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Abstract

Due to increasing numbers of new chemical entities (NCE) being produced with poor
agueous solubility, there has been an increase in the use of amorphous
pharmaceuticals. The research presented within this thesis reports the use of wide
angle X-ray scattering (WAXS) as an analysis tool for the characterisation of
amorphous solid dispersions (ASDs) to predict the stability of the amorphous form
during dissolution. The processing of the ASD was investigated to understand the
importance of the processing temperature and the drug loading for paracetamol and
affinisol dispersions. Creation of a bespoke sample stage allowed for real-time data

of the crystallisation event occurring due to the presence of dissolution media.

Investigations of GSK2838232M samples, using small angle X-ray scattering (SAXS),
containing various levels of amorphous content showed that with increased milling
time, the intensity of the SAXS profile differed which gave insight into the
heterogeneity of the samples. SAXS was found to be sensitive to small changes in

amorphous content within the milled samples.

Cellulose-containing fibres and films were analysed using WAXS. This enabled
information on the crystallinity and orientation of cellulose nanocrystals (CNC) within
the fibres and films to be extracted. The impact of post-processing of fibres was
studied regarding CNC orientation, and this work demonstrated a low-cost method of

improving the properties of the material.
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Chapter 1: Introduction



1.1 Thesis Overview

X-ray scattering techniques allow for a wide range of length scales to be studied
(Figure 1.1). These techniques enable a wide range of materials and material

properties to be studied.

SAXS (1D & 2D), BloSAXS Total scattering (PDF)
USAXS WAXS (1D & 20)
[ » J i il A -
Ll - 3 - L -~
0.005 0.1 5 80 160 26 |deg]
1700 100 2 0.1 0.03 iy [nm])
0.00036 0.0071 0.36 22 qlA’]

Figure 1.1: Depiction of length scales accessible through X-ray scattering

techniques

Wide angle X-ray (WAXS) scattering probes systems at the angstrom and sub
angstrom range at a two theta greater than 10°. This technique gives access to
information on the molecular arrangement of materials. As such, one of the main
applications of WAXS is in the study of crystal structure in drug and polymer
systems by measuring interatomic spacings within the lattice. Small angle X-ray
scattering (SAXS) provides information on ordered and disordered materials at a
greater length scale than can be achieved using WAXS, giving us information on
the nano and meso scale. Unlike WAXS, SAXS does not rely on crystalline

material to produce a signal making it suitable for a variety of applications.

X-ray scattering is used in the analysis and characterisation of a myriad of
materials including polymers, films, crystalline samples, mesoporous materials,
liposomes, biomolecules in solution and many more. The work presented in this

thesis focuses on the application of X-ray scattering in the areas of amorphous



drugs for quantification and observation of phase transformation, and the study of

cellulose materials to determine relative crystallinity and orientation.

1.1.1 Background on Solid State Pharmaceutical Ingredients

An active pharmaceutical ingredient (API) can exist in multiple solid-state forms,

including crystalline, amorphous, solvates, co-crystals, salts and polymorphs (see

Figure 1.2 and Table 1.1).

b

Hydratefsalvate

Cacrystal

il = waterfalvens = pafermer

Figure 1.2: Molecular arrangements of organic solids with organised crystal solid

forms and disordered amorphous solid*

Table 1.1: Pharmaceutical Solid Form Summary

Solid Form

Description

Amorphous solid

Contains no long-range ordering

Polymorph

A form of isomerism where a solid
material consisting of the same
constituents can exist in different
crystalline structures

Hydrate/Solvate

A crystalline molecule containing
water or solvent within the crystal
lattice

Salt

Consists of positive cations and
negative anions to give a compound
with no electrical charge

Co-crystal

Neutral crystalline material consisting
of two or more materials




Oral solid dosage forms account for around 90% of the pharmaceutical
formulations intended for human use,?® and are most commonly manufactured as
tablets or capsules due to the low manufacturing cost and ease of administration
for patients.*® The performance of an oral solid dosage form is heavily impacted
by the physical form of the API as the physical form plays a role in many of the
physical properties such as solubility, stability and manufacturability.® Therefore,
it is of critical importance for drug development to identify and control the physical

forms of the API.

Characterisation of the solid state of API is an essential step during drug
development.” The crystalline state has historically been the most widely used
due to the stability offered.®°® A growing concern in the pharmaceutical industry is
the poor solubility of many new chemical entities (NCE).}*! To allow for the
categorisation of these drugs, a system was suggested in 19952 known as the
biopharmaceutics classification system (BCS), which allows for drugs to be sorted
into one of four categories based on their solubility and permeability properties.
This classification system is shown in Figure 1.3. Estimates put the amount of
NCE in BCS Il and IV at approximately 90%. The poor solubility of NCEs results
in many newly developed promising compounds no longer actively being pursued
at an early stage due to the bioavailability issues associated with low solubility.
As such, it is paramount that formulation scientists utilise all available tools to

allow more of these compounds to make it to market.
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Figure 1.3: Biopharmaceutics Classification System (BCS) based on drug

solubility and permeability parameters®?

There are several strategies currently employed as a means of improving solubility
such as lyophilisation,'* particle size reduction,® use of salt form!® amongst
others. Currently one of the most promising strategies is to use the amorphous

form of a drug.’8

Amorphous pharmaceuticals used in combination with polymers to produce an
amorphous solid dispersion (ASD) are commonly used due to the inhibition of
crystallisation provided by the polymer. The use of a polymer with a high glass
transition temperature (Tg) causes the Tq of the dispersion to be higher than that
of the purely amorphous drug. The lower Ty, in turn, lowers the mobility of the
drug within the system, hampering the interactions between the drug molecules
and inhibiting crystallisation (see Figure 1.4). The intermolecular bonds between
the drug and polymer also act as a stabiliser by limiting the movement of the drug
within the dispersion and, therefore, not allowing interaction between the drug

molecules.
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Figure 1.4: Free energy vs temperature diagram for amorphous and crystalline

solids?®®

Introduction of the ASD to liquid, when swallowed or during routine Quality Control
(QC) dissolution testing, often results in recrystallisation of the drug and can also
cause phase transformations. This recrystallisation then negates the solubility
advantage associated with the amorphous form of the drug. Avoiding
recrystallisation is, therefore, a priority when developing such formulations such
that the stability of the amorphous phase can be carried over into the dissolution

testing.

Small angle X-ray scattering techniques are useful in the analysis of non-
crystalline materials and give us insight into colloidal materials such as cellulose.
The crystalline structure of cellulose has been subject to extensive research since
its discovery. The structure of cellulose was first reported in 18582° with this being

confirmed almost 100 years later by X-ray crystallography.?* Since this early work,



X-ray scattering methods have extensively been used for the characterisation of
cellulose and cellulose containing materials. Wide angle X-ray scattering is
routinely used to determine the structure and orientation of cellulose nanocrystals
(CNC) and the overall crystallinity of cellulose based materials.?>2® Crystallinity is
an important property to consider when dealing with cellulose as it can impact on
the mechanical properties. Materials with a higher crystallinity have been shown
to possess a greater Young’s modulus, hardness and tensile strength.?* Small
angle X-ray scattering has more recently become an analytical tool for studying
cellulose, providing information on the nanostructure.®® The use of X-ray
scattering analysis in cellulose research has played a vital role in the use of
fibrillated cellulose as a strengthening reinforcement for a variety of

materials.2526:27

1.2 Pharmaceutical Solid Form

The preferred dosage form remains to be that of a solid oral dosage form, this is
due to the ease of administration leading to high patient compliance and potential
for large-scale manufacturing. The solid form can be classified into two
categories, crystalline and amorphous which can then be further split into more
subcategories. The most commonly used form is the crystalline form. This form
contains both short- and long-range ordering and can be found in a variety of
subcategories shown in Figure 1.5. The difference in packing and conformation
of these various crystalline forms leads to differing properties for the same parent

drug. By contrast, amorphous solids contain no long-range ordering.
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Figure 1.5: Schematic of solids classification of most appropriate pharmaceutical

forms?®

1.2.1 Crystalline Pharmaceuticals

The majority of pharmaceutical dosage forms contain a crystalline API due to the
stability afforded in this form.2° In crystalline systems, atoms are arranged and
repeated in three dimensions to form a highly ordered crystal lattice that is held
together by non-covalent interactions. A given lattice is comprised of unit cells
which are the same size and contain the same number of atoms packed in the
same way. The unit cell is described by the three vectors a, b and ¢ and angles
of a, B and y. There are seven possible simple crystal unit cells shown in Figure

1.6.
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Figure 1.6: Seven Simple Unit Cells

Commonly, pharmaceuticals fall into three categories, orthorhombic, monoclinic,
and triclinic, owing to their relatively complex structures resulting in lower

symmetries.

It is this arrangement of atoms which determines the physical properties of the
material and has a bearing on properties such as morphology, particle size, and
polymorphism. These properties then affect the performance of the drug by
impacting the dissolution and bioavailability along with tabletting and flow
properties of the material. With so much knowledge and information available
about crystalline systems, these systems are the go-to for early-stage
development challenges. However, the same advantages afforded through the
crystalline phase also result in some unfavourable properties for pharmaceuticals.
Due to the low internal free energy that gives rise to the stability of the crystalline
form, crystalline compounds can also result in poor solubility and dissolution

performance.?**? The use of the amorphous form can give rise to improved



solubility owing to the higher energy of this form in comparison to the crystalline
form of the drug. This increased solubility can then lead to increased dissolution
rates and bioavailability. However, the higher energy of the amorphous form also
comes with an inherent propensity to convert from the metastable amorphous

form back to the more stable and less soluble crystalline form.

A compound can exist in different crystal forms as shown in Figure 1.5.
Polymorphs are different crystalline forms that result from various arrangements
and various orientations of the molecule in the unit cell. These differences can
impact the properties of the polymorph such as stability, solubility, melting point
and morphology (see Table 1.2). While many polymorphic forms can exist, one
form will have the lowest free energy and thus will be the most thermodynamically

stable.
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Table 1.2: Polymorphic organic compounds melting point data

Compound

Polymorph

Melting point (°C)

Paracetamol
CgHoNO>

Form |33
Monoclinic
P21/n
a=12.930 A
b=9.400 A
c=7.100 A

169

Form 1134
Orthorhombic
Pcab

a=7.406 A
b=11.837 A
c=17.162 A

155-157

Form 111%°
Orthorhombic
Pca21
a=11.837 A
b= 8.560 A
c=14.818 A

182

Ritonavir

Form 136
Monoclinic
a=13.433 A
b=5.293 A
c=27.092 A

122

Form 1136
Orthorhombic
a=10.024 A
b= 18.674 A
c=20.469 A

122

Mefenamic Acid

Form %7
Triclinic

P1
a=14.556 A
b=6.811 A
c=7.657 A

230

Form I1°7
Triclinic

P1
a=7.758 A
b=9.277 A
c=9.399 A

233

11



Hydrates and solvates are a result of the crystallisation solvent being incorporated
into the crystal lattice. Hydrates and solvates show differences in
physicochemical properties when compared with the non-solvated form and have
the potential to improve the performance of the compound for use in formulated

dosages.

Co-crystals involve two or more compounds contained within the same crystal
lattice where one compound is the APl and are commonly used in crystal
engineering to manipulate the performance properties of the final product.
Successful co-crystallisation results in both starting products remaining unionised
and held together by intermolecular interactions. Work investigating co-
crystallisation looks to design systems that match potential APIs to coformers by
examining the hydrogen bond donors and acceptors of both and selecting those

which have complementary structures (see Table 1.3).

Table 1.3: Solubility comparison of co-crystal material versus pure compound

Compound Coformer Solubility / Dissolution

Acyclovir Tartaric acid The dissolution rate is

much higher than that of
the polymorphic forms.*®

Carbamazepine Cinnamic acid Increased dissolution rate

and solubility in
comparison to  pure
carbamazepine.®
Nicotinamide, Fumaric | Increased solubility in
acid comparison to  pure
carbamazepine.®

Indomethacin Saccharin Increased solubility over a

range of pH compared
with pure indomethacin.*!

12



A majority of APIs exist as either a weakly basic or acidic compound which means
salt formation is a possible alternative to crystallisation allowing researchers to
tweak the physicochemical properties of the final drug product. Many of the
current medicines on the market are salt forms. Salt formation is a result of proton
transfer between ionisable functional groups to create a hydrogen bond. When
selecting an appropriate counterion to form a salt complex there are a number of
criteria which can be considered. Firstly, safety is important as the salt form must
be safe for human consumption. pKa differences between the acid and the base
should also be considered with a difference of three or more pKa units resulting

in a greater likelihood of producing a salt.

1.2.2 Amorphous Pharmaceuticals

Amorphous solids differ from crystalline solids in that they only contain short-range
ordering due to hydrogen bonding and other non-covalent forces but have no long-
range ordering of atoms characteristic of crystalline materials.#?> This results in a
random orientation of the atoms allowing the same molecule to form many varying
conformations. This lack of order associated with amorphous materials results in
no lattice planes which would be seen in a crystalline material. Therefore, X-rays
scattered by an amorphous material form what is known as an amorphous halo

during an X-ray powder diffraction (XRPD) experiment, as shown in Figure 1.7.

13
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Figure 1.7: Example amorphous (a) vs crystalline (b) XRPD patterns of Sucrose*?

The state of an amorphous solid is generally described in two ways, “glassy state”
or “rubbery state”.**%> The state in which an amorphous solid is formed is
governed by the Ty. Below the Ty, amorphous solids are considered to be in the
glassy state; in this state, molecular mobility is limited and stability is increased
due to the limited number of interactions possible. Above the T4, the amorphous
solid enters the rubbery state which is similar to a supercooled liquid in its
behaviour. In this state, there is greater molecular mobility which can lead to

crystallisation.

Amorphous solids contain higher free energy than the crystalline form meaning
they can be considered metastable. This increased free energy can lead to
improved solubility and therefore increased bioavailability, making them a
promising candidate for poorly soluble drugs.*®4” With these improved properties

also come disadvantages, with the main one being the tendency for an amorphous

14



form to crystallise back to a more stable form.*4° Thus, the inhibition of this
crystallisation behaviour through the use of additives has become a popular

technique.>%!

Two major forces are competing within an amorphous solid, the thermodynamic
tendency for crystallisation and the low molecular mobility which hinders

crystallisation (Figure 1.8).

*. supercooled
", liquid

Free energy

Tm

liqui d*

Temperature

Figure 1.8: An example of a free energy - temperature phase diagram. Tm
represents the melting temperature above which the liquid is in its stable form,
with the crystal phase at the lowest free energy phase below Tn. T4 represents

the glass transition temperature®

As the temperature is decreased to below the melting point, there is a driving force

towards nucleation of the molecule. By contrast, when the temperature is lowered

15



and nears Ty, there is a decrease in molecular mobility which hinders molecular
rearrangement and stops the transformation to the crystal form.>®* Due to the
improvement of solubility and bioavailability afforded through the amorphous form
in comparison to other solubility enhancement techniques,** it is of great
importance to understand the physicochemical properties to allow for more routine

use of the amorphous form.

1.2.3 Solid Dispersions / Amorphous Solid Dispersion

There are numerous examples of the amorphous form of a drug showing a marked
improvement in solubility when compared to the crystalline form.*°¢ However,
the number of marketed products containing an amorphous API remains relatively
low, but there are examples of marketed medicines employing an amorphous API.
This is due to the instability associated with working with amorphous compounds.
A lot of research has been conducted regarding the physical stability of
amorphous materials and possible mechanisms that can lead to increased
stability, however, there is still a lack of understanding in this area. This is the
primary reason for research into ASD systems. These are systems which contain
the amorphous drug mixed with an excipient, usually a polymer, which acts as an
inhibitor to the crystallisation. Examples of ASD systems currently on the market

can be seen in Table 1.4.
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Table 1.4: Commercially available products utilising an amorphous form API

Product Compound Carrier Manufacturing | Company
Name Polymer Method Name
Lozanoc Itraconazole® HPMCP? Spray Drying Mayne
Intelence Etravirine® HPMC? HME? J&J
Gris-Peg Griseofluvin® | PEG* 6000 | Melt Extrusion Pedinol
Norvir Ritonavir® PVP® HME Abbvie

1 Hydroxypropy! methylcellulose phthalate
2 Hydroxypropyl methylcellulose

3 Hot Melt Extrusion

4 Polyethylene Glycol

5 Polyvinylpyrrolidone

The polymer in these systems is thought to act in a number of ways which inhibit
the crystallisation of the amorphous drug. Firstly, it is generally considered that
the formation of intermolecular bonds between the drug and polymer, such as
hydrogen bonding or Van der Waals interactions, is the main inhibitor of
crystallisation. Another assumption for these systems is that the polymer acts as
somewhat of a physical barrier, in that it physically stops the drug molecules from
interacting with each other due to the bulky polymer chains. The last assumption
is that due to the high glass transition temperature of the polymer, the Tq in the
dispersion is raised in comparison to the pure amorphous drug which then lowers
the molecular mobility and inhibits the crystallisation.>”*® The performance of the
polymer chosen as a means of inhibiting crystallisation will be based on the

degree of miscibility between the drug and polymer.>°

17



1.3 Dissolution
1.3.1 Dissolution Theory / History

Dissolution testing is an in-vitro test used to evaluate drug release from its dosage
form, playing an important role in product development as well as regulatory
matters. Generally thought of as a solid to liquid process, it looks at the rate at
which the solid dissolves into the liquid phase to produce a solution which is one
homogenous phase.®® For a dissolution process to occur several processes are
needed, mainly the bonds within the solid phase need to be broken which then
allows solid particles to be incorporated into the liquid phase to create the solution

(see Figure 1.9).

