on glass forming ability and stability

As outlined in Chapter 1 Section 1.3, there are many factors which may influence the physical
stability of ASDs. Chief amongst these are APl and polymer characteristics. APl characteristics which
affect the physical stability of the amorphous state include molecular weight, number of rotatable
bonds, and structural complexity, as well as thermodynamic properties, such as the free energy
difference between the crystalline and amorphous state of the drug *. The role that enantiomeric
composition plays in the glass forming ability and glass stability of chiral APIs has not been fully

elucidated to date.

Chirality is ubiquitous in science as amino acids, many chemical reagents and approximately 60%
of marketed APIs exhibit this “handedness” 1%°. Any molecule with a stereogenic centre, such as an
asymmetric carbon, exhibits chirality and therefore can exist in different enantiomeric states.
Enantiomers are stereoisomers which are non-superimposable images of each other that may be
distinguished by their specific optical rotation %, Enantiomers are termed “R” or “S” depending on
the position of substituents around the chiral centre, in accordance with Cahn-Ingold-Prelog rules

162 An example of a chiral API is thalidomide, shown in Figure 3.1.

/ O 0 \
I-§ e O
NH NH
O o O O

\ R(+) thalidomide S(-) thalidomide /

Figure 3.1: Enantiomers of thalidomide .

Opposing enantiomers of the same APl may have different therapeutic and toxicological profiles.
This is the case for thalidomide, warfarin, thyroxine and non-steroidal anti-inflammatory drugs such
as ibuprofen 1647166 An increasing number of APIs reaching the market are formulated as single
enantiomers (44% of all APIs on the market between the years 1991 and 2002) *°, in part due to
regulatory requirements, which necessitate toxicological evaluation of both enantiomeric forms ¢’
This trend towards single enantiomer APl development also stems from commercial concerns.
Existing patents on racemic APIs may be extended by replacing the racemic mixture with the active
enantiomer, a strategy known as a “racemic switch” %816  Between 1994 and 2011, the FDA

approved 15 of these racemic switches, the first of which was for ibuprofen 7,

Ibuprofen is an
interesting example of a chiral molecule as it was originally marketed as a racemic mixture, although

the pharmacological activity resides in the S-enantiomer, as is the case for many NSAIDs 7%,
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Interestingly, when ibuprofen is administered as a racemic mixture, the R enantiomer undergoes

unidirectional chiral inversion in vivo to form the active S-enantiomer.

Racemic APIs can exist in the solid state as racemic compounds, conglomerates or solid solutions
(also known as pseudo racemates) 172, The differences between these categories, in terms of their
phase diagrams, are shown in Figure 3.2. In a racemic compound, each enantiomer has a stronger
affinity for its opposing enantiomer than for itself. Therefore, the unit cell of a racemic compound
consists of a 50:50 ratio of each enantiomer, combined to form a single type of crystal lattice 173,
Racemic compounds are the most common solid-state presentation of chiral APIs. Ibuprofen is an

example of a marketed API which is a racemic compound 174,

Conversely, racemic conglomerates account for only 10-20% of chiral molecules *%'7>, In racemic
conglomerates, each enantiomer has a stronger affinity for itself than for its opposing enantiomer.
This means that the two enantiomers crystallise separately to form R crystal lattices and S crystal

lattices 173,

A racemic conglomerate therefore consists of two phases (R crystals and S crystals)
which are physically mixed in a 50:50 ratio 1’4. Racemic solid solutions (or pseudo racemates) occur
less frequently than either racemic compounds or conglomerates. In racemic solid solutions, there
is little difference in the attractive forces between enantiomers of opposite rotation and the same
rotation. As such, both enantiomers compete for the same positions in the crystal structure and a

racemic solid solution results 3.
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Figure 3.2: Phase diagrams of enantiomeric mixtures forming a) a racemic conglomerate b) a
racemic compound c) a racemic solid solution. R, S, RS, and L represent solid R-enantiomer phase,
solid S-enantiomer phase, solid racemic compound RS, and liquid phase L respectively. yr
represents the fraction of R enantiomer present and T represents temperature. Boundaries
between regions represent melting point temperatures. Adapted from Srisanga et al. 72

As shown in Figure 3.2, racemic compounds and conglomerates show different patterns in the
relationship between enantiomeric composition and melting point temperature. For racemic
conglomerates, the 50:50 R,S mixture has a lower melting point temperature than either the pure
R or pure S enantiomer (Figure 3.2a). For racemic compounds, the 50:50 R,S mixture may have a
melting point which is higher, lower or equal to the melting point than either enantiomer alone
173(Figure 3.2b) but the presence of two eutectic composition allows for distinction between

racemic compounds and conglomerates via construction of binary phase diagrams .

Interestingly, while different enantiomeric compositions of the same molecule demonstrate
different melting points, the glass transition temperature of a chiral substance is constant,
regardless of enantiomeric composition. This has been demonstrated previously for limonene 76,

diprophylline 177, 5-ethyl-5-methylhydantoin © and ibuprofen 17,

As described in Chapter 1 Section 1.3, compounds with high enthalpies of fusion tend to be poor
glass formers and poorly stable in the glassy state %. As racemic compounds may have higher melting
points (and associated higher enthalpies of fusion) than their single enantiomer counterparts,’
they may be assumed to be more stable in the crystalline state than their single enantiomer

180 1t would therefore be anticipated that for a racemic compound fulfilling this

counterparts
requirement, the single enantiomer form may be more stable in the glassy state or more easily form
the glassy state than the equivalent racemic mixture as the thermodynamic driving force for
crystallisation to occur is smaller. Conversely, in the case of chiral molecules which crystallise as
racemic conglomerates, the racemic mixture would be predicted to be more stable in the glassy

state or more easily form the glassy state than the equivalent single enantiomer form.

The assumption that racemic compounds have superior thermodynamic stability relative to their

single enantiomer forms is an extension of Wallach’s rule, which states that racemic compounds
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are denser in the crystalline state than their single enantiomer counterparts 8. The validity of this
assumption has been questioned however ¥2, as the use of melting point data to determine the
relative stabilities of racemic mixtures and their pure enantiomer counterparts may be flawed. At
the melting point of a compound, molecules are in thermodynamic equilibrium between the solid
and liquid states. In the case of a racemic compound, the melting point is the point at which
equilibrium is reached between a racemic liquid and a racemic solid, while for the pure enantiomer
the melting point represents the temperature at which equilibrium between a pure enantiomer
solid and pure enantiomer liquid is reached. Therefore, melting point comparisons of racemic
mixtures and pure enantiomers should be interpreted with caution, as they do not represent points
of equilibria with the same liquid, but rather with different liquids 2. This is in contrast to
polymorphic forms, where melting temperatures represent points of equilibria with the same
liquid, allowing for direct ranking of thermodynamic stability. However, Wallach’s rule has been
tested experimentally, and in 65% of cases a racemic mixture does crystallise into a denser crystal
than its single enantiomer counterpart *’>. This implies that the driving force for crystallisation from
the amorphous state would be stronger for the racemic mixture compared to the single enantiomer
form. As most racemic mixtures are racemic compounds, this agrees with the assumptions outlined

above.

The influence that the difference in thermodynamic stability between racemic and single
enantiomer crystals has on their glass forming ability and glass stability has not been investigated
thoroughly to date. Using the chiral molecule 5-ethyl-5-methylhydantoin, as a model API, Atawa et
al have explored this question °. R,S-5-ethyl-5-methylhydantoin has a melting point and enthalpy
of fusion of 140 °C and 18 kJ/mol respectively while R-5-ethyl-5-methylhydantoin and S-5-ethyl-5-
methylhydantoin have melting points and enthalpies of fusion of 173 °C and 21 kJ/mol respectively
and is classified as a racemic conglomerate 6. 5-ethyl-5-methylhydantoin (regardless of
enantiomeric composition) is a poor glass former, according to the classification system described
by Baird et al. 4, making it suitable for probing enantiomer influence on crystallisation tendency.
Atawa found that the glass forming ability and glass stability of 5-ethyl-5-methylhydantoin
increased with counter enantiomer content 6. Therefore, the racemic conglomerate formed a more

stable glass than the pure enantiomer counterpart, which agreed with the predictions outlined

above.

The glass forming ability and glass stability of two racemic compounds and their single enantiomer
counterparts has also been investigated. Adrjanowicz et al. found that the Ty, of crystallisation
from a melt was 4 hours for R,S-ketoprofen and 10 hours for S-ketoprofen 8. Viel at al. however,
found very little difference in the glass forming ability, glass stability and molecular mobility of R,S-

5,177

diprophylline and S-diprophylline . The difference in melting temperature between R,S-
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ketoprofen and S-ketoprofen is more significant than in the case of R,S-diprophylline and S-
diprophylline (94 °C/ 75 °C versus 166 °C/160 °C respectively), which may explain the contradictory
observations. Interestingly, while Adrjanowicz et al. found that R,S- ketoprofen crystallised more
rapidly from its molten form than S-ketoprofen did from its melt at ambient pressure, the reverse
was true at elevated pressures; an observation which was not fully explained 3. Further research
is clearly needed to expand the limited understanding of the factors affecting the glass forming

ability and glass stability of chiral molecules.

The first section of this work will be to investigate the relationship between enantiomeric

composition and glass forming ability and glass stability for the racemic compound, ibuprofen.

3.1.2 The impact of chiral recognition between API and polymer on ASD stability

While the influence of enantiomeric composition on the glass forming ability and glass stability of
chiral APIs is clearly an area of research which needs further work, the potential for chiral
recognition between a chiral APl and polymer, and its potential impact on ASD physical stability,

has received very limited attention in the literature.

Chiral recognition refers to the situation where there is a specific, reversible interaction between
two chiral molecules based on three points of contact, the interaction being different for the
different diastereomeric pairings '®*. Chiral recognition was first identified in pharmacology, where
stereochemical differences in the activities of APIs were attributed to the differential binding of
enantiomers to a common site on an enzyme or receptor surface . For chiral recognition to occur,
the receptor/enzyme must contain three non-equivalent binding sites, and one enantiomer must
be able to interact with all three sites (via attractive or repulsive forces)!®, while the other
enantiomer may only interact with one or two sites ', This concept is illustrated for receptor sites

on protein surfaces in Figure 3.3 below.
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a) b)

Chiral
molecules
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Figure 3.3: lllustration of the three-points of interaction model for chiral recognition between
proteins and enantiomers. In scenario a) three enantiomer substituents interact with three
receptor sites, while in scenario b) only one substituent can interact with one receptor site.
Adapted from saylordotorg.github.io ¥’

The “three-points-of-interaction” explanation remains the predominant explanation when chiral
recognition phenomena are observed, as is the case in many branches of pharmaceutical science

including pharmacology, medicinal chemistry and chromatography 2.

The potential for chiral recognition between a chiral APl and an “inert” excipient when formulating
a medicine appears to be an area of pharmaceutical research which holds much promise, although
research to date is limited. Chiral recognition has been observed between enantiomers of chiral
molecules and B-cyclodextrins during complex formation, but predicting which enantiomer will
interact more strongly with B-cyclodextrin remains a challenge . As in the case of B-cyclodextrin,
all cellulose based polymers commonly used in ASD formulations (HPC, HPMC, HPMCAS and
HPMCP) have structures which are based on the dextrorotatory (+) glucose monomer . Therefore,
intuitively, chiral recognition should exist between such polymers and opposing enantiomers of a
chiral APl where the “three-points-of-interaction” criteria is fulfilled for one enantiomer but not the

other.

Previous work in this area has examined the ability of the chiral polymers HPMC, HPMCP and
HPMCAS to inhibit the crystallisation of two model chiral compounds (nitrendipine and 2-amino-
1,1,3-triphenyl-1-propanol) to differing extents 8. Miyazaki et al. demonstrated that R-nitrendipine
had slower nucleation and crystal growth rates than S-nitrendipine when formulated via melt-
quenching into an ASD with either HPMC or HPMCP 8. Sato and Taylor’s work demonstrated that

the crystal growth rate of 2-amino-1,1,3-triphenyl-1-propanol (ATP) from its molten state, in the
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presence of 5% w/w HPMCAS, differed depending on which ATP enantiomer was being studied and
the degree of functional group substitution present in HPMCAS 7. Two other chiral polymers used
in this study demonstrated either no inhibitory effect on the crystallisation rate of ATP, regardless
of ATP enantiomer type (in the case of polyhydroxy butyrate), or no difference in the degree of
crystallisation inhibition between ATP enantiomers (as was the case with HPMCP). The authors
postulated that the absence of chiral recognition in these cases could be explained by a lack of
interacting functional groups between the APl and the chiral polymer, as is the case with
polyhydroxy butyrate, or due to steric hinderance by the phthalate moiety in the case of HPMCP.
The literature to date, although sparse, does seem to indicate that the presence (or absence) of

drug-polymer intermolecular interactions dictates whether chiral recognition is observed in an ASD.

It is unclear whether chiral recognition, if present, is influenced by the method of ASD production,
as both papers highlighted above used melt-quenched ASDs for analysis. As the degree of mixing
between polymer and APl is influenced by ASD preparation method, chiral recognition, if present,
may be influenced by the route of ASD preparation, as solvent based methods (e.g. spray drying)

may allow a greater degree of interaction than milling, for example 1%,

In the context of a growing trend towards single enantiomer API approval, coupled with the poor-
aqueous solubility profile of most APls, understanding the molecular basis of chiral recognition in
ASDs could provide further insight into the rational formulation of physically stable ASDs. The aim
of this section of work is to examine which cellulosic polymers successfully amorphise the chiral API
ibuprofen, or its enantiomers, and whether chiral recognition is observed in this series of ASDs. A
secondary objective is to examine whether the route of ASD preparation has an influence on the

degree of chiral recognition which is observed.
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3.2 Results

3.2.1 The impact of ibuprofen chirality on its glass forming ability and glass stability

3.2.1.1 Non-isothermal crystallisation studies

The purpose of this work was to identify which, if any, of the easily calculated thermal parameters
outlined in Baird et al. # are predictive of the glass forming ability (GFA) or glass stability (GS) of R,S-
ibuprofen (R,S IBU) and S-ibuprofen (S IBU), and whether a difference in any of these properties is

apparent between the racemate and single enantiomers.

R,S IBU has been identified as a good glass former and it also recognised as being stable in the
glassy state . The GFA of S IBU has not been described in the literature, however, with regard to
the GS of S IBU there is some evidence to suggest that it may be even more resistant to
crystallisation in the glassy state than R,S IBU . This was theorised to be due to minor differences
in molecular dynamics in the amorphous state, particularly at temperatures close to the glass
transition temperature. This mirrors the assumptions outlined previously about the relative GS of

racemic compounds and their single enantiomer counterparts (Section 3.1.1).

The thermal properties of R,S IBU and S IBU which contribute to GFA and GS, along with GFA and
GS predictor parameters, which were determined as outlined in Chapter 2 Section 2.2.3.4.7, are

shown in Table 3.1.
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Table 3.1: Thermal properties, GFA and GS predictors of R,S IBU and S IBU determined by DSC
with a heat/cool/heat cycle (conducted at a rate of 10/10/10 °C/min) t standard deviation.
Values in italics are those predicting a glass that forms more readily or is more stable in the glassy
state relative to the comparator in the adjacent column.

Thermal properties R,S IBU SIBU

Tm (°C) 74.36 £0.13 50.99+0.18

Tg onset (°C) -46.13+0.12 | -46.39+0.03

Tg (midpoint) (°C) -43.72 £0.12 -43.92 £ 0.04

Teryst onset heat (°C) 37.40° 33.87°

GFA predictors R,S IBU SIBU P-value
AHzys (J/9) 119.07 £ 2.15 86.72 +0.35 <0.0001
ASrs (J/g/°C) 1.60 £ 0.03 1.70£0.01 0.0067
Trg 0.650.00 0.70+0.00 <0.0001
Teryst onset heat = Tg (onset) (°C) 83.53+0.07 80.26 + 0.03 <0.0001
GS predictor R,S IBU SIBU P-value
Tred 0.69 +0.00 0.82 £0.00 <0.0001

% Value is taken from a heat, cool, heat cycle (conducted at a rate of 10/2/10 °C/min).

Ibuprofen, regardless of enantiomeric composition has a glass transition at approximately -46 °C,
while the melt temperature of R,S IBU is 74 °C and that of S IBU is 51 °C. The heat of fusion, 4Hjys,
is related to GFA as the higher the value, the more energy is required to break the intermolecular
bonds of the crystal lattice, and the more stable the compound is in the crystalline state. Poor glass
formers are likely to have higher specific heat of fusion values, as there is a stronger thermodynamic
driving force for crystallisation to occur #. S IBU has a lower 4Hss than R,S IBU (86.72 + 0.35 J/g
versus 119.07 + 2.15 J/g) and would therefore be predicted to be a better glass former. The entropy
of fusion ASks (where ASws= AHxus/ Tmelt onset) is also inversely related to GFA * The entropy of fusion
was determined to be higher for S IBU than for R,S IBU (1.70 £ 0.01 J/g/ °C and 1.60 + 0.01 J/g/ °C).

This implies that R,S IBU should more easily form a glass than S IBU from an entropic perspective.

The reduced glass transition temperature (Tyg) is another parameter which describes the GFA of

substances and is calculated using Equation 3.1.

T — _Tglonsety

rg =7 Equation 3.1

melt(onset)

Ty (onser) is the onset temperature of the glass transition in degrees Kelvin and Tyeieonser) is the

onset temperature of the melt in degrees Kelvin. The Ty of a substance is related to its GFA due the
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effect of viscosity 1. Assuming viscosity is constant at Ty(onset), @ larger T;.4 value indicates higher
viscosity (and hence lower molecular mobility) between Tg(ypsery and Tipeyr - A rule of thumb has
developed that a Trg > 0.67 signifies a substance which can only crystallise slowly over a narrow
temperature range while being cooled, and hence is more likely to be a good glass former 192193, Ag
the Trg of S IBU is slightly higher than that of R,S IBU (0.70 versus 0.65) and is > 0.67, S IBU is

predicted, from the T,.; , to more readily form a glass than R,S IBU.
Another GFA parameter can be calculated using Equation 3.2

Tcryst. onset heat — Tg onset Equation 3.2

Teryst. onset heat 1S the temperature at which the onset of crystallisation is detected during heating
4, The larger the difference between this temperature and the glass transition temperature the
more likely it is that the liquid will form a glass %. As the difference between the glass transition
temperature and the temperature of crystallisation for R,S IBU is slightly higher than for S IBU (83.53
1 0.07 °C versus 80.26 + 0.03 °C), this parameter indicates that R,S IBU is in fact more likely to form

a glass.

A commonly used thermal predictor of GS is termed the reduced temperature T,.; which is
calculated using the formula in Equation 3.3. This equation allows for comparisons of crystallisation
tendencies of different materials as it represents a normalised measure of how far above the glass

transition temperature a material must be before spontaneous crystallisation is observed %4,

T _ Tcryst. onset heat_Tg midpoint
red —

Equation 3.3

Tmelt_Tg midpoint

Higher T,.4 values are associated with slower crystallisation rates '**. The T,.4 for R,S IBU is 0.69
and for S IBU is 0.82. Therefore, on the basis of this parameter, S IBU is predicted to be the more
stable glass, a prediction which agrees with a previous study comparing the molecular dynamics of

R,SIBU and S IBU **°,

Thus, the various GFA parameters outlined by Baird et al.*, and detailed here for IBU in Table 3.1,
appear to contradict each other in terms of predicting whether R,S IBU or S IBU more readily form
a glass. As the glass transition temperature for R,S IBU and S IBU are identical and both are good
glass formers, the calculated parameters may have limited predictive power, as any difference in

GFA may not be of a magnitude which is observable using standard thermal analysis.

To determine whether the GFA parameters calculated in Table 3.1 have any predictive power,
samples of R,S IBU and S IBU were melted and cooled to below the glass transition in a DSC at

varying rates as outlined in Chapter 2 Section 2.2.3.4.7. GS was assessed by reheating at varying
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rates. Recrystallization during either the cooling or re-heating cycle was recorded. The results for

each of three replicates are shown in Table 3.2.

Table 3.2: Crystallization tendencies of R,S IBU and S IBU in a DSC with varying cooling and re-
heating rates

Cooling/Reheating rate (°C/min) | 10/10 | 5/10 | 2/10 | 1/10 | 5/5 | 2/2

R,S IBU Rk RECLORRA | *A# | AA* | AAA

SIBU FEA | AAA | FEA | OHER | AT | #F*

*the sample remained amorphous upon cooling and reheating; A the sample partially recrystallised
upon reheating and # the sample partially recrystallised in the cooling cycle

Regarding the GFA of the samples, it was not possible to detect a critical cooling rate (R¢rit) which is
commonly used to describe the ease with which a glass can be formed. This is because Rgit
determination requires cold crystallisation at several cooling rates and as seen in Table 3.2, cold

crystallisation only occurred using a cooling rate of 1 °C/min for R,S IBU.

However, some summary observations are noted. S IBU underwent cold crystallisation using
cooling rates of 5, 2 and 1 °C/min, while R,S IBU only underwent cold crystallisation using a 1 °C/min
cooling rate. This appears to indicate that R,S IBU has better GFA than S IBU as a very slow cooling

rate was required for cold crystallisation to occur.

Regarding GS, it is interesting to note that one S IBU replicate partially recrystallised during the
reheating cycle when a 10 °C/min cooling and re-heating rate was used which was not observed
with R,S IBU. In fact, when a 5 °C/min cooling rate (with 10 °C/min re-heating rate) was used S IBU
crystallised upon reheating in all replicates while R,S IBU did not recrystallise in any of the replicates
with the same thermal profile. This suggests that S IBU has a greater crystallisation tendency than

R,S IBU which contradicts the prediction given by (Ty.q).

The discrepancy between predictions and experimental observations may be due to a difference in
impurity profiles, as crystallisation rates are dramatically influenced by even low levels of
impurities, as has been demonstrated for diprophylline and its major impurity theophylline 77,
Although the R,SIBU and S IBU used in this experiment were of reagent grade, R,S IBU had a labelled
purity of 99% and S IBU had a labelled purity of 98%. Although determination of the impurity
profiles of the ibuprofens which were used is beyond the scope of this thesis, their impurities and
their relative abundancies may have contributed to the non-isothermal crystallisation which was
observed. In the case of diprophylline, the presence of theophylline reduced the overall
diprophylline crystallisation rate but favoured the formation of primary crystals of diprophylline 177,

As impurity levels play a complex role in the crystallisation of materials, and this factor was not
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addressed in the non-isothermal crystallisation studies, any observed differences in the GFA and GS

of R,S IBU and S IBU from this study should be interpreted with caution.

3.2.1.2 Enthalpy recovery studies

The thermodynamic instability of the amorphous state means that during storage, also known as
physical ageing, the disordered state undergoes a “relaxation” process to an equilibrium state. This
often involves complex molecular dynamics (Section 1.3.1.2) which are generally determined using
broadband dielectric spectroscopy. The time dependence of these relaxation mechanisms is
characteristic of the stability of the amorphous state, with stable glasses exhibiting prolonged
relaxation times. Differential scanning calorimetry can be used to determine the enthalpy recovery
at the glass transition, which is considered a substitute measure of relaxation (Figure 3.3) ***, by

integrating the endothermic peak at the glass transition, as shown in Figure 3.4.

The aim of this experiment is to determine if there is any apparent difference in the extent of
enthalpy recovery between R,S IBU and S IBU using DSC methods, as outlined in Chapter 2 Section
2.2.3.4.8. The enthalpy recovery of R IBU (UCD, Ireland) was also measured, as it should be identical

to S IBU.

D
A
/ Recovery
Relaxation

Enthalpy

Ta Tg

Figure 3.3: lllustration of the enthalpy relaxation and recovery relationship as revealed by DSC.
T, is the annealing temperature. A and B refer to the unaged and aged amorphous sample
respectively. As the amorphous sample is heated in the DSC scan, sample B becomes sample C.
At the Tg enthalpy recovery is recorded as the sample transitions to state D. Adapted from
Kawakami and Ida %°.

Page 80 of 268



Chapter 3: The impact of chirality on ASD stability and performance

-0.10
2
= |
T
_% 0.3554 Jig
L
8 44.82°C
T
}—\
0.7867Jig
-45.28°C
S IBU AGED 60M
S IBU AGED 360M
-0.15 T T T g
-50 45 -40 35
Exo Up Temperature (°C)

Universal V4 .5A TA Instruments

Figure 3.4: DSC thermograph of S-ibuprofen aged at -66 °C for 1 hour and 6 hours showing
integration of the endothermic peak at the Tg, as a measure of enthalpy recovery.

3.2.1.2.1 Enthalpy recovery as a function of ageing time

A linear regression analysis of enthalpy recovery versus ageing time dependency at the ageing

temperature of -66 °C was performed for the three ibuprofen samples. The extent of enthalpy

recovery for each ibuprofen sample was plotted against ageing time from the linear portion of the

recovery curve for ageing times between 0 and 360 minutes (Figure 3.5). Data was normalised by

dividing each enthalpy recovery value by the average enthalpy recovery for an unaged sample. The

slopes were tested for statistically significant differences using an F-test, the results of which are

shown in Table 3.3. The extent of enthalpy recovery increased with increasing ageing time for R,S
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IBU, R IBU and S IBU. This is not surprising, as it means that when ibuprofen was given more time

in the amorphous state, it relaxed to a greater extent.

6-
-~ RS IBU
= SIBU
4- RIBU

Normalised enthalpy recovery (J/g)

0 100 200 300 400
Aging time (minutes)

Figure 3.5: Normalised ibuprofen enthalpy recovery as a function of ageing time at -66 °C for R,S
IBU, S IBU and R IBU

2.4 4
1.6 -
=
= R,S IBU -56°C
° - SIBU -56°C
< = RIBU -56°C
e R,SIBU-66°C
e SIBU -66°C
RIBU -66°C
0.0 - 1
1 ' 1 ' 1
0 600 1200

Time (minutes)

Figure 3.6: Enthalpy recovery as a function of ageing time and temperature for R,S IBU, S IBU and
R IBU. Solid lines represent the best fit to the Kohlrausch-Williams-Watts equation.
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Table 3.3: Linear regression of normalised ibuprofen enthalpy recovery as a function of ageing
time at -66°C

Normalised ibuprofen enthalpy recovery when aged at -66°C
Ibuprofen enantiomer Equation of the line R?value Slope +S.D

R,S IBU y=0.011x+1.229 0.97 0.011 £ 0.001

SIBU y = 0.008x+1.096 0.95 0.008 + 0.001

R IBU y = 0.008x+0.978 0.86 0.008 £ 0.001

F-test of slopes F-value p-value Statistically significant

R,SIBUvsS IBU 7.655 0.01 Yes
R,SIBUvsRIBU 6.881 0.02 Yes
SIBUvsRIBU 0.343 0.57 No

As shown in Figure 3.5 and Table 3.3, when the samples were aged at -66 °C R,S IBU’s enthalpy
recovery over varying ageing times was statistically significantly different to that of both R IBU and
S IBU. The difference in enthalpy relaxation between the two opposing enantiomers over time was
not significant. This suggests that glassy R,S IBU undergoes faster relaxation towards an equilibrium
state than S IBU or R IBU, which agrees with the theoretical stabilities of racemic ibuprofen and its

single enantiomer counterparts in the amorphous state, as outlined in Section 3.1.1.

This observation of faster enthalpic relaxation over time for R,S IBU relative to S IBU appears to
contradict observations from the crystallisation study, where R,S IBU appeared to have superior
GFA and GS compared to S IBU (Section 3.2.1.1). However, it must be considered that in the non-
isothermal crystallisation studies, crystallisation occurred in the super-cooled liquid state, while in
the enthalpy recovery study the samples have relaxed in the glassy state i.e. below the glass

transition.

In order to determine the characteristic relaxation time (t) of the materials, the enthalpy relaxation
data was fitted to the Kohlrausch-Williams-Watts equation (Equation 2.4) %2 as described in

Chapter 2 Section 2.2.3.4.8, and is graphed in Figure 3.6.
AHye1ax = AHo, [1 - exp{_(t/TKWW)B}] Equation 2.4

AH, ¢4, and AH,, are the enthalpy relaxation and the maximum enthalpy recovery at a given

Kww

temperature. The other parameters t, T and B are the ageing time, enthalpy relaxation time

and the non-exponential parameter respectively #2143, AH_, can be calculated using Equation 2.5
AH, = ACy(T, — T) Equation 2.5
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Where AC,, is the change in the heat capacity at the glass transition temperature and T is the ageing
temperature. AC,, was calculated as the average change in heat capacity for each material at the

glass transition of the unaged sample. Results are shown in Table 3.4 and 3.5.

Table 3.4: Determination of AH.. for R,S IBU, S IBU and R IBU aged at -66 °C and -56 °C

Aged at -66°C Aged at -56°C
AC,(J/g.C°) | Tg(K) | T(K) | AH,, AC, (J/5.C°) Tg (K) T (K) AH,
R,S IBU 0.3263 224.46 | 207.15 | 5.6482 0.4462 224.49 | 217.15 | 3.2751
SIBU 0.3607 224.12 | 207.15 | 6.1211 0.3457 224.68 | 217.15 | 2.6031
RIBU 0.2930 224.39 | 207.15 | 5.0513 0.3246 224.51 | 217.15 | 2.3891

Table 3.5: Fitted parameter values using the Kohlrausch-Williams-Watts equation for R,S IBU, S
IBU and R IBU aged at -66 °C and -56 °C. Standard error in parentheses.

