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Abstract

Systemic chemotherapy has long been the mainstay of cancer chemotherapy
treatment for all cancer types. The lack of specificity, and subsequent destructive
off-target side-effects, has prompted alternative delivery methods to be considered,
in particular for solid tumour cancers. Direct injection of chemotherapeutics into
solid tumours can increase local concentrations and reduce off-site toxicity, but
such an approach is challenged by rapid clearance of the drug, resulting in
inaccurate and unpredictable dosing. Attention has, therefore, turned to the
development of drug delivery platforms, which can facilitate improved retention and
sustained release of chemotherapeutics after direct intratumoural injection.
Thermoresponsive hydrogels are amenable to intratumoural administration as they
are liquids at room temperature and undergo gelation at a characteristic
temperature. Drug-loading of thermoresponsive hydrogels creates an in situ-
forming drug delivery platform. Lung cancer is the leading cause of cancer-related
death worldwide, with current systemic treatment strategies failing to address this
large, unmet clinical need. Locoregional administration of thermoresponsive
hydrogels to lung cancer can be achieved using interventional oncology techniques,
which employs image guidance to perform minimally invasive procedures. The
overall aim of this thesis was to develop and characterise a chemoablative,
thermoresponsive hydrogel as a drug delivery plattorm for intratumoural

administration in a lung cancer application.

Formulation optimisation of the blank thermoresponsive hydrogel was undertaken
to adjust the sol-gel transition temperature to within clinically relevant parameters.
A dual drug-loaded thermoresponsive hydrogel was successfully formulated with
“gold-standard” chemotherapeutics, cisplatin and paclitaxel. In vitro disintegration
and release profiles of the lead blank and drug-loaded formulations were
determined over 28 and 10 days respectively, with the drug-loaded
thermoresponsive  hydrogel demonstrating sustained release of both

chemotherapeutics.

An in vitro cytotoxicity assessment of the lead blank and drug-loaded
thermoresponsive hydrogels was undertaken in a non-small cell lung cancer cell
line, A549, which demonstrated a dose-dependent cytotoxicity of both formulations
at all doses evaluated. A non-cancerous fibroblast cell line, Balb/c 3T3 clone A31,

was used to assess in vitro cytotoxicity of the blank thermoresponsive hydrogel in
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non-target tissue, which revealed that it was biocompatible at lower doses. A 3D in
vitro model of lung cancer was established to create a biomimetic model for IT
injection of ChemoGel. The cytotoxic capacity of the lead blank and drug-loaded
thermoresponsive hydrogels was subsequently confirmed in the 3D model over 14

days.

In order to facilitate clinical intra-procedural imaging of administration, a radiopaque
variation of the lead thermoresponsive hydrogel was formulated with the addition of
an iodinated contrast agent, Visipaque®. Rheological behaviour, radiopacity and
injectability of the lead radiopaque formulation was assessed. Distribution of the
injected thermoresponsive hydrogel in an ex vivo tissue model was assessed. In
vitro cytotoxicity of the radiopaque formulations was confirmed using the 3D in vitro
lung cancer model previously developed in this thesis. Sterilisation of the lead
formulations was evaluated using pharmacopoeial methods, and ethylene oxide
gas sterilisation was identified as the most suitable method. Thermoresponsivity,
disintegration and release profiles were evaluated post-sterilisation, and it was
confirmed that ethylene oxide sterilisation did not negatively impact the behaviour

of the lead thermoresponsive hydrogels.

Lead radiopaque thermoresponsive hydrogels were assessed in a murine lung
cancer xenograft model, using A549-luciferase cells. Retention of intratumourally
administered blank and drug-loaded thermoresponsive hydrogels at the site of
injection was confirmed using in vivo and ex vivo fluorescent imaging over 14 days.
Efficacy of treatment was monitored using physical tumour volume measurements
and bioluminescent imaging. Tumour volume increase was determined to be
statistically significantly reduced following blank and drug-loaded thermoresponsive
hydrogel treatment, compared to saline treatment for at least 14 days. 100%
survival of treated mice was observed at Day 14. No statistically significant
difference observed between selected welfare indicators following intratumoural
administration of the blank or drug-loaded thermoresponsive hydrogel compared to

saline.

Presented in this thesis is the development and optimisation of a chemoablative
thermoresponsive  hydrogel, which can be dual drug-loaded with

chemotherapeutics intended for the treatment of lung cancer.
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1.1 Introduction

This thesis will focus on the formulation and in vitro and in vivo evaluation of a novel
thermoresponsive hydrogel as a locoregional drug delivery platform. The
development process of the final thermoresponsive hydrogel contained in this

thesis was underpinned by the following:

1. Thermoresponsive hydrogels as drug delivery platforms
2. Lung cancer (LC) as the proof of concept application

3. Interventional oncology (IO) and intratumoural (IT) drug delivery
An overview of these topics will be provided in this literature review.

1.2 Thermoresponsivehydrogels as drug delivery platforms

1.2.1 Hydrophilic polymers

Hydrogels are 3D networks of hydrophilic polymers, which can swell and absorb
large quantities of water, up to thousands of times their dry weight (1, 2). Water is
imbibed into the hydrogel as a result of interactions with the hydrophilic groups on
the polymeric backbone (3). The structure and function of each hydrogel is
determined by the chemical composition, and the type of polymeric crosslinking.
Hydrogels can be formulated from natural or synthetic polymers, with physical or
chemical crosslinks (Fig. 1.1). Natural polymers commonly used in the formulation
of hydrogels include chitosan, collagen and hyaluronic acid. Poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO), poly(ethylene
glycol-b-(dl-lactic acid-co-glycolic acid)-b-ethylene glycol) (PEG-PLGA-PEG) and
poly(N-isopropylacrylamide) (pNiPAAm) are examples of some common synthetic
polymer-based hydrogels (1). Physical crosslinking mechanisms are reversible,
and include physical entanglements of the polymers or physical interactions via
hydrogen bonding, ionic interactions or hydrophobic interactions. Chemical
crosslinking is brought about via covalent bonding, which produces irreversible
crosslinks. Small molecules can be added to hydrogel formulations to increase
physical or chemical crosslinking. The crosslinked nature of hydrogels creates a
porous structure, which can be utilised for drug-loading, and subsequent delivery
of the therapeutic payload in a localised, sustained manner. The structure and
porosity of hydrogels can be manipulated by controlling the functional groups on

the polymeric backbone and crosslinker density (4). Increased crosslinking in a
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hydrogel structure imparts a stronger physical integrity and can render it insoluble
in physiological conditions, thereby slowing rates of degradation. The degree of
crosslinking can also influence the rate of drug release (5). Simple hydrogels have
a wide range of applications, including use in contact lenses, wound dressings,
hygiene products, tissue engineering and drug delivery (4). Advanced drug delivery
using hydrogels is a widely researched topic, but the volume of research has not

resulted in an equivalent rate of translation into clinically approved products (4, 6).

Figure 1.1 Hydrophilic polymers; source and interactions.
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1.2.2 Stimuli responsive hydrogels

The range of polymers that can be used in the formulation of hydrogels has
progressed since the early 1960’s, when they were defined as “simple, water-
swollen macromolecular networks” (7). The subsequent discovery of polymers that
form hydrogels with the ability to respond to stimuli in their environment provided
an opportunity to develop sustained release drug delivery platforms. Environmental
fluctuations, such as physiological cues or application of external stimuli, induce
structural alterations in these “smart” hydrogels (8). They are highly sensitive to
small dewviations in their environment, undergoing a sharp physical or chemical
change in response to pH, irradiation (electric, magnetic, UV, light), glucose

concentration or temperature (Fig. 1.2) (9).

Figure 1.2 Examples of stimuli responsive hydrogels.

pH responsive polymers can be employed in a variety of ways to aid drug delivery
in oral and parenteral dosage forms. Commercially available oral drug delivery
systems commonly make use of pH responsive polymers to facilitate targeted drug
delivery. Such polymers are used in enteric coatings, and allow the encapsulated
drug to pass through the acidic environment of the stomach intact, before
solubilising in the colon where the drug is released (10). pH responsive hydrogels
can also be formulated to undergo a structural change at physiological pH to
facilitate release ofthe loaded drug at the target site (11). Carbopol® is a commonly
used mucoadhesive hydrophilic polymer that is pH responsive. It is made up of

crosslinked chains of poly(acrylic acid) and is available in a range of viscosities,
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controlled by the degree of crosslinking (12). Increasing concentrations of
Carbopol® increases the acidity of the polymer solution, which may be harmful to
patients, and therefore additional excipients such as hydroxypropyl-methylcellulose
can be added to increase the pH of the solution slightly, while still allowing for
gelation to occur at physiological pH (13). Carbopol® pH responsive hydrogels are
commonly used for a wide range of local delivery applications, including vaginal,

ocular, nasal and enteric delivery (14).

A number of pH responsive hydrogel formulations are the focus of pre-clinical
research into locoregional delivery to tumours. As tumours are more acidic than
healthy tissue, pH responsive hydrogels can respond to this pH change to
selectively release their chemotherapeutic payload when they come in contact with
the tumour site. A glycol-chitosan and benzaldehyde capped poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) pH responsive hydrogel
was formulated to encapsulate paclitaxel and doxorubicin. In vitro release data
revealed that drug release was increased at lower pH for both of the encapsulated

drugs, due to changes in the structure of the hydrogel at acidic pH (15).

Magnetic-field sensitive hydrogels are hydrogels which contain micro- or nano-
magnetic particles embedded in the hydrogel structure. These hydrogels are
sensitive to change in magnetic fields, which can be controlled by an external
stimulus, to induce mechanical and thermal changes within the hydrogel (16, 17).
Potential applications of magnetic responsive hydrogels include tissue engineering
and drug delivery (16). The mechanical changes have also been harnessed to
improve resolution during magnetic resonance imaging (MRI) (18). The thermal
changes induced by applying an alternating magnetic field can also be used to
induce local hyperthermia, which can be used in the treatment of cancer as either
a direct method of inducing cell death, or to sensitise cancer cells in advance of
radiation or chemotherapy. The possibility of co-delivery of chemotherapeutics in
the magnetic responsive hydrogels has also been investigated (19). It is
recognised, however, that these interactions can be challenging to execute in a

selective manner, without incurring damage to surrounding non-target tissue.

Glucose sensitive hydrogels can be designed to respond to high levels of glucose,
often by conjugating an enzyme on to the hydrogel structure. This can be used in
the treatment of diabetes, in which a threshold level of glucose would trigger release
of insulin loaded into the 3D hydrogel structure. An enzymatic reaction occurs

between the glucose (substrate) and the enzyme on the hydrogel, causing a drop
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in pH which induces a collapse inthe hydrogel structure and release of insulin (20).
Another mechanism of insulin release from glucose responsive hydrogels was
proposed with the development of a PEG-phenylboronic acid-based hydrogel. This
was formulated by conjugating the PEG-containing phenylboronic acid
macromonomer with a PEG macromonomer containing a glucose-like diol, and
loading it with insulin. The insulin was subsequently released in vitro in response to
exposure to glucose containing media, and it was hypothesised that competitive
binding of the free glucose to the PEG-phenylboronic acid would induce structural

changes in the hydrogel, thereby releasing insulin in a controlled manner (21).

1.2.3 Thermoresponsive hydrogels

Some of the most extensively researched stimuli responsive hydrogels are those
which respond to temperature (22). Temperature responsive polymers can be
sensitive to a 1°C change in environmental temperature. The response to the
stimulus is relatively large and alters the conformation of the hydrogel in a

characteristic manner.

Based on their phase diagram, thermoresponsive hydrogel polymers have either
an upper critical solution temperature (UCST) or a lower critical solution
temperature (LCST) (Fig. 1.3 A). Three types of interaction exist for

thermoresponsive hydrogels:

1. Polymer-polymer interactions
2. Polymer-water interactions

3. Water-water interactions

LCST polymers undergo gelation above a characteristic temperature, termed the
sol-gel transition temperature. Below the sol-gel transition temperature of LCST
hydrogels, the polymers are swollen in solution form. In this temperature range the
polymer-water interactions tend to predominate, and the hydrogel exists as a
solution. As temperature increases, these interactions become less favourable and
hydrophobic interactions begin to dominate. At the transition temperature, the
polymers will contract abruptly, resulting in the formation of an increasing number
of polymer-polymer interactions, leading to gelation of the hydrogel (Fig. 1.3 B)
(23). If the hydrogel is thermoreversible, the hydrophobic interactions become less
dominant when the temperature is decreased, and the polymer chains begin to
interact with the water molecules again, returning the hydrogel to solution form (24,
25).
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Figure 1.3 (A) Phase diagram of upper and lower critical solution temperature polymers. (B)
Schematic of lower critical solution temperature thermoresponsive hydrogels at different
temperatures. T, temperature; UCST, upper critical solution temperature; LCST, lower critical

solution temperature.

Thermoresponsive hydrogels based on pNiPAAmM polymers are the most
extensively researched. pNiPAAm hydrogels undergo a sharp thermoresponse at
32°C, transitioning from coil conformation to aggregated globules in aqueous
solution upon gelation (26). Another commonly used excipient in the formulation of
LCST thermoresponsive hydrogels is the tri block copolymer, poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO, Poloxamer) (27-
30). Poloxamer can form micelles, which have a hydrophilic coat (PEO) and a
hydrophobic core (PPO). The creation of a hydrophobic core promotes the use of
Poloxamer as a solubiliser for drugs with poor aqueous solubility. Gelation occurs

due to the packing arrangement of these micelles and micelle entanglement, once
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sufficient polymer concentration and external temperature has been reached (31,
32). Aqueous solutions of Poloxamer 407 (P407) exhibit thermoreversible
properties at concentrations of 20% w/w and above (33). The disintegration rate of
Poloxamer-based thermoresponsive hydrogels has, however, limited their
usefulness in the clinical setting. The fast disintegration rate of these hydrogels in
vivo is due to low mechanical strength and high permeability (1, 25). The use of
physical or chemical crosslinkers can dramatically change the disintegration rate.
The physicochemical interactions between the polymers and additional formulation
excipients can be highly concentration-dependent, with each excipient influencing
the structure and thermoresponse of the final formulation. Poloxamer-based

hydrogels will be discussed in greater detail in Chapter 2.

UCST polymers are less clinically useful, as they exist as a liquid above their
characteristic phase transition temperature and undergo gelation below this
temperature. This would require storage and administration of the hydrogel at
elevated temperatures, to ensure that gelation would occur at body temperature.

Poly(N-acryloyl glycinamide) (PNAGA) is an example of a UCST polymer (34).

Altering the hydrophilic/lipophilic balance of the hydrogel formulation has a large
impact on the gelation temperature. Surfactants and co-solvents can impact the
hydrophilic/lipophilic balance of the formulation and thus, the gelation temperature.
Salt concentration also impacts gelation temperature (35). All excipients in the
formulation must be tightly controlled to ensure that a hydrogel with a reproducible
sol-gel transition temperature is produced. Increasing the hydrophobic content of
the hydrogel will result in the polymer-water interactions becoming less favourable.
Polymer-polymer interactions will then predominate at lower temperatures,
resulting in a lower sol-gel transition temperature. Conversely, increasing the
hydrophilic content of the hydrogel allows for an increased LCST, thus the sol-gel

transition temperature can be tailored, as required (25).

1.2.3.1 Rheological characterisation of thermoresponsive hydrogels

Rheology is the study of the deformation and flow of matter, and makes use of the
relationship between stress and strain to characterise a material (36). Stress can
be defined as the force applied per unit area, measured in Pascals (Pa). Stress can
also take into account the direction in which the force is applied; shear stress is
most commonly used in rheological measurements and results from a parallel
applied force. Strain is a unitless measure of deformation in response to stress
applied, and is more complicated to measure than stress. Purely viscous materials
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undergo irreversible deformation in response to stress applied. A perfectly elastic
material will deform instantly to a defined point, within its elastic limits, under stress.
When the stress is removed, a perfectly elastic material will recover almost
immediately to its original state.

In reality, very few materials are purely viscous or elastic. Rather, they display a
blend of both characteristics, and are deemed viscoelastic materials. Under
constant stress, viscoelastic materials will dissipate some energy through flow
(viscous behaviour), and store the remainder (elastic behaviour). Hydrogels are
viscoelastic materials, and oscillatory rheology can be used to characterise the
viscoelasticity of the formulation. It can also characterise its behaviour under
different conditions including, but not limited to, varying stress, temperature or time
(37). Oscillatory rheology uses a geometry to apply a sinusoidal stress to a sample
loaded onto a peltier plate and measures the resulting strain. Depending on the
material properties, the resulting strain waves generated will lag behind the stress
waves applied by the phase angle, &, which is used to calculate the elastic and
viscous proportions of the material (38). The storage modulus (G’) is the elastic
component of the hydrogel. The loss modulus (G”) is a measure of the viscous
component of the hydrogel. When G” predominates over G’ the material is defined
as a viscoelastic liquid, and when G’ is greater than G’ the material is defined as a
viscoelastic solid or semi-solid. This can be used to track the transition of
thermoresponsive hydrogels over a temperature range. Below the sol-gel transition
temperature G”>G’; the temperature at which G’ = G” is defined as the sol-gel
transition temperature and gelation occurs at this temperature. G’ and G” are
calculated by the software and are derived from the complex shear modulus (G*),

as outlined below.

G’ = G*cos(d) (Equation 1)
G” = G*sin(d) (Equation 2)
tan(d) = G’/G’ (Equation 3)

G’ provides a measure of the strength of the hydrogel, but not necessarily its
robustness, which is why other material characterisation methods, such as
disintegration testing, should also be carried out in conjunction with rheology to fully
characterise a hydrogel.

Rotational rheology is used to calculate the viscosity of a material. Viscosity,

defined as the resistance to flow, is calculated by dividing the shear stress by the
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shear rate, and is measured in Pa.s. In these measurements, the geometry rotates
fully to apply the shear stress to the material, in comparison to the sinusoidal
movements in oscillatory rheology (39). A benefit of using a rotational rheometer
over a simple viscometer is that the viscosity of a material can be calculated over a

range of applied shear stresses.

1.2.3.2 Thermoresponsive hydrogels as drug delivery platforms

Thermoresponsive hydrogels are commonly employed as delivery platforms for a
range of applications, including the delivery of small molecules, proteins, steroids,
genes and other therapeutics or cells (25, 26, 40). They can be formulated as inert
drug delivery depots or exert pharmacological effects in their own right to augment
the therapeutic payload. Local or systemic delivery is achievable using
thermoresponsive hydrogels, which can be administered via topical (41), ocular

(42), nasal (43), vaginal (44) or parenteral routes (45, 46).

The non-invasive nature of parenteral administration via injection is seen as a major
advantage, as the patient does not require surgical implantation of the drug delivery
system (Fig. 1.4 A) (24). Physically crosslinked hydrogels are disintegrable due to
their reduced stability, arising from the hydrophobic interactions between polymer
chains or weak bonds which can be broken down by hydrolysis (40, 47, 48). This
means that hydrogels do not have to be surgically removed from the patient once
the drug load has been delivered, further reducing the invasiveness of the
procedure for the patient. The rate of degradation of the hydrogel can be tailored
by modifying the nature and degree of crosslinking. The temperature-induced
conformational change following administration of the thermoresponsive hydrogel
means that no external stimulus e.g. magnetisation, need be applied. This
increases the simplicity and safety of the procedure, as only injection is required
(49). The in situ gelation offers the opportunity for the hydrogel to mould to the target
tissue, facilitating a better fit than the preformed implants (7), and allows for
sustained release of the drug at the required site of action in the body (Fig. 1.4 B)
(22, 50).
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Liquid

(Room Temp)

Figure 1.4 (A) Drug-loaded thermoresponsive hydrogel at room temperature in an injectable liquid
state, and at body temperature (37°C) in the gel state. (B) In-situ gelation facilitates moulding to the

target tissue.

The rate of release of drugs from thermoresponsive hydrogels is dependent on a
number of factors related to the material properties of the hydrogel, the
physicochemical characteristics of the drug encapsulated, and the nature of the
surrounding fluid. In general for hydrogels, rate of release is affected by the
viscosity of the hydrogel carrier, with more viscous hydrogels demonstrating slower
release (2). The mechanism of drug release from hydrogels determines the release
rate, with diffusion controlled release being the most common mechanism seen in
hydrogels. Swelling controlled or chemically controlled/erosion release is also seen
in hydrogel-based controlled release (Fig. 1.5) (50, 51). The nature of the drug
encapsulated within the hydrogel can also affect release rate. Hydrophobic drugs
tend to undergo slower diffusion rates through the hydrogel than hydrophilic drugs,
resulting in slower release rates (24). Release from hydrogels frequently involves a
blend of two or more of the above mechanisms, and can be tailored by altering the
chemical structure of the hydrogel to ensure effective drug delivery to the target site
(50). In vitro assessment of release from thermoresponsive hydrogels presents a
number of challenges, due to the phase changes exhibited affecting mathematical
modelling of drug release. In situ gelation of thermoresponsive hydrogels, and
subsequent in situ crosslinking which may occur adds further complexity (51).
Locoregional delivery commonly involves administration into tissue, which has a
lower volume of surrounding fluid compared to systemic administration.
Consideration of the local environment in the target application must be included in

the design of in vitro release models (52, 53).
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Figure 1.5 Mechanism of drug release from hydrogels. Taken from (50).

Thermoresponsive hydrogels employed as drug delivery platforms have been the
focus of an increasing amount of pre-clinical research. From 1991 to May 2018,
1,314 publications were found to include the terms “thermoresponsive” and “gel*”
in the Web of Science database. The growing interest in this area of research is
reflected in the number of publications per year. Publications containing these terms
have increased from 4 in 1991 to 154 publications in 2017. 39 of the papers
published from 1992 to May 2018 contained the term “cancer”, all of which were
published between 2008 and 2018. Other combination searches are shown in Table
1.1. The translation of thermoresponsive hydrogel technology to the clinic has been
less successful (6), with only a handful of products progressing to the clinical trial

stage, to varying degrees of success (54-56).
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Table 1.1 Total number of publications from a Web of Science database search for
thermoresponsive hydrogels in cancer applications.

Number of Number of Number of
Search term publications publications in  publications in
(1991- May 2018) 2017 “cancer”
Thermosensitive 2,037 163 173
gel
“Thern‘nﬂore\:,(’ersible” 2175 107 30
gel
“Thermogel” 127 27 19

Systemic chemotherapy has long been the mainstay of cancer chemotherapy
treatment for all cancer types. The lack of specificity and subsequent destructive
off-target side-effects has in turn prompted alternative delivery methods to be
considered, in particular for solid tumour cancers (8, 57). Thermoresponsive
hydrogels for direct IT delivery in solid tumour treatment has been investigated in
the pre-clinical and clinical setting. Chemotherapeutic delivery from IT administered
thermoresponsive hydrogels has been proposed as a safer and more effective
method of treatment for patients with solid tumours than traditional systemic
administration (8, 22, 55, 56, 58-61). The potential for minimally invasive
administration, localisation of chemical payload and reduction in off-target side-
effects suggest that IT delivery via thermoresponsive hydrogels offers significant
improvements to treatment efficacy and quality of life compared to current “gold-

standard” systemic treatment.

A wide range of solid tumours have been assessed in the pre-clinical development
of thermoresponsive hydrogels, including liver, bladder, breast, lung, pancreas,
osteosarcoma, oesophageal and brain cancers (8, 58, 61-63). In particular, lung,
pancreas and brain cancer are associated with very poor prognosis (64). This thesis

will focus on the development of a thermoresponsive hydrogel for LC applications.

1.3Lung Cancer

1.3.1 Gross anatomy of the lung

The lower respiratory tract consists of two lungs and the airways (trachea, bronchi,

bronchioles and alveoli). The right lung consists of three lobes, and the left lung is
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10 —20% smaller, with two lobes (Fig. 1.6 A) (65). The airways are highly bifurcated
structures, which consist of approximately 23 generations, according to Weibel's
(1963) model of the airways (Fig. 1.6 B) (66). Each generation produces narrower,
shorter airways, with increased branching. The airways culminate with the alveol,
which are highly vascularised, function for gaseous exchange and offer a surface
area of 70 — 80 m? (65).
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Figure 1.6 (A) Diagram of the upper and lower respiratory tract. 1aken from (6b). (B) Welbel's airway

generations. Z = generations of the airmays. Zi = generations of the acinar airways. Taken from (67).

1.3.1.1 Pathophysiology of tumour tissue in the lung

The large inter- and intra- tumour heterogeneity associated with LC tumours
presents significant challenges for accurate diagnosis and treatment (68). Tumour
masses cannot be viewed as individual entities which control their own lineage,
phenotype and fate. Rather, the tumour growth and metastatic processes are
influenced by the surrounding cells. The tumour microenvironment (TME) is made
up of an altered extracellular matrix (ECM) and embedded cellular components,
called tumour-associated stromal cells, which include cancer-associated fibroblasts
and tumour-associated macrophages (69-71). The composition of the stromal cells

and their interaction with tumour cells influence the progression of the malignancy
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and development of distant site metastasis. The TME of LC has a variable

composition depending on the stromal cells and cytokines present (72).

While healthy lung tissue is well vascularised, the same cannot be said for lung
tumour tissue. The vasculature of the tumour is limited and leaky compared to
normal tissue blood supply, and blood flow is unevenly distributed throughout the
tumour mass (69). In a normal homeostatic environment vasculature is less than
10 um away from cells, but tumour cells can be located 100 — 200 ym away from
their closest capillary blood supply. Hypoxic areas develop in regions further from
the vasculature, which the tumour can manipulate to increase survival by a number
of mechanisms. Hypoxic conditions can drive the secretion of pro-angiogenic
factors, such as vascular endothelial growth factor (VEGF) (73). This induces
growth of new vasculature, which is highly inefficient, and struggles to control
hypoxic levels in the tumour. Further angiogenesis is promoted, through the
upregulation of factors such as hypoxia-inducible factor l-alpha (HIF1a), which
subsequently upregulates VEGF production following binding with a receptor in the
nucleus of the tumour cell, thus enabling survival of the tumour (74). Many
chemotherapeutics rely on the production of free radicals to bring about DNA
damage (69). The absence of oxygen in certain tumour regions, enables the tumour
to become resistant to such mechanisms of action. Additionally, cancer cells favour
the process of anaerobic glycolysis, even in the presence of sufficient oxygen. This
results in surplus production of H* ions as a by-product of the reaction. The ensuing
acidic environment has been termed an “engineering niche”. This niche allows
cancer cells to create an environment which is more favourable to their survival.
The H* ions induce cell death in healthy cells surrounding the tumour (75). They
also act to degrade the ECM which allows for easier intravasation by cancer cells
into the circulating bloodstream. The acidic nature of the TME further triggers
angiogenesis in the tumour region, promoting hypoxia, and ultimately cancer cell

survival, as outlined above.

1.3.2 Incidence and mortality

In 2012, there were 1.8 million new cases of LC reported worldwide (76). LC

represents the second most commonly diagnosed cancer worldwide, after prostate

and breast, for men and women respectively (76). 26,838 cases of LC were

diagnosed in Ireland over a 14 year period (2000 — 2014) (77). Projected incidences

for LC for both sexes are predicted to level off from 2020 to 2030 (Fig. 1.7 A), which

can be attributed, in large part, to the anti-smoking policies adopted at a
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governmental level in the western world. Incidence continues to rise in African and
Asian countries, however, due to continued high rate of smoking and environmental

carcinogens prevalent in these populations (78).

Smoking is positively correlated with the development of pulmonary tumours, with
up to 80% of LC deaths attributable to cigarette smoke (79). Rates of smoking in
women rose in 1930’s due to promotion of the concept of a cosmopolitan woman
smoker by tobacco companies. This has led to a delayed onset in increased
incidence of LC in women. Subsequent smoking cessation policies in the western
world have positively impacted the incidence of LC in men, but have not yet caught
up with the inflated uptake of smoking in women (80). Other risk factors include,
chronic obstructive pulmonary disorder (COPD), environmental exposure to toxic

insults, such as radon and asbestos, and family history of LC (81, 82).

Mortality rates for the majority of cancers have decreased in recent years. This is
mainly due to improved screening and treatment of cancer. Some cancers do not
comply with this generalisation, and have seen an increase in mortality rates over
the years, including liver, thyroid, pancreatic and uterine cancer. Lung and bronchus
cancer are projected to be the leading cause of cancer-related deaths in 2018,
accounting for 26% and 25% of cancer deaths for men and women respectively
(83). The LC mortality rate is predicted to remain the highest up to 2030 (Fig. 1.7
B). While the mortality rate is expected to decrease slightly after 2020, it will still
remain approximately 2.5 times the rate of pancreatic cancer, the second most
common cause of cancer-related death predicted in 2030 (64). From 2000 to 2014,
the average age-standardised 5-year net survival for LC patients in Ireland
increased from 10.1% to 17.5%, which fell within the range of the majority of the 71
countries reviewed as part of the CONCORD-3 study (77). The high mortality rate
associated with LC is indicative of a large unmet clinical need for more effective

treatments and screening processes.
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Figure 1.7 Cancer (A) incidence and (B) mortality rates predicted until 2030. Adapted from (64).

1.3.3 Diagnosis and staging of lung cancer

Early stage LC is a potentially curable disease. Unfortunately, the majority of LC
patients present in later stages of the disease, with distant metastatic sites
established (84). Symptomatic presentation of LC, which is the most common
reason for diagnosis, is often indicative of late stage LC. The value and success
associated with screening initiatives for LC remains unclear, with low dose
computed tomography (CT) screening demonstrating the most promise, if
appropriate “at risk” patient cohorts, multidisciplinary team expertise and supports

are available (85).

Differential diagnosis is usually made based on chest X-Ray and contrast-enhanced
CT scans of lower neck, thorax, and upper abdomen. Definitive diagnosis is then
established using a variety of techniques including, but not limited to, sputum
cytology, transthoracic needle aspiration, flexible bronchoscopy, electromagnetic
navigation bronchoscopy, radial endobronchial ultrasound (EBUS) and
transbronchial needle aspiration (TBNA) and Positron Emission Tomography
(PET)-CT. (81, 86). Histological subtyping using immunohistochemical staining of
biopsied tissue is used to define LC subtype and further sub-classifications. LC can
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be broadly divided into non-small cell LC (NSCLC) and small cell LC (SCLC).
NSCLC accounts for approximately 75 — 80% of cases of newly diagnosed LC. The

main subtypes of LC are summarised in Table 1.2 (87-89).

Table 1.2 Classification of subtypes of lung cancer.

Further sub-

Subtype classification Origin Comments
NSCLC Adenocarcinoma Peripheral bronchi 40% of all LC
Squamous cell Main bronchi 25-30% of all LC
carcinoma
Adenocarcinoma in Very good five year
situ & Minimally : survival rate after
. : Alveoli :
invasive resection (almost
adenocarcinoma 100%)
NSCLC not
otherwise specified 10% of NSCLC
(NSCLC NOS)/ :
Large cell Rapid fatal spread
carcinoma
10-15% of all LC
SCLC - Neuroendocrine Most aggressive
type of LC, poor
prognosis
Carcinoid - Neuroendocrine 1-2% of all LC

Other Mixture of subtypes - -

Correct diagnosis and staging of malignancy is important to establish optimal
treatment strategies and prognostic evaluation (87). Staging of LC is carried out
according to the 8™ edition of the “Tumor-Node-Metastasis” (TNM) classification
system, which takes into account the clinical information available prior to surgical
resection, and the pathological information determined after surgical resection. The
dimensions of the primary tumour (T), the involvement of regional lymph nodes (N)
and development of distant site metastasis (M) are used to stage the tumour based
on predetermined sub-classification criteria and determine prognosis (Fig. 1.8). The
TNM classification is highly applicable to the staging of NSCLC, but its application
in the staging of SCLC is more difficult. It is of note that the TNM classification
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should only be used for staging and prognosis; treatment paradigms should be

designed based on current clinical guidelines and best practice (87, 90, 91).

NSCLC is acknowledged to be a highly heterogeneous disease, with the
histological subsets outlined in Table 1.2 also displaying wide-ranging genetic
heterogeneity. Oncogenetic drivers commonly associated with LC, including Kras
mutations, epidermal growth factor receptor (EGFR) mutation (with or without
T790M mutation) and anaplastic lymphoma kinase (ALK) rearrangements, can be
screened for using molecular testing in order to guide precision therapy. These
aforementioned aberrant genetic drivers of NSCLC are the most common, with
others mutations also included in Figure 1.9. Testing for programmed cell death
protein 1 (PD1) and programmed death ligand 1 (PDL-1) protein expression in
tumour samples is also used to guide appropriate prescribing of immune-oncology
treatment (92, 93).
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T: Primary Tumour

TX: Primary tumour cannot be assessed -or-
malignant cells in sputum/bronchial washings but
tumour not visualised

TO: No evidence of primary tumour

Tis: Carcinoma in situ

T1: Tumour = 3cm in greatest dimension
No bronchoscopic evidence of main bronchus
invasion

T2 Tumour > 3cm but <5em in greatest dimension -
or- Tumour that involves main bronchus/invades
visceral pleura/assoociated with atelectasis or
obstructive pneumonitis that extends to the hilar
region either invelving part of or the entire lung

T3: Tumour >5cm but <7cm in greatest dimension
-or- Tumour that invades: parietal pleura, chest wall,
phrenic nerve, parietal pericardium

-or- Separate tumour nodules in same lobe as the
primary

T4: Tumour >7cm in greatest dimension

-or- Tumour of any size that invades: diaphragm,
mediastinum, heart, great vessels, trachea, recurrent
laryngeal nerve, oesophagus, vertebral body, carina
-or- Separate tumour nodules in a different ipsilateral
lobe to that of the primary

N: Regional Lymph Nodes

NX: Regional lymph nodes cannot be assessed

NO: No regional lymph node metastasis

N1: Metastasis in ipsilateral peribronchial and/or
ipsilateral hilar lymph nodes and intrapulmonary
nodes, inlcuding involveent by direct extension

N2: Metastasis in ipsilateral mediastinal and/or
subcarinal lymph node(s)

N3: Metastasis in contralateral mediastinal,
contralateral hilar, ipsilateral or contralateral
scalene, or supraclavicular lymph nodes(s)

M: Distant Metastasis

MO: No distant metastasis

M1: Distant metastasis

Timi: Minimally invasive carcinoma
Tla:<1cm in greatest dimension

Tlb: > lcm and < 2cm in greatest dimension
Tie: > 2cm and < 3em in greatest dimension

T2a: > 3cm and < 4cm in greatest dimension
T2b: > 4cm and < 5em in greatest dimension

Mia: Separate tumour nodule(s)
in a contralateral lobe; tumour
with pleural or pericardial
nodules er malignant pleural or
pericadial effusion

Mib: Single extrathoracic
metastasis in a single organ

Mile: Multiple  extrathoracic
metastasis in a single or multiple
organs

Figure 1.8 Summary of staging of lung cancer according to the TNM staging classification 8" edition.

Adapted from (90).
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Figure 1.9 Oncogenetic driver mutations of non-small cell lung cancer adenocarcinoma. Adapted
from (94).

1.3.4 Lung cancer treatment strategies

Traditional treatment of cancer is based around three pillars of therapy; surgery,
chemotherapy and radiation. Depending on the stage of LC diagnosed, one or a
combination of these treatments may be selected as directed by evidenced-based

best practice associated with the histological and molecular definition of the tumour

type.

1.3.4.1 Traditional chemotherapeutics

The use of systemic chemotherapy to treat cancer beganin the 1940’s with the use
of Nitrogen Mustard, a non-specific DNA alkylating agent, to treat non-Hodgkin’s
lymphoma. Although treatment did not deliver long-term results, it marked the
beginning of the explosion of drug discovery to treat cancer (95). Traditional
chemotherapeutics target rapidly proliferating cells and interfere with this
proliferation. They do not have cancer cell-specific toxicity, and can indiscriminately
target any cell in the body, including bone marrow and hair, resulting in some of the
common side-effects associated with treatment. Chemotherapy can be divided into
a number of classes depending on the mechanism of action of the drug, most of
which interfere with DNA or microtubule formation, with some examples of
chemotherapedtics listed in Table 1.3.
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Table 1.3 Chemotherapeutics used in the treatment of lung cancer.

Drug indicated for

Drug class Mechanism of action
NSCLC
. Damage DNA and interfere Not usually indicated for
Alkylating drugs . — .
y g g with cell replication use in NSCLC
: Multiple methods, primarily Not usually indicated for
Anthracyclines intercalation of DNA use in NSCLC
Interfere with cell division and
ArTsiE Bl TEs growth due to similar structure Gemcitabine,
as essential cellular Pemetrexed,

components

Antimitotic agents which bind to
tubulin and prevent the Etoposide for SCLC
formation of microtubules

Vinca alkaloids
and etoposide

Platinum Forms DNA adducts to prevent

compounds replication Cisplatin, Carboplatin

Antimitotic agents which

-~ ) Paclitaxel, Docetaxel
stabilise microtubules

Taxanes

Topoisomerase | Inhibits topoisomerase | which

inhibitors is involved in DNA synthesis Topotecan for SCLC

In this thesis, the focus is on the use of the platinum-doublet regime, comprising of
cisplatin and paclitaxel. Cisplatin is a platinum-based drug, which was first
synthesised in 1844 (96). It is slightly soluble in aqueous media, and is normally
administered via the intravenous (IV) route. It is indicated for treatment of a range
of solid tumours, including lung, testicular, cervical, bladder, and head and neck
cancer (97). A major drawback of cisplatin treatment is the toxicity associated with
its administration, including severe nausea and vomiting, nephrotoxicity, ototoxicity,
peripheral neuropathy and myelosuppression. Aggressive IV administration of
fluids for hydration is required during cisplatin administration to minimise renal
toxicity (97). Cisplatin-induced cellular apoptosis is mediated by the formation of
DNA adducts. Uptake of cisplatin into the cell is facilitated by a copper transporter
(Ctrl) present on the cellular membrane. Activation of the cisplatin molecule occurs
following hydrolysis in the cytoplasm when water molecules replace the chloride
atoms on the cisplatin structure. This enables binding of the electrophilic hydrolysed
cisplatin to the nucleophilic purine residues on DNA. The subsequent damage to
the DNA interferes with normal cell division processes, and induces apoptosis.
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However, resistance to cisplatin treatment frequently develops with suggested
mechanisms for this resistance including a reduction in the cellular uptake of
cisplatin into the tumour cell due to cisplatin-induced degradation of the Ctrl
membrane transporter, and development of increasingly effective DNA adduct

repair mechanisms by the tumour cell (96, 98).

Paclitaxel is an anti-mitotic agent, which was first isolated from the Pacific yew tree
(taxus brevifolia) inthe 1960’s, and entered clinical trials in the 1980’s, before being
approved by the United States Food and Drug Administration (FDA) for use in
NSCLC in 1999 (99). Paclitaxel is insoluble in water, which presents formulation
and drug delivery challenges. To facilitate IV administration, paclitaxel is formulated
in a polyoxyethylated castor oil and ethanol vehicle, known as Cremophor EL (100).
Cremophor EL is associated with severe hypersensitivity reactions and toxicity,
necessitating a pre-medication schedule consisting of an anti-histamine, a
histamine H2-receptor antagonist and a corticosteroid (97). Other side-effects of
paclitaxel treatment include myelosuppression, peripheral neuropathy, cardiac
conduction defects with arrhythmias, hair loss, muscle pain and mild to moderate
nausea and vomiting. In an effort to overcome the hypersensitivity and toxicity risk
associated with Cremophor EL, an albumin-bound paclitaxel nanoparticle
formulation was developed, Abraxane, which was approved for use as second line
treatment in defined circumstances of metastatic breast cancer, pancreatic cancer
and NSCLC (97, 101). Paclitaxel's anti-tumour activity is exerted via microtubule
stabilisation, which disrupts the normal process of mitosis in the G2/M phase, and

halts cellular division (102).

1.3.4.2 Precision treatment options

Modern LC treatment is a rapidly evolving field, with guidelines and
recommendations changing at considerable pace. With a number of new small
molecules and monoclonal antibodies approved for LC, and even more in clinical
trials, the era of precision oncology has called for increased histological and
molecular classification of LC tumours to screen for mutations and protein
expression, which may allow for personalised medication regimes design. Although
a number of these drugs have been integrated into first line therapy
recommendations, conflicting and confusing clinical trial outcomes have led to
uncertainty over the benefit inferred to the patient, especially when considering the
cost associated (103). Overall, scientists and clinicians involved in LC research and

treatment have called for the development of more robust and reliable biomarker
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screening to improve selection of precision medicines, and ultimately clinical
outcomes (104, 105).

Tyrosine kinase inhibitors (TKIs) are small molecule therapeutics, which have been
successful as targeted treatments for oncogenetic drivers, such as EFGR mutations
and ALK rearrangements. EFGR mutations and ALK rearrangements are more
commonly found in NSCLC with adenocarcinoma as histological subtype, and
never smokers (106, 107). Resistance to treatment has led to the development and
licensing of multiple generations ofthese targeted therapies. Table 1.4 details some

of the commonly used TKIs in NSCLC treatment.

