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COVID-19 IMPACT STATEMENT

Travel to UCLouvain, Belgium for completion of animal studies
was due to take place in March 2020. This had been arranged in
October 2019, and the dates finalised in January 2020. All
materials were resynthesised at the start of the year and sent to
Belgium for the study. The study was to consist of a dose
escalation study, followed by a therapy study. This large section
of work was set to comprise the final Results Chapter and prove
or disprove the overarching PhD hypothesis.

Regarding general experimental plans, due to University closure,
completion of TEM, confocal microscopy, flow cytometry and
clonogenic assays were unable to be completed as originally
planned.

| was offered a six month costed extension to complete the
outlined work above. However, | was successful in securing a
senior formulation scientist role at AstraZeneca, starting in

September 2020 so declined the costed extension.



ABSTRACT

Glioblastoma multiforme (GBM) (recently classified by the World Health
Organisation as glioblastoma isocitrate dehydrogenase wild-type or
mutant), is the most common, malignant brain tumour in adults, mainly
due to its rapid proliferation and ability to penetrate and diffusely infiltrate
healthy brain parenchyma. Standard of care treatment consists of
surgical debulking of the tumour, followed by an intense course of
concomitant chemotherapy and radiotherapy. However, despite these
multimodal treatment methods, and a greater understanding of disease
biology, prognosis remains bleak with a median survival of 14 months

from diagnosis.

This front-line treatment whereby tumours are neurosurgically-resected,
poses a distinct opportunity for the consideration of localised, intracranial
therapy for GBM patients, hereby overcoming the blood-brain barrier
(BBB) and enabling the delivery of therapeutics directly to the site of the
infiltrative disease left behind following surgical resection. The
overarching aim of this thesis is to design and synthesise drug-loaded
nanocarriers which can be incorporated into a pre-existing
microparticulate paste to act as a localised drug delivery system for the

treatment of GBM.

Chapter 2 details the design and synthesis of a library of these drug-

loaded nanocarriers, optimising an established ring-opening



polymerisation (ROP) method to enable a user-friendly approach with a
fast reaction time, resulting in polymers with highly predictable final
molecular weights and narrow molar mass dispersities (D). The
introduction of a functionalisable monomer enabled the conjugation of
doxorubicin (DOX), a relevant chemotherapeutic, to the polymeric
backbone. The resultant polymers were able to reproducibly self-
assemble to form kinetically-trapped nanoparticles (NPs) with narrow

polydispersity indexes (PDIs).

Chapter 3 details the cytotoxicity of the DOX-NPs on a range of GBM cell
lines. Considering the inevitable recurrence of GBM is due to the
infiltrative cells left behind following surgical removal of the original
tumour, the NPs were tested upon a range of patient derived cell lines
isolated from this infiltrative region, allowing a more clinically-relevant

insight into the activity of the formulations.

Overall, the results from this thesis highlight the potential of incorporating
drug-loaded NPs into a pre-existing microparticulate paste, for the first
time in neuro-oncology, building a platform technology for future in vivo
studies to investigate the potential efficacy of this delivery system as a

localised treatment method for GBM.
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Chapter 1 Introduction

1.1 Glioblastoma Multiforme

Glioblastoma Multiforme (GBM) is classified as a grade IV tumour of the
central nervous system (CNS) by the World Health Organisation (WHO)?,
described as, “cytologically malignant, mitotically active, necrosis-prone
neoplasms often associated with rapid pre- and post-operative disease
evolution and a fatal outcome. Although not an essential feature,
widespread infiltration of surrounding tissue and a propensity for
craniospinal dissemination characterize some grade IV neoplasms.?”
GBM accounts for approximately 12 — 25% of all intracranial neoplasms
and 60 — 75% of astrocytic tumours, making it the most common primary
brain tumour34. The incidence rate is between three and four new cases
per 100,000 population annually in most European and North American

countries®.

The terms primary and secondary GBM were first coined in 1940 by the
German neuropathologist Hans Joachim Scherer®’. Most GBMs (>90%)
occur rapidly de novo, without recognisable precursor legions (primary
GBMSs), whilst a smaller number (<10%) develop slowly from pre-existing
astrocytomas of a lower grade (secondary GBMs)®. GBM is commonly
situated in the cerebral hemispheres of the brain. A large study

conducted in the University Hospital of Zurich concluded that the most
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frequently affected sites of the brain were the temporal (31%), parietal

(24%), frontal (23%) and occipital lobes (16%)°.

