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Abstract

The optimal design of amorphous solid dispersion (SD) formulations require the use of
excipients to maintain supersaturation and improve physical stability in order to ensure shelf-
life stability and better absorption during intestinal transit, respectively. Previous research
has focused on spray dried and supercritical fluid quaternary mixtures which due to the
addition of a surfactant affected the physical stability and amorphous stability of selected
model drugs. Very little research has focused on how inter-molecular interactions play a role
in the successful formulation of hot-melt extruded quaternary amorphous blends and how they
affect physical stability and solubility of amorphous SDs using semi-crystalline polymers.
Also, the effect of cooling on the degree of crystallinity, solid-state and dissolution properties
of multi-component hot-melt extruded SDs is of great interest for the successful formulation
of amorphous SDs and is an area that is unreported, especially in the context of improving the
stability of these specific systems. Therefore, the main objectives of this study are to prepare
SDs via hot melt extrusion (HME) using a semi-crystalline polymer to overcome the
dissolution and physical stability barriers compared to previous methods and finally
investigate the role of inter-molecular interactions and cooling and their effect on the solid-
state and dissolution properties of mixed copovidone amorphous solid dispersions. The
solubility parameters, drug-polymer interactions, solubility and amorphous stability over time
were investigated. X-ray powder diffraction (XRPD) confirmed that indomethacin (INM) was
converted to the amorphous state, however the addition of poloxamer 407 (P407) had a
significant effect on the amorphous nature and solubility of the SD formulations.
Spectroscopy studies using infrared and Raman spectroscopy identified the mechanism of
interaction and solubility studies showing a higher dissolution rate compared to amorphous
and pure INM in pH 1.2 with a kinetic solubility of 20.63 pg/ml and 34.7 pug/ml after 3 and
24 hours. XRPD confirmed that INM remained amorphous after 5 months stability testing in
solid solutions with Poly (vinylpyrrolidone-co-vinyl acetate) (PVP VA64) and Plasdone S-
630 (PL-S630). Although cooling had a significant effect on the P407 crystallinity &
solubility of INM, the cooling method used did not have any significant effect on the

amorphous stability of INM over time.
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Chapter One

Introduction




1.0 Introduction

Within both the pharmaceutical industry and academia, there is a strong interest in
utilizing hot melt extrusion (HME) to prepare amorphous solid dispersions (SDs) which have
the potential to significantly improve the kinetic solubility and thus, the bioavailability of
biopharmaceutical classification system (BCS) class Il drugs which have poor aqueous
solubility and high permeability (Alzahrani et al., 2022). The conversion of the active
pharmaceutical ingredient (API) to the amorphous state increases dissolution rate and apparent
solubility as the penetration of solvents is not prohibited by an endothermic barrier attributed

to the disorder of crystalline lattices (Jeli¢, 2021).

During dissolution the carrier traps the dispersed APl in a high energy state,
maintaining supersaturation in the medium over time and preventing crystallization (Nair et
al., 2020). Simoes et al. (2019) reported that hot melt extrusion (HME) has many significant
benefits such as the elimination of solvents, good content uniformity due to the low drug
loading used, dosage forms of a desired shape, including tablets, pellets and implants can be
easily manufactured by this process; HME is also a continuous process and can be scaled up
(Simdes, Pinto & Simdes, 2019) and finally, HME allows conversion of crystalline drugs to
amorphous form or dispersion of API into very small particles, enhancing bioavailability and
improving patient compliance. However, the application of high shear inherent to the process
and high processing temperatures presents a significant challenge when dealing with APIs that

are thermo-sensitive.

The inclusion of plasticizers as excipients can lower the processing temperatures
associated with HME and can modify the physicochemical and dissolution properties of poorly
water-soluble APIs (Hurley et al., 2020). Understanding the physicochemical properties of
both the APl and polymeric carriers is important when manufacturing SDs as it is the properties
of the formulation that is being extruded that dictate the dissolution behaviour. Although the
potential of amorphous SDs is enormous, the physicochemical factors of these systems need to
be fully understood as they have a significant effect on the dissolution and stability of the
amorphous drug. Various factors can affect the solid-state and dissolution properties of these
systems and can result in undesirable behaviours, such as nucleation, phase separation and

recrystallization during storage (Shi et al., 2020).
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Previous studies have focused on using various other methods such as supercritical fluid
impregnation and spray drying to overcome the disadvantages associated with HME to
significantly improve the dissolution behaviour of BCS Class Il drugs (De Mohac et al., 2020).
Also, very little research has focused on how inter-molecular interactions and cooling methods
play a role in the successful formulation of hot-melt extruded quaternary amorphous blends
and how they affect physical stability and solubility of amorphous SDs. Therefore, this study
will focus on the use of semi-crystalline polymers to overcome the dissolution barriers
associated with hot-melt extruded SDs, the role of inter-molecular interactions will be
examined and the effect of various cooling methods (which is vital extrusion parameter) on the
solid-state and dissolution properties of mixed copovidone hot-melt extruded quaternary SDs

will also be investigated.

For example, Pezzoli et al. (2019) performed stability studies of hot-melt extruded
ternary solid dispersions of indomethacin (INM) in polyethylene oxide (PEO) SDs, however
previous studies haven’t looked at the effect of various extrusion parameters (Pezzoli et al.,
2019). Therefore, in this study, three process conditions—set mixer temperature, screw speed
and residence time—were studied. The results show that the dissolution rate of INM increased
with increasing screw rotating speed or the mixer set temperature. Further research was carried
out using semi-crystalline polymers such as Poloxamer 407 (P407) to overcome the drawbacks
associated with HME such as its high processing temperatures (Hurley et al., 2018), as the
processing temperatures can restrict the processing of thermally labile drugs (Davis et al.,
2021).

The cooling method used during the extrusion process can also have a significant effect
on the crystallization tendency and solubility of the API. Very little has been reported on how
various cooling methods effect the degree of crystallinity, solid state properties and dissolution
rate of multi-component amorphous SDs. INM will be used as a model drug in this study which
isa BCS class 11 API (low solubility, high permeability). It is well reported in the literature that
preparing an SD of INM significantly improved the amorphous stability and solubility of INM
(Fael & Demirel, 2021).
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Poly (vinylpyrrolidone-co-vinyl acetate) (PVP VA64) and Plasdone-S630 (PL-S630)
in terms of monographs, have the same chemical structure; however, they have different solid-
state properties and solubilities depending on the manufacturing process used. PVP VA64 and
PL-S630 are commonly used carriers for optimizing the solubility of INM, and the effect of
these specific carriers will be examined in this study. P407 was chosen as it is reported in
literature that P407 cannot only overcome the drawbacks associated with HME, but increase
the solubility of INM significantly (Shukla et al., 2023). The relationship between cooling and
the physicochemical/dissolution properties of the drug and polymeric carriers is an area that is

very important in the manufacture and development of SDs.

It is reported in the literature that slow cooling enhances the physical stability of
amorphous INM (Shi et al., 20222), as changes in the cooling rate can have an impact on the
crystallinity of the API. This study was, to our knowledge, the first to report how various
cooling methods affect the dissolution behaviour of INM using a semi-crystalline surfactant
and how it affects the degree of crystallinity of amorphous SDs. Since this study uses a semi-
crystalline plasticizer to improve the solubility of INM, the degree of crystallinity of the semi-
crystalline polymer in selected SD formulations will be examined as it can affect the processing

and physical properties of the API.
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2.0 Literature Review

2.1 BCSclass Il drugs and factors solubility of BCS class Il drugs.

According to Malkawi et al. (2022) ASD’s have over recent years significantly
improved the drawbacks associated with poorly water soluble drugs. The have enhanced the
dissolution rate and the bioavailability of poorly water soluble drugs as polymeric carriers have
lowered the occurrence of these drawbacks and improved dissolution (Malkawi, Al-
Mahmound & Tawalbeh, 2022). Although the oral bioavailability of a drug depends on
aqueous solubility, dissolution rate, first-pass metabolism and drug permeability (the ability of
a drug to cross biological cell membranes) are also vital parameters that attribute to oral
bioavailability. The low aqueous solubility of new chemical entities is now becoming a
significant issue within the pharmaceutical industry with recent studies indicating that 90% of
active pharmaceutical ingredients (APIs) within pharmaceutical pipelines possess poor
aqueous solubility. It is also estimated that 40% of oral drug products currently on the market

are considered practically insoluble (< 100 pg/ml) (Francisco Javier et al., 2023).

Samineni et al. (2021) classifies APIs into four different classes depending on their
solubility and permeability which is known as the Biopharmaceutical Classification System
(BCS) (as shown in Figure. 1), (Samineni, Chimakurthy & Konidala, 2021). BCS involves
mathematical analysis in order to determine experimentally the solubility and permeability of
API’s under precise conditions (Hurley et al., 2018). This study will primarily be restricted to
BCS class Il drugs (low solubility and high permeability).

e High solubility and high permeability
e Instant release of oral based dosage form

e Low solubility and high permeability Probability for
¢ Solid dispersion, particle size reduction, cyclodextrins etc.

using non-oral
dosage form

e High solubilty and low permeabiliy
¢ Minimize luminal concentration and permeability enhancers etc.

e Low solubility and low permeability
e Combined approcaches of class IV and Il v

) FCECECE4

Figure 1. Biopharmaceutics classification system (BCS) and formulation approaches for

various classes of drugs.
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There are many factors that affect the solubility and dissolution of BCS class 11 drugs,
which is why formulation scientists must use safe, reliable, efficient, inexpensive and effective
techniques to enhance the bioavailability and dissolution rate of BCS class Il drugs. These

factors are as follows;

e Particle size.

e Temperature.

e Nature of solute and solvent.
e Polymorphism.

e Solvent pH and pKa.

e Chemical structure/Polarity.

1/ Particle size: Particle size may influence drug bioavailability, i.e., the smaller the
particle size, the larger the surface area of the substance in contact with the dissolution medium,
and thus the higher the dissolution rate and the absorption of the drug (Csicsék et al., 2023).
Salehi et al. (2020) states if particle size is reduced to a minimum level, dissolution is enhanced
due to the increase in surface area. However, if particle size is not controlled it will result in

variable dissolution rates (Salehi et al., 2020).

2/ Temperature: The solubility of any substance is a function of temperature. Most drugs
are endothermic, absorbing heat during the dissolution process. Therefore, an increase in
temperature will result in an increase in aqueous solubility. Lu & Murray, (2022) states that as
temperature increases, the solubility of a liquid or solid decrease or increases depending on

whether the dissolution reaction is endothermic or exothermic.

« In endothermic reactions, the net energy from the bonds breaking and forming results
in heat energy being absorbed when the solute dissolves in solution. When the
temperature of the system increases this introduces heat into the system (Lu, Tupper &
Murray, 2022).

e So according to Le Chatelier’s Principle, the system will adjust to this increase in the
heat by promoting the dissolution reaction to absorb some of the heat energy. Hence
increasing the temperature of the system increases the solubility of the solute (Lu,
Tupper & Murray, 2022).
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3/ Nature of solvent and solute: The amount of solute that dissolves depends on the type
of solute or solvent it is. According to Singh et al. (2021) the solubility of any drug is due to
the dipole movement and polarity. In addition, hydrogen bonding between the solvent and
solute is essential. Therefore, structural features and presence of polar and nonpolar groups in
the molecule are vital (Singh, Singh & Singh, 2021).

4/ Solvent pH and pKa: According to Stukeij et al. (2020) pKa is used to indicate the
strength of an acid, it is the —log of the Ka value. A lower pKa indicates a stronger acid.
According to the Henderson-Hasselbach equation, the relationship between pH, pKa and
relative concentrations of a salt and acid is as follows:

_ [A7]
pH = pKa + log ﬁ
where [A’] is the molar concentration of the dissociated species (salt) and [HA] is the
concentration of the undissociated acid. If the concentrations of acid and salt are equal, the pH
of the system will equal the pKa of the undissociated acid. If the pH decreases, the
concentration of the molecular acid increases and the dissociated species decreases. In the
biological acid, the undissociated form is less soluble than the salt, however it is undissociated
acid that readily penetrates cell tissues to exert a therapeutic effect in the body (Stukelj et al.,
2020). For example, Tres et al. (2016) carried out studies using indomethacin (INM) which is
a poorly water soluble drug.

According to Tres et al. (2016) INM is a weak acid with a pKa of 4.5 and displays pH
dependent solubility and dissolution rate. The authors reported that the aqueous solubility of
INM has been reported to increase from 1.5 pg.ml at pH 1.2 to 105.2 pg/ml at pH 7.4. As INM
is a weak acid it will only partially dissociate in water (pH 7). At pH 7 INM completely
dissolves due to increasing number of photons and as a result dissociates. At pH 1.2, INM
remains undissociated, however it displays poor dissolution within the GI tract, therefore a lot
of research has focused on optimizing the solubility of INM at this pH range by altering the

polarity of the solute (Tres et al., 2016).

5/ Chemical Structure/Polarity: According to Shi et al. (2022) solute molecules are
held together by various intra- and intermolecular forces such as dipole-dipole, ion-ion etc. as
are molecules of solvent. To enhance dissolution, these cohesive forces must be broken and

adhesive forces must be formed between solute and solvent.
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Polarity of a solvent plays a significant role in enhancing the solubility of any drug.
Solvents can be polar, non-polar or semi-polar (Shi et al., 2022). Polar solvents will dissolve
polar and ionic solutes (like dissolves like), non-polar solvents will dissolve molecules that are
non-polar, and semi-polar solvents induce a degree of polarity in non-polar molecules and
therefore may improve the miscibility of non-polar and polar liquids. In drug delivery, one way
of optimizing solubility is altering the polarity of the solute and shifting it between its ionic
(dissociated) state and molecular (undissociated) state. A shift towards the molecular state
enhances solubility in non-polar solvents, however a shift towards the ionic form enhances

solubility within polar solvents such as water.
Other factors include:

e Pressure.
e Surfactants (wetting agents).
e Common ion effect.

e Salting out (electrolytes and non-electrolytes).

2.2 Solid dispersions.

Formulation scientists have often turned their attention in the recent years to polymeric
carriers and oligomers to allow formation of systems that can increase aqueous solubility and
overcome the disadvantages associated with BCS class Il drugs and effectively achieve oral
drug administration (J6z6 et al., 2021). Many of these techniques have given enhanced benefits
such as targeted drug release (Ulbrich et al., 2016), or exact control of dissolution rates such
as drug release that is zero-order kinetics with respect to time, allowing optimum plasma drug

concentration levels within the gastrointestinal fluid.

These added benefits allow for increased patient compliance and convenience due to lower
dosage and regularity of medication, especially in the case of drugs with a narrow therapeutic
index as they have reduced side effects. Below are several approaches to enhance solubility

and dissolution rates (Nair et al, 2020).

26




e Solubility improvement techniques can be classified into physical modification,
chemical modifications of the API, and many other methods.

e Physical modifications: Particle size reduction like sonication and high pressure
homogenization, liquid anti-solvent crystallization spray freeze-drying and
supercritical carbon dioxide based microionization techniques (Kumar et al., 2021).

e Chemical modifications: Changing the pH, using buffer, derivatization, complexation,

and formation of salts.

However, the most frequent method used to improve aqueous solubility and dissolution
rate of BCS Class Il drugs is by preparation of solid dispersions and the most common way to
optimize bioavailability of poorly water-soluble drugs. The term solid dispersion (SD) refers
to a group of solid products that consist of solid products that contain at least two different
components i.e. a hydrophilic matrix and a hydrophobic drug. The drug is dispersed
molecularly as amorphous particles (clusters) or as crystalline products (Malkawi, Al-
Mahmound & Tawalbeh, 2022). Pharmaceutical based polymers are used to synthesize this
matrix and their selection is based on the following, physiochemical properties (e.g. drug-
polymer miscibility and stability), pharmacokinetic (e.g. rate of absorption) (Pires et al., 2023).

and pharmacodynamic (effect of the drug on the biological system) properties.

The SD consists of API’s, polymers/carriers, plasticizers, stabilizers and other agents. Nair
et al. (2020) defined the term solid dispersion as “A dispersion that involves the formation of
eutectic mixtures of active drugs with water soluble polymer carriers via melting of their
physical mixtures” (Nair et al., 2020). According to Kang et al. (2023) the amorphous state
which exhibits a disordered structure and possess a higher free energy (thermodynamic driving
force) leading to higher agueous solubility, oral absorption and bioavailability compared to the
crystalline state as the crystalline state due to lattice energy drawback is a major constraint in
the solubility of crystalline drugs. According to Sathisaran & Dalvi, (2018) the lattice energy
is defined “* as the measure of the energy released when ions are combined to make a

compound. It is a measure of the cohesive forces that bind ions’” (Sathisaran & Dalvi, 2018).

In SDs, a fraction of the drug dissolves which saturates the Gl fluid, and excess drug
precipitates out as fine colloidal particles of submicron size. The advancement of solid
dispersions as a practically vital method to enhance bioavailability of BCS class Il drugs have
overcome the drawbacks of previous methods e.g. salt formation, solubilization, cosolvency,
and particle size reduction ((Kaushik, Vikas & Kaushik, 2022).
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Many new APIs have appeared on the market (as shown in Figure. 2), these new dosage

forms use amorphous polymeric carriers as a carrier (Liu et al., 2013). Therefore, this study

will focus on this particular type of SD— amorphous glass solutions which contain hydrophilic

polymeric carriers for fast drug release. For this subtype, the molecularly dispersed active drug

is released as the hydrophilic polymer carrier dissolves, resulting in a supersaturated solution.

Therefore dissolution is adequate for amorphous glass solutions (Luz Maria et al., 2017).

Lopinavir

PVP-VA, HME
HIV

Ritonavir, HIV
7" PVP-VA HME

& Itraconazole
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n HPMC, SD, HME
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Ivacafior

o=t >
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~
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. HPMCAS, SD

Cystic fibrosis

Vemurafenib
Cancer, precip

Etravirine, HIV
HPMC, SD

Figure 2. FDA-approved solid dispersion (SD) products (drug, indication, polymer (HPMC

is hydroxypropyl methyl cellulose; HPMCAS is hydroxypropyl methyl cellulose acetate

succinate; PVP-VA is poly (vinyl pyrrolidinone-co-vinyl acetate)), and processing method (SD

is spray-drying; HME is hot-melt extrusion)) (adapted from (Liu et al., 2013)).

The creation of a supersaturated solution on the other hand, requires stabilizing

formulation compounds for precipitation. Currently, much research has primarily focused on

the physical stability of amorphous solid solutions, which is why only a few amorphous solid

solutions are currently on the market (Simdes et al., 2020).
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This literature review will discuss the various factors that affect the stabilization of SD
based solid dosage forms. It will also discuss hot-melt extrusion (HME) as a preparation
method used to improve the solubility of BCS class Il drugs. Finally, the polymeric materials
including the model BCS class 11 drug that will be used in this study will also be discussed.

2.3 Factors that affect the physical and chemical stability of solid dispersions.

2.3.1 Polymeric carriers used.

In an article by Karsten et al. (2021) development of ASD formulations is still very
challenging and because it has rapidly evolved it is vital that the correct preparation technique
is selected along with the appropriate polymeric matrix and because the main component of an

ASD is the polymer this determines the material properties of the system (Karsten et al., 2021).