In recent times, immune-oncology has come to the forefront of cancer therapy,
whereby the altered immune response in cancer pathology is targeted. A number
of inhibitory pathways, known as “immune checkpoints”, are integral to the function
of the human immune system (108). These checkpoints ensure efficient and
measured immune responses to stresses in the body. They can, however, also be
manipulated by tumour cells in order to evade detection, and subsequent
destruction, by immune cells. LC has a number of immune-evasive pathways,
including induction of cytotoxic T-lymphocyte antigen-4 (CTLA-4) and
overexpression of PD-L1 (109). Four immune-oncology therapeutics have been
approved for the second line treatment of NSCLC (Table 1.4). More recent clinical
trials have, however, highlighted the shortcomings associated with the use of these
agents as a first line treatment, further reinforcing the need for more robust
biomarkers to determine appropriate treatment pathways for patients (110).
Combination therapy of immunotherapy drugs has been suggested as a means to
improve progression-free survival rates, with a recent Phase Il clinical trial
(CheckMate 227, NCT02477826) supporting the combination use of a CTLA-4 and
PD-1 inhibitor, ipilimumab and nivolumab, as first line treatment in patients with
NSCLC and a high tumour mutational burden (111).
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Table 1.4 Targeted therapies for common genetic mutations and immune-oncology drugs approved
for treatment of non-small cell lung cancer. FDA, Food and Drug Administration. EGFR, Epidermal
growth factor receptor. ALK, Anaplastic lymphoma kinase. PD-1, Programmed cell death protein 1.

PD-L1, Programmed death ligand 1.

Mutation/Target

Kras (112)

EGFR (113-116)

ALK (117-119)

PD-1 (120)

PD-1 (121)

PD-L1 (122)

PD-L1 (123)

Treatment

No effective

targeted therapy

available
15t generation

- Gefitinib

- Erlotinib

2" generation
- Afatinib

3" generation
- Osimertinib
15t generation
- Crizotinib
2"d generation
- Ceritinib
- Alectinib

Nivolumab

Pembrolizumab

Atezolizumab

Durvalumab

FDA Approval
Initial Current
15t line  monotherapy
2003, 2004
treatment of EGFR+
NSCLC tumours, which
have EGFR exon 19
deletions or exon 21
2013 1 858R) substitution
mutations
2017
2011
ALK+ NSCLC
2014, 2015
Second line metastatic
2015 NSCLC (progression with
platinum-based
chemotherapy)
Second line metastatic
2015 NSCLC that has advanced
on previous treatment,
with PD-L1 expressing
tumours
Second line metastatic
2016 NSCLC (progression with
platinum-based
chemotherapy)
2018 Advanced late stage

NSCLC that has stabilised
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1.3.4.3 Current treatment regimens

Clinical guidance for NSCLC treatment is undergoing frequent updates as new
evidence comes to the fore (124). The National Institute for Health and Care
Excellence (NICE) is a special health authority in the United Kingdom, which
develops guidelines and standards to ensure quality health and social care for
patients in the National Health Service (NHS), across most illness and disease
states. Currently, NICE guidelines recommend an initial screening of LC patients
by a thoracic oncologist and thoracic surgeon to establish the patients’ suitability
for multimodal treatment plan, which encompasses surgery, chemotherapy and
radiation. There are five main options presented by the NICE guidelines as

treatment pathways, which are detailed in Figure 1.10.

1st line for Stage Il or IV:

Radiofrequency 3rd generation drug + platinum drug

ablation

EGFR- or ALK- TKI if

Microwave mutation confirmed

ablation

Local ablative . ‘ .
embrolizumab if
Irreversible pI'OCEd ures criteria met

electroporation
only for research

Other combinations
recommended based on
Primary and secondary tumours pathology/maintenance status

NICE
Guidance for
s NSCLC

Curative intent
if suitable

No chemotherapy l

pre-surgery

N

Photodynamic

therapy

Localised inoperable
endobronchial cancer

Post-surgery chemotherapy

depends on tumour pathology Radiotherapy

Stage | - lll: curative
Combined with intent if not suitable
chemotherapy for Stage I - for surgey
III'if not suitable for surgery Good performance status,

minimal risk to healthy tissue

Figure 1.10 Summary of The National Institute for Health and Care Excellence (NICE) guidance

pathway for treatment of non-small cell lung cancer (NSCLC). Adapted from (125).
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1.3.4.4 Pharmacoeconomics

Pharmacoeconomics is the application of economic parameters to a drug treatment
or healthcare intervention. Cost effectiveness considerations in selecting cancer
treatment is given prominence in NICE guidelines. In 2009, LC accounted for the
biggest proportion of cancer care costs inthe European Union (EU). Approximately
€18.8 billion of the EU cancer care budget was spent on the treatment of LC
patients, equivalent to 15% of the total budget (126). The newer cancer treatments
are commonly associated with considerably larger reimbursement costs. As
different disease management pathways become available, the rising costs
associated with treatment must be critically assessed against the clinical benefit to

the patient.

NICE has determined that £30,000 is a reasonable cost to be associated per
quality-adjusted life year (QALY) (127). In contrast, increasingly high development
costs associated with bringing a new cancer therapy to market in the United States
have been estimated to result in the new therapy costing $2.7 million per life year
saved. It has also been noted in an increasing number of instances that these
inflated costs do not equate to increased patient safety outcomes (127). Evidently,
new strategies need to be employed to reduce the cost of drug development and

improve patient outcomes simultaneously.

1.4 Interventional Oncology and Intratumoural Drug Delivery

As previously stated in Section 1.3, standard chemotherapy regimens are delivered
to the patient via IV infusion of cytotoxic substances. The reduction in quality of life
during traditional chemotherapedutic treatment due to off-target side-effects is well
documented, resulting in physical, psychological and social implications for the
patient (128). Locoregional chemotherapeutic administration is emerging as a
potential treatment pathway, which may improve rates of success, with concomitant

reduction in side-effect profiles (129).

IO has developed as a new sub-specialty of interventional radiology. IO utilises
image-guided techniques to perform minimally invasive procedures inthe treatment
of cancer. Imaging is used in the diagnostic, treatment and post-treatment stages
of patient care (130, 131). Though a relatively new field, IO is a rapidly expanding
area with the initial focus being directed towards hepatocellular carcinoma (HCC).
Two-thirds of the IO related articles published between 1996 and 2008 were on the
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topic of IO applications in liver cancer. 10 in LC is particularly important in the field
of diagnostics. Its therapeutic value is becoming more prominent with the advent of
advanced imaging modalities and medical devices facilitating the minimally invasive
procedures (132, 133). There are a range of procedures now in clinical practice
which fall under this sub-specialty, including ablation and embolisation, which
centre on direct treatment of the tumour under image guidance, and these will be

discussed further below in Sections 1.4.1 —1.4.3.

1.4.1 Ablative procedures

Ablative procedures can be divided between chemical and energy-based ablation.
Chemical ablative procedures include the IT injection of absolute ethanol or acetic
acid under image guidance. This technique is most commonly used in the treatment
of liver cancer. Successful treatment of liver cancer using alcohol ablation has been
reported for treatment of small tumours (less than 3 cm). Treatment schedules call
for frequent dose administration, with up to four to eight sessions required once- or
twice- weekly. Other limitations associated with alcohol ablation are uneven tumour
distribution and a high recurrence rate (up to 43% of cases) (134). Alcohol ablation
was recommended as the standard of care for interventional ablative treatment of
liver cancer for many years but newer ablative techniques, such as radiofrequency

ablation (RFA), are overtaking it as the ablative treatment of choice (135).

Energy-based ablative interventions were previously referred to as thermal
ablation. This term had to be broadened to encompass newer technologies which
do not utilise the application of extreme temperatures to the tumour site to achieve
ablation, such as irreversible electroporation (IRE) (136). Thermal ablation
procedures, using high (over 60°C) or low (less than -40°C) temperatures, are
utiised to bring about tumour tissue destruction (137). RFA and microwave
frequency ablation (MFA) are techniques which utilise heat to induce cell death.
Initially, both techniques were developed for the treatment of liver carcinoma, but
their application in LC is also being investigated (138). The use of RFA is restricted
in certain tumours because it cannot be used to treat tumours close to vasculature.
It is also associated with decreased efficacy in large tumours. RFA is suitable for
the treatment of tumours located in the outer two-thirds of the lung parenchyma
(139). MFA is more suited to treatment of a larger tumour mass due to greater
ablation zones than RFA, but adoption of this technique into clinical guidance
requires more clinical evaluation (139, 140). The aerated nature of the lung limits
the conductivity of RFA, but improves the mechanism of MFA (141).
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A prospective, intention-to-treat, single-arm, multicentre clinical trial evaluated the
effectiveness of RFA treatment in LC patients (142). This clinical trial found that a
complete tumour response was elicited in a high proportion of patients for the
duration of a 2 year observation period following treatment. RFA has been proposed
to be most successful for the treatment of lung tumours with a diameter of less than
3 cm (143). A retrospective study of 69 cases of MFA treatment of LC determined
that its efficacy may also be limited by tumour size. This study concluded that
tumours with a diameter of greater than 4 cm were more likely to continue to
progress after MFA treatment (144). Both RFA and MFA treatment of lung tumours
have excellent side effect profiles, with pneumothorax listed as the most common

complication for both procedures (145, 146).

Percutaneous cryoablation employs freeze-thaw cycles to induce cell death and
also relies on the recruitment of inflammatory cytokines to the treatment site (140).
Cryoablation has been found to be effective in treatment of early stage NSCLC (77
— 88% survival after 3 years) and to improve overall survival (OS) rates in late stage
LC when compared to palliative treatment (median OS: 14 months following

cryoablation vs 7 months following palliative treatment) (147, 148).

IRE is a non-thermal energy-based ablation technique, which is proposed to
improve tumour tissue selectivity and consistency of treatment, compared to
thermal ablative procedures. Currently, IRE procedures are only recommended in
the context of research by NICE guidelines. The guideline surrounding the
procedure firreversible electroporation for treating primary lung cancer and
metastases in the lungo states that more evidence is needed to support the claim
that IRE has improved tumour tissue selective targeting, compared to other ablative
procedures (149). IRE involves the application of short electrical pulses to the
tumour, which creates permanent nanopores in the cell membrane, thereby
disrupting the cellular homeostasis, resulting in cell death (150). NanoKnife®
system is a FDA cleared medical device which consists of an IRE generator, and
up to six probes, with the procedure being carried out under CT or ultrasound (US)
guidance. It has clearance for the ablation of soft tissue, but it is not specified for a

particular condition (151).

To date, the studies conducted on thermal ablation techniques for LC applications
have had small patient sample sizes, which limits the validity of results. Larger
patient trials need to be conducted in order to determine the overall efficacy and

safety of these treatments. A limitation of these techniques is the small tumour
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dimensions required for success (3 —4 cm). Thermal ablation treatment may not be
appropriate for patients in the T2b and above categories based on the 8™ edition of
the TNM classification system, and therefore other treatments must be utilised. One
study determined that approximately 45.7% of all patients included in the analysis
(n=1272) had a tumour diameter of greater than 3 cm (152), indicating that a
sizeable proportion of LC patients do not fall within the acceptable range for this

procedure.
1.4.2 Embolisation procedures

Transarterial embolisation (TAE) is a technique commonly used in the treatment of
HCC. It involves the placement of a catheter in the tumour-supplying arteries, which
arise from the main hepatic artery. This is done with a view to delivering an embolic
agent to cut off blood supply to the tumour mass, which will result in ischemia and
cell death. The liver is well vascularised, and as such, other blood vessels can
maintain adequate blood supply to the rest of the organ (153). This may be a limiting
factor in the translation of this technique to other tumours, since a well vascularised
organ is required to ensure that healthy tissue is not compromised. A modification
of the TAE procedure is known as transarterial chemoembolisation (TACE). This
involves the delivery of chemotherapeutics in a drug carrier, usually ethiodized oil,

during the embolisation procedure (154).

Polymeric drug delivery platforms have been proposed to improve sustained
release of locally administered chemotherapeutics (129). Drug eluting beads (DEB)
are polymeric microparticles which can be delivered using the TACE procedure
(DEB-TACE). Once delivered via catheter, the DEBs can act to block tumour-
supplying blood vessels, while simultaneously delivering loaded chemotherapeutics
(155). The DEB-TACE technique was developed in order to account for the
inconsistent delivery of chemotherapeutics using conventional TACE (cTACE)

procedures.

A number of commercially available drug-loaded microspheres have received CE
marking in Europe, although none have been approved by the FDA. These include
DC Bead (BTG, UK), HepaSphere™ (also known as QuadraSphere in US, Merit
Medical, USA), LifePearl® (Terumo, Japan) and Embozene TANDEM (Boston
Scientific, USA). These DEBs are available in a range of sizes, from 70um —
800um. DC Bead is the most commonly used chemoembolic used in clinical

practice (156). DC Beads are composed of a polyvinyl alcohol hydrogel, which has
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modified sulfonate groups. Drug-loading is achieved by ionic interaction of the
positively charged chemotherapeutic drugs to the negatively charged sulfonate
group on the DC Bead (157). Commercially available DC Beads range in size from
70um — 700um. The first clinical trials employed using DC Beads utilised the larger
size range (500pum — 700um) (158), with the smaller size range tending to be the
preferred product in more recent years (159). The smaller size range is said to
improve distal tumour penetration, without increasing the risk of off-target
embolism, a side-effect which had previously been a limiting factor in the use of
these smaller microspheres (160). Size of bead, chemotherapeutic chosen and
dose of chemotherapeutic all affect loading times recommended by the
manufacturer. Doxorubicin and irinotecan are the only drugs currently indicated for
DEB-TACE treatment. A limitation of this loading method is that chemotherapeutics

without a positive charge cannot be loaded into the beads under these conditions.

Many of the clinical studies involving DEB-TACE treatment compare efficacy and
safety to cCTACE. A Cochrane review concluded that cTACE did not improve health-
related quality of life outcomes (153), and DEB-TACE seeks to improve on this
through sustained release of the loaded therapeutics. The first results from clinical
investigations involving DEBs were published in Europe (n=27) and Asia (n=15
Phase |, n=20 Phase Il) in 2007 (158, 161) and in America in 2009 (n=20) (162).
These three trials were small, single arm investigations into the safety, efficacy and
technical feasibility of DEB-TACE treatment. In the period since these initial trials,
single armed studies have continued to populate the clinical evidence gathered to

support IO integration into clinical practice (163).

Application of chemoembolisation in LC is currently being evaluated. Vogl et al.
(2005) conducted a small interventional study to evaluate the effectiveness of
pulmonary arterial chemoembolisation (PACE) in LC metastases (n=23). They
found that 8 patients had a reduction intumour volume, 6 patients had no increase
or decrease in tumour volume, and 9 patients had disease progression following
treatment. This study was limited in sample size and lack of control group for
comparison (164). The application of DEB-TACE requires more evaluation for

efficacy and safety in LC models.

DEB-PACE was also assessed in a sheep model using Irinotecan-loaded DEBs
(DC Bead®, 300-500um). The irinotecan DEBs were administered to the
descending right pulmonary artery of a healthy sheep lung via super-selective

catheterisation. Various doses of Irinotecan-loaded DEBs were assessed and
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compared to direct injection of irinotecan solutions to the pulmonary artery. A
significant decrease in systemic drug concentrations following DEB-based
administration was observed, compared to free irinotecan administration. The
authors suggest that the embolisation of the pulmonary artery with DEBs prevented
the released irinotecan from “wash-out” into the systemic circulation. The irinotecan
solution did not have the same protection and, therefore, the drug solution was
more easily carried to systemic circulation. None of the treatment-limiting toxicities
normally associated with systemic irinotecan treatment in humans, such as severe
diarrhoea and neutropenia, were observed in the DEB treated animals, which may
be associated with the reduced systemic concentration (165). These studies
demonstrate the feasibility of DEB-PACE in LC.

1.4.3 Intratumoural administration

Direct injection of the chemotherapeutics into the tumour mass is known as IT
instillation. This technique aims to deliver the chemotherapeutics only to the site of
action, thereby reducing the off-target side-effects commonly associated with
traditional chemotherapy. In vivo animal studies have shown that direct IT
instillation of chemotherapeutic solution can deliver more than 10 — 30 times the IV
dose, with minimal side effects (57). Celikoglu et al. (2006) demonstrated that IT
administration of up to 40 mg of cisplatin (4 mg/ml) was safe and feasible using
endobronchial access to lung tumours as a debulking method prior to surgery
(n=17) (166), or irradiation (n=23) (167). Subsequent to this, they published a
detailed protocol on IT administration to lung tumours (57). 20 mg of cisplatin (1
mg/ml solution) was administered to patients with NSCLC (n=15) and determined
to be a safe and feasible method of palliation of these tumours (168). Schmidt et al.
(2013) demonstrated that IT administration of cisplatin to NSCLC tumours could
also incorporate direct treatment of lymph nodes associated with the tumour (169).
Treatment of lymph nodes is proposed to impact the metastatic processes of LC.
Lymph nodes associated with the tumours may also benefit from the “non-direct
treatment” following drainage of IT administered chemotherapeutics during
clearance (170). 10 mg of cisplatin was also delivered in 20 — 30 ml of a 5% ethanol
solution using 22G needles and percutaneous access to lung tumours in repeated
cycles of weekly IT administration (171). The authors of this study indicated that IT
treatment, combined with second line chemotherapy, suggested improved survival,
although this conclusion should be interpreted with caution due to the small sample

size (n=17). Treatment was also observed to be well tolerated. IT cisplatin (1 mg/ml)
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was investigated in the treatment of isolated hilar and mediastinal recurrence of LC
following radiation, with 69% of patients treated responding to treatment (n=35). A
multi-centre trial (n=88) assessed the effects of IT administration of para-
toluenesulfonamide in ethanol for palliation and debulking of severe malignant
airway obstruction, and found it to prolong survival, with minor normal tissue
damage (172). More recently, IT administration of viral-based treatments for LC has
been assessed. A Phase | trial investigating [T administration of autologous
dendritic cells transduced with an adenoviral vector expressing the CCL21 gene for
LC patients observed that 25% of patients had stable disease after 56 days,
although the small sample size once again limits the reliability of results (n=16)
(173). IT administration of adenoviral p53 was also investigated in a Phase I clinical

trial, and determined to be safe and feasible (n=15) (174).

While clinical investigations to date provide proof of concept, and support the safety
and feasibility of the IT approach, the small sample sizes involved limit the
conclusions that can be drawn with regards to efficacy. Another issue facing direct
IT instillation of chemotherapeutic solutions is the rapid clearance of these drugs
from the tumour site, which results ininaccurate and unpredictable dosing. Attention
has turned to the development of drug delivery systems, which can facilitate
sustained release of chemotherapeutics from inside the tumour. Thermoresponsive
hydrogels are one such drug delivery platform suitable for IT administration (175).
As outlined in Section 1.2.3, the in situ gelation of thermoresponsive hydrogels
facilitates an increased retention time, allowing for sustained release of

chemotherapeutics at the site of action.

1.4.4 Pre-clinical investigations of thermoresponsive hydrogels for

intratumoural administration

Various studies have investigated the efficacy of IT delivery of drug-loaded
thermoresponsive hydrogels in pre-clinical models of a variety of solid tumours.
Single and multi-drug-loading of thermoresponsive hydrogels has been
investigated, in order to ascertain the efficacy of locoregional sustained release of

chemotherapeutics from within the tumour.

P407 thermoresponsive hydrogels are commonly employed as drug delivery
platforms for IT administration to solid tumours, with the superiority of this treatment
modality compared to systemic administration established in a number of pre-
clinical models of solid tumours (176-179). Other thermoresponsive hydrogels have

57



also been investigated, including poly(ethylene glycol)-b-poly(caprolactone-co-
lactide) diblock copolymer loaded with doxorubicin or 5-fluorouracil. A single IT
injection of these drug-loaded thermoresponsive hydrogels resulted in greater or
equivalent tumour growth suppression as repeated systemic administration of the
same drug solution (180, 181). Preferential accumulation and retention of paclitaxel
in tumour tissue following IT administration of a paclitaxel nanoparticle-loaded
thermoresponsive hydrogel was observed in vivo, compared to the IT or
systemically administered paclitaxel solution (182). IT delivery of dual drug-loaded
thermoresponsive hydrogels has also reported improved efficacy and side-effect
profiles (178, 183), with the challenge associated with multi-drug-loading well
documented (52).

1.4.5 Clinical investigations of thermoresponsive hydrogels for

intratumoural administration

A number of clinical trials involving IT delivery of thermoresponsive hydrogels have
evaluated their potential in the treatment of solid tumours, although successful

translation into clinical practice has not yet been established.

OncoGel™  (Protherics, Salt Lake City, USA) is a paclitaxel-loaded
thermoresponsive hydrogel, based on the Regel polymer. ReGel is a triblock
copolymer comprised of PLGA-PEG-PLGA. ReGel increases the solubilisation of
hydrophobic drug molecules, like paclitaxel, due to formation of micelles with
hydrophobic cores. In clinical studies, OncoGel™ was prepared for administration
in a single-use syringe, with varying paclitaxel concentrations. Dose related toxicity
was seen at the local site of administration but no systemic toxicity was reported
(184). OncoGel™ was administered as an adjunct to radiotherapy in a Phase Il
clinical trial for treatment of patients with inoperable oesophageal cancer.
Increasing doses of paclitaxel (0.48 — 2 mg of paclitaxeltumour cm?3) administered
IT using OncoGel™ were well tolerated, and it was reported that, in conjunction
with radiotherapy, OncoGel™ was clinically effective at reducing tumour burden
(185). A Phase lIb clinical trial (NCT00573131), comparing local administration of
Oncogel™ to oesophageal tumours prior to systemic chemotherapy and concurrent
external beam radiation to the same treatment without Oncogel™, was prematurely
terminated to due lack of improved efficacy in comparisonto the control group. The
authors of this study concluded that while locoregional delivery of Oncogel™ was

feasible and safe, efficacy over current therapies could not be established (55).
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MitoGel™ (Urogen Pharma Ltd., Israel) is a mitomycin C (MMC)-loaded
thermoresponsive hydrogel, based on the RTgel (TC-3 gel) technology. This
technology (proprietary information) has been developed for the treatment of
bladder diseases, and has been loaded with other therapeutics, including Botulinum
Toxin, for a number of indications. MitoGel™ is proposed for use in the treatment
of low-grade, non-muscle invasive upper tract urothelial carcinoma (UTUC) (186).
The technical feasibility and safety of MitoGel™ administration has been evaluated
in a preclinical swine model (61). A pivotal, open-label, single-arm Phase 3 clinical
trial, the OLYMPUS study, was commenced in April 2017 (NCT02793128). This
clinical trial was approved by the FDA, based on findings submitted from the
ongoing investigator-initiated compassionate use programme, in relation to the
safety and efficacy of this technology (186). The compassionate use clinical trial is
classified as an expanded access trial for an individual patient, between 76 and 77
years of age (NCT02701023). The total duration for this study was set at three
months, and at date of writing no results have been released (56). Vesigel is
another MMC-RTgel thermoresponsive hydrogel developed by Urogen™ with
some initial clinical studies indicating its potential in the treatment of low grade non-

muscle invasive bladder cancer.

A non-thermoresponsive injectable cisplatin/epinephrine purified bovine collagen
gel (IntraDose®, Matrix Pharmaceuticals, CA, USA) designed for IT administration
received orphan drug designation for treatment of recurrent squamous cell head
and neck cancer in 2000. Human trials progressed to Phase Il randomized, double-
blind, placebo-controlled, multi-centre trials. The FDA, however, denied the “New
Drug Application” (NDA) based on the lack of objective clinical efficacy. The
experimental design was also called into question, as the statistical significance of
the primary endpoint was determined from the pooling of data from two studies. The
primary endpoint was “patient benefit” and the NDA reviewers were of the view that
this was not well correlated with tumour response (54). Use of non-traditional
primary endpoints is a common feature of 10 clinical trials, and a significant
challenge exists in demonstrating sufficient evidence to gain regulatory approval

based on these alternative endpoints (163).

An excellent review by Franklin et al. (2014) explores the challenges facing clinical
trials in 10. One of the most interesting points raised by the authors is the difference
between efficacy, as measured by disease response to the intervention, and clinical

effectiveness, which encompasses efficacy, but also takes into account the patient
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benefit. They note that it is clinical effectiveness which prompts changes in clinical
practice (163). The outcomes commonly selected in clinical trials for traditional
oncology treatments are often not applicable in I0. Generally, OS is recognised as
the most important primary endpoint in oncological clinical trials, but this may not
be the most relevant measure of treatment success in IO trials. Local tumour
response (e.g. time to tumour progression, and quality of life of patient undergoing
treatment) may prove to identify the benefit of drug delivery using IO procedures,
and locate the speciality more firmly in clinical practice. It has also been noted that
clinical trials in 1O are limited by small sample sizes, non-blinding of clinicians due
to technical requirements of the procedure, and lack of control groups. Innovation
is required in trial design and patient recruitment to ensure that robust, well

designed clinical trials are carried out (187).
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1.5 Aim and objectives

It was hypothesised that a chemoablative, thermoresponsive hydrogel could be
formulated as a dual drug delivery platform for IT administration to LC.

The aim of this thesis was to develop, characterise and evaluate a novel dual drug-
loaded thermoresponsive hydrogel for use as an IT drug delivery platform in LC.

The main objectives of this thesis were to:

Objective 1. Optimise and characterise a novel thermoresponsive hydrogel

containing cisplatin and paclitaxel (Chapter 2)

Objective 2: Assess the in vitro cytotoxicity of the blank and drug-loaded
thermoresponsive hydrogel in a 2D and 3D model of a human lung cancer cell line
(A549 cell line), and in a non-cancerous cell line (3T3 Balb/c clone A31 cell line)
(Chapter 3)

Objective 3: Evaluate the translational reality of thermoresponsive hydrogels for 10
procedures, and modify the lead blank and drug-loaded formulations to address

selected clinical adoption and regulatory hurdles (Chapter 4)

Objective 4. Evaluate the acute in vivo retention, efficacy and off-site toxicity
profiles of IT administration of lead thermoresponsive hydrogel formulations in an

A549 murine xenograft model of LC (Chapter 5)
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2.1 Introduction

Development of a baseline thermoresponsive hydrogel consisting of P407, 2-
Hydroxypropyl-B-Cyclodextrin (HP-B-CD), Chitosan (CS) and Genipin (GP) had
been previously undertaken in the Kelly lab (unpublished data). However, a full
understanding of the impact of variations to the formulation had not been
undertaken. This section provides an overview of the main constituents of the

thermoresponsive hydrogel formulation, and their function in the final product.

Excipients in pharmaceutical formulations are often defined as “inert drug carriers”
that only function to modify the physicochemical features of the formulation or to
improve the patient acceptability of the final formulation. However, it is now
recognised that newer hydrogels are formulated with multifunctional excipients,
which have the potential to augment the overall therapeutic effect of the chemical
payload they are delivering (188). These excipients can facilitate a range of actions
including; increased drug delivery to the site of action using targeting mechanisms,
increased cellular uptake at the site of action, and exerting a pharmacological effect

at the site of action.

2.1.1 Poloxamer 407

2.1.1.1 Physicochemical properties

Poloxamer copolymers are composed of triblock arrangement of ethylene oxide
(EO) and propylene oxide (PO). A general formula, EOx-POy-EOx, is applicable to
the composition of all Poloxamer formulations. The ratio of xy defines the
physiochemical properties of the product, including its hydrophilic/lipophilic nature
(32). P407 is commercially available as Pluronic F127, and is subject to
pharmacopoeial standards. It has a molecular weight (MW) range of 9,840 to
14,600 Da, and the PEO:PPO ratio by weight is approximately 2:1, with a HLB value
of between 18 and 23 (189, 190). P407 has been defined as an “inactive” ingredient
by the FDA (32).

As previously mentioned in Chapter 1, aqueous solutions of P407 exhibit
thermoreversible properties at concentrations of 20% w/w and above (33). P407
exists as a micellar solution at temperatures below the characteristic sol-gel
transition temperature, with micelles consisting of an extended hydrophilic PEO
corona and a hydrophobic PPO core (Fig. 2.1). The formation of micelles in solution

occurs at very low P407 concentrations, and the critical micelle concentration
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(CMC) is also affected by temperature; the CMC of P407 at 25°C is 0.7% w/v, and
is reduced to 0.025% w/v at 35°C. P407 can function as a solubiliser as methyl
groups on PPO in the hydrophobic core can interact with the desired hydrophobic
drug molecule via Van der Waals forces, while the hydrophilic PEO corona forms
hydrogen bonds with the surrounding water to improve aqueous solubility of these
drugs (28, 189).

SIS, ' Inceasing %* * increasig

---------------------

§ / ‘ § Micellisation Gelation

Figure 2.1 Poloxamer solutions (left) undergo micellisation (centre) and gelation (right) at

characteristic concentration dependent temperatures. Adapted from (32).

P407 solutions undergo gelation as temperatures increase past the sol-gel
transition temperature to form a closely packed micellar hydrogel (Fig. 2.1) (191).
Increased concentrations of P407 produce higher viscosity formulations with lower
sol-gel transition temperatures (30). The viscosity of the P407 formulations in the
liquid state is highly dependent on both temperature and concentration, but in the
gel state, the viscosity is seen to be independent of these variables (31). In general,
P407 produces low viscosity formulations, and this imparts poor mechanical
strength to the hydrogel, which results in fast disintegration rates in vivo (25). The
addition of a crosslinked interpenetrating agent can be utilised to increase the
strength of Poloxamer-based gels, and prolong the residence time in vivo (192).
For example, Poloxamer hydrogels were reinforced with CS and glutaraldehyde,
resulting in a significantly prolonged release profile of insulin (193). Additionally, it
is possible to chemically modify the Poloxamer structure to retard disintegration
rates (194).
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The sol-gel transition temperature of P407 thermoresponsive hydrogels can also
be modified by the addition of other excipients. Excipients in the final formulation
have been found to dramatically alter the thermoreversible properties of P407 due
to the effect on micelle formation and packing. In particular, salts significantly affect
the sol-gel transition temperature of P407 formulations, with the addition of sodium
chloride seen to decrease the critical micelle concentration and the critical micelle
temperature (195). The release rates of drugs from P407 thermoresponsive
hydrogels can also undergo changes following addition of salts to the final
formulation (196). Therefore, careful consideration must be given to choice and
concentration of excipients in P407 formulations, in order to ensure that the

thermoresponsive nature is maintained.

Due to its pseudoplastic behaviour, the viscosity of P407 formulation decreases
with increasing shear rates, which facilitates the use of P407 as an injectable liquid
formulation at room temperature. Injected P407 can then undergo in situ gelation in
response to the increased temperature, to form a gel bolus in the body, and

increase retention of loaded drugs at the site of administration. (30).

2.1.1.2 Biological properties

P407 has commonly been suggested for use in chemotherapeutic-loaded drug
delivery platforms, as it demonstrates chemosensitisation properties in multidrug
resistant cancer cells. The mechanism of action of the chemosensitisation has been
suggested to involve ATP depletion in the cancer cell, disruption of the
microviscosity of the cancer cell membrane, interference in the drug efflux process
via P-glycoprotein inhibition to increase intracellular concentration of
chemotherapeutics, and the glutathione/glutathione S-transferase detoxification
activity (197, 198). Doxorubicin and daunorubicin cytotoxicity was demonstrated to
be increased two to three fold following administration with P407 in animal models
(32). P407 was also seen to act as a chemoprevention agent, as it reduced the
number of aberrant crypt foci developed in a rat model of carcinogen-induced colon
cancer (199).

Intraperitoneal (IP) administered P407 in a rat model was found to be almost
entirely excreted from the body in urine over a 24 h period, with accumulation of
P407 observed in kidney and liver homogenates (200). The FDA summary of safety
and effectiveness document for LeGoo®, a 20% w/w P407 product for

endovascular occlusion, also indicates that P407 is excreted in the urine (201).
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2.1.2 2-Hydroxypropyl-B-Cyclodextrin

2.1.2.1 Physicochemical properties

Cyclodextrins (CDs) are commercially available amphiphilic pharmaceutical
excipients, commonly used to improve solubility of drugs with poor aqueous
solubility. CDs are large molecules, with a MW rage of 1,000 — 2,000 Da or greater.
It has been suggested that they can self-aggregate into super-complexes, further
increasing their size. They consist of cyclic oligosaccharides made up of 6 or more
(a-1,4)-linked D-glucopyranoside units, produced by bacterial digestion of starch
(202). Parent CDs can consist of six (a), seven (B), eight (y), nine (d), ten (€) or
more of these units. The chair conformation of the glucopyranoside units produces
a truncated cone shape, characteristic of CDs. The outside of this truncated cone
contains one primary and two secondary hydroxyl groups (on the wider and
narrower edge respectively) which impart the hydrophilic nature to the CD molecule.
The inner cavity has higher hydrophobicity and this facilitates complexation of
hydrophobic molecules to the CD (Fig. 2.2 A). (203, 204). According to the
Biopharmaceutical Classification System (BCS), Class Il or IV drug molecules are
drugs with poor aqueous solubility, accompanied by high or low permeability
respectively. The use of CDs to improve aqueous solubility facilitates these drugs

to act more like Class | molecules (high solubility, high permeability) (203).

Parent CDs have relatively poor aqueous solubility and contain large amounts of
hydrogen bond donors and acceptors, which imparts poor bioavailability
characteristics. CD parent molecules are chemically modified for use as
pharmaceutical excipients by substituting the hydroxyl groups on the parent
molecule with an alternative group, such as an alkyl or hydroxyalkyl groups. HP-B-
CD is a commercially available chemically modified CD, which involves the
substitution of one to three of the available hydroxyl groups on the parent 3-CD with

hydroxypropyl groups (Fig. 2.2 B) (205).

The incorporation of HP-B-CD in P407 formulations has been shown to increase
the sol-gel transition temperature in a concentration dependent manner (206). The
increased gelation is proposed to be as a result of steric hindrance caused by the
large size of the HP-B-CD molecule interfering with the P407 micelle network
formation, as well as increased competition for hydrogen bond formation with water

molecules. The ability of HP-B-CD to solubilise hydrophobic drugs, and to
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manipulate the thermoresponse of the hydrogel, makes it an attractive candidate

for inclusion in P407 formulations.
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Figure 2.2 (A) Truncated cone shape of cyclodextrins, which can complex with hydrophobic drug
molecules. (B) Chemical structure of 2-Hydroxypropyl-b-Cyclodextrin.

2.1.2.2 Biological properties

It has been demonstrated that HP-B-CD can act as an anti-cancer agent in its own
right (207). Yokoo et al. (2015) hypothesised that the mechanism of action may
involve HP-B-CD mediated interference with cholesterol homeostasis. They
propose that the increased cholesterol demands of a rapidly proliferating cancer
cell make this cell type more vulnerable to HP-B-CD directed cytotoxicity, although

they acknowledge more work is required to elucidate the exact mechanism (208).

HP-B-CD is almost exclusively eliminated unchanged by the kidneys following oral
administration, and is considered non-toxic at low to moderate oral and IV doses
(203). 1 g of HP-B-CD administered orally for one week has been shown to
demonstrate no adverse effects in humans (209). This low toxicity profile situates
CDs as a preferred solubilisers to organic solvents, which are commonly associated
with significant off-site toxicity profiles (210).

2.1.3 Chitosan

2.1.3.1 Physicochemical properties

CS is a polycationic polysaccharide derived from chitin, which is found in the
exoskeleton of many crustaceans, insects and fungi. Deacetylation of the chitin
units produces repeating units of glucosamine (3(1-4)-linked 2 amino-2-deoxy-D-
glucose) and N-acetylglucosamine (2-acetamindo-2-deoxy-D-glucose) (Fig. 2.3).

The quality of CS is defined by pharmacopoeial standards. The degree of
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deacetylation (DD) is defined as the ratio of glucosamine units to N-
acetylglucosamine units. The broadly accepted definition of CSis a DD of 70% or
more, with chitin being defined as a DD of 20% or less (211, 212).
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Figure 2.3 Chemical structure of Chitosan (213).

The physicochemical properties of CS are highly dependent on the DD and MW of
the CS produced. The hydrophilicity, hygroscopicity and viscosity are all mediated
by the DD and MW (211). It is of critical importance that these parameters are well
defined during production to ensure uniformity of products. The rate of degradation
of CSis also controlled by these parameters. The in vitro degradation of CS, using
a B-glucosidase enzyme, demonstrated that CS products with higher DD and MW
demonstrated a slower rate of enzymatic degradation (214). Increasing DD and MW
produces a more tightly packed structure, which reduces the capacity of CS to
imbibe water, thus reducing the rate of degradation in acidic,aqueous environments
(211). CS can undergo crosslinking via a number of different methods; chemical,
radiation or physical, depending on the molecule used. (215). The disintegration
time of P407 hydrogels has been shown to be increased by the addition of CS and

an additional crosslinking molecule (216).

2.1.3.2 Biological properties

CS is widely considered to be biocompatible, with a wide variety of applications in
tissue engineering, wound healing and as an antimicrobial (217). The apparent pKa
of the amino group is 6.5, and therefore, in acidic environments, the amino group
is positively charged (—NHzs*). This facilitates the binding of CS to the negatively
charged sialic acid, present in mucin, and prolongs retention time (218, 219).
Localised delivery of CS-based drug delivery systems benefits from this property,

as the retention time will be increased at site of action. CS has been shown to
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improve absorption through tight junctions in the epithelial layer, and therefore may

improve uptake of drugs delivered (211, 212).

CS has also been shown to have cancer cell-directed cytotoxicity. One study
demonstrated that treatment with CS induced cell death in vitro in an oral cancer
cell line (Ca9-22), but not in a non-cancerous human keratinocyte cell line (HaCaT).
Authors of this study propose that the cancer cell-directed cytotoxicity was as a
result of apoptosis and cell-cycle arrest inthe CS treated cancer cells (220). Gastric
cancer cells (MGC803) treated in vitro with CS nanoparticles also demonstrated
apoptotic cell death (221). CS treatment of in vitro melanoma cell lines determined
that upregulation of pro-apoptotic mediator Bax, and down regulation of anti-
apoptotic mediators Bcl-2 and Bcl-XL, could be responsible for the cytotoxic effects,
with varying degrees of efficacy seen across the three cell lines evaluated (222).
Efficacy of CS nanoparticle treatment was also established in in vivo murine models

of sarcoma and liver cancer (223).
2.1.4 Genipin

2.1.4.1 Physicochemical properties

GP is a metabolite of geniposide, which is found in dried fruit of the Gardenia plant.
This plant has been used in traditional Chinese medicine as a treatment for a myriad
of ailments, including headache, fever, jaundice, hepatic disorders and diabetes
(224, 225). In recent years, attention has been brought to the metabolite, GP, as a

“‘non-toxic” and “natural’ alternative crosslinker in pharmaceutical formulations.

GP can be employed as a chemical crosslinker, to impart improved mechanical
properties and disintegration profiles to pharmaceutical formulations. Chemical
links are formed by irreversible covalent linkages between GP and the biomaterial
to be crosslinked (192). GP is thought to react with amino groups on CS through
nucleophilic attack in order to establish these crosslinks (Fig. 2.4) (226). It is
commonly investigated as a crosslinking agent for CS and gelatin formulations,

fixing agents used in tissue grafts and scaffolds for tissue regeneration (227-229).

2.1.4.2 Biological properties

GP has been found to induce apoptosis in cancer cells and sensitise cancer cells
to chemotherapeutics (230). The cytotoxic capacity of GP is thought to arise from
its interaction with Uncoupling Protein 2 (UCP2) in tumour cells. Under normal

homeostatic conditions Reactive Oxygen Species (ROS) is produced in response
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to hypoxia. Cancer cells attempt to decrease ROS production, which threatens their
survival, by activating UCP2 found on the surface of mitochondria (230). The UCP2-
mediated reduction in ROS production facilitates maintenance of the hypoxic TME,
and thus potentiates tumourigenesis and treatment failure (231). Increased levels
of UCP2 have been identified in LC cells, as well as in ovarian, breast, bladder,
oesophagus, testicular, colorectal, kidney, pancreatic and prostate tumours and
leukaemia (232). The cytotoxicity appears to be tumour cell selective as L929
fibroblast cells treated with GP crosslinked CS have demonstrated ability to
undergo normal functions of attachment and growth (233). The in vitro expression
of UCP2 inan A549 NSCLC cell line was found to have a dose-dependent increase
in response to the levels of hypoxia induced inthe model. UCP2 knockdown in this
in vitro A549 model was also found to result in increased apoptosis (231). As
mentioned in Chapter 1, various tumourigenesis mediators, such as HIF1a and
VEGF are increased in the hypoxic TME, and GP was shown to reduce the
accumulation and expression of these mediators in vitro, which subsequently
reduced the invasive capacity of the cancer cells (234). In vivo studies have also
demonstrated the inhibitory effect of oral GP treatment on tumour burden, which is
proposed to have been as a result of interference with cytokine production and
recruitment of tumour associated macrophages (235).
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Figure 2.4 Chemical structure of Genipin (left) and Genipin crosslinked Chitosan chains (right).
Adapted from (236).
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2.1.5 ChemoGel formulation

As outlined above, each of the excipients included in the ChemoGel formulation
has a multifunctional purpose, with physicochemical and biological effects relevant

to the treatment of solid tumours using drug-loaded thermoresponsive hydrogels.

P407 functions as the main thermoresponsive constituent of the formulation. The
solubilisation properties of P407 will be used to increase the solubilisation of the
cisplatin and paclitaxel drugs loaded into the final formulation. The promotion of the
cytotoxic mechanism of these drugs may also increase the effectiveness of the drug

delivery platform. The pseudoplastic nature of P407 will facilitate IT injection.