Parietal lobe

Frontal lobe
23%

Occipital lobe
: 16%

Figure 1-1 An image of the cerebral hemisphere of the brain, highlighting the four different
lobes and the subsequent GBM incidence rates. This figure was created using Servier Medical
Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License;

https://smart.servier.com

As suggested from its name, (glioblastoma “multiforme”, the
histopathology of GBMs are incredibly varied, leading to its highly
heterogeneous nature. This aspect, coupled with the “widespread
infiltration of surrounding tissue” result in the increased difficulty of
treating this aggressive tumour type and ultimately the dismal prognosis,
with a median survival of less than 15 months from diagnosis, for patients
receiving multimodal treatment (median survival of 2 months for patients

not receiving any treatment)*0.
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1.2 Diagnosis of GBM

1.2.1 Clinical presentation

The presentation of a patient can vary significantly with newly diagnosed
GBM. This is mainly dependent on the location and size of the tumour
and thus the effect on the anatomical structures involved in the brainl.
Often, patients present with symptoms of increased intracranial pressure,
including headache and focal or progressive neurological deficits. Around
one third of patients have a seizure, and this remains the most common
symptom. At a later stage of the disease, this symptom can occur in as

many as 50% of patients!?13,

1.2.2 Imaging

Diagnostic imaging could initially include a Computerised Tomography
(CT) or Magnetic Resonance Imaging (MRI) scan. Nearly all GBMs show
areas of enhancement with gadolinium contrast on MRI, corresponding
to regions of blood brain barrier (BBB) breakdown within the tumour,
though other regions of the tumour may not enhance and are only visible
as high signal on T2/FLAIR weighted MRI sequences. Necrosis is a
characteristic feature of GBM'* and can be observed through MRI,
whereby an irregularly shaped mass with a hypointense centre of
necrosis can be observed surrounded by a dense ring of enhancement?®,

outlined in Figure 1-2.
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Figure 1-2 A variety of patient MRI scans, obtained from the Queens Medical Centre
Hospital, University of Nottingham, showing the typical characteristics of GBM, including the
necrotic core (highlighted by the bold arrows) and the contrasting white rim, signalling gadolinium

uptake (highlighted by the thin arrows).

1.3 Management of GBM

1.3.1 Surgery

The use of MRI in preoperative planning, coupled with techniques such
as ultrasound, CT scans and intra-operative MRI guided surgery during
the maximal safe surgical resection of the tumour, allows a patient-
specific multimodal neuronavigation of the tumour. Despite these
techniques being used to distinguish between normal brain and tumour

tissue, residual tumours continue to be a complex challenge.

Fluorescent-guided surgery was first introduced in malignant glioma
patients in 1998 by Dr. Walter Stummer'617, who utilised the fluorescent

pro-agent, 5-aminolevulinic acid (5-ALA), a natural human metabolite

4
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with the intrinsic capability of crossing the BBB and penetrating the
tumour interface in brain tumours*®. Several hours before surgery, 5-ALA
is administered orally to patients and leads to the preferential
accumulation of protoporphyrin 1X (PpIX) within glioma cells. PpIX emits
light in the red region (625 - 740 nm) of the visible spectrum under blue-
violet light conditions, leading to real-time fluorescence-guided surgery
enabling the differentiation between tumour tissue and healthy brain'®-21,
This fluorescence-guidance surgery has been found to be more

successful than traditional neuronavigational-guided surgery alone??.

1.3.2 Adjuvant therapy

Following maximal safe surgical resection of the tumour, the intracranial
wound of the patient is allowed to heal before starting further therapy,
meaning the patient may have to wait for up to four weeks prior to
beginning adjuvant therapy. Up until 2005, post-operative radiotherapy
alone was standard treatment for GBM patients. However, following a
pivotal phase lll trial carried out by Dr. Roger Stupp et al, the standard of
care treatment for GBM was updated. The trial concluded that external
beam radiotherapy with concomitant oral temozolomide (TMZ)
chemotherapy was more effective than radiotherapy alone?. It was found
that patients who received radiotherapy plus TMZ had a median survival
of 14.6 months compared to 12.1 months for those receiving radiotherapy
alone. The cohort treated with radiotherapy plus TMZ had a higher
proportion of long-term survivors than the radiotherapy alone cohort with