Polymers that have a high glass transition temperature (T) at high concentrations are
normally used for amorphous SD systems due to their antiplasticizing effect on the amorphous
API. Low polymer weight fractions where there is no difference in Tg; usually drug-polymer
intermolecular interactions will establish their shelf life (Shen et al., 2023). Increasing the
molecular weight will increase the Tq of polymeric carriers enhancing antiplasticization of

amorphous API’s.

However, at a high molecular weight, the increase in Tg is irrelevant because such
factors for example viscosity will play a role in the dissolution of the amorphous SDs
(Novakovic et al., 2020). Viscosity of polymeric carrier’s increases depending on the molecular
weight will have an effect on the dissolution properties (Nair et al., 2020). It is essential when
formulating amorphous SDs that the polymeric carrier has a low melting point and solubility
parameters similar to the model drug that is being used. Also drug-polymer miscibility is vital
as highly miscible amorphous systems are resilient to recrystallization (Alzahrani et al., 2022)

The formation of a single stable phase or separate phases depends on the drug-polymer
miscibility and on the system thermodynamics at a specific condition (Baghel, Cathcart &

O’Reilly, 2016). Table 1 shows the various polymeric carriers used in the formulation of SDs.
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Table 1. Examples of various polymers used in the formulation of amorphous solid dispersions
(SDs).

Polymer Tgor Tm (°C) Drug stabilized Method of preparation
Poly (vinylpyrrolidone) (PVP) K17 Ty: 126°C Acetaminophen Spray Drying
Poly (ethylene glycol) 20,000 Tm: 60-63°C Carbamazepine Fusion Method
Soluplus Tg: 70°C Carvedilol Solvent evaporation,/ freeze
drying/spray drying
Poly (acrylic acid) Ty 110°C Carbamazepine Hot melt extrusion
Poloxamer 188 Tm: ~55°C Nilvadipine Agitation granulation
method
Hydroxypropyl methylcellulose Ty: 172°C Indomethacin Hot melt extrusion
(HPMC)
HPMC Acetate succinate Ty: 113°C Itraconazole Film casting method

2.3.2 Amorphous state

A crystalline drug upon heating undergoes melting at a particular temperature i.e. melt
temperature (Tm) as shown in Figure. 3. Once cooled it results in the formation of what is called
an orderly system. As the molecules have enough time to move from their crystalline state to
a thermodynamically point of stability within the crystal lattice (Svard, Ahuja & Rasmuson,
2020), the molecules arrange in a specific or definite order which results in a crystalline
structure once again. If the cooled molten API is cooled straight away it results in a supercooled
liquid state which has a temperature below its melting temperature i.e. it is in equilibrium with
the molten supercooled drug (Medarevi¢ et al., 2019). If the drug is further cooled the
thermodynamic stable system is in equilibrium until the Tgy is reached, which forms a

nonequilibrium state and converts into what is known as a *” frozen’’ glassy state of the API.

A material within this glassy state is a brittle type solid which has no crystalline
structure and only small range of order (Luan et al., 2022). This transition from crystalline to
amorphous is essential if the supercooled liquid state is to remain below the Ty, the crystals
therefore have a higher entropy compared to the supercooled liquid state. This entropy is a
negative value before it reaches absolute zero temperature, which disobeys the third law of

thermodynamics which states that entropy of a crystal is zero at zero kelvin (Liu, 2020).
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Figure 3. Enthalpy and volume of various states of crystalline drugs as a function of
temperature; glass transition temperature (Tg) and melting temperature (Tm) are glass
transition temperature and melting temperature respectively (reproduced from ((Baghel,

Cathcart & O’Reilly, 2016)).

The Ty is a transition characterized by a change in the heat capacity and results in a
change of various thermodynamic properties such as volume, enthalpy and entropy. The
amorphous state contains a higher enthalpy, entropy and free energy compared to the

crystalline form and results in an increase in bioavailability and aqueous solubility of the solid

dispersion (Figure. 3).

In relation to dissolution when the amorphous drug is added to the dissolution media,
dissolution occurs quickly and appears as a peak on a dissolution graph followed by reduction
in aqueous solubility due to the “’spring and parachute’’ effect (Figure. 4) which is a real

disadvantage when it comes to dissolution (Handa, Malik & Guarve, 2022).
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Figure 4. Drug profile based on the aqueous solubility of amorphous and crystalline drug
(reproduced from (Handa, Malik & Guarve, 2022))

2.3.3 Intermolecular interactions.

To date predicating inter-molecular interactions is of great interest not just in the
pharmaceutical industry but also in SD formulations. The process involves the interaction
between a polymeric matrix and a small molecule drug. The thermodynamics of mixing states
that for an interaction to exist between a polymer and API, there must be a negative change in

the free energy of mixing (Hurley et al., 2019)

This change in the free energy of mixing is related to the entropic and enthalpy

contributions according to the following equation (Eq. 1).
AGmix = AHmix -T X ASmix

AGnmix is the Gibbs free energy, AHmix is enthalpy of mixing, ASmix is the entropy of mixing and
T is the absolute temperature. This negative change in free energy is spontaneous due to the
increase in the entropy of mixing. However the presence of repulsive and cohesive inter- and
intramolecular forces (e.g. dipole-dipole interaction, dispersion force and hydrogen bond
interaction) which are present within the solid dispersion system make the interaction between

polymer and drug more complicated (Maniruzzaman et al., 2015).

The calculation of the drug-polymer interaction factor and Hansen solubility parameters
(HSPs) heavily depends on the various types of intermolecular interactions and the various
cohesive and repulsive intra- and intermolecular forces and molecular volumes of each of the

components.
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The examination of both polymers and drug used in this study in Figure 1, indicate that
they are all polar and thus are able to be involved in hydrogen bonding. Maniruzzaman et al.
(2015) reported that using the lattice-based Flory-Huggins (F-H) theory to describe interactions
between drug and polymer is limited as it doesn’t take into account the multiple interactions in
drug-polymer system. So the HSPs developed by Van Krevelen and Hoftyzer group
contribution were used as an alternative in this study to understand the nature of interactions

that occur within these systems.

Hydrogen bond formation between the polymeric carrier and the API is thought to play
a significant role in preventing recrystallization in amorphous drugs (Hurley et al., 2019). The
most common technique used to identify hydrogen bonds between the polymer and API has
been Fourier-transform-infrared (FT-IR) spectroscopy. Potter et al. (2015) detected the inter-
molecular interaction between the carboxylic acid moiety of PVP (Poly (vinylpyrrolidone))
and INM using this conventional technique. Many other researchers also detected the presence
of hydrogen bonds between the APIs felodipine and nifedipine using PVP as a polymeric
carrier in SDs (Potter et al., 2015).

High resolution 3C solid-state Nuclear magnetic resonance (ssNMR) spectroscopy has
often being used to examine hydrogen bonding inter-molecular interactions in SDs (Tran &
Tran, 2020). Yuan et al. (2015) reported the extent of hydrogen bond formation between PVP
and INM increased as the polymeric carrier concentration increased. He also reported that INM
hydrogen bonds with PVP VA64 in the same fashion as PVP, however as the vinyl acetate has
a weaker hydrogen capability than PVPVA the hydrogen bond formation was less effective.
However Yuan et al. (2015) could not distinguish between the amide C=0 carbonyl of INM
and PVP VA64/PVP using labelled compounds via solid state NMR spectroscopy (Yuan et al.,
2015).

According to Tran & Tran, (2020) Raman spectroscopy is a very effective technique
for identifying hydrogen bonding in SDs because APIs such as INM tend to be conjugated
aromatic compounds that have strong Raman signals, while excipients tend to have a much
weaker Raman spectrum as they are normally aliphatic in nature. Potter et al. (2015) prepared
binary SDs of INM and PVP via hot-melt extrusion (HME) and reported that the benzoyl vC=0
of INM, which is present at 1698 cm™ in crystalline INM shifted to 1680 cm™ in amorphous
INM as a result of hydrogen bonding.
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2.3.4 Recrystallization

Recrystallization is a major issue with regard to successful formulation of SDs. Being
a thermodynamic high-energy form, the apparent solubility and dissolution rate of amorphous
APIs are higher than their crystalline counterparts. However, as mentioned the high free energy
of the amorphous form also renders it prone to crystallization and gives rise to physical
instability (Baghel et al., 2016). Crystallization of APIs is a two-step process involving
nucleation followed by crystal growth. Nucleation is a process in which the drug molecules
form small stable clusters or aggregates of a critical size. This is a rate limiting step in the
crystallization process and the rate of nucleation depends on the crystallization activation
energy (Baghel, Cathcart & O’Reilly, 2018).

The subsequent crystal growth phase is governed by the diffusion of solute molecules
to the nuclei interface and addition to the crystal lattice. Thus, one of the main challenges in
formulating amorphous SDs is the prevention of nucleation and crystal growth in APIs which
results in poor physical stability and compromised oral bioavailability (Baghel, Cathcart &
O’Reilly, 2018). In an attempt to delay crystallization and improve physical stability, different
polymers (which interfere with either nucleation or crystal growth or both) have been used to

prepare binary amorphous SDs (Shi et al., 2020).

Polymers, usually used at high concentrations, reduce the molecular mobility of the
amorphous APl in a binary dispersion by increasing the Tq4 of the system. While it is important
to improve the physical stability of amorphous SD formulations, generating and maintaining
drug supersaturation during dissolution is equally important (Kalepu & Nekkanti, 2015). When
the intraluminal concentration of an orally administered drug exceeds its thermodynamic

equilibrium solubility, the drug is supersaturated in the gastric media.

Recently, binary SDs (drug-polymer) have gained attention as an effective method of
improving the supersaturation concentration of poorly soluble drugs during dissolution (Gan
et al., 2023). Different mechanisms have been proposed to explain the improvement in drug
dissolution and stability from binary SDs including the formation of fine particles, drug-
polymer interaction in solution, formation of a physical barrier to crystallization (adsorption of

the polymer molecules onto the crystal surfaces), viscosity enhancement, reduction in Gibb’s
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free energy and an anti-plasticization effect of polymer on the drug (Baghel, Cathcart &
O’Reilly, 2016).

A summary of various factors that can cause recrystallization and/or amorphous

instability is summarized in Table 2.

35




Table 2. Different factors affecting the stability of amorphous SDs (adapted from (Baghel et al., 2016)).

Factors

Impact on the stability of amorphous drugs

Glass transition temperature (Tg)

Increasing the Ty increases stability. Polymers therefore can increase the kinetic stability of amorphous API’s (Hurley, Potter, Walker,
& Higginbotham, 2018).

Preparation method

Various preparation methods result in various different thermal histories and mechanical stress which can alter drug-polymer

miscibility and drug mobility (Potter, et al., 2015).

Preparation conditions

Slow cooling of amorphous indomethacin for example can increase its physical stability (Blaabjerg, et al., 2019).

Gibbs free energy

Solid dispersions which have a low Gibbs free energy increase stability of amorphous solid dispersions (Hurley, M.T, Walker, Lyons,
& Higginbotham, 2020).

Configurational entropy

Low configurational entropy favours crystallization (Ma & Williams, 2019).

Configurational enthalpy

Increasing the thermodynamic driving force for crystallization increase nucleation rate (Xu, Chen, Gong, & Wang, 2018)

Structural relaxation/molecular

mobility

Results in recrystallization. Rate of crystallization is increased at temperatures above Tg. Reducing molecular mobility increases
stability (Pandi, Bulusu, Kommineni, Khan, & Singh, 2020).

Humidity, mechanical stress and

temperature

Temperature may alter molecular mobility, and humidity can act as a plasticizer by lowering the Tg close to the storage temperature,
may also lead to an increase in crystallization and reduces the temperature (Potter, et al., 2015). Mechanical stress may also result in

crystallization (Kawakami, 2019).
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2.6 Areview of the current state of hot melt extrusion used to prepare amorphous
SDs.

Methods of manufacturing SDs are well documented in the literature; spray drying (Li
et al., 2020) and supercritical fluid impregnation (Han et al., 2019) are just a few relevant
examples. HME represents an efficient manufacturing technology capable of dispersing drugs
in a melt up to a true molecular solution of the active agent in a matrix. Extrusion is the process
of converting a raw material into a product of uniform shape and density by forcing it through
a die under controlled conditions (Wang et al., 2022). Extrusion process technology can be

divided into two categories; ram extrusion and screw extrusion.

Ram extrusion consists of a positive displacement ram capable of generating high
pressures forcing material through a shaping die while screw extrusion consists of a rotating
screw or set of screws inside a barrel. Extrusion as a process is a well-established
manufacturing method. The first extruder is generally accepted to have been built when Joseph
Bramah constructed a hand operated piston press for the manufacture of seamless lead pipes in
the United Kingdom in 1797 (Singh, Sharma & Sharma, 2020).

In the following years this technology was adapted to process a range of other materials
such as soap, pasta and building materials. Screw extrusion was first developed as a response
to the inadequacy of ram extruders in cable covering operations. The first example of a screw
extruder can be seen in the 1873 drawing owned by Phoenix Gummiwerke A.G (Xavier, 2022).
The first use of a twin-screw extruder was in the manufacture of sausages by Follows and Bates
in the United Kingdom in 1869. The first twin screw extruders for polymer processing were
developed in Italy in the 1930s by Roberto Colombo and Carlo Pasquetti (Schenkel, 2022)
(Lyons, Higginbotham & Blackie, 2007).

In 1939, Troester developed an extruder that incorporated air cooling, automatic
temperature control (using a separate control cabinet), nitride-hardened barrel liner, a
length/diameter ratio of 10:1, and a variable-speed drive. Figure. 5 illustrates the relevant parts
of a modern extruder screw. In recent years twin-screw extrusion has become a reliable process
used in a range of applications particularly in polymer processing. Today, twin-screw extruders
are used in chemical plants for reactive processing including both polymerisation and grafting

reactions.
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They are also used in post reactive processing steps such as coagulation and
devolatilization. However twin-screw extruders find their main use in bulk processing of
polymers. This includes compounding of particulates, blending and reactive processing as well
as final shaping operations particularly in profile extrusion.

Twin-screw extruders represent not one technology but several technologies. The
screws may be co-rotating or counter-rotating, they may be intermeshing, non-intermeshing or
tangential. Intermeshing screws may or may not be self-wiping. In each case a separate
historical and technological development may be discerned as well as specific advantages and
disadvantages. As described by Martelli, twin-screw extruders were first categorised by
Erdmenger who classified them in terms of the flow-path of the material within the screws both
along and across the channel (1982). Erdmenger categorised multi-screw extruders as either
lengthwise open or crosswise open, the former referring to extruders whose material moves on
a path open from the inlet to the outlet and moving from the channels of one of the screws to
that of the other screw (Lyons, Higginbotham & Blackie, 2007).

The latter (crosswise open) referring to extruders where there exists a path across the
flights common to both the screws such that the material will move along the channel of one
of the screws to two channels of the other screw. This may be logical in theory but in practice,
it is difficult to categorise screws in such a manner due to the fact that the flow path of the
materials does not depend solely on the rotational direction of the screws but also on the
geometry of the flights and the channel. Figures. 6 and 7 shows the conventional view to

classification of twin-screw extruders.

Figure 5. Diagram detailing terms used in relation to screw dimensions (adapted from (Lyons,
Higginbotham & Blackie, 2007)).
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When the two screws in a twin-screw extruder are intermeshing, the distance from the
axis of the screws is less than the outer diameter of the screws and the surfaces of the screws
are in ‘near’ contact. Positive conveying of the melt occurs in this configuration. Because of
the intermeshing part of one screw not permitting material in the other screw to rotate freely
implies that slip at the wall does not occur; this is one of the advantages of such a design. In
the non-intermeshing configuration, the distance from the axis of the screws is equal to or
greater than the outer diameter of the screws and the surfaces of the screws do not have any
contact (Zhuang et al., 2022).

Non-intermeshing

Intermeshing == -

Figure 6. Illustration of various extruder types.

e Conical
* Parallel

Screw Rotation

* Co-rotating
* Counter-rotating

Degree of Contact

e Co/counter intermeshing
* Counter non-intermeshing

Figure 7. Types of Twin —screw extrusion compounding systems.
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From the early 1920s to the 1950s patents were gained by Easton, Pease, Colombo,
Meksat and Erdmenger which all expressed the mechanisms of operation of fully intermeshing
co-rotating extruders (Lyons, Higginbotham & Blackie, 2007). The surface velocities in the
intermesh region for the co-rotating intermeshing twin screw extruder are in opposite
directions. With this configuration, materials tend to be wiped from one screw to the other
(self-wiping), with a comparatively low percentage entering the intermesh gap. Materials tend
to follow a figure-eight pattern in the flighted screw regions, and most of the shear is imparted
by shear-inducing kneaders in localised regions (Lyons, Higginbotham & Blackie, 2007).

Forward-flighted screw elements are used to convey materials, reverse-flighted screw
elements are used to create pressure fields, while kneaders and shear elements are used to mix
and melt. Screws can be made shear intensive or less aggressive based on the number and type
of shearing elements integrated into the screw design (figure. 8). As the self-wiping design
allows no material to travel through the nib between the two screws, the highest degree of
mixing occurs in the transfer area between the screws with little mixing taking place around
the outside of the screws. Because the flight from one screw cannot clear the other, co-rotation
is limited to bi-lobal mixing elements at standard flight depth (Lyons, Higginbotham &
Blackie, 2007).

Figure 8. Transporting and kneading elements in the co-rotating twin screw extruder, number

of kneading elements: 8, upper image: front view, lower image: side view.

Extrusion technology is extensively applied in the plastics and rubber industries, where
it is one of the predominant fabrication processes. Examples of products fabricated from
extruded polymers include piping, insulated wires, catheter components, and plastic and rubber
sheeting. The drawbacks associated with extrusion technology generally relate to the high
levels of power input required, mainly resulting from the need to produce elevated temperatures

and large shear forces.
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Careful control of process parameters can reduce these drawbacks. The largest
application of extrusion in the pharmaceutical industry is in the preparation of solid dosage

forms and SDs of uniform size, shape and density, containing one or more drug substance.

The reason why HME has gained increased interest in pharmaceutical industry is due to the
numerous following benefits offered by this technique (Tambe et al., 2021). HME is an
efficient and solvent-free process hence requires less unit steps compared to other techniques.
For example, individual excipients can be directly fed into the extruder barrel wherein efficient
mixing of the component occurs by the screw elements; hence, pre-blending of the formulation
components is not required. Similarly, to manufacture granules wetting and drying of granules

is not required as HME is a solvent-free process.

e Formulations with high drug loading can be manufactured by HME with desired release
profile.

e Due to intimate mixing of components, good content uniformity can be achieved for
very low drug loading.

e HME allows conversion of API to amorphous form or dispersion of API into very small
particles, which can result in enhanced bioavailability, less pill burden and in
vivo plasma concentration variability, reduced side effects, and improved patient
compliance.

e HME is a scalable continuous process and product quality can be monitored online.

e Dosage forms of desired shapes can be easily manufactured by HME process (tablets,

granules, pellets, films, implants, etc.)