HP-B-CD will be used to aid the solubilisation of the paclitaxel. The aqueous
solubility of paclitaxel has been documented as 0.4 pM or 0.34 pg/ml, and
complexation with CDs has been shown to increase this (237). HP-B-CD will be
used to manipulate the sol-gel transition temperature of the formulation, to ensure
it remains within a clinically relevant range. HP-B-CD may also hold potential to act

as an anti-cancer agent.

CS will be used as the interpenetrating net of the formulation, in order to improve
the disintegration profile of P407. The mucoadhesive properties may also act to aid
the retention of the drug delivery platform following gelation in the tumour, with a

possible anti-cancer effect also being exerted by CS.

GP will act as a crosslinker to improve the robustness and disintegration profile of
the hydrogel. It may also act to increase the cytotoxic capacity of the drug delivery

system in cancer cells.

Cisplatin and paclitaxel will be loaded as hydrophilic and hydrophobic
chemotherapeutics, respectively, into the ChemoGel formulation, to provide
preliminary evidence to support the use of ChemoGel as a dual drug delivery

platform.

This Chapter will assess the physicochemical attributes of the ChemoGel
formulation, with future chapters exploring the in vitro (Chapter 3) and in vivo

(Chapter 5) efficacy of treatment in LC.
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2.1.6 Aim and objectives

The overall aim of this chapter was to develop and characterise a clinically relevant

lead blank and dual drug-loaded thermoresponsive hydrogel for LC applications.
The specific objectives of this chapter were to:

f Optimise the rheological profile of the blank thermoresponsive drug delivery
platform previously developed in the Kelly lab by modifying concentrations
of excipients used, and determining the impact of excipients on the sol-gel
transition behaviour of the overall formulation

f Formulate a dual drug-loaded thermoresponsive hydrogel containing “gold-
standard” chemotherapeutics for LC, cisplatin and paclitaxel, which
maintains a clinically relevant sol-gel transition temperature above room
temperature (21°C) and below body temperature (37°C)

! Carry out physicochemical characterisation of the lead formulations,
including a disintegration and release profile for the blank and dual drug-

loaded hydrogel
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2.2 Materials and Methods

P407 was obtained from BASF Corp. (Ludwigshafen, Germany). HP-B-CD
(Molecular weight ~1396 Da), GP, Sodium Tripolyphosphate (TPP), Cisplatin,
Paclitaxel, Dulbecco’s Phosphate Buffered Saline (PBS) and Platinum (Pt)
standard for inductively coupled plasma (ICP) were all purchased from Sigma-
Aldrich (St. Louis, MO, USA). CS chloride salt (Protasan UP CL214)was purchased
from FMC BioPolymer (Sandvika, Norway). Acetonitrile (HPLC grade) and Water
(HPLC grade) were purchased from Fisher Scientific Ireland (Dublin, Ireland).

2.2.1 Formulation optimisation

Formulation composition and excipient concentration was modified to produce a
lead blank and dual drug-loaded thermoresponsive hydrogel in a stepwise manner

as outlined in Figure 2.5.

2.2.1.1 Preparation of the blank thermoresponsive hydrogel

A general formulation method was developed, and concentrations of excipients
were varied as required (Table 2.1, Fig. 2.6). HP-B-CD was dissolved in deionised
water (dH20) at pH < 6 and stirred at room temperature, for 30 min. The solution
was then chilled on ice at 4°C. CS was incorporated in a few drops of dH20 and
added to the solution on the stirring plate, which was maintained at 4°C. P407 was
then sprinkled into the solution while on the stirring plate, based on the “cold
method” developed by Schmolka (1972) (33). This was allowed to stir for 1 h until
all components were in solution. The solution was stored at 4°C overnight to allow
it to hydrate. GP was added to the solution the following day, and stirred for a
minimum of 4 h onice to ensure complete dissolution. If TPP was required, this was
added at the same time as GP. The solution was then weighed and made up to
final weight with dH20. If curing was required, the solution cured for 24 h in a water
bath at 37°C

2.2.1.2 Preparation of a paclitaxel-Cyclodextrin complex

Paclitaxel was incorporated into a HP-B-CD inclusion complex based on methods
developed by Choi et al. (2014) (238). HP-B-CD was dissolved in the required
amount of dH20 on a stirring plate for 5 min at room temperature. Paclitaxel was
then added to this solution and stirred at high speed for 30 min. The speed was
reduced stirred for 72 h to allow for complexation to occur. The contents were frozen

in a -80°C freezer for 2 h, and freeze-dried overnight using a freeze dryer and
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vacuum pump at -55°C and 0.018 mbar (Labcono, MO, USA) to produce a
lyophilised powder consisting of paclitaxel/HP-B-CD inclusion complexes.
Depending on the hydrogel formulation the paclitaxel/HP-B-CD inclusion complexes
were formulated in 100% of the final HP-B-CD content (10% w/w of final formulation)
or in a ratio of 2:1 (freeze dried complexfree HP-B-CD) of the final HP-3-CD
content.

2.2.1.3 Preparation of a dual drug-loaded thermoresponsive hydrogel

Cisplatin and paclitaxel were incorporated into the blank thermoresponsive
hydrogel at separate points in the formulation process (Fig 2.6). Cisplatin was
dissolved in the required amount of dH20, and the freeze-dried paclitaxel/HP-3-CD
powder was added to this solution. K additional uncomplexed HP-B-CD was
required, this was added to the stirring solution, and the rest of the
thermoresponsive hydrogel was formulated as in Section 2.2.1.1. The final
formulation of the blank and dual drug-loaded hydrogel will hereafter be referred to
as blank ChemoGel and drug ChemoGel respectively.

Covalent
Crosslinker Type <

Genipin . —  03%whw—> 0.1%wiw
Concentration

Poloxamer
Congentraion . 20% Wiw = 17% wi
24 h
Curing Period <
Oh

Covalent + Physical

Genipin " ) 90 wiw —> 0.1% wiw

Concentration
Poloxamer -
. —  20%wiw — 17% wiw
Concentration
Paclitaxel-Cyclodextrin

Complex

Genlpln. —  0.3%wiw — 0.1% wiw
Concentration

I Split Final Cyclodextrin e

Concentration

Figure 2.5 Overview of optimisation process of blank and drug-loaded thermoresponsive hydrogel.
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Table 2.1 Formulation composition of preparations evaluated for thermoresponsivity. P407, Poloxamer 407; HP-b-CD, 2-Hydroxypropyl-b-Cyclodextrin; CS, Chitosan;
GP, Genipin; TPP, Sodium Tripolyphosphate.

% wiw % w/w
Gel fo(g“F‘;'a“O” P407 HP-B-CD cs GP TPP gg:ii;‘g Cisplatin Paclitaxel
1 20 10 05 0.3 i Y, i i
2 20 10 05 0.3 0.2 Y, i .
3 20 10 05 0.1 i Y, i i
4 20 10 05 0.1 i i ) i
5 17 10 05 0.3 i i - ]
6 17 10 05 0.1 . . - -
7 20 10 05 0.3 i : 0.02 :
8 20 i i i i ) i i
o 20 ] ] ] ) i 0.02 .
10 20 i 05 . : - : -
11 20 i 05 i i : 0.02 i
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% w/w % w/w
&l fo(g“F‘;'atiO” P407 HP-B-CD cs GP TPP Egrriigg Cisplatin Paclitaxel
12 20 i 05 0.3 i i i i
13 20 i 05 0.3 i i 0.02 i
14 20 i 05 0.1 i i i i
15 20 i 05 0.1 i i 0.02 i
16 17 i 05 0.1 i : i i
17 17 i 05 0.1 i i 0.02 i
18 17 10 05 0.1 i i 0.02 i
19 17 10 05 0.3 i i i 0.01
20 17 10 05 0.1 i i i 0.01
21 17 10 05 0.1 i i 0.02 0.01
22 17 10 0.5 0.1 . : 0.02 0.01

2:1 (complex:free)
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Add Cisplatin to dH,0
Add HP-B-CD/Paclitaxel complex to dH,0
Add HP-B-CD to dH,0

Add HP-B-CD to dH,0

i

Stir for 30 minutes

Add CS to stirring solution
Sprinkle P407 into stirring solution

Add CS to stirring solution
Sprinkle P407 into stirring solution

-

Stir for 60 minutes

4

Store at 4°C overnight

Add GP to stirring solution Add GP to stirring solution

@_

Stir for 4 hours

Make up to final weight with dH,0 Make up to final weight with dH,0

& -

Figure 2.6 Formulation protocol for the blank and dual drug-loaded thermoresponsive hydrogel.

Divergence in protocols highlighted in red.

2.2.2 Material characterisation

2.2.2.1 Rheological assessment

The rheological characteristics of the various hydrogel formulations were assessed
using oscillatory measurements, performed on an AR-1000 constant stress
rheometer (TA instruments, DE, USA) with built-in temperature and gap calibration.
The rheometer was equipped with cone/plate geometry (40 mm diameter, 4° cone

angle). Degassed samples were dispensed onto the temperature controlled
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rheometer plate, pre-equilibrated to 20°C. A solvent trap, containing water, was
used to cover the sample to prevent evaporation from the sample during the
rheological testing. A LAUDA Ecoline 003 E100 water-bath (Lauda-Kénigshofen,
Germany) was employed as a heat-sink for the peltier plate, which controlled
temperature during testing. The temperature of the sample plate was controlled
within £ 0.1°C of the desired value at all times during testing. Prior to testing, the
geometery gap was calibrated and rotational mapping of the geometry was
performed. Following loading of excess sample, the geometry was lowered to this
pre-determined gap. Excess sample was carefully removed from the peltier plate
and discarded to ensure correct filing was achieved. Samples were allowed to
equilibrate for 2 min before commencing testing. Data was processed using TA
Data Analysis software (TA instruments, DE, USA).

Temperature sweeps from 20°C — 40°C were carried out on all formulations to
screen for an appropriate sol-gel transition temperature, which was deemed to be
a temperature above average room temperature (21°C — 23°C), and ideally close
to body temperature (37°C). The temperature was increased at a rate of 1°C/min,
with oscillatory shear stress (5 Pa) and angular frequency (1 Hz) remaining
constant. All samples were analysed in triplicate. Data shown is representative of

the norm.

Lead formulations were subjected to additional oscillatory rheological assessment
as outlined in Table 2.2. Oscillatory stress sweeps were carried out across a range
of shear stresses to determine the linear viscoelastic region (LVR) of the lead
formulations in liquid and gel states, and whether deformation occurs across a
range of shear stresses. The LVR is defined as the area within which the storage
and loss moduli are independent of shear stress applied. All experiments were
conducted on a minimum of three independent samples. Data shown is

representative of the norm.
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Table 2.2 Oscillatory experimental parameters for rheological characterisation of lead formulations,
blank ChemoGel and drug ChemoGel.

Oscillatory  Shear stress Angular frequency Temperature Time

Procedure (Pa) (Hz) (°C) (min)
Stress
sweep 1-60 1 20 N/a
Stress
sweep 1-60 1 37 N/a
Temperature
sweep 5 1 20— 40 N/a
Time sweep 5 1 20 60
Time sweep 5 1 37 60
20 & 37
Time sweep 5 1 (Alternate every 70
10 min)

2.2.2.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was performed using Supra 35VP Scanning
Electron Microscope (Zeiss, Jena, Germany). Dry samples were mounted on
aluminium stubs and sputter coated with a thin layer of gold prior to SEM
examination. The morphology of the freeze-dried paclitaxel/HP-B-CD inclusion
complex was compared to the morphology of HP-B-CD powder alone, paclitaxel
powder alone and a physical mixture of HP-B-CD and paclitaxel powders. A

magnification of 4.72 KX and an accelerating voltage of 5 kV was used.

2.2.2.3 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed on a Q100 DSC (TA
instruments, DE, USA). DSC was used to confirm complexation of paclitaxel and
HP-B-CD. Samples were loaded into standard aluminium sample pans and the
weight of each sample was recorded (< 5 mg). Pans were sealed with a sample
pan press to prevent sample loss during the experiment. An empty pan was
prepared in the same manner to act as a reference. A heat ramp was conducted at

a rate of 10°C/min from 0°C to 300°C. Data was analysed using TA Universal
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Analysis software (TA instruments, DE, USA). All samples were analysed in

duplicate. Data shown is representative of the norm.

2.2.2.4 Macroscopic inspection of thermogelation

Blank ChemoGel and drug ChemoGel were observed at room temperature and
following incubation in a waterbath at 37°C for 5 min to visually confirm
thermogelation. Thermoresponsivity of the formulation was assessed based on the
ability to transition from solution to gel, and back to solution, at appropriate
temperatures. Gelation was determined to have occurred if no flow of the material
was observed following inversion for 15 sec. Blue food colouring was added to the
hydrogel solution to aid visual inspection.

2.2.2.5 Disintegration studies

1 g of blank ChemoGel or drug ChemoGel was added to a glass vial and submerged
in a shaking water bath at 75 rpm, maintained at 37°C, for 30 min to ensure
complete gelation had taken place. 1 ml of pre-warmed PBS (pH 7.4) was added to
the gelled hydrogel. At pre-determined timepoints (4h, 24h, 48h, 72h, Day 5, Day
7, Day 10, Day 14, Day 21 and Day 28), PBS was completely removed from the
glass vial, and the weight of the hydrogel and glass vial was recorded. The hydrogel
was quickly returned to the waterbath to ensure that liquefaction did not occur, and
1 ml of fresh pre-warmed PBS was added to the glass vial. All experiments were
carried out in triplicate, for three independent batches. Results are represented as

the mean of the three independent experiments + SEM (n=3).

2.2.3 Analytical determination of chemotherapeutics

2.2.3.1 High-performance liquid chromatography determination of paclitaxel

High-performance liquid chromatography (HPLC) was conducted on an Agilent
Technologies 1120 Compact LC with a UV detector (CA, USA). A chromatographic
method was developed to analytically identify paclitaxel, based on a method by
Kraitzer et al. (2008) (239). Calibration curves were produced using known
concentrations of paclitaxel dissolved in the mobile phase (Appendix 1, Fig. A.1).

The analytical parameters are set out in Table 2.3.
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Table 2.3 Analytical parameters employed in detection of paclitaxel using high performance liquid

chromatography.
Column Synergi 4u Hydro-RP 80A (1_50 X 4.6
mm) (Phenomenex, Cheshire, UK)
Column temperature Uncontrolled
Mobile phase Acetonitrile : Water (55 : 45)
Flow rate 1 ml/min
Run time 10 min
Detection wavelength 227 nm

2.2.3.2 Inductively coupled plasma mass spectrometry determination of platinum

Inductively coupled plasma mass spectrometry (ICP-MS) was conducted on a
Liberty 150 ICP-MS (Varian Inc., CA, USA) for the detection of Pt as a surrogate
marker of cisplatin. Calibration curves were produced using Pt standards (1000
mg/L Pt in hydrochloric acid), diluted to appropriate parts per million (ppm) using
PBS (Appendix 2, Fig. A.2). Samples were manually introduced into the ICP-MS.
The analytical parameters are set out in Table 2.4.

Table 2.4 Analytical parameters employed in detection of platinum using inductively coupled plasma

mass spectrometry.

Power 1.2 kW
Plasma flow 15 L/min
Auxiliary flow 1.5 L/min
Nebuliser pressure 200 kPa
Pt detection wavelength 214.423 nm
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2.2.3.3 Analysis of paclitaxel content in paclitaxel/HP-3-CD complex

Whole freeze-dried paclitaxel/HP-B-CD complexes were solubilised in a known
volume of the paclitaxel HPLC mobile phase and 150 pL of this was transferred into
a brown HPLC vial. HPLC analysis of the paclitaxel content was performed as per
Section 2.2.3.1. The percentage of the expected paclitaxel content in the freeze-

dried complex was calculated as per Equation 4.

PTITT (Equation 4)

Three samples were analysed per complex from three independent batches. Each
sample was analysed in duplicate. Results are represented as the mean of the three
independent batches £ SEM (n=3).

2.2.3.4 Chemotherapeutic release studies

1 g of drug ChemoGel was added to a glass vial and submerged in a shaking water
bath at 75 rpm, maintained at 37°C, for 30 min to ensure complete gelation had
taken place. 1 ml of pre-warmed PBS (pH 7.4) was added to the gelled hydrogel,
based on methods previously described (240, 241). At pre-determined timepoints
(4h, 24h, 48h, 72h, Day 5, Day 7, Day 10, Day 14, Day 21 and Day 28), PBS was
completely removed from the glass vial and each sample was transferred to an
individual falcon tube. The hydrogel was quickly returned to the waterbath to ensure
that liquefaction did not occur, and 1 ml of fresh pre-warmed PBS was added to the
glass vial. Samples were stored at -20°C until analysis. Analysis of released
paclitaxel was performed using HPLC as outlined in Section 2.2.3.1. Analysis of
released cisplatin was performed using ICP-MS as outlined in Section 2.2.3.2 to
determined quantity of Pt in the release medium. Cisplatin is composed of 65.03%

Pt by weight, and therefore initial quantity of Pt was calculated by Equation 5.

§

Quantity of Ptloaded = (Equation 5)

All experiments were carried out in triplicate, for three independent batches. Each
sample was analysed in duplicate. Results are represented as the mean of the three

independent experiments + SEM (n=3).
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2.3 Results

2.3.1 Assessment of rheological properties of the blank

thermoresponsive hydrogel

Initial formulation work previously carried out in the Kelly Lab produced a
thermoresponsive hydrogel that underwent a sol-gel transition at 25°C (GF1, Table
2.5). GF1 — 3 underwent a curing process as part of the formulation protocol, to
accelerate the crosslinking mechanism between CS and GP, and alight blue/green
hydrogel was produced in these formulations after the 24 h exposure to 37°C. TPP
was added to GF1 to determine if an additional crosslinking molecule would
improve the strength of the hydrogel (GF2, Table 2.5). The addition of TPP resulted
in an increase of the storage modulus to 21,580 Pa, with a 1°C decrease in sol-gel
transition temperature to 24°C. However, an inhomogeneous appearance was
observed after curing for 24 h, and so, despite the increased G’, the addition of TPP
was disregarded. A reduction in GP concentration to 0.1% w/w was assessed to
determine the impact of GP concentration on the storage modulus (GF3, Table 2.5).
The decreased GP concentration was accompanied with a corresponding decrease
in storage modulus to 8,957 Pa. However, the reduced GP concentration produced
a thermoresponsive hydrogel with a sol-gel transition temperature of 30°C. In an
effort to reduce the length of time required for formulation, the 24 h curing period
was removed from the formulation process to investigate if a suitable hydrogel could
be produced at the reduced GP concentration, with no curing period (GF4, Table
2.5). The blue/green colour was not observed for the thermoresponsive solutions
that did not undergo a curing period. Removal of the curing period from the
formulation process produced a thermoresponsive hydrogel with a lower storage
modulus at 37°C (7,428 Pa), with no change to the sol-gel transition temperature,
compared to GF3. P407 concentration was then reduced to 17% w/w to investigate
whether the sol-gel transition temperature could be increased further, at both GP
concentrations (0.1% w/w and 0.3% w/w). GF5 demonstrated the highest sol-gel
transition temperature of all blank thermoresponsive hydrogels at 33°C, but GF6
underwent a slight decrease in sol-gel temperature to 29°C, compared to GF4,
which contained P407 20% wiw.
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Table 2.5 Sol-gel transition temperatures and storage moduli (Gf) of a range of formulations with

varying crosslinking procedures. Data shown is representative of the norm.

Gel Formulation (GF)

1 2 3 4 5 6
Pa07 20 20 20 20 17 17
(Yow/iw)
HP-p-CD 10 10 10 10 10 10
(Yow/iw)
CS 0.5 05 0.5 0.5 0.5 0.5
(Yow/iw) ' ' ' ' ' '
P 0.3 0.3 0.1 0.1 0.3 0.1
owiw) : : : : : :
TPP 0.2
(Yow/w) ) ' ) i ) )
24 h curing
period V V E i i i
Thermoresponse
o 25 24 30 30 33 29
(°C)
G @37°C
(Pa) 13,210 21,580 8,957 7,428 7,679 11,380

2.3.2 Assessment of the effect of cisplatin-loading on the

thermoresponsive hydrogel

Addition of cisplatin at a concentration of 0.02% w/w to GF1 produced a formulation
that was in the gel-state at 20°C, GF7 (Fig. 2.7), which necessitated an assessment
of the formulation to determine the reason for the loss of thermoresponsivity
(Appendix 3, Table A.1).

85



25000+

— G
20000+
©
& 15000
© 10000-
O I
5000 o Temperature (C)

35
Temperature (°C)

Figure 2.7 Addition of cisplatin (0.02%w/w) to GF1 resulted in loss of the thermoresponsive nature
of GF7 at clinically relevant temperatures. Rheogram of temperature sweep of GF7 from 20°C-40°C
demonstrating that Gi>Gf at 20°C, depicted in the magnified segment of graph (green circle). Data

shown is representative of the norm. Gi, storage modulus; Gf loss modulus.

Following this investigation, a reduction in the concentration of P407 to 17% wi/w
and GP to 0.1% ww was determined to produce a cisplatin loaded

thermoresponsive formulation (GF18, Fig. 2.8).
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Figure 2.8 Addition of cisplatin (0.02% w/w) to GF6 produced a thermoresponsive hydrogel, GF18,
at clinically relevant temperatures. Rheogram of temperature sweep of GF18 from 20°C-40°C
demonstrating that Gi>Gf at 31°C, depicted in magnified segment of graph (green circle). Data

shown is representative of the norm.
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2.3.3 Formulation and characterisation of a paclitaxel-Cyclodextrin

complex

2.3.3.1 Material characterisation of the paclitaxel-Cyclodextrin complex

The freeze-dried paclitaxel/HP-B-CD complex was produced as a white, lyophilised
powder, and the morphology was investigated using SEM (Fig. 2.9). The individual
morphological characteristics of the HP-B-CD and paclitaxel powders are retained
following physical mixture, as the stick-like shape of paclitaxel and the spherical
appearance of HP-B-CD are still clearly evident. The freeze-drying process
produced a powder that was porous, and retained no similar morphological
characteristics of the individual powders, indicating that successful complexation

had occurred.
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Figure 2.9 Scanning electron microscopy (SEM) qualitatively demonstrated the formation of a
paclitaxel/HP-b-CD inclusion complex. Representative SEM images of (A) paclitaxel alone (B) HP-
b-CD alone (C) Physical mixture of paclitaxel and HP-b-CD (D) Freeze dried paclitaxel/HP-b-CD

inclusion complex.
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DSC thermograms were used to determine differences between the paclitaxel/HP -
B-CD complex and the raw materials. A characteristic endothermic peak maximum
at 224°C and exothermic peak at 245°C were seen in the paclitaxel powder. HP-(3-
CD powder was seen to have a broad endothermic peak with a peak maximum at
61°C. The paclitaxel peaks were not seen in the freeze-dried complex, but were still
evident in the physical mix of powders. The endothermic peak of HP-B-CD was
maintained in the following complexation with paclitaxel, with a shift in the peak

maximum to 70°C (Fig. 2.10).

2
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Figure 2.10 Differential Scanning Calorimetry (DSC) demonstrated complexation of paclitaxel
occurs following freeze-drying with HP-B-CD. Owerlay of representative DSC thermograms of HP-[3-
CD, paclitaxel and paclitaxel/HP-3-CD complex. Data shown is representative of the norm.

Thermograms are displaced along y-axis for better visualisation.

2.3.3.2 Quantification of paclitaxel in paclitaxel/HP-3-CD complex

An investigation into the quantity of paclitaxel contained in the paclitaxel/HP-B-CD
complex revealed that 95.3% + 2.05% of the original quantity of paclitaxel loaded
was recovered after the freeze-drying process, indicating that the complexation

process does not have a detrimental effect on the paclitaxel content (Table 2.6).
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Table 2.6 Analytical quantification of paclitaxel in paclitaxel/HP-b-CD complex using high-
performance liquid chromatography revealed almost complete recovery of paclitaxel. Data shown is

represented as the mean = SEM of three independent batches (n=3).

Paclitaxel Recovered

Amount of paclitaxel loaded (ug) (Mean % of initial quantity £ SEM)

600 95.3% * 2.05%

2.3.4 Assessment of the effect of paclitaxel-loading on

thermoresponsive hydrogel

The paclitaxel/HP-B-CD complex was added to GF5, and produced a paclitaxel-
loaded hydrogel, which was not thermoresponsive at clinically relevant
temperatures (GF19, Table 2.7). In a similar fashion to the optimisation process for
the cisplatin-loaded hydrogel, the GP concentration was reduced to 0.1% w/w in
order to determine if the thermoresponsive nature could be restored to a clinically
relevant range. The resulting hydrogel, GF20, was determined to undergo a sol-gel
transition at 31°C, with a G’ at 37°C of 10,935 Pa. The incorporation of cisplatin into
this paclitaxel-loaded thermoresponsive hydrogel produced a dual drug-loaded
thermoresponsive hydrogel, which underwent a sol-gel phase transition at 23°C,
with a G’ at 37°C of 17,410 Pa (GF21, Table 2.7).

89



Table 2.7 Sol-gel transition temperatures and storage moduli (Gf) of paclitaxel-loaded

thermoresponsive hydrogel formulations. Data shown is representative of the norm.

Gel Formulation (GF)

19 20 21
P407 17 17 17
(Yow/w)
P-p-CD 10 10 10
(Yow/iw)
S 0.5 0.5 0.5
(Yow/w) ' ' '
P 0.3 0.1 0.1
(Yow/w) ' ' '
Cisplatin 0.02
(Yow/w) ) ) '
Paclitaxel o G A
(Yow/w) ' ' '
Thermoresponse <20 31 23
(°C)
G @37°C
17,120 10,935 17,470
(Pa)

Based on the cisplatin and paclitaxel loading, GF6 was selected as the optimal
blank thermoresponsive hydrogel formulation, as itallowed for single and dual drug-
loading of chemotherapeutics. A summary of the effect of single and dual loading

of cisplatin and paclitaxel into GF6 is depicted in Figure 2.11.
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Figure 2.11 Loading of chemotherapeutics into the thermoresponsive hydrogel GF6 causes variable
effects on the sol-gel transition temperature and the storage modulus (Gi) of the blank hydrogel.
Rheogram of temperature sweep of formulations to determine impact of addition of cisplatin (GF18),
paclitaxel (GF20) and cisplatin and paclitaxel (GF21) to the blank hydrogel formulation (GF6). Data

shown is representative of the norm.

While the dual drug-loaded GF21 was thermoresponsive, further optimisation of this
formulation was required to increase the sol-gel transition temperature higher than
23°C. The impact of dividing the total HP-B-CD content between HP-B-CD
complexed with paclitaxel and free HP-B-CD at aratio of 2:1 was assessed. For the
purpose of this study, free HP-B-CD powder refers to non-complexed HP-3-CD
powder. The addition of the free HP-B-CD powder increased the sol-gel transition
temperature to 32°C, and the G’ at 37°C was determined to be 7,663 Pa (GF22,
Fig. 2.12), and this was determined to be the lead dual drug-loaded formulation.
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Figure 2.12 Division of the final HP-b-CD concentration (10% w/w) between HP-b-CD complexed
with paclitaxel and free HP-b-CD caused an increase in thermoresponse temperature to 31°C.
Rheogram of temperature sweeps from 20 C - 40 C of dual drug-loaded hydrogel formulations

without (GF21) and with (GF22) free powder incorporated. Data shown is representative of the norm.

2.3.5 Characterisation of blank ChemoGel and drug ChemoGel

formulations

2.3.5.1 Rheological characterisation

GF6 and GF22, hereafter referred to as blank ChemoGel and drug ChemoGel, were
selected as the lead blank and drug-loaded hydrogels respectively. Their
compositions, and thermoresponsive profiles are compared in Table 2.8 and Figure
2.13.

Following a short incubation time at 37°C, both hydrogels underwent a
characteristic sol-gel thermoresponse and gelled completely (Fig. 2.13 A & B). This
gelation was reversible, and the hydrogels returned to liquid state following
termination of incubation. This thermoreversibility occurred more rapidly upon
chiling on ice at 4°C. Blank ChemoGel and drug ChemoGel were then subjected
to further rheological testing to establish their rheological profile under various
parameters (LVR contained in Appendix 4, Fig. A.3). The lead thermoresponsive

hydrogel formulations were found to maintain a constant G’ and G” at both 20°C
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and 37°C over a period of 60 min, with the liquid and gel states being maintained
respectively (Fig. 2.13 C). Varying temperatures from 20°C to 37°C every 5 min
showed that both blank and drug ChemoGel were thermoreversible, as the
formulations successfully underwent phase transition between liquid and gel states
across a minimum of six temperature changes (Fig. 2.13 D). The phase transitions
were observed to occur rapidly, as represented by rapid change in storage modulus
from low (liquid) to high (gel) as temperature cycled repeatedly from room to body

temperature respectively.

Table 2.8 Blank and drug ChemoGel (GF6 and GF22 respectively) were selected as the lead
formulations for further analysis. Sol-gel transition temperatures and storage moduli (Gf) of blank

and drug ChemoGel. Data shown is representative of the norm.

Gel formulation (GF)

6 22
Blank ChemoGel Drug ChemoGel
P407 17 17
(Yow/iw)
HP-B-CD - 1
(Yow/iw)
CS
Yowiw) 0.5 0.5
GP
Yowiw) 0.1 0.1
Cisplatin ] 0.02
(Yow/iw) '
Paclitaxel ) 0.01
(Yow/iw) '
Thermoresponse 29 32
(°C)
G @37°C
(Pa) 11,380 7,663
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Figure 2.13 Rheological characterisation of blank and drug ChemoGel. (A) Representative image
of ChemoGel, at room temperature, in liquid state (left) and following incubation at 37°C, in gelled
state (right). ChemoGel coloured blue for clarity. (B) Rheogram of oscillatory temperature sweeps
from 20 C - 40 C of blank (GF6) and drug ChemoGel (GF22). (C) Rheograms of oscillatory time
sweeps of blank and drug ChemoGel at 20°C and 37°C over a 60 min period. (D) Rheograms of
oscillatory time sweeps of blank and drug ChemoGel with varying temperatures of 20°C and 37°C.

Data shown is representative of the norm.
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2.3.5.2 Disintegration studies

Similar disintegration profiles for both blank and drug ChemoGel were observed in
vitro over 28 days (Fig. 2.14 A). Both blank and drug ChemoGel demonstrated
extended disintegration profiles, compared to P407 17% w/w and blank ChemoGel
without Genipin, which were completely disintegrated by 72 h (Fig. 2.14 A). Aninitial
decrease in mass was observed for both blank and drug ChemoGel after 4 h of
exposure. This mass loss was largely recovered after 24 h, with a steady decrease
in mass observed thereafter until Day 7. Mass loss of blank ChemoGel and drug
ChemoGel levelled off from Day 7 to 28, with 20.59% + 1.34% and 17.76% + 1.47%

remaining respectively after 28 days of exposure to PBS at 37°C.

Images of the disintegration of blank and drug ChemoGel revealed that the in situ
curing process of the hydrogels occurred over the initial 48 h of exposure to PBS at
37°C, as evidenced by the colouration of the hydrogel mass (representative images
of blank ChemoGel shown, Fig. 2.14 B). Crosslinking was not visually evident at 4
h post exposure to PBS at 37°C. By 24 h, the blue-green pigment had developed
throughout the mass of the hydrogel, with complete colouration having occurred by
48 h. Uniform disintegration of the hydrogel mass is also visually observed to occur

across the 28 day exposure, with a crosslinked gel bolus remaining at Day 28.
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(B) Representative images of blank ChemoGel exposed to PBS for predetermined timepoints.
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2.3.5.3 Release of chemotherapeutics from dual drug-loaded formulations

The in vitro release of Pt and paclitaxel from drug ChemoGel over 10 days was
assessed to determine whether the loaded chemotherapeutics could be
successfully released following gelation of the thermoresponsive hydrogel (Fig.
2.15 A & B). Ptwas detected as a surrogate marker of cisplatin release. 44.36% +
9.43% of loaded Pt and 63.34% + 3.11% of loaded paclitaxel was cumulatively
released in vitro over 10 days (Fig. 2.15 A). More rapid release of both drugs was
observed over the initial 48 h, with Ptrelease ceasing after 120 h (Fig. 2.15 B, left).
Paclitaxel was released over a longer timeframe than Pt, with release still being
observed at Day 10 (Fig. 2.15 B, left). By the end of the 10 day release study, the
same quantity of both Pt and paclitaxel was detected in release buffer (Fig. 2.15 B,
right).
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Figure 2.15 Platinum and paclitaxel were released in a sustained manner from drug ChemoGel over
a 10 day period. (A) Cumulative percentage of loaded platinum and paclitaxel released over a 10
day period (240 h). (B) Quantity of platinum and paclitaxel released (ug/ml) measured at each
timepoint over a 10 day period (left). Total quantity of platinum and paclitaxel released over a 10 day
period (right). Data shown is representative of the mean of three independent experiments * SEM
(n=3).
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2.4 Discussion

The objective of the formulation process presented in this Chapter was to produce
a thermoresponsive hydrogel, which could be dual drug-loaded with cisplatin and
paclitaxel, while maintaining a clinically relevant sol-gel transition temperature. One
of the major challenges associated with drug delivery is the vast quantity of
molecules that are poorly soluble in aqueous medium. In the region of 40% of
currently marketed drugs, and 90% of drugs under development, face this problem
(242). The difficulty associated with delivering a poorly soluble drug, such as
paclitaxel, becomes even greater when attempting to formulate a dual drug-loaded
delivery platform (243). This objective is further complicated when dealing with
thermoresponsive hydrogels, in which the delicate balance of thermoresponsivity

must be maintained.

For the purposes of the optimisation process, an appropriate sol-gel transition
temperature was defined as a temperature above 23°C, but below 37°C, to ensure
that the formulation would remain in a solution state at room temperature (21°C),
and undergo gelation upon injection into the body. The storage modulus (G’) at
37°C was also reported to give an indication of how the elasticity of the formulations
was impacted with modification of excipients and/or chemotherapeutics. The G’ of
all formulations at 37°C was observed to be above 6,000 Pa. While it has been
noted that a high elastic component of hydrogel formulations favours their use as
drug delivery platforms (244), it does not represent the robustness of the hydrogel,

which must be assessed using disintegration testing.

Initial optimisation work was directed at tailoring the degree of crosslinking in the
blank hydrogel (Table 2.5). GP, which acts as the crosslinking agent, was in the
initial formulation at a concentration of 0.3% w/w, in conjunction with a curing period
of 24 h. The curing period was introduced as a method to accelerate the
crosslinking mechanism between CS and GP. Amine groups on CS are crosslinked
by GP through nucleophilic attack in order to establish covalent crosslinks (226),

which results in the development of a blue colour as the crosslinks develop (245).

It was hypothesised that the addition of an ionic crosslinker in combination with GP
might improve the rheological properties of the formulation (246). TPP, a “Generally
Recognised as Safe” (GRAS) listed small molecule crosslinker (192), is a polyanion
which undergoes physical crosslinking with CS via ionic interactions (246). 0.2 —

0.5% ww TPP was cited as being within optimal concentrations to maintain
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syringeability. Therefore, a concentration of 0.2% w/w was selected for evaluation
(GF2, Table 2.5). The increased G’ at 37°C of GF2 following the addition of TPP,
has also been reported in other studies utilising a GP/TPP co-crosslinked CS
formulation (246). However, the inhomogeneous appearance of the hydrogel
following the addition of TPP resulted in the removal of TPP from the formulation
protocol.

The decreased concentration of GP in GF3 resulted in areduction in the occurrence
of crosslinking, which decreased the 3D structure of the hydrogel, culminating in a
reduced G'. This is in agreement with previous work, which demonstrated that
increasing crosslinker concentration increases the elastic modulus of CS hydrogels
(247). The altered structural formation of the hydrogel, and the change in polymer-
polymer interactions, resulted in a higher sol-gel transition temperature of GF3. The
removal of the curing period from this formulation protocol was found to have no
effect on the sol-gel transition temperature, but reduced the G at 37°C by
approximately 1,500 Pa (GF4). It is also of note that the curing period will still occur
as the hydrogel will undergo in situ crosslinking following in vivo administration, at
which point the elastic modulus of the uncured formulation would increase. GF5
assessed the impact of reducing P407 concentration to 17% wi/w, which has been
previously shown to increase sol-gel transition temperature, due to the reduction in
the amount of the hydrophobic PPO constituent (24, 248). This change in P407
concentration resulted in a formulation (GF5) with the highest sol-gel transition
temperature, 33°C, with a G’ at 37°C of 7,679 Pa. The reduction in storage modulus
between GF1 and GF5 is due to a combination of reducing the P407 content, and
also the removal of the curing period (Table 2.5). GF6 consisted of a reduced P407
concentration (17% w/w) and GP concentration (0.1% w/w). Compared to the GF3
(P407 20% wiw, GP 0.1% w/w), the reduced P407 concentration of GF6 did not
induce a higher sol-gel transition temperature. Rather, the sol-gel transition
temperature decreased by 1°C, with an increased G at 37°C. This further
demonstrates the complex balance required to tailor the thermoresponsive nature
of such hydrogels, as altering each excipient can have an unanticipated effect on
overall formulation behaviour. It is hypothesised that the reduction of polymer
entanglement associated with P407, may have facilitated increased interaction

between CS and GP which resulted in an increased storage modulus (249).

The next stage of the development process involved the loading of the

thermoresponsive hydrogel with first line chemotherapeutics for NSCLC, cisplatin
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and paclitaxel (125). GF1 was selected as the initial formulation to be loaded with
the hydrophilic chemotherapeutic, cisplatin. The inclusion of cisplatin into the
formulation produced a hydrogel that existed in the gel state at 20°C (Fig 2.7).
Addition of cisplatin to CS hydrogel solutions has been noted to result in
complexation and subsequent gelation. The mechanism of this interaction has been
attributed to the bond formation between cisplatin and CS. In acidic conditions the
amine group on CS is protonated. This protonated species is available for bonding
with the Pt group in cisplatin to form a Pt-N bond (250). Other suggested
mechanisms include hydrogen bonding and decreased electrostatic repulsion
following addition of cisplatin. It is important to be cognisant of the fact that in the
overall hydrogel formulation, interactions between excipients and drug molecules
do not occur in isolation. Rather, itis a combination of different interactions between
all of the excipients that produce the material characteristics of the final formulation.
Therefore, it was hypothesised that the potential crosslinking of CS with cisplatin,
in combination with the covalent GP-CS crosslinking, resulted in the elimination of

a clinically relevant sol-gel transition temperature.

To identify if the loss of thermoresponsivity was associated with a specific excipient,
or the whole formulation, stepwise addition of the formulation excipients without and
with cisplatin was undertaken (Appendix 3, Table A.1). GF6, which had a reduced
P407 (17% w/w) and GP (0.1% w/w) concentration, was determined to be the
optimal blank formulation to incorporate cisplatin to produce GF18 (Fig. 2.8). GF18
was determined to be a thermoresponsive hydrogel with a sol-gel transition
temperature of 31°C. The G’ of this formulation at 37°C was reduced compared to
GF6 (6,030 Pavs 11,380 Pa respectively), which may be due to reduction of CS-
GP crosslinking in favour of Pt-N bonding between the CS and cisplatin molecules
(250).

Paclitaxel is a poorly soluble chemotherapeutic drug, which presents significant
formulation challenges (251, 252). In an effort to improve the aqueous solubility of
paclitaxel, it was complexed with HP-B-CD. Distinct morphological difference could
be observed between the freeze-dried complex (Fig. 2.9 D) and the powders alone
(Fig. 2.9 A & B) or physically mixed (Fig. 2.9 C) using SEM. The inclusion complex
protocol was based on a protocol published by Choi et al. (2014) (238). This
protocol used a dimethyl-B-cyclodextrin as the inclusion complex for paclitaxel. The
morphological differences observed in this paper support those seen in Figure 2.9.

The use of dimethyl-B-cyclodextrin produced different specific morphological

100



characteristics in the Choi study, however the pattern of change is similar. DSC
thermograms demonstrated that following the freeze-drying procedure the
characteristic endo- and exo- thermic peak of paclitaxel was no longer evident,
indicating that complexation had taken place (Fig. 2.10). This endothermic peak
observed in the single paclitaxel powder is representative of the melting point of the
drug powder. The exothermic peak indicates degradation of the drug has occurred
(253). Similar results have been observed in which this endothermic peak
disappears following complexation with paclitaxel (254). The broad endothermic
peak of HP-B-CD has also previously been demonstrated, and is said to be as a
results of water loss from the inclusion cavity (255). This peakis seen to still remain
in the freeze-dried complex although its maximum is shifted to a higher
temperature, further indicating complexation with paclitaxel had occurred (Fig.
2.10). Close to 100% of the loaded paclitaxel was recovered following the freeze-
drying process (95.3% + 2.05%, Table 2.6), indicating that the complexation was

not detrimental to the quantity of paclitaxel loaded.

