University of

Strathclyde

Glasgow

UNIVERSITY OF STRATHCLYDE
Strathclyde Institute of Pharmacy and Biomedical Sciences
CMAC
Glasgow, UK

Predictive Design of Stable Polymer
based Amorphous Solid Dispersions

A thesis sibmitted in accordance with thequirements for the
degree oDoctor of Philosophy

Ecaterina Bordos

2023



Declaration of Author Rights

This thesis is the result of the authoro
author and has not been previously submittecekaminationwhich has led to the
award of a degree.

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde regulation 3.50.
Due acknowledgement must be made of the use of any material contained in, or
derived from ths thesis.

Glasgow, UK, 2023

Ecaterina Bordos



A scientist in his laboratory is not a mere technician: he is also a child confronting
natural phenomena that impress him as though they were fairy tales.

- Marie Curie



Abstract

The potential of amorphous solid dispersions (ASDs) solving current aqueous
solubility challenges within the pharmaceutical industry has exemsively reported.
Nonetheless, thdifficulty of ensuring longterm physical stability has limited its
translation into commercial drug products. One of the main factors that determines
ASD physical stabily is the solubility of theAPI in the polymeric carrietdowever
thereis a scarcity of reliable methods available for its determination. In this thesis, this
was directly addressed by developing a novel empirical method to detethmine
saturated solubility of crystalline API in polymer matricelat melt extrusion and
low-frequency Raman (LFR) spectroscopy were combined for the first time fer real
time APFpolymer solubility determinationThis approach enabled construction of
solubility phase diagrams that inform safe processing windows to avoid residual API
crystallinity, inform maximum drug loadingand aid polymer selection for maximum
API solublity and ASD physical stability. The solktiquid equilibrium depictng the

API solubility curve was also compared to state of theD8C-basedmethod,
including theFlory-Huggns and Kyeremateng modelling approaches, among others.
Equilibrium assumptions and potential shortfalls leading to undeverestimations
were discussed. In additiongtimpact of drug loading and processing temperature on
the ASD internal microstructurevas investigated by means of synchrotron phase
contrast micreomography (SynecPGeCT). Furthermore, the local distribution
evolution of the API and polymer on the ASD surface was investigated thtiough
of-flight secondaryion mass spectrometifffo~SIMS) chemical mappingSurface
phaseseparation and crystallisation kinetics were determined and compared to bulk
crystallisation phenomenA.close link was established betweendberdinates of the
solubility phase diagranand ASD propertiessuch asthe degree ofstructural
heterogeneity and therystallisation induction time and rat®verall, these results
suggest the API saturated solubility determined byL#R method could be used as

a physical sthility predictor for the design, developmeamd manufacte of stable

polymerbased ASDs with desired structure and performance.
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Chapter 1
Fundamentals of Amorphous Solid

Dispersions:A Literature Review

1.1Introduction

The potential of amorphous solid dispersiOhSD) solving current aqueous solubility
challenges within the pharmaceutical industry has been extensively demonstrated,
both in vitro and in vivo. However, poor understanding of the multiple aspects
governing theisolid-statephysical stability and the subsequent difficulty of ensuring
long-term product stability has hindered their implementation in commercial drug
products. In order to shift the ASD development from trial and error to seiivem,
continued efforts are reqed to develop further underatling of the complex
interplay between material properties, processing parameters and ASD physical
stability. ThisChapteraims to provide a comprehensive literature review on the ASD
topicand the main factors determining ASD physical stability.

1.2 Poor agqueous solubility

Poor aqueous solubility poses significant hurdles to drug product development of oral

solid dosage forms in the pharmaceutical industry. It can reduce the amount of drug



avail able for absorption, l ead to | ow bi
therapeutic efficacyFrom themultiple factorsknown to affect the rate and extent of
absorption from the gastrointestinal (Gl) tract, the solubility of the drug in the available

Gl fluid volume is of prime importance. If the drug is not in the solution form at the
absorption site, it cannot reach #ystemic circulation and will not have a therapeutic

effect. A weltkknown example igitonavir, which is an HIV protease inhibitor drug

with an aqueous solubility at pH 6.8 of ~1 ug/MWith a daily therapeutic dose of

100-200 mg, the volume intake required to dissolve this drug would be abc@0D00

L, which is not feasiblan vivo. Despite this limitation, the percentage of drug
candidates having poor aqueous solubility has steadily increased in recent years, as
predicted by Lipinske t ta&oldecades agolt is expected that around 90% of the

drugs under development and about 40% of the marketed drugs possess poor agueous
solubility# High throughput screening and computational drug design have largely
contributed to this paradigm shift, as they often prioritise hydrophobicity for drug
receptor binding affinity. Recent drug discovery trends also indicate a greater number

of drugsemerign g b &y @n drdehof5a bemical space, especially in terms

of molecular weight and number of hydrogen bond accepfofhis increasingly

di verse and complex molecul ar pipeline p
concept and creates the need for new formulation approaches to reduce the risk of

compound failure due to low oral bioavailability.

Poorly soluble drugs encompass class Il and IV of the Biopharmaceutics Classification
System (BCS). The BCS was developed in 1995 by Amigloal. to provide a
regulatory framework foin vivo-in vitro correlations for immediate release oral
dosage forms.It outlines four classes of active pharmaceutical ingredients (APIS)
based on their agueous solubility and intestinal permeability, as indicated in Figure
1.1. An APl is deemed poorly soluble if the highest single dose strength is not soluble
in 250 ml ofaqueous media over the entire Gl pH range (1.2 to 6.881.3C, as per

the European Medicine Agency guidelines on BEB)is often results in solubility
values below 10 pg/ml, which is defined as practically insoluble according to the
United States Pharmacopeia (USP) and British Pharmacopeia (BP) solubility eriteria.
Differentiation between class Il and class IV drugs is based on the intestinal membrane

permeability that is another barrier to drug absorption. Although this classification



system considers solubility and permeability as two distinct aspects, the solubility
permeability interplay should be considered as suggested by Btibi® A tradeoff
between solubility increase and permeability decrease has been reported when using

surfactantand cyclodextrirfbased approaches to increase solubflity.

100

Class | Class Il

¢ High solubility * Low solubility

10— * High permeability * High permeability

Class Il Class IV

* High solubility * Low solubility
* Low permeability * Low permeability

Permeability (1 x 10¢ cm/s)

|
0 10 100 250 1000 10000 100000

Volume required to dissolve the highest single dose
strength (mL)

Figurel.1l. Biopharmaceutics classification system.

Because of BCS6 regulatory focus on assu
an alternative classification system was introduced by Bettlakin 2010 to improve
guidance for formulation development of new drug candidates for oral delivery, the
Developability Classification System (DCSKey differences between BCS and DCS

is that the latter considers compound solubility under small intestinal conditions using
fastedstate simulated intestinal fluid (FaSSIF) and assumes higher Gl fluid volume
(500 ml instead of 250 ml). Consequently, manyg substances with péependent
solubility classified as class Il drugs within BCS have been reclassifidaisad drugs

in the DCS (e.qg., Ibuprofen ancetoprofen). BCS class Il drugs were further divided

into subclasses lla (dissolution rate limiteohd Ilb (solubility limited). Distinction
between these subclasses is given by the solubility limited absorbable dose, introduced
to account for the fact that low solubility of class Il drugs may be compensated by high

permeability.

For any drug substance, poor agueous so

lipophilicity and strength of the intermolecular forces within the crystal Idtitleus,



several solubility enhancement techniques have been developed to address these two
properties separately. For hi ghly I i por
approaches such as solubilisation irsobtvents or surfactant addition, formulation of

micro- or naneemulsions and complexation with cyclodextrins are frequently
employed. However, their utility is limited as the achievable drug loading is typically

low.** When poor agueous solubility results from strong intermolecular forces within

t he crystal l attice ( A b sdlicstate edginsering ¢ 0 mp o
approaches are available. These include but are not limited to formation of salts, co
crystals and solvates, particle size reduction and amorphous solid dispersions (ASDs).
There is no universally applicable method and each one has advaanrtdgastential

limitations. The reader is referred to relevant literature for additional détaAsong

the aforementioned methods, amorphous solid dispersions comprise one of the most
successful formulatioapproachesCompared to methods that preserve the crystalline

drug form, ASDs can induce a 1.1 to 1000 fold solubility incréa&e.ASD is a solid

dispersion in which the active pharmaceutical ingredient is dispersed in the amorphous

state within a polymeric carrier matrix.

1.3 Amorphous solid dispersions and the amorphous state

The crystalline to amorphous conversion of a compound is characterised by loss of
long-range three dimensional order and increase in free energy, entropy, enthalpy and
chemicalpotential & depicted in Figure 12.The absence of a crystal lattice and the
disordered structure reduce the energy penalty required to dissociate the molecules and
generally, the amorphous drug has betipparentsolubility properties than its
crystalline counterpatt'® However, this advantage comes with inherent stability
liabilities. As a result of the higher free energy, the amorphous state is metastable and
thermodynamically driven for phase separation and crystallisation. Incorporating the
amorphous drug in a polymenatrix can improve physical stability whilst retaining

the solubility advantage. Stability enhancement conferred by polpased ASDs has

been attributed to various mechanisms, including presenting a physical barrier for API
diffusion, increasing the gbs transition temperature (aplasticisation effect),
reducing molecular mobility, increasing configurational entropy, reducing chemical

potential, and establishing drpglymer molecular interactiori$22 ASDs enhance the



API dissolution rate and increase its apparent solubility not only as a result of the
absence of lattice energy barrier but also due to increased surface area, increased
wettability, maintenancef a supersaturated environment upon dissolution and higher

Gl membrane fluxz?+

Despitethe stabilising effectpresented by the polymer matrix, the manufacture of
stable ASDs remains challenging and often requires optimisation of formulation,
manufacturing routes and processing parameters to attain reliable drug product quality.

The lack of control over the poteailtrisk of phase separation and crystallisation during

A

Amorphous Solid
Dispersion

aseasoul Ajijiqe}s |eaisAyg

Crystalline API

Chemical potential & free energy increase

Figure 1.2, Energy pyramid of the crystalline form, amorphous solid dispersio
amor phous API f orm. € i s the cheeni.(
2017.

manufacturing, storage, transportation and dissolution is the main factor restricting a
wider adoption of ASD formulation approaches in modern medicine manufacttiring.

27 Crystallisation of the API during any of these stages may compromise the physical
integrity of the solid dosage form and reduce the potential solubility advantage,
limiting product sheHife and therapeutic efficacy. Thus, a mechanistic understanding
of the factors determining physical stability of amorphous solid dispersions is
paramount to assure quality, safety, and efficacy of this class of pharmaceutical drug
product. Furthermore, as the cost of bringing a drug compound from discovery to
market is epected to exceed 1 billion U.S. doll#rand with the average investment

in research and development (R&D) phases representing around 20% of thi8 value



the need for cost saving is evident. The physical stability aspects will be further

discussed irsectionl.5.

1.4 Classification of amorphous solid dispersions

The term solid dispersion was first i nt
dispersion of one or more active ingredients in an inert carrier matsaliditstate

prepared by melting (fusion), solvent, or meliing o | v e nt *°rilest bnoadd . 0
definition encompasses many types of solid dispersions, such as eutectic mixtures,
crystalline and amorphous solid solutions, and suspensions. The various types of solid
dispersions are distinguished based on the molecular arrangement adivibuai
components, as indicated in Table 1.1. The most relevant solid dispersions in current
pharmaceutical practice are amorphous solid solutions, amorphous solid suspensions

and crystalline solid suspensions.



Tablel.1. Nomenclature and classification of solid dispersio

Type of solid dispersion Polymer API* Number of
phases
I Eutectic mixture C C 2
I Crystalline solid solution C M or C lor2
[ Crystalline solid suspension A C 2
Vv Amorphous solid solution A M 1
V  Amorphous solid suspensiot A A 2

*A: amorphous, C: crystalline, M: molecularly dispersed.

The term amorphous solid dispersion is an umbrella concept that evolved from the
classic solid dispersion definition. Presently, it refers to systems where the API is
molecularly dispersed in an amorphous polymeric matrix, although it covers both
amorphous solid solutions and amorphous solid suspensions. Amorphous solid
solutions, alscknown as amorphous glass solutions, comprise a pharmaceutically
desirable singkphase system where the API is homogeneously dispersed in the
polymer at a molecular levél.This is the ideal conformation as it is likely to have
beter longterm physical stabilityln amorphous solid suspensions, the API is not
molecularly dispersedbut consists of small amorphous domains dispersed throughout
the polymeric matrix. Amorphous suspensions are not frequently intentionally
designed but result from partial ABblymer miscibility or limited mixing during
manufacturing. Lastly, crystallireolid suspensions are the most stable type of solid
dispersion, wherein the API is in its thermodynamically stable crystalline
configuration. As a conseguce of the crystalline drug state, such systems provide
only a moderate improvemewnf the apparent solubilitynainly via particle size
reduction and increased wettabilityDespite the archetypal ASD classification,
heterogeneous ASDs where the API is only partially dissolved and the excess fraction
is suspended in the amorphous and crystalline states (which may involve one or more
polymorphic forms) are frequently formed daeise of limited control and

understanding ofAPI-polymer solubility and miscibility.



Solid

Dispersions

Crystalline carriers Amorphous carriers Mixture of Modified release
* Urea Synthetic polymers polymers and * Carbopol
B Sorbit?l * PVP surfactants < Eudrag?tRS
* Mannitol * PVP-VA + Poloxamer * Eudragit RL
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* Soluplus
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« HPMC * Gelucire

* HPC

+ HPMC-AS

+ HPMC-P

Starch, trehalose, sucrose

Figure 1.3. Generatios of amorphous solid dispersiongith exemplary carri
matrix.

According to the type of carrier matrix, solid dispersions are further classified as first,
second, third or fourth generation, as indicated in Figure 1.3. First generation solid
dispersions were prepared using crystalline carriers, like urea, sorbitol and
mannitol®2* These tend to present the slowest drug release*a#&Ds consisting

of an amorphous drug in combination with an amorphous polymeric carrier constitute
the second generation. Amorphous polymeric carriers can be divided into synthetic
polymers such as vinyl polymers (e.g., polyvinylpyrrolidone (PVP) and
polyvinylpyrrolidoneco-vinyl-acetate (PVR/A)) and natural/cellulose derived
polymers such as hydroxypropyl methylcellulose (HMPC). Further polymer
classifications are possible based on the type of constituent monomer, physical state,
relative hydrophilicityand ionisation potentidP-*®Independently of the classification
criteria, the most ubiquitous polymers in contemporary ASD formulation are PVP,
PVP-VA, HPMC, HMPGAS (hydroxypropyl methylcellulose acetyl succinate) and
Soluplus (a graft copolymer comprising of polyvinyl caprolaétpmtyvinyl acetate
polyethyleneglycol)>* ASD formulations that contain more than one polymer or
additional excipients such as surfactants comprise the third ASD generation. These are
usually added to enhance drug release and facilitate processability. The fourth



generation is intended for controlled release of drug substances with short biological

half-lives.

1.5Manufacturing methods

Various manufacturing techniques are used to prepare ASDs, which can be broadly
classified into solventand fusiorbased methods. Each group encompasses many
technologies, as schematically shown in Figure 1.3. Other processes based on
mechanical activatio (e.g., ball milling or cryamilling) can disrupt the crystalline
lattice and render the drug amorphous. However, the degree of amorphisation and the
level of robustness are generally low and hence, these methods are of limited

usefulness beyond ledralemanufacturing’-®

Solventbased methods involve the dissolution of &l compoundand polymer

carrier in a solvent system that is rapidly evaporatedrégipitatethe amorphous

product. The fusiobased methods promote the dissolution of &Rl in a
molten/softened polymer. raditionally, tis requires heating the drpgplymer

mixture to temperatures closetteedr ugbés mel ting point and
glass transition temperature in order to dissolve thg girihe polymer matrix. This

can befollowed by rapid cooling to kinetically trap the amorphous form. Examining

the main manufacturing methods of marketed ASD formulations, spray drying (SD)
and hotmelt extrusion (HME) emerge as the most frequently used methods in
industrial settings®*® Therefore, the main reasons underpinning the choice of each

technique will be discussed in more detail in $eetionbelow.



ASD Preparation
Methods

Solvent-based Fusion-based
Methods Methods
Spray drying *  Hot-melt extrusion
Freeze drying * KinetiSol
Rotary evaporation *  Melt quenching
Electrospinning * Melt granulation
Co-precipitation *  Microwave irradiation

Fluid-bed coating
Supercritical fluid

Figurel.4. ASD preparation methods

The selection of the appropriate manufacturing technique is based on the
physicochemical properties of the drug substance and pglgmdithe intended use.
Thermostable compounds with low melting points are usyatgessed wittHME,

whilst high melting points in combination with high solubility in volatile solvents
favours SD. Although there is evidence to suggest that these two methods have the
potential to produce amorphous materials with diffesetithstateproperties, there is

a paucity of studiegerforming a direct heat-head comparison. An interesting study

by Agrawalet al, that reportedhe impact of HME and SD on the physical stability,
manufacturability and physicochemical properties of ASDs of compound X and PVP
VA.4° The authors reported differences in material properties such as surface area,
morphological structure, powder densities and flow characteristics. Compared to
HME, SD solid dispersions were physically less stable under accelerated stability
conditions. Simlar results were reported by Hassral. for a NaproxerfPVP K25
systent! In this study, SD materials were more susceptible to recrystallisation during
processing and storage. A largeimber of nucleation sites and higher surface area
made SD materials more prone to physical instability. This trend is reflected in the
increasing number of HME patents, highlighting the growing importance of this
processing technique in the ASD manufacity landscape. The main advantages over
other ASD technologies are the absence of solvents, continuous processing, high

10



throughput, highly scalable, amenability for process analytical technology (PAT)
implementation, and suitability for coupling downstream processing operations like
tabletting and 3D printin¢f. Despite these advantages, many challenges still exist,
particularly for thermally labile compounds and polymers with limited
thermoplasticity. Avoidance of thermal degradation and absence of residual
crystallinity are two critical quality attributes of HEbased ASDs that must be
monitored to ensure consistent drug product quatishould be noted thais there is

a dual energy input from heat transfer from the barrel and heat generated from shear
between screws and material (viscous dissipation), riogledf temperatures and

API-polymer mixing within the HME device becomes quite comptex.

Thermal stability for SD processesrist as important athe exposure timeo high
temperatures ielatively short. For spray drying, the choice of the solvent system is
crucial. Both polymer and API should fully dissolve to ensure an efficient and
economical process. The solvent(s) used should be volatile and residual amounts must
be carefully controlled withithe ICH limits. The inclusion of residual solvents or
water in the final formulation may decr

and nduce amorphous phase separatimh'ar crystallisation phenomeffet®

1.6 Factors affecting ASD physical stability

The physicochemical aspects governingsthielstatephysical stability of amorphous

solid dispersion formulations can be largely categorised into thermodynamic, kinetic
and environmental factof8The thermodynamic aspects dictate the drive for phase
separation and crystallisation, while the kinetic factors determine the rate and extent
thereof. The environmental aspects include temperature, humidity and mechanical
stress exposure, which can affboth thermodynamic and kinetic stability aspects.