Potter et al. (2015) and Hengsawas et al. (2017) have reported numerous disadvantages
associated with HME because in order for a polymer to be extruded it must exhibit a melt
viscosity at acceptable processing temperatures. Therefore, many polymers are not suitable
candidates for extrusion as 1) they have too high a glass transition 2) high melt viscosity or 3)
narrow processing windows between degradation and glass transition. Thermal stability of the
API is also an issue and must be considered, as the high temperatures often required for HME
can restrict processing of thermally labile API’s. (Potter et al., 2015) & (Tran, Lee & Tran,
2021).
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Currently a lot of research has focused on overcoming the various drawbacks associated

with HME or using alternative methods such as spray drying and supercritical fluid

impregnation to optimize solubility, therefore this study will focus on overcoming the

dissolution barrier offered by HME.

Also previous research has focused on spray dried multi-component solid dispersions

which, due to the addition of a surfactant, affected the physical stability, amorphous stability
and dissolution of selected model drugs (Baghel, Cathcart & O’Reilly, 2018). Therefore,

ternary and quaternary hot-melt extruded SDs incorporating a surfactant will be investigated

in this study. There are many ways in which limitations associated with HME can be overcome

such as

Lowering processing temperatures to minimize the effect of heat on the HME process
and preventing degradation of the drug. This can be done by using hydrophilic
polymeric carriers with low thermosensitive properties and melting points such as
poloxamers with a low dose drug (Moseson & Taylor, 2018).

Using supercritical fluids to reduce the processing temperature and torque using carbon
dioxide which increases the flexibility and elasticity of the SD formulations. It also
decreases operating temperatures by reducing mechanical and shear stresses (Chauvet,
Sauceau & Fages, 2017).

Reducing torque during processing.

Reducing the residual time at high temperatures (Moseson & Taylor, 2018).

Improving physical stability during storage.

Other ways of overcoming these limitations which will be explored in this study are as

follows;

Using semi-crystalline polymers to overcome the dissolution barriers offered by HME,
it is also important to study how semi-crystalline polymers affect drug-polymer
interactions within multicomponent solid dispersions and therefore will be examined
also in this study.

Using various cooling methods to enhance solubility and amorphous stability of SDs.
Kawakami, (2019) reported that slow cooling of amorphous INM can increase its
physical stability.
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e Examining how various cooling rates/methods effect the amorphous nature and stability
of APIs can have a significant effect on the solid-state, solubility and crystallization
tendency of BCS class Il drugs (Kawakami, 2019).

Currently semi-crystalline polymers such as Poloxamer 407 (P407) and its derivatives are
being used as aqueous dissolution enhancers or surfactants and have also been used as
plasticisers for hot melt extrusion. P188, a block copolymer of poly (propylene oxide) and
poly(ethylene oxide) was used as a plasticiser for the poorly soluble API - amorphous polymer
system, Aripiprazole — Poly (vinylpyrrolidone) K30 to allow processing by hot melt extrusion
despite the relatively high Tq of Poly (vinylpyrrolidone) K30 (Fousteris et al., 2013).

The same study also commented on enhancement of the initial rate of dissolution exhibited
by the addition of only 5% w/w of the plasticizer. The addition of a surfactant in the solid
dispersion itself could help maintain the degree of supersaturation achieved by the amorphous
drug during the dissolution of the solid dispersion (Solanki, Kathawala & Serajuddin, 2019).
However, the addition of a low Tg, polymeric excipient such as poloxamers to an amorphous
dispersion could contribute to solid state instability of the amorphous drug either by increasing
the mobility of the dispersion through lowering the glass transition of the mixture or by acting

as a nucleation site.

Gumaste et al. (2016) studied Itraconazole-Poloxamer-Soluplus and Itraconazole-
Poloxamer-HPMCAS at high drug loadings and the latter was much better at inhibiting
crystallisation of both the drug and the poloxamer as shown in figure 9. The interesting thing
is that the poloxamer was amorphous. However in this study the SD samples of poloxamer

were always present in the semi-crystalline form (Gumaste, Gupta & Serajuddin, 2016).
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Figure 9. 'Ternary phase diagrams' (experimental not theoretical) of one amorphous polymer,
one crystalline excipient and a poorly soluble drug (adopted from (Gumaste, Gupta &
Serajuddin, 2016)).

Recently the mechanism of crystallisation of amorphous APIs in a number of semi-
crystalline polymer matrices have been investigated and indicates a well-ordered crystallisation
in accordance with the 4 lamellar structures of Poly (ethylene glycol) (PEG) (Sangroniz et al.,
2021). In an article by Duong et al. (2015) it was reported indomethacin when melt quenched
with PEG, molecular weight 3350 and transformed into the amorphous form, did not
recrystallise immediately and which exhibited a degree of miscibility with the amorphous
portion of the semi-crystalline polymer (Duong, Van Humbeeck & Van den Mooter, 2015).
Similarly, Gumaste et al. (2016) reported miscibility of itraconazole, poloxamer, and
hydroxypropylmethylcellulose acetate succinate in the ratio 23:23:54 following exposure to
40°C/75% RH for 1 month after which time the itraconazole remained in the amorphous form
(Gumaste, Gupta & Serajuddin, 2016).

Tran et al. (2019) reported that air cooling is ideal for the HME process as it does not
require high energy removal. It is less expensive with regard to extrusion and it results in slower
cooling, it is easy to maintain, has lower operating costs compared to liquid nitrogen and
requires less space compared to fluid cooling. It also provides for slower changes in
temperature compared to other types of cooling methods. However, it can lead to rapid

recrystallization due to the slower change in temperature (Tran et al., 2019).
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Liquid nitrogen cools and freezes the formulation rapidly, thereby trapping the drug
within its high energy amorphous form preventing nucleation and crystal growth. Very little
research has been published with regard to calculating % crystallinity to assess the suitability
of a BCS class Il drug to form an amorphous phase and how various cooling methods can affect
this parameter and aqueous solubility of the API. Therefore, the impact of cooling methods on
the amorphous stability of hot-melt extruded multi-component solid dispersions will be

investigated.

2.7  Materials used in this study

2.7.1 Indomethacin

OH

Figure 10. Chemical Structure of the BCS class Il drug indomethacin (INM).

1/ Description: According to Merck & Co (2015) INM is supplied in three dosage
forms. 1) Capsules for oral administration contain either 25 mg or 50 mg of INM, 2/ Suspension
for oral use which contains 25 mg of INM per 5 mL, alcohol 1%, and sorbic acid 0.1% added
as a preservative and 3) Suppositories for rectal use which contains 50 mg of INM. INM is a
non-steroidal anti-inflammatory indole derivative designated chemically as 1-(4-
chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-acetic acid (Figure. 10). INM is practically

insoluble in water and sparingly soluble in alcohol (Merck, 2005).

2/ Clinical Pharmacology: INM is a non-steroidal anti-inflammatory drug (NSAID)
that exhibits antipyretic and analgesic properties. Its mode of action, like that of other anti-
inflammatory drugs, is not known (Lucas, 2016). However, its therapeutic action is not due to

pituitary-adrenal stimulation. INM is a potent inhibitor of prostaglandin synthesis in vitro.
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Concentrations are reached during therapy which have been demonstrated to have an effect in
vivo as well. Prostaglandins sensitize afferent nerves and potentiate the action of bradykinin in
inducing pain in animal models. Moreover, prostaglandins are known to be among the
mediators of inflammation (Jean-Luc & Marie-Paule, 2023). Since INM is an inhibitor of
prostaglandin synthesis, its mode of action may be due to a decrease of prostaglandins in

peripheral tissues.

INM has been shown to be an effective anti-inflammatory agent, appropriate for long-
term use in rheumatoid arthritis, ankylosing spondylitis, and osteoarthritis (Merck, 2005). It
can also suppress inflammation in rheumatoid arthritis as demonstrated by relief of pain, and

reduction of fever, swelling and tenderness.

3/ Administration: Immediate-release capsule. INM is usually dosed 2 to 3 times per
day and starts at a dose of 25 mg. However, the dose can be increased to 50mg depending on

the patient.

4/ Risks/side effects: NSAIDs, including INM, can cause serious gastrointestinal (GI)
adverse events including inflammation, bleeding, ulceration, and perforation of the
oesophagus, stomach, small intestine, or large intestine, which can be fatal (Jean-Luc & Marie-
Paule, 2023). These serious adverse events can occur at any time, with or without warning

symptoms, in patients treated with NSAIDs.

INM can cause an increased risk of serious gastrointestinal adverse events including
bleeding, ulceration, and perforation of the stomach or intestines, which can be fatal. Therefore,
a lot of research has been carried out on the preparation of amorphous INM as a way to
overcome these associated risks. The conversion of crystalline INM to its amorphous form has
shown to significant improve its aqueous solubility (Tres et al., 2016). Amorphous INM has
shown significantly improved dissolution properties compared to the crystalline form. As
mentioned before due to its weakly acidic nature (pKa of 4.5), INM presents a pH-dependent
solubility and dissolution rate. The aqueous solubility of indomethacin has been reported to
increase from 1.5 pg/mL at pH 1.2 to 105.2 pug/mL at pH 7.4.

In 2022, Jennotte et al. (2022) prepared solid dispersions of a poorly water-soluble drug
using PVP VA64 and Eudragit EPO as hydrophilic polymeric carriers using HME as a
preparation method. The formation of a single-phase amorphous form was confirmed by DSC
and XRPD.
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The extrudates showed a higher dissolution rate compared to the pure drug. The
amorphous drug in solid solutions of PVP VA64, Eudragit EPO and PVPK30 showed tendency
to recrystallize, however the rate of recrystallization was dependent on the concentration and
nature of the polymer (Jennotte et al., 2022).

It has been shown that INM participates in hydrogen bonding due to its conversion to
its amorphous form and as a result increasing aqueous solubility. Yuan et al. (2015) studied
the type and mechanism of interaction between INM, PVP VA64 and PVP using high
resolution 13C solid-state NMR spectroscopy and reported that a hydrogen bond was formed
between free C=0 of carboxylic acid and amide C=0 carbonyl of PVP. This was also case for
PVP VAG64, however its hydrogen bond capability was weaker due to the weaker hydrogen
bond potential of the vinyl acetate carbonyl (Yuan et al., 2015).

Furthermore Potter et al. (2015) also prepared binary mixtures of INM using PVP and
Soluplus as hydrophilic polymeric carriers using supercritical fluid impregnation and HME as
preparation methods. The crystalline INM was successfully converted to the amorphous form
after careful DSC and XRPD analysis (Potter et al., 2015). Potter and co-workers carried out
dissolution studies in pH 1.2 using non-sink conditions, and reported that the maximum
aqueous solubility of INM achieved by both preparation methods was 8 pg/ml. pH 1.2 was
used as the INM dissociates at a pH greater than 1.2, and since INM displays poor dissolution
within the Gl tract, a lot of research has focused on optimizing INM solubility within acidic

conditions.

In general, sink conditions during the dissolution test are essential for the common
dosage forms in order to simulate an in vivo situation, where gastrointestinal absorption
continuously reduces the concentration of the drug in the fluids. However, the sink condition,
obtained by a high concentration of surfactant, may not be an appropriate approach for
developing a biorelevant supersaturated dissolution method such as solid dispersion (Zhang et
al., 2017). Nucleation and crystallization of drugs in supersaturated conditions are easily

observed, and this plays a key role in determining the in vitro performance of SDs

In-vitro dissolution studies were performed under non-sink conditions to further
increase the understanding of intermolecular interactions between INM and the excipients.
Sink conditions are met when the volume of the dissolution medium is at least 3-10 times the

volume of saturation (Sun & Lee, 2013).

47




Any volume less than that will be defined as non-sink conditions, and is normally used
when the API is hindered by solubility and to discover the supersaturated drug concentration

and the length of time during which it can be maintained (Sun & Lee, 2013).

Non-sink conditions are frequently used when dealing with amorphous solid
dispersions using BCS class Il drugs as model drugs.

2.7.2 PVP VA64/Plasdone S-630
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Figure 11. Chemical Structure of Poly (vinylpyrrolidone-vinyl acetate copolymer) (PVP
VAG4).
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Figure 12. Chemical Structure of Plasdone S-630 (PL-S630) (Poly (vinylpyrrolidone-vinyl

acetate copolymer).

In terms of monographs, Plasdone S-630 (PL-S630) and PVP VAG64 are the same
product. However, these co-polymers are manufactured from two different manufacture’s, and
therefore have different solid-state and dissolution properties as a result of their manufacturing
process. Differences in the manufacturing process from different suppliers of copovidone can
influence the properties of the copovidone produced. Some of these properties may be critical

material attributes for the manufacturing process or performance of a drug product.

48




For example, different supplier’s products may have different glass transition
temperatures. Therefore, this is why PL-S630 and PVP VA64 was chosen for this study, and
very little has been reported in literature on the comparison of PL-S630 and PVP VA64
regarding their solid-state and dissolution properties.

PVP VA64 (molecular weight 45,000, Tq 107 °C, Tm 140 °C) and PL-S630 (molecular
weight 12,000, Tq106 °C, Tm 86.16 °C) (figures. 11 and 12) are a white or slightly yellowish,
high molecular weight, amorphous water-soluble polymers that may be used to formulate
various solid based dosage forms. Solanki et al. (2018) states that PVP VA64 is well suited to
thermoplastic processing, with the processing temperature (Tp) ranging from 120 to 160 °C and
a glass transition temperature (Tg) of 107°C (Solanki et al., 2018), therefore this carrier is partly
crystalline PVP VA64 was used in this study as a result of the above processing temperature
range and many researchers have reported an increase in the solubility of INM-PVP VA64
drug-polymer mixtures using HME as a preparation method (Altamimi & Neau, 2015).

Obtained extrudates display modified drug release properties and is primarily based on
the actual polymer’s molecular weight. PVP VA64 has been used to prepare hot-melt extruded
solid dispersion sustained release dosage forms using various BCS class Il drugs such as INM
(Hurley et al., 2018) (Srinivasan et al., 2023). Hurley et al. (2020) investigated the use of PL-
S630 as a potential hydrophilic polymeric carrier to improve the aqueous solubility of the BCS
class Il drug INM using HME as a preparation method. ASD formulations showed an increase
in the solubility of both model drugs with INM having an aqueous solubility significantly
higher than that reported in literature. XRPD and SEM analysis confirmed INM and FMT
exhibited strong plasticization effects with increasing concentrations and were found to be

molecularly dispersed within the drug-polymer mixtures.

2.7.3 Poloxamer 407
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Figure 13. Chemical Structure of Poloxamer 407 (P407) (Ethylene oxide and propylene glycol
copolymer) (P407).
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Poloxamers are non-ionic poly (ethylene oxide) (PEO)—poly (propylene oxide) (PPO)
copolymers (figure. 13). They are used in pharmaceutical formulations as surfactants,
emulsifying agents, solubilizing agent, dispersing agents, and in vivo absorbance enhancers.
Poloxamers are often considered as “functional excipients” because they are essential

components, and play an important role in the formulation (Van der Merwe et al., 2020).

All poloxamers have similar chemical structures but with different molecular weights
and composition of the hydrophilic PEO block (a) and hydrophobic PPO block (b). Two of the
most commonly used poloxamers are poloxamer 188 (a=80, b=27) with molecular weight
ranging from 7680 to 9510 Da, and poloxamer 407 (a=101, b=56) with molecular weight
ranging from 9840 to 14600 Da (Almeida et al., 2017). Despite their wide range of applications,
limited analytical techniques have been reported in literature for characterizing poloxamers and
few are targeted to quantify poloxamer contents in formulations with desired sensitivity and
accuracy. For example, the glass transition temperature of P407 has never been reported in
literature. Therefore, determining the various solid-state properties especially, the Tq will be
explored in this study. Poloxamer is available in different grades based on the physical

parameters such as molecular weight, weight % of oxyethylene etc.

P407 was chosen for this study, as surfactants such as P407 when incorporated into
amorphous SDs to form ternary and quaternary SDs may further enhance the dissolution rate
and BCS class Il drugs (Hurle et al., 2020). Surfactants has also been used as plasticizers for
polymeric carriers during HME to enhance solubility and drug-polymer miscibility (Correa-
Soto et al., 2022). Another reason for choosing P407 was based on the fact that polymeric
carriers may dissolve the amorphous drug, leading to a more stable system without phase
separation, crystallization and promote wettability increasing aqueous solubility and

dissolution rates.

The common available grades are poloxamer (68, 88, 98, 108, 124, 188, 237, 338, and
407). Their surfactant property has been useful in detergency, dispersion, stabilization,
foaming, and emulsification. Some of these polymers have been considered for various
cardiovascular applications, as well as in sickle cell anaemia. Two polymers from this class,
poloxamer 188 and poloxamer 407, show inverse thermosensitivity; therefore, they are soluble
in aqueous solutions at low temperature, but will gel at higher temperature which may retard

drug released if too high a poloxamer loading is used (Abdeltawab, Svirskis & Sharma, 2020).
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Also as P407 is a low T4 polymer, the addition of a P407 to an amorphous dispersion
can result in solid-state instability either by increasing molecular mobility or by acting as a
nucleation site (Shi et al., 2022). Therefore, choosing the correct loading for poloxamer is
essential when formulating amorphous SDs. Currently there is very little literature on how
P407 when incorporating within ternary and quaternary hot-melt extruded solid dispersions
effects solid-state, intermolecular interactions and dissolution rates of INM and therefore will

be investigated in this study.

2.8  Aim and objectives of this study

The aim of this study is:

To determine the effect of P407 and cooling on the solid-state properties, intermolecular
interactions, dissolution properties and amorphous stability of various hot-melt extruded multi-
component solid dispersions using INM as a model drug.

The objectives of this study are as follows:

e Investigate the effect of P407 on the dissolution properties and amorphous stability of
hot-melt extruded multi-component solid dispersions using the BCS class Il drug INM,
as it was reported in literature that hot melt extrusion resulted in slower dissolution rates
compared to alternative methods such as spray drying and supercritical fluid
impregnation. Also, previous research has focused on spray dried quaternary mixtures
which due to the addition of a surfactant affected the physical stability and amorphous
stability of selected model drugs.

e To investigate the role of inter-molecular interactions and the effect of mixed co-
povidone multi-component hot-melt extruded solid dispersions using PVP VA64 and
PL-S630 on the solid-state and dissolution properties of INM, as very little literature
has been published in literature on the comparison of PL-S630 and PVP VAG64
regarding their solid-state and dissolution properties.

e To examine how cooling methods, affect the crystallization tendency and solubility of
the API. As mentioned before very little research has been published with regard to
calculating % crystallinity to assess the suitability of a BCS class Il drug to form an
amorphous phase and how various cooling methods can affect this parameter and
crystallization tendency of the API.
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Finally, to significantly improve the aqueous solubility of INM via non-sink conditions,
as the maximum Kinetic solubility reported in literature is 10 pg/ml after 12 hours. The

impact of drug loading will also be investigated.
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Chapter Three

Experimental

Detalls




3.0 Materials & Methods

The aim of chapter 3 of this study is to explain the various methods and materials that were
used to prepare and examine how drug-polymer miscibility, system thermodynamics, drug-
polymer intermolecular interactions and cooling methods affect kinetic solubility and
amorphous stability of SDs overtime using the following methods:

e Twin-screw hot melt extrusion.

e Solubility parameters using the combined group contribution methods of Van
Krevelen-Hoftyzer and Fedors (pre-formulation studies).

e Hildebrand and Scott drug-polymer interaction factor (X) to examine drug-polymer
miscibility.

e Attenuated total reflectance-fourier transform infrared (ATR-FTIR) and Raman
Spectroscopy to examine drug-polymer intermolecular interactions and molecular
mobility.

e Phase solubility studies to determine the apparent 1:1 stability constant Ka of INM
within PVP VAG64.

e Dissolution USP apparatus type 1 (basket method) (Distek 50947, USA) coupled with
UV spectroscopy to examine the nature of drug release and the kinetic solubility of
INM within aqueous media.

