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Abstract

Abstract

Lipids, of the glyceride sub-species, are amphiphilic molecules that will self-
assemble in aqueous conditions. Based on the lipid’s critical packing parameter
(CPP), i.e., the ratio between the lipid tail length, tail volume and the lipid head area,
the lipids may self-assemble into different liquid crystalline phases, such as lamellar
or cubic phases. Such phases may then be stabilised into discrete nanoparticles in
an aqueous suspension through the utilisation of a polymer, namely here
poloxamers. These stabilised liquid crystalline particles have many of the
advantages of liposomes (one of the most used lipid nanoparticle formulations) such
as biocompatibility and the ability to encapsulate both hydrophobic and hydrophilic
moieties. Liquid crystalline phases additionally offer an improved stability of the
formulation’s physicochemical properties and API stability during storage and in vivo
compared to other lipid nanoparticle formulations; increasing the shelf-life of
formulations and offering a wide variety of formulation administration strategies i.e.
intravenous, intramuscular, oral. The primary types of liquid crystalline phases found
within the literature, particularly for pharmaceutical applications, are cubosomes and

hexasomes, formed from cubic phases and hexagonal phases respectively.

Explored here is the ability of liquid crystalline phase nanoparticles to
encapsulate various active pharmaceutical ingredients (APIs) for drug delivery
applications. Initial studies focused on the development of a robust formulation,
examining both on the utilisation of the biocompatible lipid glycerol monooleate, and

the commonly used poloxamer polymer. The development of a novel particle
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fabrication protocol, based on controlled mixing of the formulation’s constituent
components, that could forego the use of high energy techniques, or the utilisation of
a solvent was undertaken and achieved. Upon the establishment of this base
formulation (utilising glycerol monooleate (Cithrol™) and poloxamer 407
(Synperonic™ F127) in a water suspension) the focus moved towards the
encapsulation of a range of active pharmaceutical ingredients (including

Amitriptyline, Imipramine, Progesterone, Hydrocortisone, Budesonide and Propofol).

15 different APIs were encapsulated into the base formulation. These new
formulations were then evaluated by high performance liquid chromatography for
their encapsulation efficiency (EE); this varied greatly, with the highest EE being
observed for Amitriptyline where an EE of 96.4% was achieved. Pearson regressing
analysis of API loading showed an increased loading could be achieved with a lower
API molecular weight, polar surface area and a lower number of hydrogen bonding
capabilities. API release was also evaluated, in these studies it was found that liquid
crystalline phases exhibit a staggered release of APIs. No significant trend could be
identified between APIls and their rate of release, however a potential link between
API release and the API’s logD has been found during comparison of API release

profiles.

Final investigations explored the impact of APl loading upon the liquid crystalline
phase as early studies revealed a confirmation shift in the liquid crystalline phase to
phases existing with a lesser curvature upon the incorporation of an API, as

displayed by a shift from an inverse hexagonal phase to an inverse cubic phase, as
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observed by small angle x-ray scattering and cryo-transmission electron microscopy.
The degree of API loading altered the packing, it was found that with an increased
concentration of API within the system a greater change in the critical packing
parameter was observable. However, this degree of change was also dependent
upon the physicochemical properties of the API. Analysis was performed comparing
the different physicochemical properties of APls and how this effected the packing of
components within the formulation. Here it was found that an APIs LogS, polar
surface area and API loading had significant influence upon the liquid crystalline
phase structuring. The liquid crystalline structure and changes within it can be
analysed with cryo-transmission electron microscopy, with allows the visualisation on
the nano-scale of a particle’s morphology, structuring, and size; or, by small angle x-

ray scattering which allows in-depth characterisation of the lipid phase behaviour.
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Chapter 1: Introduction

Including the aims and objectives
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1. Introduction

Glycerol monooleate (GMO) is a simple lipid with interesting capabilities in
forming liquid crystalline phases. It consists of a single eighteen-carbon fatty acid
chain attached to a glycerol head group. The relative size of the head group and tail
and the molecule’s amphiphilic nature allow this lipid to self-assemble into a variety
of lyotropic liquid crystalline phases upon mixing with water. These include the
diamond cubic, gyroid cubic, lamellar, and inverse hexagonal phases. The use of
additives additional to the GMO allows five additional phases to be formed: bicelles,
vesicles, primitive cubic, micellar cubic and sponge phases (1). These liquid
crystalline phases may be stabilised into nanoparticle suspensions through the
utilisation of a stabiliser; the most common stabiliser is poloxamer 407, often referred

to by its trademarked names: Pluronic™ F127 or Synperonic™ F127.

In pharmaceutical research liquid crystalline phase particle research is gaining
momentum due to its increased loading potential of hydrophobic/lipophilic active
pharmaceutical ingredients (API) and greater stability as compared to non-internally
ordered/structured lipid nanoparticles i.e., liposomes and micelles. Further benefits
of these particles are their size and ability to enhance API delivery, permeation, and

retention, allowing for a more efficacious formulation (2—4).

New API molecules are constantly being proposed for a variety of diseases; this
in combination with the pre-existing library of APIs offer enormous potential to treat
the many known diseases. Unfortunately, many of these APIs never reach the clinic

due to inherent instabilities, propensity to degrade or be destroyed in vivo, poor
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solubility, off target side effects and more. Some of these API limitations are detailed

as follows:

e API metabolised or degraded prior to therapeutic effect — enzymes within
the body may metabolise specific bonds within the chemical structure of the
API, e.g., esterase and protease enzymes may hydrolyse ester bonds.
Alternatively, the pH range an APl may be exposed to is broad, for example
orally delivered APls may be exposed to a pH range of 1.0 to 7.5 within the
gastrointestinal tract (5); this could alter, or degrade, the API chemical
structure detrimentally, leading the API to have a decrease or loss in
therapeutic activity.

e Inappropriate distribution of API within the body — most drug targets will
be localised to a defined region of the body, e.g., the tumour
microenvironment. Non-encapsulated APIs have the potential to be distributed
throughout the body via the cardiovascular network or the lymph system.
Because of this, often the dose at the site of action is a fraction of the dose
administered, with fractions of the initial dose being distributed throughout
much of the body. Potentially resulting in off-target side-effects (6).

¢ Inability to formulate — this may be due the API being insoluble e.g.,
biopharmaceutics classification system (BCS) classes Il and IV or having a

poor stability in biocompatible suspension media.
To overcome these limitations a range of strategies have been used:

e The use of prodrugs can both improve the ability to formulate a drug and/or
improve the pharmacokinetics and bioavailability of the drug. Put simply a

prodrug is a precursor to the active drug molecule, the prodrug may then
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undergo conversion within the biological environment into its active form. A
prodrug may be used to improve the solubility of drugs by adding some polar
moieties. Alternatively the additional moieties may be utilised for increasing
drug targeting or decreasing toxicity within the body (7).

e The use of a targeting motif attached directly to the drug (as with prodrugs),
or more commonly the drug may be designed in such a way as to innately
target a specific organ or tissue without an additional prodrug type
modification (8,9) .

¢ Administration directly to the desired site via injection, localised
administration of a bulk phase/cream, or microneedle administration (10—13).

e Use of nanoparticles, including:

= |ron-oxide nanoparticles
= Gold nanoparticles
= Silica nanoparticles
= Polymeric nanoparticles

» Lipid nanoparticles (14)

Of these strategies it is the lipid nanoparticle route is to investigate further as a

delivery medium for APIs requiring a vehicle for delivery to the site of action.

1.1. Lipid Nanoparticles

Lipids, known commonly as fats, are biomolecules of great utility in the realm of

pharmaceuticals and biologics. They have a host of biological functions including
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energy storage, cell signalling, and as structural components, such as in cell

membranes. Most lipid nanoparticles form via self-assembly.

Lipid self-assembly is the process in which amphiphilic molecules may orientate
with each other (when above the critical micellar concentration), based primarily on
hydrophobic and hydrophilic interactions, to form kinetically favourable structures
when in an aqueous environment. Hydrophobic regions of the molecules, i.e., lipid
tails, will pack together through Van der Waals interactions, whilst the hydrophilic
regions of the molecules, i.e., the lipid head groups, will preferentially face the

aqueous environment, in turn shielding the hydrophobic regions.

Nanoparticles are considered by International Union of Pure and Applied
Chemistry (IUPAC) to be a particle sub 500 nm in diameter; it is this size that affords
nanoparticles their desirable properties for drug delivery. This is because size
modification, as well as parameters such as nanoparticle surface charge can be
utilised for passive organ targeting (15). When comparing a bulk lipid phase, and a
nanoparticle form of the same phase, the particle form has a vastly larger surface
area to volume ratio. This property may allow rapid diffusion of substance out of the

nanoparticles (16,17).

In respect of nanoparticle utilisation within pharmaceutical research lipid
nanoparticles have been used for therapeutic treatment (next section) and as a tool
for diagnostics. Diagnostic examples focus on cancer diagnostics with liposomes
being radiolabelled or loaded with imaging agent, these liposomes may accumulate
at tumour sites via the enhanced permeation and retention of the tumour
microenvironment (18,19). Additionally, lipid nanoparticles can be utilised for active

targeting using an external targeting motif, this can be advantageous when trying to
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deliver the imaging agent, or indeed an API, to a particular cell line with a unique
molecule on its cell membranes surface. One such example of this is the work of
Parhiz et al., they functionalised lipid nanoparticles with a platelet-endothelial cell
adhesion molecule. This functionalisation enhanced the formulations localisation by

200 times, and increased subsequent luciferase transfection by 25 times (20).

1.1.1. Lipid Nanoparticle Drug Delivery

Lipid nanoparticles for drug delivery applications is an emerging field. Although
not the first lipid formulation to be approved, the first liposome formulation, Doxil®,
was approved by the FDA in 1995 for the treatment of cancer(21). This formulation
offered a prolonged circulation time of the API (doxorubicin) and avoidance of the
RES due to the use of PEGylated particle surface. The formulation also achieved
high and stable remote loading of doxorubicin and showed enhanced API release at
the tumour site (21,22). In more recent applications mRNA lipid nanoparticles (LNPs)
have been used in the field of vaccines. Most notably as part of the RNA based
SARS-CoV-2 vaccines developed by BioNTech and Moderna, of which regulatory
approval has been granted (23,24). The LNPs enable the delivery of mRNA and
modRNA which otherwise may be degraded by RNAses, or other factors present in
vivo, such as changing pH. Furthermore, the LNPs are biocompatible and so do not
have an adverse effect on healthy cells. LNPs are formed of ionizable lipids, helper
lipids and cholesterol; these lipids in combination with RNA will form an amorphous
core with RNA pockets, encapsulated by an ordered lipid bilayer membrane. The
primary issue reported with LNPs is an instability, hence a long-term stability (i.e.

longer than 1 month) requirement to store the LNP formulations at -80°C (23,25).
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The Doxil® and coronavirus vaccine examples of lipid nanoparticle formulations
are the most prominent and well known within the field, but they are not exclusive.

Many other formulations exist because of the following benefits:

e Biocompatibility — lipids are common biomolecules, with many lipids being
degradable due to the hydrolysis of ester bonds, allowing for the degradation
of lipid nanoparticles. Lipids may then be converted into a smaller, useable
molecule (e.g., acetyl coenzyme A) or incorporated within biological structures
(e.g., cellular membrane), finally to be excreted via the liver and kidneys
(26,27).

e Appropriate size — the technology which is utilised in the production of lipid
nanoparticles allows for the manipulation of the particle size and size
distribution. Common methods of manipulation include sonication and
extrusion, both of which can decrease the distribution of particle size, as well
as target a desired size by altering the method parameters. The review of
Samaridou et al. (15) discusses the importance of lipid nanoparticle size on
particle distribution and size very well; to summarise: particles of size below
110 nm are required for I.V. administration (28). When examining particle
sizes between 80 — 360 nm smaller particles preferentially went to the liver
whilst larger particles were uptake by macrophages (29). This particle
distribution based on size can be utilised for passive organ targeting.

e Drug loading — due to glyceride-type lipids being amphiphilic molecules,
when they arrange into an ordered structure to form a nanoparticle,
hydrophobic regions, and contrasting hydrophobic region are formed,
enabling the loading of both hydro-phobic and —phillic APIs to be loaded

within their structure.
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Unlike the commercial lipid nanoparticle formulations such as liposome, LNP
and micelle formulations, internally structured lipid particles offer many
advantages. Internally structured particles contain an ordered internal
organisation of lipid molecules. The following advantages of internally structure
lipid nanoparticles have specifically been reported for cubosome and hexasome

internally structured liquid crystalline particles.

e Stability during storage — when being stored at room temperature there
have been reports of particles being stable for prolonged periods of time, e.g.
4 weeks (30) and 3 months (31,32)

¢ Increased drug loading compared to liposomes— particularly of poorly
soluble APIs (33). Similarly, to all other lipid nanoparticles there is the
potential for hydro-phobic/-phillic drug loading; however, due to the internal
structuring there is a larger area of hydrophobic structuring, and with this
comes an increased potential for hydrophobic drug packing compared to
hollow particle formulations, such as liposomes.

e Ability to encapsulate and deliver large APIs — a diverse range of
molecules have been encapsulated within liquid crystalline particles, including
peptides and RNA (34-36).

e Stability within the gastrointestinal tract — of great utility to the
pharmaceutical field is the observed potential of internally structured
nanoparticles to be utilised in oral drug delivery (37,38). Oral drug delivery
has a higher patient compliance as compared with injectable and intravenous
administration and can negate the requirement of a health care professional

for formulation administration.
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e Enhanced permeation of APIs through mucosal and skin membranes -

for dermal, transdermal and transmucosal delivery (39,40).

Further detail on the nature of cubosome and hexasome particles is discussed in the

following sections.

1.1.2. Glycerol Monooleate (GMO)

N N
HO™ Y o

HO

Figure 1.1.1: Chemical structure of glycerol monooleate (GMO). Formula:
C21H4204; Molar mass: 358.57 g/mol; Density: 970 kg/m?; Solubility in water:
Insoluble. The region on the left is the hydrophilic head group, and the fatty
acid chain on the right being hydrophobic, as such this is an amphiphilic

molecule.

Glycerol monooleate (Figure 1.1.1), chemically named 1-(cis-9-Octadecenoyl)-rac-
glycerol, and otherwise commonly known as monoolein and monooleate, is the
primary base component in a majority internally structured lipid nanoparticles
(4,41,42). GMO is not the only lipid used in the literature, phytantriol is a common

alternative, it may be the molecule of choice for several reasons:

e Enzymatically degradable, via lipolysis by esterase enzymes which cleave
GMO at the ester bond. GMO has been shown to be a substrate of lipase

enzymes (43).
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e Prior use in cosmetic, food and pharmaceutical products (44).

and Croda).

Readily available, with multiple vendors (e.g., Sigma-Aldrich, Alfa Chemistry,

e Biocompatible, GMO does not elicit an immune response (45).

Alternatively, to GMO the synthetic molecule phytantriol has been used as the

primary component to form liquid crystalline phases. Phytantriol and GMO are

analogous to each other within the formulations in the literature, however only one

experimental paper was found to show a direct comparison (46).

A) 100
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L2+H,0 — — &

B)

Temperature (C)

S - 7*‘
fl H e N\ Hy + water
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Figure 1.1.2: Example liquid crystalline phase diagrams for glycerol

monooleate; both diagrams indicate a phase assignment per a specific water

to glycerol monooleate ratio at a designated temperature. A) In this diagram: G

denoted gyroid, D denotes diamond, L« denotes lamellar phase, Hi denotes

[inverse] hexagonal phase and Lz denotes inverse micellar phase (47). B) In

this diagram Lc denotes lamellar crystalline, Lo denotes lamellar liquid

crystalline, la3d denotes gyroid cubic phase, Pn3m denotes diamond cubic

phase, Hi denotes [inverse] hexagonal and Fl denotes fluid isotropic (48)

Differences can be seen at the phase boundaries (i.e. phase transitions being
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reported to occur at different temperatures), this may be due to different purity

profile of the glycerol monooleate or differences in the methodology.

It is the amphiphilic nature of GMO that is the principal factor that leads to its
desirability for use in assembling lipid structures i.e., lipid nanoparticles. The inter-
molecular interactions between the polar and non-polar regions of the GMO
molecule led to its self-assembly into different phases (Figure 1.2.3), which may exist
as a bulk phase or as discrete particles. The nature of this phase is highly dependent
on the conditions of formation, including the temperature and solvent composition.
Some evidence of this is illustrated in Figure 1.1.2 where changes can be observed
based on the temperature and percentage presence of water. Of the phases detailed
there are two key types of phase that have been identified in the literature with some
frequency in respect to the pharmaceutical field, but not limited to: inverse hexagonal
phase particles, dubbed hexasomes; and cubic phase particles (Figure 1.2.3 and
Figure 1.2.4), dubbed cubosomes, these particles have differentiating properties and

characteristics, as discussed in the following Sections 1.2.1 and 1.2.2.

1.2. Internally Structured Lipid Nanoparticles

Glyceride-type lipid molecules primarily form into multi-molecule self-assembled
structures due to the hydrophilic and hydrophobic interactions amongst the head
groups and tail groups of the lipids. Depending on the cross-sectional area of the
head and tail groups a multitude of different structures can be formed. If the head
group and tail group have the same structural width then the resulting mesophase

structure will have no curvature, leading to the formation of a ‘flat’ bilayer, or lamellar
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phase. However, often the lipid molecules have unequal head to tail widths; when
these lipids then interact to form a mesophase structure there is a resulting curvature
(Figure 1.2.1). The mesophase curvature can be predicted numerically through the
critical packing parameter (Figure 1.2.2) and can lead to the formation of an array of
liquid crystalline phases/structures (Figure 1.2.3), as well as a variety of different
particles (Figure 1.2.4). Liquid crystalline is the term given to the mesophase that sits
between the liquid and solid crystalline phases. Liquid crystalline phases will flow like
liquids, yet the molecules within may orientate themselves in a crystal-like manner.
There are three subcategories of liquid crystals, thermotropic, metallotropic and
lyotropic (49). Lipid liquid crystalline phases fall under the definition of lyotropic.
Lyotropic LCs undergo phase transitions as a function of the temperature and

concentration of the liquid-crystal molecules in their solvent (i.e., water) (1,50,51).
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Figure 1.2.1: Schematic showing the variance in structure produced by lipids
with varying head to tail ratios. This shows the importance of the lipid
molecule morphology on the resultant phase formed. Figure inspired by

Kulkarni et al., 2011(1).
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Figure 1.2.2. Overview of the critical packing parameter (CPP) calculation. CPP
is determination through the relationship between tail length, tail volume and

head group area of an amphiphilic molecule.
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Im3m Fd3m Sponge Vesicles Bicelles

Figure 1.2.3. Depictions of the phases/structures which glycerol monooleate
can form. The top five phases can be formed solely by glycerol monooleate
and water. The bottom five however contain phases which require glycerol

monooleate, water, and an additive. Image taken from Kulkarni et al., 2011(1).

The manufacturing of liquid crystalline formulations focuses upon the self-
assembly of the constituent components, primarily through hydrophobic and
hydrophilic interactions. The manufacturing protocols within the literature can be sub-
categorised into top-down and bottom-up (52). In the top-down process a bulk liquid
crystalline phase is formed, then dispersed into a nanoparticle suspension. This
dispersion uses high energy, high shear methods that have two disadvantages, the
first being scalability; for examples the use of ultrasonication has been used (52,53),
this technique is currently not available for large-scale pharmaceutical
manufacturing. The second disadvantage is that such high energy methods could be
highly damaging to APls, in particular biological APls. The bottom-up manufacturing

protocols, also known as the hydrotrope method, disperses the consitiuent
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components in a hydrotrope, typically ethanol, and then this solution will be
combined with an aqueous phase to enable a nucleation type assembly of the liquid
crystalline structure (35,52,54). Disadvantages with the hydrotrope protocol lie in the
requirement for a solvent. This solvent must be safe in vivo, and/or be removed
depending on the final hydrotrope concentration. There may be scalability concerns
also due to the use of potentially high volumes of volatile solvents. The final
consideration is how a hydrotrope may interact with an API. Some APIs may be
degraded by hydrotrope solvent or may be insoluble with either the hydrotrope or
aqueous phase — resulting in an inability to formulate such APls. The disadvantages
of both the top-down and bottom-up manufacturing route for liquid crystalline
particles limit the progression of these formulations to a large-scale clinical setting.
Work to overcome these limitations and more background as to the manufacturing

protocols within the literature is discussed in Chapter 3.

The characterisation of liquid crystalline particles is alike to lipid nanoparticles.
The most common and high throughput characterisation techniques are sizing
techniques utilising light scattering; this includes dynamic light scattering (DLS) and
(semi-high throughput) nanoparticle tracking analysis (NTA) (55,56). However, such
techniques only provide fundamental information about size distribution profiles.
More advanced techniques are typically required for liquid crystalline particle
analysis to attain an understanding of the liquid crystalline structure. The two primary

techniques for this are cryo-TEM and SAXS (57,58).

Electron microscopy is a technique in which one may visualise a sample or
feature by way of detecting changes in the electron density at the detector, once said
electrons have passed through (transmission) or been reflected off a sample

(scanning). Within the categories of scanning and transmission there are again more
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variations that enable the acquisition of different data or can enable the visualisation

of different samples.

Cryogenic electron microscopy (cryo-EM) techniques are becoming
increasingly more common within the literature due to overcoming some of the
limitations of more general electron microscopy. In cryo-EM the water within a
sample remains in situ, whilst in non-cryogenic microscopy the water is removed
from samples. Maintaining water in situ is vital in the imaging of many types of lipid
and amphiphilic self-assembled nanoparticles; this is because the presence of water
is required to maintain the hydrophobic-hydrophilic interactions to maintain the
particle structure (59). The most used cryo-EM method for lipid nanoparticles and
liquid crystalline phases is cryo-transmission electron microscopy (Cryo-TEM). Cryo-
TEM of lipid nanoparticles typically achieves a maximum resolution or 1 to 5 nm (60),
with a dependence upon the instrument and sample. Some sample limitations
include sample degradation from the electron beam and/or the sample being too
thick on the grid for the electron beam to pass through. In respect to liquid crystalline
phases, it is possible to elicit information about the 2-dimensional particle shape,
particle size, sample homogeneity (in terms of all mentioned characteristics), and
crucially, it may provide information about the liquid crystalline phase. Cryo-TEM is
one of the few techniques that achieves the sub-5 nm resolution required to observe

liquid crystalline phases, and in some cases, identify which phase is present.

Furthermore, with the use of a fast Fourier transform (FFT) it is possible to
condense the structural information over a designated area of a cryo-TEM
micrograph into repeating units of structure. Generally, the literature reports
distances of repeating structure (also known as d-spacing) in liquid crystalline

phases to be 5 — 20 nm (61-63). The pattern of an FFT can then subsequently be
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used to determine the phase identity, but also the d-spacing. The d-spacing is the
distance between repeating units of structure. Further to the use of cryo-TEM, cryo-
electron tomography (CET) has been used for cubosome characterisation. CET is a
highly advanced characterisation technique which utilises cryo-TEM to image
structures/particles from multiple orientations. These images are then resolved to
generate a 3-dimensional structure of superior detail to stand alone cryo-TEM
techniques (64). An addition cryo-EM technique used in the literature to generate 3-
dimensional images is cryo-field emission scanning electron microscopy (Cryo-
FESEM). This technique has been used to show spinning top conformations/outer
morphologies of hexasomes, however a lower resolution is achieved compared to
cryo-TEM and CET (65—-67). Furthermore, no detail as to the nature of the liquid
crystalline phase within the particle is attainable with cryo-FESEM or other SEM

techniques.
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Figure 1.2.4: Cryo transmission electron microscopy images of selected lipid
liquid crystalline phase nanoparticles (60). A-D show cubosomes, E and F

show spongisomes, G and H show hexasomes.

To identify the specific liquid crystalline phase formed small angle x-ray
scattering is typically performed. This technique directs an x-ray beam through a
sample, which is scattered by liquid crystalline structure, it is this scattering which is
recorded by a detector and translated into a scatter plot. Ordered structures produce
distinct scattering patterns which are well known in the literature and are displayed in

Figure 1.2.5. SAXS is further discussed in Chapter 5.
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Figure 1.2.5: X-ray scattering patterns for structured lipid liquid crystalline
phases. Typically, a cross section of these patterns is taken of intensity
against a measure of distance, which is a function of the scattering angle, to
form a XY graph. The rings of intensity translate as Bragg peaks on this graph,
with the peak spacing ratio assignments being displayed in conjunction with
X-ray scattering detector images. The SAXS the detector patterns are taken

from (1).

An additional characterisation technique includes polarising light microscopy
(16,68). This technique is not appropriate for all types of liquid crystalline phases, for
example due to the birefringence of cubic phases polarising light microscopy will not
reveal structural information, however this technique is compatible with hexagonal
phases. Many other techniques have also been used within the literature for liquid
crystalline characterisation but the forementioned are the most common and

valuable in direct characterisation of the particle’s properties.

Many lipid nanoparticle structures can be formed solely through the singular,
such as eggPC liposomes (69), or dual use of lipid species, such as RNA lipid
nanoparticles (LNP) which utilise cationic lipids, helper lipids, cholesterol, and the
RNA payload (23). (e.g., cholesterol is utilised in liposome formulations to increase

stability (70)) The utilisation of multiple lipid species in the RNA LNPs facilitates
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factors such as RNA encapsulation and facilitates the formation of stable, spherical
particles. Similarly, there may be the requirement for additional chemical species,
either to form one of the specific liquid crystalline structures, to stabilise the structure
into nanoparticles, to aid API encapsulation, or a combination of said reasons. The
primary, or most used lipid in the formation of lipid liquid crystalline particles is
glycerol monooleate (GMO), which has the innate ability to form liquid crystalline
phases. These phases will then require the use of an additional polymeric species to
stabilise the phase into discrete nanoparticles (71), the use of non-polymeric
stabilising entities is rare and discussed later. Commonly used for this purpose are
polyethylene oxide—polypropylene oxide—polyethylene oxide (PEO-PPO-PEOQ) tri-
block copolymers. These are known under a variety of names: chemically as
poloxamer, under the BASF trademark as Pluronic™, and under the Croda
trademark as Synperonic™. Forthwith, in this thesis these copolymers shall be

referred to as Synperonic due to Croda being the supplier of the polymer to be used.

The described internally structured liquid crystalline particles may be used in
their bulk form. There are some limitations when using a bulk phase as opposed to a
particle suspension/emulsion. When comparing a bulk lipid phase, and a
nanoparticle form of the same phase, the particle form has a vastly larger surface
area to volume ratio. This property may allow rapid diffusion of substance out of the
nanoparticles (16,17). To consider further is the application of the material, bulk
liquid crystalline phase materials are highly viscous (17) and so this may limit their
application in the field of drug delivery, for example they may be used for a topical
application, however, they would be unsuitable for .V or I.M. administration. 1.V. and
|.M. administration would enable the treatment of systemic diseases or the treatment

of diseased tissues that are not surface accessible, for example a tumour in the
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pancreas or a diseased heart. This rationale would apply to the choice to focus the
efforts here on the particle forms of the liquid crystalline phases and not the bulk

phases i.e. cubosomes rather than bulk cubic phases.

It is of note that within the literature some refer to liquid crystalline particle
formulations being emulsions (17,72) with others referring to the formulations as
suspension (38,73), and others as dispersions (33,74). Emulsions are defined as a
liquid disperse systems in which the dispersed phase is composed of a liquid
distributed throughout a vehicle in which it is immiscible. However, liquid crystalline
phases sit in the boundary between a liquid and a (solid) crystal phase; therefore,
formulations may also be described as a suspension. A suspension is defined in
simple terms as a dispersion or a solid material in a liquid phase. A dispersion is
defined as one substance (with one phase) is dispersed within another substance or
phase (75). The categorisation of a liquid crystalline particle system as a dispersion
is indeterminate due to the water channels, the liquid crystalline phase is not discrete
from what would be the dispersion medium and so it is unclear if a liquid crystalline
particle formulation would meet the definition of a dispersion. Therefore, given the

ambiguity within the literature | have therefore selected to use the term suspension.
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1.2.1. Cubosomes

Figure 1.2.6. Primitive (left) and diamond (right) cubic phases. Blue regions
represent the hydrophilic head groups of the lipids; the yellow regions

represent the hydrophobic tails of the lipids.

Cubosomes are dispersed cubic phase formed either via the self-assembly of
its base components, or via the dispersion of a bulk cubic phase into a suspension
medium. Although a relatively new field of study, with what is considered the
founding paper being published in 1989 by K. Larsson (50), this paper is highly cited
in the field and introduced liquid crystalline phases and GMO as a lipid capable of

forming such liquid crystalline phases.

A cubic phase can be subcategorised into several different cubic phases,
each with a discrete difference in their 3D conformation. These include the
bicontinuous cubic phases: diamond (Pn3m), primitive (Im3m), gyroid (la3d) (Figure
1.2.6); and the discontinuous micellar cubic phase (Fd3m and Fm3m). The formation
of these different phases may be due to different compositions and or different

fabrication conditions i.e., temperature (Figure 1.1.2). The bicontinuous cubic phases
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feature non-intersecting water channels throughout the structure, whilst the micellar
cubic phases contain discrete pockets of water. It is these water channels or pockets
that may enable an improved drug loading of amphiphilic or hydrophilic APIs (42,76—

78).

Many promising results have been reported in the literature as to the usability
of cubosomes in drug delivery. Primarily it is their ability to encapsulate a range of
APIls including: amphotericin B (79), Aspirin (72), Docetaxel (80), Flurbiprofen (81),
Capsaicin (3) and siRNA (34); this is most promising for future investigation and
utilisation of these particles. Further to this is the exhibition that these particles have
potential to be utilised for oral administration (30,37,79,82). The ability to administer
formulations orally is advantageous to improve patient compliance and reduce the
need for healthcare professionals to administer the medicine, as compared to

medicines requiring I.V. or |.M. administration.
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1.2.2. Hexasomes

Figure 1.2.7. Cartoon of a Hi inverse hexagonal phase. Blue regions represent
the hydrophilic head groups of the lipids; the yellow regions represent the

hydrophobic tails of the lipids.