Aged at -66°C Aged at -56°

B "W (minutes) | B KWW (minutes)
R,S IBU 0.73£0.06 4641 £ 768 0.52+£0.09 333.53+584
SIBU 0.75+0.08 5858 + 1193 0.54 £0.15 210.79 £ 40.98
RIBU 0.80 £0.09 3706 £ 657 0.71+£0.12 150.89 + 14.88

As seen in Figure 3.6 the AH,.,;,, for all three ibuprofen samples increased when the ageing
temperature increased from -66°C to -56°C, while relaxation times (tX""W) decreased, indicating
higher molecular mobility. The relaxation times which were calculated (Table 3.5) have significant
error values associated with them, and therefore it is not possible to conclude whether there are

any differences in the molecular mobilities of the samples.

The B value indicates the extent to which the data deviates from a true exponential function, where
1is a true exponential function. Values should be within + 0.1 of each other to allow for meaningful

comparison *°®. In this work, the error associated with the T¥WW

value may stem from the deviation
of B from 1, as well as the fact that samples were aged in duplicate for samples aged for 0-360
minutes at -66 °C, while only single runs were performed for samples aged for 1440 minutes at -66
°C and all ageing times at -56 °C. The relaxation time of R,S IBU at -66°C calculated in this study of
4641 minutes differs substantially from a value of 1416 minutes reported in another study, however

the B value is not reported in this other study, making direct comparison difficult 1’
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3.2.1.2.2 Enthalpy recovery as a function of ageing temperature

The activation energy (E.) required for relaxation in the glassy state may be considered to
correspond to the molecular mobility and hence GS, as has been demonstrated with amorphous
trehalose 8. The E, can be determined by examining the temperature dependency of the enthalpy
relaxation time at -56 °C and -66 °C using an Arrhenius plot as shown in Figure 3.7. The slope of
the line represents the E, for enthalpy relaxation. Higher E, values are associated with more stable

glasses as they represent a higher energy barrier between the amorphous and crystalline state 1%,

20+
-e- RS IBU

15 . = SIBU
> RIBU
=
< 10-
E V

1l

0- ==

4.6 4.7 4.8 4.9
1000/T

Figure 3.7: Arrhenius plot of TX"W for R,S IBU, S IBU and R IBU aged at -56 °C and -66 °C

Table 3.6 Values used for amorphous state relaxation activation energy determination for R,S
IBU, S IBU and R IBU

R,S IBU SIBU R IBU
1000/T
In "W (mins) In "W (mins) In "W (mins)
Aged at -66 °C 4.827 8.44+6.64 8.68 +7.08 8.22 +6.49
Aged at -56 °C 4.605 5.81+4.07 5.35+3.71 5.01+2.70
Activation energy (kJ/mol) 11.84 14.96 14.40

The slopes (i.e. Ezs) of R,S IBU, S IBU and R IBU in Figure 3.7 are 11.84, 14.96 and 14.40, respectively.
As only two ageing temperatures were used, the calculated E.s had no error values associated with
them, but the Int¥"% values used to fit these lines have significant error values associated with
them as shown in Table 3.6. Therefore, it is not possible to make any definitive conclusion from this

data.

Kww

Unfortunately, it was not possible to measure © at a temperature lower than -66°C as the DSC

cooler could not maintain this temperature for the required time. Similarly, attempts to age glassy
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ibuprofen at a temperature higher than -56°C were unsuccessful, as the aging temperature was too
close to the glass transition temperature and an accurate enthalpy recovery value could not be

determined.

The DSC studies (non-isothermal crystallisation and enthalpy recovery studies) outlined above,
demonstrate contradictory findings, as supercooled liquid R,S IBU appears to be more resistant to
crystallisation during cooling and heating in a DSC pan, yet simultaneously appears to demonstrate
faster relaxation in the amorphous state compared to S IBU. The significant error associated with
the values determined for these experiments, such as shown in Table 3.6, means that, while

interesting, the level of certainty around these findings is poor.

3.2.1.3 Broadband dielectric spectroscopy (BDS)

The relaxation processes governing amorphous R,S IBU have been well described by separate
groups. There are multiple processes (often overlapping) which govern the molecular mobility of

R,S IBU and S IBU in the amorphous state, namely a, B, y and D(Debye) processes 14%:199.199

The purpose of this experiment was to compare the molecular mobility of R,S IBU and S IBU using
dielectric spectroscopy, as outlined in Chapter 2 Section 2.2.3.10. Graphs showing the dielectric loss

for both compounds are shown in Figure 3.8.
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Figure 3.8: Dielectric loss spectra of a) R,S IBU and b) S IBU. Black lines represent the a process,
red and green lines represent the B process and y process respectively, and the violet line
represents the onset of crystallisation.

The a-process moves to higher frequencies with increasing temperatures, with no change in peak
intensity in the case of S IBU. In the case of R,S IBU, there is a sharp decrease in the intensity of the

dielectric loss peak at 273 K, which corresponds to the onset of crystallisation of the polymorphic
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form of R,S IBU (form Il) %29 The growth of form Il R,S IBU results from prolonged exposure to
temperatures below the glass transition temperature, as was the case in the BDS method used here.
The presence of form Il of R,S IBU has been documented using DSC, pXRD and hot-stage microscopy.
Although a secondary method was not used to confirm the presence of form Il R,S IBU, the onset

of crystallisation during BDS is most likely due to crystallisation of this polymorph.

At temperatures below the glass transition, the secondary relaxation called the y- process, is visible
in both samples between 153 Kand 183 K. In the S IBU sample a further secondary process (termed
the B-process) is observed between 198 K and 218 K. This is not apparent in R,S IBU. These
secondary relaxation processes result from local molecular motions as opposed to the a-process
which reflects reorientation of the entire molecule %%, Therefore, according to the analysis carried
out here, there may be some minor differences in the local molecular motions between R,S IBU and

SIBU.

From the analysis of the spectra collected above the glass transition, the a relaxation times of the
samples were determined using the Havrilak-Negami (HN) function as described in Chapter 2
Section 2.2.3.10. However, before determining these characteristic relaxation times, the t.(T)
dependence had to be parameterised using the Vogel-Fulcher-Tammann (VFT) equation %! as
described in Chapter 2 Section 2.2.3.10. The parameters given by the VFT equation are shown in
Table 3.7. These values are similar to those reported by Bras et al. 1*° and Adrjanowicz et al.'*® for

R,S IBU and by Shin et al. for S IBU

Table 3.7: a-relaxation parameter estimates for R,S IBU and S IBU using VFT equation

logio T, (seconds) D Ty (K)
R,S IBU -14.2 £0.5 8.1+0.8 185+ 2
SIBU -13.7+0.5 7.5+0.9 187 +3

By extrapolating the VFT fit to 14 = 100 seconds (logio To = 2), which is the characteristic relaxation
time at the glass transition 2°?, the glass transition temperature of R,S IBU and S IBU was estimated
to be 226 K from the relaxation map (Figure 3.9). This is within 1 K of the glass transition

temperature as measured by DSC.
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Figure 3.9: Relaxation map of R,S IBU and S IBU

In order to parameterize 1g, (T) dependencies in the glassy state the Arrhenius equation was used
as described in Chapter 2 Section 2.2.3.10. The calculated activation energies are shown in Table

3.8.

Table 3.8: Secondary relaxation parameters for R,S-ibuprofen and S-ibuprofen

Secondary process E ,(k) mol?)
R,S IBU (y) 24.1+0.3
SIBU (y) 244+0.4
SIBU (B) 145.6 + 5.8

The E, for the y-process in amorphous R,S IBU corresponds well to what has been described in the
literature 4919, Both of these cited studies also describe a B-process for R,S IBU which had an
activation energy of approximately 50 kJ mol? associated with it. This was not observed in the
current study, which may be due to the crystallisation which was observed in this sample, which

has not been recorded previously in the literature.

A previous study examining the secondary relaxation process(es) of amorphous S IBU, found a
single secondary relaxation process, which they termed the B relaxation, which had an E, of 39.2
kJ/mol associated with it 1*°, In the present study, two secondary relaxation processes are described

for S IBU, the y-process (which was quasi-identical to the R,S IBU sample) and a B-process which
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was not observed in the R,S IBU sample. Upon further examination of the S IBU B-process, the
activation energy of 145.6 kJ mol? is much higher than what would be anticipated for a secondary

relaxation process and may in fact be the a-process of an impurity/ degradation product.

Supercooled liquids can be classified into two categories “strong” and “fragile” using the M,
parameter 22, as described in Chapter 2 Section 2.2.3.10. The higher the value of the steepness
index the more fragile the system is. It has been postulated that fragility i.e. the measure of
deviation of 14(T) from Arrhenius behaviour, may be an inverse measure of physical stability of
amorphous APIs. The higher the value of M;, the more unstable the system is likely to be in the
supercooled liquid state. The M, for S IBU was calculated as 91, this is significantly higher than the
fragility values which have been previously reported for S IBU which ranged from 73 to 76 17819,
The M, value determined for R,S IBU in this work was 90, which is similar to literature values which
ranged from 87 to 93 1%91%°, Based on these values both samples can be classified as fragile glass

formers, meaning they would both be anticipated to be poorly stable in the glassy state, although

the opposite has been observed experimentally 4.

It is clear from the studies described in Section 3.2.1 that determining the relative amorphous
stabilities of racemic compounds and their single enantiomer counterparts is challenging and
complex. A summary of the observations made in this section is given in Table 3.9. Non-isothermal
crystallisation studies appeared to contradict the assumption that S IBU should be more resistant
to crystallisation in the supercooled liquid state than R,S IBU. Quantification of the extent of
enthalpy recovery experienced by R,S IBU and S IBU in the amorphous state was difficult using DSC

and a more detailed picture of the relaxation processes was captured via BDS.
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Table 3.9: Summary of amorphous stability predictors determined for R,S IBU and S IBU in

Section 3.2.1
GFA Superior Inferior
GS Superior Inferior

Enthalpy recovery over time

Possibly faster

Possibly slower

Activation energy for recovery

Crystallisation

Possibly lower

Polymorphic crystallisation

Possibly higher

No crystallisation

Relaxation processes

a and y processes

a, B and y processes

o process relaxation time

log10(Te ) =-14.2 £ 0.5

logi0(Te)=-13.710.5

B process activation energy

Not observed

145.6 + 5.8 kJ/ mol

Y process activation energy

24.1 £ 0.3 ki/ mol

24.4 + 0.4 kJ/ mol

Fragility

90

91
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3.2.2 The impact of chiral recognition between API and polymer on ASD stability and

performance

3.2.2.1 Chiral recognition between ibuprofen and cellulose polymers: screening using cryo-milling

(Cv)

A chiral recognition screening study of ibuprofen and cellulose polymers was carried out as outlined
in Chapter 2 Section 2.2.1.2.1. Briefly, ibuprofen (R,S IBU, S IBU or R IBU) and a cellulose polymer
(HPC, HPMC, HPMCAS or HPMCP) were cryo-milled at a 50:50 w/w ratio and the resulting powder

was tested for amorphisation using DSC and pXRD.

3.2.2.1.1 Thermal analysis

Representative DSC scans for the cellulose polymers cryo-milled with R,S IBU, S IBU or R IBU are
shown in Figures 3.10, 3.11 and 3.12 respectively, and thermal parameters determined from these

scans are shown in Table 3.10
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Figure 3.10: Representative DSC scans of R,S-ibuprofen/ cellulose polymer systems post cryo-
milling, with a pure R,S-ibuprofen scan as a reference (purple line)
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Figure 3.11: Representative DSC scans of S-ibuprofen/ cellulose polymer systems post cryo-
milling, with a pure S-ibuprofen scan as a reference (purple line)
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Figure 3.12: Representative DSC scans of R-ibuprofen/ cellulose polymer systems post cryo-
milling, with a pure R-ibuprofen scan as a reference (purple line)
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Table 3.10: Onset melting temperatures (Tm) and enthalpies of fusion (AHs) for physical mixtures (PM) and cryo-milled samples (CM) of cellulose polymers: ibuprofen
systems 50:50 w/w. Values are mean values t standard deviation.

70.06 £0.20 | 47.59+0.15 | 4543+0.52 | 68.83+0.32 | 46.37+0.63 | 45.47+0.38 | 67.62+0.11 | 47.44+0.05 | 44.76 £0.26 | 69.67+0.15 | 46.61+0.34 | 45.48 +£0.58
69.26£0.12 | 45.57+0.71 | 45.62+0.19 | 61.94+1.48 | 42.20+0.42 | 41.50+0.45 | 59.50+0.59 | 42.39+1.01 | 3531+0.62 | 67.66+0.70 | 46.13+0.78 | 43.43+0.29
59.25+1.77 | 43.79+041 | 47.36+5.45 | 52.13+2.11 | 40.50+0.75 | 47.63+2.69 | 58.78+7.63 | 38.14+2.05 | 41.79+7.66 | 57.80+0.86 | 34.61+4.94 | 48.86+1.20
53.90+0.64 | 47.29+4.22 | 4396+1.97 | 44.11+5.03 | 20.98+1.59 | 35.93+4.09 | 49.38+3.05 | 36.96+6.00 | 32.76 £+3.09 | 48.07+5.69 | 31.36+6.23 | 37.57+0.43
90.97+£1.08 | 108.00+9.63 | 92.82+4.17 | 84.63+10.15 | 51.81+3.59 | 75.86+8.65 | 84.01+5.19 | 96.89+15.76 | 78.38+7.42 | 83.16+9.85 | 90.61+17.99 | 76.89 +0.89
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It is clear from the DSC scans shown in Figures 3.10-3.12 that none of the cryo-milled ibuprofen-
cellulose systems were completely amorphous as evidenced by the presence of a melting
endotherm in all samples, which corresponded to the melting endotherm of crystalline R,S IBU, S
IBU or R IBU. Interestingly, no glass transition temperatures were detected for any of the cryo-
milled samples, even though an overall reduction in the amount of ibuprofen present in the
crystalline form was apparent for many systems (Table 3.10).

However, it is apparent that two of the cellulose polymers (HPMC and HPMCAS) have depressed
the melting points of all ibuprofen material (regardless of enantiomeric composition) more than
the other two cellulose polymers (HPC and HPMCP) which were tested. This is represented

graphically in Figure 3.13.
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Figure 3.13: Melting point depression of cryo-milled ibuprofen-cellulose samples at a 50:50 w/w
ratio compared to their equivalent physical mixtures. PMs are physical mixtures of ibuprofen and
polymer and CMs are cryo-milled mixtures of ibuprofen and polymer.

The melting point of a crystal represents the temperature at which the chemical potential of the
crystal is equal to the chemical potential of the melt 1%, When an amorphous polymer is mixed at
the molecular level with a crystalline substance, if miscible, the chemical potential of the crystalline
material is reduced, resulting in the melting point occurring at lower temperatures than the pure

crystalline substance 12,

For the systems studied in Figure 3.13 it is clear that HPMCP and HPC are poorly miscible with all
three enantiomeric forms of ibuprofen, as evidenced by low/ negligible melting point depression in
the cryo-milled samples relative to the equivalent physical mixtures. By contrast, the cryo-milled

HPMC and HPMCAS systems exhibit melting points which are depressed relative to the physical
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mixtures in both enantiomeric forms and the racemate of ibuprofen. This is interesting, as it
appears that the miscibility of cellulose polymers to and ibuprofen is similar across all three
enantiomeric compositions of ibuprofen, except for HPMCAS. The R IBU-HPMCAS cryo-milled
system demonstrated a melting point which was significantly lower than the S IBU-HPMCAS cryo-
milled system (35.31 £ 0.62 °C versus 42.39 + 1.01 °C, Table 3.10) which may indicate differences in
miscibility between HPMCAS and R IBU and S IBU.

The amount of crystalline material still present in the cryo-milled samples was estimated using DSC,
as described in Chapter 2 Section 2.2.3.4.1, and results are graphed in Figure 3.14 and listed in Table
3.10.
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Figure 3.14: Estimates of the proportion of ibuprofen present in the crystalline state post cryo-
milling with cellulose polymers at a 50:50 w/w ratio, relative to an equivalent physical mixture.
CMs are cryo-milled mixtures of ibuprofen and polymer.
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Examining Figure 3.14, it is clear that the systems containing HPC appear to contain the greatest
amount of crystalline ibuprofen after cryo-milling, regardless of the enantiomeric composition of
ibuprofen. The quantity of R,S IBU which remains crystalline when cryo-milled with HPMC, HPMCAS
and HPMCP is approximately 84% in all cases. Similarly, the quantity of R IBU which remains
crystalline when cryo-milled with HPMC, HPMCAS and HPMCP is approximately 76% in all cases. By
contrast, the proportion of S IBU which remained crystalline in the cryo-milled systems appears to
differ depending on the type of cellulose polymer which was used. The proportion of S IBU which
remained crystalline after cryo-milling with HPMC, HPMCAS and HPMCP was estimated as 52%,
97% and 91% respectively. These results point towards a stereospecific facilitation of amorphisation
and/or suppression of recrystallisation as a result of interaction between ibuprofen and cellulose

polymers, which is particularly prominent between S IBU and HPMC.

3.2.2.1.2 pXRD analysis

The pXRD patterns for HPC, HPMC, HPMCAS and HPMCP ibuprofen systems 50% w/w before and
after cryo-milling are shown in Figures 3.15-3.18. Bragg peaks are evident in all physical mixtures
and in all cryo-milled samples, indicating that crystalline ibuprofen is present in all samples, which

agrees with findings from the thermal analysis in Section 3.2.2.1.1.

In the pXRD patterns of R,S IBU-cellulose polymer systems, the intensity of the Bragg peak located
at 22.40 degrees 26 appears to reduce in intensity for all cryo-milled samples (pattern b in Figures
3.15-3.18) relative to their physical mixture counterparts (pattern a in Figures 3.15-3.18), which
indicates some degree of amorphisation of ibuprofen has taken place. Similarly, in the pXRD
patterns of S IBU and R IBU cellulose polymer systems, the intensity of the Bragg peak located at
7.50 degrees 26 reduces in intensity for all cryo-milled samples (patterns d and f in Figures 3.15-

3.18) relative to their physical mixture counterparts (patterns c and e in Figures 3.15-3.18).

Page 96 of 268



Chapter 3: The impact of chirality on ASD stability and performance

HPC
7.50 22 .|40
www 5000 a.u
2) 7 i
b) i |
) d b ,ﬂ
) S Y WYY & L S N
&) i
H i
10 20 30 40

20 (degrees)

Figure 3.15: pXRD patterns of physical mixtures (PM) and cryo-milled samples (CM) of HPC and
ibuprofen in a 50:50 w/w ratio. a) PM R,S IBU b) CM R,S IBU c) PM S IBU d) CM S IBU e) PM R IBU
f)CMRIBU
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Figure 3.16: pXRD patterns of physical mixtures (PM) and cryo-milled samples (CM) of HPMC and
ibuprofen in a 50:50 w/w ratio. a) PM R,S IBU b) CMR,S IBU ¢) PM S IBU d) CM S IBU e) PM R IBU
f)CMRIBU
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HPMCAS

7.50 22.40

a)
b)
c)
d)

: 5000 a.u
i

.“.WMMMA.W;\MAJLAW} l:‘L

-~ S SN

f)

10 20 30 40
20 (degrees)

Figure 3.17: pXRD patterns of physical mixtures (PM) and cryo-milled samples (CM) of HPMCAS
and ibuprofen in a 50:50 w/w ratio. a) PM R,S IBU b) CM R,S IBU c) PM S IBU d) CM S IBU e) PM
RIBUf) CMR IBU
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Figure 3.18: pXRD patterns of physical mixtures (PM) and cryo-milled samples (CM) of HPMCP
and ibuprofen in a 50:50 w/w ratio. a) PM R,S IBU b) CM R,S IBU c) PM S IBU d) CM S IBU e) PM
RIBUf)CMRIBU
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Interestingly, comparing the patterns of CM SIBU HPMC and CM R IBU HPMC (Figure 3.16 d and f
respectively), the S IBU sample appears to have Bragg peaks which have reduced intensity relative
to the R IBU sample. This corresponds well to the thermal analysis which showed that after cryo-
milling the crystalline ibuprofen content of the S IBU-HPMC sample was approximately 52% of the

total ibuprofen content, while the same value for the R IBU HPMC sample was approximately 76%.

As the HPMCAS systems also appear to show chiral recognition in terms of the differential ability to
facilitate amorphisation and supress crystallisation from a metastable ASD, it was anticipated that
a difference in the intensity of the CM pXRD patterns would also be apparent between S and R IBU
systems for this polymer, as it was for the HPMC systems, but this is not the case (Figure 3.17 d and

f). The reason for this is unclear.

3.2.2.1.3 ATR-FTIR analysis of CM samples

In order to probe the intermolecular interactions between the cellulose based polymers and
different enantiomeric compositions of ibuprofen, ATR-FTIR spectra of the cryo-milled samples
were normalised and analysed as described in Chapter 2 Section 2.2.3.2. The regions of the spectra
which were of interest were the OH region and the carbonyl region. Unbonded OH groups show an
absorption peak at approximately 3520 cm™, while OH groups which are hydrogen bonded show a
signal between 3300-2500 cm™ 4% R,S IBU shows a carbonyl peak at 1717 cm™ while S IBU shows
a carbonyl peak at 1705 cm™. These peaks are attributed to the carbonyl (C=0) of the carboxylic

acid group of IBU. The carboxylic acid groups in IBU form dimers 2%

via two hydrogen bonds which
are symmetric or asymmetric for crystalline R,S IBU and S IBU, respectively. The two asymmetric,
non-identical hydrogen bonds in crystalline S-ibuprofen have bond lengths of 2.6228 and 2.6588 A
whereas the bond length of the symmetric intermolecular hydrogen bond is 2.6265 A for crystalline
R,S-ibuprofen 2%, The slight shift to lower wavenumber for the C=0 peak in S IBU compared to R,S

IBU can be attributed to the longer bond length (2.6588 A) of its dimer form.

The spectra for the ibuprofen-cellulose polymer cryo-milled samples are shown in Figures 3.19-

3.22, and the normalised absorbance values for the peaks of interest are shown in Table 3.11.

As shown in Figure 3.19, a solitary peak is present in the carbonyl region (1705-1717 cm?) for all
cryo-milled HPC systems, regardless of ibuprofen enantiomeric composition. The hydrogen bonded
OH group also shows a peak at approximately 2954 cm™. The normalised absorbance of these peaks
for all HPC-ibuprofen samples was similar for R, S IBU, S IBU and R IBU (1, 0.997 and 0.986

respectively) (Table 3.11).
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Figure 3.19: ATR-FTIR spectra of cryo-milled samples (CM) of HPC and ibuprofen in a 50:50 w/w

ratio

In Figure 3.20, the presence of a shoulder in the carbonyl peaks of cryo-milled HPMC S IBU and R
IBU is apparent. This shoulder is lacking in the equivalent R,S IBU HPMC spectra. The presence of
these shoulders indicates that the population of carbonyl groups in S IBU and R IBU consists of two
distinct groups; hydrogen bonded carbonyls which are present in crystalline dimers at 1705 cm™
and non-hydrogen bonded carbonyls present in the monomeric amorphous form of ibuprofen,
which appears as a shoulder at 1734 cm™ 204205 By assessing the ratio of these two components,
the relative abundance of monomeric ibuprofen compared to dimeric ibuprofen can be deduced.
Although thermal analysis showed that cryo-milled S IBU HPMC was less crystalline than R IBU
HPMC, spectral analysis shows that the ratio of monomeric carbonyl groups and dimeric carbonyl
groups is similar for both systems (0.442 and 0.463 respectively). The same is true for the intensity
of the non-hydrogen bonded OH region (0.027 and 0.026 for S IBU HPMC and R IBU HPMC
respectively at 3700 cm™) and the hydrogen bonded OH region (0.279 and 0.263 for S IBU HPMC
and R IBU HPMC respectively at 2954 cm™2).

Page 100 of 268



Chapter 3: The impact of chirality on ASD stability and performance

HPMC 1717
2054 1734 1705
[OBAMau ‘ 11

3700 CMR,S IBU HPMC

CM S IBU HPMC

CM R IBU HPMC

/L :
r T T T T T 7/ T v T v 1T v T 7 1
4000 3600 3200 2800 1750 1700 1650 1600 1550

Wavenumber (cm™)

Figure 3.20: ATR-FTIR spectra of cryo-milled samples (CM) of HPMC and ibuprofen in a 50:50
w/w ratio

In Figure 3.21, the presence of a shoulder in the carbonyl peaks of all three cryo-milled ibuprofen-
HPCMAS systems is evident, indicating that amorphous monomeric ibuprofen is also present in all
three systems. However, in this instance the ratios of monomeric shoulder to dimeric peak is
different for all three systems (0.558, 0.796 and 0.691 for R,S IBU, S IBU and R IBU HPMCAS systems

respectively).
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Figure 3.21: ATR- FTIR spectra of cryo-milled samples (CM) of HPMCAS and ibuprofen in a 50:50

w/w ratio
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In Figure 3.22 only S IBU HPMCP and R IBU HPMCP show a shoulder in the carbonyl region,
indicating the presence of amorphous monomeric ibuprofen, while R,S-ibuprofen HPMCP does not.
The carbonyl shoulder to peak ratio was quite different between S IBU and R IBU HPMCP systems
(0.590 and 0.434 respectively). This is surprising, as the thermal analysis showed that HPMCP did

not demonstrate a differential ability to cause amorphisation of either enantiomer of ibuprofen.
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Figure 3.22: ATR-FTIR spectra of cryo-milled samples (CM) of HPMCP and ibuprofen in a 50:50
w/w ratio
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Table 3.11: Normalised absorbance from ATR-FTIR spectra of cryo-milled ibuprofen-cellulose
samples at a 50:50 w/w ratio. (P) refers to a main peak while (S) refers to a shoulder.(S)/(P) refers
to the ratio of the shoulder absorbance to main peak absorbance

Polymer Wavenumber (cm ) R,S IBU SIBU RIBU S IBU/R IBU
1717 (P) 1

HPC 1705 (P) 0.997 0.986 1.011
2954 0.364 0.335 0.307 1.091
1717 (P) 0.578
1734 (S) 0.248 0.252 0.984
1705 (P) 0.561 0.544 1.031

HPMC
(S)/(P) 0.442 0.463 0.954
3700 0.050 0.027 0.026 1.038
2954 0.336 0.279 0.263 1.060
1734 (S)
1717 (P)
(S)/(P)
1734 (S)

HPMCAS
1705 (P)
(S)/(P) 0.796 0.691 1.150
3700 0.075 0.052 0.033 1.576
2954 0.346 0.252 0.275 0.916
1717 (P)
1734 (S)
1705 (P)

HPMCP
(S)/(P) 0.590 0.434 1.363
3700 0.062 0.065 0.049 1.327
2954 0.347 0.327 0.309 1.058
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The ATR-FTIR analysis of the cryo-milled IBU-cellulose systems demonstrated that HPMCAS and
HPMCP exhibited differing ratios of amorphous-to-crystalline IBU based on carbonyl peak
assessment. No evidence of hydrogen bonding between the carbonyl of ibuprofen and any of the
polymers was observed, as evidenced by the lack of a shift in the wavenumber of the carbonyl for

any of the systems studied.

This screening study has demonstrated that HPC and HPMCP are poor choices of polymers for ASD
manufacture of IBU (both R,S IBU and S IBU or R IBU) via cryo-milling. HPMCAS and HPMC were
more successful in this regard and demonstrated some differences in either their miscibility or
extent of suppression of crystallisation of IBU depending on whether R IBU or S IBU was being used.
The stereoselective stabilisation that HPMC and HPMCAS have on amorphous IBU is unlikely to be
explained via hydrogen bonding but may be due to other interactions and/or differences in

miscibility.

All polymers tested have the same basic glucose sub-unit but different substituents and different
relative abundancies of these substituents. The percentages of each substituent (as a % of the
polymer Mw) in the four polymers used, are listed in Table 3.12. This difference may explain their
differing abilities to amorphise IBU via cryo-milling. Although the degree of substitution in the
cellulose polymer is controlled, their arrangement relative to each other may vary along the
polymer chain. This means that the “three-points-of-interaction” which is required for chiral
recognition, may vary along the polymer chain. This may explain the complex picture that this
screening study has demonstrated in the ability of cellulose polymers to differentially suppress the
crystallisation of different enantiomers of amorphous IBU. In the chromatography sector, the ability
of chiral stationary phases to resolve enantiomers is greatly influenced by the type and position of

26 1t is recognised that enantioselectivity is influenced greatly by

the substituent groups
substituents with ester groups 2%/, such as the succinoyl functional group. This may explain the

observation that HPMCAS showed some degree of enantioselectivity for IBU in the amorphous

state.