According to classic nucleation theory, crystallisation of an amorphous drug in an
ASD system is a twastep process involving nucleation and crystal groith.
Nucleation involves formation of minute molecular clusters/nuclei capable of
independent existence. This step is followed by nuclei growth until a complete
crystalline lattice is built. As nucleation requires a certain amount of energy to

overcome the high interfacial tensibetween small particles (i.e., activation energy),

11



crystallisation will not start until a certain degree of supersaturation is reached.

result, ASD destabilisation via naassical nucleation pathways is also possible. For
example, an intermediate metastable structure may form in which amorphous drug
rich and polymerich aggregates are formed. However, the precise relationship
between the resultant amorphous phase separation (APS), physical stability and
product performance has not been fully established yet. The general belief is that API
rich domans can trigger crystallisation and act as precursors for the crystalline’phase.
Nonetheless, various studies have reported minimal to no impact of amorphous phase
separation on thm vitro andin vivo dissolution performanc®.ln some cases, APS

has been deliberately induced to enhance the API dissolution rate and increase the
degree of supersaturation reached (without promoting crystallisation), as reported by
Li and Taylor for a LopinaviHPMC systent® This apparent paradox can be explained

by various factors, including surface area increase and formation of fast dissolving
polymerrich domains that promote the disintegration of the-A€H domains upon
dissolution. Other studies suggest that the foionaof APIrich amorphous phases
may al so i mprove the dr ugAdats Glonemblfaneab s or

permeability??°t

/ﬁ; nucleation and crystal growth
a b C Q%

N (NP

Diffusion Diffusion, nucleation
and crystal growth
Molecularly dispersed system Amorphous phase separation Crystallisation
Amorphous drug C@ Crystalline drug —— Polymer

Figure 1.5. Schematic representation of ASD failure modes from a (a) molec
dispersed system to (b) amorphous phase separation and (c) crystallisation.
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1.6.1 Thermodynamic aspects

The thermodynamic perspective on ASD physical stability comes from regular
solution theory, where miscibility and solubility are applied to describe mixing
solutions and dissolving solutes into solvents. Within the ASD context, the API is
generally defined as the solute and the polymer as the solvent because it is often present

in a higher mass fraction than the API. Although these two concepts are used
intec hangeably in the I|literature, the teri
crystalline API into soften/liquefied po
mixing process of both amorphous API and polymer. Even though this is an
oversimplified vew, it provides a theoretical framework to understand and investigate

ASD physical stability.

1.6.1.1 API-polymer solubility

The solubility of API in the polymer matrix is one of the critical factors determining
ASD solidstate physical stabilityf the API concentration in the ASD is below its
saturation concentration in the polymer matrix, the system is thermodynamically
stable Conversely, if the API exceedise saturated solutiotoncentration, the ASD

will be prone to crystallisation and phase separation. Howesgperimental
determination of the solubility of aPI in a polymer matrixs difficult because both
materialsare usually in theolid-stateat room/storage temperatures, and due to high
viscosity and low molecular mobility in the glass state, equilibrium solubility is
difficult to reach and test>® Apart from API solubility measurement in a low
molecular weight liquid monomer or oligomer (when feasible), currently, there is no
established experimental method to assess-pABimer solubility at ambient
temperatures. Various thermal methods basedifferehtial scanning calorimetry
(DSC) have been proposed to determine iABlymer solubility at elevated
temperatures and extrapolate it to storage temperatures. These include the melting
point depression method, the recrystallisation method, the melithglpy approach

and thereof variationg:>*5
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The melting point depression approach was introduced to the ASD context by Marsac
et al. and exploits the API chemical potential reduction in the presence of a miscible
polymer**I n t hi s met hod, APl Tpolymer physical
prepared by geometric mixing, ball milling or cryalling and analysed by DSC at

low heating rates (0°C/min to $C/min) to promote the dissolution of the drug in the
polymer matrix. The introduction of milling steps before DSC analysis aims to
compensate for the slow dissolution kinetics by reducing particle size to allow for
diffusive mixing> The plot of the depressed melting points as a function of
composition provides the solubility curve. The main disadvantages of this approach
are that (1) solubility data cannot be obtained close or below Tg since the drug
dissolution kinetics becomes muslower than the time scale of the measurement and
(2) observation of the melting point is restricted to high drug loadings. Despite these
limitations, this is still the most frequently used methodology to determine
drugipolymer solubility.

The recrystallisation method by Mahieut  pdtulates that the ASD demixing
process is considerably faster than the dissolution of the API in the polymer ¥hatrix.
Thus, the saturated solubility state is reached by demixing. In this protocol,
supersaturated ASDs prepared by emyiding are annealed at different temperatures
bel ow t he dr ug 0 s3 hnoedrystallisegthe pxecassndrug &nd reacl2
equilibrium solubility. After annealing, the sample is subjected to a cobleading

cycle to determine the Tg of the material. The amount of the drug remaining in the
amorphous state is then derived from the Tg of the annealed material using pre

determined calibtéon curves or the Gordenaylor Equation

Lastly, the enthalpy approach is based on the premise that the fraction of the dissolved
API does not contribute to the melting endotherm. As a result, linear regression is
applied to estimate the relationship between experimental values of melting ynthalp
and API concentrations in a series of Afdlymer physical mixtures. The solubility

of the API in the polymer at any given annealing temperature is estimated as the x
intercept from the regressi@yguation This corresponds to the composition where no
residual API crystallinity would be observed. Schematic representation of these three

methods is shown in Figure 1.6.
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Overall, these methods involve long expodurees to elevated temperatures and risk
thermal degradation, chemical instability and solubility underoverestimations
because of mixing or demixing restrictions imposed by the melt rheological properties.

Furthermore, they require equilibrium assumps, which limits their wider

application.
d Equilibrium solubility
F'y
o The API slowly dissolves as Ty, is reached
; e -
ETend """""""""""""""""
E (0 'l-‘F,:C.'H'.iI'l"I
= oW neat rate -
— >
Time Extracted from the end peint
of the depressed Ty value
Fy

The excess drug crystallises
during annealing

Temperature
o

Supersaturated . > Extracted from the Tg
amorphous system Time of annealed material
____________ = ~ Equilibrium solubility
> Th R
2= —
m m ~
£t
g o
w 5 -
c .
= -E _=" Mixture of varibus compositions
g E - annealed at T >
L)
Physical mixture 2 Drug loading (wt%) Extracted from the
¥-intercept
Amorphous drug C@) Crystalline drug —— Polymer

Figure1.6. Comparison of the (a) melting point depression, (b) recrystallisatic
(c) melting enthalpy methods for approximating equilibrsmtubility.
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1.6.1.1.1Flory T Huggins theory

Experimental solubility data obtained from the DSC methods can be fitted with the
Flory-Huggins (FH) model to predict solubility at storage temperatures by
extrapolation. The fH theory is a welknown latticebased solution model developed
to describe plgmer-polymer and polymes ol ven't mi xing based ol
energy chang®® Accordingt o t hi' s model , t heO f)ofeae ener
API-polymer system can be describedHnuationl.1:

w0 : N : (1.1)

TY in | a I ih n n ?

Above,n andn are the drug and polymer volume fractions, respectively,

:)

& is the ratio of the polymer volume to that of the drug, R is the molar the gas constant,

T is the absolute temperature @i the FH interaction parameter. The first two

terms on the right side diquationl.1 represent the entropic contribution, which

favours API solubilisation and the last term acknowledges the enthalpic contribution
Hence, the enthalpic component described
whether solubilisation may be spontaneous. Negatiw@lues indicate attractive

forces between the APl and the polymer, which favours solubilisation. On the contrary,
positive . values suggest repulsive forces and describepdBimer systems with

limited solubility. The use of the DSC datadalculate the value can be obtained

from the application of the NistWang modified FH Equation®’

n .0 (1.2)

P P Yo P
- ad -
Y Y wO P a
Above”Y and”Y are the melting points of the drpglymer physical mixture
and pure drug, respectively, an@® is the melting enthalpy of the drug. To develop
temperaturecomposition phase diagrams that accommodate variations in temperature,

the temperature dependence of the-p&llymer interaction parameter is determined

according to:

| —
? . v
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Through the application of thisquation a plot of. vs 1/T enables the calculation of
constants A and B. Once these have been determined, it is possible to estimate
solubility at any temperature value. Although theél Eheory cannot account for the
impact of specific molecular interactions such as hydrogen bgndirhas been
effectively applied to several ARlolymer system®%¢ Nonetheless, examples of
inaccurate predictions using this approach have also been repéttAtternative
methods include the empirical model by Kyeremateng &ad the Perturbe@hain
Statistical Associating Fluid Theory (PEAFT) developed by Gross and Sadow&ki.

65

1.6.1.2 API-polymer miscibility

ASD phase homogeneity is the prime miscibility indicator. Thus, the glass transition
temperature’l) of the ASD is frequently used to assess miscibility. A singhalue
intermediate of the pure polymer and API is often taken as the leading qualitative
indicator of phase homogeneity. However, calorimétiieneasurements via DSC
analysis require a minimum 4D difference and a minimum domain size B nm

range for accurate determination. Moreover, it should be noted that the presence of

single”Y event is a measure of the state of dispersion at the point of analysis and that

miscibility is only inferred rather than unambiguously demonstrated.

Alternatively, the glass transition temperature of the mixti¥e () can also be
predicted based on the weight fraction contributions of each component. Although
there are other approaches available, such as the Fox and the Cod@rasm
thermodynamic models, the most widely used model fof'the estimation is the

GordonTaylor Equation®

0°Y 00"Y (1.4)
O 0O

Above, 0 and“Yare the weight fraction and glass transition temperature of each
component, while subscripts 1 and 2 represent components with the lowest and highest

"Y, respectively. Constant K depends on the thermal expansion coefficient of the
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components upon their transformation from the glassy to the rubbery state and it can

be calculated using the SimBayer rule®’

"y (1.5)

where” 1 and”Y are the density and glass transition temperature of the amorphous
component with the lowest, and > and”Y are the density and glass transition
temperature of the amorphous component with the higfiestspectively. Deviations
from the theoreticalY values can determine the mixing behaviour and reflect potential
interactions between the drug and the polymer. If strongplobigner intermolecular
interactions are present, positiedeviations will occur. Conversely, if strong drug

drug or polymetpolymer interactions are present, negativeeviations are seen.

1.6.1.2.1Solubility parameter approach

Another qualitative estimation of drymplymer miscibility is obtained from the
Hildebrand and Hansen Solubility Parameter (HSP) approach. Hildebrand defined the
solubility parametet () as the square root of the cohesive energy density that can also
be expressed &5%:

) (1.6)
©

WhereO is the energy of vaporisation and is the molar volume. For a given pair

of materials, the closer are thevalues, the greater is their similarity, and thus their
affinity is stronger. ie Hansen solubility parameteepresent a step forward from
Hildebrand as it splits the total cohesive energy into contributions &twmic

di sper si g,dipdledi pet e[ Upol ay and lydragenibbndingi o n s
( ). This approach examines the molecular structure of both components and ascribes
values to each of them based on the total contributions of the fundjiangls.The
Equationf or det er mi ni ng rda)lolea substance is shidvPelowa | u e
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Urotal = d% Hi pzfi‘ hzi?'s (1-7)

The difference in the magnitude of the solubility parameters of materials is used to

makeroughpredictions about their miscibilitgystems witmll  7KIP&"2 are likely

to be miscible, whereagll  1®MPd”? are likely to be immiscibl€ Solubility
parameters are widely used for rapid screening and ranking potential polymer carriers,
however, inadequacies in the theory require extensive experimental validation. The
major limitations of this approach is that (1) cohesive energy densityt s defined
concept for molecules that cannot be vaporised like polymers and (2) it fails to account
for factors such as temperature, concentration and viscosity that are known to affect
mixing dynamics?’t Furthermore, its application is also constrained by limited data

for many relevant structural groups.

1.6.2 Kinetic aspects

1.62.1 Glass transition temperature and molecular mobility

The glass transition temperature is a defining feature of all amorphous glasses. The
molecular phenomenaccurring at théY can be more easily understood by analysing
the free volume variations of a substance as a function of temperature, as depicted in
Figure 1.5. For a crystalline compound (blue line), the specific volume increases
linearly with increasing temperature untietmelting point(yY is reached. AtY, a
discontinuous increase in free volume is observed representing aordiest
thermodynamic transition from the crystalliselid-stateto the liquid (amorphou}

state. If the molten material is rapidly cooled (i.e., melt quenching), it may attain a
supercooled liquid or rubbery state without crystallising (black line). Upon further
cooling, a change in the specific volume slope is observéd as the material
solidifies and changes from the flexible rubbery state into a brittle glass state. Melt
guenching into the glassy state introduces aewpnlibrium structure that tends to
approach an equilibrium state via sredhle relaxation processatso known as
physical ageing, causing volume contraction and densification of the s&riple.

ageing process can also be detected through the time evolution of other thermodynamic
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properties such as enthalpy, heat capacity and enttdpythe absence of a glass
transition, the supercooled liquid would remain in equilibrium during the cooling
process and it would intersect the crystal line at a temperature known as the Kauzmann
temperature”Y). Below this temperature, the crystal would have higher entropy that
the supercooled liquid amorphous state. The total entropy of the system would reach
negative values before reaching absolute zero temperature. This would represent a
violation of the thid law of thermodynamics (entropy of a pure substance in the perfect
crystalline state is zero at K).”* Therefore the occurrence of the glass transition
temperature has two main implications: (1) glasses are disordered solids in a non
equilibrium state and (2) the physichemical properties of amorphous systems differ

substantially above and below itg.T

A

Liquid

Supercooled liquid

Specific volume

A 4

TK Tg TM

Temperature

Figurel.7. Specific volume variation as a function of temperature for a drug sub
in the crystalline, liquid, supercooled liquid and glass states.

The glass transition temperature is also characterised by several orders of magnitude
increase in molecular mobility and viscosity. At temperatures abgveiscosity is

usually between 1Hand 182 Pas and mean relaxation times are about 10 1

seconds, whereas beldW, viscosity is greater than Pas and relaxation times are
higher than 1®secondg76 At Y, the molecules can rotate relatively freely d&hd

relaxation processes (i.e., global mobility) occur. This type of relaxation requires the
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cooperative movement of multiple neighbouring molecules. Béfowthe molecules

are less free to rotate and only secondarfy-alaxation processes occur (i.e., local
mobility). Theseinvolve rotations around chemical bonds or motions of entire
molecules in isolated glass regions, as reported by Johari and Goldstein for completely

rigid molecules’

Hancocke t . peovided the longstanding rule of thumb of ASD storage temperature

of 50°C below"Y.”® The authors observed that molecular mobility at temperatuf€s 50

below the"Y of three amorphous materialsi\domethacin PVP andsucrosg¢ was
sufficiently | ow to be consi défetimalofki net i
pharmaceutical product. Thus, the scientific consensus was that an amorphous product
should be stored at least°®0below its"Y to reduce molecular mobility and ensure
solid-statephysical stability. Nonetheless, multiple exceptions to this principle have

been reported*s?

For many years, the potential role of local motions as precursors of nucleation and
crystallisation was poorly understood. As a result, selection of storage temperature has
been only based on the overdivalue depicting global mobility. More recently, Kissi

e t .repdrted an empirical correlation between the temperattire w hrelaxation b
processes occur’( ) and the API recrystallisation onset temperature for nine
compound$? The authors demonstrated that if storage temperature is Bglowo

API crystallinity is observed, whereas if storage temperature is d¥oyenolecular

mobility is sufficiently high to enable API crystallisation. Although further research is
necessary to validate these findings for binary ASD systems, these results suggest
“Y is a potential predictor of physical stability and could be exploited to develop

stability testing protocols.

1.6.2.2 API-polymer interactions

Most pervasiveAPI-polymer interactions in the ASD context comprise hydrogen
bonding, however ionic, dipoldipole and van der Waals interactions have also been
reported to occui®” The mechanisms by which they enhance ASD physical stability

is primarily via kinetic stabilisation by reducing molecular mobility and inhibiting API
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nucleation. Several authors have reported the role of hydrogen bonding between PVP
polymers and a variety of drugs, likefediping itraconazoé, bicalutamideand
probuco] which has been reported to result in physically stable ASDs, contrary to
correspondent systems with polymers with weaker or no hydrogen bond
propensity?®8&% Hydrogen bond formation has also been reported to inhibit nucleation
and prevent drug crystallisation during dissolutioiln a different study by Doreth

et al., the role of Eudragit EPO (a cationic copolymer) was reported to stabilise two
APIs,naproxen andbuprofen, through ionic interactiofdVarsacet al.demonstrated

the role of dipoledipole interactions between polar molecules stetbconazole and

PVP in obtaining stable ASDS.

APIl-polymer intermolecular interactions may also improve manufacturability for
fusionbased processes such as HME by reducing processing temperature through
melting point depression phenomeéh&®’” This has also been known to minimise

thermal degradation of heaénsitive drugs during HME processii§’

1.6.2.3Glass forming ability

The glass forming ability (GFA) of a material provides a qualitative estimation of its
ability to convert to the amorphowslid-state(glass form). This ability is usually
determined by DSC analysis based on the crystallisation behaviour from the melt in
relation to the cooling/heating rate employed. Batdal. proposed the first GFA
classification system whereby drugs that crystallise upon cooling from the melt (at
20°C/min) are classified as GFA class I, whilst drugs that crystallise upon heating (at
10°C/min) comprise GFA class Il and drugs do not crystallise either upon cooling or
heating are termed GFA class M.The classification criteria were improved by
Blaabjerget al, who solved the problem associated with the arbitrary nature of the
chosen cooling and heating rates by introducing the critical cooling rate cétidept.

this case, GFA class | drugs usually require cooling rates faster th&@/mbd to

form the amorphous glass. GFA Class Il drugs require cooling rates larger than

10°C/min and class Il drugs have a critical cooling rate of abtT#nin.

Wyttenbachet al reported that the vast majority of the amorphous compounds in

marketed drug products belongs to GFA clas¥1However, GFA class Il drugs do
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not necessarily guarantee formation of stable sipglse ASDs. Recent investigation

on the impact of the GFA class on the physical stability of the resultant ASD study
revealed that GFA class Il drugs, on average, have better physical stability than GFA
class Il and | drugs but are not devoid of the crystallisation'fislat a level of

25 wt% above the saturated solubility in the polymer, even GFA class Ill drugs
crystallised when stored 20 below Tg. Similar results were reported by Paeiral,

that studied the impact of GFA class Il drugs on the physical stability of ASDs
prepared by spray drying and film castiffgThe authors stated that only half of the
APIs under study formed homogeneous cryste ASD after the preparation and
drying process. All ASDs in this study were prepared at30 drug loading without
considering the solubility of the API in the polymer matrix or shbsequent degree

of supersaturation. Although there are other factors to be considered, such as the
impact of the solvent system or the manufacturing method, it could be argued that even
for good glass formers, the primary crystallisation driving ford@iwia binary ASD

system is determined by the solubility of the API in the polymer.

1.6.3 Environmental aspects

Exposure of ASDs to environmental humidity, thermal and mechanical stress is
another source of physical instability. As temperature increases, molecular mobility
increases, which can promote phase separation and enhance the API crystallisation
propensity*® In addition, thermal expansion of the ASD matrix may also reduce the
degree of interaction between the components and thereby decreasing the miscibility
limit. 10516 As a consequence of the plasticising effect of water, ambient humidity can
increase molecular mobilityy7 Absorbed moisture can also compete for hydrogen
bond formation and disrupt Afplolymer interaction$® Furthermore, upon contact

with an aqueous dissolution medium, certain ASD systems undergo crystallisation and
reduce the solubility advantage at the final drug delivery stagéMechanical stress
induced by downstream processing steps, such as milling, pelletisation or
compression, has been reported to crdafects with increased surface energy that
promote deformatioimduced molecular mobility and increase the API nucleation

ratel111s
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Tablel1.2. General factors that influence stability of amorphous solid dispersi
Modified and extended from Bhujbalt | .a

Factors Impact on stability

Drug-polymer Fully miscible components originatesemgle phase
miscibility amorphous systems that are less prone to crystallisatio
Drug-polymer A system is stable when the API content is below the
solubility thermodynamic equilibrium solubility.

Drug-polymer Drug-polymer intermolecular interactions reduce molect

interactions

Gibbs freeenergy

Glass forming ability

Glass transition
temperature

Molecular mobility

Manufacturing
technique

Preparation
conditions

Supersaturation

Temperature,
humidity and
mechanical stress

mobility and increase the kinetic barrier to crystallisatiol

Lower Gibbs free energy systems tend to be more stab
due to a reduced crystallisation driving force.