GF19 demonstrated that the addition of the inclusion complex to the GF5 blank
thermoresponsive hydrogel formulation produced a hydrogel that existed in the gel-
state at 20°C (Table 2.7). Based on this, and previous results with cisplatin, the
0.3% w/w concentration of GP was confirmed to be a non-feasible choice for
continued evaluation. The reduced P407 and GP concentration (17% w/w and 0.1%
w/w respectively) of GF20 restored a clinically relevant sol-gel transition
temperature for paclitaxel-loaded formulation (Table 2.7). However, upon dual
drug-loading, this formulation demonstrated a reduced sol-gel transition
temperature of 23°C (GF21), further highlighting the complexity associated with the
formulation of multi-drug-loaded thermoresponsive hydrogels (256).

In order to address the reduced sol-gel transition temperature of GF21, it was
hypothesised that reintroduction of uncomplexed HP-B-CD powder, referred to as
free HP-B-CD, would increase the sol-gel transition temperature of the formulation
as HP-B-CD is known to increase the sol-gel transition temperature of P407-based
thermoresponsive hydrogels (206). The overall concentration of HP-B-CD remained
constant (10% w/w), but the amount of HP-B-CD freeze-dried with paclitaxel was
reduced in order to allow for the addition of free powder. A ratio of 2:1 (freeze-dried
complex:free HP-B-CD powder) was assessed (GF22, Table 2.8). The inclusion of
free HP-B-CD powder increased the sol-gel transition temperature to 32°C and
reduced the G’ of the formulation to 7,663 Pa at 37°C (Fig. 2.12). This formulation
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was determined to be the optimal formulation as the dual drug-loaded hydrogel
maintained a sol-gel transition temperature above room temperature. GF6 and
GF22 were then selected as lead blank and drug-loaded thermoresponsive

hydrogels and identified as blank ChemoGel and drug ChemoGel respectively.

Blank and drug ChemoGel were subjected to further rheological analysis to
determine their behaviour, in response to time, or to cycling of temperature between
room and body temperature (Fig. 2.13 B — D). The time sweeps indicated that in
both liquid and gelled states, blank and drug ChemoGel maintained a constant
rheological profile (Fig. 2.13 C). This demonstrates the formulation stability at room
and body temperature. It is of note that, although 60 min is a relatively short time
frame, it provides evidence that the short term storage of blank and drug ChemoGel
at room temperature does not adversely affect the structure of the hydrogels. This
is of clinical relevance as it demonstrates that the formulations maybe kept at room
temperature for at least 60 min prior to administration. Both blank ChemoGel and
drug ChemoGel demonstrated satisfactory thermoreversibility, when exposed to
repeated cycles of room temperature (20°C) and body temperature (37°C) (Fig.
2.13 D). The transitions between solution (low G’) and gel (high G’) and between
gel and solution were sharp over the time sweep, indicating that the gelation and
liquefaction were rapid process. Thermoreversibility isan important feature, as this
means that should accidental gelation occur during transport or storage of the final
product, the product can be returned to liquid state upon cooling. Rapid gelation is
also important to ensure that the hydrogel will form rapidly in vivo, preventing

uncontrolled spread of ChemoGel.

Rapid disintegration of Poloxamer hydrogels limits their use in a clinical setting (25).
Sun et al. (2006) demonstrated that a Poloxamer hydrogel (P85) alone
disintegrated within 6 h following exposure to PBS (pH 7.4) at 37°C, which is
characteristic of Poloxamer hydrogels (257). The in situ crosslinking of both the
blank and drug ChemoGel resulted in the retardation of this rapid disintegration
process (Fig. 2.14 A). Both hydrogels were not fully disintegrated at the end of the
28 day evaluation. This was in stark contrast to P407 alone, and the blank
ChemoGel formulation without GP, which had completely disintegrated within 72 h.
The rate of disintegration slowed after 5 days exposure to PBS for both hydrogels.
Representative images of the disintegration study of ChemoGel demonstrated that
crosslinking of the CS-GP occurred in situ over 72 h, as depicted by the deepening

of the colouration of the hydrogel of this timeframe. Thereafter, ChemoGel had a
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dark blue pigmented appearance for the remainder of the study. This colouration
was not seen in blank ChemoGel without GP (data not shown), indicating that
crosslinking is as a result of GP. Pigmentation of CS-GP hydrogels following
exposure to 37°C has previously been show to deepen over time due to increased
crosslinking between CS and GP, with the rate of crosslinking affected by
concentration of both CS and GP used, and by the pH of the CS solution (258).

The rate of drug release from hydrogels has been attributed to chemical, physical
and biological interactions between the hydrogel matrix, the drugs loaded and
surrounding release medium (259). With reference to the hydrogel matrix, the 3D
arrangement of polymers, with the swelling or disintegration of the polymeric
network, influences the rate of release. Release of chemotherapeutics from drug
ChemoGel appears to be mediated by rate of disintegration of the hydrogel. Drug
release had ceased by 240 h (Fig. 2.15), coinciding with the end of the bulk
disintegration seen in Figure 2.15. Disintegration or dissolution mediated release is
commonly reported for hydrophobic drug molecules released from hydrogel
matrices (260, 261). As crosslinking progresses in the ChemoGel structure (Fig.
2145 B), the rate of release is also seen to slow (Fig. 2.15). This may be due to
tightening of the polymeric network, making drug release more difficult. Over the
course of the release study, an equal quantity of chemotherapeutics was released,
despite a higher concentration of cisplatin being initially loaded into the hydrogel
than paclitaxel (Fig. 2.15 B).
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2.5 Conclusion

Results presented in this Chapter detail the formulation of a dual drug-loaded
thermoresponsive hydrogel. The final ChemoGel formulation could be loaded with
a hydrophilic and hydrophobic chemotherapeutic separately and simultaneously,
indicating it's flexibility for drug delivery. The evaluation of excipients in the
formulation confirmed their unique and critical effect on the overall material
behaviour, and underlined the fine balance called for in thermoresponsive hydrogel
formulation. In conclusion, this Chapter defined the rheological and

physicochemical properties of the ChemoGel formulation, specifically:

! The impact of the ChemoGel excipients on the rheological properties were
determined:

- P407 acts as the thermoresponsive base of the hydrogel, which
influences sol-gel transition temperature and storage modulus, but
undergoes rapid disintegration in the presence of PBS

- HP-B-CD influences sol-gel transition temperature, and is required for
complexation of paclitaxel in the drug-loaded formulation

- CS alone is not sufficient to retard the rapid disintegration of P407,
but provides the interpenetrating net for GP crosslinking

- GP concentration influences the thermoresponsivity of the drug-
loaded formulations, and crosslinks CS to slow the rate of
disintegration of both blank and drug ChemoGel

f Blank and drug ChemoGel were determined to demonstrate a clinically
relevant sol-gel transition temperatures, rheological stability at room and
body temperature over 60 min, and thermoreversible properties

f Dual drug-loading of ChemoGel facilitated sustained release of the

chemotherapeutics in vitro for up to ten days

Chapter 3 will assess the in vitro cytotoxicity of the ChemoGel formulations to
determine whether the drug delivery platform demonstrates efficacy against LC cell
lines, and to assess if the inherent cancer cell directed cytotoxicity of the excipients

has been maintained.
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3.1 Introduction

As discussed in Chapter 2, the ChemoGel excipients were selected due to their
multipurpose nature, in that each excipient contributed to the formulations final
rheological and material properties, as well as being associated with cancer cell-
directed inherent cytotoxicity. In this Chapter, blank and drug ChemoGel were
evaluated to determine their in vitro cytotoxicity profiles in 2D and 3D cell culture
models of NSCLC. To this end, a 3D model of NSCLC was developed to create a
more physiologically relevant in vitro environment for the assessment of the lead
ChemoGel formulations. Determination of in vitro cytotoxicity in a non-cancerous
cell line was also undertaken to facilitate assessment of off-site toxicity in non-target

cells.

3.1.1 Cancer biology

Hanahan and Weinberg (2000) listed six “hallmarks of cancer” in their seminal
paper, which has been cited over 15,800 times according to Web of Science (262).
Their update in 2011, added two additional hallmarks which have emerged due to
the “remarkable progress in cancer research’ (263). The hallmarks cited by

Hanahan and Weinberg are:

Sustaining proliferative signalling
Evading growth suppressors
Activating invasion and metastasis
Enabling replicative immortality
Inducing angiogenesis

Resisting cell death

Avoiding immune destruction

© N o g bk w DD PE

Deregulating cellular energetics

In addition, two “enabling characteristics” of cancer were referenced; tumour
promoting inflammation, and genome instability and mutation. These hallmarks and
characteristics are proposed as the key targets for therapeutic agents, both
currently available, and in development. The authors note that by inhibiting one or
more of the hallmarks of cancer, therapeutic agents can limit or prevent
tumourigenesis and, therefore, these mechanisms are commonly targeted in early

stage in vitro research (263).
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3.1.2 In vitro lung cancer cell culture

The American Tissue Type Culture Collection (ATCC) catalogue has 167 human
LC cell lines, which can be sub-classified by cell type, stage of cancer progression
and site of origin, i.e. primary tumour or metastatic site (264). The A549 cell line, a
human lung adenocarcinoma cell line, was derived from a primary epithelial lung
carcinoma of a 58-year old Caucasian male in 1972 (265). This cell line was
selected as an in vitro model of NSCLC as adenocarcinoma accounts for
approximately 40% of all LC cases (87), and therefore the most common subtype
of LC would be assessed. The A549 cell line is included in the National Cancer
Institute’s NCI-60 Human Cancer Cell Line Screen, which consists of 60 cell lines
commonly used in the screening of new therapeutic compounds (266). Additionally,
the A549 cell line is commonly cited as an in vitro model of NSCLC in the literature,
with a PubMed search indicating that over 21,000 articles contain this term since
1976.

3.1.3 In vitro fibroblast cell culture

Balb/c 3T3 clone A31 cells are a murine fibroblast cell line, which can be used to
evaluate the effects of cancer treatments on non-cancerous cells in off-target sites
(267). Another murine fibroblast cell line commonly used is the L929 cell line, with
human fibroblast cell lines also available, including Wi38 a human lung fibroblast
cell line. While it must be acknowledged that murine cell lines are not wholly
representative of human tissue, they are the most widely used cell line to evaluate
cytotoxicity. One of the benefits of using such a cell line is that, due to its common
application in cytotoxicity evaluation, a large bank of data is available for reference
and comparison (268). In addition, the International Organization for
Standardization (ISO) recommends the use of Balb/c 3T3 clone A31 in cytotoxicity
testing in their published standards for the “Biological Evaluation of Medical
Devices” (269).

3.1.4 2D and 3D in vitro cell culture models

2D cancer cell culture is the most common method of in vitro cytotoxicity
assessment, and utilises monolayers of cells to model tumourigenesis in vitro (270).
This model of cancer has little relevance to the in vivo environment, and inadequate
biorelevance of in vitro testing has been cited as one of the reasons associated with

the poor clinical translation rate of therapies (271). 2D cell culture is often carried
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out with cancer cells that adhere to the plastic structure on which they are cultured,
which forces the growth in 2D against the natural development of 3D structures in
vivo (272). As discussed in Chapter 1, the composition of the TME is unique and
has a critical impact on tumourigenesis (273). Without cellular crosstalk many of the
tumours “self-preservation” pathways are unable to function, and efficacy of
treatment may be overestimated. Additionally, cells grown in a 2D monolayer
receive an equal amount of oxygen and nutrients. However, a key feature of
tumours in vivo is the formation of a necrotic core, with leaky vasculature produced
unevenly throughout the tumour leading to areas of hypoxia. This disorganised

structure of an in vivo tumour is lost in monolayer culture (69, 274).

Despite the limited biorelevance outlined above, 2D cell culture still has value in the
experimental process as it facilitates rapid and inexpensive screening of the drug
molecules and drug delivery formulations. It allows for initial evaluation to be carried
out before investing inthe more expensive 3D models or in vivo studies. Therefore,
2D cell culture is a simple and cost-effective screening system for initial cytotoxicity
analysis, but results should be interpreted with caution, and with the view to

progressing to 3D in vitro models and in vivo testing (274).

In an effort to address some of the limitations of monolayer cancer cell culture
highlighted above, a significant amount of research has been directed towards the
development of more physiologically relevant in vitro models of cancer by culturing
the cells in a 3D environment. The 3D environment provides for the critical cell-cell,
and cel-ECM interactions, that induce the biological and physical cues for
tumourigenesis in the TME, as discussed in Chapter 1 (275). Different methods
have been proposed to achieve this, including spheroid formation, scaffolds and

matrices, or microfluidics (276).

Spheroid formation can be achieved relatively easily, for low cost, and with high
throughput using methods like forced floating, hanging drop and agitation induced
formation (277). This method relies on the cells forming aggregates and creating
their own 3D structure by secreting their own ECM. Larger spheroids (>500 um) are
capable of forming different zones of proliferation moving towards a necrotic core,
similar to the in vivo reality (278). Depending on cell type used, spheroid formation
has varying degrees of success, and so validated culture methods are called for
(277).
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Scaffolds and matrices provide 3D structural support, acting as a surrogate ECM to
allow the cancer cells to adhere, proliferate, migrate and deposit their own ECM to
produce a more representative tumour model. They can consist of natural or
synthetic polymers, decellularised tissue or cell derived matrices, and can be
treated with growth factors to further induce a biomimetic environment (276). This
type of 3D model is more expensive and technically challenging than spheroid
culture (279).

Microfluidics or organ-on-a-chip cell culture uses controlled dynamic fluid flow
through the culture cells to mimic the invivo environment, and transport of nutrients
and waste to and from the tumour. Microfluidic cell culture can be carried out using
2D or 3D models of cancer, and holds the potential to effectively mimic the complex
in vivo TME on a micro-scale. However, universal application of microfluidic cell
culture is currently limited by the high-cost and technical complexities associated
with the system (280).

3.1.4.1 3D in vitro models of lung cancer

The aforementioned methods of 3D in vitro culture have all been applied to in vitro
LC research. The development of high throughput screening (HTS) using these 3D
models would facilitate large scale assessment of LC treatments in a more
biorelevant setting. AlgiMatrix™ is a porous sponge which has been used in the
development of a 96-well plate-based HTS system using a panel of three LC cell
lines. This study demonstrated the application of 3D culture systems in the
assessment of nanoparticle-based advanced drug delivery platforms. It was
determined that uptake of the nanoparticles was lower in the 3D model, compared
to 2D, which the authors concluded to be more representative of the process invivo
(281). Anin vitro 3D HTS model of LC was also developed to assess the invasive
behaviour of two LC cell lines, in which a 3D LC cell cluster was encapsulated in a
collagen-based ECM. The invasive behaviour of the two LC cell lines studied,
H1229 and A549 cells, was determined to be different, with only the H1229 cells
demonstrating multidirectional invasive pattern (282). In general, it has been found
that different LC cell types behave differently in response to the same matrix, and
that different matrices induce different responses in the same cell type, indicating
that validation of 3D models is required for each histological subtype and matrix
used (283). Decellularised lung matrices from rats have also been used to culture
A549sin an ex vivo 3D model of LC, and were found to form tumour nodules similar

to those observed in vivo (284). More advanced in vitro 3D models of LC have also
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been developed using primary LC cells to further increase the biorelevance of these
systems (285). In vitro 3D co-culture models of LC have also been developed, with
improved biorelevance demonstrated upon inclusion of non-cancerous cell lines in
the culture system, compared to monoculture (285). Tri-culture 3D models using
cancer cells, fibroblasts and endothelial cells have been established using the
hanging drop method (286). OncoCilAir™ is a commercially available tri-culture in
vitro 3D model of LC, which uses bronchial cells, lung fibroblasts and A549 LC cells.
Authors suggest that different molecular subtypes could be cultured using the
OncoCilAir™ technology and this model is suggested as a tool for predictive anti-

cancer drug screening (287).

3.1.5 In vitro cytotoxicity assessment of thermoresponsive hydrogels
in 2D and 3D models

2D in vitro evaluation of cytotoxicity of thermoresponsive hydrogels as drug delivery
platforms presents a number of challenges. The function of many advanced drug
delivery platforms is to deliver a chemotherapeutic payload over an extended period
of time. Due to the disparity between therapeutic dosing and number of cells seeded
in 2D monolayer studies, total cell death is often seen at early time points in vitro,
negating the use of later timepoints. In considering thermoresponsive hydrogels
specifically, 2D in vitro evaluation of cytotoxicity fails to take account of the other
potential mechanisms of cell death, including embolisation of tumour supplying
arteries, and distribution of hydrogel throughout the tumour, which will affect how
cells are exposed to the hydrogel. 2D in vitro toxicity evaluation does hold value in
assessing comparatively between excipients used, delivery methods and dosing,
but results should not be interpreted in isolation as absolute measures. 3D in vitro
studies provide an opportunity to gain additional insights into the cytotoxicity of
cancer treatment delivered via thermoresponsive hydrogels, as they represent
cellular behaviour more representative of that in vivo as discussed above in Section
3.1.4 (69, 274, 276). In terms of [T administration of thermoresponsive hydrogels,
the use of a 3D model provides an opportunity to mimic the clinical procedure in an
in vitro setting, thereby more accurately assessing function of the drug delivery
platform. Finally, with regard to the drug delivery functionality of thermoresponsive
hydrogels, the extended culture timeframe associated with 3D in vitro models
facilitates the evaluation of the impact of sustained release of chemotherapeutics

over time.
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3.1.6 Aim and objectives

The overall aim of this chapter was to determine the in vitro cytotoxicity profile of
blank and drug ChemoGel in a 2D and 3D model of NSCLC.

The specific objectives of this chapter were to:

f  Assess cytotoxicity of blank and drug ChemoGel using a human NSCLC cell
line (A549)

f Determine the apoptotic/necrotic contributions to cytotoxicity

f  Assess cytotoxicity of blank ChemoGel in non-cancerous cell line (Balb/c
3T3 A31)

f  Assess cytotoxicity of individual excipients of ChemoGel

f Establish a 3D model of lung cancer

f Evaluate the cytotoxicity of blank and drug ChemoGel in the 3D model of
lung cancer
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3.2 Materials and Methods

A human epithelial carcinoma cell line, A549, and a murine fibroblast cell line,
Balb/c 3T3 clone A31, were purchased from LGC Standards (Middlesex, UK).
Dulbecco’s Modified Eagles Medium /Hams’ Nutrient Mixture F12 (DMEM:F12)
(D8062), DMEM - high glucose (D6429), Penicillin 10,000 units/ml — Streptomycin
10mg/ml solution (Pen/Strep), Trypsin, Dimethyl sulfoxide (DMSO), N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDAC), N-
Hydroxysuccinimide (NHS), Hyaluronic acid (HyA) sodium salt derived from
Streptococcus equi and neutral buffered formalin (NBF) 10% viv were all purchased
from Sigma Aldrich (MO, USA). Collagen type | derived from bovine Achilles tendon
(Collagen Matrix, USA). Fetal bovine serum (FBS) and newborn calf serum (NBCS)
were purchased from BioSera (Nuaillé, France). Cell Counting Kit-8 (CCK-8) was
purchased from NBS Biologicals Ltd. (Cambridgeshire, UK). LIVE/DEAD®
Viability/Cytotoxicity Kit for Mammalian Cells was purchased from Invitrogen
Ireland. APC Annexin V Apoptosis Detection Kit with Propidium lodide (PI) was
purchased from BioLegend (CA, USA).

3.2.1 Cell culture and sub-culturing of cell lines

All cell culture was carried out in a class Il laminar airflow cabinet, which was
cleaned down with 70% ethanol prior to, and following, use. All items entering the
airfow cabinet were also sterilised with 70% ethanol. UV sterilisation was used for
at least 15 min prior to use of different cell lines to avoid cross contamination. Cell
lines were resurrected from storage in liquid nitrogen prior to use. The vial
containing the cell line was defrosted quickly in a waterbath at 37°C, turning it often
to minimise temperature gradients. Cell culture medium was added dropwise to the
defrosted cells, and this was centrifuged at 1,200 rpm for 5 min at room
temperature. The supernatant was aspirated off the pellet to remove any DMSO
from the freezing medium, and the cells were resuspended in supplemented cell
culture medium and transferred to a T175 cm? flask (Starstedt, Ireland).

Supplemented medium was replaced every three days, and cells were passaged

when they had reached 80-90% confluency (A549 cells) or 60% confluency (Balb/c

3T3 clone A31 cells). Passaging of cells was carried out by removing all medium

from the flask. Cells were detached from the flask by adding 5 ml of trypsin to the

flask and incubating at 37°C for 5 min in a 5% COz2, 90% humidity environment. The

flask was physically agitated to ensure complete detachment. 10 ml of
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supplemented medium was then added to the flask to stop the trypsinisation
process, and prevent cell death. This mixture was removed from the flask and
added to a 50 ml Falcon Tube. The mixture was centrifuged at 1,200 rpm for 5 min
at room temperature. The trypsin/medium supernatant was carefully discarded, and
the pellet of cells formed was then resuspended in fresh medium, and reseeded in
a T175 cm? flask at an appropriate seeding density. Cell culture specifics are

outlined in Table 3.1 for the two cell lines used.

Table 3.1 Cell culture requirements of A549 and Balb/c 3T3 clone A31 cells. DMEM, Dulbeccofs
Modified Eagles Medium; FBS, Fetal bovine serum; NBCS, Newborn calf serum; Pen/Strep,

Penicillin-Streptomycin.

Cell line A549 Balb/c 3T3 clone A31
&l aullie DMEM:F12 supplemented DMEM - high glucose
medium with 10% viv FBS, 1% viv supplemented with 10% viv
Pen/Strep NBCS, 1% v/v Pen/Strep
Doubling Time 22 h 18 h

For 60 mm plates, use an
inoculum of 300,000 cells per
1:3-1:8 plate and subculture every 3
days. Highly sensitive to
contact inhibition.

Sub-culturing
ratio

3.2.2 2D in vitro cell viability assays

3.2.2.1. Cell Counting Kit-8 assay

For cytotoxicity assessment, viability was determined using the CCK-8 assay
according to manufacturer’s instructions. The CCK-8 assay is a colorimetric assay,
which quantifies the reduction of a water-soluble tetrazolium salt, WST-8, to soluble
formazan dyes. The production of the formazan dyes is dependent on the ability of
the cell to produce dehydrogenase, and therefore linked to cellular viability. CCK-8
is said to be most sensitive of the tetrazolium assays, as itis reduced by the majority
of the cellular dehydrogenase (288). At the pre-determined timepoint, the
appropriate treatment was discarded from the well, and the well was washed once
with PBS. 200 pL fresh supplemented medium was added to each well. 20 pL of
CCK-8 reagent was added to each well, and the plates were returned to the
incubator for 90 min or 3 h for A549 cells or Balb/c 3T3 clone A31 cells, respectively.

The same volume of CCK-8in medium was also added to wells with no cells seeded
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to act as a control for absorbance detected from cell free medium (blank). 100 pL
of the CCK-8 incubated medium from each well was then transferred to a 96-well
plate and absorbance was read at 450 nm on a Varioskan Flash Plate Reader
(Thermo Fisher Scientific, MA, USA). Medium treated cells were taken as 100%
viability, and the viability of each treatment group was expressed as a percentage
of this (Equation 6).

0w — (Equation 6)

3.2.2.2 LIVE/DEAD Viability/Cytotoxicity assay

Live/Dead staining was performed as a qualitative indicator of viability and
cytotoxicity of treatment; Live cells were stained green using Calcein AM and dead
cells were stained red using Ethidium homodimer-1. Cell staining was carried out
according to the manufacturers protocol (Invitrogen, Ireland) (289). 2.5 pL Calcein
AM and 10 pL Ethidium homodimer-1 was added to 5 ml PBS. At the pre-
determined timepoint, the appropriate treatment was discarded from the well and
washed once with PBS. 300 uL of this Calcein AM/Ethidium homodimer-1 solution
was added to each treatment well and allowed to develop for 30 min. The stains
were then removed, and 300 pL of PBS was added to the wells. Live and dead cells
were fluorescently imaged individually using blue (FITC/GFP) and green (TRITC)
filters respectively on the same field of view with a Leica DMIL microscope (Leica
Microsystems, Switzerland). Image J was used to generate composite images of

cell viability/cytotoxicity.
3.2.3 Assessment of cytotoxicity of blank and drug ChemoGel

Initial seeding density selection experiments were conducted to select optimal
seeding density of A549 cells for 2D cell culture. 5,000 or 10,000 cells were seeded
in a 96-well plate (Corning™ Costar™, NY, USA). 20,000 cells were seeded in a
24-well plate (Corning™ Costar™, NY, USA). Cells were allowed to adhere for 24
h at 37°C in a 5% CO2, 90% humidity environment. After 24 h, medium was
removed from wells, and replaced with fresh supplemented medium, containing 20
uL of blank ChemoGel. Plates were returned to the incubator at 37°C ina 5% COz,
90% humidity environment for 24 or 48 h. The 48 h timepoint was included as it is
used by the NCI in the aforementioned NCI-60 Human Cancer Cell Line Screen
protocol (290). The inclusion of this later timepoint is said to ensure that the
treatment has sufficient time to carry out the cytotoxic function. Following the pre-
determined incubation period, the plates were removed from the incubator, and the
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supernatant was discarded. The wells were washed once with PBS, and the
appropriate viability assay was carried out as outlined above (Section 3.2.2.1 and

3.2.2.2). Data shown is representative of the mean of three triplicate wells + SEM.

Based on initial seeding density experiments, a seeding density of 20,000 cells per
well was chosen for further experiments. A549 cells were seeded at a density of
20,000 cells per well ina 24-well plate with 500 pL of supplemented medium. Cells
were allowed to adhere for 24 h at 37°C in a 5% CO2, 90% humidity environment.
After 24 h, medium was removed from wells, and replaced with fresh supplemented
medium. Appropriate volumes of blank or drug Chemogel or cisplatin/paclitaxel
solution (0, 10, 20 or 30 pL) were added to the fresh supplemented medium to bring
the final volume of each well to 500 uL, based on methods by Ma et al. (2014) (58).
Plates were returned to the incubator at 37°C in a 5% CO2, 90% humidity
environment for 24 or 48 h. Following the pre-determined incubation period, the
plates were removed from the incubator, and the supernatant was discarded. The
wells were washed once with PBS, and the appropriate viability assay was carried
out as outlined above (Section 3.2.2.1 and 3.2.2.2). All experiments were conducted
in quadruplicate, and data shown is representative of the mean of three

independent experiments + SEM.

This protocol was repeated using Balb/c 3T3 clone A31 cells under identical
experimental conditions to determine the cytotoxicity of 10, 20 and 30 pL of blank
ChemoGel in a non-cancerous cell line. All experiments were conducted in
quadruplicate, and data shown is representative of the mean of three independent

experiments + SEM.
3.2.4 Apoptosis analysis

Apoptosis of A549 cells induced by treatment with 30 pL of Medium,
cisplatin/paclitaxel solution, blank ChemoGel or drug ChemoGel was evaluated
using APC Annexin V Apoptosis Detection Kit with Pl (BioLegend, CA, USA)
according to manufacturer’s instructions, and detected via flow cytometry (291).
Cells were seeded at 200,000 cells per well in 2 ml supplemented medium in 6-well
plates (Corning™ Costar™, NY, USA), and allowed to adhere for 24 h. Medium
was removed, and 30 pL of treatment was added to each well with 1970 pL of fresh
supplemented medium. Plates were returned to the incubator for 24 h. Treatment
and medium were removed after 24 h treatment, and plates were washed once with

PBS. Cells were detached from the wells via trypsinisation, and centrifuged at 1,200
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rpm for 5 min to produce a cell pellet. Supernatant was removed from the cell pellet,
and the cells were washed twice with FACS buffer. Cells were resuspended in 100
uL Annexin V binding buffer (BioLegend, CA, USA) in a 5 ml tube. 5 pl of APC
Annexin V and 10 pl of Propidium lodide Solution were added to each tube. Tubes
were gently vortexed and incubated for 15 min at room temperature (< 25°C) in the
dark. 400 pl of Annexin V Binding Buffer was added to each tube, and cells were
analysed by flow cytometry. All experiments were carried out in triplicate, and data

shown is representative of the mean of two independent experiments + SEM.

3.2.5 Assessment of cytotoxicity of disintegration products from blank
ChemoGel

Disintegration products of ChemoGel were prepared by incubating blank Chemogel
in supplemented Balb/c 3T3 clone A31 medium. 0.5 g of blank ChemoGel was
added to a 15 ml falcon tube and incubated at 37°C for 30 min to allow for complete
gelation. 1 ml of pre-warmed supplemented Balb/c 3T3 clone A31 medium was
added to the falcon tube. After 24 h, the medium was removed and stored at -20°C

until required.

Cells were seeded at a density of 10,000 cells per well in a 96-well plate with 200
pL of supplemented medium. Cells were allowed to adhere for 24 h at 37°C ina 5%
COz2, 90% humidity environment. The disintegration products were then removed
from storage at -20°C, defrosted and warmed to 37°C. The disintegration products
were added to each well in fresh supplemented Balb/c 3T3 clone A31, to bring the
final volume in each well to 200 pL. Plates were returned to the incubator at 37°C
in a 5% COz2, 90% humidity environment for 24 h. Following the pre-determined
incubation period, the plates were removed from the incubator, and the supernatant
was discarded. The wells were washed once with PBS, and the CCK-8 viability
assay was carried out as outlined in Section 3.2.2.1. Data shown is represented as

the mean of four technical replicates + SEM.

3.2.6 Assessment of cytotoxicity of the individual excipients of

ChemoGel formulation

The cytotoxicity of each excipient in the ChemoGel formulation was assessed to
determine its contribution to the overall cytotoxicity of the final formulation. Each
individual component was dissolved in the appropriate supplemented cell culture

medium for the cell line used, as outlined in Table 3.2.
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Table 3.2 Concentrations of individual excipients evaluated for cytotoxicity.

Excipient % wiw Diluent
Poloxamer 407 17
Chitosan 0.5 Supplemented A549 or
Balb/c 3T3 clone A31
2-Hydroxypropyl-B-Cyclodextrin 10 medium
Genipin 0.1

Cells were seeded at a density of 20,000 cells per well in a 24-well plate with 500
pL of supplemented medium. Cells were allowed to adhere for 24 h at 37°C ina 5%
COz2, 90% humidity environment. After 24 h, medium was removed from wells, and
replaced with 470 pL of fresh supplemented medium. 30 pL of the appropriate
excipient was added to the fresh supplemented medium to bring the final volume
each well to 500 pL. 30 pL was chosen as this was the highest volume of ChemoGel
used in Section 3.2.3. Plates were returned to the incubator at 37°C in a 5% COz2,
90% humidity environment for 24 or 48 h. Following the pre-determined incubation
period, the plates were removed from the incubator, and the supernatant was
discarded. The wells were washed once with PBS, and the CCK-8 viability assay
was carried out as outlined in Section 3.2.2.1. All experiments were conducted in
quadruplicate, and data shown is representative of the mean of three independent

experiments + SEM.

3.2.7 Development of 3D in vitro model of lung cancer

3.2.7.1 Scaffold fabrication

Collagen-hyaluronic acid (CHyA) scaffolds were manufactured by Dr Caroline
Curtin as previously described, using collagen type | derived from bovine Achilles
tendon and HyA sodium salt derived from Streptococcus equi(292). CHyA
suspensions were made by dissolving collagen and HyA in 0.5 M (pH 2.8) glacial
acetic acid separately, and blended at 15,000 rpm (IKAT18, IKA Works Inc, NC,
USA) for 3.5 h ina cooling system (WKL230, Lauda Brinkman, Westbury, CT, USA)
at 4°C in order to prevent denaturation. The final concentrations of the suspensions

were composed of collagen 0.5% w/v and HyA 0.05% wi/v.

Slurries were degassed and freeze-dried (Virtis Genesis 25EL, Biopharma,

Winchester, UK) at a constant cooling rate of 1°C/min to a final temperature of
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-40°C. All scaffolds were cross-linked and sterilized using a dehydrothermal (DHT)
treatment under vacuum of 50 mTorr at 105°C ina vacuum oven (VacuCell, MMM,
Germany) for 24 h. Cylindrical scaffold samples (8 mm diameter, 4 mm height) cut
by a biopsy punch were further cross-linked with 6 mMM EDAC and 2.4 mM NHS in
dH20O to improve the mechanical properties of the constructs prior to

experimentation.

3.2.7.2 In vitro cell culture of A549 cells in 2D and 3D

A549 cells were seeded at a density of 100,000 or 200,000 cells per well in 6-well
adherent tissue culture plates to evaluate their proliferation kinetics in 2D cell
culture over 21 days. The same densities of A549 cells were seeded onto CHyA
scaffolds fabricated as per Section 3.2.7.1 to determine if culturing in 3D impacted
on proliferation. Cells were seeded onto the CHyA scaffolds in two portions in 24-
well non-adherent tissue culture plates (Grenier Cellstar, Sigma-Aldrich, MO, USA).
For 100,000 cells per scaffold, 50,000 cells in 20 pL of supplemented cell culture
medium were seeded onto one side of the scaffold, and allowed to adhere for 15
min at room temperature. Scaffolds were then turned over, and the process was
repeated on the unseeded side of the scaffold. 2 ml of supplemented cell culture
medium was then added to each well, and plates were maintained in an incubator
at 37°C in a 5% COz2, 90% humidity environment. This process was repeated for
the 200,000 cell density, by seeding 100,000 cells in 20 pL of supplemented cell
culture medium onto both sides of the scaffold, as outlined above. Culture medium

was changed every 2 to 3 days for 2D and 3D experiments.

3.2.8 Comparison of A549 cell proliferation in 2D and 3D cell culture

The quantification of dsDNA of A549 cells seeded in 2D and 3D, as outlined in
Section 3.2.7.2, was undertaken to determine if differences in proliferation kinetics
occurred under these conditions. Cells were lysed with 1% v/v Triton-X in 0.1 M
carbonate buffer at Day 1, 5, 7, 14 and 21 post seeding to enable quantification of
dsDNA. 1 ml of lysis buffer was added to the 2D cell culture wells for 30 min under
agitation, and subsequently stored at -80°C until analysis. 3D scaffolds were
submerging in 1 ml of lysis buffer and stored at -80°C until analysis. 3 freeze—thaw
cycles at -80°C were conducted to ensure total cell lysis had occurred to free the
cellular dsDNA for quantification using the Quant-iT™ Picogreen® dsDNA assay
kit (Invitrogen, Dublin, Ireland) as per manufacturer's instructions (293, 294).

Fluorescence intensity was measured using a Perkin Elmer Victor? 1420 multilabel
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counter plate reader (MA, USA) (excitation 485 nm, emission 538 nm), and total
dsDNA content (ug/ml) was quantified within the linear range of a dsDNA calibration
curve from dilutions of DNA standards provided with the Picogreen® Kkit. All
experiments were performed in triplicate and fluorescent measurements were
made in duplicate. Data shown is representative of the mean of three independent
experiments + SEM.

3.2.9 Assessment of viability/cytotoxicity of A459 cells in 2D and 3D

culture

Viability of A549 cells cultured in 2D and 3D as per Section 3.2.7.2 was qualitatively
confirmed using LIVE/DEAD™ Viability/Cytotoxicity kit (Life Technologies, CA,
USA) according to the manufacturer’'s protocol. Briefly, at each timepoint (Day 1, 5,
7, 14 and 21) culture medium was removed from the 2D culture wells, and 3D
scaffolds were transferred to fresh wells with no medium. 2D and 3D samples were
rinsed with PBS, and staining was carried out as per Section 3.2.2.2 using 1 ml of
the Calcein AM/Ethidium homodimer-1 solution per sample. Fluorescent images of
the 2D samples were captured on a Leica DMIL microscope (Leica Microsystems,
Switzerland) as outlined in Section 3.2.2.2. 3D samples were fluorescently imaged
using confocal microscopy (LSM 710 confocal microscope with Zen® 2008
software, Carl Zeiss AG, Oberkochen, Germany) to create a Z-stack of 12 images,
at a depth of 100 um to 30 um below the surface of the scaffold. Image J was used

to generate composite images of cell viability/cytotoxicity.
3.2.10 Assessment of migration of A549 cells in a collagen scaffold

Samples were fixed in 10% viv NBF for 2 h, washed in PBS, and dehydrated with
increasing grades of ethanol, before being infiltrated in paraffin and embedded in
paraffin blocks. Paraffin blocks were then sectioned at 5 pm using a microtome and
mounted onto glass slides. Haemotoxylin and Eosin (H & E) staining was performed
by Mr. David Monahan in National University Ireland, Galway in order to asses
general morphology of the system. Briefly, samples were dewaxed and rehydrated
through decreasing grades of alcohol stained using hematoxylin, differentiated in
acid alcohol and counter stained using eosin. Samples were then dehydrated and
cleared before being coverslipped using DPX Mountant, and imaged using a Leica

DM 1000 microscope (Leica Microsystems, Switzerland) at a magnification of 20X.
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3.2.11 Assessment of cytotoxicity of blank and drug ChemoGel in a 3D

in vitro model of lung cancer

100,000 cells were seeded onto CHyA scaffolds as outlined in Section 3.2.7.2. Cells
were allowed to proliferate over 7 days before treatment to facilitate establishment
of the 3D model. At Day 0 (Day 7 post seeding), 50 pL of the appropriate treatment
(Medium, cisplatin/paclitaxel solution, blank ChemoGel or drug ChemoGel) was
injected into the centre of the scaffold using a 1 ml luer-lock syringe and 25G
needle. Scaffolds were returned to 37°C for 30 min to allow for gelation to occur,
before adding 2 ml of fresh medium to each well. Plates were returned to the
incubator at 37°C in a 5% COz2, 90% humidity environment for 2, 5, 7 or 14 days
post-intra-scaffold injection. Following the pre-determined incubation period, the
plates were removed from the incubator, and the supernatant was discarded. The
wells were washed once with PBS, and the appropriate viability assay was carried
out as outlined above (Section 3.2.2.1 and 3.2.2.2) (Fig. 3.1). All experiments were
conducted in quadruplicate, and data shown is representative of the mean of three

independent experiments + SEM.