Disintegration
Dosage Form Granules

Drug in Solution

uondiosqy

Drug in Blood

Figure 1.9: Schematic of Simple Representation of Dissolution Process

Dissolution of solids is described by the Noyes and Whitney®! model along with
the Nernst model.®? Binary mixtures have a more complex dissolution process
which led to the Higuchi model being developed in the 1960s.%® Further developed
by Van Drooge®* to describe ASD dissolution by including phase transitions from

amorphous to crystalline.
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The first relationship used to describe the dissolution rate was published in 1897
and is known as the Noyes-Whitney equation,®! although published over 100
years ago the relationship is still valid and used in dissolution studies. Describing

the rate of solution of solids for diffusion-controlled processes, by,

%:k((;s_c) Eqn. 1.1

The terms of the equation are dC/dt which is the solute dissolution rate, Csis the
particle saturation concentration, C is the concentration in the bulk solution and k
is the rate constant of the dissolution. As more understanding of dissolution was
obtained variations of this original equation began to be published. The first
coming in 1900 from Brunner, this new relationship began to consider more
parameters which could affect the dissolution performance. Parameters such as
surface area, temperature and type of apparatus used are included. Eqgn 1.2

demonstrates the inclusion of surface area (S).

= K;5(C; - C) Eqn. 1.2

Brunner then further expanded on this work a few years later with the help of
Nernst, leading to the Nernst-Brunner equation now considering diffusion
processes as described by Fick’s second law of diffusion. Where D is the diffusion
coefficient, V the volume of dissolution medium and h the thickness of the diffusion

layer.

dC DS
EZV_h(Cs_C) Egn. 1.3

It was not until much later that researchers began to realise the importance of the
absorption process in the gastrointestinal tract (GI). In the 1950s studies began

to show that when a drug is absorbed quickly in the Gl tract the dissolution rate of
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the drug is then the limiting factor for its performance in the body. Moving into the
1960s and 70s the research moved to look at the impact of dissolution on the
prediction of bioavailability, with a focus on the effect of the formulation in
effectively delivering the drug. With this new knowledge, the importance of
dissolution testing was realised, and the first pharmacopoeia monographs

containing dissolution testing as a quality control test began to appear.

1.3.2 Dissolution of Amorphous Solid Dispersions

The dissolution profile of ASDs is of high importance when it comes to researching
and understanding such systems. Research has shown that in its amorphous
form a molecule can have a much higher drug release when compared to the

crystalline alternative as shown in Figure 1.10.
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Figure 1.10: Comparison of amorphous and crystalline indomethacin dissolution

profiles®®
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The spring and parachute drug model is routinely used to characterise ASD
dissolution profiles where the polymer is being used as an inhibitor for
crystallisation. This model describes an initial build-up of drug supersaturation
(spring) which is then followed by a period of precipitation (parachute).®® The

difference in dissolution profile in comparison to a crystalline drug is shown in

Figure 1.11.
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Figure 1.11: Dissolution profile comparison of amorphous and crystalline drug®’

1.3.3 Crystallisation during dissolution

ASDs can undergo a crystallisation process during dissolution in two ways. Firstly
through a solid to solid transformation where the ingress of water allows for greater
molecular mobility within the system leading to a greater chance of
crystallisation.®® The other process which can take place is solution mediated
crystallisation where the drug forms a supersaturated solution, where the
concentration is higher than the stable form.®® Both of these processes are

characterised by an initial nucleation and then crystal growth.
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Nucleation is the first step in crystallisation, where stable aggregates are formed
from the supersaturated solution and is vital to the stability of ASDs. This process
is a first-order phase transition which follows first order kinetics. Nucleation is
described through two mechanisms, homogenous and heterogeneous nucleation.
Homogenous nucleation takes place with no external input and is a rare process
as most systems will contain some level of impurity. Heterogenous nucleation
occurs when nuclei form at a preferred site within the system such as an existing

crystal or the walls of the vessel.

Once nucleation has occurred crystal growth begins within the system. When
considering ASDs, the nucleation step becomes the rate-limiting step as the
polymer presence works to inhibit the nucleation beginning. The speed at which
crystal growth takes place is affected by the rate of diffusion of molecules to the
surface of the crystal and then how quickly they can be accepted into the crystal

lattice.

1.4 Cellulose

Cellulose is the most abundant naturally occurring polymer on earth, being found
in primary and secondary plant cell walls where it acts as structural support to
provide protection to the cells. It is predominantly produced by plants, however,
it is also found in other organisms such as bacteria and fungi but at a much lower
yield when compared with cellulose from plants. As cellulose is found primarily in
plants it is a renewable material that can be sourced all over the world and is also

biodegradable as it simply decomposes over time.
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1.4.1 Cellulose Structure

Cellulose is a complex carbohydrate polymer (see Figure 1.12) comprised of
chains based on anhydro-B-D-glucopyranose units covalently bound by B-(1-4)
glycosidic linkages. The monomer units are linked with hydrophilic interactions
between equatorial hydroxyl groups and acial hydrophobic methanetriyl groups
(see Figure 1.13).2* The hydrophobic and hydrophilic interactions that occur due
to these groups contribute to the high mechanical strength associated with

cellulose.
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Figure 1.12: Chemical structure of cellulose monomer
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Figure 1.13: Depiction of hydrogen bonding between chains of cellulose (left
image) and covalently bound glucose units which make up the cellulose chains

(right image)®®

The degree of polymerisation (DP) of cellulose is an important property when
considering the structure. The DP is a description of the chain length and can
affect the mechanical and physiological properties of cellulose. The usual range
of DP is 300 to 15,000 and this is dependent on the source used to obtain the

cellulose.™

The mechanical properties associated with cellulose arise from the linear structure
of cellulose, the monomer units are bonded by a mixture of both intra and inter-
molecular hydrogen bonds between the three hydroxyl groups on each repeating
unit. This bonding process results in linear microfibrils being present in
lignocellulosic biomass which are highly crystalline and are comprised of both
crystalline and amorphous regions, through acid hydrolysis the cellulose

nanocrystals can be isolated.

There are four known polymorphs of cellulose (I, II, Il and 1V). Cellulose | is native

cellulose which exists in two different forms; la which is a triclinic unit cell and I8
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which has a monoclinic unit cell (see Figure 1.14). These polymorphs are
commonly characterised using X-ray diffraction, nuclear magnetic resonance
(NMR) and Fourier transform infrared (FTIR) spectroscopy. Cellulose | can also
be converted to cellulose Il through mercerization and cellulose Ill by treatment in

an ammonia solution.

Cellulose la Cellulose Ip

Figure 1.14: Cellulose la and IB unit cell®®

Unit cell parameters have been widely published in the literature for both unit cells,
la parameters of a= 0.672 nm, b= 0.596 nm, c= 1.040 nm, a= 118.08°, =114.80°
and y=80.375°, IB parameters of a= 0.778 nm, b= 0.820 nm, c= 1.038 nm, a= 90°,

B=90° and y=96.5°.

1.4.2 Cellulose nanomaterials

Cellulose nanomaterials is a broad term which is used to describe both cellulose
nanocrystals (CNCs) and cellulose nanofibrils (CNFs). Cellulose, in its natural
form, is found in a rod-like shape which is due to the microfibril nature of the
cellulose chains. Within the chains, there are many cellulose crystals which are

separated by amorphous regions. As mentioned in section 0 the crystalline
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domains can be released through cleavage, usually in the form of an acid

hydrolysis procedure (Figure 1.15), which results in the production of CNCs.
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Figure 1.15: lllustration of acid hydrolysis process to isolate cellulose crystalline

domains’*

Due to the elastic modulus and chemical and thermal properties associated with
cellulose nanocrystals they are commonly used as a means of strengthening other
materials.?®’2 CNFs and fibrillated cellulose (microfibrillated cellulose (MFC) and
nanofibrillated cellulose (NFC) are then subsequently produced through

mechanical treatment of the isolated CNC material.

MFC and NFC are formed from microfibrils which are formed into a large unit, the
dimensions of MFC are in the range of 10 to 40 nm diameter with a length greater
than 1,000 nm.” NFC diameter is approximately 5-20 nm with a length greater
than 1,000 nm.”* Both NFC and MFC are sourced from a number of starting
materials with the main material used being wood. As wood is widely used across
many industries alternative greener materials should be sourced for the

production of MFC.
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15 Analytical Techniques
1.5.1 Small Angle X-Ray Scattering

SAXS is a tool used in structural analysis applications for structural details within
the nanoscale range from approximately 1 to 150 nm. It provides information on
the size and shape as well as the internal structure of disordered materials.” It
can be used to provide insight into many fields due to the information obtainable,

including porous materials,’®’” nanomaterials,”®"® polymers8®8! and many more.

The most basic description of how SAXS works is a sample is illuminated by an
X-ray beam, which then causes characteristic scattering of the sample which is
then read by a detector. A schematic of a typical SAXS instrument is shown in

Figure 1.16.
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Figure 1.16: Schematic of basic SAXS experimental setup®

When illuminated by the beam, small contrasting features within the sample cause
the beam to deviate from its path, it is this scattered beam that is then measured
on a detector to provide information on the system. The scattering is angle-
dependent and is, therefore, able to be used to determine information regarding

the particle structure. As a technique, SAXS is used for the analysis of the size
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and shape of particle systems to resolve the structure. It uses elastic scattering
(Figure 1.17) where the X-rays are scattered by the electrons in the system, which
tells us that for SAXS to provide information on a system there must be a contrast
in the electron density. If the sample and the buffer/matrix it resides in have the
same electron density, they will produce the same signal and therefore no useful

information can be gathered.

Non-resonant scattering (sensitive to electron density)

Rayleigh

-or elastic

-or coherent

\/ v

Compton Q-
-or inelastic )
-or incoherent

[

Figure 1.17: Elastic scattering depiction

SAXS probes angles of around 0.1 to 10°, which then allows systems up to
approximately 150 nm to be studied and a variety of information can be obtained

(Figure 1.18).
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Figure 1.18: Typical SAXS scattering profile and data that can be extracted

(where q is the scattering vector and P the form factor)’

Figure 1.18 shows the typical scattering profile obtained from a SAXS experiment.
We can see that it is split into several different regions which give us different
information on the system. The first region, which is at a low scattering vector (Q),
is the Guinier region. The first work involving SAXS occurred in the 1930s when
Andre Guinier developed the first recognised SAXS camera, known as the Guinier
camera. Using this new technique, he was able to study metal alloys containing
aluminium and copper and found the presence of diffuse scattering features which
he interpreted as copper platelets. This was then confirmed 58 years later with
the use of transmission electron microscopy (TEM). At this time Guinier also
developed the so-called Guinier law which relates the decrease in intensity to the
radius of gyration (Rg). This is still one of the most commonly used data analysis

tools in the field of SAXS (see Figure 1.19).83848
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Figure 1.19: a) Molecular weight from various shaped proteins b) scattering
curves demonstrating the intensity as a function of size c) guinier plots showing
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pair distribution function for both aggregated and non-aggregated systems®

Moving to a higher Q value enters into the Porod region, which can be used as a
means of gathering information on surface properties such as surface-to-volume
ratio and interactions at the surface interface. The WAXS region follows at higher
Q which provides information on lower-size systems, typically less than 1 nm. In

between the Porod and Guinier regions is the Kratky region, this section of the
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profile is used in biological studies and can provide information on the folding of a

protein (Figure 1.20).
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Figure 1.20: Example Kratky plot for determining folding behaviour of proteins in

solution®®

One of the most prominent fields where SAXS has found use is the study of
biological systems within solutions.®878  As XRPD experiments require
crystallisation for analysis, SAXS began to be looked at as potentially a tool to
study biological macromolecules in solution without the need for a crystal. This
allowed scientists to determine the size and mass of proteins as well as the folding

and unfolding.

Porous materials are used in a range of industries such as catalysis and drug
delivery, where high surface areas allow for greater interactions. SAXS can be
used as a means of studying mesoporous materials where the pores range in size
from approximately 2 to 50 nm. Using SAXS details such as pore size, distribution

and spacing between pores can be determined.*®
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Protein crystallisation is an interesting area of research due to several potential
applications, for instance, the separation and purification of proteins from solution.
SAXS can detect aggregation within the protein structure during crystallisation,
this allows conditions to be optimised at an early stage of the process

development.®192

1511 SAXS Pharmaceutical / Amorphous Applications

SAXS has found limited application in studying amorphous pharmaceuticals,
however, recently work has begun to be published showing the potential to use

SAXS in conjunction with WAXS as a tool for studying amorphous systems.

There is interest in studying the disorder within amorphous pharmaceuticals
regarding the processing method chosen and what disorder this may cause, and
also changes which may occur within the system as a result of storage conditions.
Being able to simultaneously gather WAXS data allows for fingerprinting of the
crystalline phase in materials which may have been produced during production
or storage. Using SAXS differences observed at low Q values can begin to show
the presence of differing amorphous nanostructures. This has been used to
determine differences between process conditions such as API milled alone or co-
milled with a polymeric excipient. Comparison with crystalline material can be
used as an indicator of what structural features may or may not remain present
after amorphisation has occurred. Particularly useful in samples with no
measurable crystallinity from powder diffraction experiments, the SAXS signal

obtained can vary greatly showing density fluctuations at the nanoscale.®

SAXS can also be used qualitatively for the analysis of polyethylene glycol (PEG)

containing ASD systems, due to the ability of SAXS to analyse lamellar phases.
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Obtainable from the scattering vector (q) value the long period (L) of the lamellar

region can be calculated for a given molecular weight of PEG, by,

L= Zt‘T” Eqn 1.4

Studying changes in this structural feature via SAXS can inform on the location of
API within the polymer matrix. Comparison of PEG peaks within the SAXS region
can begin to show increases in the long period as a consequence of APl being
included, this begins to indicate that APl molecules are contained within the PEG
structure. Simultaneous WAXS measurements allow for crystallisation
identification as complementary information to the SAXS data, with decreases in
L accompanied by crystallisation of the drug. This therefore suggests the
amorphous drug to be incorporated within the lamellar structure while the
crystalline drug is excluded. Using this information may help in predicting which
API may form a more stable dispersion with PEG as APIs that interacted with the

lamellar phase stayed amorphous for longer than those that did not.%*%

1.5.2 X-Ray Powder Diffraction / Wide Angle X-Ray Scattering

XRPD is an analytical technique which is primarily used as a means of structural
analysis for organic and inorganic molecules. The diffraction occurs due to
constructive interference between monochromatic X-rays which have been
reflected from repeating planes within the lattice. This phenomenon can be
described by Bragg’'s Law (see Figure 1.21), this law relates the wavelength of the
X-ray source to the angle of diffraction to inform on the lattice dimensions within a
sample. When Bragg’s law is met, peaks are observed at differing angles (©)
which can then be related to the d-spacing (A) which occurs between planes within

the crystal lattice. This relationship results in Bragg’s equation which is shown in
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Egn 1.5, where n is the diffraction order, A the wavelength, d the distance between

layers of atoms and © the angle of diffraction.

nA =2d sin © Egn 1.5

To obtain distances from within the crystal lattice the wavelength used needs to
be similar to the distance within the crystal, the most common source for this is
copper with a wavelength of 1.541 A. In three dimensions the planes within a crystal
lattice are described by Miller indices (hkl), which are used to identify how the plane

intersects with the axes of the crystal.

—@ L L @ o

Figure 1.21: Braggs law diagram

This produces a regular pattern of reflections (spots) which correspond to the
distance within the reciprocal lattice, from this the real spacing of the lattice can
be calculated. This is usually represented with the Ewald sphere (Figure 1.22),
where the scattering vector Sp is equal to a scattered wave vector S. This places
a crystal at the centre of a sphere where the scattering vector passes through and
contacts the surface of the sphere. This corresponds with a lattice position of

0,0,0 which relates to the origin of reciprocal space. To meet the Bragg condition,
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the scattered wave vector must overlay the surface of the sphere to allow
constructive interference and reflection to be observed. To allow for all of the
lattice points to be determined the crystal requires to be rotated which allows the

capture of as many points as possible.