Hexasomes consist of hexagonal phase. The hexagonal phase is formed
when the CPP of the structure forming molecular components of a formulation is
slightly increased from the CPP forming cubic phases. There are two types of
hexagonal phase, the normal hexagonal phase (Hi) and the inverse hexagonal
phase (Hi). Both normal and inverse hexagonal phases consist of cylinders orderly
packed together. In the more commonly identified inverse hexagonal phase the lipid
head groups face the inside of the cylinders, encapsulating a water channel (Figure
1.2.7). The reverse is true for the Hi hexagonal phase. Dependent on the type of
hexagonal phase, the lipid molecules may have one of two orientations. When

observing the hexagonal phase, the X, Y plane has a uniform appearance, or
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pattern, whilst the Z plane is different, whereas the cubic phases appear uniformly in

both X, Y and Z planes.

The water channels of the hexagonal phases may offer the same possibilities
as with cubosomes in encapsulating amphiphilic and hydrophilic APIs (42,76—78).
The nature of the water channels in hexasomes and cubosomes leads to the
advantages set out for encapsulating various APIls, most desirably encapsulating
poorly soluble APIs. Additionally, however, these water channels may alter the
solvent accessible surface area. Limited work examines the impact of water channel
properties on the rate of API release, but comparison between liposomal and
lamellar particle API release and the release of API from liquid crystalline particles
featuring water channels shows a slowed release of API in the later particles. One
possibility for this is that the water channels enable the steady diffusion of APIs out
of the structures as opposed to burst release which is commonly seen with liposome

and multi-lamellar particles (83,84).

Within the academic/research literature multiple examples of hexasomes
being utilised for drug delivery can be found. They have been used for the in vitro
delivery of Progesterone (40), Cyclosporine A (85), desmopressin (86), irinotecan

(32) and cinnarizine (38).
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1.2.3. Spongisomes

Figure 1.2.8. lllustration of the structure of a sponge phase. Blue regions
represent the hydrophilic head groups of the lipids; the yellow regions

represent the hydrophobic tails of the lipids.

As opposed to hexasomes and cubosomes which are characterised by
ordered internal structures, spongisomes are characterised by the disorder in the
said internal structure. Sponge phases are formed when the CPP of the system is
below that of cubic phases, sitting between cubic and lamellar liquid crystalline
phases. The defining feature of a sponge phase is the presence of two bicontinuous
nonintersecting water channels. These water channels however have a random
orientation and directionality. In the literature the research of sponge phases has
taken place primarily as part of protein crystallography research. In such research

sponge phases are used for the crystallography of membrane proteins[66][67].
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The formation of sponge phases in the literature has required organic solvents
in combination with GMO and water (89). However, Valldeperas et al. used a
combination of diglycerol monooleate, Capmul GMO-50 (a mixture of mono-, di-, and
tri-glycerides), polysorbate 80 and water to form discrete nanoparticles; here the
authors state that such sponge phase particles hold potential for drug delivery, but
do not demonstrate such drug delivery capabilities (90) Interestingly, Valldeperas et
al. offers a route of formulation avoiding the requirement of ethanol, eliminating the
potential drawbacks of ethanol utilisation detailed in the previous sections. Few
examples can be found for the drug delivery applications of sponge phases, one
such example however is the use of (bulk) sponge phase for the transdermal
delivery of 5-aminolevulinic acid (91). Due to the identified possibility the work
conducted here will give some attention to sponge phases as a potential vector for

drug delivery.

1.2.4. Synperonic™ HP

Synperonics contain a central, hydrophobic poly (propylene oxide) block
flanked by two hydrophilic poly (ethylene oxide) units (Figure 1.2.9), Producing an
ABA type symmetrical triblock copolymer. These polymers may, in isolation of with
other excipients, form micelles. These micelles can be utilised as drug delivery
systems; however, more commonly these polymers are used in combination with
other excipients (92,93), as with the liquid crystalline particles detailed within this

work.
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L

Figure 1.2.9: Structure of the PEO-PPO-PEO triblock copolymer, known under
the trade names Synperonic™ and Pluronic™, or the chemical name

Poloxamer.

Synperonics™ can be sub-classified based on their physical form into flake,
paste or liquid; this is dependent upon the ratio of PEO to PPO (Figure 1.2.10). The
differing physical forms offer differing advantages for Synperonic to be utilised in a
range of purposes, including as a dispersant, a detergent, a lubricant, wetting agent,
emulsifier, defoaming agent, and as a solubiliser. A selection of Synperonics™ are
used within the pharmaceutical and health care industries (94,95). There are
numerous examples of Synperonic™ PE F127 /poloxamer 407/ Pluronic™ F127
being used to stabilise liquid crystalline formulations, with over 50 examples being
found within the academic literature (52,68,96). Other Synperonics (under various
trade names) have been utilised for this purpose too, for example F68 (97) and F108

(98) have been used in the literature for cubosome formulations.
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Figure 1.2.10: Naming scheme of Synperonics™/Pluronics™ based on the PPO
and PEO percentage and weight ratios (as reported by the various suppliers).
The light blue with the prefix L- represents liquid Synperonics. The medium
blue with the prefix P- represents paste Synperonics and the green with the
prefix F- represents flake Synperonics. Highlighted Synperonics indicate those

used in this work.

It has been suggested that Synperonics may increase permeability of the cell
membrane to allow API entrance into the cell; however, this permeabilization can be
detrimental to the cell’s health (99,100). This may be concern when progressing to in
vitro and in vivo studies as a formulation may have an inherent toxicity from the
nanoparticle, regardless of the API. Furthermore, there is the question of

Synperonics’ fate once they have been internalised into the cell. Alakhova et al.
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showed that cell-internalised Pluronic localised to, and impaired the respiratory
function of mitochondria in multidrug resistant cancer cells, however this was
desirable as it aided the induction of cellular apoptosis (101). Therefore, it should be
considered if an apoptotic function or possible cellular toxicity is desirable or
acceptable in such a formulation. Various studies have been performed on this
category of chemicals: Magnusson et al. found Pluronic F68 induced
phospholipidosis in rats (102). Johnston and Miller analysed a greater range of
Pluronics administered via injection to muscle tissues, a key conclusion here was the
Pluronic toxicity was proportional to their lipophilicity - the more lipophilic the more
toxic. They deemed Pluronic F88 and F127 had a suitably low toxicity to merit their
use in formulations, whilst Pluronics P105 and P123 showed some toxicity that could

prove inhibitory to their use in pharmaceutical formulations (103).

A review of the literature in relation to Synperonics and their in vitro
behaviours showed some differences in behaviour based upon the PPO:PEO ratio.
Haemolysis, measured through a membrane lysis assay, occurs at a slower rate with
an increasing amount of hydrophilic PEO relative to the hydrophobic PPO (104).
Although haemolysis is a non-desirable and toxic event it may have a link to how a
Synperonic may facilitate cellular uptake. The work of Redhead et al. discussed the
reduced cytotoxicity of Pluronic F127 compared to L64, compared to the highly
cytotoxic L61 and similarly to Nawaz et al. discussed how varying the PPO:PEOQO ratio

can alter cell membrane interactions (105).

One further consideration is the orientation of the Synperonic in relation to the
liquid crystalline phase. Their proposed integration into the liquid crystalline structure
is depicted in Figure 1.2.11, and is as described in the literature (4,66,106).

Therefore, particles would outwardly display a PEG coating. The most notable
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benefit of this would be that the particles would have an innate stealth capability
once administered. However, a possible disadvantage of PEG like molecules, such
as Synperonics, is the reported immunogenicity of PEG. Recently approved LNP
coronavirus vaccine formulations have been reported to elicit allergic reactions, this
is thought to be a reaction due to the presence of PEG in formulations (107). As
Synperonics possess highly similar poly (ethylene oxide) chains there is the potential
for immunogenicity, however there is no clear research to show Synperonics to be

highly immunogenic.

Poloxamer Hydrophillic Tail )ﬁ’ Poloxamer

1

Lipid Phase

Liquid Crystalline core
with high volume of
hydrophobic areas

™~ poloxamer Hydrophoic Center

Figure 1.2.11. Schematic of the proposed mechanism of
poloxamer/Synperonic™ incorporation into lipid liquid crystalline phase

nanoparticles. (Based off of (4,66,106).)

Alternatively, to Synperonics a variety of alternative stabilising compounds
have been utilised. Examples include PEG-lipid conjugates (108), e.g. DOPE-
PEGz2000 (109), and GMO-PEG (34) and acrylamide-PEG (110) conjugates (34).

Tweens 20, 40, 60 and 80 have also been utilised as stabilising species (31,97).
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Additional, more varied and less common examples of Synperonic alternatives
include Cremophor (31), B-casein (111) and ethoxylated phytosterols (86). All these
literature examples showed a promising particle characteristic for the formulation’s

respective function.

Furthermore, in a bid to design a pH-responsive liquid crystalline nanocarrier
Chountoulesi et al. utilised the stimuli-responsive amphiphilic block copolymer
poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl methacrylate) (PDMAEMA-
b-PLMA) as a stabiliser (112). This utilisation of a pH responsive stabilizing molecule

enabled improved on-target site API release.

This work exclusively focused on the utilisation of Synperonics due to the

support of Croda and prominence of Synperonics being used within the literature.

1.2.5. Organic Solvents use in Liquid Crystalline Phase
Manufacturing

Organic solvents, particularly ethanol, are featured in the literature primarily

due to their use in the hydrotrope fabrication protocol (described in Chapter 3).
Briefly, this protocol dissolved the lipid components in a hydrotrope, commonly
ethanol, this lipid-hydrotrope mix is combined with water to allow a bottom-up liquid
crystalline phase/particle formation. The use of ethanol can significantly impact the
nature of the phase formed by GMO. Ethanol acts at the partition between the lipid
and water, effectively flattening the lipid head groups at the surface, increasing the
lipid packing parameter (4). This drives the formation of alternative liquid crystalline
phases (i.e., a hexagonal phase forming lipid may form a cubic phase in the

presence of ethanol). However, the utilisation of ethanol or other solvents may result
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in some drawbacks, particularly due to potential toxicity at higher concentrations of
ethanol; therefore, the solvent should be at a low concentration, or be removed prior
to the formulation’s utilisation for drug delivery. Preliminary experiments conducted
within the work presented here showed that the removal of ethanol resulted in the

removal of any structural effect the ethanol had.

Further detail about liquid crystalline fabrication can be found in chapter 3.

1.2.6. Suspension Medium

Within the literature there is little variation found as to the suspension medium

or buffer. The most utilised suspension medium is water, specifically milli-Q water.

The only alternative suspension medium identified within the literature was 11

mM phosphate buffer at pH 7 (109).

1.2.7. Additional formulation components

Some liquid crystalline nanoparticle formulations utilise additional
components. The use of additional lipid species to glycerol monooleate liquid
crystalline phases has been explored by multiple researchers, primarily in
fundamental research to understand phase behaviour. For example, Cherezov et al.
explored bulk GMO phases which formed a Pn3m phase; to this phase they added
the lipids DOPE, DOPC, DOPS and cholesterol at a 10% mol ratio to the GMO,
these resulted in the transition from the Pn3m to Hu, to La to Im3m and La and to
Im3m Lc combined respectively (Figure 1.2.3) (113). Beyond this fundamental

research in phase behaviour understanding, some researchers incorporated



Introduction

secondary lipids to enhance the encapsulation of the API. For example the inclusion
of the cationic lipids DOTAP (34) and DOMA (109) allowed to improve the

encapsulation of siRNA.

Although no secondary lipid species will be used in this work it is important to
highlight works showing how the incorporation of secondary species can influence
the liquid crystalline phase. This can also provide an indication as to how secondary
species, either a lipid and/or an API, may influence the nature of the liquid crystalline

phase.

A discussion as to the inclusion of APIs into liquid crystalline phase particles

is included in Chapter 4, and briefly in the following sections.

1.3. Aims and Objectives.

The overarching aim of this PhD project was to develop lipid particles with
capabilities to encapsulate poorly soluble drugs for drug delivery applications. Based
on the literature LC phase particles were identified as a potentially attractive lipid
nanoparticle for the delivery of soluble APIs. Aiming to utilise current literature to
develop a formulation focused on the use of glycerol monooleate, trade name
Cithrol™ and Synperonic™. Using these materials, an optimal composition and
fabrication process to produce a LC phase particle formulation will be designed.
Adaptation of the composition and fabrication process to manipulate particle size and
other particle physicochemical properties will be explored to produce a formulation

capable of being utilised for a range of administration routes, e.g., I.V., |.M. and oral.
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With a target identify a fabrication procedure and composition that negates many of

the harsh processes used in the literature to fabricate a favourable formulation.

Understanding how the self-assembled internal structure may be affected
through the changing of the formulating parameters, such as temperature changes,
changing the ratios of water to lipid, and the addition of other chemical species, i.e.,

different Synperonics.

Upon the development of a formulation and fabrication procedure the aim is to
screen a variety of APIs to ascertain the effectiveness of LC particles for drug

delivery applications. Effectiveness will be assessed by:

e The ability for LC particle to load APls, as a measure of drug loading and

encapsulation efficiency
e The capabilities of particles to release drug at a desired rate.

These abilities will predictably change dependent on an API’'s physiochemical
properties. Hence developing an understanding as to which API physicochemical
properties are the most consequential in affecting drug loading, encapsulation
efficiency and drug release. This is in the aim to produce a profile for which APIs
may best benefit from formulation into liquid crystalline particles. In order to achieve
this a diverse range of APIs will be studied based on their varying physicochemical
properties e.g., differing molecular weight, solubility in terms of LogS and differing

numbers of aromatic rings, and not for the API’s specific application.
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Chapter 2: Methodology

Reported in this Chapter are all the materials used in the study. This Chapter will

also describe methods and instrumentation used in conducting the experiments.
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Methodology

2.1. Materials

Croda International Plc. (Goole, UK) supplied Glycerol monooleate at 92%

purity (supplier specified) under the trade name Cithrol™ HP GMO, and

Synperonic™ HP/PEs. Synperonic™ HP/PE F127 is the predominantly used

Synperonic in this study, details of all the Synperonics featured in this study can be

found in Table 2.1.1 and the APIs used in the study and the suppliers can be found

in Table 2.1.2. All solvents and dyes were sourced from Sigma-Aldrich (U.K.) and

used without further purification. Milli-Q water was sourced in-house at 18.2 MQ-scm.

Table 2.1.1: List of the Synperonics used in this study including details about

their form i.e., liquid (L), flake (F) or paste (P); their molecular weight, and the

average number of propylene oxide (PO) and ethylene oxide (EO) units within

each of the different Synperonics™. Values are based on average MW and so

are inexact rounded values.

Molecular
Number of | Number of
Synperonic Form Weight
EO Units PO Units
(g mol )
31 L 1100 3 17
44 L 2200 20 23
64 L 2900 26 30
92 L 3650 17 50
105 P 6500 74 56
38 F 4700 85 16
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87 F 7700 123 40
68 F 8400 153 29
88 F 11400 207 39
127 F 12600 200 65
108 F 14600 265 50

Table 2.1.2: List of all the active pharmaceutical ingredients used in this study

with their supplier and supplier reported purity.

Active Pharmaceutical Ingredient | Supplier Supplier Reported
Purity (%)

Amitriptyline Hydrochloride Sigma-Aldrich 298
Beclomethasone Sigma-Aldrich =99
Budesonide Croda (non-commercial) 299
Chloroquine Diphosphate salt Sigma-Aldrich 298.5
Chlorpromazine Hydrochloride Sigma-Aldrich =08
Clomipramine Hydrochloride Sigma-Aldrich =08
Cyclosporine A LC Laboratories =298.5
Dexamethasone TRC 297
B-Estradiol Sigma-Aldrich 298
Fenofibrate Sigma-Aldrich =299
Glipizide Sigma-Aldrich 296
Haloperidol TRC =299
Haloperidol Decanoate TRC =98
Hydrocortisone Sigma-Aldrich =298
Imipramine Hydrochloride Sigma-Aldrich =99
Mefenamic acid Sigma-Aldrich 298.5
Menadione Sigma-Aldrich 298
Mometasone Furoate Sigma-Aldrich =299
Nortriptyline Hydrochloride Sigma-Aldrich =298
Progesterone Sigma-Aldrich =99
Propofol LC Laboratories 297
Quinine Hydrochloride Dihydrate Sigma-Aldrich =298
Tolbutamide Sigma-Aldrich 297
Trazodone Hydrochloride Sigma-Aldrich =99
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2.2. Particle Fabrication Methodologies

Described briefly is the method established post the optimisation work carried

out in Chapter 3. Each Chapter contains a more detailed particle fabrication section.

2.2.1. Fabrication of Liquid Crystalline Particles

The Cithrol and Synperonic F127 were combined in a 6:1 w/w ratio,
respectively, in a glass vial. The vial was then heated to 65 °C on a hot plate until the
material appeared homogenously molten. Milli-Q water (56:3 water: Cithrol w/w) at
65 °C was added drop wise to the molten mixture, whist being stirred with magnetic
stirrer at 300 rpm at 65 °C. Formulations were then allowed a day sealed at room
temperature to stabilise prior to analysis. Final formulations appeared homogenous
and semi-opaque. Some formulations exhibited flocculation; this is described later in

the relevant cases.

2.3. Particle Analysis Methodologies

2.3.1. Small angle x-ray scattering experiments for liquid
crystalline phase identification.

SAXS is a technique which allows the acquisition of data which may then be
used in combination with defined models described within the literature to identify the
internal structure of a particle. The background of this technique and the described

models can be found within section 1.2. in chapter 1 as well as in chapter 5.
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2.3.1.1. Ganesha SAXS

This work was performed in collaboration with Mr Chris Brasnett and his
supervisor, Dr Annela Seddon at the University of Bristol, Department of Physics. 50
ul of each sample was loaded into 1.5 mm borosilicate glass capillaries. Scattering
patterns were captured via a SAXSLAB Ganesha 300XL instrument in a g-range of
0.015-0.65 A", with an exposure time of 30 minutes per sample. This exposure time
was used to acquire a good signal to noise ratio. Data was processed via the
processes detailed by the white paper produced by our collaborators: Identifying lipid
mesophases from a set of Small-Angle X-Ray Scattering (SAXS) peaks by
Christopher Brasnett and Annela Seddon (University of Bristol). Due to limited

availability this white paper is attached at the end of this document.

2.3.1.2. Diamond B21 beamline SAXS

SAXS measurements were conducted at the Solution State SAXS B21 beam
line at Diamond Light Source on the Harwell Campus, Didcot, UK. This beamline
measures at a resolution range of 0.0031 to 0.38 A-1 using a flux of ~1012 photons
per second. It operates in a fixed camera length configuration (4.014 meters) at 12.4

keV.

The bioSAXS (EMBL Arinax sample handling) robot was used to automate
data collection from a 96-well plate. The samples are loaded by the bioSAXS robot
into a temperature controlled (20 °C) quartz cell capillary (1.8 mm internal diameter)
enclosed in a vacuum chamber. The vacuum chamber is utilised to avoid parasitic
scattering for X-ray scattering measurements (as is also the case with the Ganesha
lab-based instrument). The data acquisition duration was 20 seconds, with sampling

taking approximately 2 minutes. A beam of wavelength A = 13.1 keV (~0.94644 A)
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with a beam size at the sample of 1 mm x 1 mm was used. Images were captured
using a Pilatus 2 m detector. Data processing (background subtraction, radial
averaging) was performed using the dedicated beamline Scatter software integrated

to the instrument operating system.

2.3.1.3. SAXS Data Analysis

Peaks were manually identified using SasView 5.0 software, the location of
each peak was recorded and inputted into the following spreadsheet to identify
peaks with ratios fitting one of the known liquid crystalline phases (Table 2.3.1, Table
2.3.2 and Table 2.3.3). The white sheet as detailed in section 2.3.1.1 was used to

develop this methodology for analysis.

Table 2.3.1: Table of the predefined Bragg peak ratios for the commonly

occurring liquid crystalline phases.

Phase Peak ratios/model

Hexagonal 1:V3: V4: J7: V12 ..
Gyroid (la3d) V6 : 8 : V14: \/E.\[E...
Diamond (Pn3m) V2:3:/4:6:48...
Primitive (Im3m) V2:vV4:+6: 8 ...
Lamellar 1:2:3:4:5...

Cubic Micellar (fcc)  |/3: vV4: v/8: V11 : V12 ...
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Table 2.3.2: Snapshot of the spreadsheet with the formulas used to calculate

peak ratios. The number letter combinations i.e., ‘C5’ represents the cell ID

within the excel spreadsheet.

Peak
1 2 3 4 5
A ' of Peak
1 2*¥3.141/C4 2*3.141/D4 2*3.141/E4 2*3.141/F4 2*3.141/G4
V2 C5*SQRT(2) D5*SQRT(2) ES*SQRT(2) FS5*SQRT(2) G5*SQRT(2)
V3 C5*SQRT(3) D5*SQRT(3) E5*SQRT(3) F5*SQRT(3) G5*SQRT(3)
V4 C5*SQRT(4) D5*SQRT(4) E5*SQRT(4) F5*SQRT(4) G5*SQRT(4)

Table 2.3.3: Snapshot of the spreadsheet with example data used to calculate
peak ratios with model data. In the example data in this snapshot a co-

existence of a primitive (blue) and a diamond (orange) phase has been

highlighted.
Peak
1 2 3 4 5 6 7

A"of Peak| 0.077123 0.103217  0.109496  0.126241 0.13405  0.145688  0.178705

1 81 61 57 50 47 43 35

V2 115 86 81 70 66 61 50

V3 141 105 99 86 81 75 61

V4 163 122 115 100 94 86 70

V5 258 192 181 157 148 136 111

V6 200 149 141 122 115 106 86

2.3.2. Cryo-Transmission Electron Microscopy (Cryo-
TEM)

Cryo-TEM is a technique that allows for the direct visualisation of
nanoparticles in an as near to native state situation as possible with current
technology. The cryogenic nature of the measurement allows for water molecule to

be held in situ during the measurement meaning the hydrophobic and hydrophilic
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interactions necessary for the liquid crystalline structure are maintained. Analysis of
cryo-TEM micrographs can allow one to ascertain particle size, outer morphology,
and internal structure. Further FFT analysis can be a helpful tool in internal structure
identification. Further explanation as to the selection, background, and application of

cryo-TEM can be found in section 1.2. in chapter 1.

2.3.2.1. Cryo-Transmission Electron Microscopy Sample
Preparation

Holey carbon grids (Agar Scientific, U.K.) were prepared via plasma discharge
(Fishione, Model 1020 Plasma Cleaner) for 10 seconds at 5 mA. Grids were loaded
with 3 uL of sample at the production concentration; the sample was incubated in a
humidity-controlled chamber for 1 minute prior to being blotted and freeze plunged
into liquid ethane. This process was performed using the Gatan cryo-plunge 3
system. Samples were then stored in liquid nitrogen at ~ -196 "C or transferred for
analysis instantaneously. Sample application volume and incubation time on the grid
were optimised through trial and error. The selected 3 pL and 1 minute incubation
led to the most appropriate particle concentration on the grid for imaging. If the
particle concentration is low then representative particles may not be identified,
however, if the concentration is too high then particles may overlap leading to an
inability to perform single particle analysis. Samples were freeze-plunged into liquid
ethane as this reduces the number of ice crystals formed due to no Leiden-Frost

effect.
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2.3.2.2. Cryo-Transmission Electron Microscopy Sample
Analysis

Prepared sample grids were loaded into a Gatan 626 cryo-TEM holder under

liquid nitrogen. The samples were analysed under cryo-conditions (~ -180 °C) using

a US1000 CCD camera and Digital Micrograph GMS 3 operating software on a

JEOL 2100Plus instrument at 200 kV. Micrographs were captured at exposure times

of 2—-64 seconds at doses below 10 e/A?. Parameters such as magnification, spot

size, brightness, and the use of the high-contrast aperture was variable between

samples and was variable and dependent upon the following factors:

The presence and thickness of ice

The size of the particles in the X. Y plane

The thickness of the particle in the Z plane

Filament condition/beam intensity without adjustments

Z-height of the sample

It was found that focusing into the middle of the particle (in terms of z-height) was

more appropriate than focusing on the particle surface to ascertain a good

micrograph of the liquid crystalline structure. Due to the higher amount of material

that the beam had to penetrate a longer image acquisition time was used. This

increases the electron dose upon the sample; however, samples were robust

enough to withstand beam damage for micrograph acquisition.
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2.3.2.3. Cryo-Transmission Electron Microscopy Micrograph
Analysis

Micrograph enhancement (contract/brightness) was performed using ImageJ
software. This software was additionally used to conduct fast Fourier transform (FFT)

or inverse FFT analysis upon micrographs.

2.3.3. Dynamic Light Scattering

DLS allows for the measurement of particle size in its native state using the
Stokes-Einstein equation. DLS offers advantages over cryo-TEM as it is
representative considered to be more representative. This is because DLS will
measure thousands of particles at once whilst with cryo-TEM a highly limited number
of particles may typically be analysed in one micrograph, depending on the
magnification. Furthermore, DLS is a high throughput technique (10 minute
measurement time and 1 minute samples preparation) whereas cryo-TEM is
considered low throughput with a single sample taking between 2 and 8 hours in

total for sample preparation and analysis.

A Zetasizer Nano ZS (Malvern, UK) was used to determine particle
hydrodynamic size. A machine determined number of measurements were taken at
173° backscatter with auto attenuation. For standard sizing 3 measurements were

taken per sample.
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2.4. Analysis of Drug Loading and Druqg Release

2.4.1. Dye/API encapsulation

Dye or APl was weighed as solid material directly into scintillation vials (with
the Cithrol and Synperonic). In the event the weight of dye required fell below the
scale’s accuracy a stock solution was made utilising a solvent e.g., acetone or
ethanol; the appropriate volume of the stock was transferred into a scintillation vial.
The solvent used was given time to evaporate (~1 day for volumes up to 200 ul)
before adding the Cithrol (300 mg) and Synperonic F127 (50 mg) into the vial. The
procedure was then followed as described in Section 2.2.1.. Samples were not

extruded unless stated otherwise.

2.4.2. Removal of unencapsulated API

Free drug was removed after the 24-hour particle formation period. Free drug
removal was performed using Amicon® Ultra-Centrifuge filters (Sigma, U.K.) device
with a 300 KDa molecular weight cut off membrane. Free API/drug would pass
through the membrane during centrifugation whilst the particles with encapsulated
API/dye would remain on the top. Devices were centrifuged at 4,000 x g (swing
bucket) for 20 minutes. The sample was removed from the top of the device for use

in further experiments.

2.4.3. Encapsulation efficiency and drug loading

A calibration curve was produced for each API analysed by dissolving fixed

amounts of API into isopropanol and performing a serial dilution in isopropanol (w/w).
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Calibration curve samples (Chapter 4 supplementary information), and formulation
samples, were diluted 1:20 in isopropanol, dissolving the LC structure, and analysed
via high-performance liquid chromatography (HPLC) using an Agilent 1200 system

with a C18 column (see supporting information in Chapter 4).

API loading and encapsulation efficiency were calculated via the following

equations:

Equation 2.4.1:

weight of entrapped drug

API loading (%) = ( ) x 100

weight of Cithrol carrier

Equation 2.4.2:

API encapsulation ef ficiency (%)

_ ( Weight of drug loaded in sample ) 00
~ \Weight of drug added to formulation

2.4.4. APl Release

API release was measured through dialysis using a slide-a-lyzer dialysis
system (ThermoFischer, U.K., Figure 2.4.1). As APl is released from the
nanoparticles in the donor cup it may in principle diffuse though the semi-permeable

dialysis membrane into the receptor medium.
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Donor Cup Receptor Chamber
Formulation Receptor Medium

Figure 2.4.1: Image of slide-a-lyzer dialysis device.

1 ml of formulation was placed into a slide-a-lyzer dialysis device (as the
donor). The receptor medium was a 1% Tween 20 (Croda, U.K.) in water solution.
Tween 20 was used in order to solubilise free API, overcoming the inherent
insolubility of the hydrophobic/poorly water-soluble APls. Samples were analysed via
RP HPLC and quantified using the same method described in the encapsulation

efficiency and API loading section.

2.5. Correlation analysis

2.5.1. Pearson regression analysis

Pearson regression analysis was performed using GraphPad Prism 8.1.2

software. A more detailed description can be found in the relevant Chapters.
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Chapter 3: Development of
a Cithrol liquid crystalline
phase particle formulation

Several methodologies have been identified for the fabrication of liquid
crystalline phases within the literature. Developed here is a novel protocol capable of
encapsulating APIs whilst avoiding high energy input processes, such as heat
cycles. A formulation was developed here based upon the usage of Cithrol™ HP

GMO and Synperonic™ materials.
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3. Development of a Cithrol liquid crystalline
phase particle formulation

3.1. Introduction

Lipid liquid crystalline particle fabrication focuses upon the self-assembly of the
constituent molecules. The constituent molecular components, i.e., the lipid and
polymer stabiliser, will self-assemble in the presence of water. In low water
concentrations a bulk phase may be formed, but in excess water a particle
suspension will form (51). The different methodologies in fabricating the liquid
crystalline particles are as such to control the kinetics of this self-assembly
procedure. Methodologies to fabricate liquid crystalline phase particles are based

around two pathways, the top-down path, or the bottom-up pathway.

e Top-down. The top-down method involves the formation and then
dispersion of a bulk phase. The bulk phase is typically a clear, rigid gel.
The dispersion of the bulk phase requires a high energy input method,
typically sonication (64,114,115), homogenisation (77), shearing (53), or
less commonly spray drying (37,116).

e Bottom-up. The bottom-up method is a process designed to have the
constituent lipid and polymer stabiliser components of the formulation
self-assemble directly into particles ranging from nm to micron size
(64,117). Within the literature this method is typically called the

hydrotrope method (35,51).
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Additional possibilities to achieve desirably low particle size, (of sub-200 nm
to achieve a desirable particle distribution in vivo and high cellular up-take) include
rapid-mixing of formulation components for 6 minutes at 6000 rpm; followed by the
use of a microfluidizer (high pressure homogeniser) for 8 cycles and 35 MPa of
pressure. However, in this protocol formulations were filtered at 0.45 um (30),
indicating that this protocol was not completely efficient at achieving the desirable
particle size distribution. Post filtering however cubosome formulations were
produced with mean particle diameters of 90.4 and 91.3 nm. Therefore, one may
eliminate high pressure homogenisation as an efficient option for tailoring particle

size.