100,000 cells seeded Intra-scaffold injection Assessment of viability

CCK-8 assay Live/Dead staining

Day -7 Day 0 Day2,5,7& 14

Figure 3.1 Schematic of experimental set up for 3D in vitro cytotoxicity evaluation of blank and drug
ChemoGel.
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3.2.12 Statistical analysis

Two-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons
test was performed in cytotoxicity studies described in Sections 3.2.3, 3.2.5, 3.2.6
and 3.2.11 to determine statistical differences between viability post-treatment in
vitro. One-way ANOVA followed by Tukey's multiple comparisons test was used to
compare results for statistical significance from apoptosis analysis in Section 3.2.4.
All statistical tests were performed using GraphPad Prism v6 (GraphPad Software
Inc., CA, USA). Error is reported as SEM of three independent repeats, unless
otherwise stated, and significance was determined using a probability value of p <
0.05.
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3.3 Results

3.3.1 Assessment of cytotoxicity of blank and drug ChemoGel in a

human lung cancer cell line

3.3.1.1 Impact of seeding density on cytotoxicity of blank ChemoGel

Increasing the initial seeding density of A549 cells had a significant effect on the
cytotoxicity of blank ChemoGel (Fig. 3.2 A). The cytotoxic capacity of the same
volume of blank ChemoGel decreased as cell seeding density increased, and was
significantly reduced at 20,000 cells per well compared to 5,000 cells per well
following 24 h of treatment (50.64% + 3.1% vs 7.84% * 3.52% respectively, p =
0.0229). The quantitative viability results were confirmed by qualitative Live/Dead
cell imaging, as increasing seeding density was observed to have an increasing
proportion of live cells (green) compared to dead cells (red) following blank
ChemoGel treatment (Fig. 3.2 B).
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Figure 3.2 Seeding density of A549 cells had a significant effect on viability following treatment with
20 uL of blank ChemoGel for 24 h. (A) Relative viability of A549 cells at different seeding densities
after exposure to 0 or 20 pL of blank ChemoGel for 24 h. Data shown is represented as the mean +
SEM (n=3 replicates). Significance was determined using a two-way ANOVA, with Tukey's multiple
comparisons test. * = p < 0.05 (B) Representative images of Live/Dead staining of increasing A549
cell densities treated with (i) O pL or (ii) 20 pL of blank ChemoGel for 24 h. Live cells are stained

green, dead cells are stained red. Magnification, 10X. Scale bar, 200 pm.
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3.3.1.2 Dose-dependent cytotoxicity of blank ChemoGel

A seeding density of 20,000 cells per well was subsequently chosen to investigate
if ChemoGel treatment demonstrated a dose-dependent toxicity. Blank ChemoGel
treatment at all doses evaluated demonstrated a significant decrease in viability of
A549 cells (Fig. 3.3 A), with viability data confirmed qualitatively with Live/Dead
staining (Fig. 3.3 B). Although not statistically significant, increasing blank
ChemoGel doses resulted inincreasing toxicity in A549 cells as viability decreased
by approximately 30% after 24 h between treatment with 10 pL and 30 pL (46.97%
+10.32% vs. 16.38% + 3.6% respectively, p =0.109).
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Figure 3.3 Blank ChemoGel treatment significantly reduced viability of A549 cells. (A) Relative
viability of A549 cells treated with 0 T 30 pL of blank ChemoGel for 24 and 48 h. Data shown is

B
24 h
B ..

represented as the mean + SEM of three independent experiments (n=3). Significance was
determined using a two-way ANOVA, with Tukey's multiple comparisons test. ** = p < 0.01, ** =p
< 0.001, **** = p < 0.0001 (B) Representative images of Live/Dead staining of A549 cells treated
with (i) O pL, (ii) 10 L, (iii) 20 pL or (iv) 30 pL of ChemoGel for 24 and 48 h. Live cells stained green,

dead cells stained red. Magnification, 10X. Scale bar, 200 um.
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3.3.1.3 Dose-dependent cytotoxicity of drug ChemoGel

All doses of drug ChemoGel evaluated (0 — 30 pL) caused a statistically significant
decrease in viability of A549 cells, compared to untreated control at the same
timepoints (p < 0.0001) (Fig. 3.4 A). Treatment with 30 pL of ChemoGel caused a
statistically significantly greater reduction in viability than 10 uL of ChemoGel at 24
h (6.25% + 2.41% vs. 31.74% + 11.7% respectively, p = 0.0205). Qualitative
Live/Dead staining confirmed viability results, with increasing number of dead cells

(red) and decreasing number of live cells (green) observed with increasing dose
(Fig. 3.4 B).
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Figure 3.4 Drug ChemoGel treatment significantly reduced viability of A549 cells. (A) Relative

viability of A549 cells treated with O T 30 pL of drug ChemoGel for 24 and 48 h. Data shown is
represented as the mean + SEM of three independent experiments (n=3). Significance was
determined using a two-way ANOVA, with Tukey's multiple comparisons test. * = p < 0.05, **** = p
< 0.0001 (B) Representative images of Live/Dead staining of A549 cells exposed to (i) O pL, (ii) 10
pL, (iii) 20 pL or (iv) 30 pL of drug ChemoGel for 24 (top) and 48 (bottom) h. Live cells are stained
green, dead cells are stained red. Magnification, 10X. Scale bar, 200 pm.
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3.3.1.4 Cytotoxicity of lead ChemoGel formulations

Comparison of the same wvolume of blank ChemoGel, drug ChemoGel and
cisplatin/paclitaxel solution revealed that all treatments caused a statistically
significant decrease in viability compared to untreated controls (Fig. 3.5 A). At 24
h, a statistically significant greater reduction in viability was observed following
treatment with drug ChemoGel (6.25% + 2.41%) compared to both blank ChemoGel
(16.38% = 3.6%, p = 0.0436) and cisplatin/paclitaxel solution (17.05% + 2.41%, p =
0.03) (Fig. 3.5 A). Live/Dead imaging qualitatively confirmed these results (Fig. 3.5
B).
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Figure 3.5 Treatment with cisplatin/paclitaxel solution, blank ChemoGel or drug ChemoGel
significantly reduced viability of A549 cells. (A) Relative viability of A549 cells treated with 30 pL of
cisplatin/paclitaxel 0.01% w/w solution, blank ChemoGel or drug ChemoGel for 24 and 48 h. Data
shown is represented as the mean + SEM of three independent experiments (n=3). Significance
was determined using a two-way ANOVA, with Tukey's multiple comparisons test. * = p < 0.05, ****
=p <0.0001. (B) Representative images of Live/Dead staining of A549 cells exposed to (i) Medium,
(i) cisplatin/aclitaxel solution, (iii) blank ChemoGel or (iv) drug ChemoGel for 24 (top) and 48
(bottom) h. Live cells are stained green, dead cells are stained red. Magnification, 10X. Scale bar,
200 pm.
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3.3.2 Apoptosis analysis

Apoptosis analysis of blank ChemoGel, drug ChemoGel and cisplatin/paclitaxel
solution treatment of A549 cells in vitro revealed that all treatments statistically
significantly reduced viability of A549 cells compared to Medium alone (Fig. 3.6).
Blank ChemoGel reduced the percentage oflive cells to 64.1% +4.2% (p = 0.0025),
with the greatest amount of dead cells in the early apoptotic stages (14.7% + 0.4%)
(Fig. 3.6 B). Drug ChemoGel showed the greatest reduction in viability, as only
50.75% + 0.85% of cells were determined to be live (p = 0.0006) (Fig. 3.6 C). A
similar proportion of drug ChemoGel treated cells were found to be in early
apoptotic stages compared to blank ChemoGel, with an increase in the proportion

of late apoptotic and necrotic cells, accounting for the decrease in viability.
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Figure 3.6 Flow cytometric analysis of apoptosis using APC Annexin V and PI staining of (A)
Medium, (B) cisplatin/paclitaxel solution, (C) blank ChemoGel and (D) drug ChemoGel treated A549
cells for 24 h in vitro. (E) Proportion of live, early apoptotic, late apoptotic/necrotic cells treated with
Medium, blank ChemoGel, drug ChemoGel and cisplatin/paclitaxel. Q 1 & Q 2= late
apoptotic/necrotic cells, Q 3 = live cells Q 4 = early apoptotic cells, Data shown is represented as
the mean + SEM of two independent repeats (n=2). Significance was determined using a one-way

ANOVA, with Tukey's multiple comparisons test. * =p < 0.05, ** = p <0.01, ** =p < 0.001.
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3.3.3 Assessment of cytotoxicity of ChemoGel in a non-cancerous

murine cell line

Treatment of a non-cancerous cell line, Balb/c 3T3 clone A31 with O — 30 pL of
blank ChemoGel was then used to assess the cytotoxicity in off-target cells (Fig 3.7
A). Treatment with 10 puL of ChemoGel resulted in an increase in viability of the
Balb/c 3T3 clone A3l cells at 24 and 48 h (106.44% + 19.89% and 115.89% +
17.22% respectively). Increasing ChemoGel dose to 20 pL and 30 pL resulted in a
statistically significant decrease in viability compared to untreated cells (20 pL:
50.61% + 2.36% [p = 0.0178] and 30 pL: 11.77% + 3.45% [p = 0.002] at 48 h).

The cytotoxicity of the blank ChemoGel disintegration products was also assessed
in the fibroblast cell line to determine the effect of disintegration products on healthy
cells (Fig. 3.7 B). The disintegration products were seen to reduce the viability of
A549 cells to 67.59% + 8.62%. It is of note that these results are difficult to compare
to other toxicity data, due to the large mass of hydrogel used in the disintegration
product test (0.5 g of blank ChemoGel), compared to quantities of blank ChemoGel
used in previous Balb/c 3T3 clone A31 cytotoxicity studies of 10 - 30 uL (Fig. 3.7
A).
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Figure 3.7 Blank ChemoGel treatment did not negatively affect viability of Balb/c 3T3 clone A31
cells at low doses. (A) Relative viability of Balb/c 3T3 clone A31 cells treated with O T 30 pL of
ChemoGel for 24 and 48 h. Data shown is represented as the mean + SEM of three independent
experiments (n=3). Significance was determined using a two-way ANOVA, with Tukey's multiple
comparisons test. (B) Relative viability of Balb/c 3T3 clone A3l cells treated with degradation
products of ChemoGel (extract) for 24 h. Data shown is represented as the mean + SEM (n=4
replicates). Significance was determined using an unpaired t test. *= p <0.05, * = p <0.01, ** =p
<0.001, **** =p < 0.0001.

3.3.4 Assessment of cytotoxicity of the individual excipients of

ChemoGel formulation

Assessment of the cytotoxicity of individual excipients of the ChemoGel formulation,
used at the same concentration as that in 30 pL of blank ChemoGel (Table 3.2), in
A549 cells and Balb/c 3T3 clone A31 cells revealed that the excipients tended to
exert greater cytotoxicity in the cancerous cell line (Fig 3.8 A & B). P407 was the
only excipient to induce a statistically significant reduction in viability in A549 cells,
with no significant reduction observed for any excipients in Balb/c 3T3 clone A31

cells.
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Figure 3.8 Cytotoxic capacity of individual excipients of the ChemoGel formulation varied between
A549 and Balb/c 3T3 clone A31 cells. Relative viability of (A) A549 cells and (B) Balb/c 3T3 A3l
cells following treatment with Poloxamer 407 (P407), Chitosan (CS), 2-Hydroxypropyl-b-
Cyclodextrin (2-HP-b-CD) or Genipin (GP) for 24 and 48 h. Data shown is represented as the mean
+ SEM of three independent repeats (n=3). Significance was determined using a two-way ANOVA,

with Tukey's multiple comparisons test. *** = p < 0.001.

3.3.5 Development of an in vitro 3D lung cancer model

3.3.5.1 Proliferation of A549 cells in 2D and 3D over 21 days

Evaluation of proliferation of A549 cells cultured in 2D at two different seeding
densities demonstrated that both seeding densities proliferated rapidly over 14
days, as evidenced by increasing dsDNA. Between Day 14 and Day 21, a decrease
in dsDNA content was observed in the higher seeding density from 26.05 pg/ml +
3.125 pg/ml to 18.69 pg/ml = 2.58 pg/ml (Fig. 3.9 A). The same pattern was not
observed in the lower seeding density in 2D between Day 14 and Day 21, but the
rate of proliferation slowed compared to earlier timepoints. Culture of A549 cells in
3D CHyA scaffolds revealed that both seeding densities proliferated over 21 days,
although they did not undergo the same pattern of rapid proliferation. At Day 21
similar levels of dsDNA were observed for both seeding densities in 3D, with 3.01
+ 0.31 pg/ml and 3.06 + 0.19 pg/ml of dsDNA quantified for the 100,000 cell and
200,000 cell seeding density respectively (Fig. 3.9 B). Comparing fold change of
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dsDNA over the 21 day period revealed that 100,000 cells per well or scaffold in 2D
or 3D respectively underwent the higher rates of fold change of proliferation than
200,000 cells under the same conditions (Fig. 3.9 C). Increased numbers of dead
cells (red) were qualitatively observed in 2D culture than 3D culture following
Live/Dead staining from Day 7 onwards, although it is of note that cells imaged in
the 3D were from an X depth Z-stack, so are not representative of the entire culture
system (Fig. 3.10).
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Figure 3.9 Proliferation pattern of A549 cells was dependent on initial cellnumber seeded and matrix
upon which they are cultured. dsDNA content of A549 cells seeded at 100,000 or 200,000 cells per
well and cultured in (A) 2D monolayers and (B) 3D Collagen-Hyaluronic acid scaffolds over 21 days.
(C) Fold change in dsDNA of A549 cells at two seeding densities seeded in 2D or 3D over 21 days.

Data shown is represented as the mean + SEM of three independent repeats (n=3).
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3.3.5.2 Viability of A459 cells in 2D and 3D over 21 days
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Figure 3.10 More dead cells (red) are qualitatively observed in 2D culture, compared to the same
timepoint in 3D. Representative images of Live/Dead staining of A549 cells cultured in 2D and 3D
at two seeding densities (100,000 or 200,000 cells per well or scaffold) over 21 days. Live cells are

stained green, dead cells are stained red. Magnification, 10X. Scale bar, 200 pum.
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3.3.5.3 Migration of A549 cells through 3D environment

Qualitative assessment of migration of A549 cells through the CHyA scaffold was
conducted to evaluate the establishment of a 3D system. Atboth cell densities A549
cells were observed to have migrated through the scaffold at Day 7 and 14. A
denser cell population was observed at the surface of the scaffold at all timepoints
at both seeding densities (Fig. 3.11)
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Figure 3.11 Migration of A549 cells seeded on Collagen-Hyaluronic acid scaffolds at different
seeding densities was observed at Day 7 and 14. Representative images of H&E staining of A549
cells seeded at 100,000 (left) or 200,000 (right) cells per scaffold at Day 1, 7 and 14. Magnification,
20X. Scale bar, 50 pm.
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3.3.5.4 Assessment of blank and drug ChemoGel cytotoxicity in 3D model of lung
cancer

The 3D in vitro model of NSCLC facilitated the cytotoxicity evaluation of blank and
drug ChemoGel over 14 days in an environment that was more biomimetic than 2D
monolayer culture. Following intra-scaffold injection, designed to mimic IT
administration, blank and drug ChemoGel underwent gelation to form a bolus within
the scaffold, which remained in situ for the duration of the study (Fig. 3.12 A).
Viability of the blank ChemoGel treated A549s was significantly reduced at all
timepoints analysed post administration compared to Medium treated control, with
viability reduced to 39.04% + 3.43% at Day 14 (p < 0.0001) (Fig. 3.12 B). Drug
ChemoGel reduced viability of the A549 cells to 19.1% + 0.42% compared to
Medium treated control at Day 2 (p <0.0001), and maintained this reduced viability
until Day 14 (11.44% + 2.51%, p < 0.0001). There was a statistically significant
difference between viability of blank and drug ChemoGel at Day 2, 5 and 7, with
drug ChemoGel being more effective at reducing viability than blank ChemoGel. At
Day 14, drug ChemoGel reduced viability to a greater extent than blank ChemoGel,
with a trend towards statistical significance (p = 0.0719). Blank ChemoGel reduced
viability to a statistically significantly greater extent than the cisplatin/paclitaxel
solution at Day 2 (52.83% * 3.76% vs 94.92% + 13.14% respectively, p = 0.0026),
with no statistical difference between these two groups observed thereafter. Drug
ChemoGel reduced viability to a statistically significantly higher degree than
cisplatin/paclitaxel solution at all timepoints (Day 14: 11.44% + 2.51% vs 66.07% +
12.59%, p < 0.0001).
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Figure 3.12 3D cell culture of A549 cells on Collagen-Hyaluronic acid scaffolds facilitated
cytotoxicity evaluation of blank and drug ChemoGel over 14 days. (A) Representative images of
intra-scaffold injection of Medium or ChemoGel over time. (B) Relative viability of A549 cells cultured
on a 3D scaffold following intra-scaffold injection of Medium, cisplatin/paclitaxel solution, blank
ChemoGel or drug ChemoGel. Data shown is represented as the mean + SEM of three independent
repeats (n=3). Significance was determined using a two-way ANOVA, with Tukeyis multiple
comparisons test. * =p < 0.05, * =p <0.01, ** = p < 0.001, *** = p < 0.0001. (C) Representative
images of Live/Dead staining of Ab49-seeded scaffolds treated with Medium, cisplatin/paclitaxel
solution, blank ChemoGel or drug ChemoGel over time. Live cells stained green and dead cells

stained red. Magnification, 10X. Scale bar, 500um.
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3.4 Discussion

The challenge associated with biorelevant cytotoxicity evaluation is well
documented, and in the case of thermoresponsive hydrogels an additional layer of
complexity is presented due to the multifaceted behaviour of the composite
materials (295). This chapter sought to assess the in vitro cytotoxicity of blank and
drug ChemoGel treatment in a 2D model of NSCLC, in order to establish preliminary
cytotoxicity data. A non-cancerous cell line was also treated with blank ChemoGel
to compare in vitro cytotoxicity between target and non-target cells types. Finally, a
3D model of NSCLC was developed to create a more biomimetic environment for
in vitro cytotoxicity evaluation over longer timeframes, to gain further insight into the

biological actions of the ChemoGel technology.

As the quantity of thermoresponsive hydrogels used in in vitro cytotoxicity studies
varies widely, this makes prediction of in vivo cytotoxicity difficult, as very low doses
evaluated in vitro may shield potential inherent cytotoxicity. Elias et al. (2015)
highlighted the discrepancies in cytotoxicity evaluation of a polymeric hydrogel,
which they found to be cytotoxic at the concentrations assessed (296). The authors
note that this polymeric hydrogel is generally reported as non-toxic, but these
assessments have been carried out at doses at which gelation was not feasible.
This study also demonstrates the divergences which can arise from direct and
indirect contact assays. Cells encapsulated inthe hydrogel (direct contact) resulted
in a 90% reduction in cell viability after 24 h, but the same quantity of polymer
separated from cells by a Transwell (indirect contact) only reduced viability by less
than 10% after 48 h, which may lead to an underestimation of the true cytotoxicity
of the intact hydrogel (296). The studies contained in this Chapter were designed
to utilise blank ChemoGel and drug ChemoGel at doses at which gelation was
feasible, in combination with a direct contact assay to ascertain the true cytotoxicity

of the blank and drug-loaded delivery platforms.

An in vitro cytotoxicity profile of the ChemoGel formulation was first established in
a 2D model of NSCLC. 20,000 cells seeded in 24-well plates was chosen for
cytotoxicity assessments as this falls within the recommended seeding density per
surface area for A549 cells (265), and enables dose-dependency of ChemoGel
treatment to be elucidated (Fig. 3.2). Previous studies have also employed a similar

study design with 24-well plates, which offers a larger surface area than the 96-well
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plate format commonly used, to investigate the cytotoxicity of drug-loaded

thermoresponsive hydrogels (58, 297).

A range of ChemoGel doses were evaluated to investigate if the previously
observed cytotoxicity was dose-dependent. Treatment with blank ChemoGel
demonstrated that this drug delivery platform may exert pharmacological effects in
its own right, with increasing doses resulting in increasing toxicity to A549 cells in
vitro (Fig. 3.2 & 3.3). While it is recognised that many studies employing
thermoresponsive hydrogels as drug carriers promote their in vitro biocompatibility
as a positive attribute of their formulation design (24), the concept supporting the
use of a cytotoxic drug delivery platform is to create a multipurpose treatment
modality; one which is capable of releasing chemotherapeutics over a defined

period, and augmenting the cytotoxicity of the released drug molecules.

Analysis of the cytotoxicity of drug ChemoGel, and comparison of blank and drug
ChemoGel with a cisplatin/paclitaxel solution, resulted in almost complete cell death
after 48 h, preventing the long term analysis of cytotoxicity (Fig. 3.3 & 3.4). This
highlighted the need for an in vitro cell culture system that would facilitate
cytotoxicity evaluation over longer time frames, in order to determine if cytotoxicity
was maintained after 48 h of treatment. It is also of note that often other studies do
not report on the in vitro cytotoxicity of the hydrogel carrier, for example a
nanoparticle-loaded thermoresponsive hydrogels for cancer therapy only included
in vitro toxicity data on the blank and drug-loaded nanoparticles, but did not include
blank and drug-loaded hydrogel toxicity (298).

Scale down from in vivo doses to in vitro quantities is particularly difficult for
thermoresponsive hydrogels because a number of factors must be considered and
extrapolated to a smaller scale; volume required for gelation, volume required for
drug-loading, maximum volume capacity in vivo, and multiple dosing regimen
considerations. In order to gain maximal value from in vitro cytotoxicity evaluations
of thermoresponsive hydrogels, a standardised approach to methodology is
required. In the case of blank and drug ChemoGel, gelation was feasible at volumes
of 10 — 30 pL, however injection into the cell culture well plate did not facilitate the
formation of an intact bolus following gelation. Rather, segments of gelled hydrogel
formed in the medium. This further indicates limitations of 2D cytotoxicity testing of

thermoresponsive hydrogels.
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Apoptosis analysis revealed a similar trend to the cytotoxicity assessment, in that,
drug ChemoGel exerted the greatest reduction in viability on the A459 cells (Fig.
3.6 D). The increased viability across all groups compared to the cytotoxicity
assessments in Figure 3.3 — 3.5 may be attributed to the greater number of cells
seeded. At this seeding density some differences between groups were seen, which
could not be elucidated in the viability assays. Drug ChemoGel significantly reduced
the proportion of live cells compared to blank ChemoGel and cisplatin/paclitaxel
solution (Fig. 3.6 E). Live cells were quantified by determining the percentage of
total cell population which did not stain for Annexin V or Pl In healthy cells,
phosphatidylserine is found in an intracellular leaflet of the cell membrane. It
undergoes translocation to an external leaflet during apoptosis, at which point
Annexin V can interact with it in a calcium dependent manner, and thus cells which
stain positively for Annexin V are said to be apoptotic. For the purposes of flow
cytometry analysis of apoptosis, early apoptosis is defined as Annexin V +/ Pl -,
indicating that the phosphatidylserine has translocated to an external leaflet, but the
cell membrane is still intact. Pl is used to determine late stage apoptosis/necrosis
as this requires a disrupted membrane to pass into the cell and interact with the

DNA in the nucleus to produce fluorescence (291).

Balb/c 3T3 clone A31 cells are recommended for cytotoxicity testing by ISO
standard 10993-5:2009 (269), and were employed in this Chapter to evaluate the
effects of blank ChemoGel in off-target cell types (Fig. 3.7 A). 10 pL of ChemoGel
was seen to have proliferative effects on the non-cancerous cell line, at 24 and 48
h post treatment. This was not seen in the cancerous cell line, as the same dose
administered resulted in a statistically significant decrease in viability at these time
points (Fig. 3.3 A). 20 pL and 30 pL resulted in decreased viability in line with the
results obtained in the cancer cell line. The ChemoGel components were chosen in
part based on their suggested cancer cell directed cytotoxicity, as outlined in
Chapter 2. The cytotoxic specificity is seen at 10 pL, but is lost as the dose is
increased. In the clinical setting, ChemoGel will be delivered only to tumour tissue,
reducing the amount of direct contact with tumour tissue. Paracelsus said “the dose
makes the poison” and this seems to be held true in relation to ChemoGel. Above
a certain concentration the tumour cell directed cytotoxicity is lost; therefore it will
be important to establish this level in vivo through maximum tolerated dose testing,

and evaluation of off target organs for toxicity.
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While itis expected that delivery of ChemoGel in the clinical setting will be restricted
to cancerous tissue only, the breakdown products of ChemoGel will most likely be
removed via systemic circulation and excreted. To assess the potential off-site
toxicity arising from the removal of these breakdown products of ChemoGel, the
cytotoxicity of the disintegration products (extracts) from blank ChemoGel was
evaluated in non-target cells (Fig. 3.7 B). A statistically significant reduction in
viability of the Balb/c 3T3 clone A31 cells was observed following 24 h exposure.
However, it should be borne in mind that the disintegration products were from 0.5
g of ChemoGel, which is more than ten-fold than the volumes evaluated of whole
ChemoGel. The ISO standard for the in vitro cytotoxicity evaluation of medical
devices determines that viability of 70% or above following exposure to extracts
indicates an acceptable level of biocompatibility (269). As the exposure of the
degradation products of blank ChemoGel caused a reduction of viability to 67.59%
+ 8.62%, this indicates that the biocompatibility of ChemoGel extracts is nearing
acceptable limits. Further studies are required to determine toxicity of ChemoGel

disintegration products at later timepoints.

Assessment of the individual components of ChemoGel was undertaken in both the
cancerous and non-cancerous cell lines (Fig. 3.8 A & B). P407 was seen to be the
most cytotoxic component in both cell lines. P407 is an FDA approved inactive
ingredient. Maximum potencies of P407 listed as inactive ingredients only reach as
high as 15.1% w/w and 15.5% w/w for an intratympanic suspension and a
periodontal gel respectively (299). P407 is used at a concentration of 20% wi/v in
LeGoo®, an endovascular occlusion gel. LeGoo® was found to be safe and non-
cytotoxic according to the Summary of Safety and Effectiveness published by the
FDA. However, this product is only licensed for short term use, and remains in situ
for less than 24 h. An ICso at 48 h for P407 has been reported as 4.78 mg/ml in
human corneal epithelial cells (300). The dose used in the studies in this report is
10.2 mg/ml. Despite differences in cell line used, this would suggest that these
results are in line with reported toxicity. Authors of a study evaluating the intraocular
use of P407 reported neuro-retinal toxicity at a concentration of 20% wi/w, and they
also note that conflicting toxicity results are published in the literature (301). The
discrepancies in toxicity of P407 seen in vitro and in vivo reiterates the challenge
associated with utilising clinically relevant doses of thermoresponsive hydrogels in
vitro, and further highlights the need for caution in interpreting toxicity data in vitro.
CS and HP-B-CD are commonly regarded as non-toxic excipients, and this is in

agreement with results obtained following treatment of Balb/c 3T3 clone A31 cells
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(Fig. 3.8 B) (203, 209, 302). Treatment with CS reduced the viability of A549 cells
at 24 and 48 h. Although, this reduction was not statistically significant, the same
volume of CS applied to the Balb/c 3T3 clone A31 cells resulted in an increase in
viability compared to Medium control. It is of note that cancer cell-directed
cytotoxicity has been reported for CS (217), with increasing DD associated with
increasing cytotoxic capacity (303, 304). This has been suggested to be as a result
of the greater availability of cationic groups on the 3D structure of CS with higher
DD, which can interact with, and disrupt, cellular membranes (304). HP-B3-CD
reduced viability over at 24 and 48 h in A549 cells to 81% + 6.25% and 79.48% =
9.74% respectively. As previously mentioned in Chapter 2, it has been shown that
HP-B-CD can act as an anti-cancer agent in its own right (208). GP was seen to
reduce viability in both cell lines after 48 h. It was expected that GP would be more
toxic to cancer cells due to the UCP-2 interaction, which is more prevalent in cancer
cells (230), and reports of in vitro biocompatibility of GP treatment of hon-cancerous

cell lines.

The cytotoxic effect of the composite ChemoGel is greater than the individual
components, indicating that a potential synergistic effect is occurring upon co-
administration. It is hypothesised that the solubilisation capacity of the P407 may
increase trafficking of the other excipients into the cell, thereby increasing the
cancer cell directed toxicity of the other excipients as outlined above, although

further in vitro assessment would be required to determine this.

The concept of “tumour engineering” in 3D has long been promoted as an
intermediary between in vitro 2D cell culture and pre-clinical animal testing, and as
a technique to embrace the “replacement” pillar of the three R’s associated with
pre-clinical in vivo experimentation (305, 306). At both seeding densities used in
this study, A549 cells seeded on CHyA scaffolds were capable of proliferating over
a 21 day period (Fig. 3.9). It has been documented that cancer cells grown in 2D
proliferate at a faster rate than those in 3D (272), and the cells cultured in this 3D
environment demonstrated a lower fold change in DNA content over the 21 day
period, compared to the same seeding density cultured in a 2D environment. This
finding is further supported by other reports of increased proliferation rates of
cancer cells seeded in 2D, compared to 3D culture (307-309). Interestingly in both
2D and 3D culture the lower seeding density of 100,000 cells had a more
continuous pattern of proliferation, which was seen to continue over the 21 days.
This was not seen at the 200,000 seeding density in 2D or 3D, with total dsDNA
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undergoing a reduction in the second half of the study. Previous work carried out
using similar scaffolds also demonstrated a similar decrease in total dsDNA at Day
21 when culturing 200,000 neuroblastoma cells (KellyLuc or KellyCis83Luc) on
collagen scaffolds (307).

Increased numbers of dead cells were qualitatively observed in the Live/Dead
staining of both seeding densities in 2D, compared to 3D culture. It has been
suggested that the growth of cells in 2D culture is limited by the space of the flat
well plate, and therefore when cells reach confluence they begin to die as they try
to continue to proliferate over each other (284). A549 cells seeded in 2D in this
study were observed to be confluent by Day 7, coinciding with the visualisation of
the dead cells (Fig. 3.10). The CHyA scaffold offers a greater surface area for cell
proliferation than the 2D well plate surface, thus facilitating continued proliferation,
and reduced cell death. Taken together with the qualitative migration analysis,
which determined that both seeding densities allowed migration through the 3D
CHyA structure, the 100,000 seeding density was selected as the optimal model for

3D cytotoxicity assessment of ChemoGel.

In the 3D assessment of blank and drug ChemoGel cytotoxicity, cells were allowed
to proliferate for 7 days before treatment, to create a more representative
environment of the in vivo reality. In both murine models and clinical cases of
NSCLC, the tumour would normally be well established before treatment (84). Intra-
scaffold injection was utilised as a mimic to IT administration, and both blank and
drug ChemoGel were observed to form a gel bolus within the scaffold, which
remained for the duration of the 14 day study (Fig. 3.12 A). Scaffolds are more
appropriate for the evaluation of thermoresponsive hydrogels in 3D than other forms
of 3D in vitro tumour models as this injection process would not be possible using
spheroids or microfluidic cultures, due to their small size. This cell seeded scaffold
provides the 3D environment for the tumour cells to grow on, and also the 3D
structural environment for ChemoGel to interact with. The quantitative evaluation of
viability revealed stark differences between the 2D and 3D cytotoxicity evaluation,
with viability of ChemoGel after 2 days determined to be 7.51% + 4.47% in 2D and
52.83% = 3.76% in 3D (Fig. 3.5 & 3.12). This reveals that the 2D environment, albeit
with a lower seeding density, is more susceptible than the 3D culture system, which
has previously been seen with other types of advanced drug delivery platforms
(281). It was noted that the enhanced susceptibility of the 2D environment is less

representative of the clinical reality. On the whole, the chemoablative nature of
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ChemoGel has held true across both in vitro evaluations, indicating its potential to

augment chemotherapeutic treatment in a clinical setting.

A similar pattern was observed following drug ChemoGel treatment with viability
after 2 days of treatment in 2D determined to be 0.42% + 0.11%, compared to
19.10% + 0.42% in 3D (Fig. 3.5 & 3.12). Perhaps the most striking difference is in
the cisplatin/paclitaxel solution treated group, as treatment was determined to be
non-toxic after 2 days in 3D (94.92% + 13.14%), compared to the high toxicity seen
in 2D (5.85% + 1.8%) (Fig. 3.5 & 3.12). This dramatic difference may have led to
incorrect conclusions drawn as to the comparative efficacy of blank and drug
ChemoGel if only conducted in 2D. In particular, the 3D study confirmed the value
of employing ChemoGel as a chemotherapeutic carrier, as drug ChemoGel induced
a statistically significantly higher reduction in viability than the chemotherapeutic
solution alone at all timepoints evaluated, which was not found in the 2D study. The
improved efficacy of chemotherapeutics delivered via thermoresponsive hydrogels
is commonly reported, often without citing the reason for improved treatment
response (250). In the case of ChemoGel, this improved response can be attributed
to the cytotoxicity of the carrier itself. The CHyA scaffold allowed for evaluation of
all treatments over 14 days, which was not feasible in the 2D model. This provides
a more realistic timeline to compare to in vivo studies. By the end of the 14 day
study, it was determined that drug ChemoGel had the most consistently sustained

effect on viability.
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3.5Conclusion

Presented in this Chapter is the in vitro evidence to support the use of ChemoGel
as a chemoablative drug delivery platform for LC applications. A number of

conclusions can be drawn based on the results of these in vitro studies:

f Both blank and drug ChemoGel have demonstrated in vitro efficacy in 2D
and 3D models of NSCLC, and warrant further investigation

f Assessment of the in vitro toxicity revealed that individual administration of
excipients did not induce the same level of cytotoxicity as that seen following
administration of the composite thermoresponsive hydrogel, indicating that
a potential synergism may be inducing the cytotoxicity of ChemoGel

f The cancer cell directed cytotoxicity of ChemoGel is evident at lower doses,
but is lost as the dose increases in non-cancerous cell lines

1 Development of the 3D in vitro model of LC using a CHyA scaffold was
feasible and allowed for evaluation of blank and drug ChemoGel under more

biorelevant conditions

As the therapeutic potential of the ChemoGel technology has been established in
vitro in this Chapter, further consideration is called for concerning its translational
potential. Assessment of the common pitfalls associated with bench to bedside
translation of advanced drug delivery platforms may address some of the clinical
and regulatory barriers at an early, product development stage, and this will be
undertaken in Chapter 4.
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4.1 Introduction

The cost of bringing a new drug from “bench to beside” is in the region of US $1
billion (310). Approximately 8% of the new molecular entities (NME) that progress
from the pre-clinical research stage will be granted regulatory approval for use ina
clinical setting (311). Advanced drug delivery platforms have been proposed as a
potential method of circumventing some of the most common reasons for failure of
NMEs, including toxicity, efficacy and bioavailability issues (312). As discussed in
Chapter 1, thermoresponsive hydrogels are theoretically ideally suited to
overcoming the barriers for IT delivery of drug solutions to solid tumours, and
improving efficacy and safety profiles. However, rational design and forward
planning are called for during early stage formulation research, in order to pre-empt
the various translational hurdles blocking entry to the clinic. Lee et al. (2013) noted
that the current trend with hydrogel research is to develop novel hydrogel polymers
with no clinical use in mind. They postulate that this approach further compounds
the challenges associated with securing FDA approval for hydrogels as advanced
drug delivery platforms. They suggest a better strategy would be to focus on using
previously certified GRAS materials to design hydrogel formulations for predefined
clinical indications (6). The focus of this thesis is to develop a thermoresponsive
hydrogel for LC applications, with three out of the four excipients used designated
as GRAS. GP is not currently listed as GRAS, however, a first in man clinical trial
(n=5) of GP administered to the vertebral discshas demonstrated preliminary safety
in humans (313). The incorporation of “gold-standard” chemotherapeutics, with
established efficacy and toxicity profiles, further increases the potential for rapid
clinical translation. However, there are still significant hurdles that any new delivery
plattorm must address, in order to facilitate regulatory approval and clinical
adoption. From a clinical perspective, imaging and delivery will be key
considerations, while procedures for preparation and sterilisation of the final

formulation will be a critical aspect of the regulatory approval process.

4.1.1 Imaging in Interventional Oncology

As discussed in Chapter 1, the principle of IO is to perform minimally invasive
procedures under image guidance (154). A number of different modalities can be
employed to facilitate the image guidance, including, but not limited to, CT, CT
fluoroscopy, US and MRI (314). Choice of imaging modality depends on target

organ, disease state, and medical devices available. Imaging should be utilised
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throughout the four stages of the interventional procedure, as outlined in Table 4.1
(131, 314).

Table 4.1 Functions of image guidance in interventional oncology procedures (131, 314).

Imaging Function

Determines:
- procedure appropriateness
- feasibility
- optimal approach
- technical difficulties expected

Comprehensive
pre-procedural planning

- Usually facilitated by CT/ MRI combined
with real time US

- Ideally 3D real time imaging would be used

- Enables targeting of catheter/needle to
required site of action

Accurate targeting of
intervention

- Real time monitoring can be used to
indicate “procedure completeness”
- US can monitor contrast agent labelled
Monitoring of procedure treatments and ablative procedures
- Contrast agent labelled treatments and
cryo-procedures can be detected by CT
and MRI

Post-procedural

assessment - Success and complication assessment

Imaging before, during and after IO procedures allows for accurate evaluation of
tumour burden, selective targeting of the cancerous tissue under real time image
guidance, and generation of images post-treatment, which can be directly
compared against pre-treatment tumour parameters to gauge treatment success.
Some techniques, like cryoablation, do not require additional imaging agents for
real time imaging, as the area of ablation is clearly delineated on CT during the
procedure (315). Image guidance is usually provided using commercially available
contrast agents. Visipaque® is a commercially available X-ray contrast medium
licensed for use in Ireland for a number of diagnostic procedures specified in the

Summary of Product Characteristics (SPC). The solution contains the active
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ingredient, iodixanol, and a number of salts to make itisotonic. It is available intwo
strengths of iodixanol, 320 mg I/ml or 270 mg V/ml. Administration doses vary but
are cited as between 4 ml — 150 ml per injection, depending on intended site of use.
Investigational doses of up to 400 ml are also quoted in the SPC (316).

Pre-clinical research does not commonly deal with the importance of imaging
thermoresponsive hydrogels during IT administration (317). Recently, some
attention has been directed to the inclusion of contrast agents into
thermoresponsive hydrogels to facilitate in vivo imaging of hydrogel administration
and retention. lodinated contrast agents have been incorporated into
thermoresponsive  hydrogels to assess the effect on radiopacity and
thermoresponsivity of the delivery platforms (318, 319). An iodinated P407-based
thermoresponsive hydrogel has previously been assessed for embolic applications
in a VX2 rabbit model of liver cancer, with preliminary evidence established to

support its use inimage-guided procedures (320).

At a commercial level, the importance of intra-procedural imaging is beginning to
be reflected in changes in the IO market, with a new radiopaque product being
added to the DC Bead® portfolio. In March 2017, DC Bead LUMI™ received Class
Il CE mark certification, and became the first radiopaque DEB available in the EU.
The radiopacity of DC Bead® is achieved by using a tri-iodobenzyl moiety, which
allows for long term imaging of DC Bead LUMI™ following administration. The
radiopacity of DC Bead LUMI™ allows for accurate visualisation and localisation of
the chemoembolisation treatment, and represents a new milestone in commercially
available 10 technology (321). The investment in radiopaque technologies

demonstrates the importance of imaging administration during the procedure.

4.1.2 Injectability

IO procedures require the integration of the treatment modality and appropriate
medical device to ensure accurate delivery to the tumour site. Depending on the
procedural requirements, needles, catheters, or thermal or electrical probes may
be employed to achieve tumour ablation or embolisation. Instillation of chemically
ablative treatment to the tumour can be achieved using a percutaneous,
laparoscopic or endoscopic procedure. Locoregional access to lung tumours is
currently employed in routine biopsy procedures to diagnose and stage LC.
Adaption of these procedures could facilitate the translation of IT delivery of

thermoresponsive hydrogels to the clinic.
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Percutaneous trans-thoracic biopsy can be performed as a fine-needle-aspiration
biopsy (FNAB) or core biopsy. These procedures are carried out under image
guidance, with CT imaging being used most frequently. A wide range of needle
gauges are used in these procedures, from 14 — 18G for core biopsy to 20 — 25G
for FNAB. Increasing needle size is associated with increased complication rates
throughout the procedure. Transthoracic lung biopsy is generally considered a safe
and well tolerated technique, with pneumothorax cited as the most common
complication (322-324). As tumour location can be a limiting factor in the feasibility
of percutaneous access, bronchoscopic methods of biopsy are also employed.
Bronchoscopy is cited as being safer, but less accurate in diagnosis. It offers a
reduced risk of pneumothorax, but it is acknowledged that navigating through
bronchial tubes below the fourth generation is technically difficult (325). Advances
in image-guided bronchoscopy are improving success rates of bronchoscopic
procedures, including autofluorescence bronchoscopy, near band imaging
bronchoscopy and EBUS (326). A TBNA needle attached to an EBUS probe has
been suggested as a feasible method for delivery of cisplatin to a tumour site (170).
Oncogel™, a thermoresponsive hydrogel loaded with paclitaxel, has been delivered
via endoscopic ultrasound to oesophageal tumours in aclinical trial setting, and this

was determined to be a safe and feasible administration technique (55).

IT delivery of a thermoresponsive hydrogel is dependent on the ability of the
hydrogel solution to be injected through a needle or catheter of suitable internal
diameter and length. A number of factors impact the injectability of formulations,
including formulation-based factors, such as viscosity and flow behaviour of the
hydrogel, or device-based factors, such as needle length, internal diameter and
inner coating on needle (327). The hydrogel-based factors can be assessed using
rheological methods. Shear thinning materials will decrease viscosity in response
to increasing shear rate, and therefore these materials are most suitable for
injection purposes (328). Flow properties of a commercially available hydrogel are
controlled by the formulation defined in the manufacturing license, but the
characteristics of the medical device used in administration is often not specified.
Medical device characteristics, such as barrel size, needle gauge, plunger
dimensions should be tightly controlled to ensure that the correct dose is delivered
each time (329). Another factor which may affect injectability is the composition of
the tissue into which the hydrogel will be injected. Subcutaneous (SC), intra-
muscular (IM) and IT injections will all encounter different backpressures which may

impact ease of injection (327). For thermoresponsive hydrogels, environmental
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temperature conditions will also affect injectability due to a change in the viscosity

of the formulation.

Currently, there are no pharmacopoeial standards defining acceptable levels of
“‘injectability’, however, some efforts have been made to define a rage of acceptable
limits of injectability. Rungseevijitprapaa & Bodmeier (2009) correlated the in vitro
injection force (N) required to expel an in situ forming microparticle system using a
500 N load cell, and the in vivo injectability of the system into SC tissue of male
Sprague-Dawley rats. They determined that an injection force of O - 10 N was very
easy to inject, 26 - 50 N was “injectable” by hand, and forces above 50 N were
deemed “difficult to inject” by hand (330).

Assessment of injectability of formulations designed for delivery via needle or
catheter early on in the development process is of critical importance when
considering translation of a thermoresponsive hydrogel to the clinic. Use of
previously approved or CE marked medical devices, such as those currently in use
for transthoracic or bronchoscopic procedures, facilitates a smoother integration of
drug delivery platftorm and device, and reduces the approval burden on the
technology. In the early stages of research, formulation development can be
tailored to facilitate currently approved devices, thus giving due consideration to this

key aspect of translation.

4.1.3 Sterilisation

Sterility of a pharmaceutical product intended for human use is a regulatory
requirement, and is defined by the Appendix XVIIl of the British Pharmacopoeia
(BP) as “the absence of viable micro-organisms” (331). Furthermore, this Appendix
dictates that sterility cannot be defined by post-sterilisation evaluation, but rather
sterility is assured by the application of validated procedures. Terminal sterilisation
methods are methods in which the product is sterilised in its final container, by a
validated sterilisation process. This is the preferred mode of sterilisation, and allows
for batch release, based on the approved, validated processes, rather than sterility
testing of the product. This is not only time- and cost- efficient for the manufacturer,
but also for the product end user. Listed methods of terminal sterilisation include
steam sterilisation, dry heat sterilisation, ionising radiation sterilisation and gas
sterilisation (Table 4.2). Gas sterilisation should only be used if no other appropriate
method can be applied (332).
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Table 4.2 Approved sterilisation methods. BP, British Pharmacopoeia; 1SO, International
Organisation for Standardization

Sterilisation

process Method Reference
-Autoclave at 121°C for 15 mins?
-Saturated steam venting systems,
Saturated steam active air removal 1. BP 2017 Appendix XVIII
Steam systems (332)
- Air steam mixtures 2. ISO 17665-1:2006 (333)
-Water spray
-Water immersion?
o 1. BP 2017 Appendix XVIIl
Dry heat “Minimum of 160 °C for at least 2 ht. 3
3. 1SO 20857: 2010 (334)
-Exposure to gamma radiation from a
o suitable radioisotopic source/ of a
Ion.|5|.ng be_am of electrons energised by a 1. BP 2017 Appendix XVII
radiation suitable electron accelerator
-Reference absorbed dose is 25 kGy
-Lower dose, if process validated?!
Gas -Ethylene oxide (batch samples must 1. BP 2017 Appendix XVl

be evaluated for sterility) *

The European Medicines Agency (EMA) published decision trees for the selection
of a sterilisation process (Fig. 4.1). The guidance states that sterility assurance is
reduced as one moves down the decisiontree. It is also highlighted that packaging
and commercial concerns should not be defining factors when selecting a
sterilisation process. Rather, the sterilisation method should be selected based on
the properties of the final product, and the packaging of the final product should be

selected based on appropriateness for the sterilisation method (335).
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Can the product be sterilised by
dry heat at 160°C for 120
minutes?