Table 3.12: Substituent percentages of HPC, HPMC, HPMCP and HPMCAS
Substituent % Hydroxypropyl Acetyl Succinoyl Methoxy Phthalyl
(of Mw)

HPC 8.1 0 0 0 0
HPMC 9.1 0 0 28.7 0
HPMCAS 7.0 7.9 14.7 223 0
HPMCP 6.1 0 0 19.5 33
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3.2.2.2 Spherulite growth studies

3.2.2.2.1 Ibuprofen spherulite growth as a function of temperature

Given the demonstrated ability of HPMC to facilitate amorphisation of IBU enantiomers on cryo-
milling to different extents, the potential differential ability of HPMC to suppress crystallisation of
different enantiomers of IBU was assessed by examining the growth rate of ibuprofen spherulites
over time using hot stage microscopy, as outlined in Chapter 2 Section 2.2.3.13. Firstly, a suitable
temperature for spherulite growth rate was identified by plotting the radius of the spherulite over
time for R,S IBU at 25 °C, 30 °C, 35 °C and 40 °C. These values are shown in Table 3.13. In each case,
the spherulite growth rate was linear over all time points studied (R?values > 0.99), which has also
been observed in a similar study with felodipine 2%, Growth rates increased with increasing
temperature; this relationship was well captured by linear regression with an R? value > 0.95 as

shown in Figure 3.23b.

Table 3.13: Radial growth rates of R,S IBU spherulites at various temperatures

Radial growth (um)

Temperature Radial growth rate (um/s)
25°C 1.23
30°C 2.89
35°C 3.43
40°C 4.38
5001+
3l m b)
D 44
400- %
e
300- =2
o 37 °
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200- —— 250C E
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100+ 30°C %
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Figure 3.23: a) Radial growth and b) radial growth rate of R,S IBU spherulites at various

temperatures
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3.2.2.2.2 Ibuprofen spherulite growth as a function of polymer composition

The growth rates of R,S IBU spherulites in the presence of various HPMC concentrations (5%, 10%
and 20% w/w) were determined at 30 °C. Results are presented in Table 3.14 and Figure 3.24.
Growth rate was found to be inversely related to HPMC concentration which is logical as HPMC is
known to inhibit ibuprofen crystalline growth rate 2°, This finding is also in agreement with a similar
study which tested felodipine spherulite growth as a function of concentration of a variety of
different polymers (HPMCAS, PVPVA and PVP), although in the cited study the growth rate-polymer
concentration relationship was described by a log-linear relationship 2%. This effect is thought to be
due to specific interactions between polymer and API and/or the anti-plasticization effect of the

polymer 294,

Table 3.14: Radial growth rate of R,S IBU spherulites at 30°C with varying HPMC concentrations.
Results are presented as an average of three spherulites * standard deviation

HPMC concentration
Radial growth rate (um/s)
(%w/w)
0 2.97 £0.56
5 1.97£0.12
10 1.56£0.30
20 0.44 £0.03
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Figure 3.24: a)Radial growth and b) radial growth rate of R,S IBU spherulites at 30 °C in the
presence of varying HPMC concentrations

3.2.2.2.3 Ibuprofen spherulite growth as a function of enantiomer composition

The radial growth rates of ibuprofen spherulites (R,S IBU, S IBU and R IBU) were determined at 30
°C in the absence of any polymer as well as in the presence of 5% (w/w) HPMC. Sample spherulites
are shown in Figure 3.25 and radial growth rates are presented in Table 3.15 and Figure 3.26.
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Figure 3.25: Sample spherulites used to determine the radial growth rate of IBU in the presence and absence of 5% w/w HPMC at 30 °C. The white scale bar in
the upper left image represent 220 um and is valid for all images
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Table 3.15: Radial growth rates * standard deviation of R,S IBU, S IBU and R IBU spherulites at
30°C in the presence and absence of 5% w/w HPMC

2.97 +0.560 1.97 £0.12
10.04 + 0.87 4.93+0.62
Figure 3.26: 9.40+0.34 7.76 £ 0.62
Radial
growth of 0.298 0.005
RS IBU, S
'E 300-
3
£ -+ R,SIBU
= 2004
3] -= R,S IBU and 5% (w/w) HPMC
= -~ SIBU
2 100+ - S IBU and 5% (w/w) HPMC
S - RIBU
0- - RIBU and 5% (w/w) HPMC
0 10 20 30 40
Time (sec)

IBU and R IBU spherulites at 30°C in the presence and absence of 5% w/w HPMC

As seen in Figure 3.26 and Table 3.15, R IBU and S IBU spherulites, without the presence of HPMC
did not have statistically significant differences in their spherulite radial growth rates (p = 0.298).
This is unsurprising as both enantiomers share the same thermal properties as outlined in Section
3.2.1, therefore they have the same thermodynamic driving force towards crystallisation. The
growth rate of the R,S IBU spherulites, in the absence of HPMC was much slower (2.97 um/s) than
for S IBU or R IBU (10.04 um/s and 9.40 um/s respectively). The reason for the slower spherulite
growth rates for R,S IBU compared to single enantiomer IBU at 30 °C probably stems from different
crystallisation rate-temperature relationships. This is evidenced by the different temperatures of

crystallisation onset for S IBU (33.87 °C) and R, S IBU (37.40 °C) (Table 3.1)

In the presence of 5% (w/w) HPMC, the radial growth rate of all IBU spherulites was reduced. The
magnitude of this reduction for S IBU was much higher than for R IBU. The S IBU spherulite growth

rate in the presence of 5% w/w HPMC was statistically significantly lower than for R IBU spherulites
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in the presence of 5% w/w HPMC (p=0.005). This provides further evidence of chiral discrimination

by a cellulose polymer.

3.2.2.3 Effect of manufacturing method on chiral recognition

When the term chiral recognition is used in the literature, it generally refers to situations where at
least one of the interacting molecules is in solution, as is the case in stereospecific pharmacological
effects and chiral chromatography 1. Solubilisation allows the chiral molecule a greater degree of
rotational freedom and a greater chance to interact with a chiral stationary phase for example, than

if it were present in the solid state.

The screening study carried out in Section 3.2.2.1 used cryo-milling to screen a series of cellulose-
ibuprofen systems for chiral recognition. Production of an ASD via milling requires mechanical
destruction of the crystalline API’s lattice before the API and polymer can be mixed at a molecular
level to allow for ASD generation 1%, Production of an ASD from a solution however, allows for
molecules to interact and form stabilising interactions prior to ASD formation. In order to examine
the effect that the route of amorphisation has on the ability of potentially discriminating systems
to interact, a system which showed some degree of chiral recognition from the screening study
(ibuprofen: HPMC 50:50 w/w), was also produced via spray drying as outlined in Chapter 2 Section
2.2.1.1.1.

3.2.2.3.1 Thermal analysis

Representative DSC scans (showing the total heat flow) for the spray dried ibuprofen HPMC
systems, along with their cryo-milled and physical mixture counterparts are shown in Figure 3.27.
In Figure 3.28, the glass transition of the spray dried systems is shown in the reversing heat flow

signal, while the absence of a glass transition is shown for the equivalent cryo-milled sample.
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Figure 3.27: Total heat flow DSC scans of ibuprofen-HPMC 50:50 w/w systems. SD=spray dried
CM-=cryo-milled PM=physical mixture
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Figure 3.28: Reversing heat flow DSC scans of ibuprofen-HPMC 50:50 w/w systems. SD=spray
dried CM=cryo-milled PM=physical mixture
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From Figure 3.27 it is apparent that the spray dried systems have less crystalline ibuprofen material
present as evidenced by the absence of a melting endotherm (as is the case with SD S IBU HPMC
and SD R IBU HPMC samples graphed) or a much smaller melting endotherm than the equivalent
cryo-milled melting endotherm (as is the case in SD R,S IBU HPMC). All three replicates of the SD RS
IBU HPMC showed a melting endotherm, while two of three replicates of the SD R IBU HPMC show
a melting endotherm and only one in three of the SD S IBU HPMC exhibited a melting endotherm.
The onset melting temperature of these endotherms and the specific heat of fusion associated with
them are compared to the equivalent cryo-milled samples in Figure 3.29. The extent of melting
point depression for the spray dried systems is similar to the cryo-milled systems for both R,S IBU-
HPMC and R IBU-HPMC but is markedly different for the S IBU-HPMC system as shown in Figure
3.29 (a). However as only one of the three spray dried S IBU HPMC samples showed an endotherm
corresponding to the melt endotherm of crystalline ibuprofen, the Tm value for SD S IBU HPMC is
based on one sample, but is an interesting observation nonetheless. Regarding the amount of
crystalline ibuprofen present in the spray dried samples, all spray dried samples contained less
crystalline ibuprofen than their equivalent cryo-milled sample. While a difference in the amount of
crystalline ibuprofen between S IBU HPMC and R IBU HPMC is apparent for the cryo-milled samples,
the same is not true for the spray dried samples, with both showing negligible crystalline ibuprofen.
This shows that while spray drying led to a greater amount of ibuprofen amorphisation than cryo-

milling, it also resulted in an attenuation of the stereoselective facilitation of amorphisation effect.
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Figure 3.29: a) Onset melting temperature b) Percentage crystalline ibuprofen for ibuprofen-
HPMC 50:50 w/w systems. PM= physical mixtures CM=cryo-milled SD=spray dried
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In Figure 3.28, the reversing heat flow signal shows the glass transition temperature of the spray
dried ibuprofen-HPMC samples. No glass transition temperature is discernible for the cryo-milled
samples. The glass transition temperature onset, midpoint and offset values for the spray dried

systems are shown in Figure 3.30.
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Figure 3.30: Glass transition onset, midpoint and offset values for spray dried IBU HPMC 50:50
w/w samples.

The glass transition onset temperature and midpoint temperature are similar for all three spray
dried ibuprofen-HPMC samples, while the glass transition offset temperature is lower for R,S IBU-
HPMC than the S IBU-HPMC or R IBU-HPMC. The specific heat capacity associated with the glass
transition temperature for spray dried R,S IBU HPMC was 0.137 £ 0.101 J/g °C, while for spray dried
S IBU HPMC and R IBU HPMC it was 0.274 + 0.029 J/g °C and 0.266 + 0.042 J/g °C respectively. The
lower specific heat capacity associated with the glass transition of the R,S IBU HPMC system implies
lower amorphous ibuprofen content 211, which is a logical observation as the R,S IBU HPMC sample
showed higher crystalline ibuprofen content compared to the single enantiomer IBU-HPMC

samples (Figure 3.29 b).
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3.2.2.3.2 pXRD analysis

The powder X-ray diffraction patterns of the spray dried IBU-HPMC samples compared to the

cryo-milled and physical mixture sample equivalent samples are shown in Figure 3.31 below.

22.40

5000 a.u.

20 (degrees)

Figure 3.31: pXRD pattern of spray dried, cryo-milled and physical mixtures of ibuprofen and
HPMC in a 50:50 w/w ratio. a) PM S IBU HPMC b) CM S IBU HPMC c) SD S IBU HPMC d) PM R IBU
HPMC e) CM R IBU HPMC f) SD R IBU HPMC g) PM R,S IBU HPMC h) CM R,S IBU HPMC i) SD R,S
IBU HPMC

The spray dried R IBU HPMC and S IBU HPMC samples are devoid of Bragg peaks, while in the
equivalent R,S IBU HPMC sample some small Bragg peaks are visible, although they are diminished
relative to the equivalent cryo-milled sample, which agrees with the thermal analysis shown in

Section 3.2.2.3.1.
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3.2.2.3.3 ATR-FTIR analysis

The normalised aborbance of the spray dried IBU HPMC samples are graphed in Figure 3.32, along
with their equivalent cryo-milled samples. The intensity of the absorbance for each system in the
carbonyl and OH region is listed in Table 3.16. There are clear differences in the carbonyl region of
samples prepared via spray drying compared to those prepared via cryo-milling. The intensity of
the shoulder of the carbonyl peak relative to the intensity of the main peak is higher in the spray
dried samples compared to the cryo-milled samples. There is also a difference in the shoulder-to-
peak intensity of the carbonyl region for spray dried S IBU HPMC and sray dried R IBU HPMC. This
ratio is 0.469 for spray dried S IBU HPMC and 0.913 for R IBU HPMC. This means that monomeric
ibuprofen is relatively more abundant in the spray dried R IBU HPMC sample than in the spray dried
S IBU HPMC. This is in contrast to the cryo-milled sample where there the shoulder-to-peak ratios

were more similar (0.442 and 0.463 for S IBU HPMC and R IBU HPMC respectively).
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Figure 3.32: ATR-FTIR spectra of spray dried (SD) and cryo-milled samples (CM) of HPMC and

ibuprofen in a 50:50 w/w ratio
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Table 3.16: Normalised absorbance from ATR-FTIR spectra of cryo-milled (CM) and spray dried
(SD) ibuprofen-HPMC samples at a 50:50 w/w ratio. (P) refers to a main peak while (S) refers to
a shoulder.(S)/(P) refers to the ratio of the shoulder absorbance to main peak absorbance

Wavenumber
Polymer (cm ) R,S S R S/R
1717 (P) 0.578
1734 (S) 0.248 | 0.252 0.984
1705 (P) 0.561 | 0.544 1.031
cM
(S)/(P) 0.442 | 0.463 0.954
3700 0.050 | 0.027 | 0.026 1.038
2954 0.336 | 0.279 | 0.263 1.060
1734 (S) 0.176 | 0.212 | 0.209 1.014
1705 (P) 0.452 | 0.229 1.973
SD
(S)/(P) 0.657 | 0.469 | 0.913 0.514
3700 0.047 | 0.049 | 0.032 1.531
2954 0.265 | 0.342 | 0.238 1.437

3.2.2.4 Effect of ibuprofen loading and a racemic switch on spray dried IBU-HPMC stability and
performance

As spray drying allowed a greater degree of IBU amorphisation than cryo-milling as outlined in
Section 3.2.2.3, it was decided to use this route of amorphisation to probe the impact that the
IBU:HPMC ratio had on amorphous stability. For this purpose, different weight ratios of R,S IBU or
S IBU and HPMC were spray dried as outlined in Chapter 2 Section 2.2.1.1.1. R IBU was not studied
in this section of the analysis as it is not used clinically 22, and the focus of this section was to

examine the effect that a racemic switch may have on an ASD’s performance.
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3.2.2.4.1 pXRD analysis

The powder X-ray diffraction patterns of R,S IBU-HPMC and S IBU-HPMC at varying w/w

compositions immediately after production are shown in Figure 3.33 below.
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Figure 3.33: pXRD patterns of spray dried IBU and HPMC at various weight ratios

Interestingly, the spray dried S IBU-HPMC systems were completely X-ray amorphous at all
ibuprofen loadings studied (30%, 40% 50% and 60% w/w). In contrast the spray dried R,S IBU-HPMC
was completely X-ray amorphous for a 30% w/w ibuprofen loading, but Bragg peaks, of low
intensity, were visible in the pXRD patterns for systems containing 40%, 50% and 60% R,S IBU w/w.
The amorphous stability of the S IBU-HPMC 60% w/w IBU was noted to be poor, as Bragg peaks

were observed to appear after just 24 hours of storage at 30 °C, as shown in Figure 3.34 below.

R.S IBU SIBU
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Figure 3.34 pXRD patterns of spray dried R,S IBU-HPMC and S IBU-HPMC with 60% w/w IBU
immediately after production (T 0), after 24 hours (T 24) and after 48 hours (T 48).
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This demonstrates that the S IBU-HPMC 60% w/w IBU system is metastable in the amorphous state,
and the amorphous S IBU crystallises quite rapidly from the matrix. With the time sensitivity of the
spray dried material in mind, all experiments were conducted with time matched samples i.e. SD

R,S IBU-HPMC and SD S IBU-HPMC samples which were prepared within hours of each other.

3.2.2.4.2 Thermal Analysis

3.2.2.4.2.1 Glass transition temperature and specific heat capacity

The thermal properties of the raw materials (R,S IBU, S IBU and HPMC) as well as the spray dried
IBU-HPMC systems as measured by reversing heat flow signal using mDSC as described in Chapter

2 Section 2.2.3.4.1 are shown in Figures 3.35 and 3.36.
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Figure 3.35: Reversing heat flow scans of R,S IBU, HPMC and spray dried R,S IBU-HPMC systems.
Glass transitions are highlighted with an arrow
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Figure 3.36: Reversing heat flow scans of S IBU, HPMC and spray dried R,S IBU-HPMC systems.
Glass transitions are highlighted with an arrow.

Amorphous R,S IBU and S IBU show a single glass transition with an onset temperature of -45.63
0.48 °C and -45.96 + 0.45 °C, respectively, as well as the absence of any endothermic melting peaks.
Both R,S IBU and S IBU begin to degrade at approximately 120 °C. This explains the exothermic
event which begins in both of their mDSC traces at around this temperature. The glass transition

temperature of HPMC is apparent at 142.46 + 0.45 °C.

The spray dried IBU: HPMC systems with 10% ibuprofen w/w, show two distinct glass transitions,
with glass transitions at approximately -24°C and 100°C for drug-rich and polymer-rich zones,
respectively. The spray dried R,S IBU-HPMC 60% w/w system contains only one detectable glass
transition in the amorphous HPMC rich region while the equivalent S IBU system contains two
detectable glass transitions. The presence of two distinct glass transitions signifies that the system
under observation is not molecularly homogenous. This heterogeneity has been previously
described for amorphous ibuprofen with the structurally similar polymer, ethyl cellulose 2. The
difference in amorphous homogeneity between the R,S IBU HPMC systems and the S IBU HPMC
systems may not be related to a true difference in molecular mixing but rather a difference in the
crystalline ibuprofen content of the samples. As the S IBU HPMC samples have higher amorphous
IBU content, both amorphous regions are apparent. As the R,S IBU HPMC system with an ibuprofen

content of 60% w/w has lower amorphous ibuprofen content, only one glass transition temperature
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is apparent. The glass transition onset temperature, inflection temperature, offset temperature,
width and specific heat capacity for these spray dried binary systems were determined for both the
ibuprofen rich region and the HPMC rich region and are presented in Table 3.17 and Figures 3.37.
Table 3.17 Ibuprofen-rich and HPMC-rich glass transition parameters for spray dried R,S IBU and

S IBU HPMC composites. Results are the average of three values. Standard deviation in
parentheses

142.46 (0.45) 151.18 (0.20) 157.14 (1.79) 14.68 (1.35) 0.246 (0.06)

97.29 | 92,55 | 118.03 | 109.47 | 131.55 | 128.45 | 32.26 | 3591 | 0.26 | 0.39
(6.01) | (1.29) | (1.73) | (6.53) | (1.25) | (1.84) | (7.14) | (1.10) | (0.11) | (0.02)

98.68 87.81 104.59 | 101.71 | 117.15 | 113.21 | 18.48 | 25.39 | 0.096 0.14
(4.05) (0.61) (3.91) (3.45) | (7.81) | (2.14) | (11.85) | (2.12) | (0.04) | (0.02)

/ *92.36 ) *95.52 / *102.6 / *10.29 / *0.02
n/a n/a n/a n/a n/a
(6.72) (4.67) (8.14) (1.42) (0.01)

* Analysis in duplicate
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Figure 3.37: a) Glass transition onset temperatures and b) specific heat capacity change at the
glass transition for IBU-rich and HPMC-rich glass transition for R,S IBU and S IBU HPMC systems

As seen in Figure 3.37 the glass transition onset and the change in specific heat capacity for R,S IBU
and S IBU are identical. Spray dried IBU-HPMC systems with an IBU loading > 50% w/w showed
differences in the glass transition onset temperature and change in specific heat capacity at the

glass transition for both IBU-rich amorphous regions and HPMC-amorphous regions.

The IBU-rich glass transition onset temperature of spray dried R,S IBU: HPMC 50:50 w/w was -23.96
+1.83 °C, while the equivalent S IBU composition had a value of -30.52 + 0.79 °C. Similarly, the IBU-
rich glass transition onset temperature of spray dried R,S IBU: HPMC 60:40 w/w was -27.19 + 0.22
°C, while the equivalent S IBU value was -34.17 + 0.25°C. It is interesting to note that the R,S IBU
HPMC systems have IBU-rich glass transition temperatures approximately 7 °C higher than S IBU at
both 50% and 60% w/w IBU content. Systems with higher glass transition temperatures are
generally considered to be more stable in the amorphous state as at any given temperature they
exhibit lower molecular mobility and hence a reduced crystallisation tendency 3. In this study,
however the S IBU HPMC spray dried systems have higher amorphous content than their R,S IBU
counterparts as evidenced by pXRD diffractograms and DSC scans. This may be explained by

considering that the ambient conditions under which these samples were stored exceeded the IBU-
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rich glass transition region by approximately 50 °C, meaning that the IBU-rich clusters in the spray
dried powder were in the super-cooled liquid state. As shown in Section 3.2.2.2.3, S IBU’s
crystallisation rate from the super-cooled liquid state was significantly more retarded than that of
R,S IBU’s in the presence of only 5% w/w HPMC, however the absolute growth rate of S IBU
spherulites remained higher than for R,S IBU at 30 °C. Measuring spherulite growth rate at polymer
concentrations >20% w/w was not feasible, but it is clear that increasing polymer concentration

reduces growth rate (Figure 3.24).

It can be deduced from the spray dried systems that when IBU content increased to 50 % w/w the
chiral discrimination effect of the polymer on crystalline growth dominated over the inherent
growth rates of the R,S IBU and S IBU resulting in a larger amount of crystalline IBU in the R,S IBU
systems. As there is more crystalline IBU material in the spray dried R,S IBU: HPMC samples, there
is less super-cooled ibuprofen in the IBU-rich glass transition region for the R,S IBU sample
compared to the S IBU sample meaning that the R,S IBU samples have a higher glass transition

temperature, in accordance with the Gordon-Taylor equation.

The HPMC-rich glass transition region of all IBU-HPMC systems have glass transition onset
temperatures lower than that of pure HPMC, indicating that there is a mixture of amorphous

ibuprofen and HPMC present in this region.

The width of the IBU-rich glass transition of spray dried R,S IBU: HPMC 50:50 w/w spanned 17.89
6.40 °C, while the width of the equivalent S IBU glass transition spanned 15.97 + 1.67 °C. When IBU
content increased to 60% w/w, the glass transition width reduced to 14.80 + 0.32 °C and 12.26 +
0.67 °C for the spray dried R,S IBU and S IBU HPMC systems respectively. This observation is
interesting as glass transition “broadness” is inversely associated with the degree of drug-polymer
mixing and local homogeneity 221% as well as the strength of the intermolecular interactions at
play in the system 2%°, The R,S IBU-HPMC spray dried systems have a wider IBU-rich glass transition
region (approximately 3 °C) than the equivalent S IBU-HPMC systems. This may indicate that the
IBU-rich glass transitions of the R,S IBU-HPMC systems are more heterogenous than the S IBU-
HPMC systems. This may be explained by consideration that the R,S IBU-HPMC systems can be
considered as a tri-component system (HPMC, S IBU and R IBU molecules) while the S IBU-HPMC
systems are binary systems. The IBU-rich glass transition region width decreases when the
ibuprofen content increases from 50% to 60% w/w for both R,S IBU and S IBU HPMC systems (by
approximately 2 °C in both cases). This reduction in amorphous heterogeneity in the drug rich glass
transition region may be explained by considering that in both of the 60% w/w samples there is an
increased quantity of crystalline IBU relative to the 50% w/w IBU systems. As there is more
crystalline IBU, logically there is less amorphous IBU in the IBU-rich glass transition region, reducing

the amorphous phase heterogeneity.
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The width of the glass transition temperature for pure HPMC spanned 14.68 + 1.35 °C. With the
addition of 10% w/w ibuprofen, the polymer rich glass transition region width increased to 34.26
°C + 7.14 °C for R,S IBU HPMC and 35.91 + 1.10 °C for S IBU HPMC, indicating an increase in
amorphous heterogeneity. The IBU HPMC systems which contained 50 % w/w IBU had narrower
glass transition width (18.47 + 11.85 °C and 25.39 + 2.12 °C for R,S IBU HPMC and S IBU HPMC
respectively). It is interesting to note that in the IBU-rich glass transition region R,S IBU HPMC has
a wider glass transition than S IBU while in the HPMC-rich region this observation appears to be
reversed, as outlined in Table 3.17, however these values have significant error associated with

them.

The change in specific heat capacity (ACp) in the IBU-rich glass transition region differed between
the R,S IBU-HPMC and S IBU-HPMC systems when the IBU content was > 50% w/w. There is a clear
relationship between the magnitude of the change in the heat capacity at the IBU-rich glass
transition region and the percentage of ibuprofen in the system. This is logical as it is reported in
the literature that larger changes in heat capacity are correlated with increased amorphous content
3211216 \When IBU content in the spray dried systems was 10% w/w both R,S IBU-HPMC and S IBU-
HPMC were completely amorphous (with the major amorphous component being in the HPMC-rich
region) and hence the very small ACp in the IBU-rich region is not significantly different between
the two formulations. As IBU content increases to 50% and 60% w/w the spray dried S IBU-HPMC
systems have a higher ACp at the IBU-rich glass transition region relative to their corresponding R,S

IBU systems as they have higher levels of amorphous IBU.

The ACp values in the HPMC-rich glass transition region differed between the R,S IBU-HPMC and S
IBU-HPMC systems even when the ibuprofen content was as low as 10% w/w. The ACp of the HPMC-
rich glass transition region decreases as IBU loading increases. This is because as IBU loading
increases, the IBU-rich region becomes the predominant amorphous zone and the amorphous

content of the HPMC-rich region reduces.
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3.2.2.4.2.2 Amorphous stability

The IBU-rich glass transition onset temperature, change in specific heat capacity at the glass
transition and percentage crystallinity of the spray dried R,S IBU-HPMC 60% IBU w/w system and S
IBU-HPMC 60% IBU w/w system stored at 20 °C are presented in Figure 3.38.
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Figure 3.38: a) Glass transition onset temperature b) Change in specific heat capacity c)
percentage of IBU which is crystalline in spray dried IBU HPMC 60% IBU w/w stored at 20 °C

As seen in Figure 3.38 a) the initial difference in the IBU-rich glass transition onset temperatures of

the spray dried R,S IBU and the S IBU HPMC is negated after only 2 days of storage at 20 °C.

As seen in Figure 3.38 b), the ACp of both systems reduce after 2 days which can be attributed to
time dependent crystallisation of ibuprofen. The ACp of the S IBU system is higher than the
equivalent R,S IBU system, indicating higher amorphous content, but the magnitude of the

difference in ACp between the systems reduces over two days.

As seen in Figure 3.38 c) there is a higher amount of crystalline ibuprofen in the spray dried R,S IBU
than in the S IBU HPMC system. Although S IBU HPMC crystallises within a day, the amount of
crystalline ibuprofen in the S IBU HPMC system remains lower at all time points studied than the
equivalent R,S IBU HPMC system. This study was continued up to 34 days and at this time point, R,S
IBU HPMC was determined to contain 67.89 + 1.61 % of its total IBU content in the crystalline form,

while S IBU HPMC contained 56.81 + 0.39 % of its total IBU content in the crystalline form.
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3.2.2.4.3 Dissolution testing

The in-vitro dissolution performance of spray dried IBU: HPMC 60% w/w IBU was determined as
described in Chapter 2 Section 2.2.3.1. A difference factor (f1) and similarity factor (f;) analysis was

performed on these profiles using DDSolver. Results are shown in Figure 3.39.
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Figure 3.39: Dissolution rate profile of spray dried IBU HPMC systems

As can be seen in Figure 3.39 the mean time to complete dissolution for R,S IBU HPMC is 30 minutes,
while for S IBU HPMC is only 5 minutes. The difference factor was 19.64 and the similarity factor
was 36.01. An f; value less than 15 indicates that the difference between two dissolution profiles is
not significant while a similarity result above 50 means that the profiles are considered similar
217.218 Thjs difference in dissolution performance can be accounted for by considering that the two
samples contained different ratios of crystalline to amorphous ibuprofen. The more amorphous

sample (S IBU HPMC) demonstrated a faster dissolution profile, as would be anticipated 74,

3.3 Conclusions

This work has demonstrated that a variety of easily calculated glass forming ability and glass
stability parameters are of limited utility in determining whether R,S IBU or S IBU is more stable in
the amorphous state during non-isothermal crystallisation. This is likely because the glass transition
temperature is identical in both substances. Non-isothermal crystallisation studies appeared to
show that S IBU is more likely to undergo cold crystallisation at slow cooling rates and more likely
to crystallise from the supercooled liquid state than R,S IBU. DSC was found to be of limited utility
when determining the molecular mobility properties of amorphous IBU, while BDS showed that
their molecular mobility is similar. It is likely therefore, that any differences in glass stability or glass
forming ability stems from the thermodynamic differences between R,S IBU and S IBU as their
kinetic differences are relatively minor.
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The ability of cellulose polymers to differentially supress the crystallisation and/or facilitation of
amorphisation of different IBU enantiomers appears to be related to the structure of substituent

groups on the cellulose ring and is greatly influenced by the route of amorphisation.

This work has demonstrated that racemic switches, particularly of an ASD formulation, should
consider the possibility that cellulose based polymers can interact with a chiral API. In this case, a
racemic switch from an R,S IBU-HPMC system to an S IBU-HPMC system affected the solid-state
properties of the material such as crystalline content, amorphous stability and ultimately

dissolution performance.
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4.1 Introduction

The rational choice of a polymer for an ASD is critical to the ASD’s physical stability and
performance. The dissolution rate, propensity to supersaturate and processability of an ASD are
influenced by the choice of polymer. Physicochemical properties of polymers which may be
considered during formulation development include; glass transition temperature, aqueous
solubility, molecular weight, hygroscopicity and potential for stabilisation via intermolecular

interactions between the polymer and the API.