27% vs 11% at two years and 10% vs 2% at five years respectively?*.
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This treatment strategy was soon coined the Stupp regimen and remains
the standard of care treatment for GBM patients today. Patients receive
a 6 week course of radiotherapy with a total dose delivered of 60 Grays
(Gy), in 1.8-2 Gy fractions administered five days per week?®. TMZ is
typically administered at a dose of 75 mg/m? daily for the duration of the
radiotherapy treatment. Following a rest period of approximately one
month, the TMZ dose is increased to 150 mg/m? per day for five
consecutive days for the first month, followed by an escalated dose (if
tolerated) of 200 mg/m? for five consecutive days per month for the

remainder of the treatment?®,

1.3.2.1 Temozolomide

TMZ is a pro-drug with the ability to cross the BBB?®. When converted to
its active form at physiological pH (Figure 1-3), it acts as an alkylating
agent and methylates a range of sites of DNA, including the N-7 position
and the O-6 position of guanine, and the N-3 position of adenine?’. The
primary site of DNA interaction responsible for TMZ'’s cytotoxicity is the
O-6 position of guanine, which consequently triggers mispairing with
thymine during DNA replication. This was concluded from studies
whereby resistance was observed when tumours expressed high levels
of the repair protein O-6-methylguanine methyltransferase (MGMT)?28-%0,
Unless the mispairing between guanine and thymine was detected and
repaired by MGMT, DNA strand breaks would occur, ultimately leading

to cell cycle arrest and apoptosis. The methylation of the other two sites
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in DNA are subsequently rapidly repaired by base excision repair

enzymes3t,

|0
\ * ; . o NH;
Nﬂ\ chemical conversion AN

N
I N at physiological pH
N — » H
S " N N
N -l Ny - / N
/ NH; HNJ
(o]
Temozolomide Active alkylating species,
MTIC
Figure 1-3 Activation of Temozolomide to its active alkylating species, MTIC, at

physiological pH.

1.3.2.2 MGMT Status

Promoter methylation status of the MGMT gene is a powerful predictor of
clinical outcome in GBM patients3233, Promoter methylation is associated
with longer survival in GBM patients as it reduces translation of the
MGMT gene and henceforth the repair protein is unable to remove pro-
mutagenic alkyl groups from the O-6 position of guanine in DNA3435,
Promoter methylation is common in GBM (45 — 75%)36-38 and has been
associated with longer survival of patients treated with TMZ®:,
Interestingly, secondary GBMs have shown a higher incidence of MGMT

promoter methylation than primary GBMs36:38,
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1.3.3 Palliative care

Palliative care is described by the WHO as, “An approach that improves
the quality of life of patients and their families facing the problem
associated with life-threatening illness, through the prevention and relief
of suffering by means of early identification and impeccable assessment
and treatment of pain and other problems, physical, psychosocial and

spiritual®®.”

Despite the multimodal treatment approach for GBM, the prognosis of
patient’s diagnosed with GBM is devastating, with an incredibly low
median survival time'?. Henceforth, when symptoms increase and anti-
tumour treatment is no longer effective, patients will move into their end
of life phase. During this period, patients will receive palliative care.
Throughout palliative care, it must be considered that GBM patients have
needs of both neoplastic disease and also neurological disease, since it
affects the CNS“°. Targets of palliative care include headache, nausea,
vomiting, focal neurological deficits, drowsiness and prolonged sleep
alongside post-surgical morbidities, radiation, chemotherapy and medical
therapy adverse effects*42. The overall aim of palliative care is to reduce
symptom burden and to maintain quality of life for as long as possible,

without inappropriately prolonging life*2.
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1.4 Treatment advances

1.4.1 Tumour Treating Fields

Tumour Treating Fields (TTFields), a new treatment modality developed
and pioneered by Novocure, was authorised for use by the U.S Food and
Drug Administration (FDA) in 2011 after proving significant clinical benefit
for GBM patients*3. TTFields are alternating electric fields of low intensity
and intermediate frequency with the ability to interact with rapidly dividing

cancer cells and results in an anti-mitotic effect#4.