Kim et al. used a methodology alike to the traditional method to form
liposomes. Here a thin-film was formed from the constituent lipids and hydrated with
an aqueous solution of siRNA. The hydration process was allowed 2 days for
complete hydration (temperature not specified), then formulations were sonicated for
6 minutes at 20 kHz. Although cryo-TEM and SAXS data is presented for these
formulations showing the formation of cuboplexes (cubosomes containing RNA)
there is no direct particle size reported and there is significant variation in particle
size and morphology observable in the cryo-TEM images (34). This may suggest
that this fabrication protocol does not produce monodisperse particles; however, the
protocol is seemingly compatible with incorporation of siRNA. Later work by Kim et
al. demonstrated the use of microfluidics to form cuboplexes of a comparable
formulation to the earlier works by Kim et al.. Using microfluidics with a herringbone
chip the lipid phase, containing lipid dissolved in ethanol was mixed with the siRNA
containing water phase. Microfluidics enabled the rapid, turbulent mixing of all

components. The ethanol was subsequently removed through rotary evaporation.
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Again limited particle size data was presented, however it was reported that
cuboplexes formed through this procedure were ‘around 75 nm’ (118), suggesting
that this protocol may form particles of a desirable size for |.M. and I.V. drug delivery;
however no PDI or particle size distribution data is reported and so the suitability of

this protocol for forming monodisperse, homogeneous formulations is unknown.

After this initial fabrication of particles, through either top-down or bottom-up
methods, an additional process is often used to manipulate particle size and include
sonication, homogenisation, shearing, heat cycles, and mechanical stirring.
Barauskas et al. showed a direct comparison of particle size once preformed
particles go through 2 hours mechanical mixing, homogenisation, and heat treatment
at 125°C; data was presented as size distribution plots and cryo-TEM. This showed
that untreated particles had micron size (1-10 uym), this was reduced to ~800 nm
after 2 hours mixing. Heat treatment reduced the particle size to ~500 nm, whilst
homogenisation reduced the average particle size to ~100 nm. However, the cryo-
TEM showed a significant loss of the liquid crystalline structure within the particles.
This also showed the formation of liposomes and membrane blebbing post
homogenisation (119). Reviewing the use of heat cycles shows uniform particle
formation, but, these heat cycles, some of which include the use of high pressure,
could have a highly detrimental and degrading impact on encapsulated APIs. One
examples as to how heat treatment can result in the formation of uniform and clearly
structured particles can be seen in Figure 1.2.4, these particles underwent a 20

minute heat treatment at 125°C to improve the particle size and uniformity (60).

The use of Cithrol is central to the development of this base formulation which
may then be utilised to encapsulate various APIs for drug delivery purposes.

Therefore, it is alternative formulation composition parameters that will be explored
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in this work, secondarily to the fabrication procedure. Such parameters to be
explored is the formulation’s water content, (Figure 1.1.2) and Synperonic content.
The specific Synperonic, based upon the PEO:PPO ratio and molecular weight
variation found within the umbrella of the chemical family of Synperonics, used to

stabilise the liquid crystalline phase into particles could also be considered.

|dentified in the literature is an awareness of how crucial the PPO:PEO ratio
of Synperonics can be in determining their biological activity. There are two
parameters of immediate importance regarding a Synperonic’s activity when
selecting them as part of a formulation. The first consideration is their toxicity,
although as previously discussed in section 1.2.4 many Synperonics are already
used in pharmaceutical formulations. The second consideration is how a Synperonic
based particle coating may affect particle cellular uptake and behaviour in vitro and
in vivo. As both considerations will also be related to other particle properties the
approach was taken to examine the suitability of the different Synperonics as part of
the formulation. One example of why it is important to consider the toxicity of
Synperonic as part of a formulation and not as a lone entity is given in the work of
Murgia et al.. Their studies lead them to propose that, although F127 is non-
cytotoxic, GMO promotes its internalisation. Upon the Synperonic’s internalisation
its amphiphilic nature exerts a toxic effect upon the mitochondrial and nuclear
membranes (120). Then each formulation candidate may be screened for their

properties in vitro and in vivo in work additional to the body of work presented here.
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3.2. Experimental

The materials used in this Chapter are as described in Chapter 2.
3.2.1. Nanoparticle Preparation

3.2.1.1. Production of lipid liquid crystalline nanopatrticles

Cithrol (300 mg) and Synperonic (50 mg) were weighted into a scintillation
vial, this vial was then placed upon a hot plate at 65 °C with a magnetic stirrer (12
mm stirrer bar, 400 rpm), once both components had melted and appeared
homogenous milli-Q water (5.65 mL, preheated to 65 °C) was added at a constant
rate via the aid of a syringe pump. This was performed at a constant stir rate of 400
rpm at 65 °C, stirring was stopped 10 minutes after the water addition, samples were

then stored at room temperature and analysed after 1 day.

3.2.1.2. Production via the use of a hydrotrope

Cithrol (300 mg) and Synperonic (50 mg) were weighted into a scintillation
vial, this vial was then placed upon a hot plate at 65°C until the material was molten
and visually homogenous. The desired amount of ethanol (as the hydrotrope) was
added and swirled until visually homogenous. Milli-Q water (5.65 mL, preheated to
65°C) was added instantaneously via the rapid expulsion of water from a syringe.
Slow water addition resulted in a heterogeneous formulation whilst rapid water

addition resulted in homogenous translucent formulations.

3.2.1.3. Post-production sample manipulations

Further processing of the sample after the initial production phases can aid

liquid crystalline phase formation and/or to reduce the particle size and size
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dispersity. This was performed immediately after the production processes detailed

in the following sections.

3.2.1.3.1. Sonication (Not performed on all samples)
Formulations were sonicated inside glass vials in a sonicating water (Elma

Elmasonic S100H) bath for 1 hour under a constant frequency.

3.2.1.3.2. Extrusion (Not performed on all samples)
An Avanti Mini-Extruder was used (Avanti Polar Lipids, U.S.A). A 200 nm pore-
size polycarbonate filter was used (pre-soaked in milli-Q water), with 21 passes
through the filter. Extrusion was conducted at room temperature. The mini-Extruder

was used as per the supplier’s instructions.
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3.3. Results and Discussion

Within the literature it is indicated that lipid liquid crystalline particle
formulations were utilised and analysed after 24 hours (121). As such this period
was investigated, as displayed in Figure 3.3.1. This investigation found that
formulations kept at room temperature (25°C) required 20 hours to stabilise in terms
of particle size, whilst formulations kept at 35 °C stabilised at a quicker rate,
regarding particle size, but temperature led to the same size particles being formed.
To overcome this variability in the first 20 hours all samples were allowed 24 hours at
room temperature before analysis, use, or post fabrication manipulation. Although
SAXS analysis was not performed at this stage to understand the kinetics of the
liquid crystalline phase assembly, it is possible the lipid self-assembling into liquid
crystalline structures takes a period of hours; this could attribute to the variability in

the particle size over the first 1000 minutes/16 hours.
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Figure 3.3.1: Average particle hydrodynamic diameter, as analysed by DLS)
versus time following the liquid crystalline fabrication procedure. Samples

were kept and analysed at 25 and 35 °C. N = 3, mean * standard deviation.
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Investigations into the ratios of lipid to stabilising polymer (Synperonic) to
water were conducted to find a ratio with minimal excess Synperonic, whilst
maintaining a stable particle formulation. The initial baseline formulation contained:
300 mg GMO, 100 mg Synperonic and 9.6 ml water; this was selected through a
review of the literature. The first parameter investigated was the possibility to
increase the concentration of lipid and surfactant component in the formulation.
Therefore, formulations were produced at different ratios of water to Cithrol and
Synperonic components. The resulting formulations were analysed though SAXS to
understand the impact of these changes in the ratio of the components upon the
liquid crystalline phase. As shown in Figure 3.3.2 and Figure 3.3.3 (inverse)
hexagonal phase is consistently observed with the same peak ratios in terms of q,
showing no distinctive change in the liquid crystalline phase characteristics, i.e.
which phase is formed, and/or, the lattice parameter of the formed phase. In all
samples the lattice parameter was 5.6 nm £ 0.5 nm. The relatively high error is as a
result of the error in the exact q value of the peak maxima and not a reflection upon
the degree of variance between samples. This indicates that the addition of extra
water molecules into the system does not correlate to a difference in the repeating
units of structure; following this it could therefore be assumed that the increasing
amount of water does not increase the number of water molecules within the liquid
crystalline structure. This conclusion however is applicable for the given range,
within the literature it is documented that increasing water content of formulations
can lead to structural swelling, leading to larger lattice parameters, and in some
cases phase shifts (108). However, what can be observed is the change in the

shape of the baseline. This baseline is resulting from the scattering of other
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structures made from the lipid and surfactant present in the sample, such as
micelles, liposomes, or free molecules; the height of the baseline, after the
background subtraction at the lower q, is related to the amount of these non-liquid
crystalline species. It is challenging to make conclusions as to the relative
concentration of these species within the formulation due to SAXS being semi-

concentration dependent.

Visual observations of samples showed an increase in viscosity and
opaqueness with a decrease in the water volume. Combining the visual
characteristics along with indications from the SAXS as to the presence of secondary
species the 5.6 ml volume of water was selected per 400 mg of the solid formulation

components (total of lipid and surfactant mass together).
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Figure 3.3.2: Dependence of water content on lipid liquid crystalline phase
particle formation, as analysed by SAXS. All samples were produced with 300
mg of Cithrol™, 100 mg of Synperonic™ F127 and volume of water as specified

within the figure. SAXS profiles stacked to show minimal changes in q.

Post the establishment of an ideal water to lipid and surfactant ratio, an
investigation into the ideal ratio of Synperonic was considered. The ideal ratio would
achieve a stable particle formation (expected to be achieved with higher Synperonic
concentrations) but contain as few Synperonic micelles/free Synperonic as possible.
As Synperonic has the potential to have adverse effects on the formulation suitability

for drug delivery due to their potential toxicity, as well as potentially hindering cellular
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uptake it would be desirable to minimise the amount of Synperonic present within the
formulation (104,105). However, through initial experiments and review of the
literature Synperonic or similar surface-active polymers are essential in the formation
of discrete nm sized particles as opposed to large micron sized liquid crystalline
particles or aggregates. Beyond the potential adverse implications, such as toxicity,
of having higher proportions of Synperonic within the particle structure SAXS
revealed the presence of Synperonic micelles. These micelles and their increasing
concentration can be observed at the lower end of q (x-axis) (Figure 3.3.3), where an
increased scattering signal/increased slope can be observed. Furthermore, at the
higher concentrations of Synperonic the intensity of the hexagonal phase peaks
significantly decreases relative to the baseline scattering, indicating the Synperonic
disrupts the liquid crystalline phase. As SAXS indicates high Synperonic micelle
concentrations and hexagonal phase disruption formulations containing 100 mg or
higher of Synperonic relative to the 300 mg of glycerol monooleate were discounted
from future formulations. Upon comparison of the 10 and 50 mg Synperonic
formulations the signal from the formulation containing less Synperonic has more
noise in the SAXS traces, this noise and less distinct peaks may be due to any
changes in the liquid crystalline phases. Such variability may arise due to the non-
homogenous distribution of Synperonic and the presence of bulk/large
particle/aggregates of liquid crystalline phase. As such the 50 mg Synperonic per

300 mg of glycerol monooleate was selected to go forward.
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Figure 3.3.3: Effect of increased amounts of Synperonic™ F127 present in the
formulation, as analysed by SAXS. Formulations are prepared from 300 mg of
Cithrol™ and 5.6 mL of water. SAXS profiles stacked to show minimal changes
in q; however, changes in the scattering intensity at low q (left of the red
dashed line). A higher slope indicates more scattering of non-liquid crystalline

species.
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Visual observation (Figure 3.3.4) of liquid crystalline formulations containing
different Synperonic species showed variability in that some formulations, such as
the formulation containing Synperonic L44 where there is a high degree of
flocculation observable. These samples were then analysed by SAXS to examine the
influence of different Synperonics upon the liquid crystalline phase (Figure 3.3.5).
This analysis showed that although the different Synperonics effected the sample
scattering profile it was generally inconsequential (L92 being an exception) in its
effect on the liquid crystalline phase (i.e., hexagonal phase) but was consequential in
increasing the scattering present from non-liquid crystalline structures within the
formulation (Figure 3.3.5). For instance, Synperonic L92 has the lowest ratio of
PEO:PPO of the Synperonic™ screened (Figure 1.2.9), this Synperonic disrupts the
formation of the hexagonal liquid crystalline phase as observed by SAXS (Figure
3.3.5). Further analysis would be required to identify the nature of the particles
present in this formulation, i.e., liposomes, spongisomes, etc. From the micrograph
shown in Figure 3.3.6 it can be observed that changing the Synperonic in this case
to P105 can induce the formation of many liposomes, but observable hexasomes

(only a single representative micrograph is shown here) are perfectly hexagonal.

As Synperonics have varying interactions with cells regarding uptake and
toxicity (104,105) the ability to form the lipid liquid crystalline phase particle
formulations with different Synperonics may be vital in progressing formulations

through to in vitro and in vivo testing .

Still, the presence of micron size particles would need to be analysed. This
analysis would be pertinent due to the multimodal size distribution identified during
DLS analysis (Figure 3.3.7) showing a high variability in particle size with this given

fabrication procedure. But the particle size distribution does appear influenced by the
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Synperonic used within the formulation. This size change is a function of altered
particles formation kinetics, where the PPO:PEO ratio may be significant as higher
ratios of PPO would increase the number of hydrophobic interactions with the GMO)

and changing of the polymer length on the particle surface.

The diverse and overlapping populations of particle sizes displayed in Figure
3.3.7 and Table 3.3.1 mean any discussion as to a link between particle size
distribution and the nature of the Synperonic is vague and inconclusive. To better
understand this a fabrication protocol that produces a monodisperse size distribution
with a low PDI would be required. Although this is possible with the extrusion method
of fabrication it would be inappropriate to use to study the effect of different
Synperonics on particle size. This is because extrusion manually manipulates
particle size, reducing the effect of any particle size changes based on the

formulation composition.

- ;

mmlmmmmm

Synperonic™ PE/...

Figure 3.3.4: Examples of the physical appearances of hexasomes formed
from different Synperonic™s. w/w/w ratio (mg:mg:mg) of Cithrol™:
Synperonic™: Water was constant at 6:1:113. Sample volume inconsistent due

to variation in the minimal weighable about of each Synperonic™.
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Hexasomes fabricated from Cithrol™, Syperonic™PE/... (and water)
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Figure 3.3.5: Small angle x-ray (SAXS) profiles for a range of formulations
containing the varying Synperonics. w/w/w ratio (mg:mg:mg) of Cithrol™:

Synperonic™: Water was constant at 6:1:113.

Figure 3.3.6: Cryo-transmission electron microscopy image of hexasome

produced using Synperonic™ PE/P105, the outer hexagonal shape can be
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seen in conjunction with the striations indicative of a hexagonal phase.
Additionally, smaller spherical liposomes can be seen. Formulation is 300 mg

of Cithrol™, 50 mg of Synperonic™ P105 and 5.65 mL water.
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Figure 3.3.7: Particle size distribution profiles from dynamic light scattering of
hexasomes made with different Synperonics. N = 3 * S.D. w/w/w ratio

(mg:mg:mg) of Cithrol™: Synperonic™: Water was constant at 6:1:113.

To overcome the presence of these multimodal particle size distribution in
formulations produced when different Synperonics were utilised, a selection of
formulations were examined as to their characteristics post extrusion. These
samples were extruded using a 200 nm filter. In all cases the particle size was lower
than 200 nm with the majority having a desirable PDI of below 0.2. All samples were
monomodal and formulations became visibly homogeneous. This indicates
formulations produced from 6 Synperonics (Table 3.3.1) may be manipulated to have

desirable size profiles to take forward for testing.
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Table 3.3.1: Average hydrodynamic particle size by DLS for hexasomes made
with differing Synperonics (as shown in Figure 3.3.4), and then extruded as

detailed in section 3.2.1.3.2.

Z. Average (d. nm) = Standard
Z. Average (d. nm) + standard deviation (nm) (Polydispersity

Synperonic™ deviation (Polydispersity index) index)
Before extrusion After extrusion with a 200 nm

filter
F38 353.4 + 46.9 (0.36) 115.2 + 2.16 (0.19)
F68 358.7 + 20.6 (0.24) 136.0 + 1.07 (0.10)
F87 482.5 + 118.9 (0.51) 138.7 £ 2.67 (0.17)
P105 407.6 + 64.8 (0.66) 124.1 £ 2.18 (0.21)
F108 282.1 £6.9 (0.50) 143.6 £ 1.55 (0.17)
F127 348.3 + 68.1 (0.57) 165.8 % 2.07 (0.22)

Synperonic™ PE/...

Figure 3.3.8: Photographs of sample following extrusion of hexasomes
produced using various flake Synperonic™s. w/w/w ratio (mg:mg:mg) of
Cithrol™: Synperonic™: Water was constant at 6:1:113. Formulations were

extruded using an Avanti mini-extrude with a 200 nm membrane.
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Figure 3.3.9. Comparison of SAXS profiles from flocculated hexasome
formulations, a profile is shown for the top and bottom of the sample (300 mg

Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water).

Extrusion has been shown to manipulate the particle size of formulations,
producing monomodal particle distributions to a tailored maximum particle size.
However, of question is what this extrusion does to the structural properties of the
liquid crystalline phase particles. Therefore, SAXS analysis was performed on pre-
and post-extruded samples (Figure 3.3.10). Further to this sonication was
considered as a method for controlling particle size as this was identified as a
possibility from the literature (64,114,115). Particle size analysis showed both
extrusion, sonication, and a combination of both techniques reduce the particle size
and polydispersity of a formulation. extrusion would be the preferable technique for
producing a monodisperse formulation as this technique produces the lowest PDI
(Table 3.3.2). Sonication, both alone and in combination with extrusion reduce the

PDI relative to the untreated sample, but not compared to extrusion, this is likely due
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to sonication producing several smaller particles, producing a smaller particle
skew/tail on the particle size distribution of sonicated samples, relatively increasing
the PDI compared to extruded samples. These smaller particles would not be
removed or manipulated through extrusion, whilst seemingly extrusion does not
result in the formation in such a significant number of smaller particles; additionally,
extrusion will reduce the polydisperse particle size from un-processed particles to the
precise pre-selected filter size (200 nm in this case). Therefore, in selecting a type of
post-production sample manipulation to alter particle size distribution DLS analysis
strongly indicates extrusion is preferable. However, it would be important to note that
current technology does not allow large scale extrusion and other parameters to
control size should be investigated if this liquid crystalline particle technology were to

be upscaled.

Table 3.3.2: Average hydrodynamic particle diameter analysed by DLS of
formulations sonicated, extruded (200 nm membrane) and sonicated then
extruded post-fabrication. Hexasome formulation made with 300 mg Cithrol™,

50 mg Synperonic™ F127 and 5.65 mL water.

Post-production Z. Average (d. nm) £ standard deviation
Processing (Polydispersity index)
None 540.9 + 37.6 (0.342)
Sonication 196.3 + 3.8 (0.286)
Extrusion 188.0 + 7.6 (0.176)
Sonication & Extrusion 176.9 £ 4.1 (0.233)




Development of a Cithrol liquid crystalline phase particle formulation

No Sonication

Sonicated

Intensity (A.U.)

Intensity (A.U.)

No Extrusion

10° 4

O.ELS 0,‘20 O.éS

qA)

0.00 0,’10

T T T
0.15 0.20 0.25

q(A™)

T
0.00 0.10

10714

10! 4

Extruded

O,iS O,rZO 0.‘25

q(A™)

0.00 O.ElO

0.15 0.20 0.25

q(A™)

0.00 0.10

Figure 3.3.10: Comparison of the effects of sonication and extrusion on the

internal hexagonal phase of hexasomes produced with 300 mg Cithrol™, 50

mg Synperonic™ F127 and 5.65 mL water. No significant change in g can be

observed indicating no change in the characteristics of the hexagonal phase.

Changes in intensity between plots is not directly comparable with the given

experimental design; however, the changes in the slope at low q indicates a

higher presence of liposomes or micelles. Sonication and extrusion both

increase the concentration of liposomes and micelles relative to the

concentration of the liquid crystalline phase.
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3.3.1. Morphological Analysis

Cryo-TEM is one of the few applicable techniques here that may be used to
understand the particles’ outer morphology on a nanometre scale, i.e., the shape of
the particle. Further to this it is possible to use cryo-TEM to determine the internal
morphology of particles, with the assistance of FFT analysis, however, this is less
definitive compared to SAXS. This is because of limited cryo-TEM micrograph
resolution (typically a maximum resolution of 2-10 nm may be achieved), both in
theoretical terms and practical terms. Although atomic resolution using cryo-TEM
has been achieved (122), this is not routinely achievable due to practical
considerations including: the compatibility of the sample with cryo-TEM and the
instrument capabilities. Furthermore cryo-TEM gives a less representative overview
of the particle population compared to SAXS. This is due to cryo-TEM micrographs
generally showing a small number of particles, dependent upon the magnification
and particle concentration, whilst SAXS analyses the combined scattering of all
particles within the X-ray path, the scattering profiles of which are averaged out upon

the signal collection on the recorder.

The utilisation of cryo-TEM techniques for lipid particle analysis is becoming
increasingly more frequent within the literature, with the key characteristics to
identifying a liposome being well defined, i.e., a dark ring structure, typically
spherical, with an internal particle contrast being like the contrast outside of the
particle. However, the utilisation of cryo-TEM for liquid crystalline particle analysis is
less frequent and appears to be utilised primarily to give a visual reference of the
particle characteristics (59). Proposed here however is the possibility to utilise cryo-

TEM to a higher potential to directly identify liquid crystalline phases when SAXS
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analysis may not be possible. Cryo-TEM may be best utilised in the analysis of

hexagonal phase liquid crystalline particle, i.e., hexasomes, because of the following

factors:

ii)

Two orientations can be observable across the sample specimen, with one
orientation showing pores, looking down the end of the ordered bilayer
cylinders: with the other orientation showing stripes, observing the top,
long side of the bilayer cylinders.

Particles appears homogenous in density aside from the pattern visible
from the structuring. There should be no increase in density at the
perimeter of the particle. A high-density perimeter, looking like an ‘O’,
(signified by the darker ring) is indicative of a liposome.

The particles outer macrostructure can be informative as to the nature of
the internal structure, hexasomes may exhibit a hexagonal macrostructure,
as cubosomes may exhibit a cubic macrostructure. However, this is a non-
exclusive rule, both hexasomes and cubosomes may have a spherical or

slightly irregular particle shaped.
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Figure 3.3.11: Cryo transmission electron microscopy images of hexasomes
produced using Synperonic™ F127. A to L shows a selection of particles
observed with both hexasomes and liposomes being present. Micrograph
series M and N show the same features imaged with increasing

magnifications.

Figure 3.3.12: Higher magnification image of hexasomes (Figure 3.3.11.
micrograph M3) made producing 6:1 Cithrol™: Synperonic™ F127. Two
different orientations of the hexagonal phase can be seen, as indicated by the
arrows. The green arrows show the pores/ ends of the lipid cylinders whilst the

blue arrow shows the long side of these cylinders (Figure 1.2.7).
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Figure 3.3.13: Cryo-transmission electron microscopy image of cubosomes
produced using 300 mg of Cithrol™ GMO, 50 mg of Synperonic™ F127, 5.65 ml
Milli-Q water and 1.5 ml of ethanol. A combination of liposomes (blue arrows)

and cubosomes (red arrows) can be observed.
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Via cryo-TEM it is possible to define a sample as hexasomes primarily due to
variable orientations that may be observed. However, this type of phase identification
would require additional FFT analysis to determine the presence of alternative
phases, such as the cubic phases. Cubic phase particles, i.e., cubosomes have no
variation between orientations, and minimal variation between cubic phases can be
observed with cryo-TEM, which further would increase the need for FFT analysis
compared with identifying hexasomes. Furthermore, there are multiple variations of
cubic phase, including primitive, gyroid, discontinuous and diamond. These different
cubic phases are well defined by SAXS, where the discrete differences may be
easily distinguished. The FFT profiles of the cubic phases and any difference
however are not defined in the literature and the development of such analysis was
beyond the aim of this work and instead SAXS was relied upon for distinguishing

between the different cubic phases.

Although the preference in this study was to avoid the use of ethanol, the use
of ethanol in formulations was briefly explored here due to its use in the literature
during the hydrotrope fabrication protocols (74,123). It was found that the relative
content of ethanol used had a significant effect not only in the visual characteristics
of the formulation, but also in measured characteristics, such as particle size. Three
liquid crystalline phases were identified, across these preparations using ethanol,
through SAXS analysis: diamond cubic, [inverse] hexagonal, and sponge phase. The
parameter which is key between these phases is the proportion of ethanol used in
each formulation. With increasing relative content of ethanol, the following trend in

the liquid crystalline phases has been observed:

Hexagonal < Diamond Cubic < Sponge



Development of a Cithrol liquid crystalline phase particle formulation

as determined by SAXS (Figure 3.3.14: SAXS analysis of what ethanol containing
samples prepared using when using a hydrotrope. A) shows a hexagonal phase (Hll), B)
shows a diamond phase (Pn3m) and C) shows a sponge phase (L3). Each formulation
prepared from 300 mg CithrolTM HP GMO (glycerol monooleate), 50 mg SynperonicTM

127). These phases have all been featured within literature both as their bulk forms,
but also in the particulate forms (72,90). Some differences between these phases in
relation to drug delivery applications may include API loading and subsequent
release. When producing a cubic or sponge phase particles from GMO, Synperonic
and water there is the requirement of a fourth species, the use of ethanol in
combination with these may therefore be required. The use of ethanol however may
have a detrimental effect on any active pharmaceutical ingredient, particularly
biologics (124). Furthermore, in the event ethanol is utilised during the formulation
process, it may need to be removed if the ethanol content is above what is medically
accepted, but upon dialysis and subsequent ethanol removal the formulation reverts

to its native hexagonal phase (data not shown due to poor signal to noise).
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Figure 3.3.14: SAXS analysis of what ethanol containing samples prepared
using when using a hydrotrope. A) shows a hexagonal phase (Hui), B) shows a
diamond phase (Pn3m) and C) shows a sponge phase (L3). Each formulation
prepared from 300 mg Cithrol™ HP GMO (glycerol monooleate), 50 mg

Synperonic™ 127, ratios or water: ethanol (v/v a) 1:0 b) 10:1 c) 5:1)
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Review of the formulations in which hexasome were formed with comparison
to the phase diagrams and formulations in the literature (47) our results were not
complimentary. With the composition of GMO (Cithrol™ >92% pure GMO),
Synperonic F127 and water ratios at 65°C used formulations should have formed
cubosomes. Therefore, an investigation was conducted to identify the reason as to
why hexasomes were formed over cubosomes. In partnership with Dr A. Seddon’s
lab Danisco company sourced glycerol monooleate was analysed and found to form
a diamond cubic phase. This is consistent with what is reported within the literature
(47). When the same procedure was conducted using Croda’s Cithrol™ HP GMO a
hexagonal phase was formed. Therefore, the hexagonal phase formation can be
attributed directly because of utilising Croda’s product. The most apparent difference
between Croda’s (>92% pure) and Danisco’s (>98% pure) glycerol monooleate
products are the purity profiles, not only in percentage purity but also the makeup of
these impurities (as specified by the supplier). Due to hexasomes sharing many of
the properties of cubosomes it is at this stage non-consequential to form hexasomes
as opposed to cubosomes. These experiments to show the innate packing of Cithrol

to be hexagonal followed closely the protocol set out in (125).

3.3.2. Stability Analysis

Colloidal stability analysis was performed using two techniques: DLS and
SAXS. DLS allows the assessment of any changes within particle size; whilst SAXS

can identify a loss of liquid crystalline phase or any change in it via comparison of
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the scattering pattern versus storage time. Both techniques will indicate instabilities

in the particle structure through measuring the changes in the structure over time.

Analysis of the internal structure by showed no change in the nature on the
internal phase after 2 months storage at room temperature of the base formulation
(300 mg Cithrol, 50 mg Synperonic F127 and 5.65 mL water) (Figure 3.3.15). Not
only is the hexagonal phase maintained (peak g ratio), but the q of the peaks
remains the same. This shows that the internal arrangement of the lipids remained
consistent, including the lattice parameter. The only observable change here is in the
relative intensity, with peak intensity having a proportionality to the amount of
structural occurrence. The experimental design here was not set up to be able to
quantify changes in intensity, however, if the reduction in intensity of the sample on
storage is real, and not because of discrete changes in the measurement
parameters, such as beam intensity, then it may be concluded that there is a
reduction in the amount of x-ray scattering structure in the sample. Complementary
to this is the work of Ali et al., where cubosome particle size studies showed
consistent particle size and PDI over a 4 week window, however no SAXS data was

reported in relation to particle internal structure stability (30).
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Figure 3.3.15: Small angle x-ray scattering overlay of the base formulation (300
mg Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water) post-production
and post two months storage at room temperature (~20°C) in a sealed

capillary.