The AP I-férminggbiliay slescribes the intrinsic AP
propensity to convert to the amorphous phase.

Stability increases with increasing Tg. Polymers increas
the kinetic stability of amorphous drugs because of the
anti-plasticisation effect.

Restriction of molecular mobility decreases the API
crystallisation rate and improves ASD stability.

Different preparation methods induce different degrees
API-polymer mixing, level of amorphisation and originat
different thermal and mechanical histories. This may re:
in variablesolid-statestability.

Processing temperature, screw speed and feed rate in .
HME process can affect the amount of dissolved drug,
leading to impaired ASD stability.

The degree of supersaturation can affect the rate and e
of recrystallisation.

Temperature affects molecular mobility and moisture m
plasticise the ASD, decreasing crystallisation temperatt
and increasing the crystallisation rate. Mechanical stres
also causes significant differences
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1.7 Temperature-composition phase diagrams

A general introduction has been given above to the role cp&Rmer solubility and
miscibility in the context of ASD physical stability. The academic and industrial
communities have widely recognised their importance in the development of
amorphous sali dispersions. It is useful to address these coatgpéxamining the
thermodynamic phase behaviour schematically depicted in the temperature
composition phase diagram shown in Figure 1.7 and that is most frequently obtained

by employing the FlomHugginstheory discussed in tH&ectiors above.
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Figure 1.8. Schematic phase diagram of the thermodynamic phase behaviot
API-polymer system displaying the solubility curve (blue lirieg miscibility curve
(yellow line) and theglass transition temperature (dashed black line). Adaptec
Tiane t , 2013..

The solubility line (blue line) describes the sdiguid equilibrium that defines the
maximum amount of crystalline API that can be dissolved into a polymeric carrier at
a certain temperature and pressure. Above the solubility line, the ASD is
thermodynanically stable against crystallisation. This is the case at low drug loadings
and high temperatures (regions | and Il). Below the solubility line, ASDs are
supersaturated and prone to recrystallisation. However, this may not occur at the
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thermodynamic solubility line, as crystallisation is kinetically hindered due to the high
viscosity conferred by the polymer. This originates metastable solid dispersions that
crystallise at much lower temperatures or after prolonged storage periodagregio

and 1V). An adequately formulated system could provide a sufficiently high kinetic
barrier in this metastable region to prevent crystallisation during pharmaceutically
relevant periods, especially if stored at temperatures bdofor example, Theg t

a | showed that amorphousfedipinein a ternarynifedipinePVPVA-Eudragit RS
system produced by HME remained stable for as long as 25 years when stored under
at ~30C below the ASDY.1%4

The miscibility line (yellow curve) demarks the ligdiduid equilibrium of
amorphous API and polymer. The area below this line corresponds to compositions
and temperatures where formation of two amorphous phases is expected (region V and
VI). The shape fthe miscibility line may vary between convex or concave, depending

on if phase separation occurs below an upper critical solution temperature (UCST) or
above a lower critical solution temperature (LCST), respectively. However, for most
of the APlpolymer phase diagrams published to date, UCST behaviour has been
reportec?® The glasdransition temperature (dashed black line) depicts the transition
temperature from the supercooled liquid to the glass state. AbGveolecular
mobility is high and the system may reach equilibrium relatively quickly. Conversely,
below’Yt he system falls in the Afrozenod ki ne
mobility and long relaxation times. Consequently, even thermodynamically unstable

regions can be kinetically stabilised belb¥i(regions IV and VI).

The construction of temperatucemposition phase diagrams separates the
formulation design space into stable, metastable and unstable regions and aids
selection of appropriate drug loadings and processing conditions during ASD
preparation. However, thesmre seldom developed due to a paucity of reliable
experimental and predictive methods to determine solubility and miscibility. ASDs are
still mainly developed by trial and error, with multiple dnoglymer combinations and
conditions being screened. Thigrsficantly increases development costs and time to
the market. In most cases, stability data is gathered throughdongstability studies

on the material after manufacturing is complete. Therefore, there is a pressing need for
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reliable methods to determine the solubility of the APl in the polymeric carrier. Ideally,
such methods would be coupled with PAT tools to monitor and control the
manufacturing process to avoid the risk of residual crystallinity and assure formation

homog@eously dispersed amorphous drug products.

1.8 Characterisation of Amorphous Solid Dispersions

Given the metastable nature of ASDsdepth characterisation is critical in all stages

of product development. Proper characterisation and understanding of behaviour allow
the rational selection of the suitable polymeric carrier, maximum drug loading,
manufacturing method, processing parameters and storage conditions for optimum
solid-state stability. There is no single technique capable of providing all the
information required. Thus, an orthogonal approach with complementary
characterisation techniquesust be taken to obtain comprehensive physical stability
information. A brief selection of the available literature will be discussed here. This
sectionis divided into four main groups: thermal, spectroscopieax based and
microscopic analytical methods. Table 1.3 summarises the most frequently employed

techniques and emerging new ones with respective sensitivity Valoes available)
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Table 1.3. ASD solidstate characterisation techniques with respective lel
scales, limit of detection (LOD) or limit of quantification (LOQ).

Method Derived information Length scale,
LOD/LOQ
Thermal
DSC Tg, Tm, heatapacity, phase composition, 30-100nm;5116
API-polymer solubility and miscibility ~5 wt%d’
TGA Mass loss, chemical degradation
DMA Tg, viscosity, relaxation time, molecular 2 Wt%!18
mobility
DEA Tg, molecular mobilityrelaxation times
TSDC Tg, molecular mobility, relaxation times,
Rheology = Complex viscosity, loss and storage moduli
Spectral
Raman Phase composition, molecular interaction 0.03 0.05wt%'*°
surface mapping
IR Phase compositiomolecular interactions, 1-2 wt%2°
surface mapping
UVv-VvIS Phase composition, molecular
interaction?-122
TPS Crystallinity, polymorphs, surface mappin¢ 1.5wt%!*3
ssNMR Phase composition, relaxation time, doma 0.1-1 wt%'?
size, APtpolymermiscibility
X-ray based
XRPD Crystallinity quant./ kinetics, polymorphic 1-5 wt%g'10.125.126
identification
X-ray CT 2D and 3D visualisation of internal
structures
SAXS Growthkinetics, polymer mesophases
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PDF API-polymer miscibility, shorrange

structure
Microscopic/surfacérased
SEM Morphology, particle size
TEM Crystallinity, APFpolymer miscibility 0.2 nm;0.1wt%
PLM Morphology, crystallinity (birefringence
AFM Surface topography 0.2 nm
XPS Elemental composition 200 um(lateral);
1-10 nm(depth);
1 wt%
SEM-EDS Morphology, elemental composition 100 nm(lateral);
0.1-3 um(depth);
0.01-1 wt%*?7
ToF~SIMS Surface chemical mapping and depth 50 nm (lateral);
profiling 1 nm (depth)2s

DSCi differential scanning calorimetry, TGAthermogravimetric analysi®MA 1
dynanic mechanical analysis, DEAdielectric analysis] SDC- thermally stimulated
depolarisation currerdinalysis, IRi infra-red spectroscopy, UVis i ultraviolet
visible spectroscopy, TP$ terahertzpulsed spectroscopy, ssNMR solid state
nuclear magnetic resonance, XRPIx-ray powder diffraction, Xay CT1 x-ray
computed tomography, SAX$ small angt xray scattering, PDR x-ray pair
distribution function analysisSEM 1 scanning electron microscopy, TEW
transmission electron microscopy, PLiMpolarised light microscopy, AFNM atomic
force microscopy, XP$ x-ray photoelectron spectroscopy, SEWS i scanning
electron microscopy energy dispersive spectroscopylareSIMS i time-of-flight

secondary ion mass spectrometry.

1.81 Thermal methods

Disappearance of the melting endotherm and presence of a glass transition temperature
are two of the gold standard properties used to confirm the amorphous conversion of
a crystalline drug. As a resulglifferential scanning calorimetry (DSC) and

thermogravimetric analysis (TGA) are two of the most frequently employed thermal
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tools in ASD characterisation. Multiple moleculavel events can be assessed,
including glass transition, molecular mobility, relaxation times, API crystallisation,
polymorphic phase transitions, mass loss/chemical degradation (exclusive of TGA), as
well as APtpolymer miscibility and solubility. However, DSC exhibits several
limitations for the characterisation of solid dispersions, as partially discussed in
Sectionl.5. The potential drugolymer mixing and the subsequent drug dissolution
resulting fromthe DSC heating scan can cause diminution or disappearance of the
drugspecific endothermic melting peak(s), which may be erroneously considered to
indicate solid-statemat er i al properties. Furthermore
between twoglass transition temperaturesquires a minimum FQ temperature
difference, which is aggravated by other simultaneous events occurring in a
multicomponent system. This becomes particularly relevant consideringthat
expands over a range of temperature values and is strongly dependent on the employed
heating rate and t hé° Likewiseethd geredlly assumedr ma |
limit of detection of ~30 nm has various limitations. It is based on a study fromt4977

that assesses phase separation in a styrene block copolymer system and requires further
validation before direct extrapolation to binary ASD systems. Despite widespread use,
there is little experimental data available to accurately evaluate the DSCadkgect
domain size to assess mixing homogeneity and phase separation in amorphous solid
dispersions. Qiae t rapbrted that even wherhase separation is at the scale of

tens of microns, it is still undetectable by DSCTIherefore, a singléY value and the
absence of a melting endotherm (especially at low drug loadings) obtained from DSC
analysis could be unreliable for the assessment of physical stability of solid
dispersions. Modulated DSC (MDSC) and high sensitivity DSC (RXSZ) could

be used to deconvolute overlapping thermal events and improve resolution for phase

transitions by employing faster heating rates.

Other thermal techniques are gaining increased expression for ASD analysis due to
higher sensitivity to glass transition events, molecular mobility and relaxation times.
These methods include dynamic mechanical analysis (DMA), dielectric analysis
(DEA) and thermally stimulated depolarisation current (TSDC) analysis. DMA
measures the mechanical properties of a material (stiffness, strain and damping) as a

function of temperature, time and frequency by applying an oscillatory mechanical

30



stress to the sampl&.DMA can be used to measure theof an amorphous system

because there are marked discontinuities in elasticity and viscosity (storage and loss
moduli, respectively) around this transition point. Gupta canhpared DSC and

DMA to study the devitrification of amorphous celecoxib under several stress
conditions (temperature, humidity and pressti¥e)lhe authors reported higher
robustness and sensitivity of DMA to glass transHielated events, which is reported

to be around 10 to 100x more sensitit?&everal other authors have described the use

of this technique to study phase separation and secondary relaxation processes in
polymeric amorphous glass&$:*¢ Another study by Yang t , &Vestigated the
solubility of paracetamolin poly-ethylene oxide (PEO) using DMA viscosity
variations as a function of drug load and temperadfiiréhe authors reported a
solubility increase from 14vt% at 80C to 41wt% at 140C . DMAGs abil i
determine the viscoelastic properties of a material is of great interest to rheological
investigations and could provide useful information to determine the imtakessing
window for HME processing, as pointed out by Ojo and Bee.

DEA and TSDC use a similar principle to that of DMA, with the exception that they
employ an electrical perturbation instead of mechanical stress to probe molecular
mobility. They promote the reorientation of dipoles under the influence of an electric
field of variable frequency. Apart from being applied to as$és®laxation times and
recrystallisation events in neat amorphous compounds and polymers, DEA has also
been used to study the aptasticising effect of polymers and plasticisers in binary
and ternary ASD system¥:'* Compared to DEA, TSDC has higher sensitivity and
can provide better differentiation between overlapping relaxation events but requires
specialised expertise for data analysis and interpret&titn.

1.8.2 Spectroscopic methods

Spectroscopic methods include all methods that capture the interaction of
electromagnetic radiation with matter. Raman and infrared (IR) spectroscopies are the
mostfrequently employed vibrational spectroscopic methods. They have been used for
multiple applications, including detection of drpglymer intermolecular interactions,

polymorph identification, phase transitions, amorphous phase separation and
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guantification of amorphous and crystalline content in ASD syst&#t8.These
techniques yield structural and molecular conformation information by probing typical
band vibrations at frequencies betweefk* 100" Hz (4000 to 40@m?). The signal

in the Raman spectrum results from polarisability changes, whereas the IR spectrum
originates from molecular dipole moment variations. Raman spectroscopy has the
advantage of covering the cl assiegoifi nge.]
(< 400 cm?) that provides information about the crystal lattice vibration médes.
Recent technological advances enable the use ofndtrawband notch filters to
suppress Rayleigh scattering and extend the accessible Raman range down to
10 cml’® This enhances the sigr@noise ratio and improves differentiation
between different packing arrangements. Ladiral reported a tenfold increase in

the Raman intensity in the lefsequency region compared to the nfiidquency

region when monitoring the amorphous to the criilsatonversion of indomethaein

based systemsver time!®! Ibrahim et al. reported the use of lofvequency Raman

(also known as Teraherizaman) as a mapping technique to distinguish between the
amorphous and crystalline forms g@fracetamolin paracetameHPMC ASDs
produced by HME?? Treset al also reported the use of this technique to study the
API recrystallisation pathways upon dissolution diealutamidePVPVA systent>
Terahertz pulsed spectroscopy (TPS) is an alternative spectroscopic technique that
probes the terahertz range in thelRregion (18°7 10*2Hz/ 2130 cm').’* TPS has

been used to differentiate between multiple polymorphic phases and determine Tg and
b-relaxation processes in neat amorphous compoids. Despite promising
potential application in crystallisation and amorphisation processedydquency
Raman and terahertz spectroscopies are still relatively underexplored in the ASD
context. For this thesis work, focus is given to {vaquency Raman (LFR
spectroscopy as@ocess analytical technologi AT) tool due to its great ability to
differentiate between amorphous and crystalline materials.

Solid-statenuclear magnetic resonance (ssNMR) is another valuable analytical tool
that has been used to assess relaxation times, miscibility and phase separation on the
nanometre scale in ASD systems. By correlating the proton relaxation times (spin

lattice and spirspin relaxation times) with the length scale of the spin diffusion,
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inferences can be made about the size of the &Rpolymerrich phases within the
5-100 nm rangé®

1.8.3 X-ray based methods

X-ray powder diffraction (XRPD) is considered the gold standarccrystallinity

detection. Crystalline materials display sharp Bragg diffraction peaks as a result of
constructive interference, whilst amorphous materials display the characteristic
amor phous #Ahaloo conferred by didfajuse s
diffraction techngues can only detect molecular order and that disorder is only
implied. This technique is limited by mass fraction and dilution effects, crystal quality

(e.g., varations in lattice strain, preferred orientation and crystallite size) and
acquisition parametet&*° Its sensitivity is insufficient to detect nanocrystalline

domains or crystalline content belowbt%.1%° Zhu et al.,have used timeesolved

small angle Xray scattering/wide angle scattering (SAXS/WAXS) to investigate the

phase behaviour and microstructural evolutiors®feralAPls in PEGbased solid
dispersiong® Furthermore, Xray pair distribution function analysis (PDF) has been
gaining i mportance to study short range
by XRPD. Billingeet al., have used PDF to study amorphous and nanocrystalline
carbamazepine and indometha®iriTerbanet al.,have also used PDF to understand

local structure of disordered materials produced by different procésses.

1.8.4 Microscopic methods

Methods for the visual analysis of solid dispersions are also crucial for the
characterisation of ASDs because surface properties may reflect early stages of
physical instability. In general, the microscopic methods employed in ASD
characterisation includepolarised light microscopy (PLM), scanning electron
microscopy (SEM), transmission electron microscopy (TEMYomic force
microscopy (AFM), timeof-flight secondary ion mass spectrometry (ToF SIMS) and
X-ray photoelectron spectroscopy (XPShey have ben used for particle size
analysis, particle morphology, crystallinitietection, phase homogeneity, elemental

composition and study surface mechanical propefté%.
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1.9 Translational limitations i current gaps

As seen throughout the previoGgctiors, there are conflicting schools of thought
regarding the frameworks by whidvlid-state physical stability of ASDs can be
understood, with many contradictory results reported in the literature. For instance,
Mahieue t . have suggested that-d@xing of supersaturated ASDs occurs faster
than the dissolution of the API in the polymer matrix during the ASD formation
process? This provided the basis for the recrystallisation fBlymer solubility
method discussed in tisectiors above. However, for the same ARllymer system
(indomethaciAPVP 12), Mathers t .havé demonstrated that-dexing is markedly
slower than the dissolution process, resulting in solubility overestimatichsother
important example refers to the recrystallisation driving forces in neat amorphous
compounds. Zhoa t . saggested that compounds with high entropic barrier and low
mobility were more difficult to crystallise, regardless of the thermodynamic driving
forces!®® Contrary to thatGraesere t raplorted no direct correlation between

relaxation time (i.e., molecular mobility) and physical stability, especially belot?Tg.

These two examples illustrate the complex nature of ASDs and the lack of fundamental
understanding of the multiple aspects governing thelid-statephysical stability.

This has led to significant discrepancies between research and market access. From
1985, when the first ASD product was introduced (Cesamet), to 2022 only 47 ASD
based commercial products were cumulatively approved by the EMA andfiiAe
1.9)170171This number$ substantially inferior to the number of publications on the
ASD topic that is actively researched (Figur&QL. Shahe t polided a more
elaborate discussion regarding the main reasons for the lack of exploitation of ASD
formulations in commercial dosage forthsTherefore, the following enumeration

was adapted and extended from Seah : a |

1 Limited knowledge regarding the physicochemical properties of the APIs,
polymers and their interactions.
1 Limited API availability during early stages of product development.

Lack of available techniques/models for predicting physical stability.
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i Limited availability of smaHlscale (or miniaturised) processing techniques for
formulation screening during earffage development.

Lack of structured development.

1 Lack of reliable methods to determine the solubility of the API in the polymer.
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Figure1.9. EMA and FDA approved ASased commercial products from 198
2022. Compiled with data from Bhujbet al, 2021, BenneLenaneet al, 2020 an
by consulting the FDA drug database andHEoeopean Summary of Pharmaceu
Characteristic¢SPC). For any drug substance only the year of approval of th
ASD dosage form was considered, independently of the approving regulatory
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1.10Aims and objectives

The main aims and objectives of this thesis are to:

T

Identify, develop, and apply new characterisation tools to link structure
process properties for a targeted design of stable amorphous solid dispersions.
Increase the understanding of the impact of-pé&liymer solubility on ASD
physical stability.

Develop new experimental methods to determine the solubility of crystalline
API in polymeric matrices and build solubility phase diagrams.

Investigate the impact of the API saturation level and processing temperature
on the internal microstructure of ASDs produced byrhett extrusion.

Study the impact of ARpolymer solubility on the ASD surface phase
distribution homogeneity and compare the kinetics of sunfiaediated

instability with bulkmediated instability.
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Chapter 2

Use of Lowfrequency Raman
Spectroscopy to Determine
Solubility of Crystalline API in

Polymeric Matrices

The work carried out in this Chapter wafsllly publishedin a peerreviewed
journal.

Bordos, E.|slam, M. T., Florence, A. J., Halbert, G. W. and Robertson, J. Use of
TerahertzRaman Spectroscopy to Determine Solubility of the Crystalline Active
Pharmaceutical Ingredient in Polymeric Matrices during Hot Melt Extrulioh.
Pharm.16, 43614371 (2019).
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2.1 Introduction

The solubility of the API in the carrier polymer is one of the major factors determining
ASD physical stability*!12172|ts determination is of paramount importance in the
manufacture of crystdtee, stableASDs and is therefore of considerable commercial
importance with regards to shelf life of this class of pharmaceutical drug product. If
the amountof API in the formulation(i.e., the choserdrug loading)is below the
equilibrium solubility of the API in the polymer matrjxthe ASD will be
thermodynamically stable and will not recrystallise. When the API content exceeds its
thermodynamic solubility, the ASD becomes sgpé&urated and API phase separation
and recrystallisation are likely to occdt.However, if the system is kinetically
stabilised at storage conditions, molecular mobility may be slowed enough to retain
the amorphous configuration and inhibit recrystallisation during pharmaceutically

relevant time periods?