The role of the molecular weight of the polymer in preventing the recrystallisation of an APl in an
ASD is an important factor to consider. For a given polymer, as the molecular weight increases, the
glass transition temperature of the polymer increases. This increase in glass transition temperature
of the polymer will likely lead to an increase in the glass transition of the ASD, which may increase
the stability of the ASD during storage. This has been borne out in the literature to varying degrees.
Increasing PVP molecular weight was shown to reduce nucleation and crystal growth of piroxicam
% while in a separate study it was shown to have little effect on the ability of amorphous
indomethacin to crystallize from an ASD 2¥°. The molecular weight of the polymer also plays a
critical role in the solubility and dissolution rate of the APl in an ASD in aqueous media. Selecting a
polymer of high molecular weight may retard drug dissolution rate from the ASD due to an increase
in the viscosity of the diffusion layer %. This may be desirable or not depending on the target drug
release profile. In the case of ketoprofen, immediate release ASDs have been formulated through
selection of low molecular weight HPC 2%, In the same study the authors found that the lower
molecular weight HPC resulted in an ASD which had less elastic recovery and higher plasticity than
the equivalent higher molecular weight HPC formulation. This meant that the lower molecular

weight HPC formulation was more suitable for processing by direct compression.

While the influence of polymer molecular weight is clearly significant in ASD formulation
development, it has been shown to have virtually no effect on the solubility of the API in the
polymer 221, Conversely, the ratio of co-polymer substituents was found to have a significant
influence on celecoxib solubility in PVPVA systems 222, As the proportion of vinyl-pyrrolidone to
vinyl-acetate increased, the solubility of indomethacin in the polymer increased. Co-polymer
substitution ratio also affects polymer hygroscopicity. The tendency of an ASD to sorb moisture is
critical to its propensity to undergo moisture induced phase separation (MIPS) °, which may precede
drug crystallization. The PVPVA co-polymer (which is typically present in commercial ASD
preparations as a 6:4 VP:VA ratio) is less hygroscopic than PVP, and has been demonstrated to sorb
less moisture than PVP when formulated as an ASD °. This is likely due to the complete insolubility

of vinyl acetate in water 1, This means that water is less likely to be sorbed due to repulsive effects.
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While the vinyl acetate functional group may be useful in terms of protection of the ASD from
moisture during storage, it may limit the dissolution rate of the amorphous drug in aqueous media.
The ability to identify the optimal ratio of VP:VA where dissolution rate is high while moisture

sorption is low is therefore important.

The prudent choice of a stabilising polymer should also consider the propensity of a polymer to
form intermolecular interactions with the API. The formation of intermolecular interactions in an
ASD can reduce the molecular mobility of the APl and prevent crystallization. This has been borne
out experimentally in ASDs composed of amorphous nifedipine and either PVP, HPMCAS or
polyacrylic acid (PAA) . Of the three polymers, PVP was found to have the strongest hydrogen
bonding with nifedipine which resulted in a 65-fold increase in relaxation time and the highest
resistance to nifedipine recrystallizing. In an older study, PVP was found to hydrogen bond to
probucol allowing ASD formation, while polyethylene oxide (PEO) and PAA did not, resulting in
probucol being present in a polymorphic crystalline state ¥. Interestingly, hydrogen bonding
between polymer and drug may be disrupted during the direct compression process leading to

phase separation ¥’

, particularly for metastable formulations. Worku et al. described phase
separation of the hydrogen bonded naproxen-PVP ASDs upon compression while no such phase
separation was observed for equivalent naproxen-PVPVA ASDs where less hydrogen bonding is

present 127128,

Bearing all the above factors in mind, the aim of this chapter is to examine the influence of
physicochemical properties of a range of polyvinyl-based polymers on the stability and
performance of ketoprofen in ASDs. Polyvinyl alcohol, polyvinyl pyrrolidone (of differing molecular
weights), polyvinyl pyrrolidone vinyl acetate in a 7:3 VP:VA ratio and a 3:7 VP:VA ratio, polyvinyl
acetate and polyvinyl acetate phthalate were used to probe these effects. The molecular structures

of ketoprofen and these polymers are shown in Figure 4.1.

Page 128 of 268



Chapter 4: The role of polymer choice on ASD performance and stability

b)

c) d) m

N [

n “\\/’
N —" |
( 7:"';;0 \ 0
\C‘]/ \
~_ n
D| Y 0
O

o TI3

o}

a

e)

Figure 4.1: Molecular structures of a) ketoprofen b) polyvinyl alcohol c) polyvinyl pyrrolidone d)
polyvinyl pyrrolidone vinyl acetate e) polyvinyl acetate phthalate f) polyvinyl acetate
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4.2 Results

4.2.1 Characterisation of raw materials

4.2.1.1 Thermal properties

The glass transition onset temperatures for the polymers studied in this chapter determined using

mDSC as described in Chapter 2 Section 2.2.3.4.2, are shown in Figure 4.2 and summarised in Table

4.1 along with the glass transition onset temperature of ketoprofen which was melt-quenched in

situin
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Figure 4.2: mDSC scans showing glass transitions of polymers. Inlay shows first glass transition of

PVAP.
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Table 4.1: Thermal event values with standard deviation of raw materials.

Polymer Tg Tm (onset)
PVP 90 172.0+1.2°C

PVP 30 153.6+2.1°C

PVP 17 135.6+0.3°C

PVPVA 7:3 114.2+1.1°C

PVPVA 3:7 57.9+4.3°C

PVAcetate 38.6+1.4°C

PVAP 46.3+0.7°C/116.0£0.6 °C

PVAlcohol 1% heating run | 41.1£3.9°C 155.0+0.1°C

PVAlcohol 2™ heating run | 64.5 + 1.15°C

Ketoprofen -594+0.2°C 92.3+0.4°C

As seen in Figure 4.2 the polymer with the highest glass transition temperature is PVP90, followed
by PVP30 and PVP17. The glass transition temperature increases with increasing molecular weight,
as would be expected from the literature ?2. The glass transition temperature also appears to
reduce with increasing vinyl acetate substitution. This is logical, as we can see that the glass
transition onset temperature of polyvinyl acetate is 38.6 °C, so as the substitution ratio of the vinyl
acetate moiety increases, the glass transition temperature of the polymer approaches the glass

transition temperature of polyvinyl acetate.

Interestingly polyvinyl acetate phthalate displays two glass transition temperatures. The first
smaller glass transition temperature is at 46 °C (shown in inlay), while the second glass transition
temperature, which has a larger heat capacity associated with it, is shown at 116 °C. This is
interesting as one paper reports only a single Tg for PVAP 224, Examining this work further, the
authors only examined the range between -30°C and 50°C so therefore the higher glass transition

would not have been apparent. The higher Tg has been reported by another group 2?°

and appears
to be the predominant Tg. As there is a vinyl acetate moiety in the PVAP structure, this lower Tg

may be due to the presence of some polyvinyl acetate impurity.

Polyvinyl alcohol is the only polymer which is partially crystalline, therefore the glass transition was
determined for both the partially crystalline and the fully amorphous system. A fully amorphous

system was created by heating, cooling and then re-heating the polymer as shown in Figure 4.3. On
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the first heating cycle a small endotherm is apparent at 41 °C in the total heat flow axis. This has
been attributed by other authors to the glass transition of the amorphous region of semi-crystalline
PVAlcohol 226227 This glass transition is followed by a broad endotherm associated with the release
of bound water with a peak at around 80 °C as well as a broad melting endotherm centred at 192
°C 2%7, On the second heating run this endotherm is not apparent and the glass transition is higher,
at 62 °C. This shift in Tg must be due to the incorporation of the previously crystalline portion of

polyvinyl alcohol into the amorphous region.

Sample: PVAIco File: C:..\GT APRIL 2018\PVAlco.001
Size: 2.9830 mg DSC Operator: EB
Method: Method 1 Run Date: 23-Apr-2018 15:35
Instrument: DSC Q200 V24.11 Build 124
0.6 0.00
0.4+ 2nd Heating cycle
Cooling cycle
r-0.05
0.2
_ o
S =
= z
= K=)
3 0.0+ 2ndHeatingcycle | --0.10 LW
[ T
= [0}
g T
T >
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-0.24 165.24°C
49.37J/g
r-0.15
-0.4 1
192.86°C
-0.6 T T T T -0.20
-20 30 80 130 180 230
Exo Up Temperature (OC) Universal V4.5A TA Instruments

Figure 4.3: Differential scanning calorimetry scans showing glass transitions/melt endotherm of

PVAlcohol.

A heat-cool-heat profile of ketoprofen is shown in Figure 4.4. Crystalline ketoprofen has a melt
onset at 91 °C and no cold crystallisation occurs in the cooling cycle as ketoprofen is a good glass
former 4. The glass transition onset temperature of ketoprofen is -6 °C, as seen in the second heating
run. Ketoprofen remains amorphous upon reheating as evidenced by the lack of an endotherm in

the second heating cycle.
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Sample: RS KETOPROFEN SIGMA HCH R1 File: ..\RS KETOPROFEN SIGMA HCH 10 CR R1.001
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Figure 4.4: mDSC calorimetry scans showing melt endotherm and glass transition of ketoprofen
4.2.1.2 pXRD analysis

The pXRD patterns of the polymers are shown in Figure 4.5. As can be seen, all polymers except for
PVAlcohol are amorphous, as indicated by the absence of Bragg peaks. As PVAlcohol is semi-

crystalline, a Bragg peak is apparent at 20° 26, which corresponds to the literature 2%,

‘ 1000 a.u.

%i//

7.
8.

10 20 30 40
20 (degrees)

Figure 4.5: pXRD patterns of the polymers used. 1. PVAlcohol 2. PVP90 3. PVP30 4. PVP17 5. VP:VA
7:3 6. VP:VA 3:7 7. PVAcetate 8. PVAP
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4.2.2 Polymer-ketoprofen system characterisation

4.2.2.1 Thermal properties

The DSC thermograms for polymer-ketoprofen systems with 20% w/w ketoprofen loading
(henceforth termed POLYMERKETO e.g. PVPKETO), which were prepared as described in Chapter 2
Section 2.2.3.4.3, are shown in Figure 4.6 below. Ketoprofen is present in the amorphous state in
all DSC samples, as evidenced by the absence of a melt endotherm at 91 °C in the second heating
cycle. While glass transitions are evident for all three PVPKETO systems in the 50-80 °C region, there
also appears to be small secondary glass transitions present (indicated by arrows in Figure 4.6) in
all PVPKETO systems at higher temperatures (>120 °C). This may be due to slow ketoprofen
diffusion through the polymer matrix resulting in heterogenous systems, whereby there is a
ketoprofen/PVP phase and a separate PVP phase. This is supported by the fact that the secondary
glass transitions occur at the same temperatures as the polymer only glass transition temperatures
listed in Table 4.1. By contrast the higher vinyl-acetate containing systems have sharp, clear glass
transitions with narrower glass transitions indicating that homogenous systems were achieved
within the 10 minutes annealing time allowed for in the DSC method. This glass transition narrowing
effect appears to be more evident in systems with higher vinyl acetate content. The PVAPKETO
system appears to have one very broad glass transition which is probably a result of the two distinct
amorphous regions, as highlighted in Figure 4.2, mixing with amorphous ketoprofen to form one
very broad glass transition. The PVAlcoholKETO system shows a glass transition onset at

approximately 30 °C before the crystalline portion of PVAlcohol starts melting at 150 °C.
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Figure 4.6: mDSC scans showing glass transitions of POLYMERKETO systems with 20% w/w
ketoprofen. Arrows point to the secondary polymer-rich glass transitions

The predominant glass transition onset temperatures from Figure 4.6 were compared to values
predicted by the Gordon-Taylor equation (using true density values determined by helium
pycnometry as detailed in Chapter 2 Section 2.2.3.6.1 and shown in Table 4.2). As the glass
transition of ketoprofen is below room temperature it is not possible to determine the true density
of amorphous ketoprofen using traditional pycnometry. It is known that the density of amorphous
compounds is lower than that of their crystalline counterparts 3. The amorphous density of small
molecules used in pharmaceutical formulations, such as indomethacin and sucrose, have been
experimentally determined by a variety of research groups. The difference between the crystalline
density and the amorphous density varied between 1.5% and 10.1%>?%2%, |n a previous study
where pure APl amorphous density measurement was not possible, the amorphous density was
assumed to be 5% less than the crystalline density 132 therefore, in this study the same assumption

has been made resulting in an assumed amorphous ketoprofen density of 1.19 g/cm?.
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Table 4.2: True density values of ketoprofen and studied polymers. Values are presented as an
average t standard deviation. "Value determined by reducing the crystalline density by 5%

1.25+0.01

1.19+0.01

1.20 £0.00

1.20+0.00

1.24+0.00

1.21 +£0.00

1.23+0.00

1.22+0.00

1.31+0.00

1.38+0.02
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Table 4.3: Gordon Taylor predicted glass transition onset temperatures and experimental glass transition onset and offset temperatures and glass transition
temperature widths for POLYMERKETO systems with 20% w/w ketoprofen. Values are presented as an average * standard deviation

63.28 + 0.95

Chapter 4: The role of polymer choice on ASD performance and stability

80.48 +1.87

17.20£1.97

106.67 61.66 £3.78 -45.02 88.58 £1.32 26.91+2.47
117.50 49.44 +1.59 -68.06 74.85+6.24 25.41 +5.56
80.16 58.25+4.83 -21.92 88.95+2.17 30.70 £3.32
40.68 36.01£2.52 -4.67 54.68 £1.36 18.67+£2.23
29.35 21.61+1.97 -7.74 31.63+1.79 10.02 +0.53
29.90 27.47 £1.96 -2.44 65.94 £ 8.25 38.47£9.22
79.67 51.39+1.26 -28.28 79.79 £5.40 28.41+6.47
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The deviation between experimental and predicted glass transition onset temperature of the
POLYMERKETO systems are detailed in Table 4.3 and graphed in Figure 4.7. For many of the systems
studied there is significant deviation between these values. The experimental values were lower
than expected for the PVP-containing systems. PVPKETO systems of high molecular weight deviated
the most from predicted values in terms of an absolute deviation, up to 68 ° C in the case of the
PVP9OKETO system. This may be partially explained by considering that the viscosity of the high Mw
polymers may limit the diffusion of ketoprofen through the system, resulting in secondary polymer-
rich glass transition temperatures as seen in Figure 4.6. Systems containing vinyl acetate deviated
the least from the predicted values. Initially this difference in Gordon-Taylor deviations between
vinyl acetate-rich and vinyl pyrrolidone-rich systems was thought to be due to variation of water

content in the mixtures, as water is known to be a potent plasticiser 3.

However, by re-weighing the pans after the first heating cycle of the DSC measurement it was
confirmed that sorbed water had evaporated despite the absence of pin-holes in the DSC lid. The
mass percentage of water loss during the first heating cycle was the same as the mass percentage
loss during a thermogravimetric analysis. Therefore, the systems present in the second heating

cycle, where the glass transition was measured, were binary systems of drug and polymer.

The fact that vinyl acetate rich systems had glass transition temperature values closer to Gordon-
Taylor predicted values than vinyl pyrrolidone rich systems is somewhat surprising as the vinyl
acetate functional group is thought to be a poorer hydrogen bond acceptor than vinyl pyrrolidone
231 Generally, hydrogen bonding between the drug and polymer would be expected to produce a
positive deviation from the Gordon-Taylor equation %232, However, in specific instances where one
of the components is able to self-associate (e.g. dimer formation) through hydrogen bonding while
the other component can only act as a hydrogen bond donor or acceptor, the creation of an ASD
involving hydrogen bond formation between the two components may lead to a net reduction in
the total strength of hydrogen bonds present in the system 233, As ketoprofen is known to self-

associate to dimers through hydrogen bond formation via the carboxylic acid group 2*

, it may be
that the negative deviation from the Gordon-Taylor equation is a result of the new hydrogen bonds
formed between ketoprofen and PVP being weaker than the hydrogen bonds between amorphous
dimers of ketoprofen. The vinyl acetate systems experience a less negative deviation from Gordon-
Taylor predicted glass transition values as they are less likely to hydrogen bond with ketoprofen
and thus the strong dimer hydrogen bonds are retained. Evidence substantiating this theory is
found in work carried out with the structurally similar drug indomethacin and PVP/PVPVA. By using
solid-state NMR the authors determined that ASDs formed with PVP had fewer indomethacin

dimers present than ASDs formed with PVPVA 231,
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The PVAPKETO system’s glass transition onset temperature also negatively deviated from the value
predicted by the Gordon-Taylor equation, which is likely due to its very broad glass transition (28
°C), which, in turn, is due to the presence of a small poly vinyl acetate rich domain, as seen in the
inlay in Figure 4.2. As the polymer itself had two glass transitions, when the ASD was created the
addition of ketoprofen provided further heterogeneity to the system resulting in a very broad glass
transition. As shown in Figure 4.7 the experimental glass transition offset temperature of

PVAPKETO was very similar to the Gordon Taylor predicted onset temperature.

The PVAlcohol system glass transition temperature was very similar to the value predicted by the
Gordon-Taylor equation which is indicative of ideal mixing and the absence of any strong attractive

or repulsive forces between the drug and polymer.

This experiment has shown that one limitation with Gordon Taylor predicted glass transition values
is that they are generally understood to refer to the glass transition onset temperature. Where glass
transitions occur over an extended temperature range, such as is the case with many
POLYMERKETO systems, the Gordon Taylor predicted glass transition temperature may fall within
the experimental glass transition temperature range, but deviate significantly from the glass

transition onset temperature.
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Figure 4.7: Experimental and predicted glass transition temperature values for POLYMERKETO

systems with 20% w/w ketoprofen
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4.2.2.2 pXRD analysis

The pXRD patterns of physical mixtures of crystalline ketoprofen and the studied polymers are
shown in Figure 4.8a. The pXRD pattern of the PVP with the lowest molecular weight, PVP17,
physically mixed with ketoprofen appears to have Bragg peaks which are greatly diminished relative
to the equivalent higher molecular weight PVPs physical mixtures. This observation has been
reported by other authors for ketoprofen and ibuprofen 2323 One explanation for this observation
is that as the lower molecular weight PVPs have a higher number of terminal groups which are less
sterically hindered and therefore more free to interact with the carboxylic acid group of ketoprofen

resulting in a disturbance of the crystal packing 2%

The pXRD patterns shown in Figure 4.8 b) are the same systems post melt-quenching and cryo-
milling. While all physical mixtures show Bragg peaks corresponding to crystalline ketoprofen, once
melt-quenched all systems, except PVAPKETO and PVAlcoholKETO, are pXRD amorphous with no
Bragg peaks visible.

For both PVAPKETO and PVAlcoholKETO the intensity of the Bragg peaks is reduced in the melt-
guenched systems relative to the physical mixture, indicating some degree of amorphisation, but
also that residual crystalline ketoprofen remains. Interestingly, one of the most intense ketoprofen
peaks at 6.36° is not present in these melt-quenched systems, which may be due to preferred
orientation effects. As DSC showed no crystalline ketoprofen endotherm for the in-situ melt
quenched systems (Section 4.2.2.1) it is somewhat surprising that crystalline ketoprofen peaks are
visible using pXRD which is generally considered to be a less sensitive technique ?'*. This may be
explained by consideration that the DSC pan, where the glass transition measurements were taken,
involves a much smaller sample size in a very controlled environment in comparison to the melt-
guenched system, which was created using a hot-plate and liquid nitrogen. As the sample size was
larger and the system was open to the environment there may have been a temperature gradient

which did not allow ketoprofen to melt completely for these two systems.

Alternatively, the presence of residual crystalline ketoprofen in both systems may be due to rapid
re-crystallisation of ketoprofen in the time between amorphisation via melt-quenching and
recording of the pXRD pattern. Another explanation may be that ketoprofen may be soluble at this
drug/polymer ratio (20% w/w ketoprofen) for both polymers at the elevated temperatures used in
the DSC method and hence no crystalline endotherm is visible. The ketoprofen solubility limit may

be lower for these polymers at the ambient temperatures used for pXRD.
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Figure 4.8: pXRD patterns of a) Physical mixtures of crystalline ketoprofen and polymers b) Melt-
quenched and cryo-milled POLYMERKETO 1. Crystalline ketoprofen 2. PVP9OKETO 3. PVP30KETO
4. PVP17KETO 5. VP:VA 7:3KETO 6. VP:VA 3:7KETO 7. PVAcetateKETO 8. PVAlcoholKETO 9.
PVAPKETO

Page 141 of 268



Chapter 4: The role of polymer choice on ASD performance and stability

4.2.2.3 ATR-FTIR analysis

The intermolecular bonding between poly vinyl-based polymers and ketoprofen was investigated
using ATR-FTIR. Intermolecular interactions or lack thereof are crucial in the understanding of the
polymer mediated stabilisation of amorphous ketoprofen. It is known that the vinyl pyrrolidine
functional group in PVP can hydrogen bond with the carboxylic acid carbonyl in ketoprofen, and
that, in the PVPVA 6:4 co-polymer, the vinyl pyrrolidine functional group rather than the vinyl
acetate group is preferentially involved in hydrogen bonding with the carboxylic acid carbonyl

11

group of ketoprofen **. We aim to investigate if vinyl acetate, vinyl alcohol or vinyl phthalate

functional groups can interact with the carbonyls of the carboxylic acid or the ketone of ketoprofen.

In crystalline ketoprofen, there are two carbonyl signals at 1694 cm™ and 1653 cm?, corresponding
to the dimer hydrogen bonded carbonyl group of the carboxylic acid and the carbonyl of the ketone
respectively 2%, In amorphous ketoprofen the dimer carbonyl is slightly shifted to a higher
wavenumber (blue shift) at 1705 cm™ indicating that intermolecular hydrogen bonding is stronger
in the crystalline state of ketoprofen than the amorphous state, as hydrogen bonding results in a
lengthening of the carbonyl bond and lowers the frequency and hence wavenumber of the signal
238239 The ketone carbonyl at 1655 cm™ in the amorphous ketoprofen sample is broader than that
in the crystalline material indicating amorphisation 2%, Also notable in the amorphous spectra is
the appearance of a shoulder at 1737 cm™. This amorphous ketoprofen shoulder has been assigned
by other authors to the free acid (i.e. COOH) carbonyl of the carboxylic acid group, which is visible

due to the presence of monomeric ketoprofen 11238240

. Monomeric ketoprofen has a higher
wavenumber than dimeric ketoprofen as it is not stabilised through the same intermolecular
hydrogen bonding network. Another observable difference between the crystalline and
amorphous ketoprofen is noted in the fingerprint region. In crystalline ketoprofen there are 3
distinct peaks between 720 and 650 cm™, while in amorphous ketoprofen there are only 2 peaks

visible in this region, which allows for this region to be used as an indicator of the physical state of

ketoprofen 1.

As shown in Figures 4.9-4.11, PVP has one strong signal in the carbonyl region centred at 1653 cm~
1 corresponding to the carbonyl of the vinyl pyrrolidone ring. This signal is present in all PVP
polymers regardless of molecular weight. The physical mixtures (PM) of PVP17, PVP30 and PVP90
with 20% w/w ketoprofen appear to simply be an overlay of the IR spectra of each component, with

the 3 peaks attributed to crystalline ketoprofen visible in the fingerprint region.
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In contrast the melt-quenched (MQ) samples show 2 peaks in the fingerprint region indicating
amorphisation of ketoprofen. The melt-quenched samples also show a red shift of the dimer
carboxylic acid peak of ketoprofen causing it to overlap with the ketone of ketoprofen and the vinyl
pyrrolidone peak, which indicates that amorphisation is associated with an increase in hydrogen
bonding between ketoprofen and PVP. The amorphous ketoprofen monomeric shoulder is also
present but is slightly shifted to lower wavenumbers at 1725 cm™, 1723 cm™ and 1726 cm for
PVP17KETO PVP30KETO and PVP9OKETO, respectively which is indicative of increased hydrogen
bonding relative to ketoprofen in the amorphous state. It is clear therefore that melt-quenching
PVP with 20% w/w ketoprofen results in an amorphous material which is characterised by increased
hydrogen bonding relative to the physical mixture. These spectra are complementary to the mDSC
results which showed that PVPKETO systems exhibited glass transition onset temperatures which
deviated significantly from the Gordon-Taylor equation. It is clear from ATR-FTIR that hydrogen
bonding is occurring between the ketoprofen carboxylic carbonyl and PVP. The ability of PVP to
form hydrogen bonds with ketoprofen at the expense of stronger ketoprofen-ketoprofen hydrogen

bonds explains the negative deviation of glass transition temperature from predicted values 2%,

—/—k’  o~— MQ PVP17 ketoprofen
_/_/\\_/ -~~~ PMPVPI7 ketoprofen
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Figure 4.9: PVP17 and ketoprofen ATR-FTIR spectra. Melt-quenched (MQ) PVP17KETO and
physical mixture (PM) PVP17KETO
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Figure 4.10: PVP30 and ketoprofen ATR-FTIR spectra. Melt-quenched (MQ) PVP30KETO and
physical mixture (PM) PVP30KETO
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Figure 4.11: PVP90 and ketoprofen ATR-FTIR spectra. Melt-quenched (MQ) PVP90KETO and
physical mixture (PM) PVP90KETO
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As shown in Figure 4.12 VP:VA 7:3 has two carbonyl peaks apparent, a peak of low intensity at 1732
cm? corresponding to vinyl acetate and a peak of higher intensity at 1676 cm™ corresponding to
vinyl pyrrolidone. The relative intensity of these peaks is in accordance with the degree of
substitution of each functional group on the polymer backbone. The physical mixture of polymer
VP:VA 7:3 and 20% w/w ketoprofen shows two distinct peaks, one at 1735 cm™ corresponding to
the vinyl acetate group and one centred at 1671 cm™ corresponding to the merging of the ketone
of ketoprofen, dimer carbonyl of ketoprofen and vinyl pyrrolidone. In the melt-quenched sample,
the fingerprint region shows two distinct peaks in the 650-720 cm™ region indicating amorphisation,
however there is no clear change in the carbonyl region. As three of the peaks of interest overlap it
is challenging to interpret any subtle changes in this peak. It is clear however that the vinyl acetate

signal remains unchanged, indicating that it is not involved in hydrogen bonding with ketoprofen.

_J\/\ - e MQ VP:VA 7:3 ketoprofen

Y VO e PM VP:VA 7:3 ketoprofen

M /\\//\/\\_ Amorphous ketoprofen

Crystalline ketoprofen

Absorbance (a.u.)

VP: VA T3

yi
T 1 "~ 1T 1T "~ 1T * 7/ 1T " 1T 1
1800 1750 1700 1650 1600 1550 800 750 700 650

Wavenumber (cm™)

Figure 4.12: VP:VA 7:3 and ketoprofen ATR-FTIR spectra. Melt-quenched (MQ) VP:VA 7:3 KETO
and physical mixture (PM) VP:VA 7:3 KETO

The VP:VA 3:7 co-polymer spectra in Figure 4.13 is similar to the VP:VA 7:3 co-polymer as there are
two carbonyl peaks apparent, a peak at 1732 cm™ corresponding to vinyl acetate and a peak of
lower intensity at 1676 cm™ corresponding to vinyl pyrrolidone. The physical mixture of VP: VA 3:7
polymer and 20% w/w ketoprofen spectra shows two distinct peaks, one at 1733 cm®
corresponding to the vinyl acetate group and one centred at 1678 cm™ corresponding to the
merging of the dimer carbonyl of ketoprofen and vinyl pyrrolidone carbonyl. The ketone of
ketoprofen is visible as a shoulder at 1657 cm™. In the melt-quenched sample, the fingerprint region
shows two distinct peaks in the 650-720 cm™ region indicating amorphisation. In the melt-
qguenched sample, the vinyl acetate region remains unchanged, while a broadening of the

vinylpyrrolidone/ ketone carbonyl region is apparent. This is probably visible in this system and not
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in the VP:VA 7:3 system as the vinyl pyrrolidone signal is less intense due to lower vinyl pyrrolidone

content, allowing the broad amorphous ketone carbonyl signal to be observed.
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Figure 4.13: VP:VA 3:7 and ketoprofen ATR-FTIR spectra. Melt-quenched (MQ) VP:VA 3:7 KETO
and physical mixture (PM) VP:VA 3:7KETO

As shown in Figure 4.14 PVAcetate has one strong signal in the carbonyl region at 1729 ¢cm*
corresponding to the carbonyl of the polyvinyl acetate group. The physical mixture of 80% w/w
PVAcetate and 20% w/w ketoprofen appears to simply be an overlay of the spectra for crystalline
ketoprofen and PVAcetate. Three carbonyl peaks are distinct in this region at 1730 cm™, 1697 cm
and 1656 cm™ which are assigned to the vinyl acetate, dimer carboxylic acid and ketone carbonyls
respectively. The physical mixture shows three peaks in the 720 to 650 cm™ range indicating
crystallinity. The melt-quenched sample shows two peaks in the same region indicating
amorphisation. There are only two distinct carbonyl peaks in the melt quenched sample, one at
1658 cm™ corresponding to the ketone group of ketoprofen and one at 1729 cm™ which is a result

of the merging of the vinyl acetate signal and the dimer amorphous ketoprofen signal.
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Figure 4.14: PVAcetate and ketoprofen ATR-FTIR spectra. Melt-quenched (MQ) PVAcetate KETO
and physical mixture (PM) PVAcetate KETO

As shown in Figure 4.15, PVAlcohol has an alcohol signal at 3306 cm™ as well as a carbonyl signal at
1723 ecm™ which is due to polyvinyl acetate present as an impurity. Polyvinyl acetate is present as
it is the starting material which is hydrolysed in the manufacture of polyvinyl alcohol **!. The spectra
of the physcial mixture of PVAlcohol and 20% w/w ketoprofen appears to be a simple overlay of
the spectra of the individual components. Interestingly, in the melt-quenched sample there is no
change in the position of the alcohol signal relative to the physical mixture implying that this
functional group is not involved in any intermolecular bonding with ketoprofen, which corresponds
to DSC data. The melt-quenched sample shows a merging of carbonyl peaks between the dimer
carbonyl of ketoprofen and the vinyl acetate carbonyl, similar to the PVAcetateKETO system, and
the fingerprint region shows two peaks indicating that ketoprofen is present in the amorphous

state.
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Figure 4.15: PVAIlcohol and ketoprofen ATR-FTIR spectra. Melt-quenched (MQ) PVAIlcohol KETO
and physical mixture (PM) PVAlcohol KETO

As seen in Figure 4.16 PVAP has a broad carbonyl signal at 1705 cm™ due to the merging of three
carbonyls present in the structure of PVAP. Although there is an alcohol functional group present
in the structure of PVAP there was no signal detected in the 3300 cm™ region corresponding to this,
indicating that the OH group may be involved in intramolecular bonding in PVAP. The spectra of the
physical mixture of PVAP and crystalline ketoprofen appears to be an overlay of the individual
components. In the melt quenched sample, the dimer carboxylic acid carbonyl of ketoprofen has
merged with the carbonyls of PVAP and the characteristic three peaks centred around 700 cm™ are

absent, indicating that ketoprofen is present in the amorphous state.
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Figure 4.16: PVAP and ketoprofen ATR-FTIR spectra. Melt-quenched (MQ) PVAP KETO and
physical mixture (PM) PVAP KETO

Page 148 of 268



Chapter 4: The role of polymer choice on ASD performance and stability
In conclusion, the ATR-FTIR analysis has shown that ketoprofen is ATR-FTIR amorphous for all of
the systems studied. It also shows that by amorphising ketoprofen, the micro-environment of the
carbonyl of the carboxylic acid functional group is altered, particularly with regard to its propensity
to hydrogen bond. No shifts were observed with any vinyl acetate or vinyl alcohol groups indicating
that these functional groups do not form hydrogen bonds with ketoprofen in the amorphous form.
The only systems in which there was clear evidence of hydrogen bonding between ketoprofen and
polymer were the PVPKETO systems which complements DSC findings. This is an interesting
observation as the ability to hydrogen bond with a drug is generally considered to be a desirable
attribute of a polymer as it can increase relaxation times of the drug in the amorphous state thereby
prolonging amorphous state physical stability. In this instance, the ability of a polymer to hydrogen
bond with the drug of interest has led to a lower glass transition temperature than expected, which

would be predicted to result in poorer amorphous physical stability.