Formulation stability was further analysed through temperature ramp studies,
to understand how a change in the environmental temperature impacts upon the
structure of the particles within the formulations (Figure 3.3.16). Between 15 and 55
°C there is no significant change in the average particle size. This indicates that
particles are colloidally stable, at least when exposed for a short time (2-minute
equilibration time for each 1 “C increase in temperature prior to measurement) to
these temperatures. The clinical significance of this is that it shows there would be
no significant change in particle size at biologically relevant temperatures. Further

differential scanning calorimetry and SAXS studies would be needed to better
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understand any changes within the system with increasing temperature, particularly
as the phase temperature of the primary lipid component sits between storage and
analysis temperature and the biological temperature. Therefore, it would be of value
to understand how changing temperature (post-production) may affect the structure
of the particles, such an investigation would be best achieved through SAXS

analysis due to the ability to control particle size.

A change in the structure of the particles, particularly regarding the internal
phase, due to change in temperature may result in the premature release of the API
load, or an altered release profile as a function of the nature of the internal phase.
This analysis however would be dependent on the formulation, including the specific

API and ratio of API to Cithrol, as will be discussed in Chapter 5.
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Figure 3.3.16: Size stability, as analysed by DLS, of an extruded (200 nm filter)
hexasome formulation (300 mg Cithrol™, 50 mg Synperonic™ F127 and 5.65
mL water) in the15 to 70°C temperature range. The temperature was increased
by 1°C and then the sample was allowed 6 minutes to equilibrate prior to
measurements being taken. 3 measurements were taken at each temperature

point. This experiment was run in triplicate, mean * S.D.
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Particle stability against dilution is crucial as it can be required to achieve an
appropriate formulation concentration for administration, and, post-administration,
dependent upon the route the formulation will be diluted within the body’s fluids i.e.,
blood. If particles are subject to changing biophysical properties, or even
disassembly, upon dilution, they may prematurely release their API cargo.
Alternatively, other characteristics such as size may change, a factor that could
change the fate of a particle once administered e.g., particle may accumulate in the
lungs as opposed to the liver following I.V. administration. Measuring particle stability
against dilution is problematic as samples may fall below the minimum concentration
required for analysis. Below in Figure 3.3.17 shows patrticle size analysis. The
formulation was diluted 1 in 10, with a serial dilution, up to a 1 in 1000 dilution. This
showed an insignificant decrease in the particle size, despite the observable
changes in the particle size profile. However, at the lowest particle concentration the
data quality was compromised by the low particle concentration, and analysis of
subsequent dilutions was not possible to due instrument limitations. This may prove
relevant if this formulation was to be utilised for I.V. applications. The average
person has 4.5 to 5.7 L of blood in their body, if a central value of 5 L were to be
taken and a dose volume of 1 ml at the 3 mg/ml concentration then the concentration
in the blood would be ~ 0.0006 mg/ml. Indications from Figure 3.3.17 would be that
particles are stable at this concentration, however this does not account for other

environmental factors introduced by the blood.



Development of a Cithrol liquid crystalline phase particle formulation

15

*1in10

=1in 100
+1in 1000
+1in 10000 Hy

-
o
1

[4)]

Intensity (%)

1 10 100 1000
Hydrodynamic Diameter (nm)
Figure 3.3.17: Changes in particle size distribution, as assessed by DLS, after
the formulation has been diluted in water. The initial hexasome formulation
was extruded (200 nm filter). Hexasomes were fabricated from 300 mg

Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water. Dilution was performed

via a serial dilution. N = 3 £ standard deviation.

3.4. Conclusion

The glycerol monooleate provided by Croda (Cithrol GMO) has a propensity to
form a hexagonal phase when fabricated into liquid crystalline phase with
Synperonic F127 and excess water at 65 “C. This is likely because Cithrol has a
purity of ~92% whereas much of the literature utilises glycerol monooleate with a
purity of/or exceeding 98%. Therefore, it is believed that this hexagonal phase
formation is due to the purity of the glycerol monooleate, or due to the specific nature
of said impurities (i.e., oleic acid) this has shown to be a significant factor as to which
liquid crystalline phase has been formed. Later experiments detailed in Chapter 5

indicate the significance of how secondary species within the structure of the



Development of a Cithrol liquid crystalline phase particle formulation

particles can manipulate the phase being formed. The most likely reason for this and
most likely impurity causing this is the oleic acid impurity, (supplier reported). The
oleic acid may pack within the fatty acid tails of the glycerol monooleate, increasing
the average tail volume, whilst actively decreasing the average head area as indeed
the oleic acid lacks a lipid head group (126). To conclude, the Croda Cithrol™ HP

GMO has a propensity to form a hexagonal phase formulation.

During investigations into the different methodologies to produce liquid crystalline
phase particles the utilisation of ethanol was explored for its role in the hydrotrope
method. Both hexagonal, sponge and cubic phase lipid liquid crystalline
nanoparticles have been produced here dependent upon the utilisation of ethanol
within the formulation; with an increasing proportion of ethanol leading to a decrease
in the critical packing parameter. Subsequently in this work however, methodologies
not requiring ethanol were utilised, both to avoid the risk of AP degradation through
solvents, remove/not introduce the need to remove ethanol from the final
formulation, and to avoid the additional structural changes that arise with the

incorporation and removal of ethanol.

Stability studies showed the formulation’s internal structure remained unchanged
over 2 months at room temperature. Size stability experiments in the 15-70°C range
showed no change in particle size up to 55°C, above this temperature a decrease in
particle size was observed. A future study here may be to assess if changes occur in
the internal liquid crystalline structures, via SAXS, at these increasing temperatures.
Formulation stability against dilution studies indicated a stable particle size up to a 1
in 1000 dilution, however measurements at further dilutions was limited due to

technique/instrument sensitivity.



Development of a Cithrol liquid crystalline phase particle formulation JEEIEE

The characteristics identified and discussed within the three-liquid crystalline
(cubic, hexagonal and sponge) phases formed are all desirable as a drug delivery
system when they are in their discrete particulate form. Identified in this work are
methods in which one can manipulate which phase is formed and change particle
size through formulation and fabrication parameters, for example with extrusion. As
such, each formulation may be tailored based on the disease to be treated. Evidence
here and within the literature suggests a broad range of APIs may be incorporated,

including small molecular weight drugs, peptides, proteins, nucleic acids etc.

3.5. Supplementary information

No supplementary information has been included for this Chapter.
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Chapter 4:Evaluation of
liquid crystalline phase
particles to encapsulate
active pharmaceutical
ingredients.

Presented here is the process and success in encapsulating 15 APIs. The highest
encapsulation efficiency of 96.4% was achieved with the small molecular weight drug
Amitriptyline. Subsequent analysis of the API loading versus the API physicochemical
characteristics showed molecular weight, polar surface area, and the number of

hydrogen bonding capabilities were significant factors impacting an API’s drug loading.

APl release studies were conducted showing a sustained release profile in line with
the literature. Preliminary analysis indicates a link between the rate of API release and

an API'’s logD.
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. Evaluation of the capabilities of liquid
crystalline phase particles for active
pharmaceutical ingredient encapsulation

Covid-19 Impact Statement

Scheduled HPLC analysis of the samples containing a further 8 different APIs and
samples exploring varying API loading targets were negatively impacted, along with
the corresponding API release studies, due to the COVID19 restrictions, as HPLC

studies were to be conducted at Croda.

41. Introduction

Recently LC phase particles have been investigated in the field of drug delivery;
most examples of this feature cubosomes (cubic phase particles), some examples
being given by Faria et al., (127) who utilised cubosomes for the delivery of
elesclomol (mitochondrial anticancer drug) and Boge et al., (128) who used
cubosomes for the topical delivery of antimicrobial peptide LL-37. There are some
examples of hexasomes being used, such as reports by Negrini and Mezzenga, (78)
who encapsulated phloroglucinol in hexasomes. These liquid crystalline particles are
attractive due to their biocompatible components and reported ability to encapsulate
hydrophobic and amphiphilic drugs (129—-131), exhibition of sustained release and
ability to protect APIs from degradation (85). Interestingly, in some cases other
particles have been encapsulated into cubosomes, such as magnetic nanoparticles

(73).

Cubosomes has been documented to enable drug delivery following oral,

topical, buccal (132), mucosal, transdermal (85), ophthalmic (81), intravenous (85),
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nasal (54,85), intraarticular and intraduodenal routes, in vivo and in vitro models.
Hexasomes have been reported for intravenous infusion, transdermal (85),
transmucosal, intravenous (133) and oral delivery (38). No literature was identified
for instances in which spongisomes were used for drug delivery, however an
example of sponge phases being used for transdermal drug delivery was found (91)

(discussed in Chapter 1).

LC phase particles consist of an intricate network of lipid bilayers, this, along
with the presence of Synperonic in formulations has been reported to give particles
stability during storage (85) (Chapter 3). Additionally, this intricate network offers an
increased hydrophobic volume and hydrophilic surface area capable of

encapsulating hydrophobic or amphiphilic APIs compared to liposomes.

This Chapter focuses on how the LC phase particles encapsulate a variety of
APls; whilst Chapter 5 later explores the LC phase characteristics are altered upon
the inclusion of APl molecules. API inclusion/encapsulation and subsequent release
will be analysed to identify any correlation between physiochemical characteristics.
In the future, these studies may be utilised to improve the API’s bioavailability
through its solubilisation into the LC structure. This work aims to produce LC phase
particles which can encapsulate new APIs with predictable effects upon the LC
phase, API loading, and API release profile. To do so, a broad range of APIs with
varying physiochemical properties (i.e. molecular weight, LogP and number of
aromatic rings) (Table 4.1.1) were encapsulated to identify which API characteristics
are most influential in inducing a given LC phase in LC nanoparticles, API loading

and API release profile.
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The loading of APIs into the LC structure is could be expected to change the
particle’s LC phase, as many studies in the literature have already documented,
examples of the introduction of secondary species inducing phase shifts (134). The
effect of secondary lipid species and other guest molecules, including tetradecane
(135), peptide KALP31 (136), and sucrose (136), have previously been identified to

induce a phase transition.

To ascertain the capabilities of the developed formulation for API
encapsulation 15 different APIs were encapsulated. These included amphiphilic
drugs, hydrophobic drugs, and a peptide API. These APIs were selected for their
varying physicochemical properties e.g., molecular weight, solubility, ability to form
hydrogen bonds etc... (Table 4.1.1) as opposed to their clinical function or clinical
need for their formulation. The differing physicochemical properties then would allow
for the determination of which physicochemical properties held the most significant in
determining a given APIs encapsulation efficiency. A general criterion was set out for
the selection of APlIs in that they should be hydrophobic or amphiphilic and not vary
too significantly in molecular weight, i.e., all APIs should be considered low
molecular weight drugs. However, it should be acknowledged that conclusions from
this study therefore are only applicable to APIs fitting this criterion. Discussed in
section 4.3 are some of the potential clinical benefits that may arise from these APIs

being encapsulated into liquid crystalline formulations fabricated in this study.

Table 4.1.1. The physicochemical properties of the APIs encapsulated into the
liquid crystalline formulations in sections 4.4 and 4.5. information was sourced

from www.go.drugbank.com, May 2020.
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Amitriptyline HCI 3139 | 20 | 00 | 3.0 10 | 48 | 25 2.6 35.3 282.8 457.2 529.7 3.2
Budesonide 4305 | 00 | 10 | 40 60 | 27 | 27 47 455 405.4 641.2 535.8 93.1
Chloroquine 3190 | 20 | 10 | 80 30 | 39 | 09 3.7 38.1 312.6 528.4 597.8 28.2
Chlorpromazine HCl | 3540 | 2.0 | 1.0 | 4.0 20 | 45 | 27 53 36.0 284.7 456.7 499.6 6.5
Clomipramine HCI | 3140 | 20 | 10 | 4.0 20 | 49 | 3.1 4.6 36.5 299.7 494 4 520.9 6.5
Cyclosporine 1202.6 | 00 | 1.0 | 150 | 120 | 36 | 36 6.5 1279 | 1217.9 | 2029.1 1323.9 | 279.0
Dexamethasone 392.5 0.0 0.0 2.0 5.0 1.7 1.7 -4.0 39.6 362.1 565.5 435.4 94.8
Estradiol 2724 | 10 | 00 | 00 20 | 38 | 37 4.0 313 269.7 436.6 395.1 40.5
Fenofibrate 3608 | 20 | 00 | 7.0 30 | 53 | 53 5.9 38.2 325.4 533.6 643.5 52.6
Glipizide 4456 | 20 | 10 | 6.0 60 | 14 | 05 0.1 45.1 394.5 650.5 7473 130.2
Haloperidol 3759 | 20 | 10 | 6.0 30 | 37 | 29 37 395 337.8 545.1 562.9 40.5
Haloperidol 5301 | 20 | 1.0 | 160 | 30 | 79 | 70 75 58.0 515.3 856.5 919.8 46.6
Decanoate
Hydrocortisone 3625 | 00 | 00 | 20 50 | 13 | 1.3 3.0 35.3 347.3 556.5 4243 94.8
Imipramine HCI 3169 | 20 | 1.0 | 4.0 20 | 43 | 25 2.0 34.7 285.7 477.9 502.7 6.5
Mefenamic acid 2413 | 20 | 00 | 3.0 30 | 54 | 22 0.6 26.9 226.0 361.6 440.7 493
Menadione 1720 | 10 | 00 | 00 20 | 19 | 1.9 3.1 187 152.3 227.4 326.3 34.1
Mometasone 5124 | 10 | 10 | 50 | 40 | 51 | 51 6.5 51.4 450.9 | 689.6 528.8 93.8
Furoate
Nortriptyline HCI 2630 | 20 | 00 | 3.0 10 | 44 | 16 4.2 33.4 265.0 4337 488.0 12.0
Progesterone 3145 | 00 | 00 | 1.0 20 | 42 | 42 5.6 36.5 321.0 524.4 4237 34.1
Propofol 1783 | 1.0 | 00 | 20 10 | 42 | 42 35 21.9 192.6 331.1 405.1 20.2
Quinine HCI 3240 | 20 | 30 | 40 | 40 | 25 | 09 28 38.4 310.1 4848 468.4 45.6
Tolbutamide 2700 | 1.0 | 00 | 4.0 30 | 23 | 14 3.8 27.8 244.8 4211 554.1 75.3
Trazodone 3710 | 30 | 30 | 50 | 40 | 31 | 3.0 3.8 39.2 327.0 501.7 552.0 42.4




4.2. Experimental

Materials used here are as reported in Chapter 2. Particle characterisation
techniques are as reported in Chapter 2. All formulations were produced with 300 mg
Cithrol, 50 mg Synperonic F127 and 5.65 mL of water. Dye or APl was added to this
at a w/w calculated in relation to the Cithrol. Formulations were allowed a day to

stabilise at room temperature prior to the removal of free dye or API.

4.2.1. Dye or API encapsulation

The dye riboflavin was used as a model API for assay development; Nile Red
was used to study the ability to encapsulate APIs in hydrophobic pockets, Nile Red
was selected for this due to its solvachromatic properties. Dye or APl was weighed
as solid material directly into scintillation vials (with the Cithrol and Synperonic). In
the event the weight of dye required fell below the scale’s accuracy a stock solution
was made utilising a solvent e.g., acetone or ethanol; the appropriate volume of the
stock was transferred into a scintillation vial. The solvent used was given time to
evaporate (~1 day for volumes up to 200 pl) before adding the Cithrol (300 mg) and
Synperonic F127 (50 mg) into the vial. The procedure was then followed as

described in section 3.2.1.1.. Samples were not extruded unless stated otherwise.

4.2.1.1.1. Unencapsulated dye removal

Size separation, and hence free dye removal, was performed using GE
Healthcare size separation PD10 columns. Columns were washed through with the

elution medium, milli-Q water, prior to use. Multiple sample aliquots were collected
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and analysed both visually and via dynamic light scattering to identify which sample

fractions contained particles and which contained free dye.

4.2.1.1.2. Unencapsulated API removal

Free APl removal was performed using Amicon® Ultra-Centrifuge filters
(Sigma Aldrich, U.K.) device with a 300 KDa molecular weight cut-off membrane.
Devices were centrifuged at 4,000 x g (swing bucket) for 20 minutes at ambient

temperature. Sample was taken from the top of the device for storage and analysis.

4.21.2. Dye Release

In this investigation a 3.5 kDa dialysis membrane (Sigma Aldrich, U.K.) was
used. 5 mL of the 7.5 mL collected from the size separation columns was used.
Fraction selection was based on DLS measurements. If it were to be assumed there
was no loss of lipid material, the concentration of particles was 40 mg/mL with a total
of 200 mg of GMO in samples used for dialysis. The dialysis medium was milli-Q
water, with a volume of 200 mL. Beakers were kept in a gyrating water bath at 37°C
with no to minimal exposure to light (vials were individually wrapped and kept in a

dark environment within the water bath).

4.2.1.3. Dye (Riboflavin) Quantification

A calibration curve was produced via serial dilution. 200 uL of each sample
was loaded into a 96 well black nucleon plate (ThermoFischer, U.K.) in triplicate. Dye

containing hexasome, and dye-free hexasome (control) samples were analysed.
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Plates were then analysed by a TECAN plate reader. An excitation of A = 445 nm

and emission of A = 520 nm was used for Riboflavin measurements.

4.2.2. APl Loading and Release Analysis

API loading analysis was performed as reported in section 2.4

4.2.3. Correlation Analysis

The Pearson regression analysis was carried out using GraphPad Prism 8
software. Physicochemical properties of each APl were compiled into Table 4.1.1.
The physicochemical property values were cross analysed using Pearson regression
analysis with values obtained for API loading (w/w and mol/mol were both analysed)

when a 10% API loading (w/w) was targeted.

4.3. Results and Discussion

4.3.1. Dye Encapsulation Studies

Once the liquid crystalline formulation protocol was established, as described
in Chapter 3, initial groundwork investigation was performed to establish this
formulation’s capabilities to encapsulate an APl and subsequently release it. A
variety of dyes were explored in preliminary investigations to examine the potential of
liquid crystalline phase particles to encapsulate guest molecules. Reported here is

the dye explored most comprehensively in this body of work, Riboflavin, also known
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as Vitamin Bz. Riboflavin is a fluorescent molecule allowing for rapid dye

quantification through fluorescence spectroscopy.
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Figure 4.3.1: Chemical structure of Riboflavin 7,8-Dimethyl-10-[(2S,3S,4R)-

2,3,4,5-tetrahydroxypentyl]benzo[g]pteridine-2,4-dione; Formula: C;;H,oN,O¢

. MW: 376.37 g-mol~'. Excitation | = 445 nm and emission | = 520 nm.

Riboflavin was encapsulated into liquid crystalline formulations at increasing
w/w percentages (Riboflavin: GMO) of 5, 10, 25 and 50% (Figure 4.3.2). This showed
a non-linear trend in the dye loading relative to the quantity of dye added to the
formulation. Data suggest a maximum dye loading has been reached between 5 and
25% of dye loading as at higher percentages the amount of encapsulated dye does
not increase. More investigation would be required to find the maximum loading
however due to large increments in percentage dye increase used in this study.
Subsequent dye release analysis indicated a potential quenching effect of the liquid
crystalline particle structure upon the dye, this may be because of the dense lipid
structure not allowing the transmittance of fluorescence. This became evident when

conducting dye release studies as shown in Figure 4.3.3 where a significantly higher



Evaluation of the capabilities of liquid crystalline phase particles for active pharmaceutical [EEIEEEE
ingredient encapsulation

amount of dye is released from the formulation than what was calculated to be

encapsulated.

*1 ¢

% Achieved loading of Riboflavin
(w/w, Riboflavin to GMO)
w
1
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% Target loading of Riboflavin (w/w, Riboflavin to GMO)

Figure 4.3.2: Achieved % loading Riboflavin versus targeted Riboflavin in the
base hexasome formulation (300 mg Cithrol™, 50 mg Synperonic™ F127 and
5.65 mL water). The values were calculated using the equation of the line of

best fit in the calibration graph ( Figure 4.5.1).
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Figure 4.3.3: Dye release profile of Riboflavin from hexasomes produced with
300 mg Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water and 50 mg of
Riboflavin; unencapsulated dye was removed though the use of PD10 size
separation columns. Formulation was dialysed into water using a MWCO 3.5

kDa dialysis membrane. N = 3 * S.D.
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Riboflavin containing hexasomes were dialysed into water (3.5 kDa MWCO
membrane) (Figure 4.3.3), this showed dye release lasting an excess of 5 hours, with
a plateau being observed from 24 hours onward. The steady, controlled like, release
of Riboflavin would indicate non-burst release (burst release being the immediate
release of molecules encapsulated within structures, where upon the decay of the
structure all encapsulated molecules are released instantaneously). This release
profile is likely due to the gradual release of dye through diffusion or decay of the
cylinders within the hexagonal phase. Here, speculated is that cylinders on the outer
regions of the hexasome particle will likely rapidly release their dye load, whilst the

inner cylinders releasing their dye at a delayed rate/time.

The dialysis medium volume was calculated based upon the value of dye
encapsulated when comparing to the calibration, however, the quenching resulted in
a lower amount of dye being assumed than what was present, and so it is probable

that the dialysis medium reached saturation before all the dye was fully released.

This preliminary investigation as to dye release has been promising and
enabled the use of fluorescence studies prior to research progression into model API

encapsulation which requires HPLC analysis for API quantification.

Baseline particle characterisation was performed on the Riboflavin containing
formulations to establish methods to assess the influence of guest molecule(s)
incorporation upon the particle characteristics. DLS particle sizing (Figure 4.3.4) and
examination of changes in the internal structure using SAXS (Figure 4.3.5) methods
were selected. Data shown in Figure 4.3.4 is for formulations containing a targeted

10% w/w of Riboflavin to Cithrol. Comparing particle size distribution of empty and
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Riboflavin loaded hexasomes shows that particles are still formed in the presence of
dye and that there is no significant change in the particle size distribution upon the

addition of dye.

Internal structure analysis (Figure 4.3.5) showed the maintenance of the
hexagonal phase, but with a discrete increase in the lattice parameter. The lattice
parameter is the measure in size of each repeating unit of structure. The d-spacing
in the control hexasomes is 5.68 nm, and 5.74 nm with Riboflavin encapsulated,
indicating potentially that dye incorporation does not impact the internal architecture.
The incorporation of Riboflavin into the liquid crystalline structure could have the
potential to increase the distances between neighbouring lipids, which in turn may

increase the lattice parameter.
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Figure 4.3.4: Overlay comparing particle size distribution, by DLS analysis, of
comparable formulations of 'empty' hexasomes and hexasomes containing the
dye Riboflavin (300 mg Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water,

the dye containing sample contained 30 mg of Riboflavin).
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Figure 4.3.5. Comparison of the small angle x-ray scattering (SAXS) profiles of
hexasomes containing Riboflavin (right) and ‘empty' hexasomes (left) (300 mg
Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water, the dye containing
sample contained 30 mg of Riboflavin). Below is an offset overlay of the two

spectra.

Key limitations in the dye-based studies related to the poor measurement of
encapsulated dye. Dye was not adequately released from the liquid crystalline
structure for fluorometric quantification. Adaption of the protocol to release the dye
fully from the structures was not achieved as this required significant solvent dilution
of the sample. Such significant dilution with a solvent (i.e. ethanol) lead to a dye
concentration outside/below of the linear calibration range. Upon switching to HPLC

analysis for APIs however this was overcome. HPLC offered an increased sensitivity
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and lower limit of detection for APIs and so a greater solvent dilution could be
performed. This dilution released all or near to all encapsulated API. Hence, an
overall limitation in the quantification of molecules encapsulated in liquid crystalline
particles is that the inherent stability of the particles leads to the requirement of high

dilution to solubilise the structure — releasing the API cargo.

It may be imagined hydrophobic APIs will pack within hydrophobic micro-
domains, investigations using the solvatochromic dye Nile Red showed the
preferential partition of dye into a highly hydrophobic domain, alike to a pure ethanol
environment (Figure 4.3.6). The hydrophobic micro-domain area will be limited,
leading to a theoretical maximum loading within the liquid crystalline structure. In
differing solvent systems, the maximum emissions wavelength of Nile Red shifts, as
shown here by altering the ratios of water to ethanol. These wavelengths can then
be compared to the emission spectra of hexasome encapsulated Nile Red; in
hexasomes the local environment of Nile Red is comparable that in pure ethanol
environment. This experiment therefore presents evidence that APIs may pack
comfortably into a purely hydrophobic environment within the hexagonal phase
structure of hexasomes. This consideration is helpful in determining the suitability of
hexasomes for the encapsulation of solvent sensitive/hydrophobic environment
sensitive APIs. This could be investigated further with small angle neutron scattering

(SANS) experiments.
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Figure 4.3.6. Analysis of API loading location within hexasomes (300 mg
Cithrol™, 50 mg Synperonic™ F127, 5.65 mL water and 3 mg of Nile red) via

the use of the solvatochromic dye Nile Red. Aex = 552 nm.

4.3.2. APl Encapsulation Studies

Initially the aim was to investigate the ability of formulated liquid crystalline
particles to encapsulate APIs. The initial study with Riboflavin as a model API, gave
the initial proof of encapsulation capabilities. Subsequently a range of differing APIs
were encapsulated. These APIls were selected both for a potential clinical need but
primarily because of their physicochemical profiles. Figure 4.3.7 displays the
encapsulation (drug loading values) for a selection of APIs. APIs were all formulated
within the liquid crystalline nanoparticles (300 mg Cithrol, 50 mg Synperonic F127

and 5.65 mL water) at the same initial w/w 10% loading (API to GMO).
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Figure 4.3.7. APl encapsulation into the lipid liquid crystalline phase
formulations. Each API was loaded at a targeted 10% w/w of API to GMO (300
mg Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water). API loading was
quantified by HPLC; Drug loading is expressed as w/w of APl to GMO. Error
bars=1 S.D. n= 3, N= 3. The targeted drug loading was 10%, therefore a drug

loading of 10% represents a 100% encapsulation efficiency.

As can be observed in Figure 4.3.7 there is high variability in API loading and
encapsulation efficiency. The variability between repeat samples and repeat
measurements from the same sample (3 aliquots of sample was taken for analysis)
was investigated. It was found that sample flocculation, which was variable between
formulations, led to highly variable encapsulation efficiencies being shown due to the

limited ability to take a homogeneous sample aliquot for HPLC analysis.
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Measurements of a Propofol-containing sample showed that the flocculant contained
substantially more API than the lower non-flocculated sample (Figure 4.3.8). SAXS
analysis (Figure 3.3.9.) also showed that this flock contained a significantly higher

abundance of the ordered liquid crystalline phase.
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Figure 4.3.8: Analysis of Propofol loading (w/v) across the different layers of
the formulation (300 mg Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL
water, with 15, 30, 60 and 150 mg of Propofol). ‘Mixture’ denotes sample taken
from freshly vortexed sample that on visual observation appeared
homogeneous; ‘Top Layer’ denotes sample taken from flocculated layer
consisting mainly of liquid crystalline formulation, ‘Bottom Layer’ denotes
formulation layer under flocculated material and contains mostly non-ordered
particles, as confirmed by SAXS. N=3 * S.D. A preferential loading of API into
the top layer can be observed, increasing the drug loading in the top layer

relative to the targeted loading across the whole sample.
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The variability between loading of the different APIls was investigated through
Pearson regression analysis (Figure 4.3.9). For this analysis both API loading
reported as mg of what per mg of what, and as mol per mol was used.
Physicochemical properties for each APl were gathered (Table 4.1.1) and compared
to the API loading data. This analysis (Figure 4.3.9) highlighted strong correlations
between API loading and the following API's molecular descriptors and
physicochemical properties: hydrogen bonding capacity, polar surface area,
molecular weight, and, to less extent, polarizability, Van der Waals volume, Van der
Waals surface area, and solvent surface area. These parameters are discussed in
the following text with the reasons proposed to correlations observed. To confirm the
proposed reasoning, further computational work would be desirable, as well as

investigation into wider panel of APIs to strengthen the trends observed.
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Figure 4.3.9: Pearson regression analysis examining the correlation between
the physicochemical properties of APIs and their loading into hexasomes (300
mg Cithrol™, 50 mg Synperonic™ F127, 5.65 mL water and 30 mg of API). The
plot on the left indicates the directionality of the trend, i.e., red shows an
inverse relationship whilst blue shows a positive relationship. The plot on the
right indicates the significance of the trends identified through the Pearson
regression analysis. The 15 APIs and their loadings were included in this

analysis.

The hydrogen bonding capabilities, or number of hydrogens bonds, refers to
the number of moieties within the API structure that have the capabilities of being a
hydrogen bond acceptor or donor. An inverse relationship was identified between the
API loading and number of hydrogen bonding moieties. The trend was most

significant when the number of hydrogen bond donors and acceptors was combined
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rather than when they were treated as individual parameters. Those APl molecules
with hydrogen bonding capabilities may interact more with the suspension medium of
the particles, in this case water, reducing the preference for the APl molecule to

situate itself between the lipid tail groups during the self/assembly of the particles.

The polar surface area of a molecule refers to the surface area of a molecule
from its polar functional groups. The relationship is like the relationship between API
loading and hydrogen bonding. As polar surface area increases API loading
decreases. As the particle suspension medium in this instance is polar (water), the
more polar molecules may preferentially interact with the suspension medium rather
than the non/polar tail groups of the GMO - whilst the non/polar APls may

preferentially pack within the non/polar tails.

Polarizability can give an indication as to how an APl may interact with
neighbouring molecules. An increase in the polarizability of an APl may result in
dipole—dipole or charge—dipole interactions between high-polarity APl molecules and
associated molecules (137). However, there is an inverse correlation observed
between an API’s polarizability and the API loading into liquid crystalline particles.
This may indicate non-preferential interactions between GMO, and/or Synperonic,
and an increasingly polarizable API, or preferential interactions between increasingly
polarisable APls themselves; such preferential interactions may reduce API loading

due to APIs precipitating or otherwise aggregating.