@)
o) O

o)
o) oE\N\d Spﬂereo o
0

Figure 1.22: Ewald sphere with O as the origin of reciprocal space

For lattice points which do not intersect with the surface, and therefore do not

satisfy Braggs law the incident wavelength can be altered to a lower wavelength

to give access to smaller d-spacings.
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Utilising the relationship between the reciprocal lattice and real space the
information gathered from the reflected intensities can be used to obtain
information on the crystal lattice and the unit cell. The diffraction pattern observed
is the Fourier transform of the crystals electron density which can be defined with

a structure factor Fny, at each reciprocal lattice point hkl as shown in Eqn 1.6.
Fua = [, p(xyz) .eZrixtky+inl gy Eqn 1.6

Where p(xyz) is the electron density of the system and (hx + ky + Iz) are 3-
dimensional coordinates of a specific atom on a given plane. To obtain a
diffraction pattern an inverse Fourier transform of the electron density can be

performed as shown in Egn 1.7.

p(xyz) = % Yh it Fhir. el2mihxtky+z)] Eqn 1.7

Where V is the volume of the unit cell. This equation results in the “Phase
Problem” as the intensities can be measured directly by integration of the
reflections, but any information about the phase is lost. Due to this, it is not

possible to perform an inverse Fourier transform as shown in Egn 1.7.

1.5.3 Thermal Analysis

Both differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) were used for studying phase separation and water uptake in amorphous

materials in Chapter 5.

153.1 Differential Scanning Calorimetry

DSC is used as an analysis technique for studying new materials and mixed-

phase materials. During an experiment, a temperature profile is applied to a
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sample which allows for the identification of phase transitions, melting points and
solid-to-solid transitions within the material to be studied.®® With the use of an
empty reference pan, the difference in the input energy to maintain the same
temperature as the sample pan is recorded to determine the thermal behaviour of
the sample. This gives insight into any endothermic or exothermic transitions
taking place and allows the kinetics and thermodynamics of the transitions to be

studied.

When analysing amorphous pharmaceuticals using DSC the level of residual
crystallinity can be calculated and also information on the stability of the
amorphous phase can be determined. The stability of the amorphous phase can
be informed through the presence of an exothermic event in the DSC that relates
to the recrystallisation of the amorphous phase, demonstrating the material is not
stable against crystallisation. The T4 can also be determined through DSC
analysis and is observed as a small dip in the baseline. At this temperature the
material has increased molecular mobility, which allows the amorphous molecules

to change from a glassy state to a rubbery state.®’

1.53.2 Thermogravimetric Analysis

TGA analysis works in the same way as DSC in that the sample is taken through
a temperature profile and a comparison with an empty reference pan is used to
inform on the sample. The difference in comparison to DSC is that the information
available now relates to mass loss within the system. In the context of amorphous
pharmaceuticals increasing mass loss can be an indication of amorphous content

as the lattice can take water on more easily.%’
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1.5.4 Spectroscopic Analysis

Fourier transform infrared spectroscopy (FTIR) was used for the analysis of
amorphous materials in Chapter 5, while terahertz (THz) Raman spectroscopy

was utilised for the analysis of ASD samples in Chapter 4.

1541 Fourier Transform Infrared Spectroscopy

FTIR identifies chemical bonds within a molecule by passing IR radiation through
a sample and measuring the transmitted signal which is not absorbed by the
sample. The transmitted signal contains frequencies that are characteristic of
functional groups within the molecule and the stretching and vibrations of

individual bonds.

Changes in intermolecular interactions occurring when a sample moves from
crystalline to amorphous can be studied with the use of FTIR. Peak broadening
observed in spectra of amorphous samples can be explained by a loss of

hydrogen bonding within the molecule.®

1.54.2 Terahertz Raman Spectroscopy

Raman spectroscopy is often used as a complementary technique to FTIR. When
the incident radiation interacts with the sample a photon at a specific frequency
can induce excitation of the electric state from the ground state to a higher energy
state. This phenomenon is known as the Raman effect and occurs as a result of
inelastic scattering. During a Raman experiment both elastic (Rayleigh) and
inelastic (Raman) scattering take place. The required Raman scattering can then
be categorised as either Stokes or anti-Stokes. Stokes is when the difference in

energy is a result of a loss in energy, while anti-stokes is from a gain in energy.
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The anti-stokes measurements are the important ones for Raman spectroscopy

due to the higher intensity in comparison to stokes.

THz Raman is used for characterising structures and interactions of compounds
in the low wavenumber range (less than 100 cm™), specifically on intra and
intermolecular interactions. At THz frequencies, crystalline compounds exhibit
unique fingerprint spectra which can help to determine the solid form of the
molecule,®® whereas amorphous materials produce largely featureless spectra.'®
The contrast between the spectra produced from crystalline and amorphous
materials allows THz Raman to be used as a means of identifying the

crystallisation of amorphous pharmaceuticals.0

1.6 Manufacturing Techniques

There are several options available when it comes to manufacturing an ASD. The
techniques available can be broadly split into two categories, solvent evaporation
and melting processes. The work in Chapter 4 utilised hot melt extrusion (HME).
Ball milling was employed in Chapter 5 to produce amorphous samples from a

bulk crystalline starting material.

1.6.1 Hot Melt Extrusion

Falling into the melting processes, hot melt extrusion (HME) is commonly used
throughout various industries including pharmaceutical where it can be used for
the amorphisation of APIs. Many processes are involved in an HME experiment,
firstly the material is fed through a feeder into the barrel of the extruder, at this
stage the material is subjected to heating and mixing in the form of a twin rotating

screw. The screw allows the material to pass through the barrel and forces it
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through a die situated at the end of the barrel which is where the extruded material

is collected (see Figure 1.23).

Feeding
system
Hopper
Extruder Die
Gear, Down-
Bearing Processing

Flow of Mass

Figure 1.23: Schematic diagram of hot melt extruder'®?

Polymers are critical in the manufacture of ASDs but in HME they are also
necessary for the processing. The drug is solubilised or dispersed within the
molten polymer during the HME process. Several key properties of the polymer

must be known to enable the use of the polymer in the manufacture of an ASD°3;

e Melting point and Ty
e Molecular weight
e Particulate properties of the polymer

¢ Interactions between the polymer and compound of interest
1.6.2 Ball Milling

Ball milling is a high-energy process commonly used as a means of particle size

reduction. This is achieved by both shear and impact stresses acting on the
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material during the milling experiment. Milling of a bulk crystalline material can
also cause the crystal structure to be completely broken resulting in the formation

of an amorphous form of the compound.

There are two routes to amorphisation during a milling process, firstly the creation
of crystal defects which eventually cause the crystal to lose all long-range order.
Or there can be a melt quench process due to the temperature within the milling

jar caused due to the frequency of milling.1%*
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Chapter 2: Aims and Objectives
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2.1 Aims

The overall aim of this thesis was to explore the application of X-ray techniques
for the analysis of pharmaceuticals and other organic molecular systems.

Specifically, the work addresses three main aims, namely to:

1) Develop an in-situ experimental set-up using WAXS to monitor phase changes
associated with ASDs upon exposure to dissolution media (Chapter 4)

2) Investigate the application of SAXS in combination with other techniques as a
characterisation tool for amorphous small organic molecules (Chapter 5)

3) Optimise a 2D WAXS method for the characterisation of cellulose fibres and
films to investigate the crystallinity and orientation index of colloidal samples

pretreated with different shear forces (Chapter 6)

2.2 Objectives

Aim 1 was achieved by the following:

a) Designing and testing a sample stage to allow for in-situ crystallisation
monitoring
b) Assessing the effect of processing temperature and drug loading on ASD

stability

Aim 2 was achieved by the following:

a) Preparing a range of powdered samples of an API provided by
GlaxoSmithKline (GSK) with varying amorphous content from crystalline
to fully amorphous for SAXS analysis

b) Investigating all samples with a suite of analytical techniques to provide

characterisation measurements to compare against SAXS measurements
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c) Analysing all available data to assess the extent, amount and disposition

of amorphous content in the milled samples to contrast with SAXS data
Aim 3 was achieved by the following:

a) Adapting a WAXS method to be used for the analysis of cellulose fibres
and films

b) Comparing Segals’ method and deconvolution method for calculating
crystallinity for the samples characterised in this chapter

c) Investigating the crystallinity and orientation results for fibres vs films,
stretched vs non-stretched fibres and lab-scale vs batch-scale samples to

explore the effect of process history on the structure at the nanoscale
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Chapter 3: Materials and Methods
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3.1 Materials

Paracetamol was purchased from Mallinckrodt Inc (CAS 103-90-2).
Hydroxypropyl methylcellulose (HPMC) grade Affinisol™ 15LV was donated by
the Dow Chemical Company (CAS 9004-65-3). The chemical structures of both
are shown in Figure 3.1. A Millipore Milli-Q water system equipped with 0.22 um

filters was used to provide deionised water.

A) B)
OH OR
(0]
)L /©/ Y - O%
1) (0]
N RO OR
H
OR n

R=-H
- CH,4
- CH,CH(CH;)OH

Figure 3.1: Chemical structure of A) Paracetamol and B) Affinisol™ 15LV were n

denotes the structural unit for Affinisol™

GSK2838232M was supplied by GSK. Sodium alginate made from brown algae
was purchased from Sigma Aldrich (CAS 9005-38-3), MFC and NFC cellulose
fibres and films, sodium alginate and calcium alginate films were all supplied by

colleagues in Chemical and Process Engineering (CPE), University of Strathclyde.
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3.2 Methods
3.2.1 Manufacturing Methods
3.2.11 Hot Melt Extrusion

ASD samples of paracetamol and Affinsol™ were extruded with a Thermo
Scientific Process 11 twin screw extruder equipped with a Brabender Mini Twin
(MT-S) Loss in Weight (LIW) feeder operated in gravimetric feeding mode.
Samples were prepared for extrusion by first weighing out the Affinsol™ and
paracetamol to the correct weight for the composition of ASD required. The
weighed powders were then combined in a Pharmatech AB-015 bin blender and
blended for 20 minutes with a blend speed of 15 RPM and agitator speed of 75
RPM. Once blended and a homogenous powder was produced the samples were
loaded into the HME and extruded at a range of temperatures (130, 150 and

170°C) with a feed rate of 0.1 Kg/hr and a screw speed of 100 rpm.

3.21.2 Ball milling

250 mg of GSK2838232M were placed in a 5 mL steel ball mill jar along with either
one or two 7 mm steel balls. Milling was performed for between 5 and 60 minutes
at a milling frequency of 25 or 30 Hz. Details of specific milling times, milling
frequency and the number of milling balls used can be found in section 5.2.1.

Milling was conducted using a Retsch MM400 ball mill.
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3.2.2 Analytical Techniques
3.2.2.1 Small Angle X-Ray Scattering (SAXS)

SAXS data were acquired using a Xenocs Xeuss 2.0 SAXS/WAXS laboratory
beamline equipped with a Genix 3D microsource Cu Ka1 A=1.541A and Pilatus
1M area detector. Powdered samples obtained via ball milling were sandwiched
between two sticky Kapton dots to hold them in place and mounted in a
transmission sample holder. Data workup and analysis were performed using
Foxtrot software version 3.4.9, where background corrections and image masking
were performed. Porod invariant data analysis was performed using SasView

version 5.0.

3.2.2.2 Wide Angle X-Ray Scattering (WAXS)

WAXS data were acquired using a Xenocs Xeuss 2.0 SAXS/WAXS laboratory
beamline equipped with a Genix 3D microsource Cu Ka1 A=1.541A and Pilatus
1M area detector. ASD extruded samples were loaded into a custom 3D printed
sample holder, water was added via a syringe to induce crystallisation. Cellulose
fibre and film samples were glued to metal washers and mounted in a transmission
sample holder. Data collection parameters varied between sample types. Foxtrot
software version 3.4.9 was used to conduct background subtraction and image

masking before processing the data into 1D diffractograms.

3.2.2.3 X-Ray Powder Diffraction (XRPD)

All extrudate and physical mixture samples were analysed using XRPD. Sample
extrudate was placed into a sample holder with no further treatment. Powdered

physical mixture samples were placed into a sample holder and smoothed with a
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glass slide to prevent any preferred orientation effects. Samples were analysed
using Bragg-Brentano reflection XRPD on a Bruker D8 Discover Diffractometer
equipped with ©/6 geometry, Ni filtered Kq12 Cu radiation, A= 1.540596 A, a
LynxEye 1D position sensitive detector and an automated 9 position flip-stick

multi-sample holder.

All ball-milled samples analysed by XRPD were ground before loading into 0.7
mm borosilicate capillaries. Capillaries were continuously rotated during data
collection to ensure good powder averaging. Samples were analysed by Debye-
Scherrer transmission using a Bruker D8 Advance Il capillary diffractometer
equipped with ©/©6 geometry, primary monochromated radiation (Cu Kq1, A=
1.540596 A), a LynxEye 1D position sensitive detector and a rotating capillary

sample stage.

Variable temperature XRPD was collected using a Bruker D8 Advance capillary
diffractometer in transmission geometry, equipped with ©/© geometry, primary
monochromated radiation (Cu Kq1, A= 1.540596 A), a LynxEye 1D position
sensitive detector and a rotating capillary sample stage. An Oxford Cryosystems
Cryostream was used to control the temperature of the sample before data

collection.

All XRD patterns were analysed using Diffrac EVA version 4.2. The crystallinity
of cellulose samples was performed using a deconvolution analysis method within
the software. Data evaluation and visualisation of ASDs and ball-milled samples

was conducted to monitor the amorphous and crystalline content.
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3.2.2.4 Differential Scanning Calorimetry (DSC)

DSC measurements were carried out in a Netzsch DSC214 Polyma differential
scanning calorimeter. 3-5 mg of ball milled sample was weighed out and placed
into an aluminium pan with a pierced lid for analysis. The thermal analysis was
carried out with Netzsch Proteus Analysis software version 80. The analysis
provided the temperature of endothermic and exothermic events to be used to

calculate % crystallinity.

3.2.25 Thermogravimetric Analysis (TGA)

TGA analysis was carried out using a Netzsch STA449 F1 Jupiter. 3-5 mg of ball
milled sample was weighed out and placed into an aluminium pan with a pierced
lid for analysis. The thermal analysis was carried out using Netzsch Proteus
Analysis software version 80. The analysis provided data on mass loss as a

function of increasing amorphous content within samples.

3.2.2.6 Fourier Transform InfraRed Spectroscopy (FTIR)

Attenuated total reflectance (ATR) FTIR spectra were collected using a Bruker
Tensor |l IR spectrophotometer equipped with a diode laser, KBr beamsplitter and
a Digitech detector. Powdered samples were placed directly on an ATR
accessory, this allowed analysis of powdered samples with no further preparation.
A background scan was subtracted from all spectra to remove instrumentation
background effects and reduce noise in the baseline, this was performed in Bruker
OPUS software. Data analysis of peak assignment and spectra stacking for

comparison was performed using Spectragryph software version 1.2.
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3.2.2.7 Scanning Electron Microscopy (SEM)

Powdered samples were mounted to aluminium stubs and sputtered with a 20 nm
layer of gold. Images were captured in backscattered mode with a beam voltage
of 10 kV. Data were acquired using a Hitachi TM4000 SEM plus and images were
produced at a magnification of 1.0 k to allow for visual data analysis of the sample

morphology.

3.2.2.8 Terahertz (THz) Raman

THz Raman analysis was carried out using an Ondax THz Raman Spectroscopy
System equipped with a 785 nm laser. Data analysis was performed using

Spectragryph software version 1.2.