While PVAPKETO and PVAlcoholKETO had pXRD patterns with small peaks corresponding to small
amounts of crystalline ketoprofen, crystalline ketoprofen was not observed in either DSC or ATR-
FTIR analysis. As highlighted previously, one explanation for the DSC-amorphous nature of these
POLYMERKETO systems may be that crystalline ketoprofen is soluble in these polymers at elevated
temperatures, and therefore no melting endotherm event corresponding to the fusion temperature
of the ketoprofen crystal is observed. As ATR-FTIR is a more sensitive technique than pXRD 2%, it is
therefore surprising that the melt-quenched cryo-milled PVAPKETO and PVAIcoholKETO systems
are ATR-FTIR-amorphous. This observation may be due to some degree of amorphisation caused
by the ATR-FTIR arm compressing the powdered sample against the crystal. Compression has been
known to increase drug-polymer interaction and reduce drug crystallinity, as seen with PVPVA-

naproxen systems %8,
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4.2.3 Influence of polymer choice on water-induced phase transition

The relative humidity at which the relative humidity induced glass transition (RHr) occurred, as well
as the percentage of water uptake at the RHr,, were determined as described in Chapter 2 Section
2.2.3.7.1 and are shown in Figure 4.17. The RHrg is the relative humidity at which sufficient water
has been adsorbed by the polymer for the glass transition to occur at the temperature of the

analysis 112,

As PVAPKETO and PVAIcoholKETO are partially crystalline (pXRD) they were not deemed suitable
for this analysis. Similarly, as this analysis was carried out at 25 °C , which is above the glass

transition temperature of PVAcetateKETO, this system was not included in this analysis.

4.2.3.1 Influence of polymer molecular weight on water-induced phase transition

There was no statistically significant difference in the RHy; between PVP30KETO system and the
other molecular weight PVP systems studied. A trend is apparent however, as shown in Figure
4.17a. As the molecular weight of PVP increases, the RH required for RHy; to occur increases. The
mean RHryg (+ standard error) for PVP17KETO, PVP30KETO and PVP90OKETO were 49.61 + 4.83 %,
51.44 + 1.54 % and 58.71 £ 1.16 % respectively. This is likely due to the effect that increasing
molecular weight has on increasing the thermal glass transition. As molecular weight increases, the
thermal glass transition of the polymer increases (135 °C, 153 °C and 172 °C for PVP17,30 and 90
respectively- Figure 4.2) . The higher molecular weight PVP systems therefore require a higher RH
to be reached before the amount of water adsorbed plasticizes the system to a a sufficent degree
to enable a moisture induced glass transition to occur at 25 °C. This difference is small between
the PVP17 and PVP30 systems while it is greater for the PVP90 system. As the molecular weights of
these systems are 7,000-11,000, 54,000-55,000 and 1,000,000-1,500,000 g/mol respectively, this is
logical. The higher molecular weight may mean that the water has more difficulty diffusing through

the powder due to reduced molecular mobility caused by the high viscosity of the polymer.

As shown in Figure 4.17b, the percentage water uptake at the RHyg is higher for PVP9OKETO
compared to the lower molecular weight PVPKETO systems, which corresponds well with the

afformentioned explanation of the relationship between RHyg values and molecular weight.
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Figure 4.17: a) The relative humidity percentage at which a glass transition was induced for PVP-
ketoprofen systems of differing molecular weights b) The mass percentage of water uptake for
PVP-ketoprofen systems at the relative humidity induced glass transition for differing PVP
molecular weights . Ketoprofen composition was 20% w/w for each system studied

4.2.3.2 Influence of polymer substitution ratio on water-induced phase transition

Similarly, a trend is apparent in the RHrg values of systems with different VP:VA ratios studied, as
shown in Figure 4.18. As the ratio of VP: VA increases, the RHrg reduces. The RHrgvalues (+ standard
error) for VP:VA ratios of 10:0, 7:3 and 3:7 are 51.44 + 1.54 %, 55.98 + 0.88 % and 59.93 + 1.84 %
respectively. Increasing the vinyl acetate proportion in the system increases the hydrophobicity of
the system and therefore higher RH is required for sufficient water to be adsorbed for phase
transition to occur. In contrast to Figure 4.17 where higher RHrg systems had higher percentages of
water uptake at RHrg, in Figure 4.18 higher RHrg systems had lower percentages of water uptake at
RHrg. This is explained by consideration of the thermal glass transitions of these systems. The glass
transition of polyvinyl acetate is 38 °C, and as the proportion of vinyl acetate increases the glass
transition of the co-polymer reduces. The glass transitions of PVP30 (VP:VA 10:0), VP:VA 7:3 and
VP:VA3:7 are 153 °C, 114 °C and 58 °C respectively. Therefore the high vinyl acetate systems require
less water to be sorbed for a water-induced phase transition to occur. In the case of the VP:VA 7:3
KETO sytem only 3.39% w/w water was required for RHyz to occur, but its hydrophobicity
necessitated the RH to be nearly 60% before this amount of water could be sorbed. Where no vinyl
acetate was present 11.13% w/w water was required for RHrg to occur but the hydrophilicity of the

system meant that this quantity of water was sorbed by the time the system reached 51 % RH.
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Figure 4.18: a) The relative humidity at which a glass transition was induced for polymer-
ketoprofen systems of differing VP:VA substitution ratios b) The mass percentage of water uptake
for polymer-ketoprofen systems at the relative humidity induced glass transition for differing
VP:VA substitution ratios. Statistically significant difference (p<0.05) from PVP30KETO system
denoted by *. Highly statistically significant difference (p<0.001) from PVP30KETO system
denoted by ***,

As the data above refers to the RHrg at one relative humidity ramping rate (10 RH/ hour), it cannot
be used to determine the critical relative humidity for these polymer-keto systems as this requires
experiments at several relative humidity ramping rates to be performed. The critical relative
humidity of a system is the humidity above which a glass transition will occur at a particular
temperature given sufficient time to sorb moisture 2, This can be used to prescribe storage
conditions for the ASD. However it is clear from the data outlined above that higher polymer
molecular weight and hence higher viscosity is protective against moisture induced phase

transition, as is increasing the hydrophobic vinyl acetate component in the co-polymer.
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4.2.4 Influence of polymer choice on dynamic solubility

The equilibrium solubility of ketoprofen in pH 1.20 at 37 °C was determined (as described in Chapter
2 Section 2.2.5.1) to be 0.157 + 0.029 mg/mL at 24 hours. This value is close to another value
reported in the literature of 0.130 mg/mL?*', The dynamic solubility of the polymer-ketoprofen
systems determined as described in Chapter 2 Section 2.2.5.2, are shown in Figure 4.19, where the

dashed line represents the equilibrium solubility of crystalline ketoprofen.

As seen in Figure 4.19a all PVP-ketoprofen systems reach supersaturation relative to crystalline
ketoprofen within two hours. The PVPOOKETO system was slower to reach supersaturation than the
lower molecular weight PVPKETO systems, which is likely due to the high viscosity of this polymer.
The total degree of supersaturation is lower for PVPOOKETO relative to the other two PVP polymers
over two hours, although it is clear the degree of supersaturation is increasing with time. If the
experiment had been conducted over a longer time frame, PVP90OKETO may have attained the same
degree of supersaturation as the lower molecular weight PVP systems, but this would not have
been physiologically relevant. Interestingly PVP30KETO reached supersaturation faster than
PVP17KETO which is a surprising result considering that the viscosity of PVP17 is lower than that of
PVP30.

The ratio of vinyl pyrrolidone to vinyl acetate is clearly critical to the ability of ketoprofen ASDs to
reach supersaturation as shown in Figure 4.19b. When this ratio reached 3:7 VP:VA or lower, the
ASD was no longer able to reach supersaturation within two hours. This is due to the inherently low
aqueous solubility of the vinylacetate functional group 1. As shown in Figure 4.20, this relationship
between vinylpyrrolidone composition and ketoprofen concentration after two hours is well
described by a linear regression model, with an R?value of 0.96. No such relationship has been
described in the literature previously, making this an interesting observation. A similar study, which
examined the relationship between celecoxib supersaturation and PVPVA substitution ratio for
celecoxib ASDs, found that while the vinyl pyrrolidone monomer was responsible for
supersaturation, the vinyl acetate monomer was responsible for the prevention of recrystallisation
during dissolution 2*2, In the absence of API recrystallisation in the dissolution media, the degree of

supersaturation appears to be dependent on the degree of vinyl pyrrolidone substitution.

The role that the polymer’s substituent functional groups have on the degree of supersaturation
achieved by ketoprofen is demonstrated in Figure 4.19c. While PVAlcoholKETO and PVAPKETO
contained ketoprofen in a mixture of amorphous and crystalline states, these systems achieved
supersaturation relative to the fully crystalline ketoprofen. This is in contrast to the PVAcetateKETO

system, which although fully amorphous, did not achieve supersaturation of ketoprofen within 2
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hours at pH 1.20. This work has highlighted that it is the aqueous solubility of the polymer, rather
than the degree of amorphisation, which is critical to the ability of ketoprofen ASDs to achieve

supersaturation.
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Figure 4.19: Dynamic solubility of POLYMERKETO systems at pH 1.2 and 37 °C over two hours.
The dashed line represents the equilibrium solubility of crystalline ketoprofen
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Figure 4.20: Dynamic solubility of vinyl pyrrolidone KETO systems at pH 1.2 at 2 hours versus parts
vinyl pyrrolidone in the polymer

4.2.5 Influence of polymer choice on the stability of the glassy state

The pXRD patterns of POLYMERKETO systems placed in stability chambers maintained at 25 °C and
a constant humidity of 0% RH or 75% RH over a period of 12 weeks are shown in Figure 4.21. The
purple pattern in each graph is of a physical mixture of ketoprofen (20% w/w) and the polymer
being tested. As can be seen in Figure 4.21, all PVPKETO systems remained amorphous regardless
of polymer molecular weight or the humidity at which the system was stored. Similarly, the VP:VA
co-polymer KETO and PVAcetateKETO systems remained amorphous within the time frame studied
regardless of storage conditions. The PVAlcoholKETO system, which had some Bragg peaks
corresponding to crystalline ketoprofen at the time of manufacture, appears to remain in a semi-
crystalline state throughout the 12 weeks study without any significant change in peak intensity for
samples stored at 0% RH and 75% RH. The PVAPKETO system, which had some small Bragg peaks
corresponding to crystalline ketoprofen at the time of manufacture, displays peaks which are
similar in intensity at 12 weeks in the sample stored at 0% RH and peaks which are slightly more

intense at 12 weeks in the sample stored at 75% RH.
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Figure 4.21 a) pXRD patterns of PVPKETO systems stored at 0% or 75% RH at 25 °C for 12 weeks
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Figure 4.21 b) pXRD patterns of VP: VA 7:3 KETO, VP: VA 3:7 KETO and PVAcetateKETO systems

stored at 0% or 75% RH at 25 °C for 12 weeks
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Figure 4.21 c) pXRD patterns of PVAPKETO and PVAlcoholKETO systems stored at 0% or 75% RH

at 25 °C for 12 weeks
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The glass transition onset temperatures and glass transition temperature widths of the same
systems stored at 75% RH are shown in Figure 4.22. As can be seen in Figure 4.22a) the PVPKETO
system which had the most significant glass transition onset temperature shift upon exposure to
humidity was the PVP17KETO system. While the glass transition onset temperature of PVP17KETO,
PVP30KETO and PVP90KETO were all similar after manufacture, it is apparent that after 12 weeks
exposure to 75% RH the lower molecular weight PVP has a glass transition onset temperature which
is more depressed, indicating increased water sorption relative to the other systems. Interestingly,
the glass transition temperature widths, which may be considered a measure of the homogenity of

the system 243

, increased for all PVPKETO systems after 12 weeks exposure to moisture. This is likely
due to the presence of moisture causing the system to become a ternary system of water, polymer
and ketoprofen causing heterogeneity in the sample. There is no relationship apparent between
the molecular weight of the polymer and the increase in glass transition temperature width over

time

Figure 4.22b) shows the glass transition onset temperatures and glass transition temperature
widths of the VP:VA KETO systems as well as the PVAcetateKETO and PVP30KETO systems. Directly
after manufacture it is clear that the systems with higher vinyl pyrrolidone content have higher
glass transition onset temperatures. After 12 weeks of storage at 75% RH, it is clear that the glass
transition onset temperatures of the high vinyl actetate content samples (i.e. VP:VA 3:7 KETO and
PVAcetateKETO) have not changed, while those with high vinyl pyrrolidone content (VP: VA 7:3
KETO AND PVP30KETO) have decreased. This is due to water sorption of the systems which
depresses the glass transition temperature. Interestingly, the glass transition onset temperature of
the PVP30KETO system and the VP:VA 3:7 KETO system were very similar after 12 weeks. The glass
transition temperature width of the high vinyl pyrrolidone content systems also increased
substantially over the 12 week time frame. The PVAlcohol and PVAP systems had no change in glass
transition temperature over the time frame studied and a much smaller increase in glass transition

temperature span relative to the other systems studied as shown in Figure 4.22 c).
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Figure 4.22 a) Glass transition onset temperatures and glass transition temperature widths of
PVPKETO systems stored at 75% RH at 25 °C for 12 weeks
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Figure 4.22 b) Glass transition onset temperatures and glass transition temperature widths of
VP:VA KETO systems stored at 75% RH at 25 °C for 12 weeks
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Figure 4.22 c) Glass transition onset temperatures and glass transition temperature widths of
PVAIlcoholKETO and PVAPKETO systems stored at 75% RH at 25 °C for 12 weeks
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4.2.6 Influence of polymer choice on the processability of ASDs

4.2.6.1 Density and compressibility

The density and Carr’s Compressibility Index (CCI) values for all melt quenched cryo-milled

ketoprofen 20% w/w systems are shown in Table 4.4 and graphed, with significance levels indicated

in Figure 4.23.

Table 4.4: Density and Carr’s Compressibility Index values for melt-quenched cryo-milled

polymer-ketoprofen systems. Mean values * standard deviation

Polymer- True density Bulk density Tapped density | CCl
ketoprofen system | (g/cm?3) (g/cm?3) (g/cm?3)

PVPOOKETO 1.293+£0.001 | 0.244 +£0.018 0.397 £ 0.033 38.50+3.12
PVP30KETO 1.306 £ 0.002 | 0.237 £0.023 0.397 £ 0.063 40.00 £ 4.00
PVP17KETO 1.305+0.002 | 0.267+£0.036 | 0.490+0.039 45,50+ 7.26
VP:VA7:3 KETO 1.254 £ 0.004 | 0.212+£0.023 0.377 £0.032 4371 +6.43
VP:VA 3.7 KETO 1.288 £ 0.001 | 0.264 £ 0.005 0.447 £ 0.021 40.67 £4.16
PVAcetateKETO 1.357+0.001 | 0.112+0.024 | 0.202 +£0.019 45.00 £ 6.08
PVAIlcoholKETO 1.396 £ 0.001 | 0.224 £ 0.005 0.439 £ 0.004 49.17+1.44
PVAPKETO 1.461+0.007 | 0.285+0.019 0.589 +0.044 51.71+£0.40
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Figure 4.23: Density and Carr’s Compressibility Index (Cl) values for melt quenched cryo-milled
polymer- ketoprofen systems. Highly statistically significant difference (p<0.001) from

PVP30KETO system denoted by ***,

Page 164 of 268



Chapter 4: The role of polymer choice on ASD performance and stability

Regarding true density, it is interesting to note that the two highest values are for the semi-
crystalline systems, PVAlcoholKETO and PVAPKETO. This is not unexpected as the crystallinity
means that the material is more tightly packed and therefore denser 2*°. However, when we
examine the true density of these polymers (Table 4.2) it is clear that the polymers themselves have
high density values. Although there is a statistically significant difference between PVP30KETO and
PVP17KETO, there is no trend apparent in the true densities of PVPKETO systems of differing
molecular weights. There does appear to be a trend towards increasing true density with increasing

vinyl acetate ratio.

Relative to the PVP30KETO samples, only PVAcetateKETO showed a statistically significantly
different bulk density value. This is likely because PVAcetateKETO is a supercooled liquid at room
temperature (Tg=21 °C). It would be expected that a supercooled liquid would have a lower density

than a substance in the amorphous/glassy state.

Relative to the PVP30KETO samples, only PVAcetateKETO and PVAPKETO had statistically
significantly lower and higher tapped density values respectively. The lower tapped density for
PVAcetateKETO probably stems from the fact that it is a supercooled liquid at room temperature
as outlined above. As the PVAPKETO sample was partially crystalline, the higher density is logical as

crystalline material is denser than amorphous material.

There is no statistically significant difference in the densities (bulk or tapped) of PVPKETO of
different molecular weights or with polymer-ketoprofen systems with different VP:VA substitution

ratios.

The differences observed in bulk/tapped density values did not translate into a difference in CCl
values. Three of the samples (PVP30KETO, PVP9OKETO and VP:VA 7:3) had CCl values of 36 which
mean they would classified as powders exhibiting “very poor flow” in accordance with the British
Pharmacopoeial Classification system 2**. The other samples all have CCl values > 37 meaning they
are classified as exhibiting “very very poor flow”. None of these samples are ideal candidates for
direct compression as they may struggle to flow from a hopper into a die. This suggests that
granulation or the addition of a binder may be required for these samples to be compressed into

tablets '%2.

4.2.6.2 Tensile strength and ejection force
The tensile strength of tablets formed from the melt-quenched cryo-milled powders combined with

MCCin a 1:1 w/w ratio, as well as the ejection force required to remove the tablet from the die, as
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described in Chapter 2 Section 2.2.1.4.1, are shown in Figure 4.24. A physical mixture of polymer:

ketoprofen: MCC 4:1:5 w/w/w was also tabletted for reference.

In general, the solid dispersion tablets have higher tensile strength and require less force for die-
ejection than the physical mix, with some notable exceptions. The VP:VA 7:3 KETO and PVAPKETO
solid dispersion tablets had very similar tensile strengths to their equivalent physical mixtures. The
PVAcetateKETO solid dispersion tablets were weaker than their equivalent physical mixture. This
may be explained by considering that the PVAcetateKETO system has a glass transition onset
temperature (21 °C) very close to room temperature and therefore exists in the rubbery state at
test conditions. This may mean that the mechanism by which the tablet deforms and breaks is
different from the equivalent crystalline or amorphous state. This was observed experimentally as
the PVAcetateKETO tablets were malleable and the force applied by the hardness testing machine
resulted in tablet deformation rather than breakage, as was observed for all other systems. In
addition to this, it was observed that the PVAcetateKETO system formed large rubbery clumps
when allowed to equilibrate to room temperature, and as tensile strength is known to be inversely

related to particle size 25, this result is not entirely unexpected.

The relationship between tensile strength and particle size may also explain how most of the
POLYMERKETO solid dispersion system tablets were stronger than their equivalent physical mixture
as they were milled as part of the method used to produce them. Another explanation for the solid
dispersion tablet strength superiority may be that amorphous particles have been shown to have
higher effective interparticulate contact area and stronger interparticulate bonding than crystalline

246

particles, as has been shown to be the case for lactose “*°. This results in stronger compacts.

No trend was observed with regard to polymer molecular weight or substitution ratio and tablet
tensile strength. However, the POLYMERKETO systems containing the vinyl pyrrolidone group
(PVP17KETO, PVP30KETO, PVP9OKETO, VP:VA 7:3 KETO, VP:VA 3:7 KETO) had higher tensile
strengths than the systems which did not have this functional group. As PVP is also used as a binder
excipient in formulations, and increasing the binder concentration is known to increase tablet
hardness 1?2, the vinyl pyrrolidone moiety in solid dispersions has a dual functionality as a polymeric

carrier but also as a binder.

Page 166 of 268



Chapter 4: The role of polymer choice on ASD performance and stability

O Physical mixture
8 - Solid dispersion

—
H
HOH

Tensile strength (MPa)
i
|_
HH
(o)

1500~ _ _
O Physical mixture

Solid dispersion
10004

500+ d o]

Ejection force (N)

Figure 4.24: Tensile strength and ejection force of tablets formed from POLYMERKETO solid
dispersion systems and equivalent physical mixtures

Page 167 of 268



Chapter 4: The role of polymer choice on ASD performance and stability

4.3 Conclusion:

This work has demonstrated that the choice of polymer when formulating a solid dispersion is
critical to the material properties of the final product. Hydrogen bonding between the drug and
polymer of choice is generally desirable due to the anticipated increase in glass transition
temperature, beyond values predicted by the Gordon-Taylor equation (i.e. a positive deviation).
However, where intra-molecular hydrogen bonding exists, such as the dimeric bond in ketoprofen,
this positive deviation from the predicted glass transition temperature may not materialise due to
a net loss in hydrogen bond strength in the system. A negative deviation from predicted glass
transition temperature was observed between ketoprofen and vinyl pyrrolidone-vinyl acetate
polymers, and the extent of this deviation was found to relate to the VP:VA ratio. The PVP30-
ketoprofen system was characterised by a 45 °C negative deviation while the equivalent VP:VA 7:3

and 3:7 systems were characterised a 22 °C and 5 °C negative deviation respectively.

The hydrophilicity of the polymer rather than its ability to fully stabilise the drug in the amorphous
state was found to be the predominant factor affecting the degree of supersaturation of ketoprofen
in solution. For example, the polyvinyl alcohol-ketoprofen system achieved supersaturation over 2
hours while polyvinyl acetate-ketoprofen did not. This is particularly interesting as ketoprofen in
the polyvinyl acetate system was fully amorphous, while ketoprofen in the polyvinyl alcohol system

was partially crystalline.

This work has also demonstrated that, where possible, selection of a polymer with binder
properties should be considered in order to maximise solid dispersion tablet strength and reduce
the number of excipients required to tablet a formulation via direct compression. Polymers with a
vinylpyrrolidone functional group appear to be more suitable for direct compression than those

without as they produced tablets with higher tensile strengths (>5.9 MPa vs. <4.8).
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Chapter 5: A comparison of spray dried and
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5.1. Introduction

Several amorphisation processes have been established to prepare ASDs of poorly soluble drugs.
Such processes include spray drying, freeze-drying and hot melt extrusion 2. Selection of a suitable
amorphisation process must consider the APl and polymer physicochemical properties such as the
melt temperature, thermal degradation profile, glass transition temperature and solubility. Each
method of ASD production has its own benefits and drawbacks and the selection of an

inappropriate method may have a deleterious effect on ASD performance

. For example,
thermolabile drugs such as ramipril, which degrades at its melt temperature, are not suitable
candidates for hot melt extrusion without the use of a plasticiser 3. Amorphisation by spray drying
requires that the API of interest be dissolved at an appropriate concentration in a suitable solvent.
By their very nature, APIs requiring amorphisation are poorly soluble in water, so spray drying
generally necessitates the use of organic solvents to dissolve the compounds of interest. The use of
organic solvents may be considered undesirable from both environmental and safety perspectives.
The need for novel amorphisation methods is apparent and several groups have pioneered new

247,248 ysing friction and shear force 2%

techniques to generate ASDs, such as microwave methods
as well as amorphisation in situ %°. Another pharmaceutical amorphisation technology which is
gaining attention is the electrohydrodynamic route i.e. the production of amorphous particles

through the application of an electrical current to a solution 148>250,

In electrohydrodynamic processes a solution is passed through a metal nozzle to which a strong
electrical field is applied. When the electric potential between the nozzle and the collector is
sufficiently high, fine droplets are formed at the capillary tip due to coulombic repulsion at the
solution surface %>, As the droplets travel from the needle tip to the collector, the solvent
evaporates. The shape of the solution emerging from the nozzle is dependent on the interplay
between the surface tension of the solvent and the electric stress induced at the nozzle orifice 2**.
In electrospinning a stable jet of droplets is formed resulting in the production of fibres. By contrast
in electrospraying there is no stable jet formation; the droplets form a Taylor cone and spherical
particles are produced *. Electrospraying is most commonly known for its application in mass
spectrometry, however its potential application in the pharmaceutical sector is an area of intensive
research %254 Although much of the research to date has been conducted at lab-scale, the
potential applications of electrohydrodynamic processes in drug delivery have been demonstrated
in the literature. A wide range of poorly water soluble APIs have been successfully formulated in
the amorphous form via electrospraying, including indomethacin, ketoprofen, celecoxib and

14

ritonavir Sustained-release electrosprayed amorphous solid dispersions of naproxen,

doxorubicin and cisplatin have also been realised #2. Due to the experimental scale at which
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electrospraying has been conducted thus far, no ASD produced by electrospraying has reached the

market thus far.

By contrast, spray drying has been used successfully to manufacture FDA approved ASDs since 1994.
There are currently 10 FDA approved ASDs on the market which are amorphized through spray
drying 2. The spray drying process dates back to the 1870s 2> and is an established method of
transforming a solution into a solid product. However, it was not until the late 1960s that the
solubility enhancement of spray dried APIs was realised 72. In the spray drying process, a solution is
atomised and mixed with a drying gas before the solvent evaporates, allowing for the collection of
dried particles which are generally in the low-micron size range #. The successful generation of an
ASD via spray drying is dependent, not only on the inherent glass forming ability of the drug 4, but
also on the solubility of the drug in the polymer 1, the drug polymer ratio used and the solvent

system employed 825>

One potential advantage of the electrospraying process over spray drying is that it may enable the
production of sub-micron particles with a very narrow particle size distribution 21, The production
of nano-amorphous material thus utilises two formulation techniques, disruption of the crystal
lattice and particle size reduction. The enhancement in solubility due to nanonisation is explained
through the Ostwald—Freundlich theory which describes the inverse relationship between particle
size and solubility *>. However, reducing particle size to the nano-region may result in unintended
consequences for the physical stability of the amorphous state, as surface crystallisation is faster
than bulk crystallisation 2°¢. The reduced particle size may also increase the hygroscopicity of the

particles due to an increase in surface area and potential for water sorption.

The objective of this work is to compare the particle characteristics and dissolution performances
of ASDs produced by the established spray drying method and the newer electrospraying approach.
While both processes have been compared in detail in review articles °>2°3 there are no head-to-
head comparisons of powders produced by spray drying and electrospraying. Ketoprofen is used as

a model APl and PVP and its vinyl acetate co-polymer PVPVAG64 are used as model polymers.
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5.2 Results

5.2.1 Solution characterisation

The surface tension, viscosity and conductivity for the studied solutions at 25 °C, measured as
described in Chapter 2 Section 2.2.2, are shown in Figure 5.1. The surface tensions for all systems

studied were not significantly different (p=0.3) regardless of polymer type or ketoprofen loading.