As an API’'s molecular weight increases the API's loading decreases. Larger
molecules disrupt the structure of the particle in which it has been encapsulated
within more, meaning when the nanoparticle structure self assembles the structure

may preferentially assemble away from the large API. Also, when observing Figure
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4.3.9 it is observable that many other parameters have a strong correlation with
molecular weight, such as the previously mentioned polar surface area and number
of hydrogen bonding. Therefore, the correlation observed between molecular weight
and APl loading may in fact primarily be a composite, due to the associated increase
in other critical parameters for API loading when there is an increase in the

molecular weight.

Van der Waals surface area, or total molecular surface area (TSA), is the
theoretical sum of the atomic van der Waals surfaces. As such, the van der Waals
surface area is highly linked to the solvent surface area. Whilst the van der Waals
volume is the volume of the space inside the van der Waals molecular surface.
These parameters all have an inverse relationship to API loading, as these
parameters increase, API loading decreases. This can be ascribed to each of these
parameters being a descriptor for API size, and as with an increasing MW, an
increasing size would lead to a greater disruption of the liquid crystalline phase, this
is somewhat supported when reviewing the effect Cyclosporine incorporation has on
the liquid crystalline phase, as compared to the smaller APIs (Chapter 5). With many
formulation strategies it may be expected that an increase in these size parameters
may decrease API loading, but an additional consideration with liquid crystalline
formulations is that an increasing API surface area or volume would then result in a
greater change in the particle structure, reducing the compatibility of API loading

within such structures.
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Figure 4.3.10: Effect of increasing proportion of Propofol and Dexamethasone

on measured loading (w/w% APIl: GMO) of fabricated liquid crystalline particles
(300 mg Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water, with 15, 30, 60
and 150 mg of Propofol or dexamethasone). Actual loading was quantified

through HPLC. N=3 £ S.D.

In addition to analysing the effect of the physicochemical properties of APIs
on their loading, the loading of two different APls was analysed with increasing initial
API: lipids weight ratios in the encapsulation experiments. Here the targeted API
loading was increased as a function of weight of API per weight of GMO. In the case
of Propofol there was a significant increase (Figure 4.3.10) in the amount of API
being loaded when the targeted loading was increased, furthermore there is a
significant undesirable decrease in encapsulation efficiency with higher targeted
loading. In the case of dexamethasone although there was an increase in the

averages of API loading there was high variability within the repeats of each sample

111
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and so a statistically significant trend is not possible to prove; this higher variability
may be attributed to higher levels of flocculation in dexamethasone samples relative
to Propofol. Dexamethasone has a lower water solubility compared to Propofol and
SO one possible scenario here is that the poor solubility of dexamethasone was
prohibitive for API loading due to the rapid precipitation of Dexamethasone. When
producing the high dexamethasone formulations there was some visible
precipitation, presumably of dexamethasone. Therefore, in subsequent instances the
formulator should find the desirable offset between a higher targeted API loading and
a subsequent loss of higher encapsulation efficiency. The desirable point of
increased API loading relative to the decrease in encapsulation efficiency may be
variable between the desired parameters of the final medicine i.e., dose volume, and
the cost and availability of the API. As a limited number (5 APIs were examined in
total however the data for these additional APIs was inaccessible due to the Covid-
19 pandemic, all APIs however did display a similar trend) of APIs were explored at
a variety of targeted loading concentrations it is not possible to draw conclusions
between the API physicochemical properties and the ability to increase the maximum

achievable API loading.
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500 nm

Figure 4.3.11. A) Cryo-TEM micrographs of 1) Hexasomes, 2) Cubosomes and
3) Spongisomes with corresponding B) fast Fourier transforms (FFTs) and C)
inverse FFTs. D) shows representative SAXS profiles for 1) hexagonal, 2) cubic
and 3) sponge phases. All samples consisted of 300 mg of Cithrol™ GMO, 50

mg of Synperonic™ F127, 5.65 ml Milli-Q water and A) 5% theoretical loading
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Progesterone B) 5% theoretical loading Dexamethasone C) 5% theoretical

loading Amitriptyline.

The inclusion of APIs has been found to induce changes in the mesophase
produced by the Cithrol / Synperonic, API formulation in this work. This was found
through cryo-TEM analysis (Figure 4.3.11) where the inclusion of various APIs
induced changes in the liquid crystalline phase (this is further discussed in greater
detail in Chapter 5). This matches observations from the literature that found that
dioleoyl phosphatidic acid incorporation into a GMO based formulation induced the
phase change in this direction: Pnsm — Imasm — Lq, tetradecane incorporation
induced the phase change: Im3m — Hu (135) and bacteriorhodopsin incorporation
induced the phase change: Qi — La(136). While in our work the nature of the API
influenced the LC phase formed, it is not clear how the API properties relate to the

formed phase.

The phase shifts in APl containing formulations consist primarily of cubic,
hexagonal and sponge phase particles (cubosome, hexasome and spongisome),
representative cryo-TEM and SAXS profiles are shown in Figure 4.3.11 and Chapter
5. The more API incorporated the larger the structural change, this can be seen in
the cryo-TEM micrographs of formulations containing increasing ratios of
Amitriptyline (Figure 4.3.12). Shown is the phase shift from hexagonal to cubic;
increased API loading may induce further phase shifts, or the system may become
saturated with API, leading to multiple possibilities such as complete or partial

disruption of the LC phase, or a lack of encapsulation leading to no further change in
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the nature of the phase. This is discussed in detail and explored experimentally in

Chapter 5.

Theoretical

Amitriptyline 0% 5% 10% 20% 50%

loading

Cryo-TEM

83 pn W

Mesophase/ Spongisomes | Spongisomes|| | Spongisomes &
Particle & Vesicles Multi Lamella
Assignment i

Photographs of
Samples

Figure 4.3.12. Nanoscale and visible observations of formulations (300 mg
Cithrol™, 50 mg Synperonic™ F127 and 5.65 mL water, with 15, 30, 60 and 150
mg of Amitriptyline). prepared at increasing concentrations of Amitriptyline
(targeted loading). A transition from a hexagonal, to sponge to bilayer phase
can be observed through cryo-TEM; whilst visual observations show on
increase in the opaqueness of the formulations. Formulations were not

extruded or sonicated.
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4.3.3. APl Release Studies

ingredient encapsulation
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. Cumulative API release profile of APls, from liquid crystalline

formulations, via dialysis into a 1% Tween 20 in water medium: A) Haloperidol

decanoate, B) Progesterone C) Propofol, D) Haloperidol, E) Hydrocortisone F)

Dexamethasone, G) Amitriptyline HCI, and H) Imipramine HCI. N=3 n=3 * S.D.

Lines represent model fits.
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API release studies were performed over an 8-day period via dialysis, using a
1% Tween 20 water solution as a receptor medium. Samples were taken
periodically, and the amount of API released was quantified via HPLC. When
comparing the physiochemical properties of the APIs (Table 4.1.1) to elucidate a
relationship between the API properties and release profile there appeared to be a
correlation between the release profiles and an API’s logD. API with a lower logD
(Table 4.1.1, Figure 4.3.13) exhibit rapid release in the first 8 hours before reaching
a low rate of sustained API release. The APIs with the highest LogDs of 8.12, 3.82
and 3.66, Haloperidol decanoate, Progesterone and Propofol respectively, did not
reach plateau within the 8 days analysed, additionally the rate of API release

remained consistent throughout.

Whereas release studies (Figure 4.3.13) of APIs with logD values 2.93 to -
4.64 from the cubosomes, hexasomes and spongisomes follow a highly similar
release pattern to the cubosome release studies in the literature (72,133), with initial
drug release being rapid before slowing to a sustained rate of release. Kulkarni
investigated aspirin release from cubosomes aspirin has a logD of -1.68 and so the
release profile fits within the logD relationship that has been identified. Both in our
studies, Rizwan’s and Kulkarni, incomplete drug release was observed; with
apparent plateau in cumulative release profile being achieved at significantly below
100% (72,133). Depending on route of administration the LC structure would likely
disassemble under biological conditions e.g., lipases. Haloperidol and Haloperidol
decanoate LC formulations may offer great potential for the treatment of
schizophrenia (138,139). Haloperidol intramuscular injections exhibit rapid uptake
and metabolism (within minutes). By utilising this LC formulation, the sustained

release over the initial 3 hours may enable a reduced dosing frequency.
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4.4. Conclusion

Encapsulation of a panel of APIs have been achieved with our LC phase
particle fabrication procedure whilst achieving encapsulation efficiencies up to 98%
and API loading up to 9.8%, a value highest with amphiphilic APIs (Figure 4.3.7).
Upon comparing with the literature, instances were identified where LC particles
produced throughout this work display a higher encapsulation efficiency and/or

higher API loading, depending on the physicochemical properties of the API.

The properties most closely related to higher or lower API loading are the API’s:
structure, molecular weight, hydrogen bonding opportunities. Some correlation can
be identified between these properties and the liquid crystalline phase
characterisation, notably both amphiphilic APIs form sponge liquid crystalline
phases. Further work was carried out to understand this relationship between an
API’s physicochemical properties and the liquid crystalline phase formed is reported

in Chapter 5.

Release of APIs from liquid crystalline phases occurs over an extended period
of days (more investigation required) and has a correlation with logD; APIs with
LogDs between 8.12 and 3.66 (Haloperidol decanoate, Progesterone and Propofol)
exhibit sustained API release over a period of days, whilst APIs with LogDs between
2.93 to -4.64 exhibit initial rapid release in the first 8 hours — this does not exceed
>30% release of total API encapsulated, formulations then exhibit sustained release;
which may offer further advantages of liquid crystalline phase particles over simple

lipid particles, such as liposomes. Except for Haloperidol, where the API release



Evaluation of the capabilities of liquid crystalline phase particles for active pharmaceutical
ingredient encapsulation

occurs within 8 hours then plateaus. These indications show that complete API

release is not achieved in a simple dialysis system.



Evaluation of the capabilities of liquid crystalline phase particles for active pharmaceutical
ingredient encapsulation

4.5. Supplementary Information
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Figure 4.5.1. Calibration curve for Riboflavin in water. N=3, R?=0.9561 and Y =

526732 X + 2033. Graph consist of 6 data points.

Table 4.5.1. Solubility and LogP values of APIs as reported in the

www.drugbank.com .

Active Pharmaceutical MW LogP Water Solubility
Ingredient (g/mol) (mg/mL)
Progesterone 314.469 | 3.87 0.00881
Dexamethasone 392.467 | 1.83 0.089
Mometasone 427.362 2.1 Insoluble
Hydrocortisone 362.466 | 1.61 0.32
Haloperidol 375.868 4.3 0.014
Haloperidol Decanoate | 530.121 7.9 Insoluble
Cyclosporine 1202.635 7.5 Slightly
Propofol 178.275 | 3.79 0.124
Amitriptyline
Hydrochloride 313.869 | 4.92 0.00971
Imipramine
Hydrochloride 316.873 4.8 0.0182



http://www.drugbank.com/
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Figure 4.5.2: HPLC calibration graphs for APl quantification. For all graphs

R2>0.95.

Remaining graphs unavailable due to Covid-19. HPLC was performed at Croda
Plc on a non-networked PC, as such data was unable to be accessed

throughout the course of the pandemic.
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Chapter 5: Influence of
guest molecule
incorporation upon the self-
assembly of liquid
crystalline structures.

Cithrol ™ GMO and Synperonic ™ F127 combined at a 6:1 ratio, in excess
water, forms an inverse hexagonal nanoparticle suspension, commonly known as
hexasomes (as shown in Chapter 3). The inverse hexagonal phase is formed due to
the critical packing parameter (CPP) of the system. Upon the encapsulation of an
active pharmaceutical ingredient (API) the CPP of the system will be manipulated by
the API (as shown Chapter 4, where for example Amitriptyline incorporation resulted
in a transition from the hexagonal phase to the sponge phase). Investigated are
which API properties will result in the highest manipulation of the CPP, as well as
how the API concentration will affect this manipulation. The change in the CPP is
characterised through the changes in the liquid crystalline phase, these changes are
analysed through small angle x-ray scattering experiments. These experiments
showed an inverse relationship between API concentration and the CPP. As the API
concentration is increased, the CPP decreased, with the decrease in the CPP the
liquid crystalline phase has been shown shift from an inverse hexagonal phase
towards a cubic or a sponge phase, with the sponge phase having the lowest

associated CPP. A variety of APl physicochemical properties have been identified
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throughout this work as affecting the CPP. LogS is the most significant (p<0.02)
physicochemical factor affecting the CPP, as LogS increases the CPP decreases.
Decreasing CPP will result in the conversion of the inverse hexagonal phase, to a
cubic phase to a sponge phase. Other significant physicochemical properties have
been shown to decrease the CPP and the said physicochemical property parameter
decreases, these parameters include: Van der Waals surface area and volume, drug
loading (mol/mol), polar surface area and polarizability with a significance of p<0.05.
Less significantly (p<0.10) impacting the CPP is the number of hydrogen bonds,

solvent surface area, and drug loading (mg/mg).
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5. Influence of guest drug incorporation upon
the self-assembly of liquid crystalline
structures.

Covid-19 Impact Statement

Scheduled HPLC analysis to complement data reported in this Chapter was
interrupted due to the COVID19 pandemic.

5.1. Introduction

This Chapter considers how the CPP will enable the prediction of how the
glycerol monooleate, and any guest molecules, will pack together in the presence of
water, based primarily upon hydrophobic and hydrophilic interactions (Figure 1.2.2).
The nature of this phase is dependent upon a formulation’s constituent molecules
CPP. That is, all the molecules that will form a part of the structure (Figure 1.2.1),
and not solely the glycerol monooleate that forms the backbone of many liquid
crystalline phase formulations.

The addition of guest molecules into the system will induce changes to the
CPP, these changes may in turn alter the liquid crystalline phase formed, for
example this may induce a conversion of a hexagonal phase structure into a
diamond cubic phase (Figure 5.1.1).

As seen in Chapter 3, the glycerol monooleate used in this body of work,
Cithrol GMO, will form a hexagonal phase in the presence of water in combination
with Synperonic F127 with the given experimental conditions (Chapter 2).
Investigated in this Chapter is the influence of active pharmaceutical ingredient (API)

incorporation upon the nature of the liquid crystalline phase formed.
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The aim is to understand: (i) the effect of each of the 23 APIs encapsulated

(15 of which were analysed via HPLC, as detailed in Chapter 4) on the liquid

crystalline phase; (ii) the relationships between API concentration and degree of

change in the CPP, and (iii) to elicit the impact of specific AP| physicochemical

properties on the change in the CPP. The latter will indicate which physicochemical

properties are most consequential in inducing a change in the CPP and subsequent

liquid crystalline phase.
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Figure 5.1.1. Effect of guest molecule incorporation upon the critical packing

parameter of the system: Influence of hydrophobic guest molecule/API

incorporation upon the critical packing parameter of the system. As a

hydrophobic molecule will pack within the hydrophobic tail region the tail

length will increase, leading to a decrease in the critical packing parameter,

125

and a decrease in the negativity of curvature. The higher the concentration of
API the greater the influence upon the tail length, and subsequently decrease

the critical packing parameter.
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5.1.1. Comparison of techniques to determine liquid
crystalline phase properties.

To determine the effect of API loading upon the liquid crystalline phase it is
first important to identify the most appropriate way in which one may characterise the
phase present. Reviewing the literature, as discussed in Chapter 1, clearly identifies
SAXS as the most appropriate technique in phase identification. SAXS therefore is
the backbone analytical technique utilised in this Chapter, with supplementary
techniques where appropriate. Although cryo-TEM has been identified as enabling
phase identification in several cases it was not selected as the main characterisation
method here due to:

e The low sample throughput.
¢ The limitations in gaining data representative across the whole sample.
e The requirement of very high micrograph quality to undertake phase

identification through FFT analysis.

SAXS overcomes above disadvantages of cryo-TEM, under the condition of
instrument accessibility. SAXS instruments fall under two brackets: lab based, or
synchrotron based. Lab-based SAXS instruments are becoming more common and
accessible, whereas the synchrotron based SAXS instruments are significantly less
common, with the only instrument in the UK ‘Diamond’ housed at The Harwell
Campus, Oxford. The primary differences between these synchrotron instruments
are in the x-ray source. Synchrotron x-ray sources enable high-throughput data
acquisition, particularly in the cases of the instrument having auto-sampling
capabilities, as is the case with the B21 beamline at Diamond. This instrument is

equipped with the BioSAXS auto-sampling robot; this enables the sampling of up to
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96 samples (from a 96 well plate) in rapid succession, with the time for each sample
to be processed being around 2 minutes. Synchrotron-based SAXS instruments with
auto sampling capabilities allow high-throughput measurements. Instruments without
auto sampling capabilities greatly increases the time taken to acquire data for
multiple samples due to the requirement of samples to be analysed under vacuum,
therefore sample exchange takes some time due to decommission and
reinstatement of vacuum conditions. When comparing the lab based and synchrotron
instruments there is a significant difference in data acquisition time. For example, a
sample may be analysed for 30 minutes on a GANESHA SAXLAB instrument but to
acquire data with a similar signal to noise ratio may take 30 seconds on a
synchrotron based SAXS instrument. Advantages of SAXS over cryo-TEM data
originate from SAXS being more representative of the entire sample, along with data

sets possessing a higher resolution.

Discussing first the improved representativeness of SAXS compared to the
alternative cryo-TEM technique. SAXS analyses a window of sample, although
variable this is typically around 1 um by 1 um by the width of the capillary or cell
holding the sample. The sample is maintained in its native state i.e., in suspension in
the case of liquid crystalline formulations. Conversely, with cryo-TEM one may
observe a single area dependent upon the magnification, but for example would be
no more than 1 ym by 1 pm to achieve the resolution required, with a minimal
depth/height of no greater than 1 um; with a typical 3 ul of sample being applied to a
sample grid for analysis (much of which is blotted away from the grid prior to
analysis). This significantly reduces the amount of sample being analysed at one

time, even with movement across the grid. Introduced also is biased through the



Influence of guest drug incorporation upon the self-assembly of liquid crystalline P4:
structures.

manual operator dependence of a cryo-TEM instrument to select of location on the
grid for imaging. Additionally, SAXS allows the analysis of a sample in its native
state, whereas cryo-TEM requires sample freezing. There is much discussion within
the field of microscopy as to the effect, or lack of effect, sample freezing may have
on the observable characteristics of a sample; the most prominent effect that may
influence the desired observations would be due to structural swelling or shrinking
upon freezing, or other changes due to osmotic stress. Such an effect would likely
hinder sizing measurements rather than phase identification efforts. Similarly, the

freezing process would likely not lead to changes in the phase.

Secondly, discussing the improved resolution of SAXS over cryo-TEM, and an
improved accuracy compared to cryo-TEM and other readily accessible techniques
such as polarising light microscopy which may be used to identify the presence and
nature of liquid crystalline phases (16). Both SAXS, cryo-TEM and polarising light
microscopy can identify the presence of liquid crystalline structure; however, in the
case of polarising light microscopy, only non-isotropic liquid crystalline phases may
be observed. This means polarising light microscopy may be used to identify the
presence of for example a hexagonal phase, and not a cubic phase. Furthermore,
minimal supplementary information, such as lattice parameter, can be gained with
polarising light microscopy beyond confirming phase presence. Due to these
limitations, polarising light microscopy will not be included hence forth. SAXS can
identify liquid crystalline structures with better discrimination than cryo-TEM for two
main reasons. The first being SAXS enables background subtraction, removing
nearly all noise from the final data set. Such noise or non-sample signal may be

generated from the medium in which particles are suspended in or from the sample
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holder. In general background subtraction is not possible with cryo-TEM and so the
background may interfere with the ability to interpret a cryo-TEM micrograph, and
subsequently run an FFT analysis. FFT analysis identifies repeating patterns in
micrographs, and hence can identify the repeating pattern produced by the presence
of a liquid crystalline phase. FFT analysis is the most crucial aspect in identifying a

particular liquid crystalline phase.

The most notable way in which a variance in resolution between cryo-TEM
and SAXS can be appreciated is during lattice parameter calculations. The lattice
parameter, also known as a lattice constant, is the measure of the size of a single
unit of structure. In most liquid crystalline phases, the lattice parameter is in the order
of 5 to 10 nm. The resolution of SAXS is reported to be around 0.5 to 2 nm, whilst
cryo-TEM resolution is reported to be sub-1 nm. Yet, the acquisition of micrographs
achieving sub 1nm resolution is less frequently. In practical terms however the
method in which one may calculate the lattice parameter from SAXS investigations is
based in mathematics and does not rely on manual interpretation making it a robust
measure. Lattice parameter calculations from cryo-TEM micrographs require manual
distance measurements, either of a single unit or structure, or preferably multiple
units of structures measured and divided to find an average lattice parameter,
limiting manual error. It is important to highlight that although multiple units of
structure may be measured and averaged from cryo-TEM micrographs, lattice
parameter calculations from SAXS will determine a lattice parameter from all units of

structure that was within the beam window during the measurement.
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5.1.2. SAXS utilisation for liquid crystalline particle
determination

The effect of APl incorporation upon the liquid crystalline phase was
determined through SAXS analysis, as that was the most robust method identified
here and within the literature (38,76) as being able to inform the investigator as to

the nature of the liquid crystalline phase.

SAXS operates by directing x-rays through a sample. In the case of
examining liquid crystalline particle formulations samples are typically held within a
borosilicate glass capillary. The x-rays will pass through this capillary where they
interact with the sample. X-rays will be scattered upon the interaction with structures
within the sample. Scattered x-rays are collected by a detector on a 2-dimensional
screen. X-rays scattered by uniform repeating units of structure will scatter to the
same degree, producing rings of high x-ray intensity on the detector as shown in
Figure 1.2.5. The intensity plot from the detector is converted into a spectrum which
may be interpreted to gain a variety of information about particles in suspension. The
information gathered is dependent upon the q range (angle of scattering) being
investigated. The range to be investigated enables the identification of Bragg peaks,

allowing for phase assignment and information to calculate a lattice parameter.
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Figure 5.1.2. Simplistic representation of how SAXS converts sample
structures into defined Bragg peaks, as with a hexagonal phase, or
hump/broad peak, as with a sponge phase: Ordered repeating structures
(hexagonal phase example here) will produce defined peaks known as Bragg
peaks due to a large proportion of x-rays being scattered in the same manner
and so the signals align into a narrow peak. In non-uniform repeating
structures, such as the sponge phase the scattering is more variable, this

results in peak broadening, producing a hump in the scattering spectrum.
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In SAXS analysis of liquid crystalline structures it is typical that one would
seek to identify Bragg peaks. Bragg peaks are formed from repeating units of
structure, at repeating distances. Such repeating structure is seen in a range of
phases, including hexagonal, cubic, and lamellar phases. However, although sponge
phases have repeating units of structure the units are non-identical with no
consistency between unit of structure distances; the repeating structure is much
more random in nature than the previously mentioned hexagonal, cubic, and lamellar
phases, as shown in Table 5.1.1 and Figure 1.2.3. In sponge phases, the water
channels, or pores of different sizes with different distances between these pores
which will interact with the X-rays from SAXS experiments, leading to a broader
scattering of X-rays, producing a broad peak such, better identified as a hump.
Whereas, in for example the hexagonal phase, the scattering of the x-rays is
uniform, mimicking the uniformity of the hexagonal phase structure, producing the
defined Bragg peaks. Some of the common uniform phases and their associated

Bragg peaks are presented in Table 5.1.1.

One possible phenomenon to consider in the analysis of any Bragg peak
scattering data is the possibility of the co-occurrence of different liquid crystalline
phases. For example, it may be possible to identify those peaks belonging to a
hexagonal phase and additional peaks belonging to a diamond cubic phase within

the same sample.

Table 5.1.1. Liquid crystalline phases and Bragg peaks: Table of three
commonly occurring liquid crystalline phases formed by glycerol monooleate

upon self-assembly into particles. The hexagonal (Hi), the diamond cubic
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(Pn3m) and the primitive cubic (Im3m). Detailed in the Bragg peak spacing that

may be used to identify each phase. An example SAXS profile. And a pictorial

representation as to each phase’s appearance.
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5.2. Methodology

The full methodology for liquid crystalline particle fabrication, including API

incorporation can be found in Chapters 2 and 4.

To summarise this fabrication procedure, a molten mixture of our Cithrol,
Synperonic F127 and APl was formed before water addition to produces a particle in
water suspension. Variables here were differing APIs at a range of target
concentrations. These concentrations were 5%, 10%, 20% and 40% w/w
percentages of API to Cithrol. Ratios of Cithrol: Synperonic: water were consistent

with the ratios set out in the Chapters 2 and 4 Methodology sections.
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Analysis of these formulations was primarily formed was primarily conducted
through SAXS analysis with some supplementary cryo-TEM. All SAXS data shown
in this Chapter was acquired through the B21 beamline at Diamond (The Harwell

campus, Oxford, U.K.). Detailed analysis methodology can be found in Chapter 2.

5.2.1. Pearson regression analysis

The Pearson regression analysis was carried out as described Chapter 4. To
perform this a numerical value had to be attributed to liquid crystalline phases, these
are described in Table 5.2.1. As the control/innate phase of the system is hexagonal it
was given a value of 1 to indicate no change, other phases of increasing change
away from the hexagonal phase have been assigned as such. The value given to
indicate the changing phases has an inverse relationship to the CPP. Highly
heterogeneous samples containing both hexagonal and cubic phases were excluded
from the analysis as non-homogenous drug loading makes attribution of changing

phases to specific properties incompatible with the data analysis process.

Table 5.2.1. Values assigned to individual liquid crystalline phases during

Pearson regression analysis.

Phase Hexagonal Diamond Primitive Sponge
1 2
Value
attributed 22 4

Excluded due to high heterogeneity
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5.3. Results and Discussion

The following figures show scattering data indicating the effect of API
incorporation upon the liquid crystalline phase. This data was collected through
SAXS experiments at the UK Diamond scattering facility. Each sample was prepared
in triplicate, with each triplicate analysed once. Each graph shows the scattering
profile for each sample in its triplicate. In some events scattering data was not
obtained, this is indicated by the lack of a profile present and is further indicated at
the end of each figure legend. A scattering profile may not have been obtained due
to the auto sampling machinery failing. If the three profiles obtained per sample vary
from one another there is the probability the concentration is sitting on a phase-
phase border. If 2 or more phase profiles are congruent then this phase/profile is
taken to be representative. In the case of no scattering data being seen for example
in the case of Glipizide at the 10% concentration then the data interpretation relies
on the single sample in which is scattering was observed. Phases were assigned
using mathematical process discussed in the method section, more detail as to these

phase assignments can be found within the supporting information.

As discussed in previous Chapters, the base or template formulation, that is
the formulation containing no API, will form an inverse hexagonal, or Hi phase. The
inverse hexagonal phase is more common than the normal hexagonal Hi phase, as
such often within the literature when the writer refers to a hexagonal phase it is the
inverse hexagonal phase that they are referencing (85,106,140). Hence forth, and as
in previous Chapters, the inverse hexagonal phase will be referred to as a hexagonal
phase (omitting inverse). The base formulation contains 53 mg Cithrol and 8.8 mg of

Synperonic F127 per ml of water. These form a self-assembled structure with a



Influence of guest drug incorporation upon the self-assembly of liquid crystalline ls
structures.

critical packing parameter of ~1.05-1.10 (57). An example SAXS profile for the base

formulation is shown below in Figure 5.3.1.

Peaks of an inverse hexagonal phase
1

0.4
=
2
c
Q
€ 0.2+

V3
—l—l—l—l—l—l—l—l—l—rw—l—Ll—l—l—l—l—l—l—y%‘FFrﬂ-F
0.0
0.0 0.1 0.2 0.3

q(1/A)

Figure 5.3.1. SAXS profile, showing a hexagonal phase, for the template
formulation consisting of Cithrol™ (300 mg) and Synperonic™ F127 (50 mg) in

a water suspension (5.65 mL).

Upon the incorporation of a guest molecule, such as an API, the critical
packing parameter may be altered. Figure 5.1.1 describes how the incorporation of a
drug may influence the critical packing parameter of the system. The APIs
encapsulated all possessed a hydrophobic or amphiphilic nature. These APIs
therefore may be expected to pack within the tail region of the self-assembled
structures; packing here would increase the tail length, subsequently decreasing the
critical packing parameter. The degree of change in the CPP will be multifactorial, the
primary analysis here however will examine the physicochemical properties of the

API, as this will determine how and where the APl molecules will pack, and the
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concentration of the API. APl concentrations of 5 to 40% weight per weight of API to

glycerol monooleate were investigated.

5.3.1. SAXS Results and Discussion for the Analysis of
Changing API Concentration upon the Liquid
Crystalline Phase

Figure 5.5.1 to Figure 5.5.21 (Shown in the Supplementary Section to this
Chapter) show the changes through SAXS analysis in the liquid crystalline phases of
the base formulation upon drug encapsulation. With discussion as to any inferences
possible how the APl is interacting, and subsequently contributing, along with the
GMO, to the liquid crystalline structure. Summarising this section of the results and
discussion is Table 5.3.1 which details the nature of the liquid crystalline phase at

each concentration, accompanied with a summary of an observable trend.

Acknowledged here is the limitation that exact drug loading figures are
unknown, therefore, discussion and conclusions are based upon theoretical drug
loading, i.e., the amount of drug that was put into the system. The actual drug
loading for several samples is discussed in Chapter 4; however, the data in Chapter
4 is incomplete due to experimental limitations in relation to Covid-19. As such only
trends are discussed here. Future work here would be to confirm drug loading (w/w,
API to GMO), to determine the exact effect of drug concentration on the CPP. As
well as to better understand the relationship between an API’s physiochemical

properties and API loading.