51



Chapter 4: Physical Stability of Amorphous Solid
Dispersions
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4.1 Introduction

Modern drug discovery techniques, such as combinatorial chemistry and high
throughput screening, have led to an increase in poorly soluble drug candidates,
often leading to low oral bioavailability and other issues in the development
pipeline.195106107 Many of these new drug candidates are larger molecules with
higher molecular weights and lipophilicities that result in poorer solubility.107:108.109
Some formulation strategies can be employed to increase the solubility and
dissolution performance of such compounds. A popular approach for improving
oral bioavailability is the use of ASDs which have higher solubilities than their
crystalline counterparts.!'1112113  However, the amorphous form of a drug has
higher energy and thus reduced thermodynamic stability than the crystalline form.
The higher energy of the amorphous form can cause it to be thermodynamically
unstable with a tendency to recrystallise.’#1® This undesirable transformation

can take place during processing,*'® dissolution'” and storage.*®

The solubility advantage from using the amorphous form gives a maximum
increase in solubility known as amorphous solubility.#¢11%120 During dissolution,
the solution can become supersaturated and, in doing so, allows for nucleation
and crystallisation of the drug to occur.'?122 The crystallisation process that then
occurs will vary based on the compound being studied and if stabilising excipients
are present. Polymers are commonly used to prevent nucleation and crystal

growth from the supersaturated solution created during dissolution.123124

This study examines the use of WAXS to study the phase behaviour of
paracetamol-containing dispersions during dissolution studies. Paracetamol has
been involved in many studies showing the improvement of dissolution
performance when used as an ASD. Phase transformations were monitored

through the use of a novel WAXS setup and THz Raman. The time required for
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the onset of crystallisation was monitored as a function of drug loading and HME
processing temperature using both X-Ray and THz Raman. Lower drug loading
and higher processing temperatures were found to increase the stability of the
amorphous form, with no crystallisation observed below the critical

concentration.*?®

Paracetamol is an API in the class of analgesics and is used in the treatment of
pain and fever. Paracetamol can be found in class Ill of the BCS classification
system owing to its solubility of approximately 23.7 mg/ml in water at body
temperature.’?6127 A widely studied compound, paracetamol is known to exist in
a variety of solid forms including solvates/hydrates, co-crystals, salts and three
polymorphic forms I, Il and 111122 Form | packs in a herringbone motif and is the
most stable form while forms Il and Il are metastable and exist in a layered

structure.

Polymer selection in ASD technologies is of vital importance to the overall stability
of the product as well as being used in the extrusion process to allow the drug to
solubilise within the polymer. There are several chemical-physical properties of
the polymer which need to be considered when choosing a suitable candidate for
formulation. Properties of importance are glass transition temperature (Tg),
thermal stability, ability to stabilise amorphous drugs and how well the polymer
can dissolve an API. All of these properties play a role in the amount of
stabilisation offered to the amorphous APl when solubilised in a polymer. The
stabilisation of the API results from the reduced molecular mobility of the API and
the formation of polymer-API interactions. These interactions come in the form of
intermolecular interactions such as hydrogen bonding, electrostatic interactions,

ionic forces and 1-11 interactions. These interactions between polymer and API
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reduce the tendency of the API to form the API-API interactions that can lead to

the recrystallisation of the amorphous form.

In this chapter, we examined the recrystallisation tendencies of ASDs containing
paracetamol and the polymer, Affinisol™. Percent drug loading and extrusion
temperatures are hypothesised to affect whether or not paracetamol crystallises
upon dissolution.'? Specifically, if drug loading is too high (above approximately
20%), undesirable crystallisation of paracetamol is expected to occur.?® The work
in this chapter aims to improve future drug development in the area of amorphous
compounds by establishing a method by which to probe these parameters and
operational windows for these parameters when producing stable ASDs of

paracetamol.

4.2 Experimental
4.2.1 Hot Melt Extrusion

All amorphous paracetamol dispersions were extruded using a Thermo Scientific
Process 11 twin screw extruder coupled with a Brabender Technologie mini twin
feeder (section 2.2.2.1). Before extrusion, materials were weighed, and mixtures
were sieved and then blended using a Pharmactech AB-015 bin blender to ensure
a homogenous mixture before extrusion. The blender parameters used can be

found in Table 4.1. Extruder parameters can be found in Table 4.2.
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Table 4.1: Bin blender parameter settings for mixing of physical mixtures prior to

hot melt extrusion

Blender Parameter Value
Blend Speed 15 RPM
Agitator Speed 75 RPM
Blend Time 20 minutes
Agitator Time 20 minutes

Table 4.2: Hot melt extrusion parameters for manufacturing of ASDss

API-Polymer HME Processing Feed Rate Screw Speed
(Wt%) temperature (°C) (kg/hr) (rpm)
10:90 130, 150 and 170°C 0.100 100
20:80 130, 150 and 170°C 0.100 100
25:75 130, 150 and 170°C 0.100 100

27.5:72.5 130, 150 and 170°C 0.100 100

4211 X-ray Powder Diffraction

Extruded dispersions were characterised offline using a Bruker D8 Advance I
transmission flat plate diffractometer as outlined in section 3.2.2.3. Samples were
analysed to confirm amorphicity (over a two-theta range of 3-35°, with a step size

of 0.017° and 1 second per step).

4.2.1.2 Wide Angle X-ray Scattering

WAXS data was collected on a Xenocs Xeuss 2.0 SAXS/WAXS laboratory
beamline as described in section 3.2.2.2. Instrument setup details are outlined in

Table 4.3.
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Table 4.3: WAXS instrument collection parameters used for dissolution studies

Collection Parameter Value
Collection time 6 hours (Multiple 60 s images)
Sample to detector distance 171 mm
Collimation setting High Flux (1.2 x 1.2 mm)
Source Copper (A = 1.541 A1)

A transparent 3D-printed sample holder (Figure 4.1) was designed to allow for
bespoke dissolution experiments to be carried out on the instrument. This sample

holder was then mounted in a metal sample stage to allow alignment of the beam

to the sample.

Figure 4.1: A) the transparent 3D-printed sample holder held in place with metal

sample stage B) the transparent 3D-printed sample holder with extruded sample

42.1.3 Terahertz Raman

THz Raman data were collected with an Ondax-Raman PhAT probe equipped
with a 785 nm laser source and connected to an RXN1 spectrograph unit as

described in section 3.2.2.8.
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4.3 Results and Discussion

In this chapter, we show that XRPD analysis can be used to determine the
compositions of amorphous paracetamol/Affinisol™ extrudates in which

crystallisation will not occur.

4.3.1 Raw materials and dry extrudate analysis

Reference XRPD patterns for raw materials were collected for comparison with
patterns later obtained for formulated samples. The data for reference materials
(Figure 4.2) showed a characteristic amorphous halo for Affinisol™ with a peak at
approximately 34° two theta corresponding to sodium chloride impurity in the
material. The XRPD pattern for paracetamol form | corresponded to XRPD

patterns published in the literature.*2°130
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Figure 4.2: XRPD reference patterns for Affinisol™ (black line) and paracetamol

form | (red line)
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Hot melt extrusion was used to produce amorphous dispersions of paracetamol

and Affinisol™ at varying compositions produced at a processing temperature of

between 110-170°C, as shown by XRPD (Figure 4.3).
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Figure 4.3: XRPD patterns for paracetamol Affinisol™ ASDs produced at varying

compositions at three different processing temperatures

The XRPD data in Figure 4.3 shows the characteristic amorphous halos which are

expected for amorphous samples. The peaks appearing at approximately 34° two

theta most likely result from the sodium chloride impurity within the Affinisol™ raw

material. As evidenced by the presence of additional sharp peaks in the XRPD

patterns, both the 25 and 27.5 wt% paracetamol compositions extruded at 130°C

contained crystalline material and weren’t fully amorphous after extrusion due to

the processing temperature being lower than the critical temperature for those

compositions.
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4.3.2 Analysis of Formulated Samples

43.2.1 Reference Terahertz Raman Spectra of Amorphous and

Crystalline Paracetamol in the Presence of Affinisol™

THz Raman spectroscopy was used to establish if the paracetamol in the
extrudate samples would crystallise in water. THz Raman spectroscopy was
performed on a high drug loading sample (50 wt%) which was extruded at 155°C.
The THz Raman spectra for paracetamol in both amorphous and crystalline forms
in the presence of Affinisol™ are shown in Figure 4.4. From these spectra, we
can see that there are three distinct peaks associated with crystalline paracetamol
appearing at approximately 32, 56 and 89 cm™. These peaks are characteristic

of form | paracetamol.*3!
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—— Affinisol 15LV
—— PCM, Amorphous
—— PCM, Crystalline

Normalised intensity (a.u.)

0 25 50 75 100 125 150 175 200

Raman shift (cm™)

Figure 4.4: THz Raman spectra for amorphous paracetamol (blue), crystalline

paracetamol (black) and Affinisol™ (green)
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A bundle of 50 wt% paracetamol extrudate was placed in a plastic petri dish and
deionised water was introduced until the whole sample was immersed. The
deionised water was introduced to probe what happens in the early stages of
dissolution experiments. THz Raman spectra were continuously collected for the
sample in the petri dish until crystallisation was observed. Paracetamol
crystallisation was observed approximately three to four minutes after the
introduction of water. This change was indicated by the emergence of the three

peaks associated with crystalline paracetamol (see Figure 4.5).
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Figure 4.5: THz Raman spectral evolution of 50 wi% paracetamol extrudate

immersed in deionised water
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The crystallisation of the material was also indicated by a change in the colour of
the extrudate (Figure 4.6). Prior to the introduction of water, the extrudate was a
clear and colourless extrudate; the appearance of the extrudate changed to a
white opaque material as the paracetamol crystallised inside the extrudate. This
colour change and the appearance of peaks are used throughout this chapter as

indications of crystallinity.

N

7 Crystalline

Amorphous §

Figure 4.6: 50 wt% extrudate before and after being immersed in water

4.3.2.2  Analysis of 10 wt% Paracetamol ASD Formulation

X-ray diffraction was performed on all 10 wt% paracetamol samples, as well as a

10 wt% physical mixture, as shown in Figure 4.7.
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Figure 4.7: X-ray diffraction patterns of 10 wt% paracetamol as a physical

mixture and extrudates produced at different temperatures

It can be seen that the physical mixture still has peaks consistent with crystalline
paracetamol. On the other hand, all extrudate samples at various temperatures
have resulted in a fully X-ray amorphous sample for this concentration of

paracetamol.
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—— 10 wt% Paracetamol 115°C t=6 hours (30 minutes of images)
—— 10 wt% Paracetamol 130°C t=6 hours (30 minutes of images)
—— 10 wt% Paracetamol 150°C t=6 hours (30 minutes of images)
—— 10 wt% Paracetamol 170°C t=6 hours (30 minutes of images)

Intensity

0 5 10 15 20 25 30 35 40 45

26 (°)
Figure 4.8: WAXS data of dissolution profile of 10 wt% paracetamol extruded at
115,130, 150 and 17°C. Profiles are at 115°C (Black), 130°C (Red), 150°C (Blue)
and 170°C (Green) all at t=6 hours after introduction of 1 mL of deionised water

using a syringe

All extrudate samples were loaded into the sample holder as per Figure 4.1, 1 mL
of deionised water was introduced using a syringe. The sample was continuously
scanned over a time frame of 6 hours, with each image lasting for 60 seconds.
No crystallinity was observed in any of the 10 wt% samples over this timeframe

using this experimental setup.

For all samples, the data at T=0 hours had spectra which were more flattened out
than at T=6 hours (see Figure 4.8). It is hypothesised that the flatter broader

spectra at T=0 are due to the presence of more liquid water which has not
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evaporated or been absorbed by the extrudate filaments. Also, the placement of
the filament in the water at T=0 was difficult to control resulting in an unpredictable
amount of filament exposure to the beam, and thus some T=0 spectra were
broader and flatter while others had more peak definition. After six hours most of
the water has been incorporated into the filament. Thus, we consider the spectra
at T=6 hours to be more reliable as the samples appeared to be homogenous gels
at this point. Consequently, the introduction of water proved to be a challenge in
obtaining reproducible data at T=0 hours. However, because we are interested
in what happens in the crystallinity of the sample after dissolution starts and
crystallinity is indicated by distinct sharp peaks in the WAXS spectra, the broad
peaks at T=6 hours in the absence of sharp distinct crystalline peaks are sufficient

to show the sample is still amorphous, and thus the spectra at T=0 are not needed.
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4.3.2.1 Analysis of 20 wt% Paracetamol ASD Formulation
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Figure 4.9: X-ray diffraction patterns of 20 wt% paracetamol as a physical

mixture and extrudates produced at different temperatures

It can be seen that the physical mixture still has peaks consistent with crystalline
paracetamol (see Figure 4.9). There are also crystalline peaks present in the
samples extruded at 115 and 130°C, while the samples extruded at 150 and

170°C are fully X-ray amorphous.
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—— 20 wt% Paracetamol 150°C t=6 hours (30 minutes of images)
—— 20 wt% Paracetamol 170°C t=6 hours (30 minutes of images)
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Figure 4.10: WAXS data of dissolution profile of 20 wt% paracetamol extruded at
150 and 170°C. Profiles are at 150°C (Red) and 170°C (Blue) all at t=6 hours

after introduction of 1 mL of deionised water using a syringe

Extrudate samples were loaded into the sample holder as per Figure 4.1, 1 mL of
deionised water was introduced using a syringe. The sample was continuously
scanned over a time frame of 6 hours, with each image lasting for 60 seconds.
No crystallinity was observed in any of the 10 wt% samples over this timeframe

using this experimental setup (see Figure 4.10).

67



4.3.2.2 Analysis of 25 wt% Paracetamol ASD Formulation
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Figure 4.11: X-ray diffraction patterns of 25 wt% paracetamol as a physical

mixture and extrudates produced at different temperatures

It can be seen that the physical mixture still has peaks consistent with crystalline
paracetamol. There are also crystalline peaks present in the samples extruded
at 115 and 130°C, while the samples extruded at 150 and 170°C are fully X-ray

amorphous (see Figure 4.11).
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Figure 4.12: WAXS patterns of 25 wt% 150°C paracetamol ASD after wetting

with deionised water

The 25 wt% sample extruded at 150°C was loaded into the sample holder as per
Figure 4.1, 1 mL of deionised water was introduced using a syringe. The sample

was continuously scanned over a time frame of 500 minutes.

After 90 minutes the profile is still showing no peaks and appears X-ray
amorphous, at around 120 minutes the first crystalline peaks were observed at
approximately 22°. As time increases and the contact time with the deionised
water increases more crystalline peaks can be seen to be emerging. These peaks
continue to increase in size until approximately 420 minutes where the peak size

appears to plateau until the final time point of 500 minutes (see Figure 4.12).
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Figure 4.13: WAXS patterns of 25 wt% 170°C paracetamol ASD after wetting

with deionised water

The 25 wt% sample extruded at 170°C was loaded into the sample holder as per
Figure 4.1, 1 mL of deionised water was introduced using a syringe. The sample

was continuously scanned over a time frame of 500 minutes.

After 360 minutes the profile is still showing no peaks and appears X-ray
amorphous, at around 420 minutes the first crystalline peaks were observed at
approximately 22-27°. At the final time point of 500 minutes, these peaks appear
to have increased in size and there are also further crystalline peaks seen

between 15 and 20° (see Figure 4.13).
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4.3.2.3 Analysis of 27.5 wt% Paracetamol ASD Formulation
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Figure 4.14: X-ray diffraction patterns of 27.5 wt% paracetamol as a physical

mixture and extrudates produced at different temperatures

It can be seen that the physical mixture still has peaks consistent with crystalline
paracetamol. There are also crystalline peaks present in the samples extruded at
130°C, while the samples extruded at 150 and 170°C are fully X-ray amorphous

(see Figure 4.14).
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Figure 4.15: WAXS patterns of 27.5 wt% 150°C paracetamol ASD after wetting

with deionised water

The 27.5 wt% sample extruded at 150°C was loaded into the sample holder as
per Figure 4.1, 1 mL of deionised water was introduced using a syringe. The

sample was continuously scanned over a time frame of 500 minutes.

After 30 minutes the profile is still showing no peaks and appears X-ray
amorphous, at around 40 minutes the first crystalline peak is observed at
approximately 22°, from tracking this peak there is an increase in peak size
consistent with increasing crystallinity with time. After 180 minutes more
crystalline peaks become visible in the range of ~13-27°, this again confirms the

increasing crystallinity of the sample with time (see Figure 4.15).
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Figure 4.16: WAXS patterns of 27.5 wt% 170°C paracetamol ASD after wetting

with deionised water

The 27.5 wt% sample extruded at 170°C was loaded into the sample holder as
per Figure 4.1, 1 mL of deionised water was introduced using a syringe. The

sample was continuously scanned over a time frame of 500 minutes.

After 90 minutes the profile is still showing no peaks and appears X-ray
amorphous, at around 150 minutes the first crystalline peak is observed at
approximately 22°, from tracking this peak there is an increase in peak size
consistent with increasing crystallinity with time. After 300 minutes more
crystalline peaks become visible in the range of ~13-27°, this again confirms the

increasing crystallinity of the sample with time (see Figure 4.16).
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The increased stability of ASDs of the same composition when processed at a
higher temperature is explained by the increased molecular motion resulting in a
greater solubility of the paracetamol in the Affinisol™. The greater molecular
mobility afforded to the paracetamol and Affinisol™ at higher extrusion
temperatures allows for better mixing to be achieved. At lower temperatures, the
drug and polymer mixture is subjected to micromixing, as opposed to when the
temperature is increased, molecular level mixing is achieved creating greater
drug-polymer miscibility with an absence of crystalline API to act as nucleation

sites promoting crystallisation.