3.1 Materials
Crystalline y-INM (1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic acid)

(INM), purchased from Tokyo Chemical Industry (TCI) (Oxford Science Park, UK), (Mw
357.79 g/mol™?, Tm 160.0 °C T4 42 °C) was used as a model drug. INM has an aqueous solubility
of 1.5 pg/ml at pH 1.2 (Sun & Lee, 2015).

P407, a hydrophilic non-ionic surfactant, (Ethylene oxide and propylene glycol
copolymer), (Mw 12,000, Tm 55 °C, Tg -67 °C) was purchased from BASF Europe GmbH
(Burgbernheim, Germany). PVP VA64 (Mw 45,000, Tg 107 °C, Tm 140°C) was received as
requested samples from JRS Pharma (Surrey, UK). PL-S630 (Tm 140 °C, T4 106 °C), was
received as a gift from Ashland Specialties Ltd, (UK). See table 3 for more details. All other
reagents and chemicals were purchased from Sigma Aldrich (Wicklow, Ireland) and were of

analytical reagent grade.
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Figure 14. Chemical Structure of the BCS class Il drug INM.

Figure 15. Chemical Structure of PVP VA64/PL-S630.
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Figure 16. Chemical Structure of P407.

Table 3. Physicochemical properties of model drug and polymers.

Molecular AHf Tm (°C) Tg (°C) pKa Log p°
weight (KJ/mol)
(g/mol)
INM 357.79 37.9 160 42 4.5 3.93
PVP VA64 45,000 140.0 107
PL-S630 47,000 86.60 106
P407 12,000 55 -67

55




3.2 Preparation of physical mixtures

Prior to HME, physical mixtures of each of the components containing the APl INM
were weighed and mixed thoroughly in a mortar and pestle for five minutes according to the
compositions detailed in tables 4-7. Also, binary drug-polymer mixtures of INM and P407 were
also prepared as a control. The % drug-polymer composition used for INM-P407 drug-polymer
mixtures were as follows 10/90, 30/70, 50/50 and 70/30%. Amorphous INM (alNM) was
prepared by heating to 160 °C in a stainless-steel beaker using a hotplate and quench cooling

using liquid nitrogen.

3.3 Hot-melt extrusion conditions

Unless stated otherwise, all the melt compounding detailed in this report was carried
out using two bench-top Prism™ twin screw extruder (figures 17 and 19) with 16 mm diameter
screws 2 mm diameter die and a length to diameter (L/D) ratio of 25:1 and 15:1 respectively.
Prism™ co-rotating screws used for extrusion are manufactured with a certain multi-purpose
modular design (Lyons, Higginbotham & Blackie, 2007). The positions of the heating zones
and mixing section can be seen on the schematic diagram of the barrel of the Prism™ twin
screw extruder with an L/D ratio of 25:1 is shown in figure. 18. The 15:1 L/D ratio twin screw
extruder is similar to barrel design to 25:1 L/D ratio extruder except it has 2 heated zones
instead of 4. The screws contained various sections that slide into a splined shaft. Therefore,
various screw designs that use narrow disk bi-lobal mixing elements can be arranged at a
specific location along the shaft to enable mixing effects or shear control (Lyons,
Higginbotham & Blackie, 2007).

The screw configuration can have a vital effect on the uniformity and properties of
many drugs and excipients as it can degrade APIs and polymeric materials due to its high
processing temperatures. In this study the screws are arranged in a co-rotating intermeshing
mode (Lyons, Higginbotham & Blackie, 2007).

56




Figure 17. The Prism™ twin screw 25:1 length to diameter (L/D) ratio extruder used in this

study.
The screw configurations were assembled via the following sections:

o feed screw sections

e extrusion screw sections

e half feed screw sections

o half reverse feed screw sections

e mixing elements (paddles) 30° offset
e mixing elements (paddles) 60° offset

e mixing elements (paddles) 90° offset
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Figure 18. Schematic representation of Prism™ twin screw 25:1 LID extruder barrel and
screw configuration used to compound materials for trials to investigate the drug-polymer
miscibility and drug-polymer intermolecular interactions using PVP VA64 as the matrix
forming material (adapted from (Lyons, Higginbotham & Blackie, 2007)).

Figure 19. The Prism™ twin screw 15:1 L/D ratio extruder used in this study.
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3.3.1 Compounding of materials

The screws assembled contained all-conveying elements that ensured that the transition
from conveying to high shear mixing was very gradual to ensure uniformity. The mixing
section was positioned towards the die end of the extruder (Lyons, Higginbotham & Blackie,
2007). The batches of drug-polymer matrices described in tables 4-7 were compounded using
the extrusion profile outlined in tables 8 and 9 using the Prism twin screw extruders in figure
17 and 18.

To investigate the effect of extrusion parameters and cooling rate on the solid-state and
dissolution properties of hot-melt extruded solid dispersions, selected drug-polymer mixtures
(table 8) were compounded using the Prism 16mm twin-screw extruders with a 2mm diameter
die and L/D ratios of 25:1 (figure 17) and 15:1 (figure 19) 16 mm twin-screw extruders as
previously described, using the extrusion profiles outlined in tables 8 and 9, using an automatic
feeder at a rate of 13 + 1 g/min. The diameter of each of the extrudates was 2mm. To investigate
the effect of cooling, a selected batch was air cooled, cooled to ambient temperature (25 °C)
and quench cooled using liquid nitrogen to investigate the crystallization tendency of the

amorphous API.

59




Table 4. Batch composition used to investigate the effect of Poloxamer 407 (P407) on the

dissolution enhancement of hot-melt extruded SDs compounded using 25:1 L/D ratio extruder

(100 grams batch size);

Identifier INM [wt%o] P405 [wt%o]
SD1 5 0
SD2 5 5
SD3 5 10
SD4 5 15
SD5 5 20
SD6 10 0
SD7 10 5
SD8 10 10
SD9 10 15
SD10 10 20
SD11 15 0
SD12 15 5
SD13 15 10
SD14 15 15
SD15 15 20
SD16 20 0
SD17 20 5
SD18 20 10
SD19 20 15
SD20 20 20
SD21 25 0
SD22 25 5
SD23 25 10
SD24 25 15
SD25 25 20
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Table 5. Batch composition used to investigate the role of intermolecular interactions, solid-
sate and dissolution properties of mixed co-povidone (quaternary) hot-melt extruded SDs

compounded using the 15: 1 L/D ratio extruder (50 grams batch size).

Batch No Composition (% w/w)
PL-S630 PVP VA64 P407 INM
[wt%] [wt%] [wt%o] [wt%o]

Quart SD1 425 425 5 10
Quart SD2 37.5 37.5 15 10
Quart SD3 32.5 32.5 5 30
Quart SD4 27.5 27.5 15 30
Quart SD5 22.5 22.5 5 50
Quart SD6 17.5 17.5 15 50
Quart SD7 12.5 12.5 5 70
Quart SD8 7.5 7.5 15 70

Table 6. Batch composition used to investigate the role of intermolecular interactions, solid-
state and dissolution properties of mixed co-povidone (ternary) hot-melt extruded SDs

compounded using the 15: 1 L/D ratio extruder (50 grams batch size).

Identifier Composition (% wiw)
PL-S630/PVP P407 INM
VAG4 [wt%] [wt%]
[wt%o]
PL-S630/PVP VA64 SD1 85 5 10
PL-S630/PVP VA64 SD2 75 15 10
PL-S630/PVP VA64 SD3 65 5 30
PL-S630/PVP VVA64 SD4 55 15 30
PL-S630/PVP VA64 SD5 45 5 50
PL-S630/PVP VA64 SD6 35 15 50
PL-S630/PVP VA64 SD7 25 5 70
PL-S630/PVP VA64 SD8 15 15 70

Table 7. Batch composition used to investigate the effect of cooling rate on the solid-state and
dissolution properties of hot-melt extruded SDs compounded using the 15: 1 and 25:1 L/D

ratio extruders (50 grams batch size).

Identifier Composition (% w/w)
PL-S630 PVP VA64 P407 INM
[wt%] [wt%] [wt%o] [wt%]
ASD1 325 325 5 30
ASD?2 275 275 15 30
ASD3 - 65 5 30
ASD4 - 55 15 30
ASD5 65 - 5 30
ASD6 55 - 15 30
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Table 8. Temperature zones of 25:1 L/D ratio extruder used in the hot melt extrusion process.

Screw speed Temperature (°C)
(RPM)
Die Zone 4 Zone 3 Zone 2 Zone 1
60 160 160 140 120 100

Table 9. Temperature zones of 15:1 L/D ratio extruder used in the hot melt extrusion process.

Screw speed Temperature (°C)
(RPM) Die Zone 2 Zone 1
100 160 160 140

The screw configuration was not varied, however to optimise the processing of the
matrix for each individual section the screw speed and temperature profile were varied
depending on the processing temperatures of the individual polymeric materials and API
(Lyons, Higginbotham & Blackie, 2007). The specific temperature profile required for
compounding was determined using the Prism™ extruder via the temperature controllers
arranged along the length of the heated barrels. Also to control the temperature of the die

another temperature controller was used (Lyons, Higginbotham & Blackie, 2007).

During the hot-melt extrusion process, API’s, plasticizers and other excipients are
starve fed into a heated barrel, which are then mixed by the rotating screw element and then
the homogenous melt is extruded through a cylindrical shaped heated die to form a solid
dispersion or strand (Lyons, Higginbotham & Blackie, 2007). The materials inside the barrel
are heated via the heat generated by the shearing effect of the rotating screw and the heat
conducted from within the heated barrel. The temperatures for processing were chosen based
on the glass transition temperature of the polymeric materials and melting point of the drug in
this case INM was used (Tian et al., 2020). As a general rule, the extrusion process was
conducted at temperatures 20 to 40 °C above the Tq4 of the polymer and at a temperature close
to the melting point of the drug (Hurley et al., 2018). On exiting the die the extrudate was
allowed to cool to room temperature, extrudates were next ground under liquid in a mortar and
pestle, and passed through a 200 um sieve to obtain appropriately sized fractions for further

studies.
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It must be noted that the 15:1 L/D ratio extruder was used to investigate the role of
intermolecular interactions and the effect of cooling on the kinetic solubility and amorphous
stability of INM due to the reduced batch size.

3.4 Cooling Process
To investigate the crystallization tendency of the API, a selected SD formulation was

air cooled (AC) to 25°C by an air pipe connector attached to the 2 mm die of the extruder,
cooled to normal room temperature (25°C) (NT), the same as air cooling except with no air
pipe connector and quench cooled using liquid nitrogen, (Liq N2), to examine the effect of slow
and rapid cooling processes on the amorphous stability and solubility of INM. For the purpose

of this study, only one SD formulation was investigated.

3.5  Pre-Formulation; calculation of solubility parameters (), glass transition
temperature (Tg) and drug-polymer interaction factor ().

Preformation of drug and polymers was conducted using the HSPs which can be
calculated using the combined group contribution methods proposed by Van Krevelen-
Hoftyzer (Choudhury, Murty & Banerjee, 2023), by considering their chemical structural
orientations and the molecular weights of each of the components. These are expressed by the
following equations (Eq) 1:

82 = 8%+ 8% + 8%, Eq. (1).
Where,

XFai CF®) 12 ZFni\ 12
§o =20 5, = Edwe 5 — (M
d v y Yp v y Oh Vv

where i is the functional group within the molecule, ¢ is the total solubility parameter, dq is the
contribution from dispersion forces, dp is the contribution from polar interactions, on is the
contribution of hydrogen bonding, Fqi is the molar attraction constant due to molar dispersion
forces, Fpi is the molar attraction constant due to molar polarization forces, Eni is the hydrogen

bonding energy and V is the molar volume (Hurley et al., 2018).

The drug-polymer interaction parameter, y, using the solubility parameters difference
between the drug and polymer, can be estimated by a method developed by Hildebrand and
Scott (Jha, Shah & Amin, 2021).

This is expressed as follows;
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%= (Borvg — Spohmer)  EQ. (2).
where Vo is the volume of the lattice site, R is the gas constant and T is the absolute temperature.

3.6  ATR-FTIR spectroscopy

Fixed Mirror

Sample
Cell

<=

IR Half
Sensor Silvered
Mirror

IR Source

Figure 20. Perkin EImer Spectrum One attenuated total reflectance-fourier transform
infrared spectrometer (ATR-FTIR) (left hand side) and schematic diagram of fourier-

transform -infrared spectrometer (FTIR) (right hand side).

ATR-FTIR spectra were collected using a Perkin Elmer spectrum one apparatus fitted
with a universal ATR sampling accessory. Data was collected in the spectral range of 4000-
420cm?, utilising a 16 scan per sample cycle and a fixed universal compression force of 80N.

Subsequent analysis was carried out using spectrum software (Hurley et al., 2019).
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3.7  Raman Spectroscopy

Figure 21. Renishaw invia Raman confocal microscope attached to a motorized stage.

Raman spectra of selected SD formulations were attained using a Renishaw invia
Raman confocal microscope (Renishaw Instruments, Gloucestershire, UK) which was attached
to a motorized stage. A 785 nm laser was used to provide Raman scattered light, the laser
operated at 300 mW with a laser power of 100%. The Raman Spectra of each formulation were
within the range of 100 and 3200 cm™2, and with an acquisition time of 10s. A x20 lens was

used and had a spot size of 50um. A 1200 I/mm (633/780) beam path grating was used.

3.8  X-ray powder diffraction (XRPD)

Figure 22. Philips PANalytical X Pert MPD Pro X-ray powder diffractometer (XRPD) with
PW3064 sample spinner used in this work.
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XRPD spectra were collected using a Philips PANalytical X’Pert MPD Pro with
PW3064 sample spinner. The dried granules of drug-polymer mixtures were gently ground
using a pestle and mortar and placed on zero-background silica disks to insure a non-destructive
analytical method. The zero background holders are made of 9N semiconductor grade silicon.
The XRD pattern obtained, by using the crystals as background plate, was very “clean” (no
diffraction on X-rays), so that even at very low-intensity, Bragg reflections of the SD samples
were easily detected. The diffraction pattern was collected between 5 and 40° (26) with a step
size of 0.0167°, a counting time of 29.845s, and a sample rotation of 15 rpm using PANalytical
Data Collector, version 2.0. The source was Cu Ko (L = 1.5418 A), the accelerating voltage
was 40 kV, and the anode current was 35 mA. A fixed divergence slit of 4” and a 0.020 mm
nickel filter were used (Hurley et al., 2020).

3.9  Scanning electron microscopy (SEM)

Figure 23. Mira scanning electron microscope (SEM) (left hand side) and Bal-Tec SCD005

sputter coater (right hand side).

Scanning electron microscopy (SEM) was performed on selected formulations using a
Mira SEM (Rescan, Czech Republic) with a magnification of 100kx. Sample preparation
involved placing samples on the sticky surface of aluminium stub using double sided sticky
tape to increase the electrical conductivity of the sample. After sufficient time (10mins), the
samples were coated with a thin layer of gold by placing the samples within a sputter coater
(BAL-TEC SCD, sputter, USA) for 110sec at 0.1mBar vacuum. The SEM images were

obtained using an acceleration voltage of 15 KV.
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3.10 Phase solubility studies

Solubility studies were performed in triplicate using the method reported by Higuchi
and Connors (Higuchi et al. 1965) in pH buffer 1.2. An excess amount of INM (50-100mg)
was added to aqueous solutions of each carrier to increasing concentrations of both polymeric
carriers in 10 ml volumetric flasks. The suspensions were maintained at 37 °C for 24 hours.
This duration was previously tested to be sufficient to reach equilibrium. 2ml aliquots were
withdrawn and were filtered through 25mm Millex - LCR PTFE hydrophilic syringe filters
(0.45 pm, Merck Millipore LTD, Ireland). The filtrates were suitably diluted if required and
analysed, spectrophotometrically for the dissolved drug at 320 nm.

Shaking was continued until three consecutive readings were performed. The apparent

1:1 stability constant Ka was calculated from the phase solubility graph using the following

equation:
_ Slope
Ka= So (1-slope) Eq (4)

Where So is the intrinsic aqueous solubility of INM.

The Gibbs free energy of transfer (AGg) of INM from pure water to the aqueous

solution of carrier was calculated by the equation below (Eedara et al., 2021),

AGtOT = _2.303RTlog So/Ss  Eq. (5).

where SO0/SS is the ratio of molar solubility of INM in aqueous solutions of carrier to that of

the same medium without carrier (Hurley et al., 2018).
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3.11 In-Vitro dissolution studies

Figure 24. Distek 50947 dissolution apparatus (left hand side) and UV-1280 ultraviolet (UV)-
Vis (UV) Spectrophotometer (Right hand side).

The release rate of INM from SDs and physical mixtures was determined under non-
sink conditions using United States Pharmacopeia (USP) dissolution testing apparatus 1
(basket method) (Distek 50947, USA) with a paddle speed of 50 rpm. The dissolution test was
performed using 900 ml of pH buffer 1.2 at a temperature of 37 + 0.5 °C.

A formulation equivalent to 100 mg of INM in SDs and physical mixtures were placed
in dissolution medium, with 5 ml aliquots withdrawn at predetermined time intervals (0, 10,
17, 24,45 minutes and 1, 2 and 3 hours), and filtered through a 25mm Millex - LCR PTFE
hydrophilic syringe filter (0.45 pum, Merck Millipore LTD, Ireland).

At each time point, the same volume of fresh medium was replaced as withdrawn. The
concentration of INM in each sample was determined using a UV-1280 Ultraviolet (UV)-Vis
spectrophotometer (Shimadzu, Japan) and a standard calibration curve. Fresh dissolution
medium was used as a blank. Pure INM was used as a control. The concentration of INM
dissolved for each formulation (n =3) was plotted as a function of dissolution time with data
being expressed as the average + standard deviation of replicate absorbance measurements.
The ability of the polymeric carriers to prolong and maintain INM supersaturation (SP) in pH
buffer 1.2 in selected formulations was qualified by using the SP as reported by Chen et al.
(2015) (Chan et al., 2015).
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3.12 Statistical analysis

The drug dissolution profiles of all SD formulations were compared using an analysis
of variance (ANOVA) statistical test. The impact of the amorphous form on the area under the
curve (AUC) was statistically examined using (ANOVA) (GraphPad Prism version 5.03 for
Windows, GraphPad Software, San Diego, CA). Post-hoc comparisons of the means were
performed using Tukey’s Multiple Comparison test. A significance level of * p < 0.05 was

accepted to denote significance in all cases (Hurley et al., 2018) and (Hurley et al., 2020).