Influence of guest drug incorporation upon the self-assembly of liquid crystalline [k}

structures.
Diamond i Yl
Phase & s
& Sponge
Phase

Decreasing Critical Packing Parameter

Decreasing Negative Curvature
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Phase

Phase

Figure 5.3.2. Transition between differing liquid crystalline phases dependent
upon the associated CPP and negative curvature of the system. Shown is the
transition from the inverse hexagonal phase, which has the most negative

curvature, to the diamond then primitive cubic phases, through to the sponge

phase. Sponge phases are proceeded by lamellar phases.
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5.3.1.1. Summary of the observations upon API incorporation

Table 5.3.1. Summary of the effect of APl addition upon the liquid crystalline phase.

The table summarizes changes from the hexagonal phase of starting formulation (formed in absence of API) to phase
present on addition an individual API into formulation. information is provided on nature of the change in the liquid
crystalline structure of the system and change in the critical parking parameter was indicated. SAXS spectra showed and

discussed in the later sections. Multiple phases are named where they were found to be co-existing.

Encapsulat Observations from SAXS profiles at targeted API

ion (w/w API: GMO) concentrations of: (%)
Efficiency

API at a API Chemical Structure Observations

targeted 5 10 20 40
10% Drug

Loading
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Haloperidol Decanoate

55.5+19.1

Hexagonal

Hexagonal

Hexagonal

Hexagonal,
Diamond,
Primitive

Linear movement
along the curvature
scale with the
emergence of cubic
phases at the 40%
concentration of
Haloperidol
decanoate

Progesterone

56.3+11.0

H,C

Hexagonal

Hexagonal

Hexagonal

Hexagonal,
Diamond,
Primitive

Bragg peak intensity
of the hexagonal
phase decreases
with an increasing
concentration of

Progesterone,
indicating that
Progesterone may
disrupt the
hexagonal phase at
higher
concentrations
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Tolbutamide

Unavailable

CH,

Hexagonal,
Diamond

Hexagonal
, Diamond

Hexagonal,
Diamond

Hexagonal,
Diamond

The diamond phase
is most prevalent at
20%, the hexagonal
phase becomes
more prevalent with
decreasing
concentration. At
40% the prevalence
of the 2 phases
appears equal, this
does not fit with the
trend observable in
the 3 other
concentrations. This
may indicate non-
linearity in drug
encapsulation
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Diamond,
Primitive,
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Diamond,
Primitive,
Hexagonal

Cubic phases
become more
prevalent at
increasing
concentrations of
menadione. The
hexagonal phase is
present at all
concentrations
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The data compiled within Table 5.3.1. is presented in full in the supplementary section 5.5 with in-depth analyses as to the influence

of APl incorporation.
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When examining the negative curvature there is a linear scale in which the
sample’s curvature will be moving along, as depicted in Figure 5.3.2. It is expected to
observe a movement along this scale upon drug incorporation - if the drug indeed
significantly affects the critical packing parameter. If the system’s curvature is very
significantly affected, it may be the case that some phases on the scale are skipped;
this may be due to the skipped phase falling between the concentrations examined;
for example, with Imipramine that is an immediate jump from the hexagonal phase to
the sponge phase with minimal indications of a cubic phase being present as the
drug input increased to 10%. This is believed to be the case because there is a
narrow frame in which the cubic phase may be formed (Table 5.3.1). A cubic phase
is typically formed when the critical packing parameter falls between 1.00 and 1.05,
which lies between the 5% and 10% loading of Imipramine; therefore, the cubic
phase is not seen as a its upper and lower phase boundary falls between 5 and 10%

targeted API loading.

SAXS analysis indicates that with increasing concentrations of API within the
system, a greater influence on the liquid crystalline phase is observed. This is clearly
seen when examining the APIs Trazodone and Quinine, however, concentration
seems less consequential with Fenofibrate in altering the phase behaviour (Table

5.3.1).

It is observable that an increase in API concentration for all APls, apart from
Progesterone and Fenofibrate, increases the transition away from the innate
hexagonal phase of the system (when no drug is encapsulated). Although this

analysis is limited due to theoretical, rather than actual, drug loading being available,
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it is still possible to conclude some trends as to what is influence of a theoretically
increasing API concentration. The clear example here may be Trazodone. In this
case there is a very clear inverse relationship between the theoretical concentration
of Trazodone and the CPP. As the theoretical concentration of Trazodone increases,
the CPP decreases (Figure 1.2.2, Figure 1.2.1and Figure 5.5.17). An overarching
statement can be made for majority of tested APls, excluding Propofol, that with an
increasing API concentration, there is a decrease in the critical packing parameter
and a decrease in the negative curvature of the system. The decrease in negative
curvature leads to the system being much more linear in nature, as depicted in
Figure 1.2.1. This results in the change of a hexagonal phase to a cubic, to a sponge

and then to a micellar suspension.

In the case of Fenofibrate, no such trend or change in the phase is observed.
Possibilities causing this include is the drug packing in such a way the critical
packing parameter is not influenced, or the drug concentration within the system is
maintained within the same phase window i.e., the critical packing parameter is not
changed significantly with the addition of extra drug; a further possibility to
acknowledge is that increasing the targeted drug concentration does not increase
necessarily increase encapsulated drug concentration. However, in the instance of
Fenofibrate the actual drug loading data is available which does indicate that with
increasing concentration there is an increased encapsulation of the API. This is

discussed more in later sections.

The 23 API formulations investigated, and as listed in Table 4.1.1, can be
categorised based on the result of their influence on the liquid crystalline phase of
the formulation. In the following sections APIs have been categorised into sponge

phase forming APIs, hexagonal phase forming APls, cubic phase i.e., primitive or
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diamond phase forming APIs, APIs that form coexisting phases, and some examples

that do not fit into one of these categories.

5.3.1.2. Sponge and Lamellar Phased Formulations
Sponge phases are characterised by water channels/pores of a variable size,
distributed randomly through a lipid structure. Of the four phases seen throughout
the formulations reported here the sponge phase has the lowest CCP and least

negative curvature.

A lamellar (La) phase is characterised by evenly spaced peaks with the
peak ratio pattern 1, 2, 3, 4... (141). In the case of Amitriptyline and the alike APIs
(Imipramine, Nortriptyline, Clomipramine and Chlorpromazine) the lattice parameter
of the lamellar phase is 31 nm + 5 nm (Figure 5.5.1 to Figure 5.5.5), with the
increased error primarily resulting from broad peaks. Broad peaks represent
variance within the structure, as discussed in Figure 5.1.2.. A 31 nm lattice
parameter of a lamellar phase may be expected to result from multi-lamellar
vesicles. This idea correlates nicely with the cryo-TEM micrographs shown for
Amitriptyline containing formulations (Figure 4.3.12) where vesicle particles can be

seen inside one another.
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Table 5.3.2. Phase assignments of sponge phase forming formulations (given

percentage of APl to GMO (w/w), 300 mg GMO, 50 mg Synperonic™ F127) at

different theoretical APl loading concentrations. Corresponding SAXS profiles

can be found within the supplementary information 5.5.

Percentage target

Liquid Crystalline Phase Present

of API (w/w

API/GMO)

Amitriptyline

Imipramine

Nortriptyline

Clomipramine

Chlorpromazine

0%

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

5%
Lamellar/
Sponge

Lamellar/
Hexagonal
Cubic

Lamellar/
Sponge

Lamellar

Lamellar/
Sponge

10 %

Lamellar/
Sponge

Lamellar/
Sponge

Lamellar/
Sponge

Lamellar

Lamellar/
Sponge

20 %

Lamellar/
Sponge

Lamellar/
Sponge

Lamellar/
Sponge

Lamellar

Sponge

These APIs will all pack in a similar manner due to their similar

40 %

Lamellar/
Sponge

Lamellar/
Sponge

Lamellar/
Sponge

Lamellar/
Sponge

Sponge

physicochemical properties and structure, which will result in a similar effect upon

the system’s phase. From the effect they exert, one would assume that these APIs

pack in a way to either increase tail length or head area relative to the tail volume. In

some cases, such as with Imipramine the transition from hexagonal to cubic to a

lamellar sponge co-existing phase can be observed, yet in most cases with this class

of API the transition to the lamellar sponge co-existing phase occurs at the lower 5 to

10% API concentration percentages (API % relative to GMO w/w). Reported in

Chapter 4 is that Amitriptyline and Imipramine have an encapsulation efficiency of
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96.4 + 7.7% and 88.3 + 14.2% respectively at a targeted 10% mg/mg loading (28.9
and 26.5 mg respectively of Amitriptyline and Imipramine with 300 mg of Cithrol, 50
mg of Synperonic F127 and 5.65 mL of water). The variation in at which point a
phase shift occurs between the APlIs listed in Table 5.3.2 may be due to slight
changes in the API’s physicochemical properties or due to varying encapsulation

efficiencies.

5.3.1.3. Hexagonal Phase Formulations

The innate phase of the Cithrol, Synperonic F127 liquid crystalline system is
hexagonal. The minimal or lack of change in the hexagonal phase indicates one of
two scenarios. Either the APIs in question have very low drug loading, or these APls
pack in a way in which the CPP of the system does not change. This later scenario
could occur if an API packs in a way to proportionally increase the tail length and the
tail volume and is likely the more probable explanation. This is because it is known a
certain amount of APl is known to be loaded in the cases of Haloperidol decanoate
loading at 10% mg/mg to have an encapsulation efficiency of 55.5 + 19.1%; and so,
this indicates that Haloperidol decanoate packs in a way to not change the

confirmation of the GMO packing within the system.

In some which cases, such as Progesterone, at the higher concentrations the
conversion from the hexagonal phase to cubic is observed. However, this
conversion, in the cases of Progesterone and Haloperidol decanoate with the 40%
targeted API loading (API: GMO, w/w), is heterogeneous, with the diamond and
primitive cubic phases co-existing with the hexagonal phase. This indicates packing

of the APl is non-uniform, resulting in varying CPP values throughout the formulation.
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Table 5.3.3. Phase assignments of hexagonal phase forming formulations
(given percentage of APl to GMO (w/w), 300 mg GMO, 50 mg Synperonic™
F127) at different theoretical APl loading concentrations. Corresponding SAXS

profiles can be found within the supplementary information 5.5.

Percentage target of o o o o o
API (wiw API/GMO) 0 % 5% 10 % 20 % 40 %

o Haloperidol SeegeEl
€ = Hexagonal Hexagonal Hexagonal Hexagonal Diamond
= c Decanoate L
50 Primitive
® Qo Hexagonal Hexagonal
o 8 Progesterone Hexagonal Hexagonal Hexagonal %ag Diamond
O o Diamond L

s 0 Primitive
= ©

3 <

5 o Fenofibrate  Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal

5.3.1.4. Cubic Phase forming formulations.

The cubic phase and cubosomes are the most discussed liquid crystalline
phase in the literature. The cubic phase is formed from a decrease in the CPP of the
system, as compared to the innate hexagonal phase of the system (Figure 1.2.1). Of
the two cubic phases present the primitive phase has the lower CPP. The APIs that
instigate a transition to the cubic phases are Haloperidol, Hydrocortisone,
Budesonide, and trazadone. Haloperidol, Hydrocortisone, and Budesonide have
encapsulation efficiencies at the 10% mg/mg drug loading concentration of 57.0 +
23.4 %, 52.3 £ 17.8 % and 37.4 £ 29.6% respectively. These APIs pack in a way that
increases the tail length or head area relative to the tail volume. Due to the
hydrophobic nature of these APls, it is likely that they pack in a way to increase the

tail length. The most probable way in which these APls (e.g., Haloperidol and
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Trazodone) pack, which may be confirmed through small angle neutron scattering, is

that the API molecules packs between opposite lipids in the bilayer.

The presence of fall our drugs named induces a transition of the LC system
through the linear CPP scale, where the hexagonal phase transitions to diamond, to
primitive, to a sponge phase (the sponge phase transition was only observed for
Trazodone). In some of the cases detailed in Table 5.3.1. there is a co-existence of
diamond and primitive phases across a range of concentrations; upon review of the
scattering profiles as the targeted API loading increases, the prevalence of the
primitive phase increases over the diamond phase. The co-existence of the diamond
and primitive phases is due to discrete differences in API packing throughout the
system (i.e., local inhomogeneity in the API packing) as the diamond and primitive
phases are very closely related in terms of CPP and degree of negative curvature.
This shows the slow transition towards the phases with a lower degree of negative
curvature. In the case of Trazodone, the transition from the primitive cubic phase to a
sponge phase is seen. The encapsulation efficiency for Trazodone is yet to be
analysed by HPLC. There are two possibilities therefore as to why Trazodone
stronger influence upon the induction of a phase transition compared to the other
cubic phase forming APIs. Firstly, there is the possibility of that Trazodone has a
higher encapsulation efficiency than the other drugs, or, alternatively Trazodone may
have physicochemical properties that cause a more rapid induction of a phase shift.
It may be expected that as the APIs with a known encapsulation efficiency all have
an encapsulation efficiency that are statistically indifferent. It would be reasonable to
presume that AP| concentration is a significant factor in the formation of the cubic

phase, and hence it may be the case that Trazodone achieved a higher
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encapsulation efficiency than the Haloperidol, Hydrocortisone, and Budesonide;

hence resulting in the altered phase behaviour.

Table 5.3.4. Phase assignments of cubic phase forming formulations (given

percentage of APl to GMO (w/w), 300 mg GMO, 50 mg Synperonic™ F127) at

different theoretical APl loading concentrations. Corresponding SAXS profiles

can be found within the supplementary information 5.5.

Concentration of API
(w/w APl/glycerol 0 %
monooleate)

Haloperidol Hexagonal
Hydrocortisone  Hexagonal

Budesonide Hexagonal

Liquid Crystalline
Phase Present

Trazodone Hexagonal

5%

Diamond
Primitive
Diamond
Primitive
Diamond
Primitive

Primitive

10 %

Diamond
Primitive
Diamond
Primitive
Diamond
Primitive

Primitive

20 %

Diamond
Primitive
Diamond
Primitive
Diamond
Primitive

Sponge

40 %
Diamond
Primitive
Diamond
Primitive

NA

Sponge
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5.3.1.5. Formulations containing coexisting hexagonal and cubic
phases.
Table 5.3.5. Phase assignments of coexisting hexagonal and cubic phase
forming formulations (given percentage of APl to GMO (w/w), 300 mg GMO, 50
mg Synperonic™ F127) at different theoretical APl loading concentrations.
Corresponding SAXS profiles can be found within the supplementary
information 5.5.
Percentage target
of API (w/w 0% 5% 10 % 20 % 40 %
API/GMO)
Hexagonal Hexagonal Hexagonal Hexagonal
Dexamethasone Hexagonal Diamond Diamond Diamond  Diamond
Primitive Primitive Primitive Primitive
= Hexagonal Hexagonal Hexagonal Hexagonal
o Glipizide Hexagonal Diamond Diamond Diamond  Diamond
et Primitive Primitive Primitive Primitive
‘:; Hexagonal Hexagonal Hexagonal Hexagonal
@ Mefenamic acid Hexagonal Diamond  Diamond Diamond Diamond
< Primitive Primitive Primitive Primitive
o
o Hexagonal Hexagonal Hexagonal
= Estradiol Hexagonal Diamond Diamond  Diamond NA
S Primitive Primitive Primitive
‘é, Hexagonal Hexagonal Hexagonal Hexagonal
O Menadione Hexagonal Diamond Diamond Diamond  Diamond
o Primitive Primitive Primitive Primitive
> Hexagonal Hexagonal Hexagonal Hexagonal
- Beclomethasone Hexagonal Diamond Diamond Diamond Diamond
Primitive Primitive Primitive Primitive
. Hexagonal Hexagonal Hexagonal Hexagonal
VBl EETieE AeEgeEl Diamond Diamond Diamond Diamond

Reported in Chapter 4 is the encapsulation efficiency for dexamethasone,

Glipizide and Estradiol at 19.6 £ 7.2 %, 50.2 £ 9.7 % and 6.0 + 1.6 % respectively, at

the 10% mg/mg targeted API loading. Encapsulation data is unavailable for the
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remaining APIs. The variability in encapsulation efficiency for the known APIs would
indicate that the resulting occurrence of coexisting phases is not due to a specific
drug loading, but due to inhomogeneity in the API loading into the lipid structures.
The pockets of higher API presence may have induced phase shift, producing cubic
phases, with regions of primitive phase possibly containing the most drug.
Hexagonal phase particles likely contain no or minimal drug and hence there is no
change in the liquid crystalline phase. In most of the APIs in this category, as the API
concentration increased the prevalence of the cubic phases increased relative to the
presence of the hexagonal phase. This is shown by a change in peak intensity,
observable in the SAXS profiles presented in the Supplementary information

(Section 5.5).

5.3.1.6. Quinine and Chloroquine

Table 5.3.6. Phase assignment of Quinine and Chloroquine-containing
formulations, (given percentage of APl to GMO (w/w), 300 mg GMO, 50 mg
Synperonic™ F127) at different theoretical APl loading concentrations.

Corresponding to the scatter profiles shown in Figure 5.5.19 and Figure 5.5.20

Percentage target of

API (w/w API/GMO) 0% 5% 10 % 20 % 40 %

o ,

£ Quinine  Hexagonal B'r?rmﬁcg Primitive  Primitive Sponge
TEeg
3 %a , Hexagonal Hexagonal Hexagonal Hexagonal
=3 g : :
a Ef o Chloroguine - Hexagonal Diamond  Diamond Diamond  Diamond

At a 40% concentration there are no Bragg peaks observable (Figure 5.5.19
and Figure 5.5.20), however there is solution scattering, indicating a possible sponge

phase, or alternative disordered structures. Observed at the 20% and 10% targeted
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API loading (APIl: GMO, w/w) of Quinine is a primitive phase, at the 5%

concentration there is the co-occurrence of an additional phase, likely to be a

diamond phase showing V2 and v/3 peaks.

A clear trend in decreasing negative curvature, and associated decrease in
the critical packing parameter can be identified here from the transition of hexagonal
(0% Quinine) > diamond (5% Quinine) > primitive (5-20% Quinine) > sponge (40%
Quinine). This is due to either a relative increase in the head area or tail length
compared to the tail volume. Due to the hydrophobicity of Quinine, it is likely that this

molecule packs between the tails of the glycerol monooleate molecules.

As has been observed for many of the APIs there is a co-existence of phases
when resultant phases are cubic in nature. The range of CPP values that forms a
diamond or primitive phase is relatively narrow compared to the hexagonal or
sponge phase. Therefore, a slight variation in API loading throughout a formulation
can result in the formation of co-existing cubic and hexagonal phases. But Quinine
shows a single primitive phase being present at the 10 and 20% concentrations; this
indicates highly uniform API loading throughout the system. Highly uniform API
loading is highly desirable as it may aid predicting the ADME profile of the API
containing formulation. If a formulator desired specifically a uniform cubic phase
formulation further work in understanding the specific properties of this Quinine

formulation would be important.

Observed here is a co-existence of both hexagonal and diamond phases, as
the concentration of Chloroquine increases the prevalence of the hexagonal phase
increases. This may suggest that initially the Chloroquine packs between opposite

glycerol monooleate tails, increasing the tail length and subsequently decreasing the
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critical packing parameter. At concentrations above 5% there is an increase in the
critical packing parameter, indicating an increase in the tail volume, this suggests the
Chloroquine packs between the tails of neighbouring glycerol monooleate molecules
at concentrations above 5%. Further investigation would be required to confirm this

theory.
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5.3.1.7. Cyclosporine
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Figure 5.3.3. Cyclosporine: SAXS profiles of liquid crystalline phases with
Cyclosporine incorporated at a range of weight per weight concentrations of

5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and
plotted individually above.
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Table 5.3.7. Phase assignment of Cyclosporine containing formulations,

corresponding to the scatter profiles shown in Figure 5.3.3.

Concentration of
Cyclosporine (w/w

V) V) ) 0 o
APl/glycerol 0% 5 % 10 % 20 % 40 %
monooleate)
Liquid Crystalline Hexagonal Diamond  Diamond Sponge  Sponge

Phase Present Primitive Primitive

Chapter 4 demonstrates that at a 10% w/w loading of an encapsulation

efficiency of 0.1 £ 0.0 % (1 d.p.).

Cyclosporine is the largest of the APIs encapsulated, with a molecular weight
of 1200 gmol', making it approximately 4 times larger than GMO. Furthermore, it is a
cyclic peptide, introducing more structural variation in how the molecule may interact
and pack within a liquid crystalline system. At the lower theoretical Cyclosporine
loading concentrations of 5 and 10% both diamond and primitive cubic phases are
observable. Additionally, there is a relatively high intensity peak at ~0.122, this is a
lone peak not corresponding to the diamond or cubic phase and so it is not possible
to positively identify this phase. One possible explanation for this peak is that it is the
1t peak of a La phase. Few examples of the La phase can be found in the literature,
however, Fong et al. reports the La phase model to be V1, V4. Furthermore, it is
shown in Fong et al. that the V1 peak has a significantly higher intensity than the 4
peak (141). This may therefore provide an explanation for the presence of a high
intensity peak, whilst the lack of a clear V4 peak could be explained high scattering
from other sample components. overshadowing this typically low intensity peak . The

corresponding La phase would have a lattice parameter of approximately 5 nm, due
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to only the single peak being presence this calculation has a higher degree of error
than if multiple peaks were observable. Consistently throughout all samples there is
scattering in the range of 0.08 to 0.25 q. This scattering, forming a hump in the
profile, is indicative of a sponge phase, with its intensity increasing between the 5
and 10% concentrations. The intensity of the ‘hump’ does not significantly change

over the 10 to 40 % concentration range.

Possible explanations for the phase behaviour would be that there is
heterogeneous packing of Cyclosporine, accounting for the consistent presence of
hexagonal phase where incorporation of Cyclosporine is absent, in addition to a
phase shift by decreasing the CPP of the system and reducing the negative
curvature where the Cyclosporine does pack into GMO structure - first causing the

formation of cubic phases, and subsequently a sponge phase.
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5.3.1.8. Propofol
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Figure 5.3.4. Propofol: SAXS profiles of liquid crystalline phases with
Mefenamic acid incorporated at a range of weight per weight concentrations of
5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.
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Table 5.3.8. Phase assignment of Propofol containing formulations,
corresponding to the scatter profiles shown in Figure 5.3.4.
Concentration of
Propofol (w/w 0 % 5 % 10 % 20%  40%
Propofol/glycerol
monooleate)
- . Hexagonal
Hie el e Hexagonal Diamond Hexagonal Hexagonal Sponge
Phase Present Primitive

Propofol has a unique affect upon the nature of the liquid crystalline phase,
based on observations in this study. It behaves unlike the other studied APIs, where
the addition of which into a formulation appears to either move the assembly
structure linearly along the scale of CPP, curvature and hence liquid crystalline
phase i.e., hexagonal < diamond < primitive < sponge. However, in the case of
Propofol a non-linear movement along the curvature of the system can be observed;
with the CPP decreasing (hexagonal to hexagonal, diamond and primitive), to then
increase (back to the hexagonal phase) and then again decrease to a sponge phase.
This may indicate that at increasing concentrations of Propofol added to the system
the nature of its packing is altered. One possible scenario is that initially Propofol
packs in the space between the tails of opposite lipid molecules at lower
concentrations (5%) decreasing the CPP by increasing the tail length, whilst at the
middle concentrations (10 and 20%) the Propofol packs between the tails of
neighbouring lipid molecules, increasing the CPP by increasing the tail volume.
Between the 20% and 40% concentration there is again a decrease in the CPP
leading to the formation on a sponge phase, this results from either an increase in

tail length or an increase in the head area. Due to the hydrophobic nature of Propofol
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it is likely the Propofol packs in a way to increase the tail length without increasing

the tail volume significantly, perhaps this is possible due to the relative flatness of

Propofol molecules.
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5.3.2. Correlation Analysis Results and Discussion for the
effect of APl Physicochemical Properties upon the
Liquid Crystalline Phase

To allow comparison which determine the API's physiochemical properties-LC
phase relationship, it was necessary to select the formulations at the same targeted
API loading to enable a direct comparison. The formulations prepared at a targeted
API loading of 10% (w/w, APl: GMO) was selected as the majority of HPLC analysis
(Chapter 4) was performed at this targeted loading. A representative phase (Table
5.2.1) was selected for each API at the 10% concentration and based on the
reported phases in Table 5.3.1. This was done at a theoretical 10% loading due to

incomplete HPLC analysis.

Future work (not performed here due to the Covid-19 pandemic) would entail
comparing API effect on the liquid crystalline phase as a known concentration, with a
fixed weight per weight ratio supplementary to this the analysis of the effect at the
same mol to mol ratio would be of interest due to the differences between
weight/weight and mol/mol. The phases present for all APIs at this 10% targeted
loading correlate to CPP values. An assignment of a numerical value was placed on
each phase (Table 5.2.1), this numerical assignment was used for principal
component analysis along with the differing physicochemical properties values
(Table 4.1.1). This analysis allowed us to elicit that the following physiochemical

properties have an influence on the CPP and subsequent LC phase.
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Figure 5.3.5. Pearson correlation coefficient analysis API loading (w/w and

mol/mol) (left) and corresponding P values (right).

The Pearson correlation coefficient analysis highlights any trend, and the
strength of trends amongst data sets. Being examined here to identify any possible
trends between the physicochemical properties of encapsulated APls, the amount
encapsulated (as reported in Chapter 4), and a given value for the liquid crystalline
phase. Excluded from this analysis were those samples where 3 phases were
identified by SAXS to be present in a sample: for example, menadione formulation.
Correlations between the liquid crystalline phase and API loading is limited to those
APls with loadings that were experimentally determined as reported in Figure 4.3.7
in Chapter 4. In the interpretation of the Pearson plot, the extreme values indicate as
to if the trend is proportional (+1, indicated as blue) or inversely proportional (-1, red).
The P value plot additionally indicates the significance of the identified trends, yellow
to red colouring indicates a statistically significant trend with a p-value of 0.05, with

blue to yellow colouring indicating a statistical significance of p = 0.10.
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The analysis shows that LogS is the most significant physicochemical
property of an API to impact upon the nature of the liquid crystalline phase. LogS has
a positive relationship with the influence on the liquid crystalline phase, with the APIs
with the lowest LogS value. LogS is a measure of the solubility of a molecule and
equates to the log of the solubility at room temperature in mol/L at pH 7.4. The LogS
values may therefore aid in understanding where the molecule in question may pack
inside of a lipid liquid crystalline phase. To support this, one can review two
examples from earlier in this section to illustrate this relationship. Taking first
Fenofibrate with a LogS of -5.86. Fenofibrate incorporation into formulation has
overall a minimal effect in influencing the liquid crystalline phase present. This would
indicate that it packs in a manner that will proportionally increase the tail volume to
the same degree as any increase in tail length, maintaining the same CPP of the
system. The second example is Amitriptyline. It has a LogS of -2.56, the one of the
highest investigated here. Amitriptyline shows a significant effect on the liquid
crystalline formulation, converting it from a hexagonal phase to a sponge phase. This
drastic change indicates that Amitriptyline molecules pack with GMO molecules in a
way that disproportionately increases the head area or tail length compared to the
tail volume. Drugs with a higher solubility (less negative LogS values) may be more
likely to pack around the hydrophilic head groups of the glycerol monooleate. This

would decrease the CPP, eliciting the conversion towards a sponge phase.

Polar surface area and Van der Waals surface area are two highly similar
measures, both of which quantify the 3-dimensional space a molecule occupies. The
polar surface area is the proportion of a molecules surface area arising from polar
atoms. Whilst the Van der Waals surface area considers the surface area from all

the atoms within the structure. The APIs with the smaller polar surface areas and
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Van der Waals surface area, such as Amitriptyline (PSA: 3.2 A2 VWSA: 457.21 A?)
and Clomipramine (PSA: 6.48 A2 VWSA: 494.38 AZ) both have significant impact in
the liquid crystalline phase formed, with the encapsulation of these two APIs
producing a sponge phase. On the contrary, incorporation into formulations of
Fenofibrate (PSA: 52.6 A2 and VWSA: 533.56 AZ) and Haloperidol decanoate (PSA:
46.6 A2 and VWSA: 856.54 AZ) maintains the original template hexagonal phase
produced when no APl is encapsulated. This may indicate that the spatially larger
APIs pack in a way that will increase the tail length and tail volume of the system
equally, negating any change in the CPP, whilst the smaller APls may pack in a way
as to disproportionately increase one of the variables used to calculate the CPP.
This trend is also observed, to a less significant extent, for the Van der Waals
volume property of APIs, with the same reasoning being considered as for the Van

der Waals surface area and polar surface area.

Further physicochemical properties that influence the liquid crystalline phase
formed include the logD, and less significantly the number of rotatable bonds, the

solvent surface area, and the drug loading.

The API loading, particularly in the case of loading being expressed as
mol/mol of API to GMO, has significant bearing on the phase behaviour upon API
incorporation. As the values for these parameters increase the difference in the
phase away from the native hexagonal phase increases as shown by the Pearson
correlation coefficient analysis shown in Figure 5.3.5. Further supporting this are the
APIs Progesterone, trazadone, and Quinine. Their incorporation drives the systems
to move along the scale shown in Figure 1.2.1, where a proportional decrease in the

CPP results in the transition from hexagonal to diamond to primitive to sponge.
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An exception to this trend of increasing concentration, increasing
influence on the liquid crystalline phase is the drug Propofol. As discussed in section
5.3.1.8 Propofol does not follow a linear shift in the bearing it has on the liquid

crystalline phase when the concentration of Propofol is increased.

5.4. Conclusions

The SAXS data presented and discussed in this Chapter provide a firm
foundation in understanding the effect that addition of APIs with differing
physicochemical properties will have upon the innate hexagonal lipid liquid
crystalline phase. Highlighted throughout section 5.3. (with additional supplementary
information in section 5.5) and summarised in Table 5.3.1. is the effect of given
drugs, at given concentrations, on the innate hexagonal phase.