However, experimental determination of the solubility of an API in a polymer matrix

is an analytically challenging task as both components are normally solttietate

at room temperature and due to the high viscosity of the polymeric carrier, equilibrium
solubility is difficult to reach and te%t>*1 n f act , the current
standardo analytical techniques 1s | imit
scanning calorimetry (DSC) analysis or inferred based ongroduction analysis,
providing an account of the material state aft@nufacturing is complete. The DSC
methods include the melting point depression method, the recrystallisation method and
the enthalpy approacimongst other¥:>*1"41*Agide from thermal degradation and
chemical instability these methods generally risk solubility under or overestimations
due to low molecular mobility in a viscous polymee( no mixing is applied) and

require equilibrium assumptions which limits their wider application.

There is a growing body of evidence suggesting that the apparent solubility of an API
in polymer system may vary according to the processing method’i§édhis may

be driven by differences in mixing rather than a true thermodynamic equilibrium being
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reached. Within this study, a-cotating twin screw extruder is used as the mixing
device. This type of unit provides intense mixing and has the potential to overcome
kinetic limitations and reach true equilibrium. Therefdhe, objective of this study is

to determine API solubility directly during hot melt extrusion (HME). This is achieved
by monitoring the lowfrequency Raman region covering the API crystalline to
amorphous structural phase transitions as it dissolves potiimer matrix. For this
purpose paracetamafwhilst not presenting vivosolubility constraints) was selected
as model compound and two commercially relevant polymer sysédfimssol 15LV
(hydroxypropyl methylcellulose) an®lasdoneS630 (Copovidone) as polymeric
carriers, to assess the above application of-Ridman spectroscopy. Extrusion is
performed at different APpolymer ratios and for each composition, different
processing temperatures are explored to allow péagsd#ibria iferences and

construction of temperatweampposition phase diagrams.

2.2 Materials and Methods

2.2.1Materials

Pharmaceutical grade special granutaracetamol(PCM) was purchased from
Mallinckrodt Inc. (Raleigh, USA). Hydroxypropyl methylcellulo$dPMC) grade
Affinisol 15LV (AFF) and Copovidone (PVP:VA 6:4) graiasdones630 (PLSD)
were kindly donated by Dow Inc. (The Dow Chemical Company, Michigan, USA) and
Ashland Inc. (Columbus, OH, USA), respectively. The chemical structure of all
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materials is displayed in Figure 2.1. All compounds were used as obtairledut

furtherpurification.

A)

B)
H OR
N\H/CH3 OR
O RO 0
/©/ O RO 0 0
OR E

R = -H, ~CH3, ~CH,~CHOH-CH;

C)

Figure2.1. Chemical structuref A) paracetamolIB) Affinisol15LV and C) Plasdot
S630. Ano and Amo represent the st
linear copolyner where n/m = 6/4 mass ratio.

2.2.2 Methods

2.2.2.1 Preparation of amorphous solidlispersions by hot melt

extrusion (HME)

HME was performed with a Eurolab 16 twsorew extruder (Thermo Scientific,
Karlsruhe, Germany) equipped with two DBW FW20 feeders (Brabender
Technologie, Duisburg, Germany) operating in gravimetric mode with a vertical
crammer hopper (Brabender Techrgiy Duisburg, Germany) set to 100 rpm. The
experimental setip was as illustrated in Figure 2.2. APl and polymers were separately
fed at different feeding rates to reach the desiredp&Bimer ratio. A combined
feeding rate of 1kg/h was used. For allexments, barrel zone 1 was operated at 20°C
and barrel zones 2 and 3 were controlled at temperature set points of 50°C and 100°C,
respectively, to prevent powder melting and blockage of the feeding zone. The
processing temperature limits of the remainagrel zones were constrained by the
polymer glass transition temperatyAgfinisol 15LV - 115°C andPlasdoneS630-

109°C) and the drug melting point (170°C). This was required to assure the
soften/liquefied state of the polymer (i

the API, while keeping the API below its melting point to enable detection of excess

41



crystalline API. Barrekectiors 4 to 10 and die zone were controlled to the same
temperature set point values, which are reported in Tables 2.1 and 2.2. Product melt
temperature was monitored with a presgeraperature probe (Terwin Instruments
Ltd., Bottesford, UK) immersed in the [gmer-API mixture within the confines of the

die section The temperature measured values monitored in tsecdbrs 410, the

die and the product melt probe varied from reported set point values less than + 3°C.
Therefore within the present work temperature is denoted as theoggttemperature
values. Collected extrudates were pelletised and stored at 23%4R&0until further

analysis.
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Table2.1. Hot melt extrusiorexperimental conditions for the PGAFF system

APl feeding Polymer Processing temperature (°C) Screw
rate (kg/h) feeding (Barrel sectiors 4 to 10 and die zone )* speed
rate (rpm)
(kg/h)
0.1 0.9 115, 130, 150, 170 200
0.2 0.8 115, 120, 125, 130,40, 150 200
0.25 0.75 115, 120, 125, 130, 140, 150,160, 17t 200
0.275 0.725 115, 120, 125, 130, 140, 150 200
0.3 0.7 115, 120, 125, 130, 140 200
0.325 0.675 115, 120, 125, 130, 135,140 200
0.35 0.65 115, 120, 125, 130,135, 140,145,15C 200

*Each value in this column represents a distinct experimental condition and denotes
the cumulative sgboint barrel temperature eéctiors 4 to 10 and die (i.e. zone< @

and the die were operated isothermally).
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Table2.2. Hot melt extrusion experimental conditions for the RENMSD system.

API feeding Polymer Processing temperature (°C) Screw
rate (kg/h)  feeding (Barrel sectiors 4 to 10 and die zone )* speed
rate (kg/h) (rpm)
0.3 0.7 110,120,130,150 200
0.35 0.65 110 200
0.375 0.625 110,120 200
0.4 0.6 110, 120, 130 200
0.425 0.575 110, 120, 130, 140 200
0.45 0.55 110, 120, 130, 140, 150 200
0.475 0.525 110, 120, 130, 140, 150 200
0.50 0.5 110, 120, 140, 150 200
0.525 0.475 150 200
0.55 0.45 150 200
0.575 0.425 150 200
0.6 0.4 150, 160 200
0.625 0.375 150, 160 200
0.65 0.35 150, 160, 170 200
0.675 0.325 150, 160, 170 200
0.70 0.3 150, 160,170 200

* Each value in this column represents a distinct experimental condition and denotes
the cumulative segboint barrel temperature eéctiors 4 to 10 and die (i.e. zone< @
and the die were operated isothermally).
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Figure 2.2. Schematic representation of the HME experimentalupeéind scre
configuration.

2.2.2.3 APlpolymer solubility measurements

A TerahertzRaman probe (Ondax Inc., USA) coupled with a RNX1 Raman
spectrometer unit (Kaiséptical Systems Inc., USA) was immersed in the polymer
API-mixture in an adjacent port immediately beside the pressure temperature probe to
monitor the API structural phase transitions occurring during extrusion. Data was
collected with a 785 nm laser etation source operating at #@W power. An
exposure time of two seconds and three spectral accumulations were used. Spectra
were acquired with Holograms software (version 4.1) over2Becnmi®i 1800 cnt
spectral range and integrated into PharmaMV RealTsofware (version 5.2,
Perceptive Engineering Ltd., Daresbury, UK) for +iale visualisation. Spectral pre
processing was performed with PharmaMV Development software (version 5.2)
applying Whittaker smoothing and standard normal variate (SNV) foribasdfect
removal and normalisation, respectively. Thermally induced transitions in the low
frequency Raman regiofcnt-200 cml/0.1571 6.0 THz)were used to distinguish
between the crystalline and amorphous states of the API. Transition temperatuares fr
crystallineto-amorphous and amorphetecrystalline were used to determine the
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temperatur&composition coordinates at each ARllymer ratio and construct the

solubility phase diagram for both systems.

2.2.2.4 Oftline Terahertz-Raman spectroscopy

Off-line variabletemperature THRaman analysis was performed to obtain the
reference spectra of each PCM polymorph as well as amorplaoasetamolData

was collected with the Teraheffaman probe (coupled with a RNX1 spectrometer
unit) attached to a LinkatdTS420 hot stage. To prepare the amorphmarsicetamol

and the three polymorphs, the temperature cycling method outlined by Nanubolu and
Burley was adopteti? PCM samples of-% mg were confined between a microscope
glass and a cover slip and heated to 180°C at a rate of 20°C/min and held at that
temperature for 2 min. Subsequent melt quenching to 0°C was performed at a cooling
rate of 20°C/min to obtain the amorphous glass fofm.obtain theparacetamol
polymorphs, the amorphous glass from these steps was then allowed to equilibrate at
0°C for 5 min prior to a second heating cycle to 180°C using a heating rate of 1°C/min.
As the temperature rises at this slbeating rate, the glass transforms to PCM form

I, then form Il then form | before melting at ~ 170°C. Therefore the reference spectra
for the amorphous and three polymorphs was gathered through this cycle. At the
specific transition temperatures iderddi (80°C for form IlI, 120°C for form Il and
150°C for form 1) the heating rate was paused and the spectra was acquired using an

exposure time of two seconds and three spectral accumulations.

2.2.2.5. Hot stage microscopy

Hot-stage microscopy (HSM) experiments were conducted using a Leica DM2700
transmission opticaiicroscope (Leica Microsystems, Milton Keynes, UK) under a
crosspolarized light. The apparatus was equipped with a Leica DF320 digital camera
(Leica Microsystems, Milton Keynes, UK) and a LinkamS420 T95 temperature
control stage. Samples of533mg were placed into the hetage chamber and heated

to 180°C at a heating rate of 1°C/min. Pure polymers andpaRmer physical
mixtures were subjected to isothermal steps of 3 min at every 10°C above 100°C to

equilibrate. Cooling cycle to 0°C was parfed ata rate of 1°C/min. Birefringence
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properties of crystalline materials were used to distinguish the crystalline API from
amorphous ARpolymer mixtures. Pure PCM samples were confined between a
microscope glass and a cover slip and subjected to an additional heat cycle to assess

recrystallsation behaviour from the amorphous glass.

2.2.2.6 Differential Scanning Calorimetry

All experiments were performed on a DSC 214 Polyma differential scanning
calorimeter (Netzscleeratebau GmbH, Germany) under a helium environment (purge
1=40 ml/min, purge 2=60 ml/min). Samples 65 &g were accurately weighed and
crimped in 25 pyL aluminium pans with pierced lids and subjected tecoe&heat
cycles. Heating cycles were performed to 180°C at a heating rate of 20°C/min. Cooling
was performed from 180°C to 0°C at 20°C/min.

2.2.2.7. Xray powder diffraction

Variable temperature powder diffraction data (XRPD) was collected using a
Bruker D8 Advance 11 diffractometer (Bru
geometry and primary monochromated radi &
collected in the 2 thatrange of 4°35° using a step size of 0.017° and 1 s/step speed.
Operating voltage and current were 40 kV and 50 mA, respectively. Pure PCM
samples were placed into 0.7 mm borosilicate glass capillaries and subjected to heat
coolheat cycles to 18C, 0°Cand 180°C, respectively. Heating and cooling rates of
6°C/min were employed due to instrumental limitations. Identification of the
crystalline form was made by comparison to CCSD crystalline forms 1, Il and Il
(HXACAN27, HXACAN31 and HXACAN29, respectiWg) using Mercury software

(version 3.9).

HME extrudates were analysed at ambient temperature and data was collected on a
Bruker AXS D8 Advance transmission diffr
primary monochr omat ed 1.540668 A)aand anrnautom@ad KU1
multiposition xy sample stage. Samples were mounted on a polyimide film (Kapton,

7.5 um thickness) and analysis was performed in the angular rangee 84 2 d wi t h

0.017A2d step size and 2 s per step couni
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2.3Results and discussion

2.3.1 Saturated solution temperature (¥) determination

The main premise required to construct an-p8llymer solubility phase diagram is

the determination of the temperature at which a given crystalline API content is soluble
in the polymer matrix. Access to this temperature was directly obtained during hot
melt extrusion by monitoring the API structural phase transitions from crystalline to
amorphous as it dissolved in the polymeric carrier. These phase transitions were
monitored in the lowfrequency Raman spectral region that covers Stokes signal
(5 cmt i 200 cmit) and provides information about the crystal lattice vibration
modes®18 Such vibrations are sensitive to local order and disorder and enable the
distinction between different crystal packing arrangements, as well as the amorphous

and crystalline statgg'182

THz-Raman spectra of PLSD, AFF, amorphous and crystalline PCM are shown in
Figure 2.3. Crystalline PCM has distinctive peaks ati®2, 56 cm! and 89cmt

which are characteristic to fornt’P.Given the lack of longange structural order in
amorphous materials, these lattice modes are absent in the amorphous drug form and
in both polymeric matrices and were used to differentiate between amorphous and
crystalline PCM within the ARpolymer mixures. As the API dissolves in the
polymer, the crystalline structure is disrupted and the drug is rendered amorphous.
Therefore, to assure the robustness of the method, API solubility was determined by
cycling extrusion temperature up, to induce dissotut@md down, to force drug
precipitation.
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Figure2.3. THz-Raman spectra of PLSD (green), AFF (blue), amorphous PGY)
and crystalline PCM (black).

As an example, Figure 2.4 illustrates the spectra used to determirsattimated
solution temperature €J for PCMAFF 30-70wt% (A-B) and PCMPLSD 4555wt%

(C-D). As Textrusion approaches d the drug progressively dissolves in the polymer
and the intensity of the lattice modes associated with crystalline PCM decreases until
disappearing at 130°C for PCGMFF 3070 wt% (Figure 4B) and 150C for PCM

PLSD 4555 wt% (Figure 4D), when no crystalline API is detectédwas then
estimated at the intermediate temperature point between the APl amorphous and
crystallinephases, corresponding to 127.5°C for RBNF 30-70wt% and 145°C for
PCM-PLSD 4555 wt%. It should be noted thatywas approached by varying
extrusion temperature using relatively large steps of 5°C p/step forARHVand

10°C p/step for PCMPLSD. Therefore, solubility estimation is associated with an
error of at least + 2.5°C for PGMFF and = 5°C for PCMPLSD.
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Figure2.4. THz-Raman spectral evolution of-B) PCM-AFF 30-70wt% and GD)
PCM-PLSD 4555wt% at differat processing temperatures. ligles B) and C
spectra are spatial average60fspectra at each temperature.

It is also noteworthy that the product melt temperature may differ from set point
temperature values as a result of heat from the shear between the screws and material,
so care should be taken with regards barrel zone temperature measurements and actual
local material temperaturé!®® Within this work, product melt temperature was
monitored at the disectionand typical + variation did not exceed 3°C compared to

the system set point value. In the upstreaatiors, the extent of heating and cooling
required to maintain setoint temperatures was observed. This showed that there was

no substantial cooling requirement to compensate for frictional heat. As a result, it was
assumed that the reported temperature vatuesreflective of the local material

temperature within the system.

Using the same approachty,was determined for all ARdolymer compositions. For
both systems, temperatucemposition phase diagrams were generated by plotting the
lowest temperature required for complete APl amorphisation (API dissolution end

temperature) and the highest tempematatr which residual crystalline API could be
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detected. Figure 2.5 and 2.6 show the amorphous and crystalline coordinates and the
estimated equilibrium solubility curve as a function of the HME processing
temperature for both systems.

2.3.2. Temperaturecomposition phase diagrams

The drug phase transition region demarks the boundary between the undersaturated
region (region | in Figure 2.6.B and 2.7.B) where the API is fully amorphous and the
supersaturated region (region Il in Figure 2.6.B and 2.7.B), where crystalline API
particdates are suspended in a supersaturatedp@Rmer matrix. At certain ARI
polymer ratios, API dissolution showet temperature dependenaed complete
miscibility was observedt all processing temperatuyésscluding the polymer glass
transition tempetare (). This was considered the critical concentratiénas it

defined the maximum API concentration where no crystallinity was detected. The
experimental limiting factor determining the lowest HME processing temperature for

each system was the polyni&rto avoid solidification of the polymer and subsequent

equipment blockage. Figure 2.5 shows the ‘Réunan spectra at the critical

concentration for both systems.
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Figure2.5. THz-Raman spectra of A) PGMFF 20wt% and B) PCMPLSD 40wt%.
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2.3.2.1ParacetamolHPMC system

Forthe HPMCbased compositions, the API critical concentration wast20 (Figure

2.6). Upon further increase of the API mé&sstion, equilibrium solubility is reached

at higher temperatures and an almost linear temperature increment is observed for
mi xtur es O -l@d. This obsensad tieril is most likely to be a result of the
relatively large temperature steps takerthat given compositions (5°C per step).
Reducing the temperature steps could improve the accuracy in determining the

position of the equilibrium temperature and refine the shape of the curve.

A) 180 — : . . . : By ——"—7m——+—+——+——
® Amorphous —®— Amorphous
~ 170 fe---@ oo mrmmmem oo ®--1 e Crystalline |- ~ 1704 m— Crystaline oo -
© PCM form I Ty, o —A— Estimated solubility equilibrium| ~ PCM form | T,
o 160 | ) o 1601
S 3
- -
O 0l e . ° o . S 1s50f ;
o A o
g- oo g- , A
e 140}
° =l . SR ‘ e i) Undersaturated ;
c K ," ° c b Z
© 130 ° ° e o o0 o o 130} E
@ . -0 o o o 2 Cc P E—E I
..E 120 e oo o o o -E 1200 | " W Supersaturated ]
w e ACCFEEEEY SR SRR SERR BERY S w ....@:”ff.: ............................................
1o Affinisol 15LV T, | 110l Affinisol 15LV T, i
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 15 20 25 30 35 18 20 22 24 26 28 30 32 34 36
PCM concentration (wt%) PCM concentration (wt%)

Figure 2.6. Phase behaviour of the PCRLSD system during extrusion: A) HN
processing temperatures and API physical stat&d8nated equilibrium solubili
curve. Cc denotes the critical concentration up to which no crystallinity was.fo

For all experimental compositions the API dissolved at temperatures well below its
melting point(e.g.,55°C lower at 20 wit% APload), indicating good miscibility
between both components and a marked reduction of its chemical potential in the
presence of the polym&The reduction in the chemical potential is usually observed
using DSC through detection of a depressed melting péi&tHowever, theseesults

show that spectroscopic methods can also be used to indirectly assess these
phenomena. Moreover, this is a direct observation that extrusion can be performed at
temperatures below the API melting point and attain complete drug solubilisation.

Understandig the correlation between the HME processing temperature, drug
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composition and residual crystallinity is of utmost importance to define HME
processing boundaries and to identify the optimal processing window to promote
formation of stable molecular dispersions whilst avoiding potential compound
degradatior®8® This is particularly relevant for ASDs containing thermally labile

drug substance.

2.3.2.2 ParacetamolCopovidonesystem

Compared tBIPMC, copovidoneexhibited higher solubilisation capacity and the API
critical concentration up to which there was no detected free API was 40 wt% (Figure
2.7). When increasing the API content fromwitS86 to 60wt%, Ts appears to reach a
plateau, remaining at 145°C despite the drug increase. Note that physical mixtures
from 52.5 to 57.5 wt% API (identified by single asterisk in Figure 2.7.A) were only
extruded at the dissolution end temperature (150°C). However, dieerrystalline
character ofadjacent concentrations at 4% and 60wt% API at 140°C, it is

reasonable to assume crystallinity of this intermediate concentration range at 140°C.