Figure 4.1 European Medicines Agency decision tree for selection of sterilisation methods for non-
aqueous liquids, semi-solids or dry powder products. SAL, Sterility Assurance Level. Adapted from

LY

(335).
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4.1.4 Aim and Objectives

The overall aim of this chapter was to increase the potential of the ChemoGel

formulation for clinical translation in the IO space by addressing key clinical and

regulatory considerations.
The specific objectives of this chapter were to:

! Formulate a radiopaque thermoresponsive hydrogel, which could be
visualised using imaging modalities readily available to the interventional
oncologist

f Ensure that lead thermoresponsive hydrogel formulations were compatible
for injection across a range of suitable commercially available devices

f Identify a suitable storage and sterilisation method for the lead
thermoresponsive hydrogels, which would not adversely affect the
rheological properties

f  Assess if the sterilisation process impacted on the disintegration of the lead
thermoresponsive hydrogels and the release profile of the loaded

chemotherapeutics
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4.2 Materials and Methods

All needles, catheters and Visipaque® 320 mg I/'ml (GE Healthcare, Ireland) were
kindly supplied by Dr Timothy Murray and Prof. Michael Lee, Beaumont Hospital,
Dublin.

4.2.1 Formulation of radiopague ChemoGel

Blank Chemogel was prepared as outlined in Section 2.2.1.1, with the required
concentration of Visipaque® 320 mg I/ml added to the initial dH20 used to dissolve
HP-B-CD in Step 1. Visipaque® was added at concentrations of 0% w/w, 10% wi/w,
20% wiw or 30% wiw, based on previous work carried out by Fatimi et al. (2016)
(319).

4.2.1.1 Rheological assessment of thermoresponsivity of Visipaque® Ilabelled
ChemoGel formulation

Oscillatory temperature sweeps from 20°C to 40°C were carried out on all
formulations as outlined in Section 2.2.2.1 to determine the impact of the
incorporation of Visipaque® on the thermoresponsive nature of resulting ChemoGel
formulations. All measurements were carried out in triplicate. Data shown is

representative of the norm.

4.2.1.2 Measurement of the radiopacity of a Visipaque® labelled ChemoGel
formulation

2 ml of Vispiaque® labelled (0 — 30% w/w) ChemoGel formulations was added per
well in a 12-well plate. Radiopacity was determined using CT (Ingenuity Core 128,
Philips) operated by Dr Timothy Murray and Mr José Bingay. Images were obtained
using 0.8 mm slice thickness, 0.4 mm reconstruction interval, 168 mAs and 100 kV.
A region of interest (100 mm diameter) within each well was selected and the
average density was calculated (minimum, maximum and standard deviation also
recorded). All measurements were carried out in triplicate. Data shown is

represented as the mean + SEM.

4.2.1.3 Assessment of contrast release from Visipaque® labelled ChemoGel

1 ml of 20% w/w Visipaque® labelled ChemoGel was incubated with 2 ml release
buffer (PBS, pH 7.4) in a 12-well plate at 37°C for 24 h. Release buffer was removed
at 4 h and 24 h and imaged using CT as outlined in Section 4.2.1.2 to determine

radiopacity. The remaining ChemoGel with 20% w/w Visipaque® was also imaged
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to determine residual radiopacity at each timepoint. All experiments were carried

out in triplicate. Data shown is represented as the mean + SEM.

4.2.1.4 Assessment of distribution of Visipaque® labelled ChemoGel in ex vivo animal
tissue

Ex vivo tissue (calves livers) was used to assess the distribution of injected
radiopaque ChemoGel. Prior to injection, the ex vivo tissue was heated to 37°C in
a water bath. Internal tissue temperature was recorded using a meat thermometer.
5 ml of ChemoGel with 20% w/w Visipaque® was injected into the ex vivo tissue
model using an 18G needle of 5 cm length (Cook Medical, IN, USA) at a constant
rate to assess distribution of injected ChemoGel in tissue. Three injections were
made. Administration was monitored by Dr Timothy Murray using US (Xario,
Toshiba) using a 12 MHz linear probe in Grayscale B-mode. Ex vivo distribution

post-injection was imaged using CT as outlined in Section 4.2.1.2.

4.2.2 Injectability of ChemoGel

4.2.2.1 Rheologicalassessment of shear thinning properties of lead thermoresponsive
hydrogels

Steady state flow experiments were performed on an AR-1000 constant stress
rheometer (TA instruments, DE, USA) with built-in temperature and gap calibration.
The rheometer was equipped with cone geometry (40 mm diameter, 4°cone angle).
Degassed samples were dispensed onto the temperature controlled rheometer
plate, pre-equilibrated to 20°C. A solvent trap, containing water, was used to cover
the sample to prevent evaporation from the sample during the rheological testing.
A LAUDA Ecoline 003 E100 water-bath (Lauda-Konigshofen, Germany) was
employed as a heat-sink for the peltier plate, which controlled temperature during
testing. The temperature of the sample plate was controlled within + 0.1°C of the
desired value at all times during testing. Prior to testing, the geometery gap was
calibrated, and rotational mapping of the geometry was performed. Following
loading of excess sample, the geometry was lowered to this pre-determined gap.
Excess sample was carefully removed from the peltier plate, and discarded to
ensure correct filling was achieved. Samples were allowed to equilibrate for 2 min
before commencing testing. Data was processed using TA Data Analysis software
(TA instruments, DE, USA). All samples were analysed in triplicate. Data shown is

representative of the norm.
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The viscosity of blank ChemoGel, drug ChemoGel and Visipaque® labelled
ChemoGel (0 — 30% wi/w) at 20°C was measured to determine the behaviour of the

thermoresponsive hydrogel under increasing shear stress from 1 Pato 100 Pa.

4.2.2.2 Injection force assessment

Uniaxial tensile testing was carried out to determine the force required to expel the
thermoresponsive hydrogel solution from a syringe fitted with a needle or catheter,
as specified in Table 4.3, using a mechanical testing machine (Z050, Zwick/Roell,
Germany), fitted with a 5 kN load cell (Fig. 4.2).

Table 4.3 Summary of medical devices used in injectability testing of various ChemoGel

formulations

Needle Gauge
(G) / Catheter
diameter (Fr)

Medical
Device

Length

Formulation tested
(cm)

Coc_)k ChemoGel
Medical 18G 7cm
Needle Visipaque® labelled ChemoGel

Terumo

Catheter 2 9Fr 130 cm ChemoGel

Cook
Medical 18G 20 cm Visipaque® labelled ChemoGel
Needle

Chiba
Biopsy 20G 10 cm Visipaque® labelled ChemoGel
Needle

Terumo
Spinal 23G 9cm Visipaque® labelled ChemoGel
Needle

Cordis

Catheter 5Fr 65 cm Visipaque® labelled ChemoGel

Hydrogel samples were loaded into 2 ml leur-lock syringes (BD, Dublin, Ireland),
and kept chilled on ice before tensile testing to ensure that the samples remained
in a liquid state. The appropriate medical device was attached to the syringe via
luer-lock to determine the maximum force required to expel 500 pL of

thermoresponsive hydrogel solution.
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Fixed grips were mounted onto the tensile testing machine for all tests, and the
syringe was clamped into position attached to the load cell. A pre-load (preliminary
force) of 1 N was applied and the end of test was determined to be the maximum
extension (8.5 mm); the distance equivalent to 0.5 ml of gel (measured using a
Vernier's callipers). The speed of injection was defined as 2 ml/min or 1 ml/min. The
hydrogel solution samples were then loaded to failure and the solution expelled
from the catheter was collected in a vial. All measurements were carried out in a

minimum of triplicate. Results are represented as the mean + SEM.

5 kN load cell

3D printed syringe
holder

2ml syringe loaded
with ChemoGel
formulation

18G needle

Figure 4.2 Representative image of injectability set up using a Zwick mechanical testing machine.

4.2.3 In vitro cytotoxicity evaluation of blank and drug Visipagque®
ChemoGel

Cytotoxicity testing of 50 uL of blank and drug Visipaque® ChemoGel over 14 days
was carried out in a 3D model of NSCLC using A549 cells as per Section 3.2.11 to

determine if addition of Visipaque® to the formulation had any impact on cytotoxicity
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4.2.4 Freeze-drying and rehydration of ChemoGel

The effect of a freeze drying/rehydrating process on the thermoresponsive nature
of ChemoGel was investigated. Blank ChemoGel was prepared as outlined in
Section 2.2.1.1. A known weight of the hydrogel was transferred to a beaker with a
screw top lid. The hydrogel solution was then flash frozen in liquid nitrogen and
freeze dried for 48 h using a freeze dryer and vacuum pump at -55°C and 0.018
mbar (Labcono, MO, USA) to produce a lyophilised powder. The powder was
rehydrated with dH20 to bring the formulation up to the final weight, stirred on ice
for a minimum of 6 h, and refrigerated overnight until fully rehydrated. Oscillatory
temperature sweeps from 20°C — 40°C were carried out on the rehydrated

formulations as outlined in Section 2.2.2.1.

4.2.5 Sterilisation of freeze-dried ChemoGel

Freeze-dried wafers of ChemoGel were prepared as per Section 4.2.4. Methods for
sterilisation of freeze-dried ChemoGel were evaluated in a stepwise manner as
recommended by the EMA decision tree for non-aqueous liquid, semi-solids or dry
powder products (Fig. 4.1). As freeze-dried ChemoGel was in dry powder form it
could not be filtered through a microbial retentive filter, and therefore this step was
omitted from the evaluation process. Following each sterilisation method outlined
below, the freeze-dried wafer was rehydrated by adding the required volume of
dH20 to the beaker under aseptic conditions. Samples were rheologically assessed
using oscillatory temperature sweeps as outlined in Section 2.2.2.1, to determine if

the thermoresponsivity of ChemoGel was affected by the sterilisation process.

4.2.5.1 Dry heat sterilisation

Freeze-dried samples were placed in aluminium foil bags in at 160°C for 2 h'in an
oven (Vacucell 22; MMM, Germany) as per pharmacopoeial and ISO specifications

for sterilisation (332, 334). Samples were analysed in triplicate.

4.2.5.2 Gamma-irradiation sterilisation

Freeze-dried samples were sterilised using gamma-irradiation by Synergy Health,
an ENISO and FDA approved international provider of sterilisation services to the
health care industry (Westport, Co. Mayo). Radioisotope Cobalt 60 is used by
Synergy Health to deliver a minimum absorbed dose of 25 kGy, as recommended

by the EMA guidance (335). Samples were analysed in triplicate.
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4.2.5.3 Ethylene Oxide sterilisation

Ethylene oxide (EtO) sterilisation was carried out at the EtO facility in Trinity College
Dublin with the assistance of Dr Simon Carroll. Freeze-dried samples were placed
in plastic beakers, with the lid removed. The beakers were covered in tinfoil which
was pierced several times and placed in a sterilisation pouch. The autoclave bag
was then placed into a sterilisation liner bag in the sterilisation cabinet (Anprolene
AN 74i, Andersen Products, Inc. Haw River, NC, USA). The sterilisation liner bag
was purged of air, and an Anprolene ampule was broken to start the sterilisation
cycle. The cycle was run for 18 h including a 2 h aeration period. Sterilisation was

confirmed by the EtO sterilisation chemical indicator on the sterilisation pouch.

EtO sterilisation of drug ChemoGel was carried out on the paclitaxel-loaded
ChemoGel, which was prepared as outlined in Section 2.2.1.3. Following
sterilisation, an aqueous solution of cisplatin was used to rehydrate the wafer to
final weight under aseptic conditions. For EtO sterilisation of blank and drug
Visipaque® ChemoGel the same procedures were carried out as for non-
radiopaque ChemoGel, with the Visipaque® solution included in formulation as per
Section 4.2.1. Rheological assessment of impact of sterilisation on the viscosity of
all EtO sterilised groups was also carried out as per Section 4.2.2.1. A minimum of
three independent samples were used for rheological characterisation. Data shown

is representative of the norm.
4.2.6 Disintegration studies

Disintegration studies were conducted as outlined in Section 2.2.2.5 on blank and
drug ChemoGel post-sterilisation and blank and drug Visipaque® ChemoGel pre-
and post- sterilisation. All experiments were carried out in triplicate, for three
independent batches. Results are represented as the mean of the three

independent experiments + SEM.

4.2.7 In vitro release studies of Visipaque® ChemoGel and sterilised

ChemoGel formulations

Release studies were carried out on drug Visipaque® ChemoGel and sterilised
drug ChemoGel and drug Visipaque® ChemoGel as per Section 2.2.3.4. Release
medium was analysed for paclitaxel content using HPLC, as per Section 2.2.3.1,
and platinum content using ICP-MS, as per Section 2.2.3.2. All experiments were
carried out in triplicate, for three independent batches. Each sample was analysed
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in duplicate. Results are represented as the mean of the three independent

experiments + SEM.
4.2.8 Statistical analysis

One-way ANOVA followed by Dunnett's multiple comparisons test was performed
to determine statistical differences in Visipaque® release studies described in
Section 4.2.1.3. Statistical differences between forces required to perform injections
of ChemoGel solution as outlined in Section 4.2.2.2 were determined using two-
way ANOVA with Sidak’s multiple comparisons test or one-way ANOVA with
Bonferroni’s multiple comparisons test. Two-way ANOVA with Tukey's multiple
comparisons was used to determine statistical differences between viability post-
treatment in vitro as described in Section 4.2.3. All statistical tests were performed
using GraphPad Prism v6. Error is reported as SEM, unless otherwise stated, and

significance was determined using a probability value of p < 0.05.
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4.3 Results

4.3.1 Assessment of the radiopacity of ChemoGel

4.3.1.1 Rheological assessment of thermoresponsivity of Visipaque® labelled
ChemoGel

Addition of Visipaque® at a concentration up to 20% w/w to the ChemoGel
formulation did not result in a substantial change to the sol-gel transition
temperature orthe G’ at 37°C (Fig. 4.3). The incorporation of 30% w/w Visipaque®
resulted in a significant lowering of the sol-gel transition temperature to 22°C, with
a concomitant increase in the G’ that was almost two fold higher than blank
ChemoGel at 37°C.

20000+
— Blank ChemoGel
— ChemoGel with 10% w/w Visipaque®
15000- — ChemoGel with 20% wiw Visipaque®
) — ChemoGel with 30% w/w Visipaque®
2 10000-
0
5000+
0 1 1 1 1 1

20 25 30 35 40 45
Temperature (°C)

Figure 4.3 Addition of Visipaque® to the ChemoGel formulation impacted the rheological properties
of the thermoresponsive hydrogel in a concentration dependant manner. Rheogram of the oscillatory
temperature sweeps from 20°C - 40°C of ChemoGel formulations containing different concentrations

of Visipaque® solution. Data shown is representative of the norm.
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4.3.1.2 Measurement of radiopacity of Visipaque® labelled ChemoGel

Addition of Visipaque® to the ChemoGel formulation was seen to produce a

homogenous formulation at all concentrations evaluated, as evidenced by CT

imaging (Table 4.4). The radiopacity of ChemoGel with 0% w/w Visipaque®

(unlabelled ChemoGel) was 33.57 + 2.34 HU, and increased with increasing

Visipaque® concentration (Table 4.4). Gelation reduced radiopacity in all three

Visipaque® labelled ChemoGel groups, but radiopacity was still within clinically

acceptable limits (Table 4.4).

Table 4.4 Addition of Visipaque® to the ChemoGel formulation increased radiopacity in a

concentration dependent manner. Data shown is represented as the mean + SEM (n=3). HU,

Hounsfield units.

Formulation

20% w/w Visipaque®
solution

ChemoGel with
0% w/w Visipague®

ChemoGel with
10% w/w Visipaque®

ChemoGel with
20% w/w Visipaque®

ChemoGel with
30% w/w Visipagque®

Radiopacity (HU) Representative

Liquid Gelled 'mage
1523.7 + 4.09 N/A
3357 + 1.35 22.4+1.19

900.03+2.97 697.11+11.13

1666.23 + 4.02  1586.0 = 6.95

2428.83+10.98 2378.7 + 8.02

0/0/0| |0
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Due to favourable rheological and radiopacity characteristics, ChemoGel with 20%
w/w Visipaque® was selected for further assessment. Time-lapsed imaging
revealed approximately 45% of iodinated contrast was released from the gelled
ChemoGel with 20% w/w Visipaque® after 24 h. A statistically significant decrease

in the radiopacity of ChemoGel with 20% w/w Visipaque® was observed after 4 and
24 h. (Fig. 4.4).

2500+
Release buffer

2000- @B ChemoGel with 20% w/w Visipaque®

1500+

1000+

500+

Hounsfield units (HU)

0-

0 4 24

Time exposed to release buffer (h)

Figure 4.4 Visipaque® was released from ChemoGel with 20% w/w Visipaque® over 24 h as
determined by quantification of the radiopacity of the remaining ChemoGel formulation and the
release buffer at each timepoint. Data shown is represented as the mean + SEM (n=3). Significance
was determined using a one-way ANOVA of ChemoGel with 20% w/w Visipaque® radiopacity, with
Dunnettis multiple comparisons test. * = p < 0.05, **** = p < 0.0001 compared to 0 h ChemoGel with

20% wiw Visipagque® radiopacity.

Injection into ex vivo calves tissue demonstrated that ChemoGel with 20% w/w
Visipagque® was readily injectable, and moulded to the shape of the target tissue.
On US, the radiopaque ChemoGel was found to be clearly visualised, anechoic and
without speckling (Fig. 45 A & B). ChemoGel with 20% w/w Visipaque®
demonstrated satisfactory radiopacity on CT (Fig. 4.5 C & D), and was seen to both
pool in parenchyma, and spread along vascular and biliary channels when

punctured, before undergoing gelation and remaining localised (Fig. 4.5 E).
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Figure 4.5 Ex vivo tissue administration of ChemoGel with 20% ww Visipaque® was visualised
using CT and US. Representative (A&B) US and (C&D) CT images of ChemoGel with 20%w/w
Visipaque® distribution in an ex vivo tissue model. Arrows indicate pooling of radiopaque ChemoGel
(E) CT images of radiopaque ChemoGel spreading through vascular and biliary channels. * indicates

needle in US images.

4.3.2 Injectability of ChemoGel

Rheological measurement of the viscosity of the ChemoGel formulations in
response to increasing shear rate determined the flow characteristics of each
formulation, to predict how they would respond to the increased shear during
injection. Both blank and drug ChemoGel were determined to undergo shear
thinning at 20°C, with increasing shear rate resulting in a decrease in viscosity for
both hydrogels (Fig. 4.6). Subsequently, the Visipaque® labelled hydrogels
underwent the same flow procedure, and all three formulations demonstrated shear
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thinning properties, with higher viscosities than the unlabelled ChemoGel. 30% wi/w
Visipaque® labelled ChemoGel was determined to have the highest viscosity, and
remained the highest over the range of shear stresses applied (Fig. 4.6).

101
— Blank ChemoGel

— Drug ChemoGel
\ ChemoGel with 10% w/w Visipaque®
== ChemoGel with 20% wiw Visipaque®

— ChemoGel with 30% w/w Visipaque®

Viscosity (Pa.s)

10 100 1000
Shear rate (1/s)

Figure 4.6 All ChemoGel formulations were capable of undergoing shear thinning in response to

o
—_

o
—_
—_

increasing applied stress. Rheograms of steady state flow procedure on blank and drug ChemoGel
and ChemoGel with Visipaque® (0 T 30% ww) demonstrating that formulations underwent a

decrease in viscosity in response toincreasing shear rate. Data shown is representative of the norm.

An average maximum force of 3.21 N = 0.54 N was required to inject 500 pL of
blank ChemoGel through a 18G needle (7 cm length) at a speed of 2 ml/min (Fig.
4.7 A). The maximum force required to inject blank ChemoGel through a catheter
was significantly higher than that required to inject the same hydrogel through the
needle (86.53 N £ 0.47 N, p =< 0.0001). A reduction in the speed of injection to 1
ml/min caused reduction in the maximum force to 61.5 N + 1.89 N, however both
speeds required a maximum force which surpasses the 50 N limit defined as hand

injectable with ease.

A maximum force of 3.9 N was required to inject ChemoGel with 20% w/w
Visipaque® through an 18G, 7 cm needle, which did not vary significantly from the
force required to inject blank ChemoGel under the same conditions (Fig. 4.7 B).
Further injectability assessment revealed that ChemoGel with 20% w/w Visipaque
was injectable through various needles and catheters below 23G. The highest
average maximum force recorded was 67.9 N required to inject the contrast labelled
ChemoGel through a 23G needle of 9cm length (Fig. 4.7 C).
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Figure 4.7 Maximum force required to inject various ChemoGel formulations was dependent on the
length of the needle, the gauge of the needle, the speed of injection and the formulation injected.
Determination of the maximum force required to inject 500 pL of (A) blank ChemoGel or dH20
through an 18G needle of 7cm length or 2.9Fr catheter of 130cm length at 2 ml/min or 1 ml/min and
(B) blank ChemoGel, ChemoGel with 20% ww Visipaque® and dH20 through an 18G needle of
7cm length at a rate of 2 ml/min. (C) ChemoGel with 20% w/w Visipaque® through a range of
clinically relevant needles/catheters at a rate of 2 ml/min. Data shown is represented as the mean +
SEM (n=3 minimum). Significance was determined using a two-way ANOVA, with Sidakis multiple
comparisons test for (A) and a one-way ANOVA, with Bonferroniis multiple comparisons test for (B)
and (C). *= p < 0.05, **** = p < 0.0001 in (A) & (B). * =p < 0.01, **** = p < 0.0001 compared to
Cook Needle 18G 7cm in (C). Dashed line indicates maximum force of 50 N, which is deemed to be
the threshold below which a product is hand injectable and above which is hand injectable with
difficulty.
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4.3.3 Assessment of the cytotoxicity of blank and drug Visipague®

ChemoGel in a 3D model of lung cancer

Treatment of A549-seeded scaffolds with blank and drug ChemoGel with 20% wi/w
Visipaque® (hereafter referred to as blank Visipaque® ChemoGel and drug
Visipaque® ChemoGel) resulted in a significant decrease in viability at all
timepoints over 14 days compared to medium treated control (Fig. 4.8 A). No
significant difference was observed between blank Visipaque® ChemoGel and drug
Visipaque® ChemoGel at any timepoint, although drug Visipaque® ChemoGel
reduced viability to a greater extent at day 5, 7 and 14. Live/Dead staining confirmed
these results with less live cells (green) and a greater amount of dead cells (red)
observed in both the Visipaque® ChemoGel and drug Visipaque® ChemoGel
treated A549-seeded scaffolds at all timepoints (Fig. 4.8 B).
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Figure 4.8 Blank Visipaque® ChemoGel and drug Visipaque® ChemoGel significantly reduced
viability of A549 cells cultured in 3D on a collagen scaffold over 14 days compared to Medium treated
control. (A) Relative viability of A549 cells cultured on a 3D scaffold following intra-scaffold injection
of Medium, blank Visipague® ChemoGel or drug Visipague® ChemoGel. Data shown is
represented as the mean + SEM (n=4 replicates). Significance was determined using a two-way
ANOVA, with Tukeyls multiple comparisons test. ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
(B) Live/Dead staining of Ab49-seeded scaffolds post treatment with Medium, blank Visipaque®
ChemoGel or drug Visipaque® ChemoGel over time. Live cells are stained green and dead cells

are stained red. Scale bar, 500um.
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4.3.4 Assessment of freeze-drying and sterilisation on the material

properties of ChemoGel formulations

4.3.4.1 Freeze-drying and rehydration of ChemoGel

The freeze-drying of blank ChemoGel produced a brittle, white wafer (Fig. 4.9 A),
which could be rehydrated with an appropriate amount of dH20 to restore the
thermoresponsive hydrogel to its original state. This process did not negatively
impact the sol-gel transition temperature of the formulation or the G’ at 37°C,

compared to the original ChemoGel formulation (Fig. 4.9 B).

B
15000+
— Blank ChemoGel
Freeze-dried and
— rehydrated blank
- 10000+ ChemoGel
[
J
0
5000+
0 I I I 1 1

20 2% 0 N 44N &
Temperature (°C)

Figure 4.9 Freeze-drying and rehydration of ChemoGel did not adversely affect thermoresponsivity.
(A) Representative image of front (top) and side (bottom) view of ChemoGel wafer produced after
freeze-drying. (B) Rheogram of oscillatory temperature sweep from 20°C - 40°C of ChemoGel pre-

and post- freeze-drying and rehydration. Data shown is representative of the norm.

4.3.4.2 Sterilisation of ChemoGel

Dry heat sterilisation of the freeze-dried ChemoGel wafer produced a brown solid,
which would not rehydrate to form a solution (Table 4.5). Following gamma-
irradiation of the freeze-dried ChemoGel wafer, the powder was rehydrated to
produce a yellow liquid, with variable consistency. The thermoresponsive nature of
ChemoGel was lost during the process; the liquid did not undergo gelation over an
oscillatory temperature sweep from 20°C — 40°C (Table 4.5). Filtration of the

powder was not feasible. Rehydration of the ChemoGel wafer after EtO sterilisation

171



produced a homogeneous liquid, which demonstrated a similar thermoresponsive

profile as the original ChemoGel formulation (Fig. 4.10).

Table 4.5 Evaluation of the effect of compendial sterilisation methods on thermoresponsivity of blank

ChemoGel.

Thermoresponsivity of blank ChemoGel

Sterilisation method maintained post-sterilisation

Dry Heat No
Gamma Irradiation No
Microbial Retentive Filter N/A
Ethylene Oxide Yes

150001
— Unsterilised blank ChemoGel
___ Freeze-dried and EtO sterilised
blank ChemoGel
- 10000+
©
Q
U]
5000-
0 1 1 I 1 1

20 25 30 35 40 45
Temperature (°C)

Figure 4.10 Ethylene oxide (EtO) sterilisation did not adversely affect thermoresponsivity of the
rehydrated ChemoGel wafer. Rheogram of oscillatory temperature sweep from 20°C - 40°C of

ChemoGel pre- and post- EtO sterilisation. Data shown is representative of the norm.

Following the initial screen of sterilisation methods, a complete comparison of all
lead ChemoGel formulations before, and after, EtO sterilisation was conducted
(Table 4.6). EtO sterilisation did not substantially alter the rheological profile of any
of the thermoresponsive hydrogels formulated as per protocol. ChemoGel, drug
ChemoGel and blank Visipaque® ChemoGel all demonstrated a 1°C reduction in

thermoresponse temperature, with a modestly increased G’ at 37°C. No change to
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thermoresponse temperature or G’ at 37°C was observed for drug Visipague®
ChemoGel.

Table 4.6 Sol-gel transition temperatures and storage moduli (Gf) of lead ChemoGel formulations

pre- and post- ethylene oxide sterilisation. Data shown is representative of the norm.

Sol-gel transition

temperature (°C) G’ at 37°C (Pa)

Formulation
Pre-sterilisation Post-sterilisation | Pre-sterilisation Post-sterilisation
Blank
ChemoGel 29 28 11,190 11,423
Drug
ChemoGel 32 31 7,663 8,895
Blank
Visipaque® 28 27 10,910 12,236
ChemoGel
Drug
Visipaque® 28 28 11,320 11,501
ChemoGel

Freeze-drying and EtO sterilisation of the paclitaxel-loaded Visipaque® ChemoGel,
and addition of cisplatin at point of rehydration produced a thermoresponsive
hydrogel with a favourable viscosity profile, which demonstrated shear thinning
behaviour (Fig. 4.11). Sterilised Visipaque® containing formulations demonstrated
higher viscosity than the non-radiopaque formulations, which was also seen in non-

sterilised formulations (Fig. 4.6).
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Figure 4.11 All ChemoGel formulations were capable of undergoing shear thinning in response to
increasing applied stress post-sterilisation. Rheogram of steady state flow procedure demonstrating
that viscosity of all formulations decreased with increasing shear rate. Data shown is representative

of the norm.

4.3.5 Disintegration studies

Non-sterilised blank and drug Visipaque® ChemoGel underwent similar
disintegration patterns as non-radiopaque blank and drug ChemoGel (Fig. 4.12 A
& 2.14 A respectively). Initial loss in mass was observed at 4 h, which was
recovered by 24 h, followed by a steady decrease in mass until 24.69% + 1.37%
and 23.02% + 4.15% of blank and drug Visipaque® ChemoGel was remaining
respectively at 240 h. After this point mass loss slowed, and the mass of hydrogel
remaining remained constant until the end of study. More variable disintegration
profiles were observed for all ChemoGel formulations after sterilisation (Fig. 4.12
B). Blank and drug Visipaque® ChemoGel post-sterilisation underwent the greatest
mass loss with 35.2% +1.45% and 41.49% * 19.93% remaining respectively by the
end of the study. Sterilised drug ChemoGel underwent slower disintegration up to
240 h at which point a 30% reduction in mass occurred over 116 h to bring the
remaining mass to 40.24% £ 0.92% at 336 h. Blank ChemoGel post-sterilisation
demonstrated the slowest disintegration, with 67.72% + 2.6% remaining by the end

of the study.
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Figure 4.12 Disintegration profile of (A) unsterilised blank or drug Visipague® ChemoGel and (B)
blank or drug ChemoGel or Visipague® ChemoGel post-ethylene oxide sterilisation over 28 days.
Disintegration determined by measuring loss in mass (% of original weight of hydrogel) per

timepoint. Data shown is representative of the mean of three independent experiments + SEM (n=3).

4.3.6 Release studies

Release of both chemotherapeutics from drug Visipague® ChemoGel was
observed over a 10 day period. 53.19% + 4.52% of loaded Ptand 71.65% + 6.21%
of loaded paclitaxel was detected in the release buffer over the 10 day period (Fig.
4.13 A). An initial burst release of both drugs was observed, with the cumulative
amount of Pt detected levelling off at an earlier timepoint (120 h) than paclitaxel
(168 h), indicating that Pt release ceased after 72 h. This was confirmed when the
quantities of each chemotherapeutic detected were analysed at each timepoint
(Fig. 4.13 B, left). Over the course of the release study, the same quantity of both
Pt (69.18 pg/ml +10.18 pg/ml) and paclitaxel (71.70 pg/ml £ 10.7 pg/ml) was
detected in the release buffer (Fig. 4.13 B, right).
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Figure 4.13 Drug Visipague® ChemoGel demonstrated sustained release of loaded
chemotherapeutics for up to 14 days. (A) Cumulative amount of platinum and paclitaxel detected in
release buffer over 10 days as a percent of original quantity of platinum and paclitaxel respectively
loaded in drug Visipaque® ChemoGel. (B) Quantity of platinum and paclitaxel detected in release
buffer at each timepoint measured up to 10 days (left) and total quantity of platinum and paclitaxel
detected in release buffer over 10 days (right). Data shown is representative of the mean of three

independent experiments * SEM (n=3).

The study was repeated under the same experimental conditions following EtO
sterilisation of drug ChemoGel and drug Visipaque® ChemoGel to determine if the
sterilisation process had any impact on the release profile of the
chemotherapeutics. 42.02% + 1.55% and 44.13% + 1.22% of the loaded Pt and
53.7% * 6.32% and 46.97% + 10.27% of the loaded paclitaxel was detected in
release over 10 days from EtO sterilised drug ChemoGel and drug Visipaque®
ChemoGel respectively (Fig. 4.14 A & C). The amount of Pt released was
determined to slow after 120 h, in comparison to paclitaxel, which was detected up
to the end of the study (Fig. 4.14 B & D, left). Similar quantities of Ptand paclitaxel
were detected over the 10 day study for EtO sterilised drug ChemoGel (54.65 pg/mi
+2.02 pg/ml and 55.82 pg/ml + 6.73 pg/ml respectively) (Fig.4.14 B, right). Analysis
of release buffer from drug Visipaque® ChemoGel revealed that less paclitaxel was
detected over 10 days than Pt (48.44 pug/ml £ 6.52 pg/ml and 57.39 pg/ml + 0.91
ug/ml respectively) (Fig. 4.14 D, right).
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Figure 4.14 Ethylene oxide (EtO) sterilisation of drug ChemoGel and drug Visipaque® ChemoGel
does not adversely affect sustained release profile. (A & C) Cumulative amount of platinum and
paclitaxel detected in release buffer over 10 days as a percent of original quantity of platinum and
paclitaxel respectively loaded in EtO sterilised drug ChemoGel and drug Visipaque® ChemoGel
respectively. (B & D) Quantity of platinum and paclitaxel detected in release buffer at each timepoint
measured up to 10 days (left) and total quantity of platinum and paclitaxel detected in release buffer
over 10 days (right) in EtO sterilised drug ChemoGel and drug Visipaque® ChemoGel respectively.

Data shown is representative of the mean of three independent experiments + SEM (n=3).
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4.4 Discussion

The early stage development of the ChemoGel formulation was undertaken with a
view to anticipating some of the common barriers to clinical translation of this
technology (6). Collaboration with clinicians identified intra-procedural imaging as
a key priority to ensure ChemoGel was compatible with the key aspects of an
interventional procedure, thereby improving chances of clinical adoption of the
technology. Intra-procedural imaging is critical in ensuring accuracy of delivery and
patient safety. As a defining trait of IO procedures, itis important that administration
of ChemoGel can be visualised using currently available imaging technology, e.g.
CTor US. It is also essential that delivery through commercially available devices
is feasible and adaptable to the current expertise of clinicians. Finally, the
development of a portable and sterile version of the ChemoGel was developed as
a preliminary effort to address some of the manufacturing and regulatory challenges

associated with thermoresponsive hydrogels.

As a key aspect of IO procedures, intra-procedural imaging of ChemoGel
administration will facilitate accurate delivery selectively to the tumour site, and
allow for a reduction in the amount of ChemoGel delivered to off target, healthy
tissue. The inherent radiopacity of blank ChemoGel was determined to be 33.6 HU
+ 4 and 224 HU = 3.6 at room and body temperature respectively. This is
intermediate between water (0O HU) and non-enhanced liver (approximately 60 HU)
(336). It would be challenging for interventional oncologists to track administration
of the radiolucent ChemoGel, and therefore, addition of a radiopaque contrast agent

to the formulation was warranted.

To this end, a commercial and commonly used iodinated contrast agent,
Visipaque® was incorporated into the ChemoGel formulation at a variety of
concentrations. Labelling of ChemoGel with Visipaque® at 10% w/w and 20% w/w
did not have a significant effect on the thermoresponsive behaviour. However, at a
concentration of 30% w/w Visipaque®, the sol-gel transition temperature of the
formulation dropped to 22°C (Fig. 4.3). The final Visipaque® formulation contains
salts, and it is hypothesised that at this concentration the level of salts in the
formulation resulted in a reduction in sol-gel transition temperature, which has been
previously demonstrated to occur in Poloxamer-based hydrogels (195, 337).
Previously reported CS-based thermoresponsive hydrogels labelled with

Visipaque® also underwent changes in their thermoresponsive profiles following
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addition of the iodinated contrast agent (338). As expected, CT imaging of
unlabelled and labelled ChemoGel revealed that radiopacity increased as
Visipaque® concentration increased (Table. 4.4). Taken together, the rheological
and radiopacity characteristics of ChemoGel with 20% w/w Visipaque® led to it

being selected as the lead radiopaque candidate.

Visipaque® is a non-ionic contrast medium, and rapid release was observed due to
the lack of ionic or covalent bonding retaining the iodixanol within the ChemoGel
structure (Fig. 4.4). Similar rates of release from CS thermoresponsive hydrogels

containing Visipague® have been reported (318, 338).

As previously discussed in Section 4.1.1, US and CT are widely used during 10
procedures to monitor the intervention in real time and post procedure. During US
imaging, internal structures are visualised due to the different interactions of
structures with the US waves, which gives rise to different strengths of US waves
transmitted or reflected back, called echogenicity (339). ChemoGel with 20% w/w
Visipague® was seen to be anechoic on US, without speckling (Fig. 4.5 A & B).
Anechoic images on US are those which do not allow the US waves to penetrate
through them, and thus show up as black on the image (339). Speckling is one the
main disadvantages of US imaging as it can result in poor image quality and
interferes with automated diagnostic techniques (340). CT imaging of ChemoGel
with 20% w/w Visipague® showed clear definition on CT images of the injected
hydrogel inthe ex vivo model (Fig. 4.5 C & D). This study established the feasibility
of real time intra-procedural monitoring of the radiopaque ChemoGel, with post-
procedural assessment also achievable using CT imaging, thereby presenting it as

a suitable candidate for IO procedures.

In a clinical setting, a balance between adequate tissue distribution and rapid in situ
gelation post administration of ChemoGel will be of critical importance. While rapid
gelation is called for to prevent indiscriminate spread of the thermoresponsive
polymer solution, it would be preferable to have a system which could distribute in
a defined manner throughout the tissue prior to gelation. Conversely, if gelation is
too slow then the administered ChemoGel could spread in an uncontrolled fashion
throughout the tissue, resulting in ablation of both tumour tissue and surrounding
healthy tissue. Ex vivo administration of ChemoGel with 20% w/w Visipaque® was
technically feasible and no gelation was observed to occur within the needle
following introduction into the tissue. The envisaged route of IT administration for

ChemoGel to lung tumours in a clinical setting is via the currently established biopsy
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techniques, using a needle or catheter in a transthoracic or bronchoscopic
approach. Clinician adoption of a new technology is one of the critical factors in
successful translation to the clinic, so by implementation of previously established
methods, itis hoped that the uptake of a new treatment modality will be increased
(341).

ChemoGel with 20% w/w Visipaque® demonstrated the ability to flow from the
needle, through the parenchyma of the ex vivo model, before undergoing gelation.
The three injections carried out demonstrated a similar distribution profile, which
suggests that the distribution is controlled and repeatable, although a larger sample
size would be required to confirm this. Different needle types could also be
employed to further influence distribution. Vogl et al. (2002) used a 19.5G needle
with six side holes (SOMATEX, Berlin Germany) in a clinical trial, administering
Intradose® Injectable Gel. The authors of this study noted that several needle
positionings were required to ensure complete distribution within the tumour tissue,

without encroaching on healthy tissue (62).

While preliminary evidence to support the technical feasibility of ChemoGel injection
was established, it is essential to ensure that the ChemoGel formulations can be
delivered through a range of clinically relevant needles and catheters, in order to
increase the scope of applications. The viscosity and flow behaviour of the material
are both central to achieving delivery. All ChemoGel and Visipaque® ChemoGel
formulations, were shown to have shear thinning behaviour, which is beneficial to
delivery as viscosity will reduce in response to increasing shear stress. (Fig 4.6 B)
(328). However, the viscosity of the formulations was increased following labelling
with Visipaque®, with the greatest increase seen at the 30% w/w concentration. As
viscosity increases, so too does the force required for injection (327). This further
confirmed the selection of ChemoGel with 20% w/w Visipaque® as the lead

radiopaque thermoresponsive hydrogel.

it should be noted that most conventional rheometers cannot achieve the high shear
rates that occur within the syringe barrel and needle during injection. Shear rates
within the device can reach up to 200,000 s'tand above, depending of factors such
as needle gauge and flow rate (342). Additionally, areas at the edge of the devices
experience the highest shear stress, with the lowest shear stresses recorded in the

centre, this makes viscosity prediction of shear thinning fluids highly complex (343).
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The force required to inject a liquid through a needle is affected by the area of the
plunger, diameter of the syringe barrel, needle gauge, flow rate and viscosity of the
fluid. As outlined in Section 4.1.2, a force of 0 — 10 N may be defined as “easy to
inject’, and forces up to 50 N can be defined as “injectable” (330). It was also noted
that if the injectability force measured was less than 10 N, a needle with a smaller
internal diameter could be used. The feasibility of IT administration of ChemoGel to
LC tumours using currently employed biopsy methods was assessed by selecting
needles and catheters of clinically relevant gauges and lengths for a transthoracic

or bronchoscopic approach.

An 18G needle is commonly used in transthoracic core biopsy of NSCLC and this
needle gauge was selected for initial evaluation of injectability (344). This was
compared to a longer catheter with a thinner gauge (2.9Fr = 19.6G) that would be
used in a bronchoscopic procedure. This determined that the maximum force
required to inject the same volume of blank ChemoGel increased from 3.2 N to 86.5
N between the two injection devices (Fig. 4.7 A). Forces between 51 — 100N are
defined as “injectable with difficulty” (330). A slower injection rate has been shown
to reduce the force required for injection (330, 345), and therefore the maximum
force required to inject blank ChemoGel through the catheter was reduced at an
injection rate of 1 ml/min. At this rate, the force required was still above 50 N, but
had reduced compared to 2 ml/min injection, indicating that should a longer, thinner
medical device be required for administration of ChemoGel, modification of injection
rate can compensate for the increased force required for injection in these medical
devices. It is also of note that complete injection without failure was achieved at
both speeds (Fig. 4.7 A).