3.13 Accelerated amorphous stability studies

Stability studies were conducted under accelerated conditions (40°C, 75% relative
humidity) for 5 months by placing SDs in open class vials which were stored in a desiccator
which contained a saturated solution of sodium chloride to generate a relative humidity of 75%
relative humidity. The relative humidity inside the desiccator was checked regularly using a
thermohygrometer. The stored SDs were tested using XRPD (for selected formulations) as

previously described (Hurley et al., 2018).
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4.0 Results and Discussion

4.1 Introduction

The optimal design of amorphous SD formulations requires the use of excipients to
maintain supersaturation and improve physical stability in order to ensure shelf-life stability
and better absorption during intestinal transit, respectively. Previous research has focused on
spray dried and supercritical fluid quaternary mixtures which due to the addition of a

surfactant affected the physical stability and amorphous stability of selected model drugs.

Very little research has focused on how inter-molecular interactions play a role in the
successful formulation of hot-melt extruded quaternary amorphous blends and how they affect
physical stability and solubility of amorphous SDs. Also, the effect of cooling on the degree
of crystallinity, solid-state and dissolution properties of multi-component hot-melt extruded
SDs is of great interest for the successful formulation of amorphous SDs and is an area that is

unreported, especially in the context of improving the stability of these specific systems.

Therefore, the main objectives of this study was to prepare SDs via HME using a semi-
crystalline polymer to overcome the dissolution and physical stability barriers compared to
previous methods and finally investigate the role of inter-molecular interactions and cooling
and their effect on the solid-state and dissolution properties of mixed copovidone amorphous
solid dispersions. The thermal solid-state properties, degree of crystallinity, drug-polymer
interactions, solubility and amorphous stability over time were investigated. X-ray powder
diffraction (XRPD) confirmed that INM was converted to the amorphous state, however the
addition of P407 had a significant effect on the degree of crystallinity and solubility of the SD

formulations.

Spectroscopy studies using infrared and Raman spectroscopy identified the mechanism
of interaction and solubility studies showing a higher dissolution rate compared to amorphous
and pure INM in pH 1.2 with a kinetic solubility of 20.63 pug/ml and 34.7 pug/ml after 3 and
24 hours. XRPD confirmed that INM remained amorphous after 5 months stability testing in
solid solutions with PVP VA64 and PL-S630.

Although cooling had a significant effect on the P407 crystallinity/loading and on
solubility of INM, the cooling method used did not have any significant effect on the

amorphous stability of INM over time.
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4.1.1 Drug-polymer miscibility Studies

Gaikwad et al. (2017) reported that within the pharmaceutical industry, HSPs are
commonly used to determine the miscibility of an APl with pharmaceutical excipients/carriers
in SDs. It also has been reported that HSPs have been used within the pharmaceutical industry
to determine compatibility of pharmaceutical materials, and are therefore recommended in pre-
formulation and in the development of SDs and tablets (Gaikwad et al., 2017).

Maniruzzaman et al. (2015) stated that the Flory-Huggins (F-H) lattice-based theory to
explain intermolecular interactions between polymer and API is limited as it does not take into
consideration the various multiple interactions in drug-polymer systems (Maniruzzaman et al.,
2015). Therefore, the HSPs developed by Van Krevelen and Hoftyzer group were used as a
substitute for the Flory-Huggins theory to explore the nature of interactions that occur within
drug-polymer systems and is mainly based upon the chemical structures of each of the pure
components.

For an intermolecular interaction to occur between an APl and polymer, the change in the
free energy of mixing must be negative according to the laws of thermodynamics of mixing.
This specific change in the free energy of mixing is related to enthalpy and entropy
contributions according to the following equation (Eq. 4).

AGnmix = AHmix-T X ASmix (EQ. 4)

Where, AGmix, AHmix, ASmix and T are the Gibbs free energy, enthalpy of mixing, entropy of
mixing and absolute temperature respectively. The free energy change is spontaneous as a
result of the increase in entropy of mixing and is therefore negative (Maniruzzaman et al.,
2015). However, the presence of repulsive and cohesive intermolecular and intramolecular
forces (e.g. dispersion force, hydrogen bonding and dipole-dipole interaction) which are
present within the amorphous SD making the intermolecular interaction between drug and
polymer more complex.

The drug-polymer interaction factor was calculated via the Hildebrand-Scott method
which is a hypothetical method used to calculate F-H interaction parameters (Han et al., 2019).
It is well reported in literature that unfavourable intermolecular interactions will result in phase
separation and recrystallization if A5 > 7 MPa'/2, whilst favourable intermolecular interactions
and a uniform phase will occur if AS <7 MPa'’? (Choudhury et al., 2023).

This is also the case for drug-polymer interactions if the value for y is close to zero, as
shown in table 10. A§ and y between INM and the polymers was less than 7 MPa? and close
to zero respectively, therefore they are likely to be miscible (Choudhury et al., 2023).
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Table 10. Calculated solubility parameters using Hansen solubility parameters

(HSPS) (6) and drug-polymer interaction factor ().

Compound ot (MPal’?) Ad (MPal’?) X
INM 23.00
PVP VAG4 26.40° 3.40° 0.46
PL-5630 26.40 3.40 0.46
P407 2550 2.50° 0.36

2and ® are values obtained from a previously published report (Hurley et al., 2018).

The molar attraction constant for INM was high (10.37 MPa'?) and was similar to the
values calculated for the polymers (PVP VA64: 11.86 MPa?and PL-S630: 11.86 MPa'?) due
to the interaction via hydrogen bonding. The molar attraction constant values are vital for
intermolecular interactions between drug and polymer to occur during the transformation to
the amorphous state. See tables. 11 to 14 for HSPs calculations used to predict drug-polymer
miscibility and drug-polymer interaction factor (y).

Maniruzzaman et al. (2015) prepared amorphous solid dispersions using hot-melt
extrusion using the BCS class Il drug Verapamil HCL, which had a molar attraction constant
of 6.95 MPa'”? and reported that due to the high molar attraction constants of the APIs and
polymeric carriers they were able to contribute to hydrogen bonding (Maniruzzaman et al.,
2015). As the HSPs are only theoretical, drug-polymer miscibility was further examined using
various characterization, thermal analysis and solubility techniques to determine if the drug-
polymer mixtures were miscible. In order for a drug and polymer to be miscible it requires the
drug to be successfully converted to the amorphous form and to interact with the polymeric
carrier. Conversion to the amorphous state will be determined using XRPD to determine if the
drug is amorphous. Interaction between drug and polymer will be examined using ATR-FTIR

and Raman spectroscopy.
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Table 11. Calculation of HSPs and molar volume for INM according to the Hoftyzer-Van

Krevelen method.

o, Pame
o
Group Frequency Fai (3%2em®ma~  F2%i (3Y¥2cm®  Fri (J/mol)  Vm 2 (cm®mol)
Y mol ™) (Vo)
-CHs; 2 840 0 0 67
-CH,- 1 270 0 0 32.2
=CH- 3 600 0 0 40.5
>C= 5 350 0 0 -27.5
Phenylene 1 1270 12100 0 52.4
(0,m,p)
-Cl 1 450 302500 400 24
-O- 1 100 160000 3000 3.8
-CO- 1 290 770 2000 10.8
-COOH 1 530 176400 10,000 28.5
-N< 1 20 640000 5000 -9
Ring closure 2 380 0 0 32
5 or more
atoms
Conjugation 4 0 0 0 -8.8
in ring for
each double
bond
> 5100 1291770 27400 254.7
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Table 12. Calculation of HSPs and molar volume for PVP VA64/PL-S630 according to the

Hoftyzer-Van Krevelen method.

- \|CH—CH2—— ----------- ——'lCH—CH?——
N o G“\c 0
\ / |
L an L b Jm
Group Frequency Fai (3% em®ma”  F%i (3Y2cm®  Fni (I/mol)  Vm 2 (cm®/mol)
D) mol ) (Vo)
-CH3 1 420 0 0 33.5
-CH,- 2 540 0 0 32.2
-CH- 2 160 0 0 -2.00
-CO- 1 290 770 2000 10.8
-N< 1 20.0 800 5000 -9.00
-COO- 1 390 490 7000 18.0
Ring 5 or 1 190 0 0 16.0
more
> 2010.0 1473000 14,000 99.50

Table 13. Calculation of HSPs and molar volume for P407 according to the Hoftyzer-Van

Krevelen method.

CH,
0 0
HO 0 H
a b El

Group Frequency Fai (3¥2em®ma F%i (3Y2cm % Fri (3/mol)  Vm 2 (cm®mol) (Vo)
o) mol %)
-CHs3 1 420 0 0 335
-CHgy- 5 2100 0 0 80.5
-OH 2 420 500000 20000 20
-O- 2 200 320000 3000 7.6
> 2390 820000 46000 141.6
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Table 14. Calculated HSPs of and drug-polymer interaction factor for drug and polymers.

Identifier Solubility Parameters
Od Op oh Ov Ototal Aot
(MPa'?)  (MPa'?) (MPa'?) (MPa'?) (MPa'?) (MPa'?) y
(Vo)
INM 20.02 4.46 10.37 20.51 23.00
PVP VAG4 20.20 12.20 11.86 23.59 26.40 3.40 0.46
PL-S630 20.20 12.20 11.86 23.59 26.40 3.40 0.46
P407 16.88 6.40 18.02 18.05 25.50 2.50 0.36

4.1.2 XRPD studies of extruded solid dispersions

The XRPD pattern of PVP VA64 and PL-S630 were amorphous in nature. This can be
seen by a slight amorphous halo raised above the baseline. P407 which is semi-crystalline in
nature contained two strong principal diffraction peaks at 19.26 and 23.51 respectively due to
its semi-crystalline structure. XRPD analysis (Fig. 25) of the SD formulations confirmed the
amorphous nature of INM within all SD formulations due to the slight halo raised above the
baseline, due to the lack of any sharp, well-defined peaks in the diffractogram. P407 retained
its semi-crystalline state in all SD formulations compared to the SD formulations prepared by
Gumaste, Gupta and Serajuddin, (2016) who reported that poloxamer was amorphous
(Gumaste, Gupta & Serajuddin, 2016).
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Figure 25: XRPD diffractograms indicating that the INM is present in the amorphous form but

the P407 is not solubilised and exists in its crystalline form.
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4.1.2.1 An investigation of the inter-molecular interaction, solid-state
properties and dissolution properties of mixed copovidone hot-melt Q4 extruded
solid dispersions.

The XRPD patterns of the SD formulations are shown in figures. 26 (a) and (b). XRPD
pattern for pure INM had several diffraction peaks due to the crystalline nature of the drug.
XRPD analysis of the SD formulations confirmed the amorphous nature of INM within all
ASD formulations due to the slight halo raised above the baseline, due to the lack of any sharp,
well-defined peaks in the diffractograms as shown in figure 26 (a) and (b). However, the 50%
and 70% INM SD formulations were not completely amorphous due to the high INM loading
as expected. For all other SD formulations both ternary and quaternary SDs, the semi-
crystalline peaks associated with P407 was present, compared to the SD formulations reported
by Gumaste et al. (2016) in which poloxamer was converted to its amorphous form (Gumaste,
Gupta & Serajuddin, 2016). However, in the XRPD diffractograms of the 5% P407 loading SD
formulations, the semi-crystalline peaks of P407 appear at much weaker intensity compared to
the 15% P407 loading samples.

This may be due to the fact that the physical interaction from P407 is much greater at
high poloxamer loadings. The conversion from the crystalline to the amorphous form was a
result of the possible intermolecular interactions mainly hydrogen bonding and thus formation
of molecular solid dispersions. ATR-FTIR and Raman spectroscopy was used to elucidate the

type and mechanism of interaction.

78




Quart SDE |

: ﬁ E?. -5630 D4
VP VASE SD4
w i SI)J:

Qunt SD?

| %‘%wm
/\—-s\\?\m sDi

Irensity [aan]

=
.
=
=
=
Z
=
o
-
=
—_

PVP VA4 |

Quxt $D

$ 10 LA I
Position [°26] (Copper (Cu))

s i 15 20 24 o i i
Position [*20] (Copper(Cu))

Figure 26. a) XRPD diffractograms of the pure components and (b) XRPD diffractograms of
selected ASD formulations indicating that the INM is present in the amorphous form, but the
P407 is not solubilized and due to its semi-crystalline nature exists in its semi-crystalline form.

The 70% INM ASD formulations remained crystalline.

4.1.2.3 The Effect of Cooling on Hot-Melt Extruded Amorphous Solid
Dispersions

XRPD was used to examine the amorphous nature of the drug within the SD formulations.
XRPD was performed on a PANalytical Empyrean X-ray diffractometer attached to a computer
running High Score Plus to collect and process data. Figure 28 shows the XRPD diffractograms
of the SD formulations used to investigate the effect of cooling. The presence of two Bragg
peaks of P407 at 19 and 24° respectively indicates that P407 was not converted to the
amorphous form as reported by Hurley et al. (2018). The drug peaks associated with crystalline
INM were completely absent in the melt extrudates with various drug-polymer ratios,
indicating that INM was successfully converted to its amorphous form as shown in figure 27.
The XRPD diffractograms confirmed that INM was successfully converted to its amorphous

form and P407 remained semi-crystalline.
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Figure 27. XRPD diffractograms of the pure components. INM is transformed to the

amorphous form.

Considering the concentration of plasticizer present in the amorphous SD formulations, it
was important to note that the formulations with the higher P407 loadings had significantly
higher Bragg peak intensities than formulations with low P407 loading since the APIs can be
incorporated into the core of P407 micelle at high loads (Hurley et al., 2020). It is important to
note that cooling had a significant effect on the crystallinity (i.e. Bragg peak intensities) of the
SD formulations. For example, SD2-NT had the highest Bragg peak intensities indicating that
using a high P407 loading with a slow cooling process increases the crystallinity (Hurley et al.,
2020).

This analysis confirmed that P407 was not solubilized and is present in its semi-crystalline
form with some level of compatibility with PL-S630/PVP VA64-INM system due to the
reduction of the enthalpy of fusion and melting temperature in the various SD formulations.
This was consistent with higher Bragg peak intensities observed in the XRPD data from the
15% P407 sample with 30% drug loading.

The cooling method used had an effect on the amorphous SDs depending on 1) the cooling
method used 2) % P407 loading and 3) the polymeric carrier used. For example in Figure. 28,
SD2-Lig N2 and SD2-NT had much broader and higher Bragg poloxamer peak intensities
compared to SD2 and SD2- AC. This is because PL-S630 and PVP VAG64 possess different
solubility properties with PVP VA64-INM SD formulations having a significantly greater than
INM-PL-S630 SDs.
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The HSPs alongside XRPD confirmed that the drug and polymer were indeed miscible.
XRPD confirmed successful conversion of INM to the amorphous form as mentioned before.
As mentioned above ATR-FTIR and Raman spectroscopy was used to confirm hydrogen
bonding interaction between PVP VA64/PL-S630 and INM via the interaction between the
amide carbonyl C=0 of the polymer and the free carboxylic acid C=0 of INM. For successful

conversion to the amorphous form interaction between drug and polymer is necessary.
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Figure 28. XRPD diffractograms of SD formulations and XRPD diffractograms of the
SD formulation used to investigate the effect of cooling. P407 was still present in its
crystalline form in all formulations (AC= Air cooled, NT= Normal room temperature

and Liq N2 = Liquid Nitrogen).

4.1.3 ATR-FTIR and Raman Spectroscopic studies

4.1.3.1 Investigation of ethylene oxide-co-propylene oxide for dissolution
enhancement of hot-melt extruded solid dispersions

ATR-FTIR spectroscopy is one of the most widely used methods to detect the
intermolecular interactions in SDs, such as hydrogen bonds between API’s and polymer
excipients. PVP VAG64 acts a proton acceptor through the carbonyl of the amide group and the
vinyl acetate group (Yu et al., 2022), while INM can act as a proton donor through the —OH

group of the carboxylic acid (Benmore et al., 2021).
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Both y-INM and alNM exist as dimers with carboxylic acid groups of one molecule
directly interacting with another in a cyclic acid-acid dimer (Hurley et al., 2018). Stabilisation
of INM in the amorphous phase involves disrupting these intermolecular dimers and involving
the carboxylic acid of INM in hydrogen bonding. Figure 29(a) illustrates the ATR-FTIR spectra
of y-INM, aINM, pure polymers, physical mixture and SD formulations (SD21 and SD25).

Pure INM (y-INM) is characterized by principal absorption peaks and showed two
strong non-hydrogen bonding C=0 bands at 1714.00 cm™(free C=0 of carboxylic acid) and
1690.00 cm™* (acid-acid dimer C=0 Stretch) respectively, the O-H Stretch of the acid is broad
however it is superimposed on the sharp C-H stretches, as the free carboxylic acid O-H Stretch
may exist as dimers via hydrogen bonding. In aINM this stretching shifts to 1707.00 cm™ and
1679.00 cm™ respectively.

Nyamba et al. (2023) reported that PVP VA64 due to its amide structure provide the
drug molecule with hydrogen bond acceptors and thus acts as an appropriate polymeric carrier,
(Nyamba et al., 2023), for the water-insoluble drug INM which result in thermodynamically
stabilized dosage forms since their structure are similar to those of liquid-based solutions. Chan
et al. (2015) also reported that these carbonyls which can act as proton accepters appear at 1731
cm* and 1672 cm® respectively (Chan et al., 2015). In this study this appeared to be the case
as the main principal peaks appeared at 1731.00 cm™ and 1670.00 cm™ due to vinyl acetate
and amide carbonyl respectively (figure. 29(a)). However, Hurley et al. (2019) also reported
that there was no evidence of interaction between PVP VA64 and INM even though a shift was
observed. In this study, there was evidence of chemical interaction between INM and PVP
VAG4.

The ATR-FTIR studies of all SD formulations with PVP VA64 and P407 may indicate
that possible potential hydrogen bonding between the INM and PVPVA carbonyl is occurring,
due to a broadening of the 1670 cm™ PVP VA64 amide carbonyl peak to 1661 cm™ as well as
the appearance of a shoulder around 1650cm™. Also, the intensity of the vinyl acetate C=0
carbonyl did increase as the drug content increased, however, there was no shift in the vinyl
acetate carbonyl peak which possibly is because the amide carbonyl of PVP VA64 is a stronger
proton acceptor compared to the vinyl acetate carbonyl of PVP VA64 as reported by Yuan et
al. (2015).
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It must be noted there was a greater broadening and a shift in the amide carbonyl as the
% drug loading increased, this was also the case for SD formulations which contained no P407
as shown in figure 29 (b) and (c). This indicates that P407 possibly had no molecular interaction
with INM and did not interfere in the interaction between INM and PVP VAG4.

In the case of the physical mixture, the amide C=0O and vinyl acetate C=0 stretch
appeared at a much weaker intensity compared to the SD formulations, this may be because

INM is still present in its crystalline form, therefore there was no interaction.