Apart from the impact of the temperature steps taken atoesaposition (10°C/step)

the #dAplateau effecto 1 s t-tepeadprt structuml b e
changes of the polymer. It has been described thatlid¥ed polymers could assume

a helical conformation under specific circumstances which potigrd@ild also occur

during extrusiori® This conformation would enable incorporation of additional drug
molecules upon expansion, by reducing steric hindrance of APl molecules already
linked to the polymeric chain, and could explain the solubility increase despite the
constant temperature. Fler investigation is required to provide experimental support

for this hypothesis, but this was out of the scope of the present work.

From 60wt% to 62.5wt% API, "Yexperiences an abrupt temperature increment.
Above 65 wt% APIl-load, as”Y approaches the API melting point, the
amorphous state of the drug is not a reflection of the polymer solubilisation capacity.
This is one of the limitations of this approach since it requires (i) misciblgélyiner

systems where the APY > polymer”Y and (ii) processing temperatures below the

APl Y to enable detection of the excess crystalline API.
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When comparing to PGAFT and FH predictions performed by Lehmkemper and
co-workers$* there are evident differences between predictions and experimental
measurements performed in this study:8&FT and FH predictions lack the plateau
effect and solubility equilibrium is usually lower than the one determined by THz
Raman, especially at Higpolymer content. Even though the shape of the solubility
curve and specific saturation temperatures differ, the magnitude of the values is of the
same order. The work of Lehmkemper anedhvaokers shows that the maximum stable
concentration of API in thipolymer lies between 30 and 40%, which is comparable

to the critical concentration determined during this work using LFR (i.e. 40 w %). This
suggests that this critical concentration could indicate the solid solution capacity of the
polymer after HME proessing and thus, provide a concentration threshold that can
differentiate stable amorphous systems from metastable/unstable systems. This

correlation will be elaborated upon in more detail later on.
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Figure 2.7. Phase behaviour of the PGRLSD system during extrusion: A) HN
processing temperatures and API physical state; B) Estimated equilibrium sc
curve.8 denotes the critical concentration up to which no crystallinity was f
* denotes compositions expected to be crystalline at 140°C based on crystal
adjacent compositions; ** denotes the composition range where the APl am¢
character is noa direct reflection of the polymer solubilisation capacity due t
proximity to the API'Y .
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2.3.3. Polymorphic phase identification

In order to assess eventual polymorphism occurring during extrusion, variable
temperature offine THz-Raman experiments were performed to obtain THz reference
spectra of each polymorpkVe used constrained crystallisation under a microscope
slide and a cover glass to kinetically trap polymorphs via Ostwald rule of stages.
paracetamolhas three known polymorphs under normal pressure conditions:
monoclinic (form I, stable), orthorhombic (metastable, form Il) and form Ill, the most
metastable of alg’% |ts recrystallisation behaviour from the amorphous glass is
highly variable and dependent on both sample thermal history and presentation
method!®® Therefore HSM, DSC and variablemperature XRPD experiments were

performed as confirmatory techniques (results shown in Appendix A).

Collected THzRaman spectra of polymorphs Ill, 1l and I, as well as the amorphous
form are shown in Figure 2.8he spectral features of each polymorph are in good
agreement with literatures daBy comparing the THRaman spectra obtained during
HME with the reference spectra of each polymorph, only PCM form | was identified
for both systems. There were no metastable crystalline forms during the API
solubilisation process nor recrystallisatiomfrthe amorphous form during extrusion.
Hence, measured sdility depicts PCM form | solubility in both matrices. However,
recrystallisation to different polymorphs could occur after HME for supersaturated

systems.
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Figure2.8. THZ-Raman spectra of amorphous PCM and crystalline forms lll,
| with respective recrystallisation temperatures from the amorphous glass
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2.2.4 Crystal dissolution behaviour observed by hot stage

microscopy

It is interesting to note that at the of pure polymer, thermal diffusion and molecular
mobility i essential to the mixing of the two chemical entitiegere sufficient to fully
dissolve the API up to thé dn both polymeric matrices during the short residence
time in the extruder (~150 seconds for empty extruder conditions). Traditional DSC
solubility protocols disregard solubility data near tie since the drug dissolution
kinetics becomes much slower than the time scale of the measut&htmiever,

the energy provided during extrusion via intensive mixing, shear and temperature input
were sufficient to overcome this barrier and dissolve the API. Thus, as an alternative
means of understanding the thermodynamic driving force for crystalaissplHSM
experiments were carried to simulate the temperature conditions of the HME process
by using isothermal steps of equal duration as the mean residence time within the

extruder (empty barrel conditions).

Figure 2.9 shows the representative micrographs at the end of the isothermal steps in
both polymeric matrices as well as sample behaviour during cooling cycles. Based on
the birefringence properties, there is no observable API dissolution at the poYymer

as both systems comprise jystysical mixtures. Apart from heat transfer variations,
without the HMEinduced distributive and dispersive mixing, API dissolution is only
diffusion controlled (i.e., there is no mixing) and complete API dissolution occurs at
higher temperatures, possibiige to kinetic constraints. However, upon complete
dissolution a single phase system is obtained, corroboratingREHm@AnN indication of
miscibility. For both polymer systems during HSM analysis, there was no API
recrystallisation upon cooling, indicatitigat both polymers are capable of stabilising

the amorphous drug. Although the absence of recrystallisation is also partially related
to the intrinsic glass forming ability of the drt#yThere is also evidence of a marked
API-induced plasticisg effect. When in a single component system, Plasdone S630
(Figure 2.9.D) experiences a drastic change in the viscoelastic properties with apparent
liquefaction occurring at 160°C (~50°C above'lt3, whereas pure Affinisol (Figure

2.9.A) has higher viscosity and no evident liquétan is observed up to 180°C.
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Figure 2.9. Hot stage microscopy images of A) pure AFF; B) and C) PAHW
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heating cycle; E) and F) PGMLSD 3070 wt% during heating and cooling cycl
respectively. The scale bar is as indicated for all images.
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2.3.5 Predictive value of the critical concentration

To validate our hypothesis with respect to the use of the critical concentration as a
stability predictor, DSC and-Xay diffraction analysis were performed to assess the
physical state of the extrudates after extrusion. For this purpose, only samples
proeessed at the dissolution end temperature (i.e., lowest amorphisation temperature)
were considered for each composition. DSC thermograms of PCM, AFF and PCM
AFF extrudates are displayed in Figure 2.10.A. Up to the critical concentration
(6 G 20wt %) there is no evidence of endothermic events due to melting of crystalline
material. For drug loadings 20 wt%, there is an exotherm at 1480°C depicting

partial recrystallisation to form Il, and two melting endotherms at ~155°C and 170°C,

ascribed to melting of forms Il and I, respectively.
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Figure2.10. A) DSC thermographs and B) XRPD diffractograms of PCM, AFF
PCM-AFF extrudates with different API contents.
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XRPD analysis (Figure 2.10.B) confirmed the lack of crystallinity up tv20 drug
loading, as indicated by the halo pattern characteristic of amorphous materials. In
contrast, Bragg peaks corresponding to PCM form | were found for all concentrations
above Cc. An additional diffraction peak with maxima at ~32f) (#as observed in

the diffractograms of pure Affinisol and all low ARlading extrudates. This peak is
ascribed to NaCl that is used as a manufacturing additivafforisol 15LV up to
5wt%. It should be noted that NaCl was not spectrally active in theRataan rempn

and therefore had no contribution to crystallinity detected during extrusion.

The same recrystallisation trend is observed for Plasdased extrudates. Up to the

critical concentrationd( ¢z 40wt %) there is a single phase amorphous dispersion with

no melting endotherms (Figure 2.11.A). At 4486, 45wt% and 50wt% the small

melting endotherm at 169°C, denotes melting of PCM form I. At higher drug loadings,

there aréwo endotherms afa. 160°C (melting of form 1l) and 169°C (melting of form

). X-ray diffraction analysis is depicted in Figure 2.11.B. It corroborated the
amorphous <character of the extrudt®tes up
crystalline peaks corresponding to form | were found and as expected, their intensity
increased with increasing the APl mass fraction. Given iserade in the XRPD

patterns, form Il is thought to be thermally induced by the DSC heating scan for both

polymers.

Appearance of crystalline API following cooling of the extrudates suggests the
solubility limit has been exceeded. This was evident for alkgdmer extrudates

with drugloadings abové di.e., > 20 wt% for PCMAFF and > 40nt% for PCM

PLSD). This offers compelling evidence that (i) THRaman identification of the
saturated solution temperature is valid and (ii) that the critical concenthatsothe

ability to differentiate ASD formulations that are truly unstable/metastable and those
which are more likely to be stable at point of use. Based on the correlation between Cc
and DSC and XRPD amorphicity, the maximum solubility pEracetamolat
temperatures encountered post MtbEandi n Af f
O 4vt% respectively. The, & wappears to provide a maximum drug loading
threshold that can be used to infer ASD physical stability at the point of developing
the manufacturing process. This enabezsly identification of recrystallisation

tendencies within an ASD and allowdentification of the maximum API load that can
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be molecularly dispersed in the polymer during extrusion and remain amorphous at the

point of use.
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Figure2.11. A) DSC thermographs and B) XRPD diffractograms of PCM, PLSI
PCM-PLSD extrudates with different APl contents.

The THzRaman method herein developed has allowed an insight into the likely
equilibrium solubility range for these particular systems. Care was taken to allow
extrusion to reach steady state at each experimental condition arRarkn data

was only conglered when steady state conditions were satisfied. This allied with the
length of the 16 mm extrusion unit (HME Length (L) /Diameter (D) = 40) and the

intensive mixing provided offers sufficient confidence to asstoeeequilibrium was

reached and that ebrved solubility data is not constrained by kinetic limitations.

Furthermore, by enabling-ime drugpolymer solubility determination, this method
also provides a valuable process analytical technology (PAT) tool for process
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optimisation during the development of new ASDs systems by hot melt extrusion. It
has the potential to correlate product critical quality attributes, such as residual
crystallinity, to HME critical process parameters such as residence time, screw speed,
feed rate, screw configuration and processing temperature, as promoted by the
International Conference on Harmonization (ICH) Q8 (R2) and quality by design
(QbD) frameworksadvised by the major regulatory authorities, namely FDA and
EMA.

2.4 Conclusions

The objective of thi€haptemwas to develop a new empirical method to determine the
solubility of crystalline API in polymeric matrices directly during hot melt extrusion
processing. For the first time, lefrequency Raman spectroscopy was coupled with
HME to monitor the amorphousystalline phase transitions of the APl as a means of
providing realtime API solubility. As a proof of concept, the solubilitypafracetamol

in HPMC, gradéffinisol 15LV and PVPVA, gradePlasdoneé&s630 was determined.
Succeshul identification of the saturated solution temperature enabled construction of
solubility phase diagrams for the binary systems. From the phase diagrams generated
in this manner a critical API concentration was identifiedw® for Affinisol 15LV

and 40wt% for PlasdoneS630. This critical concentration was found to reveal the
maximum API load that can be molecularly dispersed in the polymer during extrusion
and remain in the amorphous state at storage conditions after HME processing. DSC
and XRPD analsis supported this inference and showed that this critical concentration

could beused as a stability predictor.

Overall, solubility data generated by this approach provides a more accurate reflection
of the likely solubility equilibrium for optimum HME processing at temperatures
below the API"Y and a reliable alternative solubility measurement for determining
stable amorphous solid dispersions. This approach also offers an impotiaet in
process control tool for process optimisation and QbD implementation in the
manufacture of HMEbased ASDs.

61



Chapter 3

Comparative Study of Different
Methods for the Prediction of Drug
Polymer Solubility

3.1Introduction

To accommodate the needs of emerging pharmaceutical formulations, there is a
continuous requirement fasimultaneousinnovation in process development and
quality control. In response, the ICH and FDA releabedquality by @sign (QbD)
frameworks to guide the implanentation of digital innovation within the
pharmaceutical industiy? QbD allows quality to beaxcludedinto the formulation and
process desigatagesn a predictive mannein order to successfully implement the
QbD framework within the ASD fieldAPI-polymer solubility and miscibility must be
integrated into the degn spacé?® Their prediction in advance of processinguld

assist formulation development to aid polymer selection and expedite the identification
of stable drug loadingsSeveral publications have reported the phase behaviour of
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binary API-polymer systemfrom a thermodynamic perspective usitigssicFlory-
Huggins (FH) modelling of melting point depressiordatal95¢198 A typical FH
phase diagram depictsxszonesdivided by three curvesthe solid-liquid curve
depictingthe APFpolymer solubility, the spinodal decomposition curve representing
the metastability boundary betweea singlephase amorphous systeand an
amorphousamorphous phaseegarated oneandfinally, the “Y curve as previously
discussed irSectionl.6. However, full validation of these phase diagrams has been
limited, with only a few points across the temperattomposition space being
tested®® This Chapteraims to compare different methods fine APFpolymer
solubility determination angrediction. In particulgrtemperature composition phase
diagrams will be developed via the Flddpggins and the Kyerematemgodelling
approachesand the solidiquid equilibrium will be compared with the one provided
by the low-frequency Raman methodeveloped in Chapter. 2Additionally, the
predictive potential of the Hansen solubility parameters andzéve enthalpy

approach will also be assessed.

3.2 Materials and Methods

3.2.1 Materials

Soluplus (SOL), a polyvinyl caprolactapolyvinyl acetatepolyethylene glycol graft
co-polymer (at a ratio of 57/30/15, respectively) was kindly donated by BASF
Chemical Co(Ludwigshafen, Germany). Eudragit EPO (EP®&®tationic copolymer
composed of methyl and butyl methacrylic acid esters dntetbylaminoethyl
methacrylate monomers was provided as a free sample by Evonik Industries
(Darmstadt, Germany). Polyvinyl alcohol (PVA) grade Emprove Parteck MXP was
purchased from Merck (Merck, Germany). The remmg polymers (Affinisol and
Plasdone) and the API (powdengaracetamglwere the same as describeimapter

2 Section2.2.1. The polymer choice criteria aimed to include 5 of the most ubiquitous

polymers in curent pharmaceutical processing.
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3.2.2Methods

3.2.2.1 Balimilling

For each system, physical mixtures (-g)Onere first prepared by geometric mixing
using a mortar and pestle at the following dpadymer ratios: 180wt%, 2680 wt%,

30-70 wt%, 4060 wt%, 5050 wt%, 6340 wt%, 6535 wt%, 7030 wt%, 7525 wt%,

80-20 wt%, 8515 wt% and 9010 wt%. Subsequent bathilling was performed to
reduce particle size and to allow for diffusive mixing during the DSC heat exposure
cycle. Ball milling was carried out on a Retsch GmbH ball mill (Haan, Germany).
Powdered samples (¢} were placed 2l stainless steel milling containers with two
stainless steel balls (@m in diameter) and milled at 3. A predefined milling time

of 2 min was chosen, which was followed byr@n cooling time to reduce API
amorphisation. A total of 4 millingooling cycles were used for all samples(th

total milling time). The number of millingooling cycles was determined by
measuring the melting point temperature of the mixture beyond which no further
melting point decrease was observed. Care vsgstaken to assure no polymorphic
phase transition occurred and that crystalline API was still present at the end of milling

(confirmed by XRPD)AppendixB 1 shows the corresponding data.

3.2.2.2 Differential Scanning Calorimetry

Melting point depression experiments were performed on a DSC 214 Polyma
differential scanning calorimeter (NetzsGeratebau GmbH, Germany) under a

helium environment (purge 1=40 mil/min, purge 2=60 ml/min). Samples5oig

were accurately weighed and crimped in 25 pL aluminium pans with pierced lids (to

allow the moisture to escape) and subjected to twedwedicycles as shown in Figure

3.1. The first heating cycle comprises 3 phases: (1) heating from 0°C to 100°C at
20°C/min, (2) an isothermal step f80 min at 100°C for the formulations containing

EPO, PVA and SOL and at 110°C for the Aliad PLSDbased systenisthis is an

i ntermedi ate temperature betvwaedé3phedtige pol
from 100C to 180C at C/min to allow for diffusive mixing and provide sufficient
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time to solubilise the API. There is a continuous debate in the literature as to whether
to use the onset, peak top, or offset temperature of the API melting endotherm as the
solubilisation temperatureY). Here the recommendatiasf H°hne et al,’*® was
followed and the peak top of the melting endotherm was taken as the cevatiel

All cooling cycles were performed from 180°C to 0°C at 20°C/min to quench cool the
samples. The second heating cycle was performed ff@mc0180C at 20C/min to

obtain the'Y related to the API loading. The midpoint of the glass transition event was
evaluated asY. For each drugolymer system, measurements were perforined

triplicate at all drugpolymer ratios
200
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Figure3.1. DSC melting point depression meths

3.2.2.3 Helium pycnometryi density measurement

True density measurements were performed on a Quantachrome MicroUltrapyc 1200e
gas pycnometer (Anton Paar, UK) using Nitrogen gas purge (0.684 baregasre).
The system was equilibrated and calibrated before use. System performance was
verified using two standard stainless balls with known volume (2.13)5bafore
testing materials, to ensure accuracy. Measurements were performed in duplicate for
each material. For each replicate, the measurement was made in triplicate (n=6 for

each material).
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3.2.3 Theoretical considerations

3.2.3.1 Calculation of the solubility curves

3.2.3.1.1 FloryHuggins model

The use of FloryHuggins lattice theory to construct a temperattomposition phase
diagram depicting the drygolymer solubility as a function of temperature has been
well established in the literature. Accordingly, the Gibb's free energy of m¥ing

may be expressed:as
30 24——1 W% ——I W% % %o (3.1)

where%ois the volume fraction) is the molecular volume of the drug or polymer 6
i's the FTH i nthasrthe mdlar gasiconstant, @vh thé temperature.

I n a dr ugi p oNais aedimred awithg malecuéar, size of the drug. Thus,
Ne = mNa, where m is the ratio of the volume of a polymer chain to drug molecular

volume (Eq. 3.2):

(3.2)

where theb 0 and 0 0 are the molecular weight of polymer and drug,
respectively, and the’ and ” are the density of polymer and drug,

respectivel y. The free energy of mi Xxi ng
therefoe be written alternatively as:

. % . . 3.3
30 2 4% 1 %o °°d | %o Y% %o (33)

The free energy of mixing may be calculated at a specified temperature with respect
to the corresponding interaction parameter. Furthermore, the melting point depression
data collected from the DSC may be wused

paraneter using the following the ap@oh developed by Nishi and Wanhg

Y oS P, . (3.4)
~ Y s * P oo % 2%
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where%ois the volume fraction of the dru@y and”Y are the melting points of the
drug crystal in the drugolymer mixture and the pure drug, respectivélys the gas
const an®is theaheat of tpsion of the drug. For estimating the interaction
par ameter 6 f r aepredsibneEqn3el requiren gearnangemerit, which
yields Eq. 3.5:

PP (.. P

(3.5)

The slope of the line obtained from plotting Eq. 3.5 provides tredue.It should be

noted that the interaction parameter is not constant but tetupesnd composition

dependent®*The temperature dependence of 6 i s
o)
? Wén 0on (3.6)

whereo is the value of the temperattirelependent term (entropic contributiod)is

the value of the temperatudependent term (enthalpic contribution), amdand

Oare fitting constants of 2d@hiswalationship espec
subseqgantly has been simplified to Eq. 3.7, whitds provend be sufficient in many

polymer system¥2

0 (3.7)

This first order relationship between 6
FITH polymer solution theory, which summa
polymer composition, chain length and temperatlihe variation of the relationship

bet ween ¢ and temperat ur e ithhassbheeb ssednto pr ev
extrapolate the value of G for drugipol
temperature®*?2® Herein, Eq. 3..vas empl oyed to rel ate ¢

identify constants A and B.

Furthermore, the spinodal curve, which provides the boundary between the metastable
and unstable region beyond which amorphous phase separation occurs, can be plotted

by equalising the second derivationsofi Et@zero, hence:
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6 (3.8)

P o
%o 8 %o o

Where"Y is the spinodal miscibility temperature.