TTFields are administered to GBM patients through the Optune device.
It is patient operated and consists of transducer arrays placed on the
patient’s shaved head which deliver the electric fields. This non-invasive
treatment method was reported to substantially improve the patient’s
quality of life and furthermore, in a second phase Il clinical trial for
patients with newly diagnosed GBM, it was found that combinative
treatment of TTFields with TMZ in the maintenance period of the Stupp
protocol significantly improved overall survival (20.9 months) compared
to patient’s receiving TMZ alone (16.0 months)#>4¢, The two- and five-
year survival rates for patients receiving TMZ alone was 31% and 5%
respectively, compared with 43% and 13% for patients receiving
TTFields treatment plus TMZ. These key data resulted in approval by the
FDA in 2015 for treatment of newly diagnosed GBM patients to include

TTFields in conjunction with TMZ.
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Despite the significant benefit to patients receiving TTFields treatment,
non-compliance was recorded for approximately 20% of patients in the
first Phase Il study (for recurrent gliomas)*® and the main side effect of
skin irritation was reported by 43% of the patients in the second Phase
1l trial (for primary gliomas)*. Consideration must be taken for patients
administered the Optune device. The weight of the accompanying device
of the second-generation Optune was reduced by approximately 1.5 kg,
from 2.7 kg to 1.2 kg*’. However, the transducers must be worn for a
minimum of 18 hours per day, meaning that the patient must carry this
accompanying treatment device with them during their daily routine. As
already mentioned, the patient must shave their head to apply the
transducers and skin irritation has been reported by approximately half
of the patients treated with TTFields*®, resulting in discomfort for the
patients regardless of alleviating invasive properties associated with
other treatment options. Furthermore, TTFields have not yet been
approved by The National Institute for Health and Care Excellence
(NICE) for use in the U.K due to the astronomical cost of the device

($20,000 per month)4°.
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Figure 1-4 Mechanisms of action of TTFields in and around quiescent and dividing cells.

Inside quiescent cells (A), the field is uniform, and the oscillating electric forces result only in
“vibration” of ions and dipoles. In contrast, the nonuniform fields within dividing cells (B) induces
forces pushing all dipoles toward the furrow. (C) TTFields exert directional forces and result in
abnormal spindle formation and subsequent mitotic arrest or delay, possibly due to improper
attachment of chromosomes to the spindle fibres. Cells can die in mitotic arrest or progress to cell
division leading to abnormal aneuploid progeny. Abnormal daughter cells die in the subsequent
interphase, undergo a permanent arrest or proliferate through additional mitosis where they will

be subjected to further TTFields assault. (Adapted from®°)
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1.4.2 Local delivery

Despite standard of care treatment for GBM shifting from singular
radiotherapy to chemoradiation combination therapy following surgical
debulking of the tumour, there remains significant limitations to the
systemic delivery of chemotherapeutics in the treatment of GBM. The
main obstacle is that of the BBB, rendering most commonly-used
chemotherapy agents futile in the treatment of GBM as they are unable
to cross the BBB®L. Local, intracranial drug delivery has been developed
over the last two decades, in order to circumvent the BBB. Ideal systems
used to deliver drugs via this route should be biodegradable so as not to
necessitate a second surgery for device removal and to lessen the

prospect of a foreign body immune response.

1.4.2.1 Gliadel™ wafers

Currently, there is only one formulation authorised for local drug delivery
by the FDA and NICE for GBM: Gliadel™ wafers, approved in 1996. The
wafer is a biodegradable co-polymer composed of 1,3-bis-(p-
carboxyphenoxy)propane and sebacic acid in a 20:80 ratio, which is
impregnated with carmustine, a cytotoxic drug®2. The wafers (typically 6-
8) are inserted into the cavity after surgical resection of the tumour and
carmustine is subsequently released over a three-week time frame.
Despite this novel treatment method, the overall median survival is only
improved by two months, and GBM continues to reoccur>3-°°, This is due
to several reasons including: i) the rigid structure of the Gliadel™ wafers,

12
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rendering them unable to conform to the irregularly-shaped cavity lining
and are thus incapable of delivering drug to the entire cavity area; ii) the
wafers can dislodge from the cavity wall and fall to the bottom of the
cavity, minimising contact with the brain parenchyma, causing a
reduction in the effective diffusion distance of carmustine; iii) the
therapeutic agent is unable to penetrate far enough into brain
parenchyma to eradicate remaining residual cells; iv) the delivery system
was designed as a mono-therapeutic approach, purely for the single drug
carmustine. The heterogeneous nature of GBM cells makes treatment
with a single therapeutic agent poorly effective, since drug resistant
tumour sub-clones can rapidly overcome pharmacological interference
with a single molecular pathway. Furthermore, the half-life of carmustine
is only 15 minutes®®, which is too short a time for the active drug to diffuse
across large distances before drug degradation/metabolism occurs.
Nevertheless, the development and approval of Gliadel™ wafers has
provided a proof-of-concept that intra-cavity drug delivery, reliant on
diffusion, can lead to significant survival benefits for patients with primary
and recurrent GBM. This has opened the field to developing more

treatment methods of this nature.