The shift and intensity of the carbonyl regions in the SD formulations are not very
obvious even in the highest concentration of INM SD formulations. It was also found that this
observation is a common phenomenon when FTIR is employed to detect intermolecular
interactions in SDs because of the broad peak width and lower drug concentration (Budiman
et al., 2023). Thus, it is necessary to have some solid evidence provided from different
analytical techniques such as Raman spectroscopy or ssNMR spectroscopy to confirm the
formation of hydrogen bonds between INM and PVP VAG4.
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Figure 29: (Top) FTIR spectra of selected 25% SD formulations and pure components indicating a broadening of the amide carbonyl peak of
PVP VAG64 for both extruded dispersions. Figure 28 (b): (Bottom) SD formulations with 0% P407 loading and Figure 28 (c): (Bottom) SD
formulations with 20% P407 loading.
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4.1.3.2 An investigation of the inter-molecular interaction, solid-state
properties and dissolution properties of mixed copovidone hot-melt
extruded solid dispersions

Raman analyses was carried out to further explore the hydrogen bonding interaction between
INM, PVP VAG64, P407 and PL-S630 in the multi-component solid dispersions prepared by the
HME process. Raman spectroscopy is complimentary to ATR-FTIR spectroscopy, and it is
quite useful for the analysis of ASDs. Hydrogen bonding was the predicted mechanism of
interaction due to high molar attraction constant of INM calculated using the Hansen solubility
parameters and polarity of the drug-polymer mixtures. APIs normally tend to be conjugated or
aromatic compounds which have strong Raman signals, while excipients have much weaker
Raman signals and/or spectra. Similar to the ATR-FTIR studies, Raman spectroscopy showed
potential intermolecular interaction between INM and polymeric carriers due to a shift in the
amide carbonyl of PVP VA64 and PL-S630. The PVP VA64 amide carbonyl (vC=0) peak at
1673.00 cm shifted to 1680.00 cm™ in ASD samples due to hydrogen bonding interaction

with the —OH group of INM as a result of hot melt extrusion as shown in Figure 30.

The acid vC=0 present at 1702.00 cm™ (free C=0 of carboxylic acid) of INM completely
disappears in the Raman spectra of the ternary and quaternary ASD formulations as a result of
low intensity of INM. Based on the Raman spectra in Figure 30, none of peaks identified in the
Raman spectra of amorphous INM were present in the Raman spectra of the ASD formulations.
It must be noted even though a hydrogen bond shift was observed in all ASD formulations, the
quaternary ASD formulations had a much greater shift as a result of the mixed copovidone
present in the quaternary mixtures as shown in Figure 31. However small differences in the
intensity and shifts in the peak positions were observed as a result of the HME process in the
region of carbonyl group peaks (1660-1670 cm™). In summary, the ATR-FTIR and Raman
analyses suggest that similar hydrogen bonding interactions were achieved in solid dispersions
prepared by the HME process. The Raman analysis confirmed the ATR-FTIR results indicating
hydrogen bonding interaction occurred between INM and PVP VAG64/Plasdone S-630 as
expected and confirmed that the drug and polymer were indeed miscible as predicted by the

Hansen solubility parameters.
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Figure 30. Full Raman spectra of pure components and selected ASD formulations (30% INM),
indicating potential hydrogen bonding due to the shift in the amide carbonyl of both PVP VA64
and PL-S630 from 1673 cm™ to 1680 cm™. The vinyl acetate carbonyl peak appears at a low
intensity at 1732.00 cm™,
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Figure 31. Raman spectra of pure components and selected ASD formulations (30% INM),
indicating potential hydrogen bonding. There was a shift in the vinyl acetate C=0 carbonyl in
the all ASD formulations, however they quaternary ASD formulations had the greatest shift.

In the ATR-FTIR reference spectrum of amorphous INM, the above named peaks
shifted to 1707.00 cm™and 1679.00 cm* respectively due to conversion to its amorphous form
as shown in figure 34, as a result do not align with the polymer peaks (Hurley et al., 2018). See
tables 15 to 22 for ATR-FTIR and Raman spectra interpretation.

The ATR-FTIR of all the ASD formulations with PL-S630, PVP VA64 and P407,
amorphous INM was present and there was evidence of intermolecular interaction i.e. hydrogen
bonding due to the shift of the amide carbonyl of PVP VAG4/PL-S630 from 1672.00 cm™ to
1680 cm™ (Figure 32 (a) and figure 32 (b)). There was no shift observed in the C=0 of the
vinyl acetate carbonyl of PVP VA64/PL-S630 in the ATR-FTIR spectra, however in the Raman
spectra it must be noted that there was a shift in the vinyl acetate C=0 carbonyl in all ASD
formulations, however the quaternary ASD formulations had the greatest shift as shown in
Figure 31. This is very significant as most literature states that the vinyl acetate C=0 carbonyl
is a weak hydrogen bond acceptor which was reported by Yuan et al. (2015). Any poloxamer
peaks present in the pure P407 sample were not present in the ATR-FTIR spectra of the SD
formulations as shown in Figure 32 (c). This may indicate that P407 possibly has no molecular
interaction with INM (Méndez et al., 2022).
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Figure 32. a) ATR-FTIR Spectra of pure components and selected ASD formulations (30% INM). b) ATR-FTIR Spectra of both PVP VA64/PL-
$630 and SD1/SD2 indicating potential hydrogen bonding due to the shift in the amide carbonyl of both PVP VA64 and PL-S630 from 1672 cm™
to 1685 cm™ . There is no shift in the vinyl acetate carbonyl peak as a result of its weaker hydrogen bond potential. (c) ATR-FTIR spectra of binary

ASDs of 10 and 30% INM-P407 drug-polymer mixtures
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Figure 33. a) ATR-FTIR Spectra of a selected ASD formulation (Quart SD2) illustrating the
hydrogen bond between PVP VA64/PL-S630 and INM due to the shift in the amide carbonyl of
both PVP VA64 and PL-S630 from 1672 cm™ to 1685 cm™
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Figure 34. ATR-FTIR reference spectrum of amorphous INM, indicating a shift in the acid-
acid dimer C=0 stretch (1690 cm™ to 1679 cm™) and the free carboxylic acid C=0 (1714 cm
1t0 1707 cm™).
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Table 15. Interpretation of ATR-FTIR Spectrum of INM.

Bond Vibration

Frequency (cm™)

C-ClI Stretch 751.01
-COOH out of plane Stretch 924.22
C-O Stretch 1222.22
O-CHgs Stretch 1453.61
Aromatic C=C Stretch 1588.10
C=0 Stretch (Two bands) 1689.62, 1712.67
Aromatic C-H Stretch, -COOH (superimposed) 2927.60

Table 16. Interpretation of ATR-FTIR Spectrum of PVP VA64/PL-S630.

Bond Vibration

Frequency (cm™)

C-O Stretch (Two bands)

1019.22, 1234.09

Ester C=0 Stretch 1730.88
Amide C=0 Stretch 1672.00
C-N Stretch of amine 1369.30

Alkyl C-H Stretch 3100.00

C-H bending 1422.92

Table 17. Interpretation of ATR-FTIR Spectrum of P407.

Bond Vibration

Frequency (cm™)

Aliphatic C-H Stretch (Two bands)

2978.76, 2883.93

In plane O-H bend

1342.20

C-0 Stretch

1099.59

Table 18. Interpretation of ATR-FTIR Spectrum of SD formulations.

Bond Vibration

Frequency (cm™)

C-O Stretch (Two bands)

1019.22, 1234.09

Ester C=0 Stretch 1730.88
Amide C=0 Stretch 1680.00
C-N Stretch of amine 1369.30
Alkyl C-H Stretch 3100.00
C-H bending 1422.92
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Table 19. Interpretation of Raman Spectrum of INM

Bond Vibration Frequency (cm™)
vC-ClI Stretch 702.40
O0CHs 1399.00
v(C-O-C) asym 1090.00
v(C-O-C) 906.30
Amide vC=0 Stretch 1680.00
Acid vC=0 1702.00

Table 20. Interpretation of Raman Spectrum of PVP VA64/PL-S630

Bond Vibration Frequency (cm™)

v(C-0-C) 935.6

v(C-O-C) asym 1026.00

v(CC), aliphatic chain vibrations 1232.00

0CHszasym 1420.00

O0CHz 1423.00

Amide vC=0 Stretch 1673.00

Vinyl acetate vC=0 1768.00

Table 21. Interpretation of Raman Spectrum of P407.

Bond Vibration Frequency (cm™)
v(C-0-C) 845.6
v(C-0-C) asym 1145.00
v(CC), aliphatic chain vibrations 1202.00
6CHzasym 1484.00
6CH> 1482.00
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Table 22. Interpretation of Raman Spectrum of a selected SD formulation (Quart SD4).

Bond Vibration Frequency (cm™)
v(C-0-C) 845.80
v(C-O-C) asym 1092.00
6CHszasym 1460.00
6CH> 1458.00
vC-N Stretch 1592.00
Amide vC=0 Stretch 1680.00
Vinyl acetate vC=0 1732.00

4.1.3.3 The Effect of Cooling on Hot-Melt Extruded Amorphous Solid
Dispersions

ATR-FTIR was used in conjunction with Raman studies to elucidate the mechanism of
interaction between INM and each of the polymers which is necessary for drug-polymer
miscibility. When INM was converted to the amorphous form via hot melt extrusion, the amide
carbonyl C=0 of PVP VAG4 and PL-S630 shifted to 1680 cm™. This indicates that hydrogen
bonding had taken place between the amide carbonyl of the polymer and the free C=0 bond of
the carboxylic acid of INM (Hurley et al., 2018). This was the case for all SD formulations as

shown in figure 35 (a).

10% INM-P407

30% INM-P407 \

% Transmission

Figure 35. a) ATR-FTIR Spectra of pure components and selected SD formulations
(30% INM) showing a shift in the amide carbonyl C=0 from 1672 cm™ to 1680 cm™.
There is no shift in the vinyl acetate carbonyl peak as a result of its weaker hydrogen
bond potential. (b) ATR-FTIR spectra of binary SDs (controls) of 10 and 30% INM-
P407 drug-polymer mixtures.
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There was no change in the vinyl acetate C=0 carbonyl due to weaker hydrogen bonding
potential of the vinyl acetate carbonyl as reported by Yuan et al, (2015) as shown in figure 35
(b) (Yuan et al., 2015). Any P407 peaks within the pure P407 sample were completely absent
in the ATR-FTIR spectra of the SD formulations as shown in figure 35 (a) and figure 36. This
indicates that P407 possibly has no intermolecular interaction with INM at a molecular level
(Hurley et al., 2018).
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Figure 36. ATR-FTIR Spectra of aINM and Physical blend. Crystalline INM is still

present in physical blend as expected.

It is also important to note that in the ATR-FTIR reference spectrum of aINM, the two
C=0 bands at 1714 cm™ (free C=0 of carboxylic acid) and 1690 cm (acid-acid dimer C=0
stretch) shifted to 1707 cm™ and 1679 cm™ respectively due to transformation to its amorphous
form as shown in figure 37, and therefore do not align with the polymer peaks. The physical

blends contained crystalline INM as expected as shown in figure 36 (Hurley et al., 2018).
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Figure 37. ATR-FTIR Spectrum of crystalline INM.

Hydrogen bonding was the predicted mechanism of interaction due to polarity of INM and
polymeric carriers as a result of the relatively high INM molar attraction constant calculated
using the HSPs. The amide carbonyl (vC=0) peak at 1673 cm™ shifted to 1680 cm™ in all SD
formulations due to hydrogen bond interaction with the —OH carboxylic acid of INM as shown
in figure 38. The intensity of the vinyl acetate carbonyl group is weak and appears at 1745 cm”

! due to the weaker hydrogen bonding potential as reported by Yuan et al. (2015).
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Figure 38. Raman spectra of crystalline INM, polymeric carriers and chosen SD
formulations (30% INM), which shows interaction via hydrogen bonding as a result
of the shift in the amide C=0 carbonyl stretch of PL-S630 and PVP VA64. The low

intense peak at 1732.00 cm™ corresponds to the vinyl acetate C=0 carbonyl.
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The acid vC=0 present at 1702 cm™ (free C=0 of carboxylic acid) of INM disappears in
the Raman spectra of the quaternary and ternary SD formulations due to the low intensity of
INM. Based on the Raman spectra in figure 38, the peaks identified in the Raman spectra of
alNM were not present in the Raman spectra of the amorphous SD formulations. The broad
peak at 1482 cm™' in the Raman spectrum of solid-state P407 reflected the deformation
vibration of the dCH_ group.

The v(O-H) of P407 was present at 3200 cm™ and v(C-O-C) was present at 850 cm™,
Careful analysis of the SD formulations indicates that the bands associated with P407 were not
present in the SD formulations due to the lack of intermolecular interaction. Raman
spectroscopy similar to ATR-FTIR spectroscopy identified that hydrogen bonding occurred
between PVP VA64/PL-S630 regardless of the cooling method used.

4.1.4 SEM studies

4.1.4.1 Investigation of ethylene oxide-co-propylene oxide for dissolution
enhancement of hot-melt extruded solid dispersions

SEM was used to examine the surface morphology of selected SD formulations and
pure INM. The particle morphology of pure INM, Pure polymers and SDs are illustrated in
Figures 39-43. Pure P407 (figure 41) appeared as smooth-surfaced spherical particles. Pure
INM (figure 40) appear irregular in size and shape and were much smaller than the P407 and
SD particles. PVP VAG64 appeared as spheres that are hollow in nature (figure 39). While
examining the physical mixture (Figure 42) no specific interaction was observed between drug
and matrix material. From the SEM image of the SD (Figure 43) the INM crystals seem to be
incorporated into the polymer matrix. From the SEM images it can be deduced that the drug
was successfully dispersed in the carrier material. No agglomeration was present resulting in a
smooth surface and showed that the individual surface properties of PVP VA64, P407 and INM
were lost during the extrusion process indicating INM possibly may be present in its amorphous

form.
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Figure 39.
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SEM image of Pure INM at 100kx magnification.
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Figure 42. SEM image of physical mixture at 100kx magnification.
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Figure 43. SEM image of SD1 (0% P407-10% INM loading) at 100kx magnification.

4.1.5 Phase solubility studies

4.1.5.1 Investigation of ethylene oxide-co-propylene oxide for dissolution
enhancement of hot-melt extruded solid dispersions

Figure 44 represents the Kinetic solubility of INM in aqueous solutions of PVP VA64
and P407. The Gibbs free energy of transfer (AGtOr ) and apparent solubility constants derived

from Figure 44 are shown in Table 23.
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Figure 44. Solubility of INM (png/ml) in aqueous solutions of PVP VA64 and P407 at 37 °C

(Each point represents the average + SD of three independently prepared samples).

The phase solubility plot of solubility of INM (ng/ml) against combined polymer
concentration (% w/v) exhibits a linear relationship (which is AL type of plot) in the polymer
concentration range that was investigated (Figure 44). Table 23 shows that all Gibbs free
energy of transfer values are negative at all carrier levels. This demonstrates that the drug
solubilization process is spontaneous (Bertoni et al., 2023). In drug-polymer SD mixtures the

entropy of mixing is always favoured and thus negative.

A-type phase solubility profiles are obtained when the solubility of the drug INM
increases with increasing polymer concentration. When the complex is first order in nature with
respect to ligand (polymeric matrix) and linear with respect to the substrate (drug), then the
AL-type phase solubility profile is obtained (Srinivasan et al., 2023).

The AL-type phase-solubility curve is obtained when the solubility curve is first order
with respect to polymer concentration (Bertoni et al., 2023). Under AL-type phase-solubility
diagram, the kinetic solubility of the API dispersed within a water-soluble polymer can be
described with the slope (S) of the solubility curve and the intrinsic solubility (So) of the drug.

As the concentration of carrier increased the AGtOr values decreased as the process at higher

carrier levels is more favourable.
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Table 23 also shows that INM-P407-PVP VAG64 mixture has more favorable
interactions in pH buffer 1.2 due to its higher Ka value compared to INM-P407 and INM-PVP
VA64 mixtures respectively. In both cases, the solubility of INM increased as the polymeric
carrier concentration increased. A negative value of Ka signifies an increase in solubility. In
this study, all Ka values were positive indicating an increase in the kinetic solubility of INM at
pH 1.2 (Hurley et al., 2018) and (Hurley et al., 2020).

The Ka value represents the higher solubility gained from a metastable state of the
compound. For example, amorphous drugs have a higher solubility than their crystalline
counterparts but this solubility is unstable as the amorphous form has a tendency to revert to
crystalline form. Thus, it is referred to as the apparent stability constant, negative values signify

a decrease in the solubility (Hurley et al., 2018).

Table 23. Gibbs free energy values and apparent stability constants (Ka) of INM-P407, INM-
PVP VA64 and INM-P407-PVP VA64 interactions.

Concentration Concentration Quantity of Combined AG 0 (kJ/mol)
of P407 (Y%wl/v) of PVP VA64 INM added Concentration of tr
(Yow/v) (mg) Polymer (% w/v) Pa07 PVP PA0T
VA64 PVP
VA64
0 45 50 45 0.00 -2.44 -4.46
5 55 50 60 -3.38 -2.93 -5.50
10 65 50 75 -3.80 -3.27 -6.05
15 75 50 90 -5.37 -3.43 -6.22
20 85 50 105 -6.17 -3.58 -7.29
25 95 50 120 -7.81 -3.92 -7.74
Intercept 0.99 1.43 4.68
Slope 0.98 0.05 0.26
Ka (1g/ml) 0.001 0.034 0.041

4.1.5.2 An investigation of the inter-molecular interaction, solid-state
properties and dissolution properties of mixed copovidone hot-melt
extruded solid dispersions

The kinetic solubility of INM from the various quaternary ASD formulations are shown
in Table 25. Also, a phase solubility plot of solubility of INM (ug/ml) against polymer

concentration (% wi/v) was drawn and exhibited a linear relationship in the chosen polymer
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concentration range that was examined. With regards to Figure 45, the Gibbs free energy values
decreased as the % polymeric carrier loading decreased as shown in Table 24, which indicates
that the drug solubilization process was indeed spontaneous (Singla et al., 2019) and (Hurley
et al., 2018). The process is spontaneous due to the increase of ASmix in mixing (due to increase
in randomness) (Maniruzzaman et al., 2015). According to the first condition of the
thermodynamics of mixing, for a drug and polymer to interact there must a negative change in

the free energy of mixing.

The entropy of mixing is always favoured for drug-polymer ASD mixtures. For the
ASD formulations, after 24 hours the quaternary SD formulations had the highest kinetic
solubility with a value of 76.30 pg/ml (Quart SD1) with 10% INM loading as shown in Table
24. The physical mixtures with the exception of PVP VA64 SD1, PL-S630 SD1 and Quart SD1
had a greater solubility for INM compared to the SD formulations. This may have been due to
recrystallization of INM due to high loading of P407 in the SD formulations.