3.2.3.1.2Empirical equation

Alternatively, the solubility curve of an ARpolymer binary system can be modelled
by the empirical approach developed by Kyeremateh@l®? according to the

following:
Y 0Q Y O (3.9)

InEQg.38,Yi s t he API 6s s OYistha APlintelfing teraperptere, at u r e
wis the API content (wt%) anil, candé are the fitting parameters. According to the

author&?, thed parameter represents the magnitude of thepgtmer interaction

and can take only zero or integer values (@e=,0 for systems exhibiting repulsive or
nonexistent APipolymer interaction and =1 , 2, 3 etcé for sys
attractive APipolymer interactions). In this study, the approach developed by Mathers

et al?**was adopted and the experimental solubility data was fitted to EQ.3.8 with no
constraint to thé parameter after optimisation 6fand®, with 6 set to zero. These
parameters were obtained with a nonlinear fitting procedure by minimising the residual

sum of squares. Given that this approach is a combination of the methods developed

by Kyerematengt al, and Mathergt al.,it will be referred to as the empirical method

(E-M) from hereon to avoid misrepresentation.

3.2.3.2 Calculation of the glass transition temperature

Multiple approaches have been developed for estimatiny/'tbarve of APpolymer
mixtures from a knowledge of their pure compat physicochemical properti&s.
The GordorTaylor ('O "Y equations commonly used for binary systems according

to:

W “Y'Q U w YQ (3.10)
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In Eq. 3.9,w and w is the weight fraction of the drug and polymer,
respectively.’Y and”Y is the glass transition temperature (in Kelvin) of the

drug and the polymer, respectively. Thhe parameter can be estimated from the

SimhaBoyer rulé”:

, B Y'Q (3.11)
© Tva
where,” and” Is the density of the drug and polymer, respectively.

Alternatively, Kwet% reported that severaystemslemonstrated Y behaviour that
differed from the results obtained employing #®e “Yequation To account for this
deviation, a second parameterwgs included as shown in Equation 3.12 below. This
parameters used to model the effects of specific interactions between gwmisoon

the”Y of the binary systent’

® YQ 0®d  YQ (3.12)
y ‘ _ Ao ©
w LW

Parameters0 and 3 were determined by fitting them simultaneously to the

experimental values following the approach suggested by et s’

3.2.3.3 Calculation of the Hansen solubility parameters

The Hansen solubilityt( )parameters were calculated with the Hansen Solubility
Parameters in Practice (HSPiP) software (version 5.1.08). The chemical structure of
the APl and polymers were drawn and the SMILEB#{plified Molecular Input Line

Entry Syster string was used tdetermine solubility parameteesnployingthe Y-

MB group contribution methodccording tahe following Equation
Urotr =  of +1 p°F n2)f° (3.13)

Wherelhotai S t he tot al S qosl the kwantributtory fromp digspersima t e r
forces,lpis the contribution from polar forces ands the contribution from hydrogen

bonding. The HSP differencpirota) between the API and polymers were calculated.
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Additionally the vol ume ,Jdvasxaaouldtedmadcordng | ub i |
to:
U= of +0 PO (3.14)
Apart frompurota, the Bagley diagram was used to assesspdBimer pairs. The
Bagley diagram is a twdimensional plot ofi againsti, that has been reported as

one of the most efficient ways of representing polypwymer and polymesolvent
interactions with regards to H3P.
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3.3Results and discussion

3.3.1 Glass transition temperature (Tg) prediction

The ASD"Y curve is an important component of the dpalymer phase diagram, as

it provides key kinetic information for guiding the ASD storégmperaturé® In this

study, two approaches for predicting the glass transition temperature were
investigated, the Gordehaylor (O "Y and thed 0 ‘Qri@dels. These models permit

the theoretical calculation of the Tg values over the entirepdBimer composition
range through the application of relevant pure component physicochemical properties
(seeSection3.2.3.2). The modeledly curves along with the experimental data
obtained from DSC and the associatédalues are illustrated in Figure 3.2. All
systems exhibited a singl®& value between thé&Yy of the individual components,
which indicates potential homogeneous miscible systems. Both models provided a
good fit to the experimental data ¢ 0.98) with exception of PCMFF that showed

a strong negative deviation from ti@ “Ymodel (¢ = 0.638). It should be noted that
the’O “Ymodel is based on volume additivity and assumes no interactions between
drug and polymet®® Thus, deviations from ideal lined@® “Ybehaviour are the result

of entropy effects beyond combinatorial mixing, such as strong intermolecular
interactions between the componefitsin this case, the difference between the
experimental and the predictéd “Yvalues is most likely due to the stronger drug
drug interaction (i.e., seHissociation/dimer formations through the amide group),
which would account for the observed negat®e "Ydeviation. Such behaviour was

not observed for any of the other polymer systems, suggesting better miscibility for
the remaining ones. This is also supported by the (relatively) higher experiiental

values compared to the PGM-F system.

Overall, and based on théwvalues, the) 0 ‘f@del outperformed th® “Ymodel
and provided a better fit to the experimental data. T'hie Qequationextends the
"0 “"Ymodel by introducing the binary paramefewhich accounts for theffects of
specific interactions between componeftsTherefore only this model will be

considered for the drugolymer phase diagram construction. The physicochemical
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properties of the pure components used in the modelingrihees well as solubility

and spinodal curves are summarizedppendix B 2.
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represents the standard deviation=(8). The associated values of the fittedY

models with respect to the experimentaladis
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3.3.2 Melting point depression and interaction parameter

For a pure crystalline drug at the melting point temperatilyg, (the chemical
potential of both thesolid-stateand molten state is equal, and for droglymer
mixtures, the melting point temperature of the drug could be reduced if the crystalline
drug solubilises into the amorphous polyriéfable3.3 shovgthat the PCM melting

point temperature decreased with increasing polymer concentrations for all systems.
Based on the magnitude of the melting point depregsem Table 3.2}the polymers

can be clustered in two groups: (I) PLSD and SOL and (Il) EPO, PVA and AFF. The
former group displayed greater melting point depression suggesting greater solubility,
whilst the latter showed less significa reduction. The experimentdl data
acquired using the DSC method were subsequently applied to the two methods
described irSection3.2.3 (i.e., the fH model and the empiricgquation) to model

the solidliquid equilibrium, the spinodal curve and the free energy of mixing that will
be further discussed in tHgectionbelow. With regards to th&®® 'O model, the
interaction parametervalues for PCMEPO, PCMPVA, PCM-AFF, PCMPLSD and
PCM-SOL were 0.51, 0.120.11,-0.85 and-1.85, respectively. Positive values

suggest immiscibility, whereas negative or close to zero values indicate miséibility.

3.3.3 Hansen solubility parameters

The proximity of the Hansen solubility parameters (HSP) of the drug to that of the
pol y me7r MPd?Dhas been proposed to indicate miscibility between the
compounds?*?2 This could speed up the screening process by excluding
underperforming polymers early in the screening process. With exception of PVA, a
direct correlation between the HSP proximigtues and drugolymer solubility was
found. Figure 3.3 displays the Bagley plot for the various-glgmer systems. The

raw HSP values calculated by the HSPiP software are showppandixB 3. A
similar grouping behaviour and polymer ranking was observed: group | (PLSD and
SOL) displaying the smallest difference compaiedroup Il (AFF and EPO). PVA

did not follow the same trend and despite having the smallest HSP difference, it did

not correlate well to the experimental data. This is most likely related to the high
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hydrogen bonding count given by the PVA
specific functional groups that hinder a direct translation of the Hansen solubility
parameters has been previoudported in literaturé
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Figure3.3. Bagley plot of the Hansen solubiliparameters.

3.3.3 Gibbb6s free energy

To better understand miscibility between two components, consideration of the
temperature effects on @& bisasful.flrduyg ener
polymer systems exhibiting negativggO , miscibility is thermodynamically

favored, whereas positiveO values are typically observed for immiscible
systems® The Gibbs free energy variation as a function of composition and
temperature was obtained by fitting thevalues intoEquation3.3, and results are

shown in Figure 3.4The3'0O /Y "Yor group | polymers (i.e., PLSD and SOL) is

negative and convex as shown in Figures 3.4.d and 3.4.e, which suggests
thermodynamically stable and homogeneous mixtures would be generated at all
compositions. For group Il polymers (i.e., AFF, PVA and EPOyiax ed @Gmi X
behaviour was obtained. For this group, miscibility would be attained only at high
temperatures and only for certain dioglymer ratios (Figure 3.4.a, b and c). In
particular, forthe PCMAFF system, temperaturesT O 100.
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that became positive at high drug loadings. The drug composition at which the Gibb's
free energy became positive decreased as temperature decreased. FBVRCM

t e mp er alR0fC esilteddin negative™O /Y "¥at all compositions. As the
temper at ur e 100P@)ctheeGibb'eefrbe gnddgy became positive at drug
volume fractions >0.3. Lastly, for the PCEPO system, negative&@O /Y “Yalues

were only obtained at 140°C for drug volume fractions <0.35. As temperature
decreased>'O /Y “Ybecame positive at all compositions, suggesting extremely

reduced miscibility.
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3.3.4 Temperaturecomposition phase diagram

3.3.4.1 The solidiquid equilibrium

As discussed above, tf@ "Oand the empirical methods were used to model the DSC
melting point depression data in order to extrapolaf solubility at lower
temperatures of interest (i.e., storage temperatures). Figures 3.5 and 3.6 display the
temperatur&composition phase diagrams containthg solidliquid equilibrium, as

well as the spinodal and’ curves. To make a direct comparison with the solubility

approach developed i@hapter2, the saturated solubility temperatuf®&)( points
obtained from the THRaman amorphousrystalline transition were added to Figure
3.5.a and 3.5.b for AFF and PLSD, respectively.

While 'O "O and the empirical methods showed good correlation to the DSC
depressed melting point data at high temperatésalues displayed in the Tables 3.3

and 3.4 respectively), there were considerable differences between the experimental
low-frequency Raman solubilisation temperature values and the predicted ones. For
both prediction methods, differences as high 88 20r AFF and 58C for PLSD were
observed at the lower drug loadings where the pure polymer properties dominate the
system. However, upon i ncr evisforiAgF abhdh e dr
O Wi for PLSD, both measurements and predictions became calphpavithin

a = 5C temperature interval. Such differences were expected to some extent, because
the thermodynamic models do not include any viscosity considerations. Duerto the
situ nature of the lowirequency Raman approach, viscosity and shear variations are
directly translated into the experimental Ts values obtained. Further work is necessary
to identify the drugpolymer composition associated with drastic viscosity changes
that prevents true thermodynamic equilibrium from being reached during DSC and
beyond which thse models are no longer applicable for the ghmigmer solubility
prediction.

The level of mixingof the components, thgarticle size and the polymer viscosity will
affect the accuracy of the underlying DSC measurements as the drug dissolution

requires transport of molecules into the polymer matrix. If the components are poorly
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mixed, contain large particle and the system is highly viscous, mixing will require
transport over longer distances and time, which will result in a diffusive and thermal
lag. This may explain the higher solubilisation temperature values obtainedhizom
DSC and can ultimately lead to an underestimation of the API solubility using only
DSCbased methoddn this study, care was taken to mitigate these effects by (1)
preparing physical mixtures by geometric mixing, (2) dpalling the physical
mixtures tofurther reduce particle size and increase the interaction surface area and
(3) employing a slovheating rate of °C/min above the polymety to allow for
diffusive mixing. Hence, it is reasonable to assume that at low drug loadings
thermodynamic equilibrium was not reached during DSC and thathduetensive
mixing provided by the twiscrew extruder, théY values obtained from the THz
Raman providea more accurate reflection of the likely solubility equilibrium

throughout the entire composition range.

The predicted solubility at 26 provided by théO "OandO 0 approaches was
further compared to the critical concentrationgy(i.e., maximum stable composition)
extracted from the THRaman approach (Table 3.2). The predicted solubilities from
the empirical method correlated well with the FTRaman solid solution capacity
indication: EM = 14wt% vs6 G- 20 wt% for AFF and BM = 37 wt% vs & ¢ 40

wt% for PLSD. Due to the compositional step change takebhapter2, no drug
loadings were tested betweend® and 20wt% for the PCMAFF system. Thus,
the’'O 0 predicted solubility at 2& not only corroborates the proposedvalue

but it refines it down to 14t%. On the other hand, th® O predicted solubility
values at 2%C were as low as Wt% for AFF and 3wt% for PLSD. For PVA, EPO

and SOL there was no THRaman data to compare with. Nonetheless, despite
differences between the predicted solubility values &E 2both of these approaches
suggested similar polymer ranking: SOL > PLSD > AFF > PVA > EPO. This suggests
that the empirical method could be better suited for solubility screening, as it would
provide a better indication of the maximum stable drug loadimgeneral, théO O
method predicted lower API solubilitat storage temperature than tkie 0

approachQverall, these results are in good agreement with literaturé‘d&ta.
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3.3.4.2 The spinodal curve

The spinodal curve represents the boundary between the metastable and unstable
regions, beyond which amorpheasorphous phase separation is expected to &tcur.

For the vast majority of published drpglymer phase&liagrams, an upper critical
solution temperature (UCST) behaviour, with positivand negatived values has

been reported (refer to Eq. 3.7). Therefore, gugprisingto observe that a concave
spinodal profile was obtained for group Il polymers, viitk 0 andd > 0 indicating

a lower critical solution temperature (LSCT) behaviour (Figuséb3and 36.c). This
behaviour has been reported for temperature responsive pelyater systems
wherein the polymer solution transitions to a gel fornteasperature increasé$
Although not seldomobserved for drugolymer ASDs, this behaviour has been
reported foindomethacin naproxen andibuprofenEudragit EPO systems, as well

as for thecarbamazepinéffinisol system:® The position of the spinodal curve
relative to the solubility curve can strongly affect the kinetics of amorphous phase
separation. For any point located below the UCST spinodal curve or above the LCST
curve, a single phase homogeneous system is expectsgparate into twphases,

i.e., drugrich and polymerich phases. Thus, due to the positioning of the spinodal
curve, the two systems demonstrating LCST behaviour are deemed less prone to
amorphous phase separation at usual storage temperatures pofstcioae. For the

group | polymers, an UCST behaviour was observed, which suggests phase separation

could occur post manufacture.

3.3.5 The zero enthalpy approach

Alternatively, the solubility of the API in the polymer walso infered by the zero
enthalpy methoé The plot of the regressidiquatiors and intercept values at zero
enthalpy are shown in Figure 3and Table 3.2, respectively. The intercept values
provide an indication of the maximum drug concentration that can be solubilised in
liquefied/molten polymer at zero enthalfyFrom these, the same polymer grouping
behaviour was obtained and the following polymer solubility ranking was obtained:
SOL~PLSD >> AFF > PVA > EPO. These results are in good agreement with the
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solubility ranking provided by th® 0,0 0 and lowfrequency Raman method
(only AFF and PLSD for the latter).
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Figure 3.7. Graphical representation of the depregs@l as a function of drt
loading. The extrapolated linear relationshippd® is based upon least squ
regression of the experimental data

Table3.1. Solubility and miscibility values at 26.

Wt (%) EPO PVA AFF PLSD SOL
F-H solubility at 25°C 0.6 0.7 1 3 5
E-M solubility at 25°C 4 6 14 37 39
Low-frequency Raman C - - 20 40 -
Sol ubi H0 y 18.89 25.14 28.83 58.27 58.11
Miscibility at 25°C 7 10 13 - -

ai Obtained from the spinodal curve.
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Flory-Huggins

PCM:EPO PCM:PVA PCM:AFF PCM:PLSD PCM:SOL

r’=0.839 r’=0.950 r’=0.977 r>=0.982 r’=0.958

G=0.51 G = 0.12 G -&11 G -&85 G -E81
Wt % DSC Tu F-H Ts DSC v F-H Ts DSC v F-H Ts DSC Tu F-H Ts DSC Tu F-H Ts

95 169.6 + 0.1 167.74 169.3 £ 0.05 168.94 169.63 + 0.05 171.19 169.46 £ 0.0 170.66 169.36 +0.0! 170.75
90 169.2 +0.1 171.00 168.8 + 0.15 168.50 169.23 £ 0.05 171.14 169.13+ 0.5 169.61 168.83+0.0! 169.89
85 168.66 +0.05 170.95 168.16+0.11 167.94 168.73 £ 0.05 170.86 168.16 £ 0.1 167.90 167.83+0.0: 168.42
80 168.23 +0.05 170.82 167.36+0.11 167.23 167.9+0.11 170.31 166.06 +0.1 165.58 166.66 +0.0! 166.33
75 167.53 + 0.1 170.60 166.63+0.05 166.30 167.16 £ 0.12 169.48 161.73+0.2 162.66 164.9+0.01 163.58
70 166.5 + 0.11 170.25 163.9 + 0.36 165.12 166.5+0.264  168.35 159.4 +0.2 159.18 160.43+0.2t 160.16
65 165.5 +0.13 169.72 162.96 +0.15 163.59 165.63 £ 0.13 166.86 156.2+ 0.5: 155.16 157.76 £+ 0.9 156.03
60 164.4 + 0.09 168.95 162.43+0.15 161.64 161.5 + 0.69 165.00 148.83+ 0.6C 150.60 148.56 +1.1! 151.19
50 161.5+0.21 166.47 158.96 +0.05 155.89 156.56 + 0.45 159.90

40 157.93+0.56  162.07 154.2 £ 0.45 147.07 150.2 +0.23 152.47

30 154.3 + 0.59 154.50 148.5 + 1.65 135.02 144.36 £ 1.32 141.70

Table3.2. DSC melting point data and FleHuggins solubilisation temperatures. DSCcorresponds to the averagé values and the erro
represents the standard deviatior ().
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Empirical Method

PCM:EPO PCM:PVA PCM:AFF PCM:PLSD PCM:SOL
r’=0.988 r’=0.952 r’=0.92 r’=0.971 r’=0.992
Wt % DSC Tu E-M Ts DSC Tu E-M Ts DSC Tu E-M Ts DSC Tu E-M Ts DSC Tu E-M Ts
95 169.6 + 0.1 169.29 169.3+0.05 168.94 169.63+0.05 169.29 169.46+0.0 169.46 169.36 +0.0! 169.18
90 169.2+0.1 169.04 168.8+0.15 168.50 169.23+0.05 169.00 169.13+0.f 168.69 168.83+0.0! 168.69
85 168.66 +0.05 168.70 168.16+0.11 167.94 168.73+0.05 168.60 168.16+0.1¢ 167.91 167.83+0.00 167.91
80 168.23 +0.05 168.24 167.36+0.11 167.23 167.9+0.11 168.05 166.06+0.1 166.67 166.66 +0.0! 166.67
75 167.53+0.1 167.63 166.63+0.05 166.30 167.16+0.12 167.29 161.73+0.2 164.72 164.9+0.01 164.72
70 166.5+0.11 166.80 163.9+0.36 165.12 166.5+0.264 166.24 159.4+0.2 161.61 160.43+0.2( 161.61
65 165.5 +£0.13 165.69 16296 +0.15 163.59 165.63+0.13 164.80 156.2+ 0.5! 156.68 157.76+0.9 156.68
60 164.4 +0.09 164.20 162.43+0.15 161.64 161.5+0.69 162.80 148.83+0.6C  148.87 148.56+1.1' 148.87
50 161.5+0.21 159.5 158.96 £+ 0.05 155.36  156.56 +0.45  156.26
40 157.93+0.56  152.85 154.2+0.45 146.40 150.2 + 0.23 143.83
30 154.3 £ 0.59 135.55 1485+1.65 130.74 14436+1.32 120.20

Table3.3. DSC melting point data (@ 3) and EM solubilisation temperatures with respectivealues.