Previous research studying paracetamol and Affinisol™ dispersions suggested
that there may be a “critical concentration” for drug loading to maintain stability
within the system'?. Through the use of in-line THz Raman spectroscopy, this
was deemed to be at 20 wt% paracetamol. During the conduct of the study, it was
observed that at 20 wt% paracetamol and below the API was undersaturated and
fully amorphous. However, above this “critical concentration” the system was at
a supersaturated level where crystalline material may be present in the polymer-
API matrix. The work shown here has helped to confirm this finding with no
crystallisation observed at paracetamol concentrations of 20 wt% and below, while
formulations containing 25 wt% and 27.5 wt% paracetamol underwent

recrystallisation when exposed to deionised water.

It is thought that there are three main mechanisms of dissolution that ASDs can
undergo. There is carrier controlled release, whereupon dissolution media ingress
into the polymer a gel-like material is formed in which the API has to diffuse to the
surface to be delivered. Dissolution-controlled release occurs when the polymer
and API both release together (congruent release), this allows the polymer to

continue to stabilise the amorphous API in solution. Finally, there is the drug-
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controlled release which is described as the polymer matrix dissolving into the

dissolution media and the amorphous API can dissolve at a drug-controlled rate.
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Figure 4.17: Schematic representation of crystallisation pathways during the
dissolution of ASDs a) No residual crystallinity, limited surface crystallisation b)
Residual crystallinity, surface crystallisation. Amorphous material = o,

crystalline material = *

For samples above the critical concentration of 20 wt% paracetamol which
underwent a crystallisation process, it was observed that crystallisation had
occurred on the surface of the extrudate which had formed a gel-like material.
These observations suggest that a carrier-controlled release dissolution
mechanism has taken place, and the gelling of the polymer matrix has facilitated
the diffusion of the API to the surface due to the increased molecular mobility. At
the non-sink conditions used for these studies, the migration of the amorphous
paracetamol to the surface has allowed drug-rich regions of amorphous
paracetamol. The drug-rich amorphous regions have then been able to interact

and finally crystallise at the surface (see Figure 4.17).
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4.4 Summary

Modification of existing SAXS sample holders allowed for WAXS studies to be
carried out with an area detector on the X-ray instrument. There is an advantage
of quick image times from the combination of micro source flux and the use of an
area detector over conventional X-ray position-sensitive detectors and sealed
tubes. This instrument set-up for data acquisition allowed for the successful
identification of the phase transition from ASD to a crystalline form during the
dissolution study. Initial experiments confirmed the hypothesis from the previous
work!?® in that results show a stable drug loading range below 20 wt%
paracetamol as no crystallisation was observed after 6 hours of initial dissolution.
Supersaturated samples above this drug loading threshold did show

crystallisation.

It was also noted that for samples which did crystallise, the temperature of the
extrusion had an impact on the time of the onset of crystallisation of the
paracetamol. When samples of equivalent drug loading were extruded at different
temperatures, the samples extruded at higher temperatures appeared to be more
stable in that they took longer to show initial crystallisation. The extent of
crystallisation at equivalent time points was indicated by the increased number

and intensity of diffraction peaks than samples extruded at lower temperatures.

A more refined sample holder stage would help with the consistency of
measurements for this type of analysis and allow for a better method of introducing
dissolution media. With a more refined setup, it may be possible to extract more

information from the data obtained.
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Clearly, an improved understanding of the changes within an ASD structure upon
drug release could lead to a better understanding of the underlying mechanisms
involved when an API starts to crystallise. A longer-term goal remains to use this
knowledge to improve the formulation and processing of ASDs. Further work
would be required combining SAXS with WAXS to compare structural changes at

different lengthscales.

The work presented here shows the feasibility of using a lab-based SAXS
instrument in terms of incident flux coupled with an area detector clearly showing
the emergence of crystallinity over time. The repeated observation of
crystallisation on the extrudate surface can be explained by diffusion occurring at
the surface of the extruded ASD.!713! The mixed phase samples of ASD in
dissolution media masked any contribution from changes in the ASD matrix such
as swelling, erosion, and disintegration that may have been expected to give rise
to SAXS signals. Thus, the recommendation from this work is to track changes in
crystallinity in the lab using WAXS and resort to synchrotron-based SAXS, pair
distribution function (PDF) and/or computed tomography (CT) measurements to
assess pre-crystallisation changes in the ASD sample. The release of
paracetamol from these systems would therefore appear to be impacted by a
crystallisation-mediated process whereby the dispersed paracetamol
recrystallised at the surface and subsequently dissolves in addition to any erosion
of the ASD matrix. Tracking the physical form during dissolution using diffraction
or scattering technigues serves as a useful tool to assess the stability and

performance of the ASDs.
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Chapter 5:

Investigation of Crystallinity in an Active
Pharmaceutical Ingredient
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5.1 Introduction

Amorphous pharmaceuticals are an attractive solution to address solubility
issues that are commonly encountered with newly developed active
pharmaceutical ingredients.*® Many crystalline pharmaceuticals can be
prepared in their amorphous form to overcome solubility issues associated with
the crystalline state. This can result in improved properties such as increased
solubility and oral bioavailability, allowing promising drug candidates displaying

poor solubility in their crystalline form to be utilised.?3#

However, amorphous solids often suffer from poor stability arising from excess
free energy compared with crystalline forms which can lead to recrystallization.
This risk of physical instability also presents regulatory challenges in getting
amorphous solids through regulatory approval.>¢78 Although a promising method
for increasing solubility and bioavailability, for some products the formation of an
amorphous phase can be problematic with the unexpected or uncontrolled
appearance of amorphous content and associated variability in physical and
chemical properties. For example, an amorphous phase can be produced
unintentionally during the processing of a drug substance or drug product. The
energy provided by manufacturing methods (milling, sieving etc) can disrupt the
crystal lattice of material and lead to the formation of varying amounts of an

amorphous phase within the bulk crystalline AP 9101112

The amorphous state is not as straightforward to characterise or identify
unambiguously as the crystalline form, often requiring the use of multiple
techniques. Crystalline material can be characterised by routine analytical
techniques such as single crystal and powder XRPD to provide detailed structural
information with thermal methods such as DSC providing information on

characteristic thermal properties.#2143 WAXS or traditional XRPD techniques can
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access information on the atomic/molecular dimensions within materials
corresponding to a length scale in the Angstroms. Thus, it can be used for phase
ID, pattern indexing, as well as crystal structure determination yielding crystal
structure in atomic resolution in three dimensional periodic lattices. WAXS
however cannot provide information on the material structure at the nanoscale in
materials given the restrictions in accessing very low scattering angles arising
from standard XRPD instrument geometries. SAXS can determine structural
features of particle systems at the nano and meso scale and is most commonly
used for looking at the structure and dynamics of large molecules in low ordered
environments. The main difference when comparing SAXS and WAXS is the
length scales accessible, where WAXS can probe lengths comparable to atomic
planes in a crystal, SAXS looks at much bigger length scales due to the lower
angle of the scattering observed. SAXS can also be used to analyse a wide range
of samples such as nanopatrticles, where it is used to characterise size and
shape,’®44 structural biology to determine the structure of proteins in
solution'#514¢ and in the polymer industry to determine structural properties and
crystallisation behaviour for a wide range of applications.?#"148_nterestingly,
given the potential structural features (Figure 5.1) in mixed phase or phase
separated amorphous systems in particular, SAXS has seen relatively limited
application in their characterisation. Recently SAXS analysis of partially
amorphous pharmaceutical materials has been reported showing the useful

information that can be delivered from this technique.

In SAXS, the detection and analysis of X-ray scattering from the edges of domains
within a system are possible. For example, in an amorphous system, domain

edges can correlate to the boundary of the phase densities between crystalline
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and amorphous regions as compared to the scattering within the lattice itself, as

demonstrated in Figure 5.1.

WAXS / XRPD

Scattering Angle (degrees)
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Figure 5.1: Demonstration of structural features present in SAXS vs XRPD data®®

Density fluctuations must be present within a material for a SAXS signal to be
observed, and it is, therefore, possible that an ideal crystalline or amorphous
sample would not produce a signal as there would be no contrast within the
sample.®®* However, when amorphous material is present in a bulk crystalline
material, or vice versa, there is the potential for different density domains to exist

producing a SAXS signal.®®

The Porod invariant (Q), which can be obtained from SAXS data, can be used as
a means of measuring the nano-heterogeneity of amorphous samples. In a multi-
phase system with regions of differing scattering length densities (SLD), the Porod
invariant is equal to the integral over the whole scattering vector and is directly
proportional to the mean-square density fluctuation.®*'4°® The Porod invariant
across the whole scattering range is defined as shown in Egn 5.1, where lqis the

intensity over the whole scattering vector and g2 is the scattering vector.
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Q= [, I,q%dq Eqn 5.1

Along with the mean square density fluctuation for a two-phase system shown in

Eqgn 5.2.
<(p— PP >=Lp)P*. 010, Eqn 5.2

In Egn 5.2 p is the average density throughout the scattering volume, ¢, and ¢,

are the volume fractions of both phases and Ap is the electron density difference.

These equations can be combined to give:
Q=[, I,q*dg= < (p— p)*>.(8p)% . 010, Eqn 5.3

Therefore, the invariant is a measure of a sample’s heterogeneity and can be used
to gather information on the nature of the distribution of crystalline and amorphous
domains within a sample. A study looking at the Porod invariant of three
pharmaceutical APIs (sulfamerazine, simvastatin and desvenlafaxine succinate)
investigated the use of SAXS and the Porod invariant as a means of determining
structural differences of glassy systems prepared via different methods and also
the structure and stability of cryo-milled samples. This study found that different
methods of amorphisation of the same molecule resulted in markedly different
SAXS profiles, the harsher method of melt-quenching produced practically no
SAXS signal while a sample amorphised by milling produced a SAXS signal
comparable to the starting crystalline material. These results indicated that
although both samples appear to be fully amorphous, as shown by WAXS, the
nanoscale amorphous structure varied based on the method of amorphisation.
The study also found that the degree of nano-heterogeneity, as measured by the
invariant, was impacted by the length of time a sample is subjected to milling.

Samples that had been milled for longer tended to show reduced SAXS intensity,
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lower nano-heterogeneity and were more stable in the amorphous form than
samples with a shorter milling time that tended to recrystallise back to the original

crystalline state.

The work in this study aims to evaluate the use of SAXS in the characterisation of
amorphous small organic molecules, employing invariant analysis of samples
subjected to ball milling at various parameters. A variety of other techniques such
as XRPD, DSC, TGA, FTIR and SEM will be used to provide complementary data

to allow a better understanding of the SAXS data.

5.2 Experimental

The raw material, GSK2838232M as provided by GSK, was analysed as received
to provide a benchmark for amorphous materials generated and analysed in this

chapter.
5.2.1 Preparation of amorphous GSK2838232M samples

Amorphous samples of GSK2838232M were prepared via ball milling with a
Retsch MM400 ball mill as described in section 3.2.1.2. A series of eight
increasingly amorphous samples were prepared by adding approximately 250mg
of GSK2838232M starting material to a 5mL ball milling jar along with one 7 mm
steel ball performed at a frequency of 25Hz. Increasing amorphicity was achieved

by increasing the milling time as shown in Table 5.1.
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Table 5.1: Ball milling parameters used to produce amorphous samples

Sample Milling Time Milling Milling balls
(minutes) Frequency (Hz) used
1 5 25 1x7mm
2 10 25 1x7 mm
3 20 25 1Xx7 mm
4 30 25 1x7 mm
5 40 25 1x7mm
6 45 25 1x7mm
7 50 25 1x7 mm
8 60 25 1Xx7 mm
9 60 30 2X7mm

A further fully X-ray amorphous form was also prepared via ball milling. 275mg of

GSK2838232M was added to a 5mL ball milling jar along with two 7mm steel balls.

The milling was performed at a frequency of 30 Hz for 60 minutes.

5.2.2 Small Angle X-ray Scattering

SAXS data were gathered using a Xeuss 2.0 SAXS/WAXS laboratory beamline

(Xenaocs, Grenoble) as described in section 3.2.2.1. Samples were loaded in 0.7

mm borosilicate capillaries and mounted in a capillary sample stage at a distance

of 2500 mm from the detector. The beam was set to high-resolution mode to give

a beam size of 0.6 x 0.5 mm. Data were collected from each sample in the range

of 0.045-0.26 A in the SAXS region.
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Table 5.2: Instrument parameters used for SAXS experiments

SAXS Instrument Parameters

Source

Cu kal — 1.54189A

Collimation / Beam setting

High resolution (0.6 x 0.5 mm)

Detector

SAXS — Pilatus 1M

Calibrated sample to detector
distance

2476.64 mm

Sample stage

Standard Transmission Stage

Image time 3600 s

0.012 - 0.26 A+,

Range 0.1-3.5° (139 — 2.4 nm)

5.2.3 X-ray Powder Diffraction

All ball-milled samples and the starting material were analysed using XRPD to
determine the amorphous nature. Samples were analysed using a Bruker D8
Advance Il capillary diffractometer as described in section 3.2.2.3. Small amounts
of samples (10-50 mg) were packed into 0.7 mm borosilicate capillaries and
scanned in the range of 3-40° 26 with a step size of 0.017° and a 10 s/step count

time.

Variable temperature XRPD was collected on the starting material using a Bruker
D8 advance capillary diffractometer as described in section 3.2.2.3. Small
amounts of samples (10-50 mg) were packed into 0.7 mm borosilicate capillaries
and scanned in the range of 3-40° 26 with a step size of 0.017° and a 10 s/step

count time.
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5.2.4 Fourier Transform Infrared Spectroscopy

ATR-FTIR data were collected using a Bruker Tensor Il bench ATR IR
spectrometer as described in section 3.2.1.6. Data was collected in the region of
400-4000 cm™ with a resolution of 4 cm™ and 16 scans were obtained for each

sample.

5.2.5 Differential Scanning Calorimetry

DSC data were collected using a Netzch DSC214 Polyma instrument as described
in section 3.2.2.4. 3-5 mg of sample was weighed into an aluminium pan with a
pierced lid. The sample was initially heated from 20-280°C at a heating rate of
10°C/min. Following this samples were then further analysed by heating from 20-
130°C at a heating rate of 10°C/min and cooled back to 20°C at a cooling rate of
10°C/min, under flowing helium purging gas at 40 ml/min. A blank correction was

carried out with an empty pan before sample analysis.

5.2.6 Thermogravimetric Analysis

TGA analysis was collected using a Netzsch Jupiter F1 449 instrument as
described in section 3.2.2.5. 3-5 mg of sample was accurately weighed out into
an aluminium pan with a pierced lid. The sample was then heated from 20-300°C
at a heating rate of 10°C/min, with a helium purge gas flow of 50 ml/min. A blank

correction was carried out with an empty pan before sample analysis.
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5.2.7 Scanning Electron Microscopy

SEM images were acquired for all ball-milled samples along with the starting
material using a Hitachi TM 4000 plus as detailed in section 3.2.2.7. Samples
were mounted on aluminium stubs with sticky carbon tabs and sputtered with a
20 nm layer of gold using a Leica EM ACE 200 sputter coater. Images were

captured in backscattered mode with a beam voltage of 10 kV.

5.3 Results and Discussion
5.3.1 Characterisation of GSK2838232M starting material
5.3.1.1 X-ray Diffraction Characterisation of Crystalline Material

The parent material GSK2838232M was characterised as received using XRPD
to give a reference pattern to confirm phase identity and compare against
subsequent samples with potential amorphous content. The starting material
comprised sharp diffraction peaks, and no obvious amorphous halo was evident
in the background confirming the essentially crystalline nature of the material

(Figure 5.2).
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Figure 5.2: Pawley fit of the XRPD data of the starting material in the range of 3-

40° two theta.

The Pawley fit'%202! to the data was performed in the Topas software package!®®
in which zero point, background, peak shape, peak intensity and lattice
parameters were refined. The refined, room temperature lattice parameters

obtained from the fit were a = 15.15 A, b =11.03 A, c = 17.45 A and B = 104.41°.

5.3.1.2 DSC Analysis

DSC analysis of the starting material (Figure 5.3) showed that GSK2838232M had
an onset temperature of melting at 265.7°C, along with an endothermic transition

at 118.2°C.
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Figure 5.3: DSC profile of GSK2838232M in the range of 20-280°C

A further DSC experiment with an additional cooling cycle was performed to

investigate whether the endothermic transition, seen at approximately 120°C, was

reversible (Figure 5.4).
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Figure 5.4: DSC heating (red line) and cooling (blue line) analysis of

GSK2838232M

The repeat experiment confirmed the presence of the endothermic event upon
heating. An exothermic peak was observed at around 107.1°C during the cooling

cycle suggesting that the endothermic event was reversible.