This is a significant improvement in the solubility of INM compared to the solubility
reported by Chokshi et al. (2008) who reported that the maximum solubility of INM achieved
after 24 and 72 hours was 10ug/ml and 30 pg/ml respectively, using 30, 50 and 70% INM
loading. It also has been reported in literature that high poloxamer loading at high drug loads
can retard drug release as a result of the gelling properties of poloxamer at high drug

concentrations.

Physical mixtures tend to have a higher solubility because when the drug-polymer
mixtures in the dry state are dispersed in aqueous solutions of polymer, polymeric particles
hydrate rapidly due hydrophilic nature of P407 within polymer solutions resulting in the
increased wettability of the drug particles (Hurley et al., 2020). This is related to surface
activity and wetting effect which results in reduced agglomeration and solubilizing effect of
P407.

The kinetic solubility of the mixed PVP VA64 and PL-S630 systems was significantly
higher than the ternary systems (Table 24). This may be due to greater vinyl acetate hydrogen

bonding interaction as shown in Figure 45 in quaternary SD formulations.
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Figure 45. Solubility of INM (pg/ml) in aqueous solutions of PL-S630, PVP VA64 and P407
at 37°C (each point represents the average + SD of 3 independently prepared ASD samples)

with a maximum kinetic solubility of 34 pug/ml.

Table 24. Gibbs free energy Values and Apparent stability constants (Ka) of ternary and
quaternary drug-polymer-surfactant interactions.

Concentration Concentration Concentration Quantity Combineq AG 0 (k3/mol)
of P407 of PL-S630 of PVP VA64  of INM  Concentration tr
(Yowt/vol) (Yowt/vol) (Yowt/vol) added of Polymer
(mg) (% wt/ivol) PL- PVP Quaternary
S630+P407 VA64+P407

5 5 5 50 5 1.56 0.58 0.23

7.5 25 25 50 25 -1.37 -1.07 -0.94

10 45 45 50 45 -2.27 -1.87 -1.63
12.5 65 65 50 65 -2.64 -2.57 -2.35

15 85 85 50 85 -3.78 -2.72 -2.56
Intercept 1.90 x 10° 5.42x10° 5.96 x 10°
Slope 0.30 x 10° 0.19x10° 0.16 x 10°

Ka (ug/ml) 0.12 0.04 0.03

Table 25. Comparison of the solubility of INM from various quaternary and ternary SD
formulations and corresponding physical mixtures in pH buffer 1.2 after 3 and 24 hours

respectively.
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4.1.5.6 The Effect of Cooling on Hot-Melt Extruded Amorphous Solid Dispersions

Formulation Solubility of INM (pg/ml) after 3 hrs. Solubility of INM (pg/ml) after 24 hrs.
ASD Physical Mixture ASD
PVP VA64 SD1 4.43 4.57 11.20
PVP VA64 SD2 7.90 21.23 5.67
PVP VA64 SD3 7.80 21.93 4.00
PVP VA64 SD4 20.73 26.50 2.13
PVP VA64 SD5 6.86 29.17 1.50
PVP VA64 SD6 9.20 19.77 4.17
PVP VA64 SD7 1.33 18.83 0.93
PVP VA64 SD8 6.47 16.23 6.73
PL-S630 SD1 13.83 4.40 14.00
PL-S630 SD2 14.03 14.80 14.00
PL-S630 SD3 8.40 7.77 6.43
PL-S630 SD4 10.60 11.57 10.60
PL-S630 SD5 0.50 7.63 4.37
PL-S630 SD6 3.37 6.70 8.07
PL-S630 SD7 2.03 7.27 6.90
PL-S630 SD8 2.83 7.13 4.50
Quart SD1 6.40 53.87 73.60
Quart SD2 12.67 45.63 31.23
Quart SD3 5.50 26.13 23.47
Quart SD4 8.03 24.30 34.17
Quart SD5 4.30 29.00 16.77
Quart SD6 4.87 22.57 14.13
Quart SD7 9.43 20.23 16.53
Quart SD8 9.53 18.50 21.17

The INM aqueous solubility from the several ternary and quaternary SD formulations are

shown in table 26. For the SD formulations, after 24 hours the quaternary SD formulations had
the highest aqueous solubility with a value of 34.17 pg/ml (Quart SD1) with 30% INM loading
as shown in table 26. The SD formulations after 3 hours had a higher solubility for INM

compared to the physical mixtures.

This may have been due to the conversion to the amorphous form, drug-polymer

interaction and drug-polymer miscibility. Crystalline INM is present in the physical mixtures

resulting in recrystallization. After 24 hours the physical mixtures had a significantly higher

solubility as polymeric particles hydrated rapidly resulting in the increased wettability of the
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drug particles (Hurley et al., 2019). However, this depends on the % composition of drug and
polymer used as shown in table 26. The kinetic solubility of the mixed copovidone systems
was considerably higher than the ternary systems (Table 26) possibly because of the greater
shift in the vinyl acetate carbonyl of PVP VA64/PL-S630 due to hydrogen bonding as shown
in the ATR-FTIR spectra. However higher shifts do not guarantee higher kinetic solubility.
This is true when the SD comes into contact with water causing a change in the kinetics
and thermodynamics of the system. The decrease in INM solubility was due to recrystallization
of the API. The cooling method used also had a significant effect on the solubility of INM. For
example, SD2-NT had a significantly higher solubility than SD2-AC and SD2-Liq Na.

Table 26. Comparison of the aqueous solubility of INM and standard deviation (STD)
from various quaternary and ternary SD formulations and physical blends in pH
buffer 1.2 after 3 and 24 hours respectively. Physical blends contain crystalline INM.

Identifier Solubility of INM (ug/ml) after 3 hrs. Solubility of INM (ug/ml) after 24
No hrs.
SD STD Physical blend STD Physical STD SD STD
blend

SD1 5.50 0.40 3.27 0.03 26.13 0.01 2347 0.03
SD2 13.00 0.15 3.30 0.00 27.30 0.02 3417 0.00
SD3 7.80 0.69 2.74 0.00 21.93 0.00 4.00 0.00
SD4 20.73 0.65 2.59 0.01 26.50 001 613 0.01
SD5 8.40 1.20 0.97 0.01 7.77 0.01 643 0.01
SD6 10.60 1.20 1.47 0.01 11.57 0.015 10.60 0.01
SD2-AC 13.00 0.15 3.03 0.00 24.30 0.03 3217 0.00
SD2-NT 14.03 0.26 4.03 0.01 27.30 0.02 34.00 0.01
SD2-LigN2  12.00 1.35 2.03 0.00 15.12 0.04 20.00 0.00

The effect of cooling on the SD formulations with PVP VA64 and PL-S630 had a
significant effect on the dissolution properties. After 24 hours, the SD formulation cooled to
normal room temperature (NT) and air-cooled formulations had the highest aqueous solubility
of INM as slow cooling of aINM increases physical stability as reported by Baghel et al. (2016).
As SD2-NT had the highest degree of crystallinity due to the slow cooling process, it increased

the solubility of INM significantly.
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There was also a significant improvement in the kinetic solubility of INM after 24 hours
with a maximum Kinetic solubility of 34.17 pg/ml, compared to 30 pg/ml after 72 hours
reported by Chokshi et al. (2008) (Chokshi et al., 2008). SD2-NT had the highest solubility
with a value of 34.17 pg/ml after 24 hours, which again shows that slow cooling increases
solubility. Like the degree of crystallinity, there was a significant difference between SD4 and
SD6 due to different solubility properties of PVP VA64 and PL-S630 as mentioned before.

4.1.7 In-vitro dissolution studies

4.1.7.1 Investigation of ethylene oxide-co-propylene oxide for dissolution
enhancement of hot-melt extruded solid dispersions

The dissolution was performed under non-sink conditions in pH buffer 1.2 for 3 hours
and pure INM was used as a control. Non-sink conditions were used to determine the
supersaturated drug concentration, which could be achieved by each SD formulation. Pure
crystalline INM is a weak acid with a pKa of 4.5 and displays pH-dependent solubility and
dissolution rates; hence pH buffer 1.2 was used. The AUC was calculated to examine any

statistical difference (*p < 0.05) between the SD formulations, pure INM and amorphous INM.

The mechanism of dissolution of amorphous solid dispersions, including the role of the
polymer, has been discussed in literature and was clearly shown in this study. During
dissolution the solubility advantage offered by the amorphous form is realised as an initial high
rate of dissolution as shown in Figures 46 and 47. In the case of dissolution of the pure
amorphous drug the supersaturated concentration will quickly decrease due to a high

recrystallization tendency which is dependent on the extent of supersaturation.

However it has been observed that in the presence of polymer the supersaturated
concentration is maintained at a higher level for a longer period of time, thus increasing the

area under the dissolution curve (Huang, Staufenbiel & Bodmeier, 2022).
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Figure 46.  Dissolution profile of 25% INM SD formulations in pH buffer 1.2.

[
o

—e—Pure INM
Amorphous INM
SD16

——SD17

—e—SD18

——SD19

——5D20

o2]

INM Concentration (ng/ml)

Figure 47. Dissolution profile of 20% INM SD formulations in pH buffer 1.2.
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Figure 47. Graphical representations of the area under the curve (AUC) for 25% SD
formulations in pH 1.2, ** and * represents statistical difference (p < 0.05) between SD and

pure INM and alNM respectively, for a one way ANOVA and Tukey Kramer post-hoc test.
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Figure 48.  Graphical representations of AUC for 25% SD formulations in pH 1.2, ** and
* represents statistical difference (p < 0.05) between SD and pure INM and aINM respectively,

for a one way ANOVA and Tukey Kramer post-hoc test.

The initial high dissolution rate, attributed to the morphological form of the drug and
the subsequent stabilisation effect of the polymer is known as a ‘spring and parachute’
mechanism (Li et al., 2021). It has been suggested that the polymer acts to reduce the rate of
recrystallization of drug, through the mechanism of stabilising the supersaturated concentration

through the production of polymeric nanoparticles (Huang, Staufenbiel & Bodmeier, 2022).

The initial rate of drug release has been attributed to the rate at which the polymer
dissolves, the spring parachute mechanism occurring when there is an initial fast drug release,
brought about by an initial fast dissolution of polymer, producing a supersaturated drug
concentration. In this way it has been observed at low drug loadings, where the drug is

molecularly dispersed in the polymer, that dissolution is carrier controlled (Pina et al., 2014).

Pina et al. (2014) proposed carrier-controlled dissolution through their work with both
partially and completely amorphous dispersions (Pina et al., 2014). It was observed that
polymer type had more of an influence on dissolution than the morphology of the drug, partially
crystalline formulations in some cases showing a higher rate of drug release than completely

amorphous, suggesting a carrier-controlled mechanism.
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Drug release was investigated under non-sink conditions to discover the supersaturated
drug concentration which could be achieved by each formulation (figures 48 and 49). The AUC
was used to calculate the dissolution efficiency for dissolution testing under sink conditions
(Aldeeb et al., 2022), but in the case of non-sink conditions is calculated as a measure of the
supersaturated concentration and the length of time during which it can be achieved or
maintained (Sun & Lee, 2013).

It is vital to take into account that the free concentration of drug within the aqueous
media depends upon the aqueous solubility of the amorphous or crystalline AP1 which depends
upon the following; crystallization kinetics of the drug, interactions between drug and polymer
and drug-polymer miscibility ratio. Successful formulation of amorphous solid dispersions
depends on the capability of the polymeric carrier to sustain supersaturation without

precipitation long enough to allow for drug absorption.

The “’spring and parachute’’ effect i.e. dissolution is bought about as a rapid burst
release of API due to fast dissolution of polymeric carrier produced a supersaturated drug
concentration. This mechanism has been observed at all drug loadings as the drug is
molecularly dispersed in the polymeric carriers, therefore dissolution is carrier controlled. P407
played a significant role in these experiments, dissolution profile of pure and amorphous INM
was not significantly improved, however the SDs showed a fast release of INM as expected
due to reduction of particle size, transformation of crystalline INM into its amorphous form,

reduction of aggregation and agglomeration and finally improvement of drug wettability.

The phase solubility studies showed that the kinetic solubility of INM in aqueous
solutions of P407 and PVP VA64 was 28 pg/ml (Figure 44). However, the kinetic solubility
achieved during real - time dissolution was 21 pg/ml. This is because when the polymer and
drug mixtures in the dry state were dispersed in aqueous polymer solutions, the polymer
particles hydrated rapidly (because of the high hydrophilic potency of P407 into polymer

solution contributing to the increased wettability of the drug particles (Hurley et al., 2019).

Enhanced solubility and dissolution of INM from physical mixtures could thus be
related to the surface activity, wetting effect which may lead to reduced agglomeration and
hence increased surface area, and solubilizing effect of P407. The kinetic solubility of INM in
the SDs increased in comparison to crystalline INM and amorphous INM. Pure INM had a
kinetic solubility of 1.2 pg/ml as expected, which is in good agreement with the value reported
in the literature (Tres et al., 2016).
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Pure amorphous INM has a kinetic solubility of 2.4 pg/ml as expected due to the
conversion to the amorphous form. The increase in kinetic solubility was dependent on polymer
concentration. There is a trend that as the P407 is increased so too does the concentration of
drug in solution (Figures 46 and 47). The Kinetic solubility of INM was increased by at least
10 times over 3 hours compared to the kinetic solubility of INM reported by Chokshi et al.
(2008). Chokshi et al. (2008) prepared binary mixtures of INM-PVP VA64 and reported a
kinetic solubility of 10 pg/ml for all SD formulations using 30%, 50% and 70% INM drug
loading in pH buffer 1.2.

There was also an improvement in solubility achieved from the 25% drug load
formulations in comparison to the 20% drug load formulations. This is shown in Figures 46
and 47 where the maximum Kinetic solubility achieved from the 20% INM SD formulations
was 12 pg/ml. It can be concluded from the obtained results that 0.55:0.2:0.25 ratio (SD25)
was found to be superior to other ratios of the polymer.

The AUC values of each of the SD formulations was compared to the crystalline INM
and aINM using a one-way ANOVA and Tukey Kramer post-hoc test (figures 48 and 49). For
the 20% SDs and 25% SDs. There was no statistical difference between crystalline INM and
amorphous INM for all SD formulations except for SD19, SD20, SD24 and SD25. SD20 and
SD25 which were statistically different to pure and amorphous INM and SD19 and SD24 were
only statistically different to pure INM. The overall effect of drug loading and wt % of polymer
did have an effect on AUC and solubility of INM in solution.

The increase in the kinetic solubility of INM solid dispersions may be due to the
reduction in the drug crystallinity and its colloidal and molecular dispersion within the
polymeric carriers. As the polymeric carrier dissolved, the drug was exposed to dissolution
medium in the form of very fine particles resulting in rapid dissolution. P407 existed in solution
as a unimer but self-assembled into micelles. At concentrations that are above the critical
micelle concentration, unimer molecules aggregate to form micelles (Hurley et al., 2018). The
hydrophobic P407 propylene oxide core of the micelle incorporated into the water-insoluble
molecules of INM, which may have resulted in increased solubility of the drug molecule
(Morita et al., 2021).

It must be noted that apart from the higher hydrophilicity and surface properties of
P407, increased wettability and dispersibility and particle size reduction of the drug, (Morita
et al., 2021), also may have contributed to the improved kinetic solubility of INM.
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Higher hydrophilicity and surfactant properties of P407 result in greater wetting and
increase in the surface available by reducing interfacial tension between the water-insoluble

drug and dissolution medium.

Hurley et al. (2019) reported that in high P407 loading can retard drug release. This
may be due to the gelling property of poloxamer at higher concentrations. In this study this
may also have been the case as recrystallization of the INM was shown at higher drug ratios of
P407 and may have resulted in retarded drug release after 3 hours. As P407 was present in its
semi-crystalline form, this may also have contributed to the recrystallization of the INM during

in-vitro dissolution studies.

4.1.7.2 An investigation of the inter-molecular interaction, solid-state
properties and dissolution properties of mixed copovidone hot-melt

extruded solid dispersions

To further understand how the intermolecular interactions within multi-component i.e.
quaternary and ternary SDs affect the INM dissolution profile in pH buffer 1.2, in-vitro
dissolution experiments were performed under non-sink conditions. The aim of this study was
to examine the synergistic effect of the various polymer combinations within SDs and how it
affected the maintenance of INM supersaturation. Pure INM and amorphous INM were also
used as a control similar to the previous study. The AUC was calculated as a measure of the
length of time that the supersaturated concentration could be maintained or achieved i.e., a
measure of the supersaturated concentration (Potter et al., 2015). The AUC was used to
compare the solubility of INM between selected SD formulations and pure/amorphous INM.
Particle size was controlled in this study, the initial drug dosage within the dissolution vessels
was 100mg as the particle size of each formulation was 200 microns as they were sieved prior

to analysis.

Pina et al. (2014) proposed dissolution that is carrier controlled through their work with
both completely and partially controlled amorphous dispersions (Pina et al., 2014). It was
observed that the type of polymer used had a significant effect on the dissolution compared to
the morphology of the drug, partially crystalline formulations showed a higher rate of drug
release in some cases compared to completely amorphous, therefore they proposed a controlled

carrier mechanism.
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The drug release curves however in this study did not exhibit the spring and parachute

effect; however, they showed an increase in the drug concentration over 3 hours of dissolution.

However, it must be noted that a spring and parachute effect can still be seen as SDs
readily show a “’spring’’ and the parachute effect, may however be a slow parachute with
supersaturation sustaining for many hours before precipitation starts to occur to define the
parachute phase. It must be noted that all SD formulations did not completely dissolve over the
entire duration of the dissolution study. Therefore, it is assumed that neither the polymer nor
the drug completely dissolves over the 3 hours in pH buffer 1.2. Potter et al. (2015) prepared
ASDs containing 10, 30 and 50% INM via supercritical fluid impregnation and hot melt
extrusion and reported that polymer and INM did not completely dissolve even after 8 hours
of dissolution (Potter et al., 2015).

The Kkinetic solubility of all SD formulations increased compared to pure and
amorphous INM (Figure 50). Amorphous and crystalline INM had a kinetic solubility of 2.4
pg/ml and 1.2 pg/ml as expected due to its conversion to the amorphous form. The increase in
the Kkinetic solubility of INM was dependent upon both surfactant and polymeric carrier
loading. The kinetic solubility of INM in this study increased by at least 10 times over 3 hours.
Chokshi et al. (2008) prepared binary drug-polymer mixtures of PVP-VA64-INM using HME
and achieved a maximum kinetic solubility of 10 pug/ml after 12 hours for all solid dispersions
prepared using 70, 50 and 30% INM in pH buffer 1.2 (Chokshi et al., 2008). It was also a
significant improvement compared to the kinetic solubility of INM reported by Potter et al.
(2015) who prepared binary mixtures of INM and PVP via hot melt extrusion and supercritical

fluid impregnation and achieved a maximum kinetic solubility of 8 pg/ml after 8 hours.