Confirmed is the relationship between an increasing (targeted) API
concentration and its increasing effect on the liquid crystalline phase, i.e., with
increased incorporation of API there is a greater movement of the lipid liquid
crystalline phase along the hexagonal to diamond to primitive to sponge phase
scale. Found also is that there may be a coexistence of phases in a formulation, but
even in this case there still generally appears to be a linear movement along the
phase scale, with a shifting proportionality of the co-existing phases towards the later
phases in the scale. Propofol, however, has found to be an exception to this rule.
One distinctive difference between Propofol and the other APIs investigated is that
Propofol is the only liquid form drug investigated and this may have some baring on

this difference in behaviour. This would require further investigation to understand if
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the liquid nature of an API has any bearing on its interaction and incorporation into
liquid crystalline phases.

The most significant conclusions from this Chapter arise from the statistical
analysis reported in section 5.3.2. This analysis highlights the significance of LogsS,
LogD, Van der Waals volume and surface area, polar surface area and API loading
on the phase behaviour. LogS has the most significant bearing on the liquid
crystalline phase. As LogS increases there is a greater movement away from the
hexagonal phase towards the sponge phase. This analysis and data set will guide
any formulator wanting to use this research to produce a liquid crystalline phase
formulation containing a novel API with a predictable liquid crystalline phase. In the
future this analysis and data set may enable the development of a predictive tool to

understand the effect an APl may have on a liquid crystalline phase formulation.
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Figure 5.5.1. Amitriptyline: SAXS profiles of liquid crystalline phases with

Amitriptyline incorporated at a range of weight per weight concentrations of

5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.
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Table 5.5.1. Phase assignment of Amitriptyline containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.1.

Concentration of
Amitriptyline (w/w
APl/glycerol
monooleate)
Liquid Crystalline
Phase Present

0 % 5% 10 % 20 % 40 %

Lamellar/ Lamellar/ Lamellar/ Lamellar/

Hexagonal Sponge Sponge Sponge Sponge

Observed here are broad peaks in the low g range of all the samples. As only
two peaks are distinguishable it does pose difficulties in identifying the resulting
liquid crystalline phase. However, these peaks would fit with the peak 1and peak 2 of
the lamellar model. Further supporting this is that in formulations containing other
APIls of a similar nature to Amitriptyline present the same peak pattern with a third
peak visible (sections 5.5.1.2 Imipramine, 5.5.13 Nortriptyline, 5.5.1.4 Clomipramine
and 5.5.1.5 Chlorpromazine). In the case of Amitriptyline and the alike APIs
(Imipramine, Nortriptyline, Clomipramine and Chlorpromazine) the lattice parameter
of the lamellar phase is 31 nm £ 5 nm, with the increased error primarily resulting
from broad peaks. Broad peaks represent variance within the structure, as discussed
in Figure 5.1.2.. A 31 nm lattice parameter of a lamellar phase may be expected to
result from multi-lamellar vesicles. This idea correlates nicely with the cryo-TEM
micrographs shown for Amitriptyline containing formulations (Figure 4.3.12) where
vesicle particles can be seen inside one another. Although there is some variance in
the SAXS profiles for the alike APls (sections 5.5.1.2 Imipramine, 5.5.13
Nortriptyline, 5.5.1.4 Clomipramine and 5.5.1.5 Chlorpromazine) the structuring

detailed here and phase properties would most likely apply.



Influence of guest drug incorporation upon the self-assembly of liquid crystalline s
structures.

In the 5% API loading sample, when comparing the g value of this peak to
control samples and other API containing samples it would correlate to the peak 1 of

an inverse hexagonal phase (Figure 5.5.1).

Chapter 4 demonstrates that at a 10% w/w loading of Amitriptyline an
encapsulation efficiency of 96.4 + 7.7 % is achievable, this would confirm API loading
at the 10% theoretical concentration and support the assumption that all
concentrations have API loaded. The loading of Amitriptyline clearly influences the
liquid crystalline phase self-assembly as the hexagonal phase is no longer
observable. However, there is still a significant amount of scattering observable.
Proposed here, with increasing concentrations of Amitriptyline is the formation of a
sponge phase. At the highest concentration of 40% the lower intensity scattering
may indicate a loss in structure of the system, likely due to the significant dispersion
effect of Amitriptyline on the self-assembled glycerol monooleate system. A
combined overview of the effect of Amitriptyline on liquid crystalline phases is that
Amitriptyline packs in a manner which decreases the critical packing parameter,
leading to a reduced negative curvature, hence leading to the formation of a lamellar
and then sponge phase. At the higher concentrations of Amitriptyline examined there
is an interfering/disruptive effect of Amitriptyline on the self-assembly of the glycerol
monooleate forming a liquid crystalline phase, reducing the scattering observed in
samples with a theoretical loading of 40%. Although there is some variance in the
SAXS profiles for the alike APIs (sections 5.5.1.2 Imipramine, 5.5.13 Nortriptyline,
5.5.1.4 Clomipramine and 5.5.1.5 Chlorpromazine) the structuring detailed here and

phase properties would most likely apply.
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Figure 5.5.2. Imipramine: SAXS profiles of liquid crystalline phases with

Nortriptyline incorporated at a range of weight per weight concentrations of
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5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.

Observed here are no distinct peaks except for the 5% concentration where a
single peak can be seen in samples 2 and 3. At 5% Imipramine concentration there
is the presence of hexagonal phase peaks and cubic phase peaks indicative of a

diamond or primitive phase.

Table 5.5.2. Phase assignment of Imipramine containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.2.

Concentration of
Imipramine (w/w

0, [\) 0 o o

APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)

Liquid Crystalline LanmellEn Lamellar/ Lamellar/ Lamellar/

Hexagonal Hexagonal

Phase Present Cubic

Sponge Sponge Sponge

Chapter 4 demonstrates that at a 10% w/w loading of Imipramine an
encapsulation efficiency of 88.3 £ 14.2 % is achievable, this would confirm API
loading at the 10% theoretical concentration and support the assumption that all
concentrations have API loaded. The loading of Imipramine clearly influences the
liquid crystalline phase self-assembly as the hexagonal phase is no longer
observable at the concentrations above 10% loading. Yet a significant amount of
scattering is still observable. Proposed here, with increasing concentrations of
Amitriptyline is the formation of a sponge phase. At the highest concentration of 40%

the lower intensity scattering may indicate a loss in structure of the system, likely due
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to the significant dispersion effect of Imipramine on the self-assembled glycerol
monooleate system. A combined overview of the effect of Imipramine on liquid
crystalline phases is that Imipramine packs in a manner which decreases the
critical packing parameter, leading to a reduced negative curvature, hence leading to
the formation of a sponge phase. At the higher concentrations of Imipramine
examined there is an interfering/disruptive effect of Imipramine on the self-assembly

of the glycerol monooleate forming a liquid crystalline phase, reducing the scattering

observed in samples with a theoretical loading of 40%.

5.5.1.3. Nortriptyline
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Figure 5.5.3. Nortriptyline: SAXS profiles of liquid crystalline phases with
Nortriptyline incorporated at a range of weight per weight concentrations of
5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.

Table 5.5.3. Phase assignment of Nortriptyline containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.3.

Concentration of
Nortriptyline (w/w
APl/glycerol
monooleate)

0 % 5% 10 % 20 % 40 %

Lamellar/
Hexagonal Hexagonal/
Sponge

Lamellar/ Lamellar/ Lamellar/
Sponge Sponge Sponge

Liquid Crystalline
Phase Present

Observed here are broad peaks in the low g range of all the samples. As only
two peaks are distinguishable it does pose difficulties in identifying the resulting
liquid crystalline phase. However, these peaks would fit with the peak 1and peak 2 of
the lamellar model. Further supporting this is that in formulations containing other
APIls of a similar nature to Nortriptyline present the same peak pattern with a third
peak visible (sections 5.5.1.4 Clomipramine and 5.5.1.5 Chlorpromazine). In the 5%
API loading sample, when comparing the q value of this peak to control samples and
other API containing samples it would correlate to the peak 1 of an inverse

hexagonal phase (Figure 5.5.3).

With an increasing concentration of Nortriptyline there is a loss of Bragg peak
forming structures and the emergence of sponge phase. At the highest concentration

of 40% the lower intensity scattering may indicate a loss in structure of the system,



Influence of guest drug incorporation upon the self-assembly of liquid crystalline k!
structures.

likely due to the significant dispersion effect of Nortriptyline on the self-assembled

glycerol monooleate system.

5.5.1.4. Clomipramine
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Figure 5.5.4. Clomipramine: SAXS profiles of liquid crystalline phases with
Clomipramine incorporated at a range of weight per weight concentrations of

5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and
plotted individually above.
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Table 5.5.4. Phase assignment of Clomipramine containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.4.

Concentration
of
Clomipramine
(wiw
APl/glycerol
monooleate)
Liquid

Crystalline Hexagonal Lamellar Lamellar Lamellar
Phase Present

0 % 5% 10 % 20 % 40 %

Lamellar/
Sponge

Broad Bragg peaks can be seen in the low q range correlating to the 1, 2, 3
peaks typical of a lamellar phase. The lamellar phase exhibits a lattice parameter of
31 nm £ 5 nm. In the 40% API loaded sample there is clear sample scattering

consistent with a sponge phase across all concentrations.



Influence of guest drug incorporation upon the self-assembly of liquid crystalline

structures.
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Figure 5.5.5. Chlorpromazine: SAXS profiles of liquid crystalline phases with
Nortriptyline incorporated at a range of weight per weight concentrations of

5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.

Table 5.5.5. Phase assignment of chlorpromazine containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.5.

Concentration of
chlorpromazine

(wiw APl/glycerol 0 % 5% 10 % 20 % 40 %
monooleate)
Liquid Crystalline Hexagonal Lamellar/ Lamellar/ Sponge Sponge
Phase Present Sponge Sponge
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Broad Bragg peaks can be seen in the low q range correlating to the 1, 2, 3
peaks typical of a lamellar phase. The lamellar phase exhibits a lattice parameter of
31 nm = 5 nm. The similarities with Clomipramine in the previous section are likely
due to these two APIs having very similar physicochemical properties (Table 4.1.1).
For 20% and 40% there is sample scattering consistent with a sponge phase across
all concentrations, there is also likely the co-existence of a lamellar phase, however

the peaks are less clearly defined as with other samples.
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5.5.1.6. Haloperidol
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Figure 5.5.6. Haloperidol: SAXS profiles of liquid crystalline phases with
Haloperidol incorporated at a range of weight per weight concentrations of 5%,
10%, 20% and 40%. Observed here are both the diamond and primitive. Thus,
showing that the presence of Haloperidol induces a phase shift from the

hexagonal phase to the cubic phases. No distinctive trend can be observed
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with the increasing concentration of Haloperidol 3 independent samples were

analysed by SAXS and plotted individually above.

Table 5.5.6. Phase assignment of Haloperidol containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.6.

Concentration of
Haloperidol (w/w

V) (V) 0 0 o

APliglycerol 0% 5% 10 % 20 % 40 %
monooleate)

Liquid Crystalline e Diamond Diamond Diamond Diamond

Phase Present Primitive Primitive Primitive Primitive

Chapter 4 reports a targeted 10% loading of Haloperidol achieved an

encapsulation efficiency of 57.0 + 23.4%, with an associated loading of 5.7 £ 2.3%.

Observed here is at all concentrations of Haloperidol is the co-existence of
hexagonal, diamond and primitive phases. Due to variability between repeat samples
at the different concentrations it is not possible to determine any trends in relative
peak intensities with varying concentrations. Furthermore, there is no clear change in
the relative amount of scattering between samples. Explanations include: a
maximum drug loading has been reached at the lower concentrations of Haloperidol,
with excess Haloperidol remaining in the buffer not affecting the liquid crystalline
structures; or, Haloperidol packs in such a way that the change in the CPP between
the actual loading at the theoretical loading of 5-40% is negligible and so does not
significantly affect the negative curvature of the system, leading to the same phases

being formed and the generation of highly similar scattering profiles.
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5.5.1.7. Haloperidol Decanoate
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Figure 5.5.7. Haloperidol Decanoate: SAXS profiles of liquid crystalline phases

with Haloperidol decanoate incorporated at a range of weight per weight
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concentrations of 5%, 10%, 20% and 40%. 3 independent samples were

analysed by SAXS and plotted individually above.

Table 5.5.7. Phase assignment of Haloperidol decanoate containing

formulations, corresponding to the scatter profiles shown in Figure 5.5.7.

Concentration of

Haloperidol
decanoate (w/w 0% 5% 10 % 20 % 40 %
APl/glycerol
monooleate)
Liquid Hexagonal
Crystalline Phase Hexagonal Hexagonal Hexagonal Hexagonal Diamond
Present Primitive

Chapter 4 reports a targeted 10% loading of Haloperidol decanoate achieved
an encapsulation efficiency of 55.5 + 19.1% and associated API loading of 5.5 +

1.9%.

Observed here is a hexagonal phase at all concentrations with the emergence
of primitive and diamond phases at the higher 40% concentration. Some Bragg
peaks, likely from cubic phases are randomly present at the 10 and 20%
concentration, however they are not present at sufficient intensity or with additional
Bragg peaks from cubic phases to allow for the positive identification of a cubic
phase. Thus, the trend present may be described as showing that with an increasing
concentration of Haloperidol decanoate there is a decrease in the degree of negative
curvature, and hence an increase in the prevalence of the diamond and primitive

cubic phases.
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5.5.1.8. Progesterone

A 0.06
— 40 % Concentration of Progesterone
Peaks of an inverse hexagonal phase
Peaks of diamond cubic phase
Peaks of a primitive cubic phase
> 0.04-
»
o
Q
=
= 0.02-
0.00-
0.0
" 020 |
5% 10%
0.154, 0.15-
£ 2
- 010-' ’I € 0.10-
g | £
0.05- 'V\JL’ _ 0054 .
T | S——— yvrseves - L/._ - 0.0 IL A ]
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
q(1/A) q(1/A)
0.06 0.06

20 %

Intensity

0.0 0.1 0.2 0.3
q(1/A) q(1/A)

Figure 5.5.8. Progesterone: SAXS profiles of liquid crystalline phases with
Progesterone incorporated at a range of weight per weight concentrations of
5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.



Influence of guest drug incorporation upon the self-assembly of liquid crystalline g
structures.

Table 5.5.8. Phase assignment of Progesterone containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.8.

Concentration of
Progesterone

0, [\) 0 o o
(wiw APliglycerol 07 5 % 10 % 20 % 40 %
monooleate)
Liquid Hexagonal Hexagonal
Crystalline Phase Hexagonal Hexagonal Hexagonal Di 9 Diamond
iamond I
Present Primitive

At all concentrations, a hexagonal phase is formed. At the higher 40%
concentration (and sample 1 at the 20% concentration) of Progesterone there are
Bragg peaks of the diamond and primitive cubic phases. As these peaks are only
distinctive in sample 1 this may indicate that the degree of Progesterone loading at
the 40% concentration falls close to a phase boundary. Additionally, as shown by
drug loading analysis in Chapter 4 demonstrates that at a 10% w/w loading of
Progesterone an encapsulation efficiency of 55.3 + 11.0 %, there is some variability
in the actual drug loading at a given concentration. As most samples feature a
hexagonal phase, it may be concluded that the presence of Progesterone in a
formulation has a minimal effect upon the critical packing parameter of the system,
and it is only with the higher concentrations where an effect can be seen. At the
higher concentrations of drug loading, where the emergence of the primitive and
diamond cubic phases can be observed, it may be inferred that the Progesterone is
making in such a way as to reduce the critical packing parameter and negative
curvature of the system. However, it can still be observed that the hexagonal phase
at all concentrations, regardless of the presence of the cubic phase, it is indicated

that Progesterone packs heterogeneously. Examining sample 1 at the 40%
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concentration more in depth and comparing it to its sample 2 and 3 counterparts, the
peak 1 of the hexagonal phase decreases in intensity relative to the other two
samples. This indicates the direct conversion of some of that hexagonal phase into
cubic phases, further aiding the postulation as to the activity of Progesterone in

phase formation.
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5.5.1.9. Hydrocortisone
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Figure 5.5.9. Hydrocortisone: SAXS profiles of liquid crystalline phases with

Mefenamic acid incorporated at a range of weight per weight concentrations of
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5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.

Table 5.5.9. Phase assignment of Hydrocortisone containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.9.

Concentration of
Hydrocortisone
(w/w APl/glycerol
monooleate)
Liquid Crystalline Hexagonal Diamond Diamond Diamond Diamond
Phase Present Primitive ~ Primitive =~ Primitive ~ Primitive

0 % 5% 10 % 20 % 40 %

Diamond and primitive phase co-exist at all concentrations of Hydrocortisone
investigated. Upon referral to Chapter 4 an encapsulation efficiency of 52.3 £ 17.8 %
of Hydrocortisone at a 10% w/w drug loading could indicate a reason as to variability
between scattering intensities of samples at the same concentration of
Hydrocortisone. With other APIs it has been possible to identify a trend in peak
intensities that may aid determination as to the impact of drug incorporation upon the
nature of the liquid crystalline phases formed, here however the variability between
samples at each concentration is inhibitive. However, some determinations may be
made as to the overall amount of scattering at each concentration. As the
concentration of Hydrocortisone increases the overall degree of scattering
decreases. This indicated that at increasing concentrations of Hydrocortisone the
Hydrocortisone behaves in a manner as to disrupt the self-assembly of the liquid
crystalline phases. But maintained at all concentrations investigated is the influence
of Hydrocortisone on the phase(s) being formed. At all concentrations, the

Hydrocortisone induces the formation of primitive and diamond cubic phases. A
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possibility here that would require further investigation is that the self-assembled
structures reach a maximum loading of Hydrocortisone around the 5-10%
concentration and the addition of excess Hydrocortisone serves only to disrupt the
formation of a liquid crystalline phase as opposed to manipulate it into forming
another phase with decreasing curvature. To determine the probability of this further

drug loading analysis would be required.
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5.5.1.10. Glipizide
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Figure 5.5.10. Glipizide: SAXS profiles of liquid crystalline phases with

Glipizide incorporated at a range of weight per weight concentrations of 5%,
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10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.

Table 5.5.10. Phase assignment of Glipizide containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.10.

Concentration of
Glipizide (w/w

APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)
Liquid Hexagonal Hexagonal Hexagonal Hexagonal
Crystalline Phase Hexagonal Diamond Diamond Diamond  Diamond
Present Primitive Primitive Primitive Primitive

Chapter 4 demonstrates that at a 10% w/w loading of Glipizide an
encapsulation efficiency of 50.2 £ 9.7 % was achieved with an associated API

loading of 5.0 £ 1.0 %

Observed here is at all concentrations of Glipizide is the co-existence of
hexagonal, diamond and primitive phases. Due to variability between repeat samples
at the different concentrations it is not possible to determine any trends in relative
peak intensities with varying concentrations. Furthermore, there is no clear change in
the relative amount of scattering between samples. Explanations include: a
maximum drug loading has been reached at the lower concentrations of Glipizide,
with excess Glipizide remaining in the buffer not affecting the liquid crystalline
structures; or, Glipizide packs in such a way that the change in the CPP between the
actual loading at the theoretical loading of 5-40% is negligible and so does not
significantly affect the negative curvature of the system, leading to the same phases

being formed and the generation of highly similar scattering profiles.
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Figure 5.5.11. Budesonide: SAXS profiles of liquid crystalline phases with

Hydrocortisone incorporated at a range of weight per weight concentrations of

5%, 10%, 20% and 40%.
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Table 5.5.11. Phase assignment of Budesonide containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.11.

Concentration of
Budesonide (w/w

V) V) ) 0 o

APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)

Liquid Crystalline e Diamond Diamond Diamond .

Phase Present Primitive Primitive Primitive

At the theoretical loading of 40% Budesonide w/w the Budesonide completely
disrupts the formation of any structures or caused the sample to behave in such a
way that the sample was incompatible with the auto-sampling technology and so no
sample was present in the sampling chamber at the time of measurement, as shown

by the lack of sample scattering.

At concentrations of Budesonide between a 5% and 20% there are Bragg
peaks showing the presence of both diamond and primitive cubic phases. In the
samples with a lower concentration of Budesonide comparison of the V2 Bragg peak
intensities shows the diamond phase to be the more prominent phase, however, as
the concentration of Budesonide increases (apart from sample 3 at the 10%
concentration) the relative intensities of the two V2 Bragg peaks alter with the \2
Bragg peak of the primitive phase increasing in intensity, whilst the V2 Bragg peak of
the diamond phase decreases. This suggests that within the 5% to 20% window, an
increasing concentration of Budesonide decreases the critical packing parameter
and reduces the negative curvature of the system, as would be indicated by the
transition of the dominance of the diamond phase toward the primitive phase.

Further evidence for this effect of Budesonide lies in the transition from a hexagonal
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phase when no Budesonide is present to the cubic phases present in the
Budesonide containing samples. Chapter 4 reports Budesonide loading at 10% to
have an encapsulation efficiency of 37.4 + 29.6%, this high standard deviation may
account for variability in intensity and peak ratios between samples at the same
concentration. At the 40% Budesonide loading and sample 2 at the 20% loading no
scattering can be observed. This is due to either a complete disruption of any
structure, or the formation of a sample not compatible with the BIOSAXS auto-
sampling robot. Such non-compatibility may have been due to the formation of
sample aggregates or bulk phase formation. Both instances may have inhibited the
auto-sampler from drawing liquid sample into the sample chamber of the SAXS
instrument, leading to the sampling of air or buffer, either of which would not give

measurable scattering after the automated background subtraction.
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5.5.1.12. Fenofibrate
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Figure 5.5.12. Fenofibrate: SAXS profiles of liquid crystalline phases with
Fenofibrate incorporated at a range of weight per weight concentrations of 5%,
10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above. At all concentrations, a hexagonal phase is
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observed, without the indication of Bragg peaks from any of the alternative

liquid crystalline phases.

Table 5.5.12. Phase assignment of Fenofibrate containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.12.

Concentration of
Fenofibrate (w/w

APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)
Liquid
Crystalline Phase Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal
Present

At all concentrations of Fenofibrate a hexagonal phase is formed. Showing
that at the concentrations analysed Fenofibrate loading has a minimal, or no, effect
of the self-assembly of the hexagonal liquid crystalline phase. Chapter 4
demonstrates that at a 10% w/w loading of Fenofibrate an encapsulation efficiency of
37.3 £ 16.2 % was achieved. This informs us of two things: 1) Fenofibrate is present
within our structures at the 10 % theoretical loading, and therefore likely present at
all the concentrations, albeit at a reduced concentration due to lower encapsulation.
2) Fenofibrate loading is variable within structures upon different repeats. This
variability in loading between repeats may account for the variability that can be
observed in this figure between the 3 samples at the same theoretical Fenofibrate
loading. This variability however also gives evidence that regardless of the degree of
Fenofibrate loading a hexagonal phase is still formed. This hence indicates that
Fenofibrate packs in such a manner that the CPP is not affected, meaning
regardless of Fenofibrate concentration (within the examined range) the CPP will

determine a hexagonal phase should be formed.
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5.5.1.13. Dexamethasone
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Figure 5.5.13. Dexamethasone: SAXS profiles of liquid crystalline phases with

dexamethasone incorporated at a range of weight per weight concentrations of
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5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.

Table 5.5.13. Phase assignment of dexamethasone containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.13.

Concentration of
dexamethasone

(w/w APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)
Liquid Hexagonal Hexagonal Hexagonal Hexagonal
Crystalline Phase Hexagonal Diamond Diamond Diamond  Diamond
Present Primitive Primitive Primitive Primitive

At all concentrations of dexamethasone there is the coexistence of hexagonal,
diamond and primitive phases. There is no definitive trend between the ratios of
intensity for diamond and primitive associated peaks; however, it is observable that
for many samples at a 5-20% concentration of dexamethasone the diamond phase
peaks have a greater intensity, but at the 40% concentration the primitive phase
peaks have the greater intensity. Peaks corresponding to the hexagonal phase,
particularly peak 1, reduces in intensity with an increasing concentration of
dexamethasone. These patterns suggest the following suppositions: dexamethasone
packs within the self-assembled system in a manner that reduces the CCP, resulting
in the conversion of a hexagonal phase to a diamond phase to a primitive phase that
is generally observed. The packing of dexamethasone is heterogeneous in nature,
this is supported by the large standard deviation reported in Chapter 4 in that at a
10% w/w loading of dexamethasone an encapsulation efficiency of 19.6 £ 7.2 % was
achieved. The coexistence of the phases further supports the supposition of

heterogeneous packing.
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5.5.1.14. Mefenamic Acid
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Figure 5.5.14. Mefenamic Acid: SAXS profiles of liquid crystalline phases with

Mefenamic acid incorporated at a range of weight per weight concentrations of



Influence of guest drug incorporation upon the self-assembly of liquid crystalline
structures.

5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.

Table 5.5.14. Phase assignment of Mefenamic acid containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.14.

Concentration of
Mefenamic acid

(w/w APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)
Liquid Hexagonal Hexagonal Hexagonal Hexagonal
Crystalline Phase Hexagonal Diamond Diamond Diamond  Diamond
Present Primitive Primitive Primitive Primitive

Observed here is at a concentration of 40% is the coexistence of hexagonal
phase, primitive cubic phase, and diamond cubic phase. As the concentration of
Mefenamic acid decreases there is a decrease in the intensity of the Bragg peaks
associated with the cubic phases present, limiting the ability to identify the cubic
phases at Mefenamic acid concentrations below 20% due to Bragg peaks falling
below the baseline of non-Bragg peak sample scattering. The 1, v3 and V4 peaks of
the hexagonal phase remain clear in all the scattering profiles containing Mefenamic
acid. At the 40% concentration of Mefenamic acid there is a clear shift in intensity
away from the hexagonal phase towards the cubic phase. To summarise the
observable trend; with an increasing concentration of Mefenamic acid there is an
increased prevalence of cubic phase increases, but at this concentration range the
overall self-assembled system is not altered to the extent that the hexagonal phase

is lost.
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This shift towards the cubic phase is due to a decreased in the critical packing
parameter and subsequent decrease in the negative curvature of the system. This is
due to either a relative increase in the head area or tail length compared to the tail
volume. Due to the hydrophobicity of Mefenamic acid it is likely that this molecule

packs between the tails of the glycerol monooleate molecules.

5.5.1.15. Estradiol
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Figure 5.5.15. Estradiol: SAXS profiles of liquid crystalline phases with

Estradiol incorporated at a range of weight per weight concentrations of 5%,
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10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.

Table 5.5.15. Phase assignment of Estradiol containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.15.

Concentration of
Estradiol (w/w
APl/glycerol
monooleate)

0 % 5% 10 % 20 %

Hexagonal Hexagonal Hexagonal
Hexagonal Diamond Diamond  Diamond
Primitive Primitive Primitive

Liquid Crystalline
Phase Present

Chapter 4 demonstrates that at a 10% w/w loading of Estradiol an

encapsulation efficiency of 6.0 £ 1.6 % with an associated API loading of 0.6 + 0.2 %.

Observed here is at all concentrations of Estradiol is the co-existence of
hexagonal, diamond and primitive phases. Due to variability between repeat samples
at the different concentrations it is not possible to determine any trends in relative
peak intensities with varying concentrations. Furthermore, there is no clear change in
the relative amount of scattering between samples. Explanations include: a
maximum drug loading has been reached at the lower concentrations of Glipizide,
with excess Estradiol remaining in the buffer not affecting the liquid crystalline
structures; or, Estradiol packs in such a way that the change in the CPP between the
actual loading at the theoretical loading of 5-40% is negligible and so does not
significantly affect the negative curvature of the system, leading to the same phases

being formed and the generation of highly similar scattering profiles.
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5.5.1.16. Beclomethasone

0'4 40 % Concentration of Beclomethasone
1 Peaks of an inverse hexagonal phase
Peaks of diamond cubic phase
0 3 Peaks of a primitive cubic phase
Sample 1
Sample 2
_— Sample 3
/)]
c 0.2
[¢}]
-+
| =
V3
—S ] V8
0-0 II'lIIIIIIIIlIIIII'II”II-
0.15 | 0.10
5% 10 %
2 0101 2
E £ 0.05-
c IS
= 0.05- =
< VAN
U e
0.00 v N e e 0.00 r ‘h_l"
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
q(1/A) q(1/A)
0.4
0.6 20 % 40 %
0.3 |
%‘ 0.4+ %
§ < 0.2
E | £
0.2 0.1- I}
(S __t ~. A —— A .
0.0 rrrrr T ] 0.0 rrrrrrrrr e e
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
a(1/A) q(1/a)

Figure 5.5.16. Beclomethasone: SAXS profiles of liquid crystalline phases with
beclomethasone incorporated at a range of weight per weight concentrations

of 5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and
plotted individually above.
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Table 5.5.16. Phase assignment of beclomethasone containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.16.

Concentration of

Clipizide (wiw 0 % 5 % 10 % 20 % 40 %
glycerol
monooleate)
Liquid Hexagonal Hexagonal Hexagonal Hexagonal
Crystalline Phase Hexagonal Diamond Diamond Diamond  Diamond
Present Primitive Primitive Primitive Primitive

Observed here is at all concentrations of beclomethasone is the co-existence
of hexagonal, diamond and primitive phases. Due to variability between repeat
samples at the different concentrations it is not possible to determine any trends in
relative peak intensities with varying concentrations. Furthermore, there is no clear
change in the relative amount of scattering between samples. Explanations include:
a maximum drug loading has been reached at the lower concentrations of
beclomethasone, with excess beclomethasone remaining in the buffer not affecting
the liquid crystalline structures; or, beclomethasone packs in such a way that the
change in the CPP between the actual loading at the theoretical loading of 5-40% is
negligible and so does not significantly affect the negative curvature of the system,
leading to the same phases being formed and the generation of highly similar

scattering profiles.
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5.5.1.17. Trazodone
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Figure 5.5.17. Trazodone: SAXS profiles of liquid crystalline phases with
Trazodone incorporated at a range of weight per weight concentrations of 5%,
10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.
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Table 5.5.17. Phase assignment of Trazodone containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.17.