5.3.1.3 Variable Temperature XRPD Analysis for Investigation of

Potential Solid-Solid Transition in Starting Material

Variable temperature XRPD was performed to probe the sample for polymorphic

transitions (see Figure 5.5).
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Figure 5.5: VT-XRPD diffractograms of GSK2838232M

A shift in the peak as indicated by the vertical line to lower two theta was observed
between the first plot (30°C) and the second plot (100°C) as shown in Figure 5.6.

No further differences in XRPD patterns were observed upon further heating.
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Figure 5.6: Zoomed in VT-XRPD diffractograms highlighting peak shift between

30°C and 100°C profiles, profiles displayed up to 130°C.

The observed peak shift is consistent with a thermal expansion of the crystal. This
expansion would result in larger d-spacings for the longer range cell dimensions
within the lattice, corresponding to a lower measured two theta value.**,*® No
evidence of a polymorphic transition was observed through this analysis as
indicated by the lack of any other peak shifts. Thermal expansion as a cause for
the initial peak shift was confirmed by indexing each pattern to calculate the lattice
volume for each sample, as shown in Figure 5.7. The thermal expansion results
demonstrated an increase in volume between the first and second temperature
points, with no further increases or decreases observed. The increase in lattice
volume occurred prior to the transition temperature seen in DSC, no further lattice
volume changes were seen at this transition temperature. Although these results
were interesting, there was no evidence to suggest the peak was relevant to the

amorphous phase, and the finding had no direct relevance to the study.
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Figure 5.7: Crystal lattice volume of GSK2838232M as a function of temperature

as measured by VT-XRPD

5.3.2 Characterisation of the relative crystallinity of ball-milled samples

5.3.2.1 X-ray Powder Diffraction Analysis for Characterisation of

Increasing Amorphous Content

A series of amorphous samples were prepared using a Retsch MM400 ball mill
with successively longer milling times. Each of these samples was then
characterised using the same suite of techniques used for the starting material.
Initial screening of the samples was performed using XRPD to determine at which

ball mill settings amorphous material was introduced to the sample.
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Figure 5.8: XRPD plots of series of amorphous samples produced with a Retsch

MM400 ball mill

There are some characteristic strong diffraction peaks for GSK2838232M at a two
theta of 12°, 13.5° and 16.5°. The peak at 12° two theta is the largest, and most
intense in the pattern. Tracking this peak as the milling time increases showed a
steady decrease until the peak was no longer present in the final diffractogram
indicating a fully X-ray amorphous sample had been obtained at these milling
conditions.  This final diffractogram of a fully X-ray amorphous sample
corresponds to a milling time of 60 minutes with a milling frequency of 30Hz,

(Figure 5.8).
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5.3.2.2 Relative Crystallinity Analysis Using DSC

DSC analysis of the milled samples (see Figure 5.9) confirmed the amorphous
nature of the samples observed in the X-ray diffraction experiments. The DSC
profiles of the samples show that there is an exothermic peak consistent with a
re-crystallisation event found in the temperature range of 175-189°C. The
increasing size of this feature is consistent with the increasing amorphous content
of the samples, showing the same trend as was seen in the XRPD data with

increasing amorphous content as a function of milling time.
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Figure 5.9: DSC profiles of all ball milled GSK2838232M samples (Top plot 5

minutes to 40 minutes milling, bottom 45 minutes to 60 minutes milling)
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Mass fraction of crystalline material calculations were carried out based on the
heat of crystallisation enthalpy and heat of melting as obtained from the DSC data

Eqn 5.4.1%6

_ AH,,—AH,
X, = AHY,

Egqn 5.4

Where AHy, is the enthalpy of fusion of the sample at the melting temperature,
AH. is the crystallisation enthalpy of the sample and AH.? is the heat of fusion of
the crystalline GSK2838232M at the melting temperature. AH; and AH, values
were obtained from NETZCH Proteus thermal analysis software. Results from

this calculation are shown in Figure 5.10.

The mass crystalline fraction was converted to a percent crystallinity in the sample
by multiplying Xc by 100. This method of calculating crystallinity has been used
in other studies to show the % crystallinity of a sample containing amorphous
material.’®" The data in Figure 5.10 shows a consistent downward trend to a
minimum value of 7% crystallinity. The change to a higher milling frequency
resulted in a substantial drop in % crystallinity, from 38% to 7%, due to the higher
frequency of the impacts caused within the milling jar.'®®'® There is some
agreement with the data obtained from XRPD with an overall downward trend due
to increased milling. However, unlike XRPD, which showed an absence of peaks
at 60 minutes suggesting a fully amorphous sample had been produced, DSC
analysis suggests there is still a low level of crystallinity within the sample. This
could be due to several reasons, such as the difference in sensitivity of the two
techniques, with DSC shown to be more sensitive to crystalline material.16%161
XRPD may be underestimating the crystallinity within the sample. The DSC
method also relies on using the provided crystalline sample as the 100%

crystalline baseline for the rest of the calculations. The initial sample used for this
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may have had some amorphous material present which would then result in the

calculation not being fully correct for the then milled samples. Finally, the sample

presentation method for both techniques differs.

For XRPD the sample was

loaded into a borosilicate capillary which was then heat sealed, this would prevent

any atmospheric changes to the sample. While for the DSC measurements the

samples were loaded into pans with a pierced lid, this could have let any humidity

within the room interfere with the sample and begin a recrystallisation process.
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Figure 5.10: Crystallinity values calculated from DSC data using enthalpy of

crystallisation and enthalpy of melting
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5.3.2.3 Thermogravimetric Analysis of Mass Loss

TGA analysis showed an overall increase in mass loss as milling time increased.
Milling loss starts at 0% in the parent material and increases to just over 1% mass
loss in the heating range 30-90°C, this loss is most likely associated with surface
water losses. Water from within the crystal lattice is released due to the milling
process, some of this released water will have been able to attach to the surface
of the molecule. As amorphous solids have a greater surface area than crystalline
solids there is the potential for more water to be found on the surface and
subsequently lost during the TGA experiment (Figure 5.11).162163 The general
trend of increasing mass loss as milling time is increased suggests an increase in

amorphous content.
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Figure 5.11: Mass loss trend analysis based on TGA data

5.3.24 Spectroscopic Structural Analysis using FTIR

FTIR analysis can provide information on structural modifications as a result of
changing interactions within the molecule. Degradation of the sample can also be
analysed via FTIR with loss of peaks signalling potential degradation from the
crystalline to amorphous form.3132% ETIR analysis of the milled materials shows
peak broadening when compared to the crystalline material, particularly in the

fingerprint region (Figure 5.12). This is consistent with disordered (amorphous)
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solid materials having a greater variety bond lengths and bond energy

distributions than seen in a crystalline material.*¢®1¢7
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Figure 5.12: Fingerprint region from IR analysis. Red = amorphous sample,

green = crystalline sample

5.3.25 SEM Analysis of Milled Samples

To probe any physical changes to the particles in the parent material and ball-
milled samples, SEM images were collected for all samples. GSK2838232M
parent material (see Figure 5.13), before any milling, consists of large crystalline
particles with smaller crystalline material attached to the surface of the larger

crystals.
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Figure 5.13: SEM image of GSK2838232M parent material. Scale bar indicated

50 um
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Figure 5.14: SEM images of milled samples, scale bar indicates 50 um. a) 5
minute milled sample, b) 10 minute milled sample, ¢) 20-minute milled sample, d)
30-minute milled sample, €) 40-minute milled sample, f) 45 minute milled sample,

g) 50-minute milled sample and h) 60 minute milled sample.

As the sample is milled for between 5 and 60 minutes with a milling frequency of
25 Hz the particle morphology shows larger particles that show faces and sharp
edges consistent with crystalline material with smaller, potentially amorphous,
powder like material attached to the surface. The larger particles can be seen to

decrease in size as the milling time is increased (see Figure 5.14).

Figure 5.15: SEM image of X-ray amorphous material milled for 60 minutes at 30

Hz. Scale bar indicated 50 pum
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By the final sample which was subject to harsher milling conditions (see section
5.2.1) the presence of larger particles is mostly gone, and the sample was more

homogenous in appearance (see Figure 5.15).

5.3.2.6 Characterisation of Amorphous Samples Using SAXS

SAXS analysis was carried out on all samples to examine the ability of SAXS as
a technique for studying amorphous pharmaceuticals using GSK2838232M
samples as a case study. Previous technigues from this work provided a baseline
characterisation of the amorphous nature of each of the raw materials and milled
samples. All techniques show a crystalline starting material that trends to a lower
crystalline content as milling time is increased. Initial SAXS experiments focused
on method development to determine the best experimental parameters for
analysing the samples. The parameters investigated included beam spot size,
image time and mounting method to produce data with a good signal to noise

while keeping analysis time to a minimum.

The samples were first analysed in a standard transmission powder sample holder
as shown in Figure 5.16, which mounts the samples in a metallic washer
sandwiched between two dots of sticky Kapton film as demonstrated in Figure

5.17.
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Figure 5.16: Multi-well SAXS powder transmission sample holder

Figure 5.17: Powder GSK2838232M sample mounted in metallic washer between

sticky Kapton film.

Using this sample holder requires one background to be taken using a washer
setup with the Kapton dots with no sample, this background is subtracted from all
sample data. The background is taken in this way as it is not feasible to stick the
Kapton dots to the washer for a background scan and then remove those specific
Kapton dots to allow the sample to be loaded. The Kapton dots are easily

damaged and any pulling or stretching can then impact the signal produced.
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Three samples were analysed as follows using the same Kapton tape
background. Three (different) washers were then loaded with the starting
material. Each sample was scanned using the same experimental parameters,
and the sample background was subtracted from the data collected. The three

plots still varied significantly after background subtraction (Figure 5.18) indicating

the lack of reproducibility for this mounting method.
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Figure 5.18: SAXS profiles of GSK2838232M mounted in three separate washers

To overcome this lack of reproducibility, an experimental set-up using a capillary

sample holder as shown in Figure 5.19 was tested.
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Figure 5.19: Multiple position glass capillary sample holder

Due to minor variations in glass thickness for individual capillaries, the capillary
sample holder experimental set-up required a background to be collected for each
capillary used. Therefore, each sample had a corresponding background
subtracted for the capillary used. Apart from the different sample holders, the
same experiment as above was performed, in that, the starting material was
loaded into three separate capillaries, and all were analysed with the same
experimental parameters. Samples were loaded into capillaries using similar
methods to achieve a consistent sample packing density between samples. The

results of which are shown in Figure 5.20.
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Figure 5.20: SAXS profiles of GSK2838232M mounted in three separate 0.7 mm

borosilicate glass capillaries

As seen in the overlaid SAXS profiles in Figure 5.20, this experimental set-up
resulted in significantly improved reproducibility when compared to the previous

transmission powder washer sample holder. Consequently, the capillary sample

holder was utilised for all experiments.

SAXS analysis from capillary samples was performed on all milled samples
exhibiting differing amorphous content (Figure 5.21) as characterised previously

by X-ray diffraction, DSC and SEM analysis.
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Figure 5.21: 1D SAXS data of milled GSK2838232M samples

The SAXS data presented here show an overall decrease in intensity across the
whole scattering vector range (0.012-0.26 A') as milling time increases. This
decrease indicated that the degree of nano-heterogeneity, a measure of density
differences caused as a result of the mixed phase domains present in the sample,
is decreasing as milling time and amorphous content increase. By contrast, the
SAXS profiles remain very similar in overall shape as milling time increases. The
similarity in profiles likely indicates that while the overall amorphous content of the
sample is increasing, the small-scale local ordering is remaining similar to that of

the original crystalline material.®®> Other amorphisation methods, such as melt-

108



guenching, may lead to greater changes in the profile shape as the local ordering

is more impacted by the harsher processes.

As an indicator of overall nano-heterogeneity within the sample, the Porod
invariant is used to quantify the density heterogeneity and the entropy of a system.
This method has been used to study phase separation of elastomers,®® to
measure particle growth of amorphous materials in water®® and generally as a
means of analysing systems with multiple phases.!’”® Porod’s Invariant is
calculated over all of the scattering range and is a more quantitative measure of
the results when compared to simply looking at the individual profiles. The
adequacy of Porod’s invariant to provide information on multi-phase systems
relies on a number of factors including the volume of both phases, the boundaries
between the phases and the sharpness of these and also the size distribution of

the domains.
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Figure 5.22: SAXS Porod invariant analysis of GSK2838232M and subsequent

milled samples

The general trend that can be seen is a slight decrease in the invariant as milling
time is increased (see Figure 5.22). This trend is consistent with an increase in

the emergence of amorphous content and a decrease in heterogeneity.

There is an inconsistency between values at 40 to 60 minutes of milling time. This
overlap may be a result of the technigue not being sensitive enough to distinguish
the small differences in amorphicity at these milling times. As only single
measurements at each sample were taken no statistical differences can be

measured for this result set. This lack of differentiation was also seen with the
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crystallinity based on the DSC data. In those calculations, we saw the same
inconsistency of values between 40-60 minutes, with the percent crystallinity
almost plateauing at approximately 35%, until the milling frequency was increased

resulting in a decrease to 7% crystallinity as measured by DSC.

SAXS as a technique has been used for the characterisation of various
amorphous samples such as nanoparticles,!’* silicon*’? and polymers.}”® Data
analysis methods vary between these samples, from simple intensity-based
determinations coupled with knowledge of the density and structure of the system,
where calculations can be performed to inform on fluctuations of a samples size
by calculating the radius of particles. The concentration and radius of samples
can be determined by integration of the intensity over reciprocal space, giving
information on the weight % of different amorphous nanopatrticles within a system.
To the more complex computer modelling based data analysis where a wide range
of information can be generated such as shape of voids within an amorphous
solid. Computer modelling techniques can also be used to make ab-initio
simulations as means of reconstructing inner shapes of materials based on their
SAXS profiles. These data analysis techniques are designed to look at single
phase amorphous systems, more work would be required to be able to fully

implement these in multi-phase systems such as the ones studies in this work.

5.4 Summary

This work assessed the capability of SAXS as an analytical tool for characterising
the amorphous form of the small organic molecule herein referred to as
GSK2838232M. To assess SAXS the amorphous content of the samples was
first measured by XRPD, DSC, TGA, FTIR and SEM. Ball milling of

GSK2838232M using a Retsch MM400 ball mill produced a range of samples with
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an amorphous content from roughly 3% (5-minute milling at 25 Hz) to 93% (60-
minute milling at 30 Hz) as determined by DSC. XRPD was used to determine
the crystalline nature of the starting material and resulting ball milled samples,
with all samples showing peaks consistent with crystalline material until the
sample had been milled for 60 minutes. At this point no peaks were present,
indicating a fully X-ray amorphous sample had been produced. TGA analysis was
able to demonstrate a general trend of increasing mass loss as a result of
increased milling time, this is consistent with an increased surface area with
increased amorphous content allowing for more surface water on the molecule to
then be lost during the TGA analysis. FTIR spectra for all samples contained the
same peaks indicating no degradation took place during the amorphisation of the
samples, general peak broadening was observed in the amorphous samples
when compared with the crystalline starting material. This is expected in
amorphous samples due to the weakening of the interactions within the molecule.
All techniques showed agreement in the overall trend of amorphous content
increasing as a result of increased milling time. Method development for SAXS
analysis of GSK2838232M highlighted the importance of the sample mounting
method and appropriate background subtraction. This work found the best
reproducibility was gained using borosilicate capillaries with a background

subtraction for the corresponding capillary.

SAXS was shown to display consistent changes in the measured signal as a
function of the process history of the sample providing a qualitative tool for the
analysis of solid samples of small organic molecules. Differences observed in
SAXS intensities can be related to decreasing heterogeneity, as the sample trends
to more amorphous content and the density differences become less with fewer

boundaries between the two phases. These differences can give insight into the
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nano-structural changes between crystalline and amorphous forms. Using the
Porod invariant allows for a more quantitative measure of the nano-heterogeneity
by measuring the density fluctuations at the nano-scale, this was found to fluctuate
with the length of milling the sample was exposed to. The precision of the values
obtained requires further investigation as all data was produced based on one
sample at each milling condition, additional samples would allow for statistical

differences to be measured to confirm the values obtained.