The viscosity of the solutions increased with increasing polymer concentration and was higher for
the solutions containing PVP relative to the solutions containing PVPVA, but this was not statistically
significant (p=0.25). This slight difference in viscosity is not surprising as a study examining the melt
viscosities of binary mixtures of indomethacin and either PVP or PVPVA found that the viscosity of
the PVP/indomethacin mixture was significantly higher than of that of the PVPVA/indomethacin

mixture %7,

Interestingly, the conductivity was dramatically different (p<0.001) for solutions containing the two
structurally related polymers. The PVPVA containing solutions had very low electrical conductivity
(<5 uS/cm) while the PVP containing solutions exhibited higher conductivity (>20 uS/cm), which
increased with increasing PVP content, as has previously been observed 8, This higher conductivity
can be attributed to the high hygroscopicity of PVP relative to its vinyl acetate co-polymer 2°9269,
This increase in electrical conductivity due to adsorbed moisture has previously been described for
silica 2%, In electrohydrodynamic processes, as the electrical conductivity of a solution increases,
the size of the particles produced decreases 1422253 Therefore, it may be expected that particles
produced by electrospraying from PVPVA-containing solutions will be larger than those produced

using PVP-containing solutions.

As the material properties of particles produced by electrohydrodynamic processes are known to
be a result of the interplay between surface tension, conductivity and solution viscosity and the
only significant difference between the two sets of polymer solutions is the conductivity, it may be

inferred that any difference in morphology may be attributed to this physicochemical difference.

Page 172 of 268



Chapter 5: A comparison of spray dried and electrosprayed ASD particles

Surface tension

Viscosity

Conductivity

30
20 frvp
IS
S frvPvA
Q
10
0
Q Q N
& & &
N R R
& ¢® ¢®
& > s
Y v

Figure 5.1: Surface tension, viscosity and conductivity of solutions subjected to spray drying and
electrospraying
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5.2.2 Particle morphology and size distribution analysis

5.2.2.1 Morphology of particles

Figure 5.2 shows SEM images of the particles produced by electrospraying and spray drying.
Solutions containing no ketoprofen (i.e. polymer in ethanolic solutions), when spray dried,
produced particles which displayed a “deflated balloon” morphology. This was observed for both
PVP and PVPVA spray dried particles (Figure 5.2b and 5.2d). The appearance of this deflated
balloon/shell morphology has previously been described for spray dried particles and can be
explained through consideration of the dimensionless unit called the Peclet number. This
parameter describes the relative speeds of the radial velocity of the receding droplet surface and

the diffusional motion of the solute 2%*. The Peclet number can be calculated using Equation 5.1
Pe; = — Equation 5.1

In the above equation, K represents the evaporation rate of the solvent and D; represents the
diffusion coefficient of solute i. When the Peclet number is below 1 the diffusional motion is fast
relative to the radial velocity of the droplet surface which means that there is an even distribution
of solute precipitating at the surface of the particle and typically a solid sphere will form. In contrast,
when the Peclet number is higher than 1, the surface of the droplet is evaporating more rapidly
than the solute in the bulk of the droplet is diffusing to the surface. This results in the formation of
voids and a shell morphology, which can collapse resulting in the observed deflated balloon effect
252264 particles of the same composition produced by electrospraying were mostly spherical and
without deformation (Figure 5.2a and 5.2c). The difference in morphology is evidence that the
relative ratios between evaporation rate of solvent and diffusional motion of solute is different in
spray drying and electrospraying. It may be that the lack of applied heat in electrospraying reduces
the evaporation rate allowing the solute more time to diffuse through the droplet, resulting in a

solid particle 2°2,

Itis also clear that the two processes have produced particles with differing size ranges. While there
are some fine particles in the sub-micron range produced by spray drying there are some larger
particles spanning approximately 5 um onto which finer particles have agglomerated. This is the
case for both PVP and PVPVA. By contrast, the polymer particles produced by electrospraying are
in the sub-micron range and in the case of PVP are relatively monodisperse and uniform in
appearance. While the PVPVA particles produced by electrospraying are smaller than their spray
dried counterpart, their morphology appears to be non-uniform with some spherical particles co-
existing with oblong non-spherical particles.
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When a binary mixture of either PVP or PVPVA and ketoprofen is spray dried the loss of the deflated
balloon structure is apparent (Figure 5.2f, h, j, I). The morphology of these spray dried particles is
spherical and there is no apparent difference in terms of shape or size between the two polymer
systems or on increasing drug loading from 10% w/w to 20% w/w. This change in morphology to a
solid sphere may be explained by considering that the solute being spray dried is now a binary
system and therefore the diffusion co-efficient D; will be different to that of a simple polymer
solution in ethanol. As the spray drying parameters were consistent for all samples, it would not be
anticipated that the evaporation rate changed significantly between the polymer and polymer-drug
systems. Therefore, it may be inferred from this change in morphology that the diffusion co-
efficient of ketoprofen and PVP or PVPVA mixtures in ethanol is higher than PVP or PVPVA in

ethanol.

When the binary mixtures of PVP and ketoprofen were electrosprayed (Figure 5.2e, i), the same
spherical morphology resulted as was observed for the polymer-only particles. The size and
morphology of these PVP-ketoprofen particles appear monodisperse and uniform. By contrast,
when binary mixtures of PVPVA and ketoprofen were electrosprayed (Figure 5.2 g, k) the
morphology was a mixture of spheres and disk-shaped particles. Some “webbing” between the
particles may also be observed. This may indicate that the jet produced at the nozzle orifice in the
electrohydrodynamic process was alternating between stable and unstable modes, resulting in a
mixture of electrospraying and electrospinning. The presence of electrosprayed beads co-existing
with electrospun fibres has previously been described, and although having a hybrid morphology
may have beneficial applications in terms of attaining a dual release profile, it is generally
undesirable due to lack of particle uniformity 2°*. The appearance of this hybrid morphology has
previously been attributed to a low polymer concentration and the associated lower viscosity in the
solution which is being processed, as well as a low net charge density which may be due to the
conductivity of the solution %%°. Although the polymer concentration is the same for both PVP and
PVPVA systems the viscosity of the PVPVA systems is slightly lower than the PVP systems as shown
in Figure 5.1. The conductivity of the PVPVA system is significantly lower than in the PVP systems
which is probably due to the higher moisture present in the PVP system. A combination of the lower
viscosity and lower conductivity may explain the “bead on a string” morphology observed.
Mechanistically speaking, the webbing observed in this study may be explained by the absence of
polymer chain entanglements prior to the droplet reaching the Rayleigh limit. The Rayleigh limit is
the maximum charge a droplet can hold before becoming unstable and precedes Coulombic fission,
whereby smaller droplets are generated due to repulsive effects 2662%7, As the solvent evaporates
from the droplet the charge concentration of the droplet increases #°!. As the PVP-ketoprofen

systems are more conductive than the PVPVA-ketoprofen systems the charge concentration of
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these droplets is higher, meaning that the Rayleigh limit is reached earlier for these droplets and
therefore Coulombic fission occurs, resulting in spherical particles. Conversely, the lower
conductivity of the PVPVA-ketoprofen systems may mean that the Rayleigh limit is reached at a
later stage in the electrospraying process. The droplets therefore do not reduce in size as
dramatically as the PVP particles, and at the time of reaching the Rayleigh limit the polymer in the
droplet has not reached the polymer volume fraction at which a fully entangled network of polymer
chain has formed 2%7. This means that the droplet is deformed during the Coulombic fission process

and webbing results.

The SEM analysis clearly shows that the morphology of the particles produced is dependent on the
drug/polymer ratio, choice of polymer and the production method. Electrospraying produced
particles that were largely monodisperse, while spray drying produced agglomerates of larger
particles and finer particles. Electrosprayed material prepared using PVP was more uniform in size
and morphology compared to material electrosprayed using the structurally related polymer,
PVPVA. This may be attributed to the differences in hygroscopicity between the polymers, which in
turn leads to a difference in the conductivity of the solutions and affects the interplay of forces in
the electrohydrodynamic process. The electrosprayed formulation which was considered optimal
was the PVP 20% w/w ketoprofen and approximately 35 mL of this solution was processed to

facilitate further material characterisation and dissolution testing.
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Polymer PVP PVPVA
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loading Electrosprayed Spray dried Electrosprayed Spray dried
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20% w/w
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5.2.2.2 Particle size analysis

Particle size analysis was carried out for particles produced using electrospraying and spray drying
using SEM as described in Chapter 2 Section 2.2.3.9.1. The average diameters of the particles are
shown in Table 5.1. In all systems, except the PVPVA 20% w/w ketoprofen system, the particles
produced by electrospraying have smaller average diameters than those produced by
electrospraying. The observed anomaly may be explained by considering the morphology of the
particles produced by electrospraying PVPVA particles with 20% w/w ketoprofen loading (Figure
5.2c). These discus shaped particles may not be suitable for the particle sizing methodology which

was employed, as this assumed a spherical shape.

There is less error associated with the average diameter values for the particles produced by
electrospraying relative to those produced by spray drying, as the particles produced by the former
process are more monodisperse than those produced by spray drying. This is reflected in the
histograms representing size distributions of the dried particles in Figure 5.3 and Figure 5.4.

Table 5.1: Average diameter and standard error values for electrosprayed (ES) and spray dried
(SD) polymer-ketoprofen systems.

Ketoprofen | PVP PVPVA
loading

SD (um) ES (um) p-value | SD (um) ES (um) p-value
0 % w/w 1.45+0.09 | 0.89+0.02 | <0.0001 | 1.35+0.09 | 0.68 £0.02 | <0.0001
10% w/w 1.13+0.06 | 0.79+£0.01 | 0.0742 1.08 £0.05 | 0.64 £0.03 | <0.0001
20% w/w 1.11+0.08 | 0.79+£0.02 | 0.2205 0.95+0.06 | 1.12+0.05 | 0.0225
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Figure 5.4: Particle size distribution for electrosprayed (ES) and spray dried (SD) PVPVA-

ketoprofen systems

Page 180 of 268



Chapter 5: A comparison of spray dried and electrosprayed ASD particles

5.2.3 Solid state characterisation
5.2.3.1 Thermal analysis

Modulated differential scanning calorimetry traces for the particles produced by electrospraying
and spray drying with PVP are shown in Figure 5.5. Traces i) iii) and v) are of PVP particles produced
by spray drying containing no ketoprofen, 10% w/w ketoprofen and 20% w/w ketoprofen
respectively. Traces ii) iv) and vi) are the equivalent particles produced by electrospraying. All traces
show a single glass transition indicating ketoprofen and PVP miscibility, which has previously been
demonstrated in the literature 2*>2%’, No traces show a melting endotherm, indicating the absence
of crystalline ketoprofen. The glass transition onset temperatures for the electrosprayed and spray
dried PVP-based particles containing 0% ketoprofen, 10% w/w ketoprofen and 20% w/w ketoprofen
are 166 °C, 127 °C and 94 °C respectively. As ketoprofen loading increases the glass transition
temperature reduces. This is because the glass transition temperature of ketoprofen is -6°C
(Chapter 4 Figure 4.4) and as the mass fraction of this component increases, the glass transition of
the amorphous solid dispersion reduces, in accordance with the Gordon-Taylor equation . It is
interesting to note that the glass transition onset temperatures are equivalent for particles
produced by both processes. This is the first-time thermal profile equivalency has been

demonstrated for ASDs produced by electrospraying and spray drying.
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Figure 5.5: Second heating run (i.e. after heating and cooling) of modulated differential scanning
calorimetry showing glass transitions i) spray dried PVP ii) electrosprayed PVP iii) spray dried PVP
with 10% w/w ketoprofen iv) electrosprayed PVP with 10% w/w ketoprofen v) spray dried PVP
with 20% w/w ketoprofen vi) electrosprayed PVP with 20% w/w ketoprofen
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5.2.3.2 Thermogravimetric analysis

There was no statistically significant difference (p=0.75) in residual solvent/moisture levels
between electrosprayed and spray dried PVP 20% w/w ketoprofen powder. The electrosprayed
powder contained 5.31 (+ 0.04) % moisture and the spray dried powder contained 5.52 (+ 0.48) %

moisture. Sample TGA traces are shown in Appendix m).

5.2.3.3 pXRD analysis

The pXRD patterns for the spray dried and electrosprayed PVP and PVPVA powders containing 20%
w/w ketoprofen, crystalline ketoprofen and physical mixtures of PVP or PVPVA with 20% w/w
crystalline ketoprofen are shown in Figure 5.6. All spray dried and electrosprayed powders show an
amorphous halo pattern devoid of Bragg peaks indicating a lack of crystalline material in the
powder. This is in contrast to crystalline ketoprofen which has Bragg peaks noticeable at 6 and 22.7
degrees 20 which is apparent in the physical mixtures of polymer and crystalline ketoprofen (Figure

5.6 f and g). This demonstrates that both processes produced ketoprofen in the amorphous form.
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Figure 5.6 Powder X-ray diffraction patterns of: a) crystalline ketoprofen b) electrosprayed PVP
20% w/w ketoprofen c) spray dried PVP 20% w/w ketoprofen d) electrosprayed PVPVA 20% w/w
ketoprofen e) spray dried PVPVA 20% w/w ketoprofen f) physical mixture of PVPVA and 20% w/w
crystalline ketoprofen g) physical mixture of PVP and 20% w/w crystalline ketoprofen
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5.2.3.4 ATR-FTIR analysis

The ATR-FTIR spectra for the spray dried and electrosprayed PVP containing 20% w/w ketoprofen
as well as a physical mixture of PVP and crystalline ketoprofen at the same mass ratio is shown in
Figure 5.7. It is clear from the spectra that the physical mixture differs in peak location and intensity
at several positions from the amorphous solid dispersion. In the fingerprint region, crystalline
ketoprofen exhibits a triplet peak centred around 700 cm™, while amorphous ketoprofen has a
doublet peak in this region 1. The ATR-FTIR spectra supports the pXRD and DSC data which shows
that electrospraying and spray drying ketoprofen in combination with PVP results in an amorphous
solid dispersion. Ketoprofen has two carbonyl groups, one is the carbonyl involved in the ketone
functional group and the other in the carboxylic acid group. The wavenumber of the ketone
carbonyl of ketoprofen is 1652 cm™ which is present, and unchanged, in all spectra. This indicates
the ketone of ketoprofen in not involved in any intermolecular interaction with the polymer, which
is logical as it is in a sterically hindered position. The wavenumber of the dimer hydrogen bonded
carboxylic acid carbonyl of ketoprofen is reported at 1690 cm™ in the literature ¥, but as this is
very close to the peak of the pyrrolidone carbonyl (1681 cm™) there is often an overlap and
distinguishing one peak from another may be challenging. In Figure 5.7, the mixture of PVP and
crystalline ketoprofen shows the dimer hydrogen bonded carboxylic acid carbonyl of ketoprofen at
1690 cm. Interestingly, the spray dried and electrosprayed samples lack this peak as it has merged
with the peaks of the ketone of ketoprofen and the vinyl pyrrolidone peak which indicates increased
hydrogen bonding 2. The physical mixture of crystalline ketoprofen and PVP shows an additional
peak at 1735 cm™ which has been assigned by other authors to the free acid carbonyl of the
carboxylic acid group, which is visible due to the presence of monomeric ketoprofen 11237238240 |y
the amorphous electrosprayed and spray dried material this free acid carbonyl is still visible but has
shifted to a lower wavenumber at 1723 cm™, which again indicates hydrogen bonding between this
functional group in ketoprofen and the polymer PVP. This data indicates that the intermolecular
interaction between PVP and ketoprofen has not been affected by the amorphisation method

chosen to produce the ketoprofen amorphous solid dispersion.
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Figure 5.7: ATR-FTIR spectra for electrosprayed and spray dried amorphous solid dispersions of
PVP and ketoprofen 20% w/w. A physical mixture of PVP and crystalline ketoprofen 20% w/w is
included as a control.

5.2.3.5 Specific surface area analysis

The amorphous solid dispersion of ketoprofen produced by spray drying had a specific surface area
of 1.97 (+ 0.16) m?/g, while the amorphous solid dispersion of ketoprofen produced by
electrospraying had a specific surface area of 3.01 (+ 0.12) m?/g. This difference in specific surface
area corresponds with the particle size results described in Section 5.2.2.2. Reduction in particle

254

size is one strategy to increase the dissolution rate of poorly soluble drugs >, in accordance with

the Nernst-Brunner equation 38,

However, an increase in surface area may also be detrimental to the amorphous state stability of
an ASD. It has previously been demonstrated that indomethacin crystallizes more rapidly in
particles with a smaller particle size which has been explained by the surface mediated nucleation
effect 2°¢. Similarly, felodipine has been shown to crystallise six times faster on the surface of the
material relative to the bulk of the material °32%, This work has demonstrated for the first time that

the specific surface area of an electrosprayed ASD is higher than the equivalent spray dried ASD.
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5.2.4 Drug loading

The ketoprofen loadings for the PVP samples produced via spray drying and electrospraying which
have theoretical ketoprofen contents of 20% w/w were 95.63 + 1.81 % and 97.37 + 1.56 %,
respectively. The actual ketoprofen concentration was close to the theoretical concentration of
ketoprofen, and there was no statistically significant difference in the ketoprofen loading between

the ASDs prepared via spray drying and electrospraying as indicated by a p-value of 0.278.

5.2.5 Dissolution performance

The dissolution profiles of the amorphous solid dispersions of ketoprofen produced by spray drying
and electrospraying containing 20% w/w ketoprofen at pH 1.2 in a flow through cell dissolution
apparatus are shown in Figure 5.8. A physical mixture of PVP with 20% w/w crystalline ketoprofen
raw material was included as a reference measurement. As can be seen, the dissolution rate and
extent of dissolved ketoprofen material is higher for the spray dried and the electrosprayed
ketoprofen relative to crystalline ketoprofen. However, there is no discernible difference in the
dissolution rate between the spray dried and electrosprayed material. This may be because the
ketoprofen release rate is very rapid from both amorphous systems, with more than 40% of the
available ketoprofen dissolving within 5 minutes. With such rapid release rates, the sampling
intervals chosen may not sufficiently demonstrate any difference. Additionally, the polydispersity
of the spray dried material means that logically the very small particles observed in Figure 5.2j
dissolve initially and as such there is no observed difference in the dissolution rate of the powder
prepared by different methods. There is however a higher total release of ketoprofen from the
electrosprayed material over the time-frame studied. The risk of crystallisation of the API during
the dissolution test is low due to the stability of ketoprofen in the amorphous state #, as well as the
fact that sink conditions were used. It is likely that the variation observed in the dissolution profile
of the spray dried system stems from the polydispersity of particle size, which is not present in the

electrosprayed system.
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Figure 5.8: Dissolution profiles for electrosprayed and spray dried amorphous solid dispersions
of PVP and ketoprofen 20% w/w at pH 1.2 (n=3)

5.2.6 Moisture diffusion studies and surface adsorption rates

The diffusion coefficient values of water vapour in the spray dried and electrosprayed PVP 20% w/w
ketoprofen at various relative humidities are listed in Table 5.2. The physical state of all samples
were checked via pXRD after exposure to high relative humidity in the DVS and were found to have

maintained their amorphous state.

As can be seen from Table 5.2, the diffusion coefficient values, which are measures of the rate of
moisture diffusion through the bulk of the powder, are not statistically significantly different
(p<0.05) between the electrosprayed material and the equivalent spray dried material at all relative
humidity conditions studied. Conversely, the rate of surface moisture adsorption shown in Figure
5.9 and Table 5.3 is significantly faster for the electrosprayed material compared to the spray dried
material. As surface adsorption is typically much faster than bulk absorption %, and the
electrosprayed powder has a higher specific surface area than the equivalent spray dried powder,
this result is not unexpected. As amorphous state instability is often driven by moisture-induced

phase separation !

, this result highlights the importance of protecting amorphous solid
dispersions from moisture during storage, particularly those that have a high specific surface area

such as the electrosprayed material in this work.
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Table 5.2: Water diffusion coefficient values for spray dried and electrosprayed PVP 20% w/w
ketoprofen. Standard deviation values are in parenthesis

5.87+1.16 x 103 4.96+0.49x 10
5.94+1.05x 107" 4.54+0.50x 10 0.11
4.16+0.92x 10 2.96+0.27 x 10" 0.09
2.13+0.45x 101 1.90+0.19x 10 0.45
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Figure 5.9: Surface moisture adsorption rates for electrosprayed and spray dried amorphous solid

dispersions of PVP and ketoprofen 20% w/w at various relative humidities.

Table 5.3: Surface moisture adsorption rates with standard deviation for electrosprayed (ES) and
spray dried (SD) amorphous solid dispersions of PVP and ketoprofen 20% w/w at various relative
humidities.

0.57+0.09

0.79+0.06

0.99+0.15 1.33+0.12 0.04
1.38+0.21 1.78+0.11 0.04
1.69+0.28 244 +0.17 0.01
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5.2.7 Density and compressibility

True density, bulk density, tapped density and Carr’s Compressibility Index values for spray dried
and electrosprayed PVP containing 20% w/w ketoprofen are shown in Table 5.4. The true density
of the spray dried PVP containing 20% w/w ketoprofen was 1.25 (+ 0.001) g/cm? and the true
density of the equivalent electrosprayed PVP containing 20% w/w ketoprofen was 1.32 (+ 0.009)
g/cm3. As true density is known to be inversely related to the degree of disorder present in a
material 2%, it may be inferred that the spray dried material is more “disordered” than the
equivalent electrosprayed material. The bulk and tapped density of the two materials are also
different. The Carr’'s Compressibility Index (CCl) is an indicator of powder flowability 2*. In the
pharmaceutical industry the ability of a powder to flow freely is a desirable attribute to ensure a
smooth flow of powder into direct compression dies allowing uniformity of content, weight and
hardness. Interestingly the CCls for the powders produced by the two different processes are
dramatically different. The CCl value for the spray dried material is 16.67 (+ 2.89), which means it
would be classified as a powder exhibiting “fair” flow, while the CCI value for the equivalent
electrosprayed material is 58.33 (+ 2.89) meaning that it would be categorised as a “very very poor”
flowing powder %429 Electrospraying this amorphous solid dispersion resulted in smaller and
narrower particle size distribution, and reduced flowability compared to the standard spray dried
material. This inverse relationship between particle size and flowability has previously been
described for pharmaceutical materials such as lactose, micro-crystalline cellulose and model APIs
270-272 This poor flow is likely due to the adhesion of small particles leading to the formation of
aggregates. This work has demonstrated that the flowability and hence processability of a spray
dried amorphous solid dispersion is superior to an equivalent electrosprayed amorphous solid

dispersion, which is caused by a difference in surface area and average particle size

Table 5.4: Density and Carr’s Compressibility Index (CCl) for spray dried and electrosprayed PVP
20% w/w ketoprofen.

True density Bulk density Tapped density o
3
(g/em’) (g/cm?) (g/cm?)

SD PVP with 209

With20% 1 | ,c .00 0.35 +0.04 0.42 +0.06 16.67 +2.89
w/w ketoprofen
ES PVP with 20%

Wi ° 1.32+0.01 0.16 + 0.03 0.39 +0.08 58.33 +2.89
w/w ketoprofen
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5.3 Conclusion

The need for novel methods of generating ASDs has led to intensive research into
electrohydrodynamic processes, including electrospraying, for this purpose. A head-to-head
comparison of powders produced using this newer method against the well-established spray

drying method has not been performed until now.

The effect of solution parameters (such as viscosity) on the material properties of particles
produced via spray drying is well explored. The same in-depth understanding of process parameters
is not yet established in the electrospraying of ASDs. This work demonstrates that solution
conductivity is a parameter critical to the morphology of particles produced via electrospraying,
while it has no effect on particles produced via spray drying. As solution conductivity is clearly a
critical quality attribute for successful electrospraying of a solution, attention should be paid to the
interplay that drug and polymer choice, as well as loading, have on this parameter. PVP was found
to confer higher conductivity to the solutions (> 20 uS/cm) in which it was dissolved compared to
PVPVA (< 5 uS/cm). This is likely due to its higher hygroscopicity, and hence its sorbed moisture.

Surface tension and viscosity were broadly similar across the various solutions tested.

The electrosprayed polymer-ketoprofen material was smaller in size (generally < 1 um) and
demonstrated a narrower particle size distribution compared to the equivalent spray dried
material. Solid-state analysis revealed that both the spray dried and electrosprayed powders of PVP
20% w/w ketoprofen were amorphous and had very similar glass transitions (=94 °C). Both powders
dissolved rapidly at pH 1.2, with > 40% w/w of available ketoprofen dissolved withing 5 minutes.
However, the electrosprayed powder exhibited a faster surface sorption of moisture than the

equivalent spray dried powder.

While electrospraying may prove advantageous in the amorphisation of APls unamenable to other
methods (i.e. those which are thermally labile), if electrospraying is to be developed further as a
standard amorphisation technique, the challenges posed by the sub-micron size of the particles it

produces, such as poor flow and high hygroscopicity, must also be addressed.
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6.a.1 Introduction

The physical instability of the amorphous state and of amorphous solid dispersions has been well
documented, as described in Chapter 1, Section 1.3. In contrast, the chemical stability of the
amorphous state has not been investigated thoroughly. This is surprising, as the high free energy
of the amorphous state, which is responsible for its rapid dissolution profile, would also be

anticipated to lead to an increase in chemical reactivity relative to the crystalline state.

The literature to date relating to amorphous chemical stability has demonstrated that the
amorphous form has a greater tendency to sorb moisture than the crystalline form 3. This may allow
chemical reactions involving water, such as hydrolysis, to proceed more readily in the amorphous
state than in the crystalline state. However, even when the water content of the amorphous and
crystalline forms of cephalosporin antibiotics are equivalent, the amorphous form exhibits a faster
rate of chemical degradation 8 This indicates that the presence of moisture alone does not
explain the increased chemical degradation rate observed in the amorphous state. Amorphous
state chemical degradation may proceed via different kinetic processes than the equivalent

crystalline state, as has been observed for indomethacin °.

Of interest in this chapter, is the process of photodegradation in the amorphous state.
Photodegradation is a chemical reaction whereby a molecule is transformed as a result of exposure
to light energy (photons). Photodegradation can occur in APIs, and photostability testing (i.e. testing
the tendency of a material to photodegrade) is a requirement of most regulatory agencies 273, If an
APl is liable to photodegradation, measures must be taken to minimise this process, so as to ensure
therapeutic efficacy is maintained and to avoid the ingestion of potentially toxic photodegradant

end products.

275,276

Solid-state photostability is known to be influenced by particle size 274, polymorphic form and

2% and an alpha

density 27728, Two studies have also shown that nifedipine, nimodipine
adrenoreceptor blocker (MK-912) 28 show markedly faster photodecomposition in the amorphous

state compared to their crystalline counterparts.

Formulation strategies which improve the photostability of various APls have included

125,283

complexation with cyclodextrins 2!, nano-emulsions 28, surface coating , incorporation into

284 and cocrystal formation 2%, The purpose of this chapter is to investigate the

inorganic matrices
effect of amorphous solid dispersion formulation on the photostability of an API using nifedipine as

a model drug.

Nifedipine is a suitable model API as it readily converts to its nitrosophenylpyridine derivative

(Impurity B) upon exposure to daylight, while exposure to UV light generates the
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nitrophenylpyridine derivative (Impurity A) . The molecular structures of nifedipine and its
associated photodegradants are shown in Figure 6.a.1. The poor photostability of nifedipine
relative to other dihydropyridine molecules has been attributed to the electronegativity of the o-

nitro groups in the phenyl ring of nifedipine 2.

A study examining the mechanism of nifedipine
photodegradation from solution showed that Impurity B is formed initially before a gradual
oxidation to Impurity A %7, As expected, photodegradation of nifedipine in the solid state was

observed to be slower than from solution %’.

ASDs of nifedipine with various polymers generated via spray drying will be subjected to
photostability testing. The degradation of nifedipine and simultaneous generation of nifedipine
impurities will be monitored over time and formulation factors affecting photostability, if any, will

be described.
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Nifedipine impurity B

(Dimethyl 2,6-dimethyl-4-(2-nitrosophenyl}-3,5-pyridinedicarboxylate)

Nifedipine

{1,4-Dihydro-2,6-dimethyl-4-(2-nitrophenyl}-3,5-pyridinedicarboxylic acid dimethyl ester)

Nifedipine impurity A

(2,6-Dimethyl-4-{2"-nitrophenyl)-3,5-pyridinecarboxylic acid dimethyl ester)

Figure 6.a.1: Molecular structures of nifedipine and associated photodegradant products
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6.a.2 Results

6.a.2.1 Thermal analysis

The DSC thermograms of the polymers as received, along with a sample of nifedipine which had

been melt-quenched in situ are shown in Figure 6.a.2 below.
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Figure 6.a.2: mDSC scans showing glass transition temperatures of polymers as received and an
in situ melt-quenched sample of nifedipine

As expected, the DSC scans of the amorphous polymers show glass transitions and no melting
endotherm. The sample of nifedipine which had been heated above its melt temperature and then
cooled to 25 °C before being re-heated showed a glass transition at 44 °C, which agrees with
literature values 1228, Some crystallisation (exotherm) is evident in the nifedipine sample before a
melting endotherm, corresponding to the melting endotherm of the stable polymorph of

nifedipine, is seen.