Injectability of ChemoGel with 20% w/w Visipaque® was first assessed against
unlabelled ChemoGel. No significant differences were found between the two
thermoresponsive hydrogels when injected through an 18G, 7 cm needle (Fig. 4.7
B). The Visipaque® labelled ChemoGel was then injected through a variety of
needles and catheters, which would be used in core biopsy (up to 18G) and FNAB
(up to 25G) (323, 324). ChemoGel with 20% w/w Visipaque® was determined to be
injectable across all devices evaluated, only the 23G device required a force greater
than 50 N to achieve injection. From this data set it can be determined that both
gauge and length of device can be tailored to suit the type of access required to

treat the lung tumour, and still maintain injectability.
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Addition of Visipaque® to the ChemoGel formulation called for a review of the
cytotoxicity of the drug delivery platform to determine if the change to the
formulation had an impact on the previously established cytotoxicity profiles (Fig.
4.8). Drug Visipaque® ChemoGel demonstrated a similar pattern of sustained
reduction in viability across the 14 day study period, with a higher viability observed
at Day 14 compared to drug ChemoGel (28.72% + 3.28% vs 11.44% + 2.51%
respectively). Blank Visipaque® ChemoGel reduced viability to a greater extent at
Day 2 (26.47% % 7.61%) compared to blank ChemoGel at the same time point
(52.83% + 3.76%). This may be due to the initial release of Visipaque® from the
labelled ChemoGel (Fig. 4.4) formulation having a negative impact on viability.
Following medium change, and subsequent removal of released Visipaque®, the
blank Visipague® ChemoGel had a reduced cytotoxic effect, with levels
comparable to that of blank ChemoGel observed at Day 14 (47.65% * 19.611% vs
39.04% + 3.43% respectively). Fatimi et al. (2016) assessed the toxicity of the
released Visipaque®, and found that extracts of the 20% w/w and 30% w/w
Visipaque® labelled hydrogels incubated for 24 h were significantly more toxic than
0% w/w hydrogels at 24 h. Viability was restored to 100% when treated with the
hydrogel extracts taken in the following 24 h (338).

Attention was next directed to how the formulation can be prepared in a format that
would be acceptable for end users and address regulatory requirements. Two main
aspects were identified as initial development priorities; (i) preparation of a product
that could be easily transported, stored and prepared at point of administration, and

(i) sterilisation of this final product.

Freeze-drying of the fully formulated, hydrated ChemoGel into a wafer would
circumvent the need for aseptic compounding of ChemoGel from individual
excipients in the hospital pharmacy. The one-step rehydration process is easier to
execute, decreases risk of compounding errors, and reduces the cost associated
with complicated extemporaneous compounding, thereby improving the path to
translation. It is also of note that hydrated thermoresponsive hydrogel solutions
would require refrigeration to prevent unintended gelation on storage, which on an
industrial production scale would require specialised equipment and quality control
processes, ultimately adding to the cost of the final product, and increasing risk of
process failure. Transport and storage of a solid is widely accepted as easier than

the same for a liquid.
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To this end, production of a wafer that could be hydrated at the point of use was
determined to be the preferred option for transport and storage of the final product
in a commercial setting. The freeze-drying and rehydration process did not
adversely affect the thermoresponsivity of blank ChemoGel (Fig. 4.9). Schuetz et
al. (2008) compared three methods of storage of CS-based thermoresponsive
hydrogels; refrigeration at 4°C, freezing at -80°C, and freeze-drying and
rehydration. The freeze-drying and rehydration method was found to be the optimal
method for storage and recovery of the gelation properties of the original

thermoresponsive hydrogel (346).

Sterility assurance of pharmaceutical products for human use is a regulatory pre-
requisite, but sterilisation of hydrogels presents significant challenges to translation
to the clinic. The impact of sterilisation has on the rheological and mechanical
properties of the hydrogel, which becomes particularly complex when dealing with
thermoresponsive hydrogels, is not commonly dealt with at a pre-clinical research
stage of development (331, 347). Implementation of the EMA decision tree to guide
the stepwise assessment of the various sterilisation methods was conducted with
translation to clinic and regulatory hurdles in mind (Fig. 4.1). Terminal sterilisation
is the preferred method, from both a regulatory and cost-saving perspective,

compared to point of use compounding of individually sterilised excipients (332).

Terminal sterilisation of the ChemoGel wafer using the methods proposed in the
EMA sterilisation decision tree was deemed to be unsuccessful. While dry heat
sterilisation physically destroyed the wafer, gamma-irradiation of the freeze-dried
ChemoGel was seen to destroy the thermoresponsive nature upon rehydration
(Table 4.5). It was originally hypothesised that the low heat associated with gamma-
irradiation sterilisation would be preferable, however, no consensus exists in the
literature as to the suitability of this sterilisation method for thermoresponsive
hydrogels. Some studies have indicated that gamma-irradiation is a suitable
sterilisation method for P407 and P407-CS hydrogels (348, 349). Yang et al. (2007)
suggested that main chain scission occurs in CS following exposure to gamma
irradiation above 10kGy, and this may have negatively impacted the properties of
the owverall formulation (350). The individualised behaviour of different
thermoresponsive hydrogel formulations is once again highlighted by these

conflicting reports.

Thermoresponsivity of the ChemoGel formulations was not negatively impacted

following EtO sterilisation (Table 4.5 & 4.6, Fig. 4.11), which is a gas sterilisation
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method commonly employed in sterilisation of medical devices (350). This method
is not included in the EMA sterilisation decision tree (Fig. 4.1), but it is included in
the BP appendix of approved sterilisation methods (Table 4.2). EtO sterilisation of
CS flakes has been previously shown to not degrade CS, in comparison to
significant degradation demonstrated in gamma irradiation of same (351). This
study noted that EtO sterilisation was only suitable for sterilisation of CS in dried
form, and would not be applicable to CS hydrogels, anissue which is overcome in
ChemoGel due to the freeze-drying process. Other studies also confirm that EtO
sterilisation does not negatively impact the structure and chemical properties of CS
(350, 352). Oscillatory temperature sweeps confirmed that all sterilised ChemoGel

formulations retained thermoresponsivity and shear thinning (Table 4.6, Fig. 4.11).

The disintegration of blank and drug Visipaque® ChemoGel was observed to follow
a similar temporal pattern to the non-radiopaque blank and drug ChemoGel (Fig.
4.12 A and Fig. 2.14 A respectively). CS-GP crosslinking was observed to proceed
in much the same manner as the non-radiopaque formulations, and thus was not
affected by the presence of Visipaque® in the formulation (data not shown). The
disintegration profiles of all sterilised formulations determined that sterilisation
retards the rate of disintegration, as up to 70% + 2.8% of the sterilised blank
ChemoGel was retained after 240 h (Fig. 4.12 B), compared to 25.4% + 3.45%
retained at the same timepoint for the unsterilised formulation (Fig. 2.14 A). The
sterilised radiopaque formulations also demonstrated a slower rate of disintegration
than non-sterilised formulations of the same, with 44% + 1.89% and 24.69% +
1.37% of the sterilised and non-sterilised blank formulations respectively remaining
after 240 h exposure to PBS (Fig. 4.12). While no literature could be found reporting
the disintegration rates of P407 or CS hydrogels post EtO sterilisation, studies
investigating the effects of EtO sterilisation of collagen and silk sericin scaffolds
demonstrated retarded disintegration rates, which was attributed to increased

crosslinking in the scaffolds following the sterilisation process (353, 354).

No significant change in the pattern of release of the loaded chemotherapeutics
was observed from non-sterile drug Visipague® ChemoGel, as compared to the
non-radiopaque formulation (Fig. 4.13 & 2.15 respectively). As previously
suggested in Chapter 2, the curing and disintegration of the ChemoGel formulation
may have been responsible for the pattern of release observed, and as such due
to the similarities in disintegration profiles it is reasonable to expect a similar pattern

to be seen in release studies. A reduced amount of chemotherapeutics was
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released per timepoint in both drug ChemoGel and drug Visipague® ChemoGel
following sterilisation at the 4 h timepoint. This may be as result of the slower rate
of disintegration in the sterilised hydrogels at this timepoint compared to the non-
sterilised (Fig. 2.14 A & 4.12). The reduced disintegration rate of the sterilised
hydrogels may have also caused a slower release rate of both chemotherapeutics,
which impacted the final quantity of chemotherapeutic released by the end of the
14 day study by reducing it by 15 — 20 ug after sterilisation (Fig. 4.14 B & D).
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4.5 Conclusion

Presented in this Chapter, was a preliminary review of the clinical and regulatory
acceptability of the ChemoGel technology. This was undertaken early in the
development process, in order to identify aspects of the formulation which could be
modified to improve rates of translation to the clinic. In conclusion, a number of key
considerations emerged as critical to the translational reality of ChemoGel, which

required modification and re-characterisation of the formulation, including:

! the development of a radiopaque, thermoresponsive ChemoGel to assist
with intraoperative monitoring of the delivery to the tumour site, which was
- successfully imaged under CT and US guidance in vitro and ex vivo
- assessed across a range of commercially available delivery devices,
and its “injectable range” has been preliminarily defined by gauge and
length of the device
f the development of a storage and sterilisation method, which
- would be acceptable to both the product end user and regulatory
authorities
- did not negatively impact the thermoresponsive, chemoablative or

sustained release capacity of ChemoGel

In all, the focus on the translation of ChemoGel to the clinic at this early research
stage has sought to pre-emptively address the pitfalls often encountered by drug
delivery technologies at a later stage of the product development lifecycle. In order
to continue the progression of the ChemoGel technology through the development

cycle an in vivo evaluation will be carried out in Chapter 5.
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5.1 Introduction

IT delivery of thermoresponsive hydrogels is an area of pre-clinical research that
has become increasingly popular over the last number of years, with successful
translation to the clinic lagging behind (6). Chapters 2 — 4 were dedicated to the
pharmaceutical and cytotoxic assessment of the various ChemoGel formulations in
vitro. This Chapter details the pre-clinical evaluation of the efficacy and off-site
toxicity of the lead Visipaque® ChemoGel formulations to confirm the in vitro
evidence obtained thus far, and to progress the Visipaque® ChemoGel platform

along the product development pathway.

5.1.1 Pre-clinical murine cancer models

A significant amount of pre-clinical evidence to support claims of safety and efficacy
must be gathered prior to clinical testing of a drug delivery platform for any disease
treatment (355). Murine models are the most commonly employed pre-clinical
models of cancer (356). A variety of approaches can be used to induce
tumourigenesis in mice, with varying degrees of similarity to the human condition,

as shown in Figure 5.1.
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Figure 5.1 Murine models of cancer can be derived from human or murine sources using a variety
of methods. Taken from (356).
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Xenograft models can be derived from cell lines or primary patient sources, and can
be implanted heterotopically or orthotopically. Heterotopic cell line derived
xenograft models were first reported in the immunocompromised nu/nu mouse
model in the early 1970’s, and are perhaps the most commonly employed murine
model of cancer (357). An immunocompromised strain of mouse can be inoculated
with a human cancer cell line via SC, IV, IM or IP injection at a site distant from the
origin of the tumour, such as the flank or hind leg (358). This results in a rapidly
grown tumour, which can be physically measured without the need for advanced
imaging machinery. The complex inter- and intra- tumour heterogeneity associated
with human cancer is, however, lost in this model as the typical TME interactions
do not occur at the distant site of inoculation. In addition, the lack of immune
involvement in these models is not truly biomimetic, as evidenced by limited
invasion and metastatic processes (359). Their reproducibility, and comparative
cost and time effectiveness compared to more advanced murine models sees
heterotopic xenografts ideally placed in early stage research as an initial screen for

in vivo efficacy.

Orthotopic tumours are those which are grown at the site of tumour origin. The
subsequent involvement of the TME makes this model more representative of the
clinical reality. However, this technique requires greater operator skill, and is more
time consuming than heterotopic xenografts. Moreover, as the tumour is not
palpable, advanced imaging is required to ascertain tumour measurements

throughout the experimental procedure (358).

Other types of xenograft murine models can make use of patient derived tumours,
which are taken from fresh explanted human tumour tissue and grown at
heterotopic or orthotopic sites to produce more representative models of human
cancer. Development of these models is more time- and cost- demanding, with

increased variability of successful implantation and response (359).

The use of immunocompetent mice gives a more representative picture of the off-
site toxicity of treatment, and a greater appreciation of the influence of the immune
system on tumourigenesis, but due to high rate of rejection of xenograft human
tumours by immunocompetent mice, syngeneic tumour models must be employed.
These models develop an allograft using murine tumour cell lines, which are less
representative of human tumours (360). Recent reports of sensitising murine
foetuses to human tumour cells has demonstrated successful tumour engraftment

of human derived xenografts (361). Genetically engineered murine models can also
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be used, which involves breeding of carcinogenesis-prone immunocompetent mice.
These de novo developed tumours are more representative of tumour development
in humans, but as with syngeneic mice xenografts, treatment response may be
altered due to the murine origin of the tumour (362). Carcinogen-induced murine
models can also be used, but this requires greater time and cost, with increasing
variability (358).

A number of murine models of LC are employed in pre-clinical research. While
orthotopic models of LC can be established, increased technical expertise is
required for the endobronchial inoculation of the tumours, resulting in variable rates
of engraftment success in this model. Lewis lung carcinoma cells in C57BL mice
have been used to develop a syngeneic murine LC model, but this process is
challenging and associated with the limitations of using murine-derived tumours to
predict human tumour response (360). Patient derived xenograft models have also
been established in NSCLC research at heterotopic and orthotopic sites, and are
proposed as a possible tool for personalised medicine selection. This would involve
screening a number of possible treatment options on a patient-specific murine
xenograft model. A number of barriers remain before translation of this technique
to the clinic, including technical feasibility and ethical considerations (363). For early
pharmaceutical research, heterotopic xenograft models of LC are rapidly and
reliably developed. A wide range of NSCLC cell lines have been successfully used
in heterotopic xenograft models, including A549, H1299, NCI-H460, H1975, NCI-
H226 and HCC4006 cell lines (60, 364-368). Methods for engraftment commonly
involve SC injection of cells into the hind flank. The cells are often suspended in
Matrigel to improve retention of tumour cells at site of inoculation (359). The in vivo
study reported in this Chapter utilised A549 cells suspended in Matrigel, for SC
injection into the hind flank of immunocompromised athymic nude mice to produce

xenograft adenocarcinoma LC tumours.

it should also be borne in mind that mice are 3,000 times smaller than humans, with
significantly shorter life cycles. Although this infers many advantages, such as
increased ease of handling and housing in a laboratory setting, murine models
represent an approximation of the human condition, and due consideration should
be given to inter-species variation. On the whole as relevance to human tumours
increases in murine models of cancer, so too do the associated time and cost
requirements, and therefore, these more advanced models are usually restricted to

late stage pre-clinical research. Other animals used in pre-clinical cancer research

191



include rats, zebrafish, rabbits, dogs, cats and pigs, with rare case-reports of non-

human primate cancer models also available (369).

5.1.2 In vivo imaging of animal models

While heterotopic xenograft models of LC grown on the hind flank can facilitate
physical measurement of tumour dimensions, efforts have been directed towards
developing non-invasive imaging methods to determine tumour burden in murine
models. Advanced imaging techniques available for murine models of disease
include MRI, US, CT, PET and SPECT. Optical imaging techniques using
fluorescent and bioluminescent imaging are relatively cheaper than the advanced
imaging techniques, and are commonly used to determine tumour burden in animal
models (370). As mammalian tissue is not fully opaque, the transmission of
fluorescent or bioluminescent light through tissues is possible (371, 372). A charge-
coupled device camera is required to detect the weak bioluminescent or fluorescent
signals emitted from in vivo models. Pseudo-coloured images are generated to
represent signal intensity, and are superimposed over a greyscale image of the

animal.

Bioluminescent imaging (BLI) involves the use of an enzyme, luciferase (luc), which
is genetically inserted into the cancer cell. As the tumour grows the signal also
propagates, and is therefore representative of the size of the tumour. In the
presence of oxygen, luciferin (substrate) is oxidised by the luc (enzyme) on the
tagged cells to emit light in a characteristic region (373). In small animals, luciferin
is usually injected IP or IV, and allowed to circulate around the body, before imaging
the light emitted as a result of the enzymatic reaction with the luc tagged cells. One
of the benefits of BLI is that, although the light signal emitted is relatively weak, the
background noise in small animals is virtually non-existent, as light is not naturally
emitted from mammalian tissue without excitation (374). This relatively large signal
to noise ratio means that BLI is highly specific to the luc tagged cells. Luc can come
from a number of biological sources, and this determines the emission wavelength.
Firefly-luc is the most commonly used source, and emits light at the far end of the

spectrum (approximately 612nm), which further improves its specificity (375).

Fluorescent imaging (FLI) is also employed in small animal imaging. Fluorescent
tags require excitation at shorter wavelengths in order to emit light at longer
wavelengths. The majority of traditional fluorescent probes are in the blue and

green region of the visible spectrum, which is also absorbed by mammalian
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haemoglobin, and as such considerable non-specific excitation and emission can
occur in in vivo models resulting in higher levels of background autofluorescence
(375). Recent fluorescent probes developed have focused on those that are in the
far red or near infrared regions of the visible spectrum in order to increase the signal
to noise ratio (374). Fluorescent probes can be conjugated to cancer cells for in
vivo quantification of tumour burden, but are also commonly used as tags on drug

delivery platforms, to track biodistribution and retention in real time (376, 377).
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5.1.3 Aim and Objectives

The overall aim of this Chapter was to evaluate the effect of the IT administration

of lead Visipaque® ChemoGel formulations in an A549 xenograft murine model of

LC.

The specific objectives of this chapter were to:

1
l

Develop a bioluminescent murine xenograft model of LC using A549-luc cells
Assess retention of fluorescently tagged Visipaque® ChemoGel
formulations at the site of injection over 14 days following IT administration
Determine the efficacy of IT administration of lead Visipaque® ChemoGel
formulations on reducing tumour burden, using physical and bioluminescent
measurements over 14 days

Evaluate off-site toxicity of lead Visipague® ChemoGel formulations

following IT administration
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5.2 Materials and Methods

An A549 cell line expressing firefly luc with puromycin resistance (SC043-luc) was
purchased from AMS Biotechnology (Abingdon, UK). 6-Deoxy-6-[(5/6)-
Fluoresceinylthioureido]-HP-3-CD was purchased from Cycloab (Budapest,
Hungary). Matrigel® Basement Membrane Matrix, Phenol Red-Free, *LDEV-Free
(356237) was purchased from Corning® Life Sciences (MA, USA). All syringes and
needles were obtained from Medguard Healthcare (Co. Meath, Ireland). All sterile
surgical instruments and digital callipers were purchased from Harvard Apparatus
(MA, USA). XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate (122799) was
purchased from Perkin Elmer (MA, USA). Controlled medicinal products required
for animal anaesthesia and analgesia, Ketamine (Narketan-10 100 mg/ml solution
for injection, Vetoquinol UK Limited, UK), Xylazine (Chanazine 2% wi/v solution for
injection, Chanelle Pharmaceuticals Manufacturing Ltd., Ireland), Isoflurane
(Isoflurin 100 mg/g Inhalation vapour, liquid, Vetpharma Animal Health, S.L., Spain)
were obtained under prescription from the designated RCSI veterinarian, and kept
in accordance with controlled drug legislation. Aspartate Aminotransferase Activity
Assay Kit (MAKO055), Urea Assay Kit (MAKO0O06), NBF 10% v/v were all obtained
from Sigma Aldrich (MO, USA).

5.2.1 Blank and drug Visipaque® ChemoGel preparation

Sterilised blank and drug Visipague® ChemoGel formulations were prepared as per
Section 4.2.5.3. Fluorescently tagged ChemoGel formulations were prepared by
replacing 0.01% w/w of the original HP-B-CD content with the same concentration
of 6-Deoxy-6-[(5/6)-Fluoresceinylthioureido]-HP-B-CD, which contained one

fluorescent unit per CD ring.
5.2.2 Cell culture

In vitro subculture of A549-luc cell line was carried out using aseptic technique as
per Section 3.2.1. The A549-luc cells were maintained in DMEM:F12 supplemented
with 10% viv FBS, 1% viv Pen/Strep solution. Polymerase Chain Reaction-based
murine pathogen testing of the cell line was carried out prior to use in vivo to ensure
that the cells were free from contamination (IMPACT-1 test, IDEXX Bioresearch,
ME, USA).
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5.2.3 Animal procedures

5.2.3.1 Animal maintenance

All animal experiments were approved by the Animal Research Ethics Committee,
Royal College of Surgeons in Ireland (REC no. 1389) and by the national scientific
animal regulatory authority, the Health Products Regulatory Authority (HPRA)
(Project authorisation: AE19127/P040), and were conducted in accordance with
European Union legislation (Directive 2010/63/EU) on the subject of animal rights.
All animal handling and procedures were performed by Ms Sedna Rossi and Dr

Ben Ryan in accordance with their respective individual authorisations.

Female Hsd:Athymic Nude-Foxnlnu mice (20 — 25 g weight) were purchased from
Envigo (Huntingdon, UK), and group housed, four per cage, in the Biomedical
Research Facility, RCSI. Due to their immunocompromised nature, the mice were
housed under specific pathogen free (SPF) conditions in a Scantainer (Scanbur,
Copenhagen, Denmark) with controlled temperature of between 20 — 24°C,
humidity between 45 — 65%, and 12 h light/dark cycle. All animal handling outside
the Scantainer was conducted in a dedicated SPF facility under laminar airflow
using aseptic procedures. All mice were maintained on autoclaved water and food
available ad libitum. Regular welfare checks were conducted on all mice as per
project authorisation, including body weight measurements, and physical and

behavioural observations.

5.2.3.2 Anaesthesia

Inhalation-based anaesthesia was induced using 4% v/v isoflurane and oxygen in
an induction chamber, with 2% v/v isoflurane used as maintenance anaesthesia in
induction chamber or nose cone. If a systemic anaesthetic regimen was required,
ketamine (90 mg/kg) and xylazine (10 mg/kg) were administered IP using a 25G
needle and 1 ml luer-lock syringe. In all cases, absence of pedal withdrawal reflex
was confirmed prior to commencement of the procedure to ensure deep

anaesthesia was achieved.

5.2.3.3 Tumour xenograft establishment

A549-luc cells were trypsinised as per protocol at 80 — 90% confluency, and
resuspended in a PBS:Matrigel mixture (1:1) at a density of 1 x 107 cells/ml, and
kept on ice until use, based on methods by Fridman et al. (2012) (378). Once
anaesthesia had been induced via inhalation as per Section 5.2.3.2, 100 pL of cell

suspension (1 x 108 cells) was injected SC into the flank of the mouse in the lower
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right hand quadrant, using a 29G insulin syringe (Romed, Utrecht, Netherlands).
The needle was left in place for 30 sec after injection, rotated and removed slowly
to prevent leakage of cell suspension from injection site. While under anaesthesia,
mice were also ear clipped to allow for later identification. Animals were then placed
into a clean recovery cage adjacent to a heat lamp, and allowed to fully recover
from anaesthesia before being returned to their home cage.

5.2.3.4 Intratumoural injection

IT administration of sterile blank or drug Visipague® ChemoGel or saline was
undertaken once tumour volume had reached 250mm?3 + 50mm3. 100 pL of the
appropriate ChemoGel formulation or saline for injection was loaded into a 1 ml
luer-lock syringe with 22G needle and kept on ice prior to administration. Inhalation
anaesthesia was induced as per Section 5.2.3.2. Tumours were stabilised using
forceps and secured from beneath to minimise risk of needle piercing through
tumour. The needle was inserted into the tumour, and the entire volume of required
formulation was expelled slowly (Fig. 5.2). The needle remained in place for 30 sec
following completion of injection to allow for gelation of ChemoGel formulations to
occur, rotated and removed slowly to prevent backflow of injected material. Animals
were then placed into a clean recovery cage adjacent to a heat lamp and allowed

to fully recover from anaesthesia before being returned to their home cage.

Figure 5.2 Example of intratumoural injection on anesthetised mouse.
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An overview of the experimental procedure and subsequent monitoring is detailed

in Figure 5.3.

4 )

& )

Subcutaneous injection of Day 0 Day 14
A549-luc cells Intratumoural injection of; Terminal cardiac puncture
Ssaline or
ﬁ? Blank Visipague® ChemoGel or
§ Drug Visipaque® ChemoGel

Fluorescent imaging of excised tissue
Whole blood & blood serum analysis

Figure 5.3 Schematic of experimental set up for in vivo experiments in Chapter 5.

5.2.4 Xenograft monitoring

5.2.4.1 Physical tumour volume measurement

Once tumours were palpable, dimensions of the tumour were taken externally using
digital callipers to measure the length (I) and width (w). Tumour volume was derived
using Equation 7 (379). Post-IT administration of treatment or control, tumour
volume was measured at 2 h, Day 2, Day 7, Day 9 and Day 14 to monitor disease

progression.

(Equation 7)

5.2.4.2 Bioluminescence monitoring

To confirm bioluminescence of A549-luc cells, they were first evaluated in vitro prior
to invivo administration. A549-luc cells were seeded in supplemented medium into
96-well black plates (Perkin ElImer, MA, USA) at a density of 64,000 cells per well
in triplicate. Serial dilutions of cells were also plated to a final cell density of 2,000

cells per well. After 4 h, medium was aspirated from the wells, and replaced with
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100 pL of freshly prepared D-Luciferin solution (150 pg/ml). Following a 10 min
incubation period, bioluminescent signal was imaged using an IVIS® Spectrum In
Vivo Imaging System (Perkin Elmer, MA, USA) using parameters outlined in Table
5.1.

In vivo BLI was conducted when tumours had reached a volume of 250 mm? + 50
mm?3, measured as per Section 5.2.4.1. Animals were injected IP with freshly
prepared D-Luciferin solution in PBS (150 mg/kg) and anesthetised via inhalation
as per Section 5.2.3.2. Visualisation of the bioluminescent light emitted from the
A549-luc cells using an IVIS® Spectrum In Vivo Imaging System was conducted

using the parameters in Table 5.1.

An initial kinetic curve of bioluminescence of A549-luc cells in vivo was to determine
optimal imaging time post-D-Luciferin administration, as per manufacturer’s
instructions (380). Images were acquired, commencing at 10 min post-D-Luciferin

administration, every 5 min for up to 30 min.

BLI of tumour progression post-IT administration of treatment or control was
undertaken at 2 h and Day 14 after treatment. Images were acquired between 10-

12 min post-D-Luciferin administration as determined by kinetic curve.

Following image capture, mice were removed from the VIS machine, and returned
to a recovery cage adjacent to a heating lamp until sedation was removed, at which

point they were returned to the home cage.

Pseudo-coloured images of bioluminescent cells were generated and
superimposed on greyscale images of the well plate or whole animal by the Living
Image software (Perkin Elmer, MA, USA). Total flux (photons/s) of the light emitted
by the A549-luc cells was quantified by the Living Image software following

identification of a region of interest (ROI) around the bioluminescent signal.

5.2.4.3 Fluorescence monitoring

In vitro confirmation of fluorescence was conducted on fluorescently tagged
Visipague® ChemoGel. 100 pL of the fluorescently tagged Visipaque® ChemoGel
was added to wells in a black 96-well plate in triplicate and allowed to gel for 15
min. Fluorescent signals emitted were recorded using an IVIS® Spectrum In Vivo

Imaging System according to the parameters in Table 5.1.

For in vivo imaging, animals were anaesthetised via inhalation as per Section
5.2.3.2, and the fluorescently tagged Visipaque® ChemoGel formulations were
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imaged using an VIS® Spectrum In Vivo Imaging System using the fluorescent
parameters outlined in Table 5.1. Saline treated animals were also fluorescently
imaged to act as a control. Images were acquired at Day O and Day 14 while still

under anaesthesia from BLI, as outlined outline in Section 5.2.4.2.

For ex vivo analysis, FLI of the excised tumour, liver and kidney was carried out

using the parameters outlined in Table 5.1 immediately following excision.

Pseudo-coloured images of fluorescent signal were generated and superimposed
on greyscale images of the well plate, whole animal or excised tissue by the Living
Image software. Images were used for qualitative confirmation of ChemoGel

localisation and retention only, and quantification of signal was not undertaken.

Table 5.1 Imaging parameters used for bioluminescent and fluorescent image acquisition on the

IVIS® Spectrum In Vivo Imaging System.

Excitation Emission Field
Signal Exposure Binning F/stop (nm) (nm) of
view
Bioluminescent Auto Medium 1 Block Open D
Fluorescent Auto Medium 2 500 540 D

5.2.5 Post-experiment analysis

5.2.5.1 Ex vivo analysis of blood serum

Following IVIS imaging on Day 14 post-IT injection, animals were immediately
administered systemic anaesthesia as outlined in Section 5.2.3.2. Under deep
anaesthesia, terminal cardiac puncture was performed, using a 1 ml luer-slip
syringe (B Braun, Melsungen, Germany) and 21G needle. The animal was placed
securely on its back, and the needle was inserted at a 45° angle into the heart. The
plunger was slowly withdrawn to collect the circulating blood, and needle was
repositioned if required to complete blood collection, with due care given to prevent
coagulation of blood in needle or syringe during procedure. 300 pL of the collected
blood was then expelled into a KsEDTA anti-coagulation tube (Microvette 500 K3E,
Sarstedt, NUmbrecht, Germany) and the remainder was expelled into a 2 ml

Eppendorf tube (Eppendorf, Hamburg, Germany).
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The anti-coagulated blood sample in the KsEDTA tube was analysed immediately
for white blood cell count using a Sysmex KX-21N haematology analyser (Sysmex

Corp., Kobe, Japan).

The remaining blood sample was allowed to stand for approximately 30 min to
coagulate. Samples were then centrifuged at 4,700 rpm for 5 min using a Minispin®
centrifuge (Eppendorf, Hamburg, Germany) to separate out the blood serum.
Serum was carefully removed from the centrifuged tube and transferred to a
CryoPure Tube (Sarstedt, Niumbrecht, Germany) and frozen at -80°C until analysis.
Serum was analysed using Aspartate Aminotransferase (AST) and Urea assay kits
according to manufacturer’s instructions. Absorbance was read at 450 nm and 570

nm respectively using a Victor? 1420 plate reader (Perkin Elmer, MA, USA).

5.2.5.2 Ex vivo analysis of tumour and organs

Following terminal cardiac puncture, death of the animal was confirmed using
cervical dislocation. Liver and kidneys were identified and removed using a sharp
scissors. The tumour was then removed from the lower right hand quadrant of the
flank. Excess tissue and fascia were carefully removed from excised organs and
tumour. Visual images of the excised tumour were taken, and all excised tissue was

fluorescently imaged as outlined in Section 5.2.4.3.

5.2.6 Statistical analysis

Two-way ANOVA with repeated measures was used to determine statistically
significant differences between tumour volumes measurements made as per
Section 5.2.4.1. One-way ANOVA was performed to determine statistically
significant differences in bioluminescent signal in the kinetic curve study emitted
post-IP administration of D-Luciferin and differences in blood chemistry between
treatment groups as outlined in Section 5.2.4.2 and 5.2.5.1 respectively.
Bioluminescent signal fold change post-treatment at Day 14 as outlined in Section
5.2.4.2 was evaluated for statistical significance using the non-parametric Mann-
Whitney test. All statistical tests were performed using GraphPad Prism v6
(GraphPad Software Inc., CA, USA). Error is reported as SEM and statistical

significance was determined using a probability value of p < 0.05
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5.3 Results

5.3.1 In vitro evaluation of fluorescent Visipaque® ChemoGel

Due to the lack of inherent fluorescence associated with the ChemoGel (data not
shown) a fluorescent tag was added into the formulation. In vitro assessment of
fluorescently labelled Visipaque® ChemoGel revealed that it was amenable to FLI
(Fig. 5.4 left). Bioluminescent imaging of the same wells demonstrated that no
cross-over occurred in the bioluminescent range, indicating that fluorescently
labelled ChemoGel formulations would not interfere with the bioluminescent signal
emitted from A549-luc cells (Fig. 5.4 right).

Figure 5.4 Fluorescently tagged Visipaque® ChemoGel formulations was fluorescently imaged in
vitro, with no cross-over bioluminescent signal. Representative in vitro (A) fluorescent and (B)
bioluminescent images of fluorescently labelled Visipague® ChemoGel. Red box indicates filled

wells.

5.3.2 In vitro and in vivo evaluation of bioluminescent A549-luc cell line

In vitro assessment of the A549-luc cells demonstrated linearity between cell
number seeded and bioluminescent signal emitted, within a range of 2,000 to
64,000 cells (Fig. 5.5 A & B), supporting the use of this cell line for bioluminescent
quantification of tumour burden. A kinetic curve was established in vivo to determine
an acceptable time window for bioluminescent image acquisition post-
administration of the D-Luciferin solution. The bioluminescent signals emitted
between 10 and 30 min after D-Luciferin administration were determined not to be
statistically significant, indicating that images could be acquired at any point within

this time frame, without impacting the validity of the results (Fig. 5.5 C). An image
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acquisition time of 10 — 12 min after D-Luciferin administration was utilised for all

subsequent in vivo bioluminescent experiments, in order to minimise variability.
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Figure 5.5 Bioluminescent imaging of A549-luc cells was feasible in vitro and in vivo. (A & B) A549-
luc cells in vitro demonstrate a linear bioluminescent signal between 2,000 and 64,000 cells. (C) In
vivo bioluminescent imaging of A549-luc tumours 10 T 30 min after D-Luciferin administration. Data
shown is represented as the mean + SEM (n=3 wells for A & B, n=3 mice for C). 2 was determined
using linear regression. Significance was determined using a repeated measures one-way ANOVA.

ns =p > 0.05

5.3.3 Assessment of localisation and retention of blank and drug

Visipaque® ChemoGel following intratumoural administration

Localisation of blank and drug Visipaque® ChemoGel was confirmed 2 h after IT
injection by creating an overlay image of the bioluminescent signal from the A549-
luc cells and the fluorescent signal from the fluorescently tagged formulation. IT
administration was considered successful if the fluorescent signal was in the region
of the bioluminescent signal (Fig.5.6 A). All injected formulations were successfully
fluorescently imaged at 2 h post-IT administration, with in vivo imaging of retention
at Day 14 also observed (Fig. 5.6 B).
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Figure 5.6 Blank and drug Visipaque® ChemoGel was retained at site of injection for 14 days in
vivo. (A) Representative overlay images of bioluminescent A549-luc cells post-intratumoural
administration of 100 pL of fluorescently tagged blank Visipaque® ChemoGel (left) or drug
Visipaque® ChemoGel (right) at Day 0. Blue represents bioluminescent signal from A549-luc cells,
Yellow represents fluorescent signal from blank or drug Visipaque® ChemoGel. (B) Representative
fluorescent images at Day O (top) and Day 14 (bottom) post-intratumoural administration of Saline

(left), blank Visipaque® ChemoGel (centre) or drug Visipague® ChemoGel (right).

5.3.4 Ex vivo analysis of retention of blank and drug Visipaque®
ChemoGel

Blank and drug Visipague® ChemoGel formulations were qualitatively observed ex
vivo to be retained in all treated tumours at Day 14 (Fig. 5.7 A). Saline was used as
a control to ensure no fluorescence was emitted from the tumour mass. Excised

liver and kidney were also fluorescently imaged to determine if any fluorescently
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tagged blank or drug Visipaque® ChemoGel was observed in these excretory

organs, with none noted in any treatment group (Fig. 5.7 B).

A Photograph Fluorescent Overlay

Saline

Blank
Visipaque®
ChemoGel

Drug
Visipaque®
ChemoGel

Blank Visipaque® Drug Visipaque®

Saline ChemoGel ChemoGel

Figure 5.7 Fluorescent signals were only observed in blank and drug Visipaque® ChemoGel treated
excised tumours at 14 days post-intratumoural administration. (A) Representative images (greyscale
photograph [left], fluorescent signal [centre] and overlay [right]) of Saline (top), blank Visipaque®
ChemoGel (centre) or drug Visipaque® ChemoGel (bottom) treated tumours excised on Day 14
post-intratumoural administration. (B) Representative images of kidneys (left hand side of image)
and liver (right hand side of image) excised at Day 14 from mice treated with Saline (left), blank

Visipaque® ChemoGel (centre) or drug Visipaque® ChemoGel (right).
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5.3.5 Assessment of effect of intratumoural administration of blank and

drug Visipague® ChemoGel on tumour volume

Blank Visipaque® ChemoGel and drug Visipaque® ChemoGel significantly
reduced tumour volume increase compared to saline treated control 14 days after
IT administration (Fig. 5.8 A). The final volume of saline treated tumours was
recorded as 429.34 mm?3 + 12.87 mm3. Blank Visipague® ChemoGel treated
tumours increased in volume by 18.99% on average after 14 days (final tumour
volume 282.52 mm?3 + 43.02 mm3, p = 0.026), compared to drug Visipaque®
ChemoGel tumours which increased by 5.2% on average (final tumour volume
246.16 mm3 + 20.77 mm3, p = < 0.0022). Macroscopic inspection of excised

tumours at Day 14, visually supported the quantitative results (Fig. 5.8 B).
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Figure 5.8 Intratumoural administration of blank or drug Visipaque® ChemoGel formulations
significantly reduced tumour volume increase. (A) Tumour volume (mm3) following intratumoural
administration of 100 L of Saline, blank Visipaque® ChemoGel or drug Visipague® ChemoGel at
Day 0. Data shown is represented as the mean + SEM (n=6 mice per group). Significance was
determined using arepeated measures two-way ANOVA. ** =p <0.01, **** = p <0.0001 compared
to volume of blank or drug Visipaque® ChemoGel tumour volume at the same timepoint. (B)
Representative images of excised tumours at Day 14 following intratumoural administration of Saline
(left), blank Visipaque® ChemoGel (centre) or drug Visipaque® ChemoGel (right).

5.3.6 Assessment of effect of blank or drug Visipaque® ChemoGel on

tumour bioluminescence

Quantification of the fold change of the bioluminescent signal emitted from A549-
luc tumour bearing mice treated at Day 14 post-IT administration did not reveal
statistically significant differences (Fig. 5.9 A). However, the trend was similar to the
tumour volume measurements at Day 14 (Fig. 5.8), with the greatest reduction in

signal fold change induced by drug Visipaque® ChemoGel (Fig. 5.9 A & B).
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Figure 5.9 Intratumoural administration of blank or drug Visipague® ChemoGel reduced
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bioluminescent signal of A549-luc tumours in vivo for up to 14 days. (A) Fold change in
bioluminescent signal (total flux, photons/s) since Day 0, at Day 14 post-intratumoural administration
of saline (n=6), blank Visipague® ChemoGel (n=5) or drug Visipaque® ChemoGel (n=6). Data
shown isrepresented as the mean + SEM. Significance was determined using a Mann-Whitney test.
(B) Representative images of bioluminescent signal from A549-luc tumours in vivo at Day 0 (left)
and Day 14 (right) following intratumoural administration of Saline (top), blank Visipaque®
ChemoGel (centre) or drug Visipaque® ChemoGel (bottom).
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5.3.7 Assessment of acute off-site toxicity following intratumoural

administration of blank and drug Visipaque® ChemoGel

Off-site toxicity was monitored throughout the study using a welfare scoring system
approved by the RCSI Animal Research Ethics Committee and the HPRA. This did
not reveal any treatment associated toxicity (data not shown). 100% survival by Day
14 was achieved for all treatment groups. A reduction in body weight of 20% or
greater was pre-determined to require a humane end point due to unacceptable
toxicity. While the drug Visipaque® ChemoGel treated group demonstrated the
largest decrease in body weight, this was only a transient 4% decrease between
Day 7 and Day 9, and weight increased thereafter (Fig. 5.10 A). White blood cell
count was quantified from whole blood samples extracted during terminal cardiac
puncture, and no statistically significant differences were determined between any
of the groups (p=0.9722 and p = 0.5957 for saline vs. blank Visipaque® ChemoGel
and drug Visipaque® ChemoGel respectively) (Fig. 5.10 B). AST and Urea were
quantified from serum separated from whole blood extracted during terminal cardiac
puncture, and also revealed no statistically significant difference between any of the

treatment groups (Fig. 5.10 C).
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Figure 5.10 Intratumoural administration of blank or drug Visipague® ChemoGel did not cause

acute off site toxicity for up to 14 days. A549-luc tumour bearing mice treated with Saline, blank

Visipaque® ChemoGel or drug Visipaque® ChemoGel did not show any significant alterations in (A)

body weight, (B) white blood cell count or (C) blood serum levels of Aspartate transaminase (AST)

(left) and Urea (right). Data shown is represented as the mean + SEM (n=6 mice per group).