Data interpretation of SAXS is informed by complementary methods thus
uncertainties about particle sizes and shapes within a system can inhibit analysis.
Due to this, SAXS is routinely used in conjunction with other techniques as was
done here but is not currently able to be used as a standalone analysis technique
for amorphous pharmaceuticals. Other techniques commonly used alongside
SAXS are NMR, circular dichroism (CD), size exclusion chromatography (SEC)
and dynamic light scattering (DLS).42434445 Another technique gaining interest in
being used as a complementary technique to use with SAXS is pair distribution
function analysis. This method of analysis could be used as a complementary
technique to SAXS, thereby providing additional structural information to be fed

into SAXS models for these amorphous pharmaceutical systems.’®

Further work could investigate using a different route to produce the amorphous
material. Alternate preparation methods could have different effects on the
underlying structure of the material. As the Porod invariant uses volume and size
of domain differences along with the sharpness of the boundaries between the
phases, other methods of amorphisation could be used to make these more
pronounced to hopefully result in greater differences in the SAXS patterns
obtained. More work on the data analysis could be investigated to hopefully allow

for further structural data to be obtained from the SAXS data.
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Chapter 6: Wide Angle X-ray Scattering for the Analysis
of Crystallinity and Orientation of Biocomposite
Fibres and Films of Microfibrillated and
Nanofibrillated Cellulose Produced from Potato
Pulp
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6.1 Introduction

Cellulose is an abundant natural biopolymer that is widely researched owing to its
suitability to be used in many fields such as pharmaceuticals, textiles,?® food!”®
and electronics.® |t is also a biodegradable and renewable substance which has
increased research efforts as a sustainable alternative for a variety of materials
such as thin films and composites.'®1182 Cellulose exists as both amorphous and
crystalline regions, with hydrolysis methods used to extract the crystalline material

to form cellulose nanocrystals (CNC).

Cellulose can be sourced from a range of raw materials including wood,%®
agricultural waste,'® and a variety of fruit and vegetables such as potato,®
bananas,®® rice husk®” and cotton fibres.*®® microfibrillated cellulose (MFC) and
nanofibrillated cellulose (NFC) are terms used based on the fibrillation process
followed when producing fibrils from cellulose. The extraction process will affect

the properties of the MFC or NFC produced.
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Figure 6.1: Transmission Electron Microscopy (TEM) images of MFC (left) and

NFC (right)*#°

Various pretreatment steps can be performed during the extraction process in an

attempt to improve the mechanical properties of the cellulose biomaterial by
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increasing the crystallinity and orientation of these crystals to improve overall

strength.

Much of the interest in cellulose has centred around the biomaterials MFC and
NFC due to the wide range of interesting properties associated with these
materials. These properties include dimensional stability, high surface area and
aspect ratio, and the ability to be chemically modified.2131415 CNC have excellent
mechanical strength, however, due to their anisotropic nature, the strength of
cellulose varies significantly based on the orientation. In the direction of the
crystalline material, values of the Young’'s Modulus between 100 and 160 GPa
can be achieved while in the opposite direction this is much lower with results
ranging between 18-50 GPa.'®**1% To be able to take advantage of this material’s
mechanical properties the orientation of the material must be controlled; this can

be achieved via the production technique.

Commonly, extrusion and spinning techniques have been employed in the
production of these materials to impart alignment of the fibrillated cellulose.%-1%7
To be able to produce fibres at an industrial scale, a continuous spinning process
is required. However, cellulose, by itself, is unable to be processed using a
continuous spinning method. In this work, sodium alginate was used as a carrier
polymer to allow the cellulose fibres to be spun. Due to alginate possessing a
similar structure to cellulose, it is predicted that the two will form a good connection
with ionic cross-linking. The combination of sodium alginate with cellulose allowed

for a wet spinning technique to be employed in this work.

WAXS is one of the most commonly applied techniques for analysing crystallinity
within cellulose samples, this is due to the relative simplicity of the method
combined with the ability to produce defined Braggs peaks from a crystalline

material.
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SAXS is a technique which has found application in the analysis of cellulose
containing materials. Typically SAXS is used to determine the length scale and
orientation of fibrils within cellulose and also the effect of various solvents on the
structure. As this work is aiming to explore the orientation and degree of
crystallinity of cellulose, SAXS was not used during this study, however, the
implementation of SAXS could allow for more information to be gathered around
the sizes and shapes of the crystalline fibril domains within the film and fibre

samples.

The focus of this chapter is to characterise the crystallinity and orientation of both
nano and microfibrillated cellulose films and fibres using WAXS as the
characterisation tool. Comparisons of films and fibres along with fibres that were
then subjected to stretching in an attempt to increase the mechanical strength

were conducted.

6.2 Materials and Methods

6.2.1 Preparation of Alginate and Cellulose Fibres and Films

Pre-treatment of the potato pulp was performed with 0.5 M sodium hydroxide and
sodium chlorite 1.0% v/v for MFC and for NFC 0.8% v/v sodium hypochlorite and
0.2 M sodium acetate was used for pre-treatment. The pre-treated pulp was then
circulated in a microfluidizer for 18 minutes until a thick gel was formed. MFC and
NFC fibres were produced from these thick gels via wet-spinning at room
temperature. Before spinning the formulations, fibres were homogenised in water
at 15000 rpm and degassed using a vacuum pump. These solutions were then
extruded through a conical needle at a spinning rate of 5 mL/min, spun into a

calcium chloride bath (5% w/v) and then collected in a wind-up drum. The fibres
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were then removed from the drum and left in the calcium chloride bath overnight.
Afterwards, the samples were then transferred to a water bath for 24 hours to
remove any excess calcium chloride from the fibres. The final step was to place
the fibres in an acetone bath for two hours and then dry them on a metal plate.

The apparatus used is shown in Figure 6.2.

Figure 6.2: Schematic diagram of the fibre production process: 1- Ultra Turrax; 2-
mixing beaker; 3- syringe pump; 4- syringe; 5- conical needle; 6- roller; 7- wind-
up drum; 8- coagulation bath; 9- rinsing bath; 10- solvent exchange bath; 11-

drying rack.

Film samples were simply produced by casting the solutions in glass Petri dishes
and allowing them to dry. Images of mounted fibre and film samples are shown

in Figure 6.3.
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Figure 6.3: Mounted Fibre and film cellulose samples. A) Pure alginate fibres B)
Post stretched alginate fibres C) Microfibrillated cellulose fibres D) Post stretched
microfibrillated cellulose fibres E) Nanofibrillated cellulose fibres F) Pure alginate
film G) Microfibillated cellulose Film H) Nanofibrillated cellulose film. Samples

mounted in 10 mm diameter washers
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6.2.1.1 Capillary X-Ray Powder Diffraction

Powdered sodium alginate was characterised using capillary powder diffraction to
determine whether any peaks occur which could interfere with those of cellulose.
Samples were analysed using a Bruker D8 Advance Il capillary diffractometer as
described in section 3.2.2.3. A small amount of sample (10-50 mg) was packed
into a 0.7 mm borosilicate capillary and scanned in the range of 5-80° two theta

with a step size of 0.017° with a 4 s/step count time.

6.2.1.2 Wide Angle X-ray Scattering

The crystallinity index (Crl) and orientation index (f;) of the cast films and spun
fibres were calculated from WAXS data obtained from a Xenocs Xeuss 2.0
SAXS/WAXS laboratory beamline (Xenocs, Grenoble) as described in section
3.2.2.2. 2D patterns were collected on a Pilatus 1M area detector (DECTRIS,
Belgium) positioned 171.6 mm from the sample, which was calibrated using silver
behenate and silicon standards. Film samples were exposed for 10 hours total,
due to the thinness of the material requiring a longer exposure for an increased
signal to the detector, while fibre samples were exposed for 2 hours total. Data
was normalised for transmitted intensity, and radial integration was performed for
360° of the collected images using Foxtrot data reduction software (Version 3.4.9,
Xenocs, Grenoble), and presented as a 1D diffraction pattern for further

calculations.

Crystallinity index (Crl) was calculated for all samples using two methods, firstly

Segal’'s method!®® according to Egn 6.1:
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Crl = (I(Zlm’;l“)x 100 Eqn 6.1

(200)

where I;0) and I, are the intensity of the 200 reflection peak and the amorphous

peak respectively.

Crl was also calculated using Bruker EVA software (Version 18.0.0.0, Bruker,
USA) via a deconvolution method to separate the crystalline contributions from

the amorphous contributions using Egn 6.2 and Eqgn 6.3:

% Amorphous = ((waal A;i‘;;f;‘::;w Area)) x100 Eqn 6.2
% Crystallinity = 100 — % Amorphous Eqn 6.3

The degree of nanofibre orientation (f;) was evaluated using the orientation index
of the cellulose crystals using Egn 6.4, utilising azimuthal breadth

analysisl22,199,200,201

(180°— B¢)
fo =t

T50° Eqn 6.4

where . is the full width at half maximum of the 200 reflections in the

diffractograms.
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6.3 Results and Discussion
6.3.1 Raw materials

Sodium alginate is used as a polymeric carrier that links to the cellulose via ionic
crosslinking, thus giving the cellulose strength to be continuously spun. The
sodium alginate powder used was derived from marine algae and was
characterised using capillary XRPD. This reference pattern enabled the
identification of peaks that might interfere with the patterns obtained from the

cellulose materials (see Figure 6.4).

110 ~12,57°
200 ~21.06”

Intensity
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Figure 6.4: Capillary XRPD data of sodium alginate powder derived from brown

algae, in the range of 5-80° two theta
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The sodium alginate raw material showed a characteristic semi-crystalline
profile,29? with two broad peaks at 12.57° and 21.06° two theta and an amorphous

hump occurring at approximately 35-45° two theta.

6.4 WAXS Analysis of Cellulose Fibre and Film Samples
6.4.1 Pure Alginate Fibres in the Absence of Cellulose

As alginate was used as a polymer carrier for the cellulose, a sample of alginate,
in the absence of cellulose, was spun into a fibre and analysed to understand the
crystallinity and orientation which may come as a result of the alginate in the

cellulose samples.
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Figure 6.5: 2D detector image of pure alginate fibre in the absence of cellulose.
Arrows depict the direction of integration. Arrow in the horizontal direction shows
integration perpendicular to the alignment of the fibres. Arrow in the vertical
direction shows integration parallel to the alignment of the fibres. Samples
mounted as described in section 6.2.1.2 and data integration as described in

section 6.2.1.2.

From the detector image, two scattering rings have been observed. Both rings
have a distinct orientation as indicated by more intense scattering in the vertical
direction (see Figure 6.5) for the outer ring and the horizontal direction for the
inner ring. An azimuthal integration over the whole two theta range produced a

1D plot (see Figure 6.6) showing peaks for both rings, with the amorphous portion
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of alginate spread across the pattern most clearly seen at approximately 30-45°

two theta.2%3
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Figure 6.6: 1D WAXS data of pure alginate fibres from integrated 2D image
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Figure 6.7: Integration of WAXS data for pure alginate fibres, perpendicular (left)

and parallel (right) to the direction of the mounted fibre

The detector image also shows an orientation effect of the crystallisation of the
first scattering ring, with a much higher intensity seen in the horizontal direction.
Azimuthal integrations were performed at 0° (perpendicular to the fibres mounted
position) and 90° (parallel to the fibres mounted position) and shown in Figure 6.6

to determine the orientation of the scattering.

6.4.2 Stretched Alginate Fibres

The alginate fibres, in the absence of cellulose, were then stretched to see what

effect this would have on the orientation and crystallisation of the alginate sample.
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Figure 6.8: 2D detector image of pure alginate fibres, which had been subjected

to stretching after spinning

The detector image for the stretched sample is very similar to that of the
unstretched sample (see Figure 6.8). However, it appears to be more crystalline
due to the more intense scattering seen from both rings. An azimuthal integration
over the whole two theta range produced a 1D plot (see Figure 6.9) showing peaks

for both rings, with an amorphous halo present at approximately 35-45° two theta.
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Figure 6.9: 1D WAXS data from integrated 2D image of pure alginate fibres which

have been subject to stretching after spinning

Intensity

20 (%) 26 (°)

Figure 6.10: Integration of WAXS data for pure alginate fibres which have been
stretched after spinning, perpendicular (left) and parallel (right) to the direction of

the mounted fibre
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The detector image also shows an orientation effect of the crystallisation of the
first scattering ring, with a much higher intensity seen in the horizontal direction
consistent with the initial alginate sample but more intense. Azimuthal integrations
were performed at 0° (perpendicular to the fibres mounted position) and 90°
(parallel to the fibres mounted position) and shown in Figure 6.10 to determine the

orientation of the scattering.

6.4.3 Microfibrillated Cellulose Fibres

Fibres consisting of microfibrillated cellulose contained several characteristic
diffraction rings which are expected from cellulose-containing material as shown

in Figure 6.11.

Figure 6.11: 2D detector image of microfibrillated cellulose fibres labelled with

reflections of the most intense peaks associated with cellulose
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As seen in the detector image, the presence of four diffraction rings indicates a
relatively crystalline sample. An azimuthal integration over the whole two theta
range produced a 1D plot (see Figure 6.12) showing distinct peaks for the three

labelled rings.
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Figure 6.12: 1D WAXS data from integrated 2D image of microfibrillated cellulose

fibres labelled with reflections of the most intense peaks associated with cellulose

The detector image also shows an orientation effect of the crystallisation, with a
much higher intensity seen in the horizontal direction for the 110 and 200
reflections. Although crystalline and amorphous material can be seen in all
directions within the fibre, the stronger intensity of the diffraction rings shows a
greater crystalline contribution in one direction. Azimuthal integrations were

performed at 0° (perpendicular to the fibres mounted position) and 90° (parallel to
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the fibres mounted position) and shown in Figure 6.13 to determine which

reflections are orientated and in which direction.
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Figure 6.13: Integration of WAXS data for microfibrillated cellulose fibres

perpendicular (left) and parallel (right) to the direction of the mounted fibre.

It was seen that both the 110 and 200 reflections were observed in the
perpendicular integration, while in the parallel integration a much smaller
contribution was seen from the 110 reflection in this orientation. More reflections
can be seen contributing to the overall crystallinity of the sample in the parallel
direction. Due to detector limitations, these rings can be seen in the parallel
direction as the detector has a greater surface area parallel to the fibre orientation,
thus allowing for these rings to be captured only in this direction with this

experimental setup.
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6.4.4 Stretched Microfibrillated Cellulose fibres

Fibres from the same batch as section 6.4.3 were taken and stretched with the
object of analysing the effect the stretching would have on the crystallinity, and

more importantly the orientation of the cellulose.

Figure 6.14: 2D detector image of microfibrillated cellulose fibres which have

been subject to stretching after spinning

The raw detector image shows a scattering profile similar to the MFC fibres which
have not been stretched. However, the intensity of scattering when compared to
the unstretched MFC sample appears to be greater perpendicular to the fibre.
When compared to the images collected from unstretched samples (see Figure

6.11) there is a clear increase in the intensity. An azimuthal integration over the
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whole two theta range produced a 1D scattering plot demonstrating the
contributions of the 110, 200 and 004 reflections associated with cellulose (see

Figure 6.15).
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Figure 6.15: 1D WAXS data of microfibrillated cellulose fibres which have been

subject to stretching after spinning from integrated 2D image
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Figure 6.16: Integration of WAXS data for microfibrillated cellulose fibres which
have been subject to stretching after spinning, perpendicular (left) and parallel

(right) to the direction of the mounted fibre

As before with the non-stretched MFC fibres, both the 110 and 200 reflections
contribute to the perpendicular direction (see Figure 6.16). While in the parallel
direction more contributions are seen from the 110, 110, 200 and 004 reflections
associated with cellulose, from the raw detector image it is clear that there is a
distinct orientation effect in the perpendicular direction of the 110 and 200
reflections. The increase in orientation is associated with an alignment of the
cellulose nanocrystals within the fibre as a result of the stretching process. The
alignment of the cellulose nanocrystals will allow for a greater extent of hydrogen
bonding due to the greater density of cellulose nanocrystals within a smaller area.
This increase in orientation and hydrogen bonding is likely to be accompanied by

an increase in the mechanical properties of the fibres.
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6.4.5 Nanofibrillated Cellulose Fibres

Figure 6.17: 2D detector image of nanofibrillated cellulose fibres

Scattering observed in the raw detector image shows intensity associated with the
110, 200 and 004 reflections. There is significant orientation observed in the 110
and 200 reflections in the perpendicular direction. From a simple visual inspection
of the MFC (Figure 6.11) and NFC (Figure 6.17) detector images, there appears
to be little difference in the scattering intensity and therefore overall crystallinity of
the samples. An azimuthal integration over the whole two theta range was
performed to produce a 1D scattering plot. From the plot (Figure 6.18) we can
see definite contributions from the 110, 200 and 004 reflections associated with

cellulose.
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Figure 6.18: 1D azimuthal integration plot of nanofibrillated cellulose fibres from

integrated 2D image
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Figure 6.19: Integration of WAXS data for nanofibrillated cellulose fibres

perpendicular (left) and parallel (right) to the direction of the mounted fibre
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Consistent with all of the previous samples, the perpendicular azimuthal
integration shows contributions from only the 110 and 200 reflections, whereas

the parallel direction has more reflection contributions (see Figure 6.19).

6.5 Alginate and Cellulose Film Samples
6.5.1 Alginate Film Sample in the Absence of Cellulose

Film samples of alginate, MFC and NFC were also prepared to use as a
comparison to fibre samples to monitor the effect of the spinning process on the

crystallisation and orientation.