The DSC thermograms of the spray dried dispersions containing 30% w/w nifedipine are shown in
Figure 6.a.3 below. While ASDs of PVP and Soluplus were DSC amorphous at 30% w/w nifedipine
loading, the equivalent HPMC ASD was partially crystalline, as indicated by the presence of melting
endotherms with onsets at 154 °C and 171 °C. The glass transition and thermal events observed for

these binary systems are shown in Table 6.a.1. The presence of two melting endotherms indicates
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that nifedipine is present as two distinct polymorphs, the most stable polymorph (Form 1- Tm 171
°C) and a metastable polymorph (Form 2- Tm 154 °C). Both of these melting points are depressed
relative to those of their respective pure polymorphs (Tms of 173 °C and 161 °C respectively) 29,
indicating that HPMC is partially miscible with nifedipine. The absence of a crystallisation exotherm
indicates that the crystalline phases of the SD HPMC NIF 30% were present in the material prior to

testing, and not caused by reheating in the DSC.
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Figure 6.a.3 mDSC scans showing glass transition temperatures of spray dried polymers with
nifedipine 30% w/w

The DSC scans of the spray dried dispersions containing 15% w/w nifedipine are shown in Figure
6.a.4. All six systems are amorphous as indicated by the presence of a glass transition temperature
and the absence of an endothermic melting peak. The glass transition temperature onset, offset
and width for all spray dried systems are detailed in Table 6.a.1. All systems with 15% w/w
nifedipine loading have glass transitions which are higher than the equivalent 30% w/w nifedipine
loading, in accordance with the Gordon-Taylor equation %. The spray dried HPMC 30% w/w
nifedipine material was partially crystalline, while the equivalent 15% w/w nifedipine material was
fully amorphous, indicating that the solubility limit of nifedipine in HPMC is greater than or equal

to 15% w/w but less than 30% w/w
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Figure 6.a.4:mDSC scans showing glass transition temperatures of spray dried polymers with
nifedipine 15% w/w. Ratio refers to the ethanol:water ratio of the solvent system

The composition of the solvent from which the polymer-nifedipine system was spray dried appears
to have negligible impact on the glass transition temperature for the PVP-nifedipine and HPMC-
nifedipine systems but seems to have influenced the glass transition temperature of the Soluplus-
nifedipine system (Table 6.a.1). Initially this was thought to be due to a difference in the residual
solvent level (which may be due to polymer-solvent interaction strength) 2°° or the hygroscopicity
of the powders, as even low levels of solvents can significantly lower glass transition temperatures
8, However solvent/moisture level as measured by TGA revealed no statistically significant
difference in the residual solvent/ moisture level between the Soluplus-nifedipine systems which
were spray dried from different solvent systems (Table 6.a.2). Sample raw data are shown in

Appendix n.
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Table 6.a.1: Glass transition onset (Tg onset) and offset (Tg offset) temperatures as well as glass

transition temperature width (Tg width). Values are average values with standard deviation.

Solvent system refers to the solvent composition (ethanol: water) from which the polymer-

nifedipine system was spray dried

100:0 51.45+7.66 73.15+4.66 21.70+12.01
100:0 112.83+1.03 | 128.21+1.35 15.37+1.55
50:50 82.98 +2.67 95.15+1.02 12.17 +2.22
100:0 53.54+3.01 77.55+4.59 24.01+3.41
70:30 74.24 +£0.28 90.12£1.32 15.89+1.59
100:0 130.84 +1.43 | 148.61+1.30 17.77+£2.13
70:30 133.18 £3.60 | 146.51+0.58 13.33+0.25
50:50 102.09+8.01 | 126.57 £5.56 24.48 £ 6.61
70:30 95.21+11.37 | 128.17+0.95 | 32.96 +12.29

* Partially crystalline sample

Table 6.a.2: Moisture/residual solvent levels of spray dried polymer-nifedipine systems with 15%
w/w nifedipine loading. Results are expressed as the average of three replicates t standard
deviation. P-value refers to the pair of polymer-nifedipine systems in each row (i.e. HPMC-

nifedipine 50:50 and 70:30 ethanol: water v/v)

HPMC-nifedipine

PVP30-nifedipine

Soluplus-nifedipine

6.a.2.2 pXRD analysis

1.56 (+ 1.19) %

2.16 (+ 1.64) %

9.62 (£ 4.03) %

8.84(£2.22) %

0.93

0.79

1.92 (£ 0.84) %

1.02 (£ 0.21) %

0.15

The powder X-ray diffraction patterns of the spray dried polymer-nifedipine systems are shown in

Figure 6.a.5 below. A small Bragg peak is apparent in the SD HPMC 30% w/w nifedipine sample at

7.65 degrees 20 (indicated by arrow). As thermal analysis showed crystalline material in the SD

HPMC 30% w/w nifedipine sample, the pXRD pattern corresponds well to this.
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Figure 6.a.5: pXRD patterns of spray dried (SD) polymer- nifedipine systems with 30% and 15%
w/w nifedipine loading, spray dried from solvent systems composed of different ratios of ethanol
to water

6.a.2.3 Photostability analysis

As the purpose of this experiment was to determine the effect, if any, that polymer choice has on
the photostability of ASDs of nifedipine, the systems with 15% w/w nifedipine underwent
photostability testing and further characterisation. These fully X-ray and DSC amorphous systems
were selected to avoid any confounding factors such as the crystallisation of nifedipine during

photostability testing from a metastable polymorph state.

A secondary objective of this experiment was to determine the effect, if any, that solvent
composition has on the photostability of spray dried polymer-nifedipine ASDs. To test this, the
three polymer-nifedipine systems tested were each spray dried from two different solvent systems,
resulting in a total of 6 spray dried systems which underwent photostability testing, as described in
Chapter 2 Section 2.2.3.12. These were SD HPMC 15% NIF (70:30), SD HPMC 15% NIF (50:50), SD
PVP30 15% NIF (100:0), SD PVP30 15% NIF (70:30), SD SOLUPLUS 15% NIF (100:0) and SD SOLUPLUS

15% NIF (70:30) where the ratio refers to the ethanol: water v/v ratio.

6.a.2.3.1 Influence of polymer choice on spray dried nifedipine ASD photostability

The photostability results for the systems spray dried from a solvent composition of 70:30 ethanol:

water are shown in Figure 6.a.6 below.
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Figure 6.a.6: Nifedipine photodecomposition for spray dried ASDs with 15% w/w nifedipine spray
dried from a solvent composition of 70:30 ethanol: water. a) Percentage nifedipine remaining
over time b) Natural logarithm of percentage of nifedipine remaining over time. Solid lines
represent the best linear fit of the data to first-order kinetics c) Percentage of Impurity A over
time d) Percentage of Impurity B over time
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As expected, the nifedipine content of the systems decreases after exposure to light for all systems.
Photodecomposition is particularly rapid within the first 8 hours of exposure to light for all ASD
systems. This rapid burst of photodecomposition has previously been attributed to the initial
photodecomposition of all exposed nifedipine at the surface of particles 2’°. As the concentration
of nifedipine which is exposed to light reduces, the rate of photodecomposition reduces. The
photodecomposition of nifedipine in the solid state (both crystalline and amorphous) has previously
been described by first order kinetics, meaning that the rate of decomposition is dependent on the
concentration of nifedipine available for reaction 274279:281.285 Ag the ASDs studied in this experiment
are a mixture of amorphous nifedipine and amorphous polymer, the degradation rates were
modelled for zero order, first order and second order kinetics, to determine which kinetic model
fitted the decomposition process best. Graphical representations of the data fitted to this model is

shown in Appendix o). The results of these fitted models are shown in Table 6.a.3 below.

Table 6.a.3: Photodecomposition rates (k) of ASDs with 15% w/w nifedipine spray dried using
70:30 ethanol: water using zero, first and second order rates

Zero order First order Second order
ASD system
k (% hr?) R? k (hr?) R? k(%! hr?) R2
SD HPMC 15% NIF 1.67+0.31 0.66 0.037 £0.005 | 0.75 0.0011 £0.0002 | 0.64
SD PVP30 15% NIF 1.31+0.31 | 0.54 | 0.026+0.006 | 0.55 | 0.0006 +0.0002 | 0.49
SD Soluplus 15% NIF 1.63+0.34 | 0.59 | 0.037+0.008 | 0.57 | 0.0011 +0.0004 | 0.30

As seen in Table 6.a.3 none of the kinetic models give particularly high R? values, but the first order
model appears to give the best fit. There is only one report in the literature of the
photodecomposition rate of amorphous nifedipine, which was determined to be 0.052 h*?”°, Direct
comparison between the aforementioned study and this study is not possible as different
photostability test conditions were used, and the particle size of the amorphous nifedipine is not
specified. It is interesting however that the photodecomposition rates in the current study were
determined to be lower than the rate reported in the literature for pure amorphous nifedipine. As
the photodecomposition rate of nifedipine is described by first order-kinetics, lower concentrations
of nifedipine (i.e. where nifedipine concentration is diluted by the presence of a polymer) will likely
reduce the photodecomposition rate of nifedipine. It is therefore unclear whether it is the dilution
effect or the stabilising effect of ASD polymers which may be responsible for any reduction in

amorphous nifedipine photodecomposition rates.

Interestingly, the SD HPMC and SD Soluplus systems appear to exhibit similar decomposition rates,
while the photodecomposition of the SD PVP30 system shows a slower, although statistically
insignificantly different (p>0.05), photodecomposition rate. This trend corresponds well with the

evolution of the photodecomposition impurity products as shown in Figure 6.a.6, with the SD PVP
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system exhibiting lower levels of both impurities. The protective effect that the presence of PVP
may have on the photodecomposition of APIs has previously been postulated to be due to its
susceptibility to free radical attack because of the presence of abstractable hydrogens in the PVP
molecule. This may mean that PVP acts as a free radical transfer agent, preventing the

photodecomposition of an API 2%,

The protective effect, if any, that a polymer in an ASD may have on the photodecomposition of
nifedipine may also be due to the nature of the interaction between nifedipine and the polymer. It
is conceivable that nifedipine molecules which are hydrogen bonded to a polymer may be less
susceptible to photodecomposition, as intermolecular bonds would first have to be cleaved before
the intramolecular rearrangements required for photodecomposition (shown in Figure 6.a.1) could
occur. The literature has demonstrated that Soluplus does not form intermolecular bonds with

292 while PVP readily forms hydrogen bonds with nifedipine °. This intermolecular

nifedipine
interaction was deemed to be the reason that ASDs of PVP and nifedipine exhibited increased
relaxation times and increased physical stability relative to equivalent ASDs of HPMCAS and PAA °,
The current photostability study indicates that PVP-based ASDs may be more chemically stable than

equivalent HPMC and Soluplus-based ASDs.

Interestingly, the R? value for the SD HPMC 15% NIF 70:30 system was higher than the other
equivalent systems. A greater R? value for a first-order fit to the data suggests that the system is
behaving like a nifedipine-only system, meaning that the nifedipine is either located at the surface
of the particle or evenly distributed throughout the particle and not encapsulated to any great
extent as this would protect nifedipine from exposure to light and delay photodegradation. This
implies that there is a greater concentration of nifedipine at the surface of the SD HPMC 15% NIF
70:30 particles than the other systems, highlighting the importance that nifedipine encapsulation

during the spray drying process has on photodecomposition.

6.a.2.3.2 Influence of solvent composition on spray dried nifedipine ASD photostability

In order to probe the effect that solvent composition may have on the photodecomposition of
nifedipine in spray dried ASDs, the photodecomposition study was repeated for spray dried systems
of the same polymer-nifedipine composition which were spray dried from a different ratio of
ethanol: water. In an effort to deconvolute the dilution versus stabilisation effect that the
amorphous polymers may be exerting, a physical mixture composed of the spray dried polymer and
micronized crystalline nifedipine at the same mass ratio (15% w/w) nifedipine was included in the
analysis. The photodecomposition rate of the micronized crystalline nifedipine was also
determined. This should allow for the “dilution effect” that the polymers presence has on nifedipine
photodecomposition rates to be examined. The degradation of nifedipine over time was fitted to
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first order kinetics as shown in Figure 6.a.7 and the evolution of the nifedipine related impurities is
shown in Figure 6.a.8. The photodecomposition rate for each system is detailed in Table 6.a.4 and

graphed in Figure 6.a.9
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Figure 6.a.7: Natural logarithm of percentage of nifedipine remaining over time for polymer-
nifedipine mixtures. PM = physical mixture SD = Spray dried. The ratio refers to ratio of ethanol
to water in the solution which was spray dried. Solid lines represent the best linear fit of the
data to first-order kinetics
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Table 6.a.4: First-order photodecomposition rates (k) of nifedipine-polymer systems with 15%
w/w nifedipine. PM = physical mixture SD = Spray dried. The ratio refers to ratio of ethanol to
water in the solution which was spray dried. * System contains crystalline nifedipine

System k (hr?) R?
SD HPMC 15% NIF 50:50 0.0796 £ 0.0051 0.94
SD HPMC 15% NIF 70:30 0.0365 £ 0.0054 0.75
*PM HPMC 15% NIF 0.0387 £ 0.0032 0.90
SD PVP30 15% NIF 100:0 0.0324 +0.0068 0.60
SD PVP30 15% NIF 70:30 0.0257 £ 0.0060 0.55
*PM PVP30 15% NIF 0.0285 +0.0026 0.88
SD Soluplus 15% NIF 100:0 0.0269 £ 0.0029 0.84
SD Soluplus 15% NIF 70:30 0.0371 £ 0.0081 0.57
*PM Soluplus 15% NIF 0.0179 £0.0032 0.71
Crystalline nifedipine 0.0469 + 0.0081 0.83
FIT\
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Figure 6.a.9: First-order photodecomposition rates (k) of nifedipine-polymer systems with 15%
w/w nifedipine. PM = physical mixture SD = Spray dried. The ratio refers to ratio of ethanol to
water in the solution which was spray dried. * refers to a statistically significant difference
(p<0.05)

As shown in Figure 6.a.7, the rate of nifedipine photodecomposition in SD HPMC 15% NIF and SD
Soluplus 15% NIF systems appears to be influenced by the composition of the solution from which
the polymer-nifedipine system was spray dried. For both of these polymers, the systems which

were spray dried from solutions containing a higher content of water (SD HPMC 15% NIF 50:50 and
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SD Soluplus 15% NIF 70:30) exhibited poorer photostability than the systems which were spray
dried from solutions containing less water (SD HPMC 15% NIF 70:30) or no water (SD Soluplus 15%
NIF 100:0). The same effect was not seen in the spray dried nifedipine PVP systems, where the
solvent composition of the solution which was spray dried appeared to have little impact on the
rate of photodecomposition of nifedipine and there was no statistically significant difference in the

photodecomposition rates for all three PVP based systems.

Interestingly, the system which was spray dried from the solution containing the highest proportion
of water (SD HPMC 15% NIF 50:50) demonstrated the fastest photodecomposition rate (k=0.0796
hrl). This rate was twice as fast as any other rate determined for the other nifedipine-polymer
systems (Table 6.a.4). As nifedipine photodecomposition follows first order kinetics, the greater the
concentration of nifedipine available, the faster the rate of photodecomposition will be 27°. This
implies that the SD HPMC 15% NIF 50:50 system has a greater nifedipine concentration at the
surface of its particles than the other systems. This is supported by the high R? value that the SD
HPMC 15% NIF 50:50 exhibited when fitted to first order kinetics (R? = 0.94). These results highlight
the critical role that solvent composition has on the photodecomposition of spray dried nifedipine-
polymer particles, presumably due to the influence that solvent composition has on particle
formation 2%, As the spray dyer inlet temperature was higher for the systems containing water than
for those which did not contain water (105 °C versus 78 °C), this may also have contributed to the
surface enrichment of nifedipine, as has been demonstrated previously for the structurally related

294 However, inlet temperature alone does not explain the observed

molecule nimodipine
differences, as both of the HPMC-nifedipine systems were spray dried using an inlet temperature
of 105 °C. The association between residual solvent or moisture levels and the photostability of the
spray dried systems was also examined by measuring moisture/ solvent levels using TGA. While
PVP-nifedipine systems contained more moisture than the equivalent HPMC-nifedipine and
Soluplus-nifedipine systems (= 9% w/w vs. = 2% w/w), there was no statistically significant
differences between each pair of polymer-nifedipine systems spray dried from different solvent

systems (Table 6.a.2). This highlights that moisture/ residual solvent levels were not a factor which

contribute to the observed differences in photostability.

Attempts were made to quantify the amount of nifedipine at the surface of the spray dried HPMC
particles using X-ray photon spectroscopy (XPS), but unfortunately these attempts were
unsuccessful due to limit of detection issues. Further work is clearly needed to determine the
molecular composition of the surface of these spray dried particles, but the role of solvent

composition is clearly critical to spray dried amorphous nifedipine photodecomposition rate.

The photodecomposition rate of micronized crystalline nifedipine was determined to be 0.0469 +

0.0081 hr. The same micronized crystalline nifedipine physically mixed with polymers in a 15% to
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85% nifedipine to polymer ratio was determined to exhibit photodecomposition rates of 0.0387 +
0.0032, 0.0285 + 0.0026 and 0.0179 * 0.0032 hr?! for HPMC, PVP30 and Soluplus systems
respectively. This demonstrates that by diluting crystalline nifedipine with polymers, its
photodecomposition rate is reduced substantially. The difference in photodecomposition rates
between the physical mixtures of polymers and crystalline nifedipine may be due to differing
susceptibility to free radical attack. PVP and Soluplus contain amide groups in their molecular
structure, while HPMC does not. A structure activity relationship study of caffeic acid amide and
ester analogues and their free radical scavenging ability found that the presence of an amide
functional group increased the free radical scavenging activity of the molecule 2°°, This may explain
why HPMC has the fastest photodecomposition rate in a physical mixture with nifedipine, while

PVP and Soluplus exhibit slower photodecomposition rates.

Regarding the impurity profiles, as shown in Figure 6.a.8, the SD HPMC 15% NIF 50:50 system shows
higher Impurity A and Impurity B levels than the equivalent SD HPMC 15% NIF 70:30 system. This is
logical, as the photodecomposition rate of the SD HPMC 15% NIF 50:50 system was higher than the
photodecomposition rate of the SD HPMC 15% NIF 70:30 system.

Interestingly, the PM HPMC 15% NIF and PM PVP30 15% NIF systems had higher Impurity B levels
than their spray dried counterparts, even though their overall photodecomposition rates were
similar to, if not slower than, their spray dried counterparts (Figure 6.a.9). The same was not true
for the Impurity A levels of the same systems, which were similar to the spray dried systems. As the
presence of Impurity A is known to result from the oxidation of Impurity B %7, it would be
anticipated that as Impurity B levels increase, Impurity A levels increase, but this is not the case in
this instance. This indicates that the degradation pathways for the spray dried and physical mixture

systems may be different.

In the SD Soluplus systems, the system spray dried from a solvent containing water (SD Soluplus
15% NIF 70:30) exhibited higher Impurity B levels at early time points compared to the equivalent
system spray dried from ethanol alone (SD Soluplus 15% NIF 100:0). This corresponds well to the
nifedipine photodegradation rates for these systems. For ASDs of nifedipine containing Soluplus
and HPMC it appears that the Impurity B levels are higher in systems which were spray dried from
solvents containing water. Interestingly the PM Soluplus system shows similar Impurity B and lower

Impurity A levels than the equivalent spray dried systems.

6.a.2.4 Specific surface area analysis

The specific surface area of the polymer-nifedipine systems which had been spray dried using a
70:30 ethanol: water solvent system was determined as described in Chapter 2 Section 2.2.3.5. The
specific surface area of the SD HPMC 15% NIF 50:50 and the SD Soluplus 15% NIF 100:0 systems
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were also determined as these systems appeared to show different photodecomposition rates
compared to their SD 70:30 counterparts (Figure 6.a.7). The results are shown in Figure 6.a.10
below. There was no statistically significant (p<0.05) difference in the specific surface area values
of the systems spray dried from a 70:30 ethanol: water solvent system. This indicates that polymer
choice had no impact on the surface area of the spray dried nifedipine ASDs. Interestingly, there
was no statistically significant difference in the specific surface areas of the SD HPMC systems spray
dried from differing ethanol: water ratios. The SD Soluplus systems, spray dried from different
solvent systems also had statistically insignificant differences in specific surface area values. As
these systems show markedly different photodecomposition rates (Table 6.a.3), but the specific
surface area values are very similar, this adds to the aforementioned theory that there is a
difference in the distribution of nifedipine at the surface of the particles rather than a difference in

their surface area.
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Figure 6.a.10: Specific surface area of spray dried polymer-nifedipine systems with 15% w/w
nifedipine. The ratio refers to the ratio of ethanol to water in the solution from which the particles
were spray dried
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6.a.2.5 Particle size analysis

The particle size of the polymer-nifedipine systems were measured as described in Chapter 2

Section 2.2.3.9.2 and are detailed in Figure 6.a.11.

Table 6.a.5: Particle size distribution of polymer-nifedipine systems (15% nifedipine w/w) which
were subjected to photostability testing

System L\lt:‘::ipine :;sl‘t’ee:‘t D1o (prm) Dso (um) Dgo (m)

SD HPMC NIF Amorphous 50:50 2.63+0.17 | 9.48+0.45 2243 +1.97

SD HPMC NIF Amorphous 70:30 1.84+0.02 | 5.29+0.12 13.00 + 0.44
PM HPMC NIF Crystalline N/A 2.39+0.02 | 7.12+0.02 20.73+£0.21

SD PVP30 NIF Amorphous 100:0 1.09+0.18 | 3.55+0.44 7.57+1.13

SD PVP30 NIF Amorphous 70:30 1.37+0.03 | 4.24+0.13 9.55+0.25

PM PVP30 NIF Crystalline N/A 1.37+0.01 | 3.99+0.06 12.70+1.05

SD Soluplus NIF Amorphous 100:0 0.97+0.02 | 3.41+0.03 6.97 £ 0.06

SD Soluplus NIF Amorphous 70:30 3.79+0.36 | 19.57+6.20 | 731.33 £255.76
PM Soluplus NIF Crystalline N/A 1.69+0.03 | 4.67 +£0.09 12.50 +0.70

Interestingly, the SD HPMC 15% NIF 70:30 and the SD PVP30 15% NIF 70:30 systems had very similar
particle size distributions, while the SD SOLUPLUS 15% NIF 70:30 system had much larger D10 and
D90 values. This may be due to the presence of agglomerates in the SD SOLUPLUS 15% NIF 70:30

system which were not dispersed into individual particles during the particle sizing.

Interestingly, the SD HPMC 15% NIF system which was spray dried from 50:50 ethanol: water had
higher D10, D50 and D90 values compared to the SD HPMC 15% NIF system which was spray dried
from 70:30 ethanol: water. This is surprising, as the SD HPMC 15% NIF 50:50 system demonstrated
a more rapid nifedipine photodecomposition compared to SD HPMC 15% NIF 70:30 in spite of a
larger particle size, which is usually associated with a lower photodecomposition rate 4. This
points towards other factors, such as the surface distribution of nifedipine, as the driving force for

nifedipine photodecomposition in ASDs.

6.a.2.6 Particle morphology analysis

The particle morphology of all spray dried nifedipine-polymer 15% NIF w/w systems were captured
using scanning electron microscopy as described in Chapter 2 Section 2.2.3.8 and are shown in

Figure 6.a.11 below.

Comparing the particle morphology of the three polymer nifedipine systems spray dried from a

70:30 ethanol: water solvent system the Soluplus and HPMC-based systems appear to have some
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crumpled particles mixed with spherical particles while the equivalent PVP system, appears to have
a smoother surface. The addition of water into the solvent system appeared to have a smoothing
effect on the surface morphology of the PVP system as the 100:0 system displays some dimpling
compared to the 70:30 system where this effect is not apparent. This is in contrast to the Soluplus
and HPMC systems where the dimpling/crumpling effect is maintained, if not increased, on the

addition/increase of water to the spray drying solvent system.

The differing morphologies of spray dried particles has previously been explained by Peclet number
theory 2%, This parameter describes the relative speeds of the radial velocity of the receding droplet
surface and the diffusional motion of the solute, as described in Chapter 5 Section 5.2.2.1. When
the Peclet number is below 1 the diffusional motion is fast relative to the radial velocity of the
droplet surface which means that there is an even distribution of solute precipitating at the surface
of the particle and typically a solid sphere will form. In contrast, when the Peclet number is higher
than 1, the surface of the droplet is evaporating more rapidly than the solute in the bulk of the
droplet is diffusing to the surface. This results in dimpling and surface enrichment of the particle
264 |t is proposed that the SD HPMC 15% NIF 50:50 system has a Peclet number greater than the
other systems and therefore has a higher degree of nifedipine enrichment at the surface of the
particle. This is supported by the excellent fit (R>=0.94) of this system’s photodecomposition profile

to the first-order kinetics that nifedipine particles are known to exhibit 274,

As the solvent systems containing water were processed via spray drying using an inlet temperature
of 105 °C compared to an inlet temperature of 78 °C for the ethanol only systems, the evaporation
rates of these systems were likely different. The ratio of ethanol to water in the spray dried systems
will also affect the diffusion of the solutes through the droplets as they dry. It is clear that Peclet
number theory plays a role in the morphology and hence the photodecomposition rates of spray
dried ASDs of nifedipine. Further work is needed to tease out the various contributing factors to
the highly dimpled (and presumably nifedipine enriched) surface observed in the SD HPMC 15% NIF
50:50 sample which exhibited a faster nifedipine photodecomposition rate compared to equivalent

samples prepared from different solvent systems or different polymers.
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Ethanol: H20 SD SOLUPLUS 15% NIF N) PVP 15% NIF SD HPMC 15% NIF

Figure 6.a.11: SEM images of spray dried nifedipine-polymer particles (15% w/w drug loading), spray dried from different solvent systems. The scale bar in the
upper left corner of each image represents 2 um.
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6.a.3 Conclusion

This study has demonstrated that spray dried ASDs of nifedipine demonstrate markedly different
photostabilities depending on the solvent system and/or drying temperature which was used to

during spray drying.

Crystalline nifedipine which was simply mixed with different polymers demonstrated different
photodegradation rates which is attributed to differential abilities of the polymers to inhibit free

radical transfer.

When spray dried using the same solvent system, the PVP-nifedipine powder exhibited a slower
(although statistically insignificantly different) photodegradation rate and lower photodegradant
related impurity levels than equivalent HPMC and Soluplus systems, which may be due to
intermolecular interactions. In contrast to studies of crystalline nifedipine, where particle size (and
therefore specific surface area) is the biggest determinant of photodegradation rate, in ASDs of
nifedipine the polymer choice and the morphology of the particle formed during the spray drying
process appears to have the biggest influence on photodegradation rate. This is assumed to be due
to the surface enrichment of nifedipine, but further work is needed to demonstrate this

experimentally.
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6.b.1 Introduction

Nifedipine is a calcium channel blocker used clinically in the management of hypertension.
Generally nifedipine is formulated as an extended release preparation due to its short half-life of 8
hours 2%2%7_ Nifedipine is also licensed for the treatment of the circulatory disorder, Raynaud’s
syndrome, and immediate release preparations are available for this indication 1°® . The immediate
release formulations of nifedipine are also used for the treatment of autonomic dysreflexia, which

is an unlicensed indication 8.

Autonomic dysreflexia (AD) is a life threatening hypertensive crisis that people with spinal cord
injuries are at risk of developing 2*° . AD is most prevalent in people with injuries above the T6 level.
Estimates of the prevalence of AD in people with injuries above the T6 level range from 48% to 90%,
highlighting the pervasiveness of this disease 3. An episode of AD is commonly triggered by
noxious stimuli below the injury level, such as bladder distention or colonic irritation 2%. This
irritation results in a substantial unopposed sympathetic nervous system discharge causing
symptoms such as sweating, headache and a profound rise in blood pressure. While non-
pharmacological interventions such as emptying a catheter or loosening any tight clothing may

resolve the condition, in extreme AD pharmacological therapy is indicated 2.

In the pharmacological management of AD, the “bite and swallow” method is commonly advised.
This involves the patient, healthcare professional or caregiver crushing/rupturing a 10 mg
nifedipine soft gelatine capsule before the patient swallows the capsule and the liquid nifedipine
content. Although the content of the liquid capsule may be released in the mouth of the patient
using this technique, nifedipine absorption is minimal via the sublingual or buccal route 301302 |t is
therefore the intestinal absorption of nifedipine which is critical to its therapeutic effect 3 and a

sublingual formulation would not be appropriate for the treatment of AD.

The “bite and swallow” administration of nifedipine in the treatment of AD has been associated
with serious adverse effects such as hypotension 304305 These adverse effects may, in part, be
attributed to an erratic drug release profile which is anticipated from the rupturing of a liquid

capsule 3%, but experimental evidence of this is lacking.

The administration of nifedipine in AD is an unlicensed use, even without splitting open the liquid
capsule, which represents a modification of the medicine. Medicines modification, such as splitting,
often voids the license of a medicine which can have significant liability implications for healthcare
professionals in the event of an adverse event 3. The “bite and swallow” administration of

nifedipine in the treatment of AD therefore represents an unlicensed modification to a medicine
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being used for an unlicensed therapeutic indication. The need for an alternative formulation from

both patient safety and healthcare professional liability perspectives is apparent.