85



3.4. Conclusion

The use of FlomHuggins phase diagrams as a-faemulation tool for the design and
manufacture of stable ASDs has long been proposed. However, only APflew
polymer systems have been studied and in most cases, its validatidredras
insufficient and based on selected individual points across the phase diagram. In this
study, the solidiquid equilibrium depicting the thermodynamidPI-polymer
solubility curve wasnodelled withFlory-Huggins(F-H) and the Kyerematerigased
empirical Equations (EM). Resuts were compared to the solubility curve obtained

from the lowfrequency Raman & HME approachhe Hansen solubility parameters

and the zero enthalpy approach were also used as alternative screening methods. Both
modelling approacheshowed good correlation to the DSC data, but there were
considerable differences between theR solubilisation temperature values and the
predicted ones. For both predictiapproachesdifferences as high as ZDfor AFF

and 50C for PLSD were observed at the low drug logdinvhere the pure polymer
properties dominate the systewm¥bfoAtFF hi ghet
and @t% %00 PLSD) both measurements and predictions became comparable
within a + 5C temperature interval. This suggests that (1) at low drug loadings
thermodynamic equilibrium was not reached during DSC and (2) due to the intensive
mixing provided by the twiscrew extruder, théY values obtained from the THz
Raman providex more accurate reflection of thkely solubility equilibrium across

the entire composition range.

The EM solubility extrapolation to typical storage temperatougperformed FH. In

fact, EM was inexcellentagreement with theritical concentration provided by the
LFR method and physical stability data. Overall, these results further cotifem
newly developed.FR method provides a reliable alternative solubility measurement

for determining stable amorphous solid dispersions.
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Chapter 4
Linking API -polymer Solubility to
Amorphous Solid Dispersion

Microstructure Formation

The work carried out in this Chaptevas fully published ira peerreviewed
journal.

Bordos, E.Das, G., Schroeder, S. L. M., Florence, A. J., Halbert, G. W. and
Robertson, J. Probing the interplay between drug saturation, processing
temperature and microstructure of amorphous solid dispersions with synchrotron
X-ray phasecontrast tomographylnt. J. Pharm669, 125018 (2025)
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4.1 Introduction

Over the last decadbot melt extrusiofHME) processing has been gaining growing
importanceas an oral drug delivery strategy to ensure adequate bioavailability of
poorly soluble BCS class Il drug$?8Within the extruding apparatus, the physical
mixture of crystallinéAPI and polymer is subjected to varying temperatures along the
barrel to promote the solubilisation of tAdl in the polymer matrix. During this
process the drug could be molecularly dispersed or exist as a suspended amorphous or
crystalline phase. The degree of homogeneity and the number of phases present within
the resultant ASD are primarily the result of fhteysicechemical properties of the

drug and polymer used in the formulatidiese dictate the miscibility and solubility

of the drug in the polymer matriklowever, equipment and process variables such as
the screw configuration, barrel temperature, screw speed and feed rate have also been
shown to impact the extent and rate of conversion of the crystalline drug into the
amorphous formas well asthe degree of homogeneity within the final ASD

p rod uct:!.83,219,220

Due to limited residence time in the extruding apparatus, it is critical to provide an
adequate level of mixing and sufficient thermal input to promote the solubilisation of
the API whilst avoiding thermal degradatioRrom an APkpolymer solubility
perspective (i.e., solubility of crystalline drug in molten/soften polymer) and based on
kinetic and thermodynamic considerations, three processing regimes have been
proposed to define the operafimesign space for miscible Apblymer systems
duringHME: (i) melting, (ii) dissolution and (iii) suspensi@hMelting regime occurs

at processing temperatures corresponding to and greater than the melting point of the
drug species. For most polymer systems this occurs at temperatures values well above
the glass transition temperature. Within this regime both dnday polymer have
sufficient molecular mobility to reach a molecular level of mixing under a minimum
mechanical input. Although assuring phase homogeneity and absence of residual drug
crystallinity, this regime precludes extrusion of thermolabile substathe¢ degrade

upon or after melting. Therefore, processing under the dissolution/solubilisation
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regi me, at temperatures between the API 06
temperature (d), is highly desirable. Under this regime ASDs can be obtained below

the drugbds melting point as a resul't of
However,the determination of the API solubilisation end point durggrusionis

challenging and not routinely performed. To address this aspechapter2 it was
demonstrated that the saturated solubility of a crystalline drug in a molten/softened
polymericmatrix can be determined with-8itu THzRaman spectroscopy. The aim

of thisChaptelis to further evaluate this approach by combining it witha}{ imaging

analysis to assess the resultant ASD microstructure.

The internal structure of the ASD drug product is an important critical quality attribute
that has a direct impact on downstream processing, as well as on the performance of
the finished amorphous drug prodéfe®! Although it reflects the efficiency of the
manufacturing process in producing a homogeneous amorphous product, it is a rather
neglected aspect. To date, the great majority of studies has focused on the production
process and performance of ASDs, but there been limited data about the effect of
material and process parameters on the interior ASD microstructure. Synchrotron
phasecontrast micrecomputed tomography (SyiRGe CT) i s an advance
technique that can be used to circumvent this probteatiows nonrinvasive imaging

of specimens to depict cresectioral and threalimensional internal structurelync

PG->CT has been extensively used in material sciét¥ééand biomedical researéft

226 fields to study weakly absorbing features in {density objects or multiphase
materials where the different components have simieay<attenuation coefficients.
Whilst conventional Xray imaging methods rely mainly on-cdy absorption
differences acrss different materials as a mechanism of contrast formation, -phase
contrast tomography is also sensitive to the refraction -odyX in mattef?’ This
provides enhanced contrast at the interface boundaries of existing structural domains
within a specimen independently of thehraly attenuation coefficients This aspect

is particularly useful for low atomic number materials, such as the ones typically

present in organic pharmaceutical ASDs.

The specific objectives of thiShapterare hence to investigate the internal structure
of HME-based ASDs by meansof SygGe¢ CT and t o devel op furt
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of the impact of the drug saturation level and HME processing regimes on the ASD
microstructure, as well as its potential implications on ASD stability. For this purpose,
solid dispersions were produced under varying saturation conditions and the process
was monitored with a loMrequency Raman probe combined with multivariate data
analysis. The SyaPGe CT i nvestigation was coupl ed
strategy to extract qualitative and quantitative morphological descriptors for a model
binary system ofParacetamahnd HPMC.

4.2 Materials and methods

4.2.1Materials

Pharmaceutical gradearacetamol(PCM) powder form | was purchased from
Mallinckrodt Inc., (Raleigh, USA). Hydroxypropyl methylcellulose (HPMC) grade
Affinisol 15LV, a cellulose derivative amorphous polymer, was kindly donated by

Dow Inc., (The Dow Chemical Company, now DuPont Inc., Michigan, USA).

4.2 .2Methods

4.2.2.1Blending

Binary mixtures of crystaline PCM and HPMC were prepared at mass ratios of
10-90wt %, 2080wt %, 3565wt %, 5050wt % and 7630wt % using a bin blender
(AgiBlend MBO15AB Blender, Pharmatech, Warwickshire, UK) with a 1L vessel.
Each formulation was blended for 20 minutes at a set blend speed and agitation of 25
rpm and 100 rpm, respectively. Prior to blending, materials were dieneedyh a 710

pum mesh to remove powder agglomerates.
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4.2.2.2 Preparation of amorphous solid dispersions by hot melt

extrusion (HME)

HME was performed with an 11 mm-cotating twinscrew extruder (Process 11, 40:

3/4 L/D Thermo Fisher Scientific, Karlsruhe, Germany) in combination with a loss
in-weight gravimetric feeder (Brabender Gravimetric feeder DMWY-MT,
Brabender Technologie,uisburg, Germany). A constant screw speed of 100 rpm and

a feed rate of 0.1 kg/h were employed. The extruding apparatus is formed of 8 barrel
sectiors and a die zonedfer to schematics in Appendix §. BarrelSectionl was

not heated, whilsSectiors 2 and 3 were at sgtoint values of 50°C and 100°C,
respectively, to prevent blockage of the feeding zone. B&getiors 4 to 8 and the

die zone were operated at the samepseéit temperature values, which varied
according to the drugolymer composition as reported in Table 4.1. The chosen
temperature range was intended to create three distinct processing regimeg: meltin
Y <"Y), dissolution Y O"Y <"Y) and suspensiofiY <"Y)

to assess the effect of processing temperature on the ASD microstructure. Product melt
temperature was monitored with a presgeraperature probe (Terwin Instruments
Ltd., Bottesford, UK) immersed in the Ajblymer mixture in the di€ection
Processing pressure, screw speed, barrel temperature and motor torque were recorded
with Prismdde software (Omron Corporation, UK). The temperature values measured
by the melt probe were constantly higher than the reportqubgdtvalues due to the

hed generated from shear. However, within this work temperature values are denoted
as the sepoint temperature values to demark each processing regime and facilitate
inte-sample comparison. For the actual product melt temperature refer to Table 4.1.
Collected extrudates were allowed to cool to ambient temperature by natural
convection prior to pelletisation (Thermo ScientificTM VariCut Pelletizer, Thermo

Fisher Scientific, UK) and storage until further analysis.

Extruded materials obtained from the work develope@apter2 were used for
preliminary SynePGuCT tests. For this purpose the following compositions were
used: 10wt%, 20wt%, %, 35wt%, 50wt% drug loading and pure polymer extrudates

(i.,e., no API incorporated). All samples were processed at -posdt barrel
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temperature of 150°C, with exception of the pure polymer extrudates that were
extruded at a sqioint of 180°C. Samples were stored in sealed plastic bags at ambient
conditions and aged for 6 months prior to the tomographic tests.
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Drug Process set Processing Measured product Screw Feed rate
loading temperature regimeb melt temperature speed (kg/hr)

(Wt%0) (°C)2 (°C)° (rpm)
180 M 193+ 0.9 100 0.100
10 150 D 158+ 2.5 100 0.100
130 D 136+ 2.3 100 0.100
180 M 193.5+ 0.34 100 0.100
20 150 D 155+ 3.5 100 0.100
130 D 137.3+ 2.7 100 0.100
180 M 192.5+ 0.5 100 0.100
145 D 153+0.4 100 0.100
35 140 S 147+0.48 100 0.100
135 S 142+ 0.9 100 0.100
180 M 191.9+ 0.2 100 0.100
155 D 164.2+ 0.4 100 0.100
50 150 S 159.7+ 0.46 100 0.100
145 S 153+ 0.98 100 0.100
180 M 190+ 0.99 100 0.100
160 D 169+ 0.4 100 0.100
70° 155 S 163+ 0.3 100 0.100
150 S 158+ 0.23 100 0.100

a - Refers to sepoint temperature values of bar&éctiors 4 to 8 and the die zone.

b - M: melting regime, D: dissolution regime andsBspension regime.

c - Steady state temperature values (avetagtandard deviatign

d - For this composition the lowest temperature where no API crystallinity was
detected was VveryY, therefwee it wae extludes fromPthed s
tomography study.

4.2.2.3API-polymer solubility determination

Table4.1. HME processing conditions.
THz-Raman spectroscopy was used to determine thepélgimer phase equilibria

during extrusion by employing the methodology outline@limpter2, Section2.2.2.3.

In addition, a principal component analysis (PCA) method based on the covariance
matrix was applied to the low frequency regioni (200 cm?) to interpret spectral
variations using Origin Pro software (Origin Pro 2018b, OriginLab Corporation,
USA).
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4.2.2.4 Differentialscanning calorimetry (DSC)

DSC analysis was performed from 0°C to 180°C at a heating rate of 20°C/min
according to the methodology describe®ection2.2.2.6 inChapter2.

4.2.2.5 Xray diffraction (XRD)

XRD data was collected as describe@attion2.2.2.7 inChapter2.

4.2.2.6 Synchrotron phaseontrast micro computed tomography

(SyncPC-uCT)

X-ray tomography experiments were performed at the DiaAviemachester Imaging
Branchline 1132 of the third generation synchrotron Diamond Light Source (DLS)
(Didcot, UK). This beam line offers a small source size and a long distance between
the source anthe sample (250 m), which results in partiadiyherent illumination at

the sample position. In combination with the ample space available to adjust the
propagation distance, it provides optimum conditions for generatiigeinphase

contrast for edge érancement of weakly absorbing featu#®@s.

Experiments were conducted in a nparallel geometry using a filtered
polychromatic 6pinkd beam with a peak en
the polychromatic Opinkdé be#&® Pellatiseddescr i
materials were transferred to polyimide Kapton tubes (OD = 6.0 mm and

ID = 5.85 mm) (GoodFellow Cambridge, UK) and attached to a manual goniometer
mounted on perpendicular linear stages (Newport Corp., USA). For the preliminary
tests, individal pellets were mounted on cellulose sample holders. In all cases, an
Aerotech ABRTF260 rotation stage (Aerotech Inc., USA) was used to rotate the
samples at equalgpaced angles over 180° of continuous rotation with an exposure

time of 80 ms per projecn. A total of 2158 projections were acquired for each
sample. Raw projection data was collected by a pco.edge 5.5 (PCO AG, Germany)
detector (sCMOS i mage sensor of 2560 1 2

on a visual light microscope of varialbilgagnification. Data was acquired with two
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resolution | evel s: (1) a 1. 25scintdldtoy ect i v
provided an effective pixel size of 2.6
LuAg: S021 scintillator provided an effecH
restrict the beam outside the field of view to limit sample expasutereduce noise

arising from scintillator defects. The samytedetector distance was optimised to

generate idine phasecontrast while minimising edge blurring and the best
absorption/popagation contrast ratio was obtained at a distance of 51 mm (Appendix

C 2. The experimental selp is displayed in Figure 4.1.

Extrudate

/ Pellets

Sample holder & Kapton tube

Figure 4.1. Experimental setip at the beamline 113. a) Sample preparati
schematics and b) sample presentation geometry

4.2.2.6Tomographic reconstruction

Data was reconstructed using the filtered back projection algorithm implemented in

the DLS software platform SAVU 2.2.10. All images were corrected for zingers and
subjected to flat and dafield corrections. An additional correction step was
employed taeduce ring artefacts and correct thelane tilt of 0.072° that occurred

during experimentation. A single distance propagaltiased phase contrast filter was

al so applied with ANKAphasell employing
85. This stp helped improve the grey level of separation between sample and

background despite partially enhancing the ring artefacts.
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4.2.2.7 Image analysis

Image processing and analysis strategies were implemented in MATLAB (2018b,
MathWorks, USA) with a custormade segmentation algorithndeveloped
specifically for this dataThis process aimed to partition the images into main regions

of interest (ROIs) to enable extraction of quantitative and qualitative descriptors.

Images at each processing step are shown in Figure 4.2. To increase the discriminative
efficiency of the segmentation algorithm, the polyimide Kapton tube and surrounding
space were removed by defining a conservat@¢iRside the tube (Figure 419. The

contrast of the cropped images was enhanced using a contrast adjustment step which
combined histogram equalization and imagenstty adjustment (Figures 4.2.c and

4.2.d, respectively). Thresholding and binarisation (Figure 4.2.1.e) was performed
withOts u6s aut omated gl obal t hr elash watiadce ng me
between foreground and background pixel clasd&ackground noise was iteratively

removed with a series of area and image opening morphological operations. First, all
connected components with fewer than 1000 pixels (value << to the pellet minimum
area) were removed with area opening operations tordisoajor noise regions

(Figure 4.2 f ) . Then, the smal/l contaminant r e
l' i mits were eliminated with an i mage ope
structuringelement applied to Figure 4i2n order to obtain thé c | dimahbtary

image (Figure 4.2). Foreground noise was removed with an intermediate step by
inverting the contrast of the image and applying an area opening morphological
operation to remove all blank reg® under 3 pixels (Figures 4.2.g to.4.2There is

no standard quality indicator for image segmentation and the most widely used method

to assess its effectiveness is a subjective visual inspégétibtence, at each step the
binarised images were superimposed to the reference unprocessed tomograms before
further processing to assure the preserve

and overall shape conservation
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Figure 4.2. 2D Image processing sequenfrem a) Raw unprocessed imagé)
cropped imagealefining the region of interest inside the Kapton tub)ep d) gray
scale images aftdristogram equalizatioand intensity adjustment respectively;e)
binary image aftethresholding and binarisation: whitéoreground (pellets), blacdk
backgroun/noise (empty space inside the Kapton tufydinary images after part
background noise removaj) to h) contrastinverted images and foreground n
removal; i) image after foreground noiseremopafi c | eano f i nal

the second background noise removal step; k) peiledrand inner perimeter; :
pelletinner perimetedelimiting the poresm) A f | |pbre ata@; n) isolated Ne
particles;o) overlay of isolated NaCl clusters, pores ambrphous matrix (AM).
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To isolate the pores, a pixkeased arithmetic operation was applied to the clean binary
images to subtract the solid fraction comprised between thespélleto ut er per i
(Figure42 k. ) and that of the inner peei mete
4.21.) After applying a filling algorithm to the inner perimeter, the pore corresponding

areas were obtained (Figure 4. The Euclidean distance transform and the
watershed segmentation were applied to separate potential touching pore bodies and
allow subsequent analysis on each individual pore. Extracted information comprised
pore size and shape descriptors. Porosity was defined as the ratio of the total pore area

to the whole nominal area of the pellets, including porosity. Calculations were made

for a minimum of 750 successive images for each sample.

The NaCl particulates were isolated by partially opening the connéareground
components present in Figure 4.&ith an11x13 pixel matrix (Figure 4.8). Once
extracted these were characterised in terms of total percentgézardistribution.
Figure 4.20 shows the overlay of the NaCl particulates, pores andpAlmer

amorphous matrix.

To gain access to local voxel (cubic pixel) neighbourhood information and avoid
directional bi as +hessluilcdeabnts gnemtaat2 b ng s |
segmented binary images was created and each connected object was identified and
labelled.The watershed algorithm was reapplied to separatéitagiobjects in 3D.

Figure 4.3shows the 3D volume renderings of the solid fraction, pores and NacCl
clusters resultant from this approach. The eigenvectors, eigenvalues, Euler angles,
volume and surfae area of each pore were extracted employing the regionprops3
functionality available in Matlak? This data is obtained from the ellipsoid with

matching image moments as the object. Porosity was recalculated as the volumetric
percentage and results were compared to the area ratio measurements resultant from
the 2D segmentation. The effect of the gifamattion method, drug loading and
processing temperature on porosity was statistically analysed usivgagremalysis

of variance employing the Welch ANOVA test due to unequal variance. Individual
differences within each group were identified using Gahl@sell post hodest at a
significance | evel of (vBasdurihdl cakculated &5 ) . Pol

3 (4.1)
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where Vp and Sp are the pore volume and surface area, respectively. The pores were
furthercharacterised in terms of shape and orientation. The main orientation of a pore
is given by the eigenvector with the highest eigenvalue and the ratios between the
eigenvalues provide shape descriptors of the fibf&Hence, for shape analysis, the
classification approach proposed by S. Blott and K.2Pyeas adapted to assign
particles to form classes based on the elongdiyrand flatnesgF) ratios that are
calculated as:

(4.2)

X
-o—al-o—a
O N

. (4.3)

-o—al-o—a

o
P
where <1, < and <3 are the largest, second largest and smallest eigenvalues

respectively. For 3D visualisation, image stacks were imported in CTvox (version
3.2.0, Bruker, KontichBelgium).