There was very little difference in terms of solubility between both the ternary SD
formulations and quaternary SD formulations after 3 hours as shown in Figure 50. In this study
PVP VA64 had the highest kinetic solubility with a value of 20.73 pg/ml (PVP VAG64-SD4
(30% INM)) after 3 hours of dissolution. This was a similar result to the solubility from the
previous study where the maximum solubility reported was 20 pg/ml with a 25% drug loading
(Hurley et al., 2018). The SDs with highest poloxamer loading had the highest solubility after
3 hours. This increase in solubility was related to the intermolecular interaction between drug

and polymer and drug-polymer miscibility.
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The hydrophobic P407 propylene oxide core of the micelle which incorporated into the
INM water-insoluble molecules also played a significant role in the increase in solubility of
INM. P407 exists as a unimer self-assembled into micelles in solution. This may have resulted
in the increased kinetic solubility of INM molecules. P407 results in greater wetting and
increases the surface that is available by reducing the interfacial tension between the dissolution
medium and the poorly water- soluble drug. Reduced interfacial tension reduces the nucleation

activation energy (Thakur, Sheokand & Bansal, 2019), therefore reducing recrystallization.

The AUC values of all SD formulations was compared with pure and amorphous INM
using a 1-way ANOVA and Tukey Kramer post hoc test (figure 50). For both the quaternary,
PL-S630 and PVP VAG64 ternary ASD formulations with the exception of Quart SD2, Quart
SD4, Quart SD7, Quart SD8, PVP VA64 SD2, PVP VA64 SD4, PL-S630 SD1, PL-S630 SD2
and PL-S630 SD4 there was no statistical difference between crystalline and amorphous INM.
The overall effect of drug and % wt of poloxamer did have a significant effect on the solubility
of INM and AUC in solution.

After 3 hours, the SD formulations did have a higher kinetic solubility compared to the
pure and amorphous drug due to the conversion to the amorphous form (figure 50). The
samples that contained the highest drug loading recrystallized because of 1) the presence of
crystalline INM, as it is higher to achieve the amorphous state using a high drug loading, 2) no
inter-molecular interaction between drug and polymer and 3) drug-polymer immiscibility. For
the quaternary mixtures only all ASDs with the highest % of poloxamer loading recrystallized
with the exception of Quart SD4 and Quart SD8 as previously reported by Hurley et al. (2018)
due to its gelling properties and its semi-crystalline nature of P407.
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Figure 50. In-vitro dissolution profiles of quaternary SDs and graphical representations of
AUC of quaternary and ternary SD formulations in pH 1.2. ** and * represents the statistical
difference (p < 0.05) between SD, alNM and pure INM respectively, for 1-way ANOVA and
Tukey Kramer post hoc test.

4.1.7.3 The Effect of Cooling on Hot-Melt Extruded Amorphous Solid
Dispersions

The in-vitro dissolution rates of INM and selected SD formulations, shown in Table 9 and
10, were performed using non-sink conditions in pH buffer 1.2. Table 27 shows the
concentration of INM (pg/ml) at various time intervals over 3 hours. Control of the particle
size of each formulation was vital in this study, as it can affect dynamic solubility of each
formulation. The particle size of each formulation was 200 microns to ensure uniformity. The

formulation equal to 100 mg of INM was placed within the dissolution vessels.
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It is important to note that there was no interference from the polymers and therefore did
not affect the value of UV absorption. The A max for both PL-S630 and PVP VA64 is 440 nm
for vinyl-pyrrolidone and 258 nm for vinyl acetate as stated in literature (Hurley et al., 2020).
INM has a A max of 320 nm.

The aqueous solubility of crystalline and amorphous INM was 1.2 and 2.4 pg/ml
respectively (Hurley et al., 2018). Non-sink conditions were used for this study as
crystallization of APIs and nucleation within supersaturated dissolution conditions can be
observed (Zhang et al., 2017). An illustration of non-sink conditions is shown in figure 51. In
figure 50, the SD has no initial crystallinity due to the conversion to the amorphous state, but
several crystals grow during the dissolution test as the supersaturation generated results in
phase separation and nucleation (Liu et al., 2013). The dissolution of dissolved INM depended
upon the dissolution rate comparative to the rate of crystallization. If the dissolution rate is too
rapid relative to crystallization, then 100% release may be achieved, with a subsequent decrease
in the solution concentration as crystallization occurs (shown in figure 51). If the rate of
crystallization is rapid compared to the dissolution rate, then 100% drug release will not be

achieved and will display a “’spring’” and “’parachute’’ effect which is the case in this study.

T

1 - crystalline powder
2 - spring
3 - spring with parachute

Drug concentration

Figure 51. Illustration of non-sink conditions used in the dissolution test. Dissolution
profile 1: dissolution of the crystalline API; profile 2: dissolution of a “spring” effect of
the API without the presence of dissolution enhancers profile 3: dissolution of a ‘spring’
and ‘“'parachute’’ form of the API in the presence of dissolution enhancers act as a

“parachute.” Ceq represents equilibrium solubility.
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Figure 52. In-vitro dissolution profiles of air-cooled SD formulations performed in
buffer of pH 1.2.
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Figure 53. In-vitro dissolution profiles of quaternary SD formulations performed in
buffer of pH 1.2. The maximum aqueous solubility is 20.73 pg/ml after 3 hours. (AC=

Air cooled, NT= Normal room temperature and Lig N> = Liquid Nitrogen).
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Table 27. Comparison of the aqueous solubility of INM from various quaternary and

ternary SD formulations in pH buffer 1.2 taken at various time intervals over 24 hours.

Conc. of
Conc. Of Conc.of Conc. of
Con. of INM Conc. of Conc. of Conc. of
INM INM INM
o INM (ug/ml) INM INM
Identifier (ng/ml)at  (ug/ml) (pg/ml)
(ng/ml)at at (ug/ml)at  (ug/ml) at (Hg/ml) at
0.75 at at
0 hours. 0.2 0.3 hours. 0.4 hours. 3 hours.
hours. 1 hours. 2 hours.
hours.
SD1 0.00 2.27 2.73 2.70 2.60 3.07 5.23 5.50
SD2 0.00 4.13 7.46 9.90 9.90 11.00 11.20 13.00
SD3 0.00 4.23 5.30 9.27 7.77 8.63 8.27 7.80
SD4 0.00 10.40 10.17 10.63 16.13 10.80 20.83 20.73
SD5 0.00 4.17 5.87 6.13 6.40 6.10 8.03 8.40
SD6 0.00 5.80 8.00 6.93 8.03 9.07 8.57 10.60
SD2-AC 0.00 4.13 7.46 9.90 9.90 11.00 11.20 13.00
SD2-NT 0.00 15.27 15.83 17.10 15.57 11.60 13.03 14.03
SD2-Liq
N 0.00 10.17 10.90 11.60 11.17 14.90 11.43 12.00
2

Table 28. Comparison of the aqueous solubility of INM from various quaternary and
ternary SD formulations in pH buffer 1.2 after 3 and 24 hours. Supersaturation

parameter (SP) was calculated for SD formulations after 3 hours.

Identifier No. of Conc. of INM, 3 STD Conc. of INM, 24 STD  SP of INM after 3
No Phases hours. (pg/ml) hours. (pg/ml) hours.
SD1 2 5.50 0.40 23.47 0.01 0.97
SD2 2 13.00 0.15 34.17 0.02 0.98
SD3 2 7.80 0.69 4.00 0.00 0.49
SD4 2 20.73 0.65 6.13 0.01 0.24
SD5 2 8.40 1.20 6.43 0.01 0.56
SD6 2 10.60 1.20 10.60 0.015 0.45

SD2-AC 2 13.00 0.15 32.17 0.03 0.49

SD2-NT 2 14.03 0.26 34.00 0.02 0.70

SD2-Liq 2 12.00 1.35 20.00 0.04 0.30
N2
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In this study there was a tendency that as the concentration of P407 increased, the drug
concentration also increased (figures 52 and 53). The aqueous solubility of dissolved INM
significantly increased compared to the values reported in literature. Chokshi et al. (2008)
prepared INM-PVP VA64 binary mixtures and recorded a kinetic solubility of 10 pg/mL and
30 pg/ml in pH buffer 1.2 after 24 and 72 hours using 30% INM.

Table 28 shows the SP of INM after 3 hours in pH buffer 1.2 under non-sink conditions.
For the purposes of this work, only the supersaturation parameter (SP) of SD formulations after
3 hours was selected and calculated. According to Chen et al. (2015), SP apparently is a
dimensionless parameter with a range between zero and one. Zero means no supersaturation
power, while one indicates the tendency of drug precipitation to occur is reduced (Chen et al.,
2015). SP is a function of the chemical structure of the drug, initial drug concentration, type of
polymer and concentration of polymer (Hurley et al., 2020).

Table 28 shows that all formulations had a SP value of 0.24 or above indicating that the
INM was resilient against drug precipitation, however the quaternary formulation SD1
contained the highest SP value indication that polymer type and concentration of polymer had
a significant effect on the ability of the SD to inhibit drug precipitation and recrystallization.

During the extrusion process, INM was transformed to the amorphous state in all SD
formulations. Therefore, as a result the aqueous solubility of INM was significantly greater
compared to both amorphous and crystalline INM with a maximum aqueous solubility of 20.73
pg/ml. This study also showed that the cooling method used for extrusion had a significant
impact on the kinetic solubility of INM. The highest aqueous solubility observed was 34.00
pg/ml for SD2 NT containing 30% INM after 24 hours. The dissolution concentration increased
by 10 times as compared to pure and amorphous drug.

All SD formulations with highest P407 loading (15%) had a significantly higher solubility
compared to the 5% P407 formulations after 3 hours. The significant increase in aqueous
solubility was related to the degree of crystallinity, cooling process used and interaction
between polymeric carrier and APl including polymer-drug miscibility. The P407 micelle core
contains propylene oxide which is hydrophobic which when incorporated into INM resulted in
increased solubility of INM. P407 in nature is a unimer which when placed into solution can

form micelles via self-assembly (Hurley et al., 2020).
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According to Suksiriworapong et al. (2013) the critical micelle concentration of P407 is
2.8 x 10 M (0.03 pg/ml), as the concentration of drug and SD formulations in this study was
greater than 0.03 pg/ml it resulted in micelle formation as shown in table 28 (Suksiriworapong
et al., 2014). Also, the degree of crystallinity was significantly lower in the higher P407
loadings, increasing solubility. P407 can result in many benefits such as greater wetting,
increasing surface area and decreasing interfacial tension between API and the dissolution
medium. It is stated in literature that reducing the interfacial tension decreases nucleation (Zhao
et al., 2020).

The recrystallization of amorphous INM in solid solutions was dependent upon three
factors; % P407 loading, degree of P407 crystallinity and cooling method used. It is well
reported in literature that high P407 loading can lead to recrystallization due to the hydrophobic
P407 propylene oxide core (Hurley et al., 2018). Slow cooling is ideal for a process that does
not require high energy removal. It is less expensive regarding extrusion, it is easier to maintain,
has lower operating costs compared to liquid nitrogen and requires less space compared to fluid
cooling.

The AUC of pure and aINM was compared to the AUC of each SD formulation using
statistical analysis. The statistical tests used were Tukey Kramer post hoc test and 1-way
ANOVA (figure 53). For both the quaternary and ternary SD formulations with the exception
of SD2, SD4, and SD6 there was no statistical difference between amorphous and crystalline
INM. The overall effect of drug, polymer concentration and % wt. of P407 did have a
significant effect on the solubility of INM and AUC in solution.

Figure 54 shows that the formulations containing the highest P407 loading were
statistically different to crystalline INM which shows that the increase in P407 increased the
solubility of INM as reported by Hurley et al. (2018). Figure 54 also shows that cooling had a
significant effect on solubility. SD2-NT had the highest solubility after 3 and 24 hours with
values of 14.03 pug/ml and 34.00 pug/ml. Whereas the rapid cooling method SD2- Lig N2 had a
solubility of 12.00 pug/ml and 20.00 pg/ml respectively. This corresponds to the XRPD results
for the degree of crystallinity, with SD2-NT having the highest XRPD Bragg peak instenities
compared to SD2- AC for example. The greater the solubility, the greater the crystallinity
present. SD2-NT had the highest aqueous solubility due to the slow cooling process. Therefore,

cooling influenced the solubility of INM and AUC in solution (Hurley et al., 2018).
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The solubility also depended upon the polymeric carrier used as mentioned already. There
was a significant difference in solubility between SD4 and SD6 which contain PVP VA64 and
PL-S630 respectively. SD4 had a kinetic solubility of 20.73 pg/ml compared to 10.60 pg/ml
for SD6. It is important to note that the different solid-state and dissolution properties of PVP
VA64 and PL-S630 significantly affect the solubility of INM achieved.
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Figure 54. Graphical representations of AUC of quaternary and ternary SD
formulations in pH 1.2. ** and * represents the statistical difference (p < 0.05)
between SD, aINM and pure INM respectively, for 1-way ANOVA and Tukey Kramer
post hoc test. (AC= Air cooled, NT= Normal room temperature and Liq N> = Liquid
Nitrogen).

4.1.8 Accelerated stability studies

The 25 completely amorphous hot-melt extruded formulations were subjected to
conditions of 40°C and 75% relative humidity for 5 months, after which XRPD was used to
examine the crystalline nature of the samples. XRPD was only for the SD formulations used to
examine the effect of cooling on SD formulations in relation to amorphous stability. Potter et
al. (2015) and Sinclair et al. (2011) reported the relatively instability of SD formulations as a
result of moisture uptake due to the hygroscopic nature of PVP.
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As water can act as a plasticizer, it has been reported in literature that water can lower
the glass transition temperatures of SD Formulations and enhances the mobility of polymer and
drug (Sinclair et al., 2011).

Monzural et al. (2010) also reported that the addition of semi-crystalline polymers can
result in recrystallization of the API over long periods of time. P407 which is semi-crystalline
in nature did not seem to have any effect on the amorphous stability of INM after 5 months and
no recrystallization was observed, the SD formulations which contained 0% P407 were also
amorphous. Therefore, the addition of P407 did not contribute to the amorphous stability of the
SD formulations as shown in Figure 55.

XRPD confirmed that after 5 months INM remained amorphous for all SD formulations
(figure 55). The Bragg peaks associated with crystalline INM were completely absent in all
XRPD diffractograms of SDs after 5 months. In the XRPD diffractograms shown in figure 55
after 5 months’ stability, the Bragg peaks associated with crystalline INM were completely
absent. XRPD confirmed that INM was stable after 5 months’ stability studies. This was also
shown by Hurley et al. (2018) where SDs were prepared using INM as a model drug. All SDs
remained amorphous as a result of conversion from the crystalline to amorphous state and as a
result of the high molar attraction constant of INM, hydrogen bonding and drug-polymer
miscibility. This shows that all ASD formulations are miscible as predicted by the HSPs in
Table 1. The results also confirm that the cooling method used did not have significant impact
on the amorphous stability of INM, (Hurley et al., 2020), as the higher Bragg peak intensities
in SD2 AC, SD2 Lig N2and SD2 NT were the same before and after 5 months stability.

This was also shown by Hurley et al. (2018) where SDs were prepared using INM as a
model drug. All SDs remained amorphous as a result of conversion from the crystalline to
amorphous state and as a result of the high molar attraction constant of INM, hydrogen bonding
and drug-polymer miscibility (Hurley et al., 2020). This shows that all ASD formulations are
miscible as predicted by the HSPs in Table 1.
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Figure 54. XRPD diffractograms of SD formulations and XRPD diffractograms of the SD
formulation used to investigate the effect of cooling after 5 months of a stability study
under accelerated conditions of 40 °C and 75% RH. P407 was still present in its crystalline

form in all formulations (AC= Air cooled, NT= Normal room temperature and Liq N2 =

Liquid Nitrogen).
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5.0 Conclusion & future work

5.1 Conclusion

XRPD confirmed that INM was successfully converted into the amorphous form via the
hot melt extrusion process. The cooling method used did have any effect on the amorphous
stability when air cooled, cooled to normal room temperature and cooled via liquid nitrogen.
However, cooling and the type of polymeric carrier used had a significant effect on the nature
of crystallinity and solubility of INM. It is also important to note that in the formulations with
the higher P407 loadings had a much higher Bragg peak intensity.

Both ATR-FTIR and Raman spectroscopy confirmed the presence of hydrogen bonding
between the amide carbonyl of PVP VA64/PL-S630 and the —OH group of the carboxylic acid
of INM as expected. Raman spectroscopy confirmed that there was a shift in the vinyl acetate
carbonyl meaning that the vinyl acetate carbonyl is involved in hydrogen bonding. ATR-FTIR
spectroscopy also confirmed that P407 does not interact with INM at a molecular level.
Solubility studies of INM showed a significant increase in the kinetic solubility of INM
compared to crystalline INM at 37 °C in pH 1.2. The SD formulations showed a significantly
higher dissolution rate of 20.63 pg/ml. The XRPD stability data showed that the cooling
method used did have a significant effect on the amorphous stability of INM as all SD
formulations remained amorphous after 5 months’ stability testing.

The results of the solubility studies show that the greater the P407 loading used and/or
crystallinity, the greater the solubility. However, the cooling process used, significantly
affected the crystallinity and solubility also as SD2-NT had the highest aqueous solubility for
dissolved INM and the highest crystallinity due to the slow cooling process. Slow cooling
therefore enhances physical stability and solubility as reported by Baghel et al. (2015). This
work illustrates the significance of examining the cooling method used in order to improve the

aqueous solubility, amorphous stability and solid-state properties of BCS class Il drugs.
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5.2 Future work

A comparative study of the effect of different processing techniques (spray drying,
HME and supercritical fluid) on SDs using semi-crystalline polymers (ternary and binary)
would be of great interest in establishing the ideal method for a drug-polymer formulation. The
resulting SDs could be analysed via hyper DSC, XRPD, FTIR, SEM and ssNMR to examine
drug loading within a polymeric material, % yield efficiency, drug-polymer miscibility, phase
separation, molecular mobility and amorphous stability of the dispersion. In-vitro dissolution
studies should also be performed in simulated gastric and intestinal fluids and drug release
kinetics could be examined. Furthermore, the SDs should also be assessed to see if additional
polymers or surfactants are required to stabilise the supersaturated state.

The recrystallization kinetics of amorphous APIs in SDs (ternary and binary) and the
role of polymers in decreasing the rate of crystallization could be studied. The amorphous SDs
should be subjected to accelerated stability studies at different temperatures and relative
humidity. Humidity-adjusted Arrhenius kinetics could be employed to model the
recrystallization kinetics. Although this has been used in the study of drug degradation, it is
novel to apply this technique for same. The stability study could show the effect of humidity
and temperature on the SD and may help in predicting and determining the storage conditions
and shelf life of the product. The different mechanism in which polymers stabilize the
amorphous API such as hydrogen bonding, anti-plasticization or reduction in molecular
mobility could be assessed via hyper DSC, FTIR, XRPD and NMR.

Formulating SDs into dosage forms and examining their characteristics is a logical and
common-sense approach and/or progression of this work. Various multi-component SDs and
excipients should be studied. The final dosage form should be characterized for micromeritics
properties, uniformity of weight and content, friability test and hardness test as per United State
Pharmacopoeia (USP) guidelines. Further in-vitro dissolution studies should be performed
using gastric and intestinal fluid to determine the drug-release profile. A long term stability
study could be carried out in order to study the stability of the preliminary dosage formulation

as per ICH guidelines.
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