Significance was determined using a one-way ANOVA for (B) and (C). ns = p > 0.05.
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5.4 Discussion

This in vivo study brought forward the lead blank and drug Visipaque® ChemoGel
formulations, which were developed and characterised throughout Chapters 2 — 4
of this thesis, to perform a preliminary in vivo assessment on the acute efficacy and
off-site toxicity of treatment. The overall goal of the ChemoGel technology is to
employ the chemoablative properties of the formulation and its drug delivery
functions in a locoregional manner to reduce tumour burden in LC. To this end, an
in vivo xenograft tumour model of LC was developed to evaluate the IT
administration of blank and drug Visipague® ChemoGel, compared to saline

treatment of LC.

A heterotopic, SC murine xenograft model of LC was used for the preliminary in
vivo assessment of retention, efficacy and off-site toxicity of blank and drug
Visipaque® ChemoGel. The A549 cell line was used to develop this xenograft
model in order to facilitate comparison with previously generated in vitro data
(Chapter 3 & 4). Adenocarcinoma is the most commonly used murine model used
in LC research (381, 382), with SC, hind flank administration the method of choice
for heterotopic implantation (360). The athymic nude mouse is a hairless,
immunodeficient mouse, characterised by lack of T-cell production resulting from a
dysfunctional, rudimentary thymus. The immunodeficient status of the mouse
enables xenograft tumour growth from injected cancer cell lines. Matrigel, a
commercially available basement membrane matrix protein, was used in this study
to further improve rates of tumour establishment, since it has been shown to
improve cancer cell growth and tumour development in vivo (378). For the purposes
of this study, IT administration was technically simpler to achieve as the tumours
were easily accessible and could be secured using a forceps (Fig. 5.2) in the
heterotopic, SC xenografts. This technique would not be feasible in a clinical
setting, as lung tumours are embedded in the lung tissue, and not amenable to
physical stabilisation, thereby necessitating the use of advanced imaging
techniques such as US or CT to guide needle placement and track administration
(131, 314).

In vivo imaging of the Visipaque® ChemoGel technology was employed throughout
this study to track in vivo disintegration. As previously discussed in Chapter 4, it
was proposed that the inclusion of the iodinated contrast agent, Visipaque®, would

facilitate intra-procedural monitoring in the clinical setting. Due to lack of pre-clinical
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CT imaging machinery available, utilisation of FLI was proposed as a surrogate
marker to monitor biodistribution post-IT administration. Visipaque® ChemoGel
formulations were first evaluated for autofluorescence, as it was hypothesised that
the GP content in the Visipaque® ChemoGel formulation could act as an
autofluorescent marker. It has previously been demonstrated that GP
autofluorescence was detectable at various wavelengths, such as 490 nm/ 520 nm
em/ex or 590 nm/ 620 nm em/ex (383, 384). However, the concentrations of GP
used in the ChemoGel formulations (0.1% w/w) were much lower than those
employed in previous studies, which may account for the lack of autofluorescent
signal. Substitution of 0.01% w/w of the original HP-B-CD with a commercially
available fluorescently tagged HP-B-CD facilitated FLI of the ChemoGel
formulation, with no cross over emission in the bioluminescent spectrum. This is
important as any interference between the two signals may lead to incorrect

conclusions being drawn as to the efficacy of treatment (Fig. 5.4).

Overlay imaging was employed 2 h post-IT administration of blank or drug
Visipaque® ChemoGel to confirm localisation of treatment (Fig. 5.6 A). This
technique of simultaneous FLIBLI has previously been reported to confirm
localisation and retention of fluorescently tagged drug-loaded NPs in the treatment
of an A549-luc NSCLC murine xenograft model (385). The retention of blank and
drug Visipaque® ChemoGel was subsequently tracked in vivo over the course of
the 14 day study (Fig. 5.6 B), in order to qualitatively confirm the in vitro
disintegration profiles established in Chapter 4 (Fig. 4.12). Real time FLI is
commonly cited as a powerful tool to track hydrogel retention in a minimally invasive
manner, with many studies employing fluorescent markers to determine in vivo
disintegration profiles (386-389). Several other studies have used FITC-labelled
nanoparticles or drugs to track distribution of treatment in vivo (390-393). Kim et al.
(2014) utilised FITC-tagged dextran loaded into P407 hydrogels to monitor in vivo
drug distribution using IVIS® imaging following intravesical instillation to nude mice.
They determined that the P407 increased retention time of the drug compared to
the free drug solution administered under same conditions (394). While this study
monitored retention of drug, rather than the injected hydrogel, it further confirms the
validity of employing FLI to achieve minimally invasive in vivo monitoring, and also
underscores the improved pharmacokinetics associated with [T delivery using

thermoresponsive hydrogels.
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FLI was also used to confirm the retention of blank and drug Visipaque® ChemoGel
at site of administration ex vivo (Fig. 5.7 A). All excised tumours treated with blank
or drug Visipaque® ChemoGel were qualitatively confirmed to have retained the
thermoresponsive hydrogel. Retention at site of injection indicates that the
ChemoGel technology demonstrates in vivo robustness and resistance to rapid
disintegration. This is of clinical significance because a major limitation of IT
instillation of chemotherapeutic solutions is the rapid clearance of from the tumour
site (395). As previously discussed in Chapter 2, the poor mechanical strength
associated with Poloxamer hydrogels has been reported to result in rapid in vivo
disintegration (396, 397), and therefore it can be confirmed that the inclusion of CS
and GP in the formulation infers increased resistance to disintegration in vivo.
Longer in vivo studies are required to determine the total retention time of blank

and drug Visipaque® ChemoGel at the site of administration.

Retention time of drug-loaded thermoresponsive hydrogels at site of administration
has previously been shown to have a significant effect on anti-cancer efficacy. A
P407 hydrogel was used as the faster disintegrating hydrogel, and a poly(ethyle ne
glycol)-b-poly(caprolactone-co-lactide) diblock copolymer hydrogel was used as the
slower disintegrating hydrogel. The slower disintegrating hydrogel prolonged drug
retention time [T, compared to P407 and drug solution. Both thermoresponsive
hydrogels significantly reduced tumour volume growth over the study period, with
the slow disintegrating hydrogel also determined to significantly reduce the growth
rate of the tumour compared to the fast degrading hydrogel (176). Localisation of
the drug delivery platform at site of injection is hypothesised to facilitate the
sustained release of chemotherapeutics over a longer timeframe than
administration of a chemotherapeutic solution. In the case of drug Visipaque®
ChemoGel, the release of chemotherapeutics was demonstrated to occur in vitro
for up to 10 days post-sterilisation (Fig. 4.14 C). Retention of the thermoresponsive
hydrogel for the duration of this sustained release is, therefore, of critical

importance.

Additionally, FLI of the excretory organs did not reveal the presence of either blank
or drug Visipaque® ChemoGel (Fig. 5.7 B). Quantitative analysis of fluorescent
signals from ex vivo tissue is cautioned, due to the significant impact tissue size
and density has on fluorescent signal (398). Instead, FLI of ex vivo organs has been

recommended as a valuable qualitative comparison to determine distribution to
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distant organs, and is a technigue commonly employed when assessing retention

of drug delivery platforms in pre-clinical studies (399, 400).

The purpose of the in vivo efficacy study presented in this thesis was to establish
the baseline characteristics of blank and drug Visipague® ChemoGel treatment
over an acute treatment timeframe of 14 days. The chemoablative properties of
blank Visipaque® ChemoGel observed in the in vitro cytotoxicity studies (Chapter
4) were confirmed in the in vivo efficacy studies (Fig. 5.8). Blank Visipaque®
ChemoGel significantly reduced the tumour volume increase compared to saline

after 14 days of treatment.

Pre-clinical assessments of [T-administered thermoresponsive hydrogels generally
focus specifically on their use for drug delivery, rather than their inherent
cytotoxicity. Several studies have demonstrated that delivering cisplatin or
paclitaxel, or a combination of both, in thermoresponsive hydrogels can improve
therapeutic outcomes in mice models of cancer. A novel cisplatin-loaded
thermoresponsive hydrogel was combined with paclitaxel-loaded micelles to form
a dual drug-loaded thermoresponsive hydrogel. IT administration of this hydrogel
to an A549 xenograft murine model of LC resulted in a reduction in tumour growth
and prolonged survival time, compared to control (gel alone and cisplatin and
paclitaxel alone) (60). This highlights that direct IT administration of “gold-standard”
chemotherapeutics in solution is not as effective as IT administration of the same
chemotherapeutics using a thermoresponsive hydrogel. In this study the
thermoresponsive hydrogel demonstrated no cytotoxic properties, and therefore
differences between blank and drug-loaded groups were easier to elicit compared
to the Visipaque® ChemoGel studies contained in this Chapter. A similar
thermoresponsive hydrogel was prepared by Jiang et al. (2016) using a modified
CS-based hydrogel loaded with a paclitaxel-CD complex for IT administration to a
mouse hepatoma xenograft model (H22 cells). A statistically significant reduction in
tumour volume was observed over 10 days following IT administration of the drug-
loaded hydrogel, compared to the paclitaxel-CD complex alone, hydrogel alone,
Taxol solution and saline control. Improved survival time was also observed for the

drug-loaded hydrogel compared to all other treatment groups (401).

Chemoablative hydrogels have beenreported in the literature as drug-free methods
of cancer treatment. Morhard et al. (2017) demonstrated the ability of a

chemotherapeutic-free [T-administered gel to act as a chemoablative treatment in
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vivo. The chemoablative nature of this gel was based on ethanol, which is currently

used as chemoablative solution in locoregional treatment of solid tumours (402).

It was hypothesised that the loading of chemotherapeutics into the chemoablative
blank Visipague® ChemoGel, as outlined in Chapter 4, would facilitate a multi-
faceted treatment approach. It was previously reported by Oun et al. (2014) that
low dose cisplatin (30 pg cisplatin/mouse) encapsulated in a gelatin/polyvinyl
(alcohol) was more effective in vivo than IP administered free cisplatin at five times
the dose (150 pg/mouse) (403). This is underscored by the fact that IT
administration of chemotherapeutics has been cited as delivering 10 — 30 times the
concentration of chemotherapeutics to the tumour site, compared to systemic
administration (57). Although no significant difference was observed between blank
and drug Visipaque® ChemoGel treatment, drug Visipaque® ChemoGel was
successful at reducing tumour volume increase throughout the study. Blank
Visipague® ChemoGel treated tumours began to increase in volume from Day 7,
whereas increased volume was only observed in drug Visipaque® ChemoGel at
Day 14. It is hypothesised that the sustained release of chemotherapeutics from
drug Visipaque® ChemoGel may have been responsible for the delayed tumour
growth. The lack of statistically significant difference between treatments may be
attributed to the relatively low dose of chemotherapeutics loaded into the drug
Visipague® ChemoGel formulation. In relation to drug Visipaque® ChemoGel itwas
proposed that low dose chemotherapy delivered directly to the tumour, in
combination with the inherent chemoablative nature of the blank Visipagque®
ChemoGel formulation, would be sufficient to halt tumour growth. This was
confirmed in this study, but in order to determine the effect of drug-loading,
additional research is required. Extending the duration of the study or increasing
the chemotherapeutic dose may elicit differences in tumour response between

blank and drug Visipaque® ChemoGel.

Bioluminescence measurements were also used to assess tumour burden. While
statistical significance was not determined between any groups in the
bioluminescence measurements, a similar trend to the physical measurements was
observed in the fold change of bioluminescence since Day 0. Bioluminescent signal
emitted from the tumour cells was decreased following blank and drug Visipaque®
ChemoGel treatment (Fig. 5.9). Drug Visipague® ChemoGel reduced the fold

change in bioluminescent signal to the greatest extent. Additionally, BLI provides
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an opportunity to qualitatively confirm tumour establishment and localisation, and

track the trends in tumour growth across the course of the study.

Finally, acute off-site toxicity was reviewed using a number of indicators of animal
health. Body weight is commonly used as real time indicator of animal well-being,
with a sudden loss of weight indicating potential toxicity of treatment, or disease
progression (404). All mice in this study maintained a stable weight over the course
of the 14 days, thereby suggesting that treatment was not inducing widespread
toxicity. WBC counts from whole blood samples of all mice were also evaluated,
given that myelosuppression is a side effect of cisplatin and paclitaxel treatment
(97). The inoculation of tumour cells in immunocompromised mice has previously
been shown to induce an increase in WBC (405), which can then be significantly
reduced due to off-site toxicity associated with cytotoxic treatment (406). Although
drug Visipaque® ChemoGel treated mice had the lowest WBC count, this was
determined to not be statistically significantly different to saline or blank Visipagque®
ChemoGel treated mice (Fig. 5.10 B). It is hypothesised that locoregional delivery
of chemotherapeutics in thermoresponsive hydrogels reduces off-site toxicity, due
to the reduced chemical payload administered directly to the tumour site, and
increased retention of drug at site of administration. Blood serum markers of liver
and kidney damage were also assessed post-mortem to determine whether
elimination of the drugs and/or Visipaque® ChemoGel had a detrimental effect on
the function of these excretory organs. In particular, cisplatin treatment is
associated with severe nephrotoxicity (97), and P407 has also been suggested to
induce renal toxicity (32). No significant difference in levels of either AST or Urea
compared to saline treatment were observed, indicating that the liver and kidneys
were functioning to the same capacity following blank or drug Visipaque®
ChemoGel (Fig. 5.10 C). Taken together, in conjunction with the positive general
welfare scoring, these results indicate that treatment with blank or drug Visipaque®
ChemoGel did not induce off-site toxicity following IT administration over a 14 day

period.
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5.5 Conclusion

This Chapter presents preliminary evidence to support the retention, efficacy and
off-site toxicity of IT administration of either blank or drug Visipaque® ChemoGel in
an A549 xenograft murine model of LC. In conclusion, these results indicate that
both blank and drug Visipaque® ChemoGel:

{ Facilitate localised gelation at site of administration, with retention for at least
14 days

f Demonstrate efficacy in significantly reducing tumour volume increase over
14 days

f Do not induce acute off-site toxicity

Establishment of these initial treatment parameters will enable design and
execution of further in vivo studies to investigate variations in dose and
administration schedules, with a view to determining optimal ChemoGel-based
treatment regimens. These results indicate that blank Visipaque® ChemoGel has
localised chemoablative properties. Modification of drug-loading or longer study
timeframes may illicit significant differences between blank and drug Visipaque®
ChemoGel, but these results confirm the feasibility and preliminary efficacy of IT

treatment with a dual drug-loaded thermoresponsive hydrogel.
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6.1 Overview

The overall objective of this thesis was to develop and characterise a dual drug-
loaded thermoresponsive hydrogel, which would be suitable for the locoregional
treatment of LC in 10 procedures. The principal hypothesis was that a
thermoresponsive hydrogel could be loaded with a hydrophilic and hydrophobic
drug to enable local delivery directly to the tumour site in a sustained release

manner.

Thermoresponsive hydrogels consist of hydrophilic polymers, which can undergo a
sharp conformational change in response to temperature (24). Clinically relevant
LCST polymers undergo aphase transition from liquids at room temperature to gels
at body temperature. Drug-loading of thermoresponsive hydrogels to create
sustained release drug depots has been extensively evaluated in the preclinical
setting (49, 407, 408). These “smart” hydrogels are ideally situated as platforms for
minimally invasive, locoregional drug delivery to a wide range of disease states.
The translation to the clinical setting has, nonetheless, proven to be challenging.
Rationale design and end-user focused development of thermoresponsive
hydrogels from an early stage is required in order to improve the translational
strength of new technologies (6). To that end, ChemoGel was developed, with the

patient, and the clinical and regulatory practicalities, central to the process.

LC was selected as the lead clinical indication for the ChemoGel technology as it
currently represents the leading cause of cancer-related death worldwide (83).
Specifically, NSCLC was chosen as this is the most common histological subtype
of LC patients. Current treatment strategies revolve around the systemic
administration of traditional chemotherapy, with the option of employing targeted
therapies if the tumour is of the appropriate molecular subtype (125). The gruelling
treatment regimens, and significant off-site toxicity, associated with systemic
chemotherapy is well documented, with co-administration of other medications
required to offset these side-effects (97). Conflicting reports surrounding the
efficacy of newer targeted therapies exists, and while they are generally regarded
as improving the side-effect profile, their superiority over traditional chemotherapy

has yet to be firmly established (110).

Several small scale clinical studies have established the feasibility and safety of IT
administration to LC. Delivery of “gold-standard” chemotherapeutics using the

ChemoGel technology will enable sustained local concentrations, with reduced
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systemic exposure, thereby mitigating side-effects. Additionally, the anatomical
location of LC means that locoregional delivery via IT administration is feasible, with
current expertise in biopsy techniques suitable for adaption to ChemoGel delivery.
Clinical application of the ChemoGel technology may be suited to early stage
NSCLC patients, with non-metastatic lesions, who are not suitable candidates for
surgery due to poor performance status or co-morbidities. Additionally, the
ChemoGel technology may also be suitable for palliation of late stage NSCLC

patients in the debulking of larger tumours to improve quality of life.

Throughout this thesis, careful consideration was given to the application of
ChemoGel in the clinical setting. Increasing attention is directed at utilising
advanced drug delivery platforms, such as DEB-TACE, in conjunction with image-
guided technology in IO. Advanced imaging capability and minimally invasive
device compatibility is critical to improve rates of translation to the clinic.
Assessment of the impact of manufacturing processes on the formulation behaviour

is also important to ensure that large scale production for human use is feasible.

Development and characterisation of the blank and dual drug-loaded
thermoresponsive hydrogel was undertaken in Chapter 2 of this thesis, which
identified the lead blank and drug ChemoGel formulations. These formulations were
selected for in vitro efficacy assessment in 2D and 3D models of NSCLC in Chapter
3. Screening of off-site toxicity was also conducted in vitro in a non-cancerous cell
line to determine if ChemoGel had cancer-cell directed cytotoxicity. Chapter 4
sought to build on the promising physicochemical and biological properties of the
ChemoGel technology demonstrated in the previous two Chapters, by modifying
the blank and drug-loaded formulations to produce radiopaque thermoresponsive
hydrogels suitable for minimally invasive 10 procedures. An appropriate storage
and sterilisation method for the end product was also identified. This thesis
culminated in the in vivo assessment of the lead blank and drug Visipaque®
thermoresponsive formulations in Chapter 5, to further strengthen the pre-clinical
evidence supporting the use of the ChemoGel technology as a chemoablative, drug

delivery platform for LC applications.

This Chapter will summarise the key findings and conclusions drawn from the work
detailed in this thesis, with due recognition given to outstanding research questions

and future directions to be explored in the development of ChemoGel.
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6.2 Chapter 2: Development and optimisation of a

thermoresponsivehydrogel as a drug delivery platform

Chapter 2 detailed the thorough optimisation process undertaken to identify the
optimal formulation for the blank and dual drug-loaded thermoresponsive hydrogel.
This Chapter introduced the four key excipients used in ChemoGel, and their
anticipated role in the physicochemical and biological characteristics of the final
formulation. It is of note that three of the four excipients used are listed as GRAS
by the FDA, indicating their compatibility with regulatory requirements for new
medicinal products. The only non-GRAS excipient, GP, is commonly used in
traditional Chinese medicine, and is coming to prominence in the western world,
with small scale clinical trials for GP-containing products indicating preliminary
safety in humans (313).

Cisplatin and paclitaxel were selected for inclusion inthe ChemoGel formulation as
they represent one of the current first line systemic treatment options in NSCLC
(97, 125). From a physicochemical perspective, they offer the opportunity to
evaluate the capacity of ChemoGel to simultaneously carry, and deliver, a
hydrophilic and hydrophobic small molecule drug. Hydrophobic drug delivery is one
of the major challenges facing the pharmaceutical industry, and there has been
extensive research directed at improving solubility of these drugs. Clinically,
integration of ChemoGel as a drug delivery platform into standard-of-care is
proposed to be more achievable using a well-defined drug regimen, with safety and

efficacy firmly established.

Results detailed in this Chapter defined the effect exerted by each excipient on the
material properties of blank and drug ChemoGel. P407 was employed as the
thermoresponsive base of ChemoGel, with concentration affecting the sol-gel
transition temperature, as well the G at 37°C. HP-B-CD was utilised as the
paclitaxel-solubiliser, and modulator of sol-gel transition temperature of the final
formulations. CS acted as the interpenetrating net, which facilitated GP-based
crosslinking. Challenges achieving clinically relevant sol-gel transition temperatures
in the single and dual drug-loaded formulations were surmounted by manipulation
of the excipient concentration. Rheological characterisation of all formulations
demonstrated the complexity of formulating multi-excipient thermoresponsive

hydrogels.
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Poloxamer-based hydrogels are noted for their physical instability when exposed to
an aqueous medium (25). Therefore, disintegration testing was conducted to
evaluate the robustness of the gelled hydrogel following exposure to PBS in vitro.
The importance of GP in the formulation was confirmed at this point, as evidenced
by the rapid disintegration of the non-crosslinked group, which occurred at a similar
rate to P407 alone. This indicates that CS alone, acting as the interpenetrating net,
is not sufficient to retard disintegration, and highlights the critical nature of both CS
and the GP in the overall formulation. Complete disintegration of blank and drug
ChemoGel had not occurred by Day 28 of exposure to PBS in vitro, indicating
robustness of the formulations, as compared to P407 alone. The prolonged
disintegration profile positions ChemoGel to act as a sustained release platform,
and itwas determined that release of chemotherapeutics from drug ChemoGel was
feasible over a 10 day period in vitro. Taken together the invitro disintegration and
release profiles suggest that ChemoGel holds potential to circumvent the rapid
clearance from the tumour site witnessed after [T administration of

chemotherapeutic solutions.

6.3 Chapter 3: In vitro evaluation of ChemoGelformulations

Following assessment of the effects of the individual excipients on the material
properties of the overall formulation in Chapter 2, the aim of Chapter 3 was to
determine the in vitro cytotoxicity of ChemoGel. A 2D model of NSCLC using A549
cells was established to conduct an initial in vitro cytotoxicity screen on both
formulations. Balb/c 3T3 clone A31 cells were employed as a non-cancerous cell
line to evaluate cytotoxicity of ChemoGel in a 2D in vitro model of healthy cells.
Evaluation of thermoresponsive hydrogels for drug delivery to solid tumours is
almost exclusively conducted in 2D in vitro models, using either direct or indirect
contact methods. As previously outlined, 2D in vitro models of cancer do not
accurately represent the in vivo reality of the TME, due to their organised,
monolayer growth patterns (274). Despite the lack of biorelevant conditions, 2D
cytotoxicity testing provides a quick, simple, cheap, and standardised screen for
potential anti-cancer candidates or drug delivery platforms. Throughout the 48 h
study, both blank and drug ChemoGel had significantly reduced viability at all doses
evaluated. Comparison with a chemotherapeutic solution of cisplatin/paclitaxel did
not reveal any statistically significant difference between treatments. Drug
ChemoGel was determined to induce more cell death in the late apoptotic
stage/necrotic phase, however, 2D evaluation did not facilitate determination of
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differences between treatments. Additionally, ISO in vitro cytotoxicity testing for
medical devices is recommended to be carried out in 2D cell culture, using Balb/c
3T3 clone A31 (269). While it is acknowledged that murine cell lines are not wholly
representative of the in vivo reality, they provide an opportunity for comparison with
an extensive range of alternative drug delivery platforms, and satisfy regulatory
requirements. Blank ChemoGel was determined to be non-toxic at low doses
evaluated in the fibroblast cell line, but toxicity was evident at higher doses,
indicating that cancer-cell directed cytotoxicity of ChemoGel may occur at lower

doses.

The cytotoxicity tests contained in Chapter 3 sought to evaluate ChemoGel and
drug ChemoGel at doses which could facilitate gelation, to better approximate the
clinical scenario. As 2D in vitro cell culture is flat, however, the injection of both
formulations into the culture saw gelation occur in a segmented fashion. 3D in vitro
models of cancer have been developed in an effort to bridge the gap between the
in vitro and in vivo environment of cancer (276). In particular, when dealing with
advanced drug delivery platforms, the delivery of the drug is not the only factor that
impacts on efficacy of the whole system; spread of the hydrogel within the tumour,
subsequent interaction with tumour tissue following gelation, embolic actions, and
drug delivery all act to bring about the overall treatment effect. While all these
mechanisms may not be recapitulated in the in vitro environment, 3D models offer

an opportunity to better approximate this multifaceted approach to treatment.

The 3D in vitro model developed in this thesis was specifically designed to
accommodate a volume of thermoresponsive hydrogels via intra-scaffold injection
to mimic the IT injection process. The subsequent gelation and retention of the
thermoresponsive hydrogel within the scaffold further mimicked the post-
administration behaviour in in vivo tumours. Validation of the model was undertaken
to determine the differences in cellular behaviour between 2D and 3D in vitro cell
culture, and the optimal seeding density for the 3D studies. Migration analysis
determined that a 3D environment had, in fact, been established, as cells were no
long arranged in a monolayer, but were dispersed throughout the scaffold.
Cytotoxicity evaluation of treatment was subsequently facilitated over a prolonged
period of 14 days, which is a further improvement over 2D cell culture. The cytotoxic
capacity of blank and drug ChemoGel in a NSCLC cell line in vitro over 14 days

was confirmed.
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The results contained in this Chapter provided convincing evidence to warrant
further development of the ChemoGel technology in order to ensure that the

formulation was fit for the intended clinical purpose in IO procedures.

6.4 Chapter 4: Translational reality of ChemoGel — assessment of

relevantfactors

It is well established that the volume of pre-clinical research directed towards the
development of advanced drug delivery platftorms does not match the level of
clinical translation (6). Various reasons have been identified at all stages of the
product development lifecycle to account for this, including inappropriate excipient
selection or overly complex formulation processes, poor biorelevance of in vitro and
pre-clinical in vivo models, and challenges associated with selecting relevant
clinical trial endpoints in locoregional drug delivery (6, 187, 276). The research
outined in this thesis was directed at developing a clinically relevant
thermoresponsive hydrogel for drug delivery to LC. Chapter 4, in particular, sought
to identify weaknesses in the translational process, and address them at an early

development stage.

Central to IO procedures is the use of imaging modalities to track the delivery of
treatment, whether it be energy- or chemical- based ablation or embolisation (154).
With a particular focus on integrating the ChemoGel technology into IO procedures,
it was determined that a radiopaque formulation was required in order to facilitate
intra-procedural imaging. To this end, a commercially available iodinated contrast
agent, Visipaque®, was incorporated into the formulation, and the rheological
characteristics were re-evaluated. Atthe highest concentration of Visipaque®, 30%
wiw, the sol-gel transition temperature was found to be reduced to a clinically
unsuitable temperature. All formulations were found to have increased radiopacity
compared to the original ChemoGel formulation. Taken together, ChemoGel with
20% w/w Visipaque® was selected, as this formulation presented a similar
rheological profile to the unlabelled ChemoGel, with a clinically suitable level of
radiopacity on CT (338).

In order to evaluate the behaviour of blank Visipaque® ChemoGel post-
administration, an ex vivo tissue model was employed to assess distribution and
imaging characteristics. Both US and CT imaging were determined to be compatible

for use in intra-procedural monitoring of Visipaque® ChemoGel administration.
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Clearly defined imaging capability is of critical importance to accurately monitor
delivery in real time. Repositioning of the needle, and recommencing
administration, can facilitate adequate tumour coverage, all of which can be
confirmed using image-guidance. Post-procedure, CT imaging of ChemoGel
localisation in the tumour area would provide further confirmation of accurate
delivery. Visipaque® ChemoGel demonstrated excellent resolution on both imaging
modalities, which would not have been possible with unlabelled ChemoGel due to

its inherent radiolucent properties.

Injection of ChemoGel formulations through a range of needles and catheters
currently used in clinical practice was conducted. Increasing device length and
gauge resulted in an increased force required for injection, and all devices were
able to complete injection of the ChemoGel formulations. Injectability is critically
important to ensure that the ChemoGel technology can be delivered in a minimally
invasive manner, without the need for surgical intervention, thereby conferring
reduced risk to the patient. Additionally, direct IT injection to lung tumours has been
conducted under local anaesthetic and mild sedation, which offers considerable
advantages in terms of patient safety, procedure duration and post-procedure
hospital stay times (170). Together this reduces the overall cost of the procedure,

resulting in more competitive reimbursement pricing of the product.

Confirmation that blank Visipaque® ChemoGel retained the chemoablative
properties demonstrated in Chapter 3 was undertaken to ensure that the alteration
to the formulation did not affect the in vitro efficacy. The 3D in vitro model of NSCLC
was selected for this assessment to improve the biorelevance of testing, as outlined
in Chapter 3. The transient increased cytotoxicity of blank Visipaque® ChemoGel
may be attributed to the release of Visipague® from the thermoresponsive hydrogel,
as compared to blank ChemoGel. Otherwise the trend in cytotoxic profile was
similar to that observed for blank and drug ChemoGel in Chapter 3, indicating that
Visipaque® did not adversely affect the cytotoxic capacity of either

thermoresponsive hydrogel.

Storage and transport of a refrigerated item is associated with increased cost and
risk of compromising the integrity of the product. The challenges and costs
associated with maintenance of an uninterrupted cold chain from manufacturing site
to point of administration are well established (409). Additionally, a product requiring
complete aseptic compounding by pharmacists at point of administration carries

increased risk, and makes products less favourable, compared to “off-the-shelf”
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products. Therefore, it was an objective of Chapter 4 to present the fully formulated
hydrogel as a dry product, which could be rehydrated at point of administration. This
would be comparative to the preparation process required for current commercially
available products such as DC Bead. Freeze-drying of the ChemoGel formulation
produced a wafer, which could be rehydrated to return it to its original

thermoresponsive state.

Ensuring sterility of the final product is another hurdle facing translation of
thermoresponsive hydrogels. Compendial sterility methods were assessed, with
EtO sterilisation determined to be the most suitable. Following EtO sterilisation, the
material properties of all ChemoGel formulations were maintained, as confirmed by
rheological and disintegration testing. In fact, sterilisation of ChemoGel formulations
prolonged their disintegration profiles in vitro. Drug release from the EtO sterilised
formulations was also feasible, with release of chemotherapeutics observed in vitro

for up to 10 days.

Taken together, the results presented in this Chapter reflect the in-depth
consideration given to the translational reality of the ChemoGel technology. Efforts
directed at improving clinical adoption and securing regulatory approval were
undertaken early inthe development process to attempt to mitigate against the high

rate of attrition seen in the pharmaceutical industry.

6.5 Chapter 5. In vivo assessment of Visipaque® ChemoGel

formulationsin a murine xenograft model of Lung Cancer

Establishing safety and efficacy of a new drug delivery platform in a pre-clinical
disease model is a pre-requisite of clinical studies. Although not an exact
recapitulation of the human condition, murine models of cancer offer an opportunity
to assess the drug delivery platform in aliving animal. Xenograft heterotopic models
of LC are most frequently used due to their relative ease of establishment and lower
cost than orthotopic models (357). In particular, with respect to IT administration,
the physical accessibility of a heterotopic tumour increases ease of administration.
The aim of this Chapter was to assess three main endpoints following IT
administration of blank and drug Visipaque® ChemoGel - retention, efficacy and

off-site toxicity.

In vivo imaging was employed throughout this study to monitor both the

thermoresponsive hydrogel and the tumour development in a minimally invasive
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manner. In a clinical setting, this would be facilitated by US or CT imaging of the
radiopaque formulations, however, these imaging modalities were not available in
this pre-clinical setting. Therefore, a fluorescent probe was included in the
formulation, and localisation and retention was subsequently monitored over the 14
day study. Co-localisation of the fluorescent signal from the IT administered blank
and drug Visipaque® ChemoGel and the bioluminescent signal confirmed
successful locoregional administration. Follow-up in vivo FLI revealed that the
fluorescently labelled blank and drug Visipaque® ChemoGel was retained at the
tumour site for the duration of the study, which was further confirmed by ex vivo FLI
of excised tumours. The clinical significance of this is underlined when considering
that one of the major limitations associated with [T administration of
chemotherapeutic solutions is poor retention at the tumour site. Retention of
ChemoGel enables more sustained exposure to its chemoablative bolus, with a
concomitant release of chemotherapeutics over this time frame, as evidenced by

data contained in Chapter 2 and 4.

Blank and drug Visipaque® ChemoGel statistically significantly reduced tumour
volume increase at Day 14 post-IT administration, which confirmed previous in vitro
assessments of efficacy in Chapter 4. BLI of tumours at Day 14 in vivo revealed a
similar trend, although statistical significance between treatment groups was not
established. The inherent efficacy of the ChemoGel technology presents as an
attractive clinical treatment option, as this would reduce the concentration of
chemotherapeutics required for administration. While no statistically significant
difference was observed between the blank and drug Visipaque® ChemoGel
groups in this study, longer studies or increased drug-loading may reveal the true
potential of this drug-loaded chemoablative thermoresponsive hydrogel in the

locoregional treatment of LC.

Assessment of the off-site toxicity of [T administration of blank and drug Visipague®
ChemoGel was the final endpoint to be assessed in this study. Feasibility of
procedure and safety of treatment are often used as primary endpoints in Phase 1
clinical trials. A number of regulatory approvals are driven by achieving a similar
efficacy rate, in tandem with an improved side-effect profile, compared to the
current standard-of-care. In the case of ChemoGel, it was of significant importance
to establish preliminary evidence of pre-clinical treatment safety due to the
chemoablative nature of the blank treatment. Analysis of body weight and blood

chemistries provided preliminary evidence to support the hypothesis that treatment
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with blank or drug Visipaque® ChemoGel does not result in widespread off-site
toxicity. The functional capacity of excretory organs is often compromised during
chemotherapeutic treatment, but liver and kidney markers assessed in this study
demonstrated no statistically significant difference in serum levels between

treatment groups.

Taken together the results contained in this Chapter support the hypothesis that
Visipague® ChemoGel holds potential as a safe and effective dual drug-loaded
chemoablative, thermoresponsive hydrogel for the treatment of LC in IO

procedures.
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6.6 Futurework

The results contained in this thesis have provided sufficient evidence to support
continued research into the ChemoGel technology.

Dose and administration schedule optimisation: Loading and release of a
hydrophilic and hydrophobic chemotherapeutic drug as a proof of concept for the
utility of ChemoGel as a dual drug-loaded thermoresponsive hydrogel was
established in Chapter 2 and 4 of this thesis. To build on the preliminary efficacy
data established in the in vivo study contained in Chapter 5, the following
modifications could be implemented to further evaluate the efficacy of the

ChemoGel technology:

A higher concentration of chemotherapeutics could be evaluated in order to
establish a difference in efficacy between blank and drug-loaded
formulations

f Definition of an optimal administration schedule is required, with comparison
of multiple IT injections over a period of time.

f In vivo pharmacokinetic studies would provide information on the release of
chemotherapeutics from drug Visipaque® ChemoGel and the subsequent
tumour and off-site distribution.

A further invivo study is underway to evaluate the effects of treatment over
a longer timeframe to determine if time of treatment differentiates between

blank and drug Visipaque® ChemoGel treatment

Following these optimisation studies, comparison with an IV and IT administered
chemotherapeutic solution at the same dose would facilitate comparison of the
ChemoGel technology to current “gold-standard” treatment options, and

locoregional delivery without advanced drug delivery platforms respectively.

Characterisation of chemoablative effects of ChemoGel: Further in vitro studies
could be conducted to identify the mechanism by which ChemoGel exerts its
chemoablative function. Additional in vivo studies are planned to assess the
contribution of HP-B-CD in the overall cytotoxicity of blank ChemoGel.

Assessment of in vivo biocompatibility following SC injection into non-

tumour site: Blank and drug Visipague® ChemoGel did not induce any off-site

toxicity following [T injection, however, it would be prudent to conduct

biocompatibility studies in healthy tissue. This is commonly conducted as a SC
230



injection in a non-disease rat model, with subsequent H & E analysis of excised
tissue in contact with the injected hydrogel. This study would also determine if the
chemoablative effects associated with ChemoGel treatment in vivo were cancer

cell-directed.

Large animal studies: Following successful completion of the above additional
pre-clinical studies, assessment of ChemoGel in a large animal model of cancer
could be conducted. Canine models of spontaneously occurring cancer and
genetically modified porcine cancer models have been used as large animal models
of cancer (369, 410). This would allow for establishment of efficacy and safety in an
animal of similar weight to humans to further strengthen the evidence supporting
clinical use. Additionally, non-disease large animal models could be used to

evaluate the feasibility of procedure, and biocompatibility with non-target tissue.

Alternative applications: Initial work has been conducted on the evaluation of
ChemoGel in ovarian and pancreatic cell lines in vitro, with similar cytotoxicity
profiles established. ChemoGel has also been loaded with doxorubicin, and
gemcitabine and paclitaxel as a single and dual drug-loaded thermoresponsive
hydrogel respectively, thereby further indicating its flexibility as a drug delivery
platform technology. Further in vitro assessment of ChemoGel in a panel of cell
lines could be conducted to identify an increased number of solid tumours
amenable to ChemoGel treatment. Loading and assessment of new targeted
therapies or immune-oncology drugs could also expand the functionality of the

ChemoGel technology.
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6.7 Overallconclusion

Collectively, the research presented in this thesis has demonstrated that a
chemoablative, thermoresponsive hydrogel with the capacity to be dual drug-
loaded was developed and characterised. In vitro and in vivo efficacy in NSCLC, in
tandem with requisite characteristics for integration into clinical 10 practice, was
detailed. ChemoGel presents as an attractive candidate for further development as
a clinically feasible method of minimally invasive, image-guided, locoregional drug

delivery to solid tumours.
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Appendix 1. High-performance liquid chromatography

determination of paclitaxel

Calibration curves were generated by HPLC analysis of paclitaxel (0.25 pg/ml —
12.5 pg/ml), as described in Section 2.2.3.1 (Fig. A.1).
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Figure A.1 (A) Paclitaxel calibration curve determined by high-performance liquid chromatography.
Data shown is representative of the mean of three independent repeats = SEM (n=3). r2 was
determined using linear regression. (B) Representative peaks of calibration curve. Peaks displaced
along x- and y- axis for better visualisation. Data shown from 12.5 pg/ml to O pg/ml of paclitaxel (left
to right). (C) Representative HPLC peaks from release study at different time points. Peaks

displaced along the y-axis for better visualisation. Data shown from 4 h to Day 7.
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Appendix 2. Inductively coupled plasma mass spectrometry

determination of platinum

Calibration curves were generated by ICP-MS analysis of platinum (1 — 4 ppm), as
described in Section 2.2.3.2 (Fig. A.2).
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Figure A.2 (A) Platinum calibration curve determined by inductively coupled plasma mass
spectrometry. Data shown is representative of the mean of three independent repeats + SEM (n=3).

rZwas determined using linear regression.
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Appendix 3. Assessment of the effect of cisplatin-loading on

thermoresponsivehydrogel

Individual components of the hydrogel were added to the formulation in a stepwise
manner, with and without cisplatin at 0.02% wi/w, initially excluding HP-B-CD (Table
A.1). The thermoresponsivity of the hydrogel formulations was maintained following
addition of cisplatin to P407 20% w/w alone and P407 20% w/w & CS 0.5% w/w
(GF8 - 11). However, thermoresponsivity of GF13 was lost upon addition of GP at
0.3% wi/w in the presence of cisplatin (Table A.1). Thermoresponsivity was restored
to the cisplatin-loaded formulation following the reduction of the GP concentration
to 0.1% w/w (GF15). GF15 had a reduced storage modulus at 37°C, of 6,377 Pa,
compared to the same formulation without cisplatin (GF14). A reduction in the
content of P407 to 17% wi/w in the blank hydrogel (GF16) did not change the sol-
gel transition temperature compared to the same formulation with higher P407
concentration (GF14). Addition of cisplatin to this formulation resulted in a reduction

in thermoresponse by 1°C (GF17).
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Table A.1 Formulation composition of preparations evaluated for thermoresponsivity. P407, Poloxamer 407; HP-b-CD, 2-Hydroxypropyl-b-Cyclodextrin; CS, Chitosan; GP,

Genipin.
Gel Formulation (GF)
8 9 10 11 12 13 14 15 16 17
P407
20 20 20 20 20 20 20 20 17 17
(Yowiw)
HP-B-CD
(Yowiw)
CS
- - 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
(Yow/iw)
GP
- - - - 0.3 0.3 0.1 0.1 0.1 0.1
(Yow/iw)
Cisplatin
- 0.02 - 0.02 - 0.02 - 0.02 - 0.02
(Yow/iw)
Thermoresponse
C) 22 23 23 23 23 <20 23 25 23 22
G @37°C
(Pa) 19,847 16,510 14,020 15,020 15,480 17,550 14,340 6,377 16,160 17,190
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Appendix 4. Determination of the linear viscoelastic region of

blank and drug ChemoGel

Oscillatory stress sweeps were performed to determine the LVR of the formulations
at room and body temperature (Fig. A.3 A & B respectively). As previously
discussed, the LVR is defined as the region in which the storage and loss modulus
behave independent of the applied stress. This is important to establish to ensure
that rheological tests conducted are not distorted due to deformation of sample as
a result of stress applied. It also provides information on how the structure of the
hydrogel performs over a range of oscillatory stresses applied (411). In all cases,
the lead ChemoGel formulations did not demonstrate a phase transition over the

range of stresses evaluated.
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Figure A.3 Rheograms of oscillatory stress sweeps from 1 to 100 Pa at (A) 20°C (B) 37°C
determined the linear viscoelastic region (LVR) of blank and drug ChemoGel. The LVR of blank and
drug ChemoGel was determined to be over a range of oscillatory stresses up to 10 Pa, after which

some deformation is observed to occur.
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