4.2.2.8 N Physisorption

Characterisation of the surface of the pellets was performed ga$\physisorption

with an Autosorb 1Q Model 6 (Quantachrome Instruments, Florida, US). Samples were
transferred to 9 mm cells and degassed at 40°C for 48 hours prior to analysis.
Measurements were conducted at 77.4 K employing an equilibration time s$t8n

min. A total of 41 data points were acquired for producing both adsorption and
desorption isotherms. Data analysis was performed with thelLNoal Density
Functional Theory (NLDFT) method employing the calculation modelcditN'7 K

on carbon (stipore).
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Figure 4.3.Example of 3D segmentation of4a0 0 0 x 4 0 0 Gection. a
Unprocessed image, b) segmented solid fraction and c) segmented pores a

100



4 .3Results and discussion

4.3.1Effect of HME processing regime on the API physical state

Extrusion was performed over a wide range of-pBlymer compositions and several
processing temperatures were employed to produce solid dispersions with different
degrees of saturation and structural complexity with an 11 mm extruder. Three
extruding regnes, melting, dissolution and suspension were applied to produce: (i)
ASDs extruded above the drugdés melting
melting point and (iii) crystalline suspensions obtained by incomplete API dissolution,
respectively. Th lowfrequency Raman data acquired during extruding conditions
confirmed the amorphous state of the APthe ASDs produced under regim@sand

(i), whereas archetype (iii) was crystalline as a result of processing below the saturated
solution temperaturéY). ASDs extruded within the suspension regime exhibited low
frequency Raman spectral bands characteristic of crystalline PCM form | at 32, 51 and
85 cnit79.23 that were absent upon temperature increase to the dissolution and
melting regimes, indicating complete drug dissolution (Figudea)l. Under these

regimes only an amorphous broad shoulder with peak maxima at'i2seen.

Principal component analysis of the spectral data showed that two principal
components (PCs) suffice to classify the data into distinct groups according to the
processing temperature and to describe 8886 of data variance (Figure 4.4.b and
4.5). PC1 separated signals arising from the amorphous bandcat¥ 2vhile PC2
described PCM6és signals corresponding
modes, which is supported by the PCA loading plot (Appendsy. ©isappearance

of t he AP|I ditise vibratiprsmodes Upon satubillsation resulted in a change
in the PC2 scores from negative to positive values, which provided a rational basis to

distinguish between amorphous and crystalline API.
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Figure4.5. PCA score plot of all drug loadings and processengperatures.
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The temperatureomposition phaseiagram displayed in Figure 4\as obtained

from the PCA outputsfall compositions (Figure 4)5. 't shows the API
and crystalline temperature coordinates, as well as the estimated equilibrium
temperature with an error of at least = 2.5°C. Drug load#®fswt % originated ASD
archetypes (i), (ii) and (iii), whilst type (iii) did not occur at or below this threshold
concentration (Appendix D). This is in good agreement with the work developed in
Chapter2 suggesting a solid solution capacity of ~20% for this drugpolymer
system. However, despite the amorphous state of the drug in ASD archetypes (i) and
(i), these results do not assure formation of homogeneous dispersions nor preclude
existence of amorphous APbr polymerrich mesophases. Theoeé thereis an
opportunity forSyncPCGUCT to probe the potential impact of drug saturation and

processing temperature on the ASD inner structure.

4.3.2 XRD and DSC analysis

XRD served as reference technique to compare thereyuency Raman data. It
confirmed the amorphous character of the drug in ASD archetypes (i) and (ii) after
extrusion, as well as its crystalline state in archetype (iii). As an examgleeH.7a

shows the XRD results for the 5@% system. Diffraction peaks corresponding to
crystalline PCM form | are seen at 145°C and 150°C (suspension regime), while
amorphous halos are present at 155°C and 180°C (dissolution and melting regimes,
respectively). The ane trend was observed for the remaining comiposit as
displayed in Appendix C.3n the lower drug loading systems, an additional diffraction
peak corresponding to NaCl (impurity present in the polymer) is séenfat v al ues o
32,

DSC analysis displayed recrystallisation exotherms within the temperature range of
109-120.5°C at alextruding temperatures as a result of exposure to heaigdhe
measurement (Figure 4bj. This corresponded to a partial recrystallisation to PCM
form 11, as indicated by the respective melting endotherm at ~136®.0°C. For the
compositions processed within the suspension regime an additional melting endotherm
at ~168.8°C confirmed s&dual crystallinity of PCM form I. The same recrystallisation

trend was observed for all compositions abovev®@ drug loading, suggesting these
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systems are supersaturated and unstgime exposure to heat (Appendix ¢ bor

the compositions at and below 2@% drug loading, no melting endotherms or
recrystallisation exotherms were seen at any extruding temperatures, indicating these
systems are stable. Thsovides further support to the 2d% drug loading as the
critical threshold concentration dividing compositions between stable and
metastable/unstable after extrusion. Additionally, the presence of a single glass
transition temperature in the DSC thermograms indicates phase misciliiigptested

drugloading levels.
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Figure4.7. a) XRD and b) DSC analysis of the &8@% system processed undel
extruding regimes. As a reference, the data of the raw unprocessed material
shown.
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4.3.3Structural characterisation of ASDs by phase contrast

tomography

The potential of using SyleGe CT t o probe the inner str.
based ASDs was first investigated in the preliminary stwtigre 6 monthsiged
samples were analysed. Figure didws 2D crosSectiors and 3D volume renderings

of the reconstructed data. Despite the similar elemental composition of the drug and
polymer used in the formulation, various structural domains were identified within the
amorphous matrix of the pellets: drrigh crystalline dmains, impurities (NacCl),
polymerrelated heterogeneities (PRH) and void cavities/pores, which will be
discussed separately in the followiSgctiors. Surface related phenomenalsas
sharkskin defects and increased roughness at the cusentgsal surfaces were also
obseved in great detail (Figure 48. Drug loadings above the assumed solid solution
capacity (i.e., supersaturated and metastable/unstable ASDs) were found to contain
higher structural complexity and displayed highly defective -AéH crystalline
domainsand abundant pores (Figures 4.8.d tof41.8

This was in stark contrast with the relatively homogeneous matrix almost devoid of
pores of the undersatnted formulations (Figures 4.8.b and.d)8 The drugrich
crystalline clusters had a typical size range between 4 and 430 um in diameter and
were found to be dispersed within the solid and the porous fractions of the amorphous
matrix. They displayed a highly defective structure with multiphetiire planes and
channels that could have both intrinsic (i.e., grain boundaries) and mechanical origins
induced by the HME process. In the context of the API dissolution mechanism within
a polymer matrix, this type of fragmented structure supports the defedrisia
dissolution and fragmentation model in addition to diffusion as proposed by Moseson
et al>*® Nevertheless, given the time elapsed between ASD manufacture anBGync
eCT analysis, the observed crystalline d
residual nanocrystalline nuclei (i.eindissolved API) and/or nucleation and growth

from the supersaturated amorphous matrix upon ageing.
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R 20 um

Void cavity/pore

Figure4.8. 3D volume renderings and 2D cressctiors of the émonths agegellets
In figures ) to f) the ASD outer surface and theomogenous solid fracti
corresponding tdieamorphous matrix wen@ade transparent to enable visualis:
of existingbulk heterogeneities.

107



4.3.4 Analysis of the AP{rich crystalline clusters

With exception of the NaCl clusters, there was little discernible difference between the
grayscale values of the structural domains identified within the solid fraction. This
hampered extraction and quantification of the crystalline API clusters based on
intensity threshold strategies. As an alternative approach, the characteristic fracture
planes present within the crystalline APl domains were used as a morphological
marker for segmentation for the samples where crystallinity was present. These were
segregted from the remaining parts of the image by subtracting the isolated porous
fraction from the binarised images. Considering that the-dolgerystalline clusters
extend around and between the breakage planes, a dilation operation was applied to
add piels to the boundaries of the fracture planes in order to illustrate the potential
extension of the crystalline clusters. A dilation of 5 pixels was found sufficient to
obtain objects representative of the crystalline drug clusters identified in the ceferen

raw image data. Further details about #trategy are shown in Appendix C 6

Figure 4.9exhibits the evolution of the segmented crystalline regions as a function of
the drug loading, as well as the main descriptors extracted. The size and total
percentage of the segmented crystalline drug domains were found to increase with
increasing drugdading levels, as expected from increasing levels of supersaturation.
These were predominantly distributed within the core of the pellets and to a lesser
extent in the peripheraectiors. This is comprehensible as shear stress decreases
along tte radius from the exterior towards the core of the screw-&estonor die
channel. The closer the melt is to the barrel/die wall, the more intensive the shear
becomes and better drpglymer mixing is achievett?

108



a
50wt%

: 8 8
Cumulative Frequency (%)

Relative Frequency (%)
© 2 N w & & @ =
3

0 50 100 150 200 250 300 350 400 450 500
Crystallite size (um)

Relative Frequency (%)
Cumulative Frequency (%)

} 0
0 50 100 150 200 250 300 350 400 450 500
Crystallite size (um)

Cc
25wt%

12 T ,\;
DM g eceseessesererseseent 100
1o 3
> gl 2
3 08
[} 6: w
w 59 [
o 41 40 >
2 3] kS
o A lo ©
0 S0 100 150 200 250 300 350 400 450 500
I Amorphous matrix M Crystalline API I Pores Crystallite size (um)
Drug-loading Porosity Fracture area API-rich crystalline Amorphous matrix
(%) (%) (%) area (%) area (%)
50 10.32+0.38 9.51+1.06 39.37+3.29 50.30 + 3.41
35 7.79+ 1.06 7.34+2.25 28.34 +6.47 63.85+6.75
25 146 £0.25 19+1.8 9.83+6.39 88.83+6.47
20 1.54 - - -e-
10 1.01 — - e

a - derived from the fracture regions after a 5 pixel dilation operation
b - obtained from the total area after porosity and API-rich crystalline area subtraction

Figure4.9. API-rich crystalline clustergresent in the aged sampéedracted fror
the morphéogicalbased segmentation. a) To ajeday of segmented pores &
crystalline API clusters superimposed to the raw unprocessed image
respedwe crystallite size. d) Qantification of total porosity, fracture regions, A
rich crystalline clusters and amorphous matrix area (average + statelaation
n = 200crosssections).

Based on the segmentation analysis, the surface arslisialoeSectiors of the pellets
also displayed a considerable amount of-AEh crystalline clusters, indicating both
surface and bulnediated APre-crystallisation upon ageing for the supersaturated
compositions. The surface APl enrichment and crystallisation were confirmed by ToF

SIMS analysis and optical microscopy under a pedariight as shown in Figure 4.10
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(data acquired according to the methods describ&kation5.2.2.5 and 5.2.2.8 in
Chapter5, respectively

a b

0 « &

== AP| s Polymer

Figure4.10. a) Exemplary TB-SIMS and optical microscopy images acquired ot
surface of the 50wt% extrudate.

Despite successful identification of the drug crystalline domains in the aged samples
(preliminary tests), their detectionwithSyp€&e CT i n t he freshly pr
was only possible in 50wt% dispersions processed at 145°C (where larger residual
crystals are expected). This is attributed to detection limitations and size differences
between the initial PCM particulates used in the two studies. For the preliminary study

a granular grade PCM with a D50 of 378 ¢
fresh extrudatesmowder grade PCM with a D50 of 638
even if there is sufficient residual crystalline material to be detected by the other
techniques used (i.e., lefkequency Raman, DSC and XRD), their individual particle

size is below the lowessyncPGe CT det ecti on | i mit when
(0.81 em/ pixel under the present experim
samples because of the larger particle size of the initial material, which along with the

time ebpsed between ASD manufacture anth}{ imaging enabled further growth to

detectable ranges.

4.3.5 Impurity distribution

In addition to the drug crystalline structures, highly absorbing clusters of material were

observed in all samples independently of the drug saturation level. These correspond
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to clusters of NaCl salt that is a known impurity present in the pol{#ehe NaCl
content was found to be less thanwi%, which is in good agreement with the
manufact ur er 6 swt8)p Egure 411 dsmalysi 3D images(highlighting

the distribution of this impurity within the pellets. ASDs extruded within the
dissolution and suspension regimes were dominated by NaCl particulates with smaller
diameters, whilst the systems extruded within the meltiggme displayed larger

NaCl particulates (Figer4.13. This variation is likely to be caused by mechanical
breakagef the initial NaCl particulates as a result of higher shear stress and product
melt viscosity at lower processing temperatures. Nevertheless, partial NacCl

solubilisation is also likely to occur, especially in the melting regime.

300um

Figure4.11. Representative 3D volume renderings of a) to cwB drug loadin
system extruded at 180°C and d) to fvilt9% drug loading system 180°C. In ima
b), e) and f) the amorphous matrix was made transparent to highlight the NaCl
(denoted by the yellow arrows).
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4.3.6 Polymer phase homogeneity

The most commonly reported phase separation behaviour in binary ASDs systems is

the segregation of the incorporated drug from the carrier polymer as either amorphous

or crystalline domain&?173238242 Nonetheless within this study polymerrelated

heterogeneities

( PRH)

wher e

found

acr oS s

melting point, as well as in the pure polymer extrudates, (i.e., extrudates with no API

incorporated). Figure 43 shows 2D and 3D crosectiors highlighting droplet and

string-shaped polymerich areas as a function of the processing temperature and drug

loading. Given their presence in the ppaymer extrudates, these structures are

likely to form as a result of incomplete s&fing of the polymer particulates during

extrusion. Cellulose derived materials have an intrinsic poor thermal conddttivity

and the polymer grade used in this study has a high complex vist¢bdity.
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encompasses a wide range of molecular weight§(&Da) and the heavier fractions
make the system less plastit?*Thus, higher temperatures are required to completely

soften/liquefy the polymer even i f proce:

Extrudates prepared under the melting regime lacked the pehchedomains and

formed homogeneous ASDs, potentially true molecular dispersions. At this
temperature, the drug is in the molten s
and homogenisig any unsoften polymer fractions. Upon temperature decrease to
processing regimes (ii) and (iii), as well as drug loadngeasethere is an apparent

increase in the number and size of the polyméerc h domai ns (from
~250em) . Wi ttinregime, there isino sostmdouws liquid APl phase and

the polymerrelated heterogeneities subsist. In the suspension regime, the presence of
residual drug crystalline particulates is likely to exacerbate this tendency by further
inhibiting heat propaggtn within the polymer matrix. Due to the lack of wd#fined

borders upon image binarisation, it was not possible to extract and quantify the PRH

domains with the implemented image analysis algorithm.

M. Meereet al have predicted similar behaviour in a cellulbssed binary system
(Felodipine/HPMCAS) by developing a general multicomponent diffusion model for
solid dispersion&’ The authors simulated a simplified extrusion/thermal process and
predicted formation of polymeich regions at'Y <"Y , which is in good
agreement with our findings. These results also suggest that further excipients, such
as additional plasticisers, might be necessary to obtain single phase homogeneous
ASDs under the dissolution regime, at least for highly viscous mlggstems as the

one in this study.
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HPMC powder

35 wt% 20 wt% 10 wt% Pure HPMC

50 wt%

b Extru.q‘all.g

50 wt%

Figure4.13. Impact of HMEprocessing temperature and dtagding on the pgmer
phase homogeneity. a) 2DdSssectiors of all compositions and bpresentative 3
volume rendering of the 50t% system extruded at 145°The Hack arrows deno
the PRH clusters.

4.3.7 Pore fraction analysis

For this type of HMEbased ASDs, porosity is generally not created by design but a
by-product of the extrusion process. Although it can be attributed to multiple factors,
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including air incorporation from the feeding phase, residual humidity and presence of
volatile components due to thermal/mechanical degradation or sublimation, its
assessment is not routinely performed or reported for this type of drug product. Thus,
an indepth qualitative and quantitative structural analysis of the isolated pore fraction

was performed.

4.3.7.1 Porosity quantification

Porosity is usually determined in 3D as the pore volumetric percetitdgmyever it

was aimed to investigate whether 2D porosity analysis as the area ratio could be
equally used since it is readily obtained from the segmentation prétesdis are

shown in Figure 4.150verall, porosity was found to increase with increasing
processing temperature and drug loading, with thev®® system displaying the
highest porosity across all processing regimes. It should be noted that the high standard
deviation seen in the 2D measurements reflects pore and pellet area variations between
successive tomographic slices rather than actual porosity variations. Statistical
analysis across the temperatammposition space indicates that porosity differences
between drug loadings and processing regimes are statistically significant at a
significance level of 95% (Appendix C 8 to C )10The equivalence of both
guantification methods was aldemonstrated in Appendix C Where no significant

statistical difference was found between the two approaches.
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Figure4.14. gmented NaCl clusters and pores present within a 4000 x -

4000 ¢ m sectiorpresert in the 5Wt% system extrudeat differen
temperatures.
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Figure4.15. 2D and 3D pore quantification in a) W@ system, b) 3wt%
system, c) 20vt% system and d) 10t% system
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For the preparation of the aged samples with the 16 mm HME apparatus, the
ventilation window was kept closed and the total porous content was found to vary
from ~1% for the 1@vt% system to ~10% for the %@% compodion, as displayed

in Figure 4.9d. Porosity differences between the two extruding devices may also be
driven by additional factors such as the channel fill level and feed rates differences.
The higher porous percentage in the high drug loading systems for both devices is yet
to be explaned asthe opposite trend was expected. Nevertheless, potential release of

volatile components as a result of dinedpted degradation is assumed.

4.3.7.2 Pore size and shape

The porous network structure was mainly characterised by closed porosity, where
discrete occluded pores were dispersed within the ASD matrix without communicating
with other pores othe lateral outer surég of the pellets (Figures 4)14As an
example, the pore shape derived from the elongation and flatness ratios of the ellipsoid
fitting the pores is presented in Figure 4fbr the 50wt% system. The pore geometry

was found to evolve from predominantly tubularAide@ shapes aty > "Yto
spheroidal shapes aY <"Y. This is in good agreement with the sphericity
values calculated from volume/surface area ratios. As expected, spheroidal pores
displayed sphericity values closer to 1, while tublile pores showed a sphericity
value in the 0.1@.40 range which corrabates the shape analysis extracted from the
eigenvectorsod ratio. S h a p posit@ns asIslfosmn is r e s U
Appendix C 12to C 14

The pore length depicted in Figure 4.86ows the presence of a mutibdal pore size
distribution with longer pores present at higher drug loadings and higher processing
temperatures. This supports formation of long tubular porous bodies within the melting
regime and the gradual pore lengtlci@dase within the dissolution and suspension
regimes until forming predominantly spheroidal pore shapes in the latter.
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Figure4.14. Pore size analysis tfea) 50wt%, b) 35wt%, c) 20wt% andd) 10 wt%
drug loading systems. Calculated as the length of the major eigenvector of the
fitting the pores in 3D)

Pore connectivity changes reflected by the consistent trend in length and shape
variations are thought to be related to shear and-visslbsity variations during
extrusion. As an indirect measure of viscosity, torque data was analysed and it was
found todecrease with increasing drug loading levels and processing tenmesr

(data shown in Appendix G.7Thus, at'Y > "Y, formation of long tubular
porous structures is likely to form through coalescence of minor pores as a result of
lower melt viscosity and higher porosity. This is likely to occur within the confines of
the diesection where the material accumulates before forming a uniform filament

upon exiting the extruder.
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Figure4.15. Shape analysisxtracted from the flathess and elongation rdtoghe
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Each point represents an individual pofee same colour bar scale applies ti
processing temperatures.

4.3.7.3 Pore orientation

To assess the orientation of the pores, the Euler angles of the eigenvectors describing
the ellipsoid fitting the pores were extracted. Despite the random orientation of the
pellets within the Kapton tubes Figure @shows a preferred orientation within £ 20
degrees (counterclockwise and clockwise, respectively) along the y-axid. 2n
conjunction with the visual inspection of the orientation of the pores within the pellets,
these results suggest the pore majos asialmost parallel to the direction of the
material flow exiting the die.
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It is well established in the literature that the inner structure, total porosity, size, shape,
orientation and pore connectivity can impact the liquid imbibition pattern in
pharmaceutical products and affect their dissolution profile, as well as théiamesl
properties*® These results indicate that this effect could also be extended to ASD
products. However, the impact of these microstructural differences on the dissolution
properties of these systems remains an open question, as no dissolution tests were
carried out. Noatheless, higher porosity and the presence of open tubular porous
structures are likely to have a positive impact upon dissolution by increasing the

accessible surface area.

Figure4.16. Pore orientation along the x, y and z axis
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