Figure 6.20: 2D detector image of alginate film containing no cellulose
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In comparison to the fibre alginate sample, the film sample shows a more diffuse
scattering in both diffraction rings and appears to be much less crystalline (see

Figure 6.20).
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Figure 6.21: 1D azimuthal integration plot of alginate film from integrated 2D
image

Consistent with the film sample and the raw material is the profile of the azimuthal
integration data. Two peaks are observed at approximately 13° and 22°, with an

amorphous hump between 35-45° (see Figure 6.21).

6.5.2 Nanofibrillated Cellulose Film

The detector image of NFC as a film is quite different to the NFC fibre, a much
more crystalline pattern has been obtained with no orientation in any of the

scattering rings (see Figure 6.22).
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Figure 6.22: 2D detector image of nanofibrillated cellulose film
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Figure 6.23: 1D plot of nanofibrillated cellulose film from integrated 2D image
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An azimuthal integration over the whole two theta range produced a 1D plot (see
Figure 6.23) containing more peaks than the equivalent 1D plot from the NFC fibre
sample. As the sample could not be mounted in a specific direction to the beam,

integrations could not be performed in parallel and perpendicular directions.

6.5.3 Microfibrillated Cellulose Film

As shown in section 6.5.2 the NFC film appears to be more crystalline than the
fibre based on the detector images. The same pattern is seen with the MFC film

as shown in Figure 6.24.

Figure 6.24: 2D detector image of microfibrillated cellulose film
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Figure 6.25: 1D plot of microfibrillated cellulose film from integrated 2D image

An azimuthal integration over the whole two theta range produced a 1D plot
containing more peaks than the equivalent 1D plot from the MFC fibre sample. As
the sample could not be mounted in a specific direction to the beam, integrations

could not be performed in parallel and perpendicular directions (see Figure 6.25).

6.6 Orientation Index and Percent Crystallinity Analysis

The orientation index of cellulose is generally performed using the 200 peak due
to this peak being the most intense of the crystalline peaks associated with
cellulose as this peak shows the greatest difference between samples. The
orientation index of all samples was calculated using Egn 6.4 based on an

azimuthal integration of the 200 reflection as shown in Figure 6.26.
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Figure 6.26: Azimuthal profile of all fibre and film samples based on the 200

reflection

The orientation index was also calculated based on the 110 reflection (see Figure
6.27). The higher intensity of the ring associated with the 110 reflection, when
compared to the 200 reflection, indicated that stretching of some samples had

preferentially aligned the nanocrystals in the 110 reflection.
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Figure 6.27: Azimuthal profile of all fibre and film samples based on the 110

reflection

The orientation index was calculated, using Eqn 6.4, for both the 200 and 110

reflections and is shown in Table 6.1. The closer the obtained number is to 1.0

indicates a greater degree of orientation.
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Table 6.1: Orientation index values for all fibre and film samples calculated from

azimuthal integrations of the 200 and 110 reflections

Sample Orientation Index Orientation Index
. (200) (170)
Pure Alginate 0.665 0.617
Fibres
Post
stretched 0.667 0.781
Alginate
Fibres
MFC Fibres 0.762 0.721
Post
stretched 0.859 0.811
MFC Fibres
NFC Fibres 0.797 0.745
NFC Film 0.389 0.657
MFC Film 0.890 0.803
Alginate Film 0.554 0.981

The orientation index values indicate that stretching the fibres can influence the
degree of orientation of the cellulose nanocrystals as seen in cellulose from other
sources.?® This observation is highlighted by the values obtained for the MFC
fibre and MFC post-stretched fibre when the crystal orientation increased from
0.762 to 0.859. By comparison, when the alginate fibre was stretched, there was
no significant increase in orientation observed as shown in Table 6.1. Thus, these
results suggest that stretching affects the cellulose nanocrystals but does not

seem to impact the alginate structure.

The crystallinity of all samples was initially calculated using Segal’s method which

is historically the most common method of calculating crystallinity for cellulose

144



samples. It was noticed that the values obtained using this method didn’t line up
with expectations of crystallinity from the detector images obtained. As such
another method was explored, this method is commonly known as the
deconvolution method and was carried out, in this instance, by using the Bruker
EVA software. This method looks at a ratio of the overall intensity of the profile
as a function of the amorphous background. Results obtained with this method

appeared to be in line with what raw detector images would suggest.

Table 6.2: Percent crystallinity values for all fibre and film samples calculated

using Segals method and the deconvolution method

Deconvolution
0,
Sample SISl me'th.od & method (% Difference (%)
crystallinity) .
crystallinity)
Pure alginate 9.23 27.6 18.37
fibres
Post
stretched 7.06 28.3 21.24
alginate fibres
MFC fibre 31.15 39.3 8.15
MFC post
stretched 35.88 43.0 7.12
fibre
NFC fibre 31.50 39.0 7.50
NFC film 36.48 62.7 11.54
MFC film 19.21 58.5 39.29
Alginate film 15.46 27.0 26.22

The crystallinity results obtained reinforced what was observed from the detector
images. Film samples had a greater crystallinity than the equivalent fibre samples

and stretching the fibre samples resulted in an increased crystallinity. This result
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is most probably linked to the manufacturing process of the fibres as the extrusion
of the fibres through a die may have helped to increase the orientation of the
crystals in the fibres. Similarly, the extrusion of the cellulose could have broken
down existing crystalline material. Understanding the orientation of the cellulose

nanocrystals allows us to gain the most benefit from the mechanical properties.

6.7 Summary

Formulations of microfibrillated and nanofibrillated cellulose fibres and films that
use sodium alginate as a carrier polymer were successfully characterised for both

orientation index and crystallisation using WAXS.

Fibres of nano or microfibrillated cellulose did not differ greatly in overall
crystallinity or orientation. However, it was observed that the stretching of fibres
after spinning resulted in a greater orientation than samples that had not been
stretched. This result is likely due to the nanocrystals within the cellulose being
aligned during the stretching process. This analysis reveals that stretching is a
relatively straightforward process of increasing certain physical characteristics of

cellulose fibres that may be desirable when using these fibres in other materials.

Crystallinity results were calculated using both Segal's method and the
deconvolution method described earlier. The results presented here suggest the
presence of alginate within the formulation rendered Segal’s method invalid. As
Segal’'s method is intended for pure cellulose samples!®® and uses the dip in the
diffractogram between the 110 and 200 reflections that correspond to amorphous
intensity, this method relies on no interference at this point. However, as alginate
contains a crystalline peak within this region of the diffractogram, the crystallinity
results from Segal’'s method did not agree with what was observed in the raw

detector images.
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While the crystallinity of the films was shown to be greater than the fibre samples,
the fibre samples had a greater orientation. Understanding these characteristics
is important as orientation impacts the strength of the material more than

crystallinity.

Although other cellulose materials produced with cellulose from different raw
materials, such as wood fibres, have been published with more desirable
mechanical properties such as a higher Young’s modulus than the samples
analysed in this work. There is still promise for the materials presented here due
to their eco-friendly origin. The potato pulp used to make these fibres was
obtained as a waste product of another process and as such using the pulp to
make fibres reduces existing waste and provides a cheaper starting material for

cellulose materials.

Further improvements could potentially be made to the mechanical properties with
small adjustments to the formulation process. Controlling the strength of these
materials could be investigated by adjusting the drying rates for the film samples
and the spinning rates for the fibre samples. Combining both micro and
nanofibrillated materials may also result in an increased crystallinity or orientation
of the samples. As stretching has already been shown to increase orientation
within the fibres, different methods of stretching, such as adjusting the stretching
force, could be looked at as a means of further improving the mechanical
properties of these fibres. The ability of WAXS to analyse both crystallinity and
orientation of cellulose fibres and films was shown in this work, and understanding
how to control the properties of cellulose from environmentally friendly sources

such as the potato pulp used here could lead to a greater uptake in its use.
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Chapter 7: Conclusions and Future Work
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The work presented within this thesis looks at the practical use of X-ray techniques

for the analysis of a range of pharmaceutically relevant materials.

ASDs are sometimes used by pharmaceutical companies to overcome issues with
poor aqueous solubility of the crystalline form.2%* Dissolution testing is the gold
standard technique for measuring drug release and solubilisation from dosage
products. The dissolution of compounds exhibiting poor aqueous solubility is
enhanced when the compound is formulated in its amorphous state.>*“¢ However,
crystallisation of an amorphous compound can occur when the amorphous form
is introduced to water, and thus, the measured solubility of the amorphous form
remains low. The combination of drug loading percent and manufacturing
temperature can be used to produce an ASD which will allow the compound to
remain in its amorphous state during dissolution.?®> By using an amorphous form
of a crystalline drug we increase the solubility allowing a higher concentration of

the drug in the gastrointestinal fluid.>®

In chapter 4, we showed that WAXS can be used to obtain real-time information
on the crystallisation tendencies of paracetamol containing ASDs. THz Raman
was used to confirm crystallisation had occurred. While THz Raman can be used
to collect real-time data on crystallisation, WAXS can offer an easier interpretation
of different crystalline forms when compared with THz Raman. The WAXS data
enabled us to identify the concentration of paracetamol in an Affinisol™ polymer
at which the amorphous form was stable and crystallisation did not occur. The
information collected using such experiments could inform manufacturing
parameters and drug loading levels where a stable amorphous solid dispersion
can be achieved. The results obtained during this work have demonstrated the
use of a lab-based instrument setup for the determination of crystallisation from

within an ASD, while also giving insight into possible mechanisms of the
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crystallisation as shown in Figure 4.17. The presence of crystals on the surface
of the extrudate was observed for all samples which had undergone
crystallisation, along with the gel like nature of the ASD sample at the end of the
experiment suggests that upon gelling of the polymer the molecular mobility of the
API is increased allowing for diffusion to the surface where crystallisation was

facilitated.

Further work in this area would look to improve upon the existing experimental
setup. For example, the use of a flow cell sample holder would allow for the
continual refreshment of media to ensure the APl is at sink conditions. Where the
amount of dissolution media would dissolve a minimum of 3 times the amount of
drug that is in the dosage form, this is a better representation of a more biologically
relevant environment.?®  Furthermore, coupling a UV spectroscopy detector to
the X-ray analysis could simultaneously give information on the solid state (from
WAXS) of the compound while being able to monitor the drug release (solution
concentration from UV spectroscopy) yielding structural data in parallel to that

from a standard dissolution test.

Additionally, time resolved experiments utilising the extra flux of a synchrotron
beamline could provide greater insight into structural changes within the APl and
potentially the mechanism of crystallisation.  Although limited uses of
simultaneous SAXS/WAXS exist in the field of ASD research, in the polymer
research space there are numerous examples of its use.?’,2%% The combination
of lengthscales accessible through the techniques has allowed for monitoring of
crystallisation while also probing structural changes occurring leading up to and
after crystallisation. This combination of techniques could allow for greater insight
into the structural changes occurring within ASDs during dissolution, and more

knowledge of these processes could help inform the processing conditions used

150



that would result in the greatest stability of the formulation. The use of time
resolved computated tomography (CT) would allow for the characterisation of
phase separation occurring within the ASD formulation during dissolution,
providing information on drug clusters in terms of shape and/or size could help
inform any bespoke SAXS models for probing deeper into the structural
changes.?®,?1° Combining SAXS and pair distribution function (PDF) analysis has
been used as a means of monitoring the formation of nanoclusters in inorganic
systems.?!! The combined approach used for small organic molecules could
enable the identification of prenucleation sites in ASDs, providing a better

understanding of the mechanisms of the crystallisation processes occurring

In chapter 5, SAXS was used as a characterisation tool to monitor the varying
amorphous content of powdered samples of GSK2838232M prepared via ball
milling of a bulk crystalline starting material. Other analysis tools were used to
assess the suitability and accuracy of using SAXS for this analysis. These
techniques included DSC, TGA, XRD, FTIR and SEM. Intensity differences in the
SAXS profiles of the various materials can be linked to the different degrees of
homogeneity within the samples and can therefore be used to assess how much

amorphous and crystalline material is present in each sample.
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Figure 7.1: SAXS Porod invariant analysis of GSK2838232M and subsequent

milled samples

Porod invariant analysis (Figure 7.1) was used as a means of analysing density
fluctuations due to the emergence of amorphous material. The calculated Porod
invariant was found to differ based on the length of time milling the material.
Specifically, the invariant decreased as milling time increased, suggesting a
decrease in heterogeneity as the sample becomes more amorphous. Porod
invariant analysis allowed for a quantifiable number to be extracted from the SAXS
scattering patterns, however, at this stage no more information is readily available
using this method as opposed to a simpler qualitative method of examining the
scattering profiles directly to observe intensity differences. The use of the Porod

invariant analysis may be more suited to materials which produce a stronger
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scattering profile, the similarity in intensity of GSK2838232M at varying
crystallinity proves difficult to differentiate between. For use with small organic
molecules the Porod invariant has shown to be useful to distinguish between
differing manufacturing methods, where the amorphous form can differ

significantly.212213

To progress the work from this chapter, the use of a complimentary technique
could be explored. Further work could also pair SAXS data with pair distribution
function (PDF) analysis, as structural information available from PDF could help
inform the data analysis of the SAXS model as with only SAXS information
available it is difficult to choose appropriate models to use in the data analysis.
PDF is currently finding use in the analysis of amorphous pharmaceuticals to
determine stability and can also be used to differentiate between amorphous
forms produced via various manufacturing techniques.?*4?> Of more interest
when looking at PDF as a complimnetary technique to SAXS as a tool for
amorphous structure characterisation is the work looking at the local structure of
amorphous materials, predominantly used in the inorganic materials sector?6217
the ability to extract information around the spacings within the molecule can be
directly placed into the SAXS model to inform on the structure. The use of
combined SAXS and PDF has been shown in the characterisation of amorphous
nanoparticles, while SAXS can inform on the internal structures of such systems

PDF enables the local atomic structure to be studied.?*®

X-ray scattering techniques not only hold relevance when analysing
pharmaceutically relevant systems like those described above. They are also
routinely used for the analysis of colloidal systems such as cellulose used for both
drug delivery applications,?!1?12213 phyt gaining more interest for their use as

strengthening materials that are sustainable in nature.???’
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In chapter 6, cellulose fibres and films prepared from potato pulp waste were
characterised by 2D WAXS to analyse the degree of crystallinity and the
orientation of the nanocellulose crystals. Potato pulp is a waste by-product
collected during the production of starch. Cellulose obtained from potato pulp
resulted in a more porous structure compared with other sources. The cellulose
characterised in these studies had a lower crystallinity index than cellulose from
other biomass raw materials.??? Although this can result in a weaker reinforcing
power of the material, the cellulose has been sourced from a waste product as an
alternative to other biomass used to produce cellulose such as wood and food
sources which are required for other applications. In this thesis, crystallinity
calculations were performed using a deconvolution method and the Segal’s
method. It was found that the Segal's method was unsuitable for the samples
analysed in this study due to the presence of a sodium alginate peak overlapping
with the characteristic amorphous region for cellulose in the diffractograms. As the
deconvolution method accounts for the amorphous background present, this
method was used to determine crystallinity values that visually corresponded to

what was observed in the detector images.

2D WAXS characterisation of cellulose fibres and films gave a greater
understanding of the crystallinity and orientation of the nanocrystals within the
cellulose structure. Our results showed that the crystallinity of the potato-starch
cellulose samples did not differ greatly if samples were prepared by micro- or
nano- fibrillation. By contrast, it was observed that films had a greater crystallinity
than fibres of the same material. While the films exhibited more crystallinity, the
fibres had a greater orientation index. Although the cellulose obtained from waste
potato-pulp did not produce cellulose with the highest crystallinity and orientation

when compared with cellulose from other sources,®22% the use of this by-product
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still demonstrates the possibilities a material which would otherwise go to waste.
Using cellulose obtained from waste potato-pulp can be considered a greener
alternative to some other raw materials currently used. The increased orientation
of the CNC observed when the material had been stretched highlights an easy

and cheap way to improve the properties of the material.

Additionally, SAXS could also be used to characterise crystallinity and orientation
changes arising from altering the cellulose formulation process, such as adjusting
drying rates for films and spin rates for fibres. As the changes within these
systems are static and non-dynamic, the flux offered at a synchrotron is not
required, although a longer exposure time will be required, laboratory-based

systems can be used.

In this thesis, the use of various X-ray based analytical techniques has allowed
the characterisation of a wide range of materials both environmentally and
pharmaceutically relevant. Here, we show that these techniques can give real
time characterisation of the structure of ASDs via WAXS and that this technique
could be implemented to help streamline the manufacturing process. WAXS can
also provide crystallinity and orientation information to showcase the potential of

greener raw materials for cellulose production.
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