This work aims to design a rapidly dissolving ASD of nifedipine for the treatment of AD, and to
compare this to the release of nifedipine from a ruptured liquid capsule, which is the current
standard of care. Four polymers (HPMC, PVP30, PVP17 and Soluplus) were selected for this
purpose, and their solid state properties and dissolution profiles were compared to the current

standard of care.
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6.b.2 Results

6.b.2.1 pXRD analysis

The powder X-ray diffraction patterns for the spray dried polymer-nifedipine powders used in this
study prior to and after tabletting (as described in Chapter 2 Section 2.2.1.4.2) are shown in Figure
6.b.1 below. The spray dried powders were all X-ray amorphous after spray drying, as expected
from Chapter 6.a. of this chapter. After these powders were mixed with MCC and tabletted, a Bragg
peak (located at approximately 25 degrees 20) is evident in all four of the nifedipine-polymer
systems. This peak originates from MCC as evidenced by its diffractogram and is due to its semi-
crystalline nature. No Bragg peak corresponding to crystalline nifedipine is evident in the powders
post-tabletting, indicating that pressure-induced crystallisation is not a concern for these systems

using the selected tabletting parameters.

Pre-tabletting Post-tabletting
|500 al. 5000 a.u.
— MCC
M — SD HPMC 15% Nif
g ———————— — SD SOLUPLUS 15% Nif
w (N SD PVP30 15% Nif
M — SD PVP17 15% Nif
W — Nifedipine
10 20 30 40 y y y y

10 20 30 40

26 (degrees) 20 (degrees)

Figure 6.b.1: pXRD patterns of spray dried nifedipine-polymer systems with 15% w/w nifedipine
pre and post tabletting. The pXRD patterns of crystalline nifedipine and MCC are shown for
reference.

6.b.2.2 Nifedipine equilibrium solubility determination

Nifedipine’s equilibrium solubility at 37 °C in aqueous media at pH 1.2 was determined as described
in Chapter 2 Section 2.2.5.3. This value was determined to be 9.34 (+ 2.70) pg/mL at 24 hours and
9.36 (+ 1.12) pg/mL at 96 hours. This is similar to an equilibrium solubility value of nifedipine in
0.01M HCl at 37 °C reported in the literature of 10.91 + 2.27 ug/mL 3%, As the dose of nifedipine
used in the treatment of AD is 10 mg and the standard paddle apparatus uses a media volume of
900 mlL, if the entirety of the nifedipine dose were to dissolve, this would represent a
supersaturated state (11.11 pg/mL), meaning that standard test conditions are far from sink

conditions. With this is mind, the traditional paddle method as well as a modified bi-phasic media
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paddle method, which should be more representative of in vivo sink conditions, was used to test

the tablets.

6.b.2.3 Dissolution testing

6.b.2.3.1 Traditional paddle method

The release of nifedipine from Adalat® capsules which had been cut open as described in Chapter

2 Section 2.2.4.3.1 and tested using the traditional paddle method is shown in Figure 6.b.2 below.

100+
80+

60+

% nifedipine released

0 1 1 1 1 1 1 1
0 20 40 60 80 100 120

Time(minutes)

Figure 6.b.2: Nifedipine release from Adalat® capsules using the traditional paddle method at

pH 1.2. n=3

The release of nifedipine from the split Adalat® capsules was initially rapid, as 48% of the available
nifedipine was released within 15 minutes of the capsule being added to the dissolution vessel.
However, the measured nifedipine release was erratic at later time points and reduced to only 8%
at two hours. One explanation for this observation may be that an emulsion is formed in situ in the
paddle apparatus. As peppermint oil is listed as an excipient in Bayer’s literature pertaining to
Adalat® 3%, it is feasible that as nifedipine is released from the Adalat® capsule, the force of the
paddle’s rotation allows an emulsion to form. The log P of nifedipine is 2.5 31° , meaning that
nifedipine exhibits greater solubility in lipophilic media (such as peppermint oil) than in aqueous
media. This implies that if an emulsion is formed, the nifedipine released from the Adalat® capsule
will preferentially reside in the peppermint oil phase rather than the aqueous phase. This may
account for the erratic release profile which was measured as seen in Figure 6.b.2, as sampling was
occurring from a heterogenous system. This observation of inconsistent nifedipine release from

lipid filled capsules has previously been described in the literature **’.
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As shown in Figure 6.b.3, the release of nifedipine from the PVP17 tablets and PVP30 tablets was

faster and greater than for the HPMC and Soluplus tablets. The Soluplus tablets exhibited no release
of nifedipine over the two hours studied, which is surprising, as Soluplus is an amorphous polymer
designed to improve the solubility of poorly soluble compounds. However, on examining the
literature, this observation has been made previously for Soluplus-containing systems 3. This was
attributed to the fact that one of the constituent monomers of the co-polymer Soluplus, polyvinyl
caprolactam, is insoluble in aqueous solutions above 35 °C. This can cause gelation at the surface
of the tablet 31, which can inhibit API release. As the test conditions were carried out at 37 °C it is
feasible that this is what caused complete inhibition of nifedipine release. This theory is supported
by the fact that the Soluplus tablets showed smooth, uneroded gelled surfaces after recovery from
the dissolution bath and a previous study in the literature which showed poor nifedipine dissolution

form nifedipine-Soluplus co-precipitates 3'2.

The HPMC tablet shows gradual release of nifedipine, which is unsuited to use in AD. The slow
release of nifedipine from HPMC tablets is also likely due to gelation. HPMC, when used as a
polymer in ASD tablets is known to form a gelling matrix upon exposure to water 22, The release of
nifedipine from the ASD tablets is more consistent than for the Adalat® capsules. The initial release
of nifedipine from the PVP17 and PVP30 tablets is similar to the Adalat® capsule and as these results
were promising, these tablets were also tested using the modified paddle dissolution method, to

better model in vivo dissolution.

3

> 60 404

8 = 304
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=~ SD Soluplus 15% Nif

Figure 6.b.3: Nifedipine release profiles from ASD tablets using traditional paddle method. Inlay
shows the first 15 minutes. The dashed blue line represents nifedipine release from Adalat®
capsules
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The solid fractions remaining in the dissolution vessels after 2 hours were extracted and dried, as

described in Chapter 2 Section 2.2.4.3.1. Their pXRD patterns are shown in Figure 6.b.4 below.

As shown in Figure 6.b.4.a, the Bragg peaks present in the solid fractions of the ASD formulations
correspond to those of MCC. In contrast, there are small Bragg peaks present in the post-dissolution
solid fraction of the Adalat capsule which corresponds to the Bragg peaks present in crystalline
nifedipine. This implies that nifedipine crystallised from the liquid capsule Adalat formulation
during the dissolution process and explains the gradual reduction in nifedipine concentration for
this formulation, particularly after 75 minutes (Figure 6.b.4.b). This was not observed for the solid
fractions of the ASD formulations, which is likely due to the inhibitory effect that the selected

polymers have on nifedipine crystallisation .

Post-dissolution

a) ‘5000 au.
— Adalat
—] — MCC
] — SD HPMC 15% Nif
-~ SD SOLUPLUS 15% Nif

SD PVP30 15% Nif
— SD PVP17 15% Nif

— Nifedipine

— Nifedipine
— Adalat

10 20 30 40
20 (degrees)

Figure 6.b.4: a) pXRD patterns of the post-dissolution solid fractions of Adalat® and ASD
formulations. MCC and nifedipine pXRD patterns included for reference b) pXRD patterns of the
post-dissolution solid fraction of Adalat highlighting the Bragg peaks which correspond to
crystalline nifedipine
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6.b.2.3.2 Biphasic media paddle method
The Adalat® capsules, PVP17 and PVP30 tablets were tested using the modified paddle method as
outlined in Chapter 2 Section 2.2.4.3.2 and results are shown in Figure 6.b.5. This method was used
as it should provide a better model of nifedipine dissolution and absorption in vivo. Octanol models
the gastrointestinal mucosa, and partition into octanol represents the “absorption” of nifedipine
157 As seen in Figure 6.b.5, the nifedipine dissolution/ release from the tablets and capsules
respectively, was quite similar for the three systems. All three systems exhibited rapid release in
the aqueous phase, with 40% or more of the available nifedipine being liberated within 15 minutes,
however the dissolution of nifedipine from the ASD formulations is faster than the release from the
Adalat capsule with 22% and 26% of the available nifedipine dissolved within 2 minutes for the
PVP30 and PVP17 tablets respectively, while no nifedipine release was detected in the same time

period for the Adalat capsules.

The nifedipine concentration reduces over time in the aqueous phase as it migrates into the octanol
phase, mimicking nifedipine absorption in vivo. The nifedipine concentration in the octanol phase
is highest for the PVP17 tablet at early time points and is similar for the PVP30 and Adalat
formulations. This result indicates that the ASD preparations of nifedipine had release profiles
similar to and, in the case of PVP17, marginally faster than the current standard of care in the
treatment of AD. The PVP17-nifedipine system may have faster migration into the octanol phase
than the equivalent PVP30 system due to the polymer’s lower molecular weight and associated

lower viscosity.

This result is promising and indicates that an ASD formulation is an appropriate alternative to the
current unlicensed practice of splitting open Adalat capsules. It also demonstrates that the use of a
biphasic media may be an appropriate adaptation to standard dissolution testing where therapeutic
dosing results in non-sink conditions, particularly where hydrophobic excipients, such as oils are

included in the formulation.
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Figure 6.b.5: Nifedipine dissolution profile for Adalat® capsules and PVP17 and PVP30 ASD tablets
in aqueous and octanol phases using modified paddle method. Inlays show first 15 minutes.
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6.b.3. Conclusion

This preliminary study has shown that an ASD formulation is a viable alternative to the current
standard treatment for AD. The current practice of splitting open a liquid capsule of nifedipine can
lead to an erratic release profile and modelling such a practice is challenging using traditional
dissolution methods due to the presence of lipophilic excipients. A biphasic medium, which includes
a lipophilic component such as octanol, can model the in vivo absorption of nifedipine under non-

sink aqueous conditions and provided a more appropriate model in this case.

Four polymers (HPMC, Soluplus, PVP17 and PVP30) were tested for their suitability for nifedipine
ASD development for the treatment of AD. The highly water-soluble polymer PVP was found to
facilitate rapid dissolution of nifedipine from an ASD tablet, in contrast to Soluplus and HPMC, the
use of which resulted in the release of nifedipine being hindered due to gelling. The lower molecular
weight PVP polymer was found to partition into the octanol phase more rapidly than its higher
molecular weight counterpart, underlining the importance of polymer physicochemical properties

in ASD development.

While further work is needed in the development of an ASD nifedipine formulation for the
treatment of AD, this study has highlighted the potential utility of ASD formulations in medical

emergencies.
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7.1 General discussion and conclusions

As outlined in the origin and scope section, the aim of this thesis was to explore various factors
which affect the stability and performance of ASDs. A wide variety of such factors have been

identified from the literature and expanded upon in this thesis.

While attempts were made to determine if any difference exists in the glass forming ability or glass
stability of a racemic mixture compared to enantiopure ibuprofen, as indicated in Chapter 3, results
did not provide a conclusive answer to the question posed. From examining the literature >58 the
expectation would be that S IBU may be more stable in the glassy/amorphous state compared to
R,S IBU. Experimentally, while S IBU appeared to have a greater tendency towards crystallisation
from the supercooled state during non-isothermal crystallisation studies than R,S IBU, there were
inconsistent findings across replicates. In contrast, enthalpy relaxation studies showed that R,S IBU
appeared to relax faster in the amorphous state compared to S IBU, but there was a high degree of
error associated with these results. BDS provided insight into the molecular mobility of R,S IBU and
S IBU. The apparent crystallisation of polymorphic form Il of R,S IBU during BDS testing was captured
for the first time as a result of the work undertaken in this thesis. Only one secondary process was
observed in amorphous R,S IBU while two secondary processes were observed for S IBU, although
one of these may relate to a degradant product. This is in contrast to more detailed studies from
the literature which have demonstrated that S IBU and R,S IBU both possess four relaxation
processes 1*91% This points towards a thermodynamic, rather than kinetic driving force governing
any difference in the crystallisation tendencies of R,S IBU or S IBU from the amorphous state. This
thesis has highlighted that thermal methods alone are probably not appropriate for determining
the glass forming ability and stability differences of so called “good glass formers” #, such as
ibuprofen, as the tendency towards crystallisation is low and therefore extremely low cooling rates
may be required to allow for any difference in crystallisation between the racemic mixture and the
enantiopure form of an APl to become apparent. While further work is clearly needed, it is evident
that the chirality of an APl is a factor which may affect the glass forming ability and/or stability of

the glassy state and formulators should consider this during the development of an ASD.

The concept that chiral recognition may exist in an ASD formed from a chiral APl and a chiral
polymer, such as the cellulose based polymers, is certainly an interesting topic. If chiral recognition
exists in ASDs, this may be another factor that can affect the physical stability of ASDs. The
mechanism by which chiral discrimination occurs was postulated to stem from opposing

enantiomers of the APl possessing different strengths of intermolecular interaction with the
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polymer, however this was demonstrated experimentally in only one study ’. Although chiral
recognition is generally understood to refer to two opposing enantiomers, in the context of ASD
development, it would be highly unlikely from a clinical perspective, for two opposing enantiomers
of the same API to be under consideration for formulation development. A more probable situation
which could be envisaged would be a racemic switch from a racemic mixture to a single active
enantiomer of an API. No studies have examined the impact that a racemic switch may have on the
stability of an ASD. The work carried out in this thesis represents only the third reported study to
examine chiral recognition in an ASD, and the first study, to our knowledge, that has examined the

impact that a racemic switch may have on ASD stability.

Cryo-milling IBU with four different cellulose polymers did not result in complete amorphisation of
IBU for any of the systems studied. The melting points of the crystalline IBU which remained in the
mixture was more significantly depressed for the HPMC and the HPMCAS systems compared to the
HPC and HPMCP systems. The melting point of the R IBU HPMCAS was significantly more depressed
(7 °C) than for the S IBU HPMCAS system, while the S IBU HPMC system contained significantly less
(approximately 20% less) crystalline IBU than the R IBU HPMC system. These findings are interesting
and point towards chiral recognition existing in these systems. The significant difference in melting
point depression provides evidence of differing degrees of miscibility between cryo-milled HPMCAS
R IBU and cryo-milled HPMCAS S IBU 2, The difference in proportion of crystalline material
between cryo-milled HPMC S IBU and cryo-milled HPMC R IBU indicates that there is a difference
in the ability of HPMC to facilitate amorphisation depending on the enantiomer of IBU with which
it is cryo-milled. This theory was supported further by spherulite growth studies, which
demonstrated that the growth rate of S IBU spherulites in the presence of 5% HPMC was
significantly lower than for the equivalent R IBU spherulites. Interestingly, these observations do
not correlate well with the ATR-FTIR spectra findings, which showed that there were different ratios
of monomeric to dimeric IBU in the cryo-milled R IBU HPMCP and S IBU HPMCP systems, but that
these ratios were very similar for the cryo-milled R IBU and S IBU HPMC and HPMCAS systems. This
indicates that differences in hydrogen bonding between R IBU and cellulose polymers and S IBU
and cellulose polymers do not predict differences in miscibility or ability to facilitate amorphisation.
These stereoselective phenomena must, therefore, be due to differences in the strength of other
forms of intermolecular interaction between IBU and the cellulose polymers, such as Van der Waals

interactions.

As part of the work carried out in this thesis, the role that the manufacturing method plays in chiral

recognition was also examined. A system which appeared to show chiral recognition when
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produced via cryo-milling (IBU-HPMC), was also produced via spray drying. In the literature, the
term “chiral recognition” generally refers to two substances which are in solution. As the spray
drying studies undertaken start with a system in solution, it was thought that, due to the more
intimate mixing of substances that this allows, any stereoselective effect may be enhanced. In fact,
what was observed was that the spray dried R IBU HPMC and the spray dried S IBU HPMC systems
were both completely pXRD amorphous, in contrast to their cryo-milled equivalents, for which S
IBU HPMC was less crystalline than R IBU HPMC. The spray dried R,S IBU HPMC was also less
crystalline than its equivalent cryo-milled system, but some crystalline IBU remained, as evidenced
via pXRD and DSC. One explanation for the attenuation of the stereoselective effect when R IBU
HPMC and S IBU HPMC were spray dried is that, by solubilising the two components, more intimate
molecular mixing of HPMC and IBU occurred than when these systems were cryo-milled. This mixing
at the molecular level allowed IBU to be stabilised in the amorphous form in contrast to the cryo-
milled system %6, ATR- FTIR spectra demonstrated that although both spray dried S IBU HPMC and
spray dried R IBU HPMC were amorphous, there were clear differences between the hydrogen
bonding profile of the carbonyl in the IBU molecule when spray dried with HPMC depending on
which enantiomer of IBU was used. This finding indicates that although spray drying resulted in a
loss of stereoselective facilitation of amorphisation, it did result in a stereoselective intermolecular
interaction between IBU and HPMC. Regarding spray dried R,S IBU HPMC it is interesting to note
that at the same weight ratio, the racemic compound was partially crystalline in contrast to both of
its single enantiomer counterparts. This observation may stem from differences in the

thermodynamic properties of their crystalline states.

The objective of the second experimental chapter was to examine how polymer selection affects a
wide variety of ASD properties. The glass transition temperatures of ASDs which were prepared
using a PVP of higher molecular weight were observed to deviate the most from Gordon-Taylor
predicted Tg values due to the viscosity of the polymer limiting the diffusion of ketoprofen through
the polymeric matrix. The ASDs with high VA content demonstrated glass transition temperatures
which were closest to the Gordon-Taylor predicted values, which is due to their low propensity to
form hydrogen bonds with ketoprofen, allowing the stronger dimeric ketoprofen hydrogen bonds

to remain intact.

The effect that relative humidity had on the ASDs was explored using the concept of RHrgi.e. the
relative humidity at which the amorphous material is plasticised by the presence of moisture to the
extent that it converts to a supercooled liquid. A trend between the RHr;and molecular weight of

the PVP-based ASDs was apparent, as the higher the molecular weight of the PVP, the higher was
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the RHrgvalue. This is likely due to the high viscosity of the higher molecular weight systems which
limited the diffusion of the water. Similarly, a trend between the RHrgand the ratio of VP:VA in the
ASD was also apparent. The systems with higher VA content had higher RHrg values, while the
systems with higher VP content had lower RHrg values. This trend is due to the hydrophobicity of
the VA moiety, which is protective against moisture sorption and associated plasticisation. To our
knowledge, this is the first study which has examined the role of polymer weight or substitution
ratio on RHy.. The RHrz measurements correlated well with the glass transition temperature
depression which was observed for the ASDs after 12 weeks of exposure to 75% RH. Low molecular
weight PVP systems exhibited the highest degree of plasticisation, while high molecular weight PVP
systems exhibited the lowest degree of plasticisation. Similarly, the ASDs with high VP content
exhibited plasticisation after storage at 75% RH while the high VA content systems did not show

plasticisation.

The effect that polymer selection has on supersaturation was also examined. Interestingly, the
hydrophobic nature of the polymeric component of the ASD, rather than complete amorphisation,
was found to be critical to the extent of ketoprofen supersaturation which was achieved. Although
the PVAcetateKETO system was completely pXRD amorphous, its hydrophobicity meant that
supersaturation of ketoprofen was not achieved within 2 hours. This experiment has highlighted
that the aqueous solubility of the polymer, a factor which is often overlooked, has a critical role in

determining ASD supersaturation.

The role that polymer selection has on the processability of ASDs is an area of research which has
not been investigated thoroughly 22, While no trend was observed between polymer molecular
weight or substitution ratio and the compressibility of the ASD powder, the systems which
contained VP demonstrated higher tensile strength than the systems which did not contain this
functional group. This points towards the dual functionality, as a binder and an amorphous
stabiliser, that VP-containing polymers possess in ASD systems. The advantages and disadvantages
associated with different poly-vinyl polymer properties, as demonstrated in Chapter 4, are
summarised in Table 7.1 below.. While the PVP polymers have proven to be very popular in ASD
development, their desirable high glass transition temperature may be offset during storage due
their propensity to sorb moisture. Identifying the optimal VP:VA ratio will help to ensure that
achieving excellent aqueous solubility does not jeopardise the solid-state stability of the amorphous
state. It is clear from the studies presented in this thesis that the optimal VP:VA ratio lies
somewhere between 3:7 and 7:3. While the PVPVA polymer which is commonly used in ASD

systems has a VP:VA ratio (6:4) which falls in between these ratios, it would be interesting to
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examine the effect that 4:6 and 5:5 VP:VA systems have on ASD properties to identify if the

commercially used polymer could be improved upon.

Table 7.1:Summary of the effects of poly-vinyl polymer properties on ASD performance

Poly-vinyl polymer property Effect on ASD performance

e Higher glass transition temperature
e More resistant to water induced phase transition
e Slower to reach supersaturation

High Mw

e Higher glass transition temperature

e More prone to water induced phase transition

e Higher degree of supersaturation

e Higher propensity to hydrogen bond with API

e Any VP content associated with higher tablet tensile strength

High VP content

e Lower glass transition temperature

High VA content e Less prone to water induced phase transition
e Lower degree of supersaturation

e Lower propensity to hydrogen bond with API

Chapter 5 examined the effect that ASD manufacturing method has on the material properties of
ASD powders. The more traditional spray drying ASD manufacturing method was compared to the
more novel electrospraying process. As both processes necessitate solubilising the APl and the
polymer prior to processing, the interaction between solution properties and manufacturing
process on particle properties could also be evaluated. The electrosprayed particles exhibited a
more monodisperse particle size distribution compared to the equivalent spray dried particles. The
electrosprayed particles were also, generally, smaller than the spray dried particles as they were
devoid of large agglomerates. It was interesting to note that the ketoprofen-polymer solutions
which had lower conductivity values (PVPVA-KETO), exhibited webbing between particles, which is

likely due to the electrospraying jet alternating between stable and unstable modes.

The solid-state characteristics of the spray dried and the electrosprayed ASD were very similar as
the glass transition temperature, ketoprofen loading, ATR-FTIR spectra and the pXRD pattern were
all comparable. The dissolution profiles of both ASD systems were also very similar, and both ASDs
dissolved faster than the equivalent physical mixture. The smaller particle size of the electrosprayed
ASD was associated with a faster rate of surface adsorption of water and poorer flow. While the
need for novel ASD manufacturing methods is clear, in this instance electrospraying did not provide
any benefit to ASD performance and actually produced ASD material which was sub-optimal with

respect to processability, compared to the traditional spray drying process, which is associated with
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a much higher throughput rate. Therefore, at lab scale, spray drying is a more efficient process for

producing ASDs of ketoprofen with desirable material properties for downstream processing.

Chapter 6 focussed on the chemical stability, specifically the photostability of amorphous
nifedipine. This was of interest as the chemical stability of the amorphous state is often overlooked..
While the photostability of amorphous nifedipine has previously been demonstrated to be poorer
than the photostability of crystalline nifedipine 2%, no work thus far has examined whether the
generation of an ASD may improve the photostability of amorphous nifedipine. All spray dried ASD
systems exhibited lower amorphous nifedipine photodecomposition rates than the amorphous
nifedipine photodecomposition rate which was reported in the literature 2’°. When the systems
were spray dried from the same solvent system, the PVP30-nifedipine system had a slightly lower
photodecomposition rate than the equivalent Soluplus-nifedipine and HPMC-nifedipine systems.
This was attributed to a combination of PVP’s ability to hydrogen bond to nifedipine and the

presence of the vinyl-pyrrolidone functional group.

The photodecomposition rates of the spray dried HPMC-nifedipine and Soluplus-nifedipine systems
increased when they were spray dried using a higher proportion of water in the solvent system.
This observation is thought to be due to the influence that the change in solvent composition had
on the distribution of nifedipine at the surface of the particles. Some evidence for this is seen in the
SEM images which demonstrate significant crumpling of the spray dried particles originating from
a high-water content solvent system. It was highlighted that the surface enrichment of amorphous
nifedipine is a critical factor governing its photostability when formulated as an ASD. This is contrast
to crystalline nifedipine where particle size, and therefore specific surface area are the critical
material attributes governing nifedipine photostability. This work also highlights that the chemical
stability of the amorphous state, which is often overlooked, should be assessed prior to the

development of an ASD.

The final objective of this thesis was to apply the knowledge gained through undertaking this body
of work, to an area of unmet clinical need. This aim has been fulfilled, in part, through the
development of an immediate release ASD formulation of nifedipine for the treatment of
autonomic dysreflexia. Soluplus and HPMC were found to be inappropriate polymer choices for this
purpose due their negligible and slow release of nifedipine respectively. By contrast, PVP17 and
PVP30 demonstrated rapid dissolution of nifedipine, which was comparable to the nifedipine
release observed from the current practice of splitting open a liquid capsule of nifedipine which

represents an unlicensed modification of a medicine. These formulations clearly warrant further
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development as current practice puts patients and the healthcare professionals advocating such

practices at unacceptable risk.

Overall this thesis has demonstrated that a multitude of factors affect the stability and performance

of ASDs of poorly soluble APIs.

Page 229 of 268



Chapter 7: General discussion and conclusions

7.2 Main findings

e Thereis evidence of chiral recognition between IBU and the cellulose polymers, particularly
with HPMC and HPMCAS. S IBU appears to be more stable in the amorphous state when
combined with HPMC compared to R IBU.

e Solid dispersions of HPMC and IBU produced via spray drying exhibit higher amorphous
content compared to equivalent material prepared via cryo-milling. This is attributed to the

greater extent of molecular mixing which occurs in solution-mediated processes.

e Inthe event of a racemic switch from a spray dried IBU HPMC ASD to the active enantiomer
S IBU HPMC, at 60% IBU loading, amorphous IBU content would increase and the

dissolution rate of the system would also increase.

e ASDs of ketoprofen and various poly-vinyl polymers were found to exhibit different
characteristics depending on the molecular weight and the substitution ratio of the co-

polymer.

e RHyg values were found to correlate well with the extent of plasticisation which was

observed upon exposure of ketoprofen ASDs to high relative humidity.

o The extent of supersaturation achieved by the ketoprofen-polymer systems was found to
depend largely on the aqueous solubility of the polymer, rather than the complete

amorphisation of ketoprofen.

e Electrospraying was determined to produce ASD material which was comparable with ASD
material produced via spray drying in terms of dissolution performance. However, the
smaller particle size associated with the electrosprayed material resulted in a faster surface
adsorption rate of moisture compared to the spray dried material, as well as poorer

compressibility.

e By formulating nifedipine as an ASD, the photostability of amorphous nifedipine was

improved.

e The photostability of amorphous nifedipine in ASDs was found to be poorer for two of the
systems which were spray dried from a solvent system containing a higher proportion of
water. This was attributed to the effect that the solvent composition has on particle

formation, and surface enrichment of nifedipine.
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e PVP polymers were found to be suitable for the development of an immediate release of

an ASD formulation of nifedipine for the treatment of autonomic dysreflexia.

Page 231 of 268



Chapter 7: General discussion and conclusions

7.3 Future work

e Repeat the glass forming ability and glass stability experiments using a chiral “poor glass
former” * API. It would be interesting to use a panel of such APIs, including racemic
conglomerates and racemic compounds with varying ratios in the heats of fusion/melting
points between the racemic mixture and the enantiopure API. This could enable further
insight into the influence of thermodynamic properties on the amorphous stability of chiral

APIs.

e Investigate if chiral discrimination is also seen when R IBU and S IBU are spray dried with
HPMCAS, as this polymer showed significant stereoselectivity with regard to melting point

depression of cryo-milled crystalline ibuprofen.

e As solution conductivity is a critical factor in the electrospraying process, it would be
interesting to investigate how the drug loading of an API-polymer salt forming system

influences solution conductivity and thus the morphology of the electrosprayed particles.

e Investigate the surface composition of spray dried ASDs of nifedipine using spray dried
systems with a higher nifedipine concentration via X-ray photoelectron spectroscopy (XPS)

to overcome limit of detection issues.

e Repeat the photostability studies using differing ethanol:water solvent ratios to determine

if there is a trend between reduced photostability and increased water content.

e Develop the PVP17 Nifedipine ASD formulation further by testing downstream properties
such as flow, tensile strength and friability. It would also be interesting to carry out a
permeability assay, such as a parallel artificial membrane permeability assay (PAMPA) using

the liquid content of a split Adalat® capsule and a PVP-nifedipine ASD.
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Appendix

a) Sample ibuprofen HPLC trace
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b) Sample ketoprofen HPLC trace
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¢) Sample nifedipine photostability indicating method trace
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d) Sample nifedipine biphasic dissolution medium method trace
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Appendix

e) Sample R,S IBU HPLC calibration curve

R,S-ibuprofen concentration (mcg/mL) vs Peak Area
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f) Sample S IBU HPLC calibration curve

S-ibuprofen concentration (mcg/mL) vs peak area
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g) Sample KETO HPLC calibration curve

Ketoprofen concentration (mcg/mL) vs Peak Area
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Appendix

h) Sample nifedipine photostability indicating HPLC calibration curve

Nifedipine concentration (mcg/mL) vs Peak area
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i) Sample nifedipine impurity A HPLC calibration curve

Nif Imp A concentration (mcg/mL) vs Peak area
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j)  Sample nifedipine Impurity B HPLC calibration curve

Nifedipine Imp B concentration (mcg/mL) vs Peak area
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Appendix
k) Sample nifedipine biphasic media method HPLC calibration curve

Nifedipine concentration (mcg/mL) vs peak area
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) Sample DSC data relating to Table 3.1 and 3.2
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m) Sample TGA data relating to section 5.2.3.2
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e SD HPMC 15% NIF 70:30 = SD PVP30 15% NIF 70:30

A  SD SOLUPLUS 15% NIF 70:30
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