Concentration of

Trazodone (w/w 0% 5, 10 % 20 % 40 %
APl/glycerol

monooleate)
Liquid Crystalline

Phase Present Hexagonal Primitive Primitive Sponge Sponge

A diamond phase is observed at concentrations of 5% and 10% Trazodone.
No Bragg peaks are present at 20% and 40% concentrations, but the presence of
sample scattering indicates a sponge phase. The increasing concentration of

Trazodone hence appears partnered with a decrease in the negative curvature of the

system.
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5.5.1.18. Menadione
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Figure 5.5.18. Menadione: SAXS profiles of liquid crystalline phases with
menadione incorporated at a range of weight per weight concentrations of 5%,
10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.
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Table 5.5.18. Phase assignment of menadione containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.18.

Concentration of
menadione (w/w

APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)
Liquid Hexagonal Hexagonal Hexagonal Hexagonal
Crystalline Phase Hexagonal Diamond Diamond Diamond  Diamond
Present Primitive Primitive Primitive Primitive

Observed here is at a concentration of 40% is the coexistence of a hexagonal
phase, a primitive phase, and a diamond cubic phase (sample 2 at this concentration
shows only the hexagonal phase). As the concentration of menadione decreases
there is a decrease in the intensity of the Bragg peaks associated with the cubic
phases present, limiting the ability to identify the cubic phases at menadione
concentrations below 20%. The 1, v/3 and V4 peaks of the hexagonal phase remain
clear in all the scattering profiles containing menadione, with their relative intensity
compared to the cubic phases increasing with a decrease in the concentration.
Increasing concentration of menadione increases the prevalence of cubic phases, at
this concentration range the overall self-assembled system is not altered to the
extent that the hexagonal phase is lost. In the instance of sample 2 at the 40%
concentration and sample 3 at the 20% concentration the hexagonal phase is
predominant, this is likely due to poor APl encapsulation in the specific samples,
either due to an anomaly, or at the higher concentration of menadione the

menadione may have precipitated out of suspension.

This shift towards the cubic phase is due to a decreased in the critical packing

parameter and subsequent decrease in the negative curvature of the system. This is
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due to either a relative increase in the head area or tail length compared to the tail

volume. Due to the hydrophobicity of menadione it is likely that this molecule packs

between the tails of the glycerol monooleate molecules.

5.5.1.19. Quinine
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Figure 5.5.19. Quinine: SAXS profiles of liquid crystalline phases with Quinine
incorporated at a range of weight per weight concentrations of 5%, 10%, 20%
and 40%. 3 independent samples were analysed by SAXS and plotted

individually above.

Table 5.5.19. Phase assignment of Quinine containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.19.

Concentration of
Quinine (w/w

o V) V) o o
APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)
St (e E e Hexagonal DIEIEe Primitive ~ Primitive =~ Sponge

Phase Present Primitive

At a 40% concentration there are no Bragg peaks observable, however there
is solution scattering, indicating a possible sponge phase, or alternative disordered
structures. Observed at the 20% and 10% concentrations of Quinine is a primitive

phase, at the 5% concentration there is the co-occurrence of an additional phase,

likely to be a diamond phase showing V2 and /3 peaks.

A clear trend in decreasing negative curvature, and associated decrease in
the critical packing parameter can be identified here from the transition of hexagonal
(0% Quinine) > diamond (5% Quinine) > primitive (5-20% Quinine) > sponge (40%
Quinine). This is due to either a relative increase in the head area or tail length
compared to the tail volume. Due to the hydrophobicity of Quinine, it is likely that this

molecule packs between the tails of the glycerol monooleate molecules.
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5.5.1.20. Chloroquine
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Figure 5.5.20. Chloroquine: SAXS profiles of liquid crystalline phases with
Mefenamic acid incorporated at a range of weight per weight concentrations of
5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.
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Table 5.5.20. Phase assignment of Chloroquine containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.20.

Concentration of
Chloroquine (w/w

o V) 0 ° o
APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)
Cr st::l_lil?:eidPhase Yeyarene Hexagonal Hexagonal Hexagonal Hexagonal
y Present g Diamond Diamond Diamond Diamond

Observed here is a co-existence of both hexagonal and diamond phases, as
the concentration of Chloroquine increases the prevalence of the hexagonal phase
increases. This may suggest that initially the Chloroquine packs between opposite
glycerol monooleate tails, increasing the tail length and subsequently decreasing the
critical packing parameter. At concentrations above 5% there is an increase in the
critical packing parameter, indicating an increase in the tail volume, this suggests the
Chloroquine packs between the tails of neighbouring glycerol monooleate molecules
at concentrations above 5%. Further investigation would be required to confirm this

theory.
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5.5.1.21. Tolbutamide
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Figure 5.5.21. Tolbutamide: SAXS profiles of liquid crystalline phases with
Tolbutamide incorporated at a range of weight per weight concentrations of
5%, 10%, 20% and 40%. 3 independent samples were analysed by SAXS and

plotted individually above.
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Table 5.5.21. Phase assignment of Tolbutamide containing formulations,

corresponding to the scatter profiles shown in Figure 5.5.21.

Concentration of
Tolbutamide (w/w

APl/glycerol 0% 5% 10 % 20 % 40 %
monooleate)
it Hexagonal Hexagonal Hexagonal Hexagonal
Crystalline Phase Hexagonal Di . . :
Present iamond  Diamond Diamond  Diamond

Observed here is at all concentrations is the coexistence of a hexagonal
phase and a diamond cubic phase. As the concentration of Tolbutamide decreases
there is a decrease in the intensity of the Bragg peaks associated with the diamond
cubic phase, limiting the ability to identify the cubic phases at Tolbutamide
concentrations below 20% due to some peaks having an intensity below the
baseline. The 1, v/3 and V4 peaks of the hexagonal phase remain clear in all the
scattering profiles containing Tolbutamide. An increasing concentration of
Tolbutamide correlates to an increased prevalence of cubic phase (at the 40%
concentration of Tolbutamide 2 of 3 samples fit this trend), but at this concentration
range the overall self-assembled system is not altered to the extent that the

hexagonal phase is lost.

This shift towards the cubic phase is due to a decreased in the critical packing
parameter and subsequent decrease in the negative curvature of the system. This is
due to either a relative increase in the head area or tail length compared to the tail

volume.
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Chapter 6: Conclusions
and Future work

This Chapter summarises the outcome of this work and details the future work

possible following the data set and conclusions established here.
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6. Conclusions

A liquid crystalline formulation has been developed here with the capabilities
of being used for the drug delivery applications. Liquid crystalline particles were
identified through a review of the literature as an option for the encapsulation of
hydrophobic APIs using lipid-based nanoparticle system. Certain limitations identified
within the literature are possible to overcome through the work discussed here.
These limitations include: the high energy — high shear fabrication techniques used
within the literature. Little comparison of the encapsulation of different guest
molecules was found, with a limited understanding of the phase behaviour upon
guest molecule encapsulation and encapsulation capabilities, i.e., APl encapsulation
to system saturation, as potentially identified in the case of Amitriptyline (HPLC
studies are required to show this). The aim of this body of work was to identify a
formulation and fabrication methodology capable of forming liquid crystalline phase
nanoparticles and to subsequently explore APl encapsulation and develop an
understanding of the interplay between APIs and the molecular structure of liquid

crystalline particle.

The primary aim of developing a robust, scalable, and low energy input
formulation based on the utilisation of Cithrol GMO was achieved. Differing
Synperonics (i.e., F17, P108, L92), Synperonic: Cithrol ratios, and water: Cithrol
ratios were explored. It was found that a range of different Synperonics, specifically
F127, F108, F88, F87, F68, F38 and P105, had the ability to act as a stabilising
agent for formulations without disrupting the liquid crystalline phase. It was found
that Synperonic L92 did disrupt formation of the liquid crystalline phase. This

surfactant has the highest PPO:PEO ratio amongst tested Synperonics, and this
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molecular structure, highly skewed towards hydrophobic PPO, may be the reason for

its disruptive properties.

The concentration (w/w compared to GMO) of Synperonic in the formulation
relative to the amount of Cithrol was optimised to achieve two goals: 1) to have a
stable formulation (i.e., stable during storage, stable to dilution, stable against
changing temperatures (15-65 °C)) of liquid crystalline nanosized particles. and 2) to
not have significant excess free Synperonic in the formulation (Chapter 3, Figure
3.3.3). Here SAXS studies were used to as analytical method to assess the formation
of Synperonic micelles in the presence of excess Synperonic. These experiments
showed a preferable Synperonic to Cithrol ratio of 1:6 in w/w. For the water to Cithrol
ratios, examined in the range from 4 - 20% solid material to water by w/w (Chapter 3,
Figure 3.3.2), there was no clear difference in the liquid crystalline structures formed.
Any differences seen in Chapter 3 may be considered insignificant as SAXS analysis
has a concentration dependence, i.e., SAXS data will show more defined structures
at higher concentrations due to higher signal to noise ratios. Therefore, a lipid to
water ratio (w/w) was selected based on practicality and usability, particularly in

relation to the sample viscosity.

Tailoring of the particle size of fabricated lipid liquid crystalline phase particles
was found to be possible by extrusion. Other methods of particle size manipulation
were explored, including the alteration of the rate of water addition and mixing
speed. Manipulation of particle size through the rate of component addition, as
shown in Chapter 3 was found (complete works not shown). Mixing and controlling
mixing parameters is highly scalable and used in currently used in industry for LNP
formulations, as such it offers a good alternative to extrusion as extrusion has not

been established on a large commercial basis (i.e., for the extrusion for litres of
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formulation). Future work here could be to examine the use of microfluidics to better
control mixing and hence the particle formation kinetics. Of note is that these post-
fabrication size manipulation techniques removed the occurrence of sample

flocculation.

In subsequent experiment, encapsulation of a range of APIs with different
physicochemical properties has been achieved using the established LC phase
particle fabrication procedure and template formulation composition. This achieved
encapsulation efficiencies of up to 96.4% and API loading of up to 9.6% for
Amitriptyline; values were achieved with a targeted loading of 10% w/w (Figure 4.3.7).
At higher targeted API loading it was possible to surpass the 9.6% drug loading for
Amitriptyline, a maximum API loading however this corresponded to a decreased

encapsulation efficiency.

The properties most closely related to API loading are its molecular structure,
molecular weight, and hydrogen bonds potential (Figure 4.3.9 in Chapter 4).
Additionally, SAXS experiments confirmed the relationship between an increasing
API concentration and an increasing effect on the nature of the liquid crystalline
phase. The data illustrates that with more API present in the formulation, there is a
greater movement of the liquid crystalline phase formed along the hexagonal to
diamond to primitive to sponge phase scale, attributed to a decrease in the CPP of
the system (Section 5.5). Pearson correlation analysis highlighted the significance of
LogS, LogD, Van der Waals volume, as well as surface area and polar surface area
of molecules and drug loading upon the phase behaviour. LogS was identified to
have the most significant effect upon the nature of liquid crystalline phase formed. As
the LogS of an API increases there is a greater movement away from the hexagonal

phase towards the sponge phase.
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Finally, the release of APIs from the LC particles was assessed with a selection
of the APIs. This identified an API release profile, for examined APIs (e.g.,
Amitriptyline, Propofol, Progesterone, Imipramine, dexamethasone, Hydrocortisone,
Haloperidol, and Haloperidol decanoate) that extended over a period of days (more
investigation required). A correlation between an API’s logD and its release profile
was identified. Generally, APIs with logD values between 8.12 and 3.66 (Haloperidol
decanoate, Progesterone and Propofol) exhibit sustained release, whilst APls with
logD between 2.93 to -4.64 exhibit initial rapid release in the first 8 hours. This does
not exceed 30% release of total API encapsulated, and formulations after the first 8
hours show gradual release. Further API release studies would be required to

support this identified trend with release studies performed on addition APlIs.

In summary, presented here is the groundwork showing the potential to
produce liquid crystalline formulations using a methodology avoiding the use of
solvent or high energy homogenisation. It has been shown that a range of small
molecular APIs can be encapsulated using this protocol, and that encapsulated
APIls. Statistical analysis has then been utilised to show which physicochemical
properties of APIs have the greatest influence upon API encapsulation. Structural
SAXS studies and subsequent statistical analysis has developed an understanding

as to the effect APl encapsulation has upon the nature of liquid crystalline phases.
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6.1. Future Work

Covid-19 Impact Statement

Due to the COVID19 pandemic and associated laboratory closure, some of the work

detailed below was planned but unable to be completed.

There is scope for different streams of research from this body of work. In the
first instance the completion of this work should be achieved through the
quantification of API’s loading in outstanding formulations. This can be achieved
through HPLC analysis. A HPLC sample preparation protocol has been established
along with many of the protocols required for the various APls. The data obtained
from further studies would allow the better understanding of the links between an
API's physicochemical properties and API loading. Additionally, this could aid the
analysis of the relationship between API loading and the nature of LC phase, as
analysed and discussed in Chapter 5. Further to Chapter 5, it would be
advantageous to explore a broader range of API concentrations (for example a 1%
to 80% theoretical loading, however only APIs showing high encapsulation at the
already formulated 50% should be explored at higher loading percentages) with
smaller increments to better understand the location of phase boundaries. This
would enable future investigators to have a better understanding of the relationships
and interactions between APIs and the liquid crystalline phase. Additionally,
examining a broader range of APIs would be desirable, as this would give more data
points to ascertain trends and correlations between specific drug physiochemical
properties and the resultant effect on the lipid liquid crystal phases and
encapsulation capabilities of the formulation. In the future this additional data would,

with currently available data, enable the development of a robust model to predict
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phase behaviour upon APl encapsulation, in addition to allowing the forecasting of
API loading values. This may become vital if any distinct differences between the

drug delivery capabilities of cubosomes, hexasomes, or spongisomes are identified.

From the literature and investigations here, there is an indication that the
encapsulation of hydrophobic or amphiphilic biologics is possible, however a poor
encapsulation efficiency was achieved with the lone biologic studied here i.e.,
Cyclosporine. There is an identified need for this due to the inherent sensitivity and
instability of biologics. The gentle fabrication protocol developed in this thesis allows
for incorporation of biologics that show sensitivity to high temperatures, sonication,
or water/organic solvent interface; future work should be performed to show the
application of this process to biological APls to be successful and appropriate. In
doing so, overcoming the drawbacks of liquid crystalline particle fabrication found
within the literature that would not be appropriate for the encapsulation of biologics;
for example, the heat cycles used in Spicer et al.’s cubosome fabrication procedure
(and subsequently used by many other researchers) would inevitably lead to protein
and RNA degradation. Therefore, it would be highly interesting to investigate the
possibility of encapsulating biologics, such as: proteins, peptides, DNA and RNA
(142,143). Such investigations would require further physiochemical characterisation
of the liquid crystalline phases, with additional analysis as to if the biologic maintains
its activity post-encapsulation. If successful this may lead to the ability to safely
deliver biological APIs, whilst protecting the API by using a biologically safe

nanoparticle carrier.

Current formulations are primed to progress into in vivo and in vitro testing.
This would enable understanding of how the systems may behave if administered to

a patient. Crucially this may aid formulation decisions as to using different
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Synperonics. As discussed in Sections 1.2.4 and 3.1, different Synperonics have
different abilities in facilitating cellular up-take. In vitro investigations into different cell
lines and in vivo experiments will aid in the understanding of the Synperonics up-
take facilitation of liquid crystalline particle up-take and if the Synperonic could alter
any particle localisation to specific organs. In vitro and in vivo investigations will allow
for an examination as to the formulation’s toxicity, immunogenicity and ultimately the
formulation’s ADME profile. The ADME profile has so far not been fully investigated
in the literature to show the metabolism and excretion of the liquid crystalline
particles. This would be significant in the application of this formulation for purposes

such as RNA vaccines.

There is the potential to select a specific disease indication, or a specific API
to progress with, optimising specific formulations to take forward into in vitro and in
vivo testing. It would be practical to examine an optimised formulation, example
optimisations may entail reducing particle size to achieve liver targeting, decreasing
the surface charge for spleen targeting, or altering the API encapsulation process to
achieve higher encapsulation efficiencies. Further investigation is required for the
most appropriate route of delivery; however, this may be dependent upon the
disease indication and target site. Investigations into formulation stability and bulk
behaviour would be required to understand the formulations suitability for delivery via
various routes; for example, to ascertain stability in the gastrointestinal tract stability

would need to be assessed at different pH.
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Abstract
A statistical method of identifying lipid mesophases from Small-Angle X-ray Scattering
(SAXS), is described, having been implemented in python code at https://github.com/
csbrasnett/lipidsaxs

1 Introduction

High-throughput methods of SAXS to identiving the mesophase behaviour of aggregated lipid
systems necessarily produce a lot of data. In general - or at least most often - the SAXS patterns
such systems produce belong to one of five mesophases: Lamellar, Inverse Hexagonal, and the
Primitive, Diamond, and Gyroid cubic phases. They are distinguished through the characteristic
spacings of the Bragg peaks present in the SAXS patterns [1]. A consequence of the combination
of subtle differences in the characteristic peak spacings, combined with rigorously identifying peaks
in 1D azimuthally-integrated SAXS data is that the initial analysis of lipid mesophase data is both
time-consuming, and repetitive. The methods described in this paper have heen developed and
implemented so that less time has to be spent analysing phase behaviour of SAXS data, and more
time can be spent on designing experiments.

The Github repository has 4 pvthon scripts: finder.py, detect peaks.py, phase ID.py, and
complete.py. finder and detect peaks are responsible for the finding and fitting of Brage peaks
in 1D I vs. ¢ SAXS data, whilst phase ID tries to assign a phase to the collection of Bragg
peaks found. complete is an example script calling the others in order to demonstrate the type of
results that can be expected from the analysis. complete has some example parameters in, and
only requires a folder of text files of [ vs q data in order to run. The exact description of the
parameters is contained in this document.

2 Peak identification

The first stage of identifying the mesophase behaviour of lipid systems is necessarily finding the
position in q of the Brage peaks of the scattering pattern. The peak positions are found using the
script finder.py. finder.py requires five variables to be passed to it:

file name : The location of a text file of the q and Intensity data, formatted into two columns,
the first of which is the q data, and the second the I{q).

lo lim, hi lim : Cut offs in values of q for the q range to be searched for peaks, and, later, for
confirming permitted mesophase assignments.

fig : A switch for whether a graph is produced at the end of the finding routine, showing the data
with overlaid lines of the positions in q of where the peaks in the returned array have been
found. The figure will only be returned if this value is 1.
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Figure 1: An example of the fitting performance of a Bragg peak. Axes of g vs. I(q). As labeled in
the figure, the vertical green line is the initial peak position found by the detect  peaks.py seript.
This initial peak position is passed to the fitting function, along with the data shown as discrete
green points. The data are fitted with a convolution of a linear background and a voigt peak, the
individual contributions of which are shown as dotted black lines, and shown as a convolution in
solid red. The new, ‘true’ centre of the peak to be returned in an array of total peak positions, at
the centre of the fitted Voigt peak, is shown as a vertical solid blue line.

The programme has two functions, finder and fitting. The variables for the fitting function
are entirely determined by the routine of the finder. In the first instance, the function uses
the detect peaks py script, written by Marcos Duarte, and made available at http://nbviewer.
jupyter.org/github/demotu/BMC/blob/master /notebooks/DetectPeaks . ipynb. These are sub-
sequently refined so that the peaks for consideration only lie within the user-defined accepted g
range. as given by the lo lim and hi lim variables. However, as the function only finds peaks
in discrete values of q. and not always successfully. Therefore, the key aspect of the finding script
is using a range of points around the discrete point to fit the data using a peak and background
model. The fitting is performed using the mfit library [2]. fmfit is not installed as a default library
on some common distributions of python (eg. Anaconda), so should be installed or checked for
installation before the scripts are used.

The peak and background model used is a convolution of a Voigt peak model, and a linear
backeground, as demonstrated in Fig. 1. The peak model has been found not to work well on
its own, due to the fact that the form factor of the SAXS pattern means there is a significant
backegronnd aspect to the data. Additionally to note is the fact that the gamma parameter of
the Voigt peak fit is set to equal the sigma parameter by defanlt. These parameters are used to
determine aspects of the peak width in the fit of the data. They can, however, be set to not equal
each other to improve the fit, but extensive testing of the free variation of the gamma parameter
has not proved fruitful in improving the fitting of SAXS data. Most commonly, it has resnlted in
the centre of the peak being found very far away from where the true centre is. When the free
variation of the gamma parameter is turned off, the data are usnally found to fit very well. For
more information of the fit, the Imfit results table can be returned at each instance of fitting, if
so desired, by changing the value of the final plot variable in the fitting function, as called in the
finding function, to 1. The fitting function then simply returns where the centre of the peak has
been found to be.

The set of initial peaks are fitted over a range of fitting widths, so to try to maintain as much
information as possible about the data. The set of peak centres found in this way are subsequently
tested for degeneracy, to remove peaks very close to each other. The peaks established in this way
are then used as the final set of peaks for the data passed to the module, returned as a numpy
array. At this point, if the fig variable has been set to 1, then a figure of the data with the peak
positions overlaid as vertical lines is shown.

The peaks obtained by this module can now be used by the Phase [D.py script to try to
determine the mesophase of the sample from which the SAXS data came.
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3 Phase Identification

The 5 most common mesophases described earlier have characteristic peak spacings like so:
Lamellar (L,) : 1.2.3

Inverse Hexagonal (H;;) : 1, V3, V2

Primitive Cubic (Q];) : vZ, V4 VB, & V10, v12, V14

Diamond Cubic (QF) @ v2. v3. V1, V6, 3, 0. V10, 11

Gyroid Cubic (Q%)) : V6, V8, V11, V16, /20, v22, v21

If a set of peaks can be saild to belong to a particular mesophase, then the lattice parameter
(that iz, repeat unit cell spacing) of the mesophase can be subsequently calculated:

Lamellar : a[hk;]—q{i‘;n

TR —h
Thic

Inverse Hexagonal a[,ulk]—%

Cubic phases a[,u,k”—-"miTPl:F

Indeed, most easily, a mesophase can be identified by finding a set of peaks which, when used for

the above calculations, and indexed correctly, produce the same value. However, and especially in

the case of coexisting systems, this is a laborions method to tackle the identification problem. It

is therefore useful to have a process of automatically indexing peaks to identify the mesophase.
Two facts are useful to note at this point:

e The cubic phases more readily scatter to higher-order Bragg peaks, and thus it is nseful to
know the characteristic ratios to higher order

& Within the characteristic ratios of the cubic phases, there is a good degree of overlap with
regards to the Miller indicies that peaks may be assigned.

With respect to these factors, the first step that is taken is to discriminate the possibilities
of the phase to assign to any set of peaks by the number of peaks provided to the phase [D.py
programme. If 3 or fewer peaks have been identified, then it is more likely that the data are from a
L. or Hy; phase than a cubic one'. As noted previously, distinguishing between cubic mesophases
iz a greater challenge than other possibilities, and so the method used for clarification there will
be described first.

The entire phase 1D, py script can be called from the main function. main expects two variables:

peaks @ An array of peak positions

lo_q : The same lo_q value previously used to define the region in which to search for Bragg
peaks.

main firstly discriminates what kind of phase to search for by the number of peaks that have
been passed to it. This is run in a while loop. The while loop accounts for the possibility of
cubic/non-cubic phase coexistence. If such a situation has arisen, then a greater number of peaks
will have been found, of which a subset may be successfully assigned as cubic, but leaving the
non-cubic ones. Onee the number of peaks is used to determine which sort of phases to search
for, the separate functions are called, whose variables and methods are detailed in the following
sections. Subsequently, if the number of peaks left unassipned through this search is still greater
than 1. the remaining peaks are re-investigated, until either all peaks have been assigned, or until
the while loop has been run 10 times. Ultimately, the main programme returns a dictionary of the
phases found, along with any unassigned peaks.

1Of course from single crystalline mesophase structures, such as those of the Kim and coworkers [3], there is the
possibility of svstematic Bragg extinctions, resulting in fewer peaks present anyway

3
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Figure 2: A histogram of all possible lattice constants of a set of input peaks, as a result of indexing
every peak with every possible index. There are higher peaks where the same lattice constant has
been found more often: one of these will be the correct indexing of the peaks provided.

3.1 The cubic phases

(NEB for this section: if a programme variable is described as "x_ ', x is being used to describe the
set of identical variables at the same stage of the method to separate the P, D, and G variables.)

The function ) _main is used to identify cubic mesophases from the SAXS Bragg peaks found.
The () main function runs two other functions: ) possible phases, and () projection testing,
both of whose variables are passed from the () main. () main expects four variables:

peaks : The array of peaks found in the data, from as determined by the

bin_factor : A factor to determine the widths of the bins in a historgram used for finding lattice
parameters of cubic phases. Doesn’t have to be big, 2 should suffice.

threshold : A value for which a histogram bin has to be populated more than for confirming that
a phase is valid.

lo_q : should he the same as the lo_q value in the finder.py.

() _main begins by passing all the peaks, bin_factor, and threshold variables to the (3 possible _phases
function. €} possible phases begins exploring the entire range of possible lattice parameters that
could be found from the data, by creating x_init: a set of multidimensional arrays which simulta-
neously index all peaks as all x indices. These arrays are then concatenated together. Additionally,
n_x are created, along with n. These are arrays of integers running the length of the individual
arrays, and the concatenated array. Thev are later used in order to track back where values in the
x_init have originated from: the specific peak and index from which the value arose.

At this point, the frequency of the possible lattice parameters are examined by a histogram:
this is where the variable bin _factor is used. bin _factor is used to determine the widths of the
bins, which is defined as the product of the mumber of possible values and the variable. A value of 2
should suffice for this purpose. As Fig. 2 demonstrates, when a peak has been correctly indexed to
caleulate the lattice parameter, there are more peaks present in the bin, and therefore the frequency
count is higher. It is for this reason a threshold variable is passed to ) possible  phases: if the
number of potential lattice parameters in a bin is lower than the threshold, then the bin is discarded,
as the indexing has not been correct.

If the number of values in the bin exceeds the threshold parameter, then the contents of the
bin are examined further. The factors contributing to the height of the bin are traced back to
the phase array, peak. and indexing from which they arose. That is to say, across the three cubic
phases, it is inevitable that the ‘correct’ index has been used for a peak: as noted previously,
the factors 6 and /8 appear in all three cubic phase indexings, and consequently, regardless of
whichever cubic phase the set of peaks has arisen from, they will both make a ‘correct” contribution.

The individual factors are collected separately. At this point, the number of contributing correct
indices is used as the comparison for which phase it is most likely to have arisen from. As a result
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Figure 3: Projections of peaks from the proposed phases by the () _possible _phases function across
the data being tested.

of the high coincidence between the factors of the QF, and QF, phases, they are examined slightly
separately. Firstly, it is assumed that 4 peaks is the minimum number required to assign a phase
by this point, for any phase. Subsequently, if this condition is met by both the QF and QF,
contributing factors, they are examined. It would be expected that:

1. The correct assignment of the peaks contains more correct peak indices.

2. The incorrect assignment of index and peak pairs is entirely contained in the correct assign-
ment.

These factors are tested for, and the correct assignment between the Q) and QF) phases is
made based on which conditions are met.

The function described above, ) possible phases, returns a dictionary of possible phase as-
signments back to the () _main function of the phase ID script. At this point, another check is
made, cross referencing the set of assigned peaks with the peaks actually present in the data, by
the ) projection testing function. The function firstly generates a set of peaks based on the
lattice parameter and assigned phase, as worked out from the first () possible phases routine.
The function then firstly checks that the first peak of this generated set of peaks falls within the
user-determined g search range as initially defined. Secondarily, the function cross references the
generated set of peaks (all or most of which will be completely coincidental with the ‘real’ peaks
in the data) with the peaks present in the data.

That is, there are two sets of peaks to consider: one from the actual data itself, and a set of
peaks that can be generated by knowing both the phase and lattice parameter of an assigned set of
peaks. These latter set of peaks are tested against the peaks that have been similarly assigned to
the phase. By identifyving where the generated peaks match up to the data, the number of peaks
that have been correctly assigned to the phase can be identified. This is apparent in Fig 3, where
it can be seen the there is a single QF) phase in the data, which has been identified as either QF)
or Qf; by the Q@ possible _peaks function. The v2, V3, VB, V8, and 0 peaks were found in
the data by the finder.py script, and have been correctly indexed in the case of the QF possible
assignment. In the QF; projection, the /1 peak has additionally been projected, so that visually it
matches up in Fig 3a, but is not actually identified for comparison purposes. However, as the first
peak is within the accepted search range, and all but one of the peaks are present in the data. the
phase assignment [complete with peak indexing) has been confirmed as correct. In the case where
the Qf, phase has been tested, as shown in Fig 3b, it can be seen the there are visnal matches on
four of the peaks, whilst the proposed /10 peak of the F, phase falls at a point where the isn't a
peak either in the data, let alone by visual inspection. Notably in this case, it is the ﬂ,_ vﬁ, and
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/16 peaks that have been correctly assigned - and matching up with the correctly assigned peaks
a factor of '2 less.?

Therefore, the entire set of possible cubic phases have been tested and checked for correct
assignment. so if any are present in the dataset of peaks provided to the respective functions, then
they should have hopefully been identified by this point.

3.2 Lamellar and Hexagonal phases

As previously highlighted, it might reasonably be expected that for powder scattering, the number
of peaks identified in the data will be fewer for non-cubic phase patterns than for cubic-phase
structures. If this condition is met in the first instance, then instead of the cubic-phase routines
being carried out, a shorter, separate, routine for identifying either L, or Hy; mesophases is used.
The La HII possible phases function expects only two variables:

peaks : The array of peak positions

bin _factor : A factor to determine bin width of the histogram used for finding lattice parameters
of phases.

(Orverall, the function uses a similar statistical frequency method to the cubic phase routines,
but simply distinguishes between which phase has been used by which is the more common value.
The incidence between the possible L, and Hyy peak assignments coincide such that this statement
should always be true if the phase provided to the routine is indeed one of those phases.
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