13
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Figure 1-5 Handling and implantation of Gliadel™ wafers during brain tumour surgery. (A)
A single wafer is removed from its sterile packaging. (B) All 8 Gliadel™ wafers, from a complete
pack, are removed and prepared for intracerebral implantation. (C) Gliadel™ wafers lining the wall
of a GBM resection cavity. (D) Implanted wafers are covered with Surgicel to prevent dislocation

and intracavitary movement. (Adapted from®7)

1.4.2.2 Convection Enhanced Delivery

An additional investigational localised treatment strategy for brain
tumours is convection enhanced delivery (CED), which was introduced
in 1994 by Bobo et al®®. It consists of a direct, continuous infusion of a
therapeutic in the brain parenchyma using a micro-catheter connected to
a pumping device. Through this device, a pressure gradient is created to

allow the infusion of drug into the brain and surrounding interstitium.

A major issue facing CED is the short half-life of many chemotherapeutic

drugs within the brain and the subsequent fast clearance post infusion.

14
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Studies have been carried out which enhance the CED method through
the incorporation of drug loaded nanocarriers®®. It was hypothesised that
through encapsulation, consistent exposure of the drug would be
achieved, prolonging the half-life of the chemotherapeutic, and
henceforth increasing tumour cytotoxicity. Encapsulation was also
anticipated to contribute towards a reduction in neurotoxicity and an
increase in tissue retention, improving the prognosis for patients with
GBM. Each study utilised poly(lactic-co-glycolic acid) (PLGA)
nanoparticles (NPs) encapsulating carboplatin®, paclitaxel®® and
camptothecin® and showed improved sustained drug release over free
drug alone. Some groups have also engineered NPs with capacity for
dual functionality for delivery via CED, whereby NPs carrying drug cargo
also contain a magnetic core, allowing the NPs to be detected via MR,

permitting tracking in vivo®3:64,

Coupling CED with NPs has the potential to considerably improve the
outlook for patients with malignant glioma, as it capitalizes on strong
elements of two powerful drug delivery strategies. Consequently, there is
currently an active Phase | clinical trial using CED to deliver a gold NP-
based formulation containing panobinostat (MTX110) to diffuse intrinsic
pontine glioma (DIPG), an inoperable childhood brain tumour located in

the brain stem [ClinicalTrials.gov ID: NCT03566199].

However, infection, catheter obstruction, and inadequate drug
distribution have limited the success of this delivery method.

Furthermore, CED is only able to deliver a therapeutic over a fixed period

15
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of time, that being when a temporary catheter is in place®®. It is believed
that more sustained and effective treatment may require continuous
treatment with a chronically infused agent and this concept has been
explored in primate models, demonstrating safety and feasibility of CED
for long periods of time in large animal brains®.The neurouinfuse™
system provides a potentially permanent catheter device with low
infection rates®’. However, there are major concerns surrounding the
effects of infusing fluid under pressure into tissue with pre-existing raised
interstitial pressure and the adverse effects on tissue perfusion this may
have, potentially leading to hypoperfusion of brain tissue and
neurological deficits®®. This concept has also been well reviewed by
Lewis et al, addressing the requirement for increased volumes and
infusions of rapidly cleared chemotherapies to brain tumours®®. Later
work has shown a significant reduction in tumour volume when
chronically infusing carboplatin using robot-guided implantation of
catheters on a patient with recurrent GBM®’. Applying NP technology to
this promising delivery device could be well received in the field, utilising
NPs to increase the potency, specificity and diffusion of the

chemotherapies.

1.4.2.3 Polymeric hydrogel systems

Hydrogels are three-dimensional networks, which retain a physically
viscoelastic structure while containing large amounts of water. Hydrogels

can be synthesised to respond to several physiological stimuli including
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temperature, pH and ionic strength, making them appealing matrices for

controlled drug delivery.

The ReGel™ system consists of a triblock thermosensitive co-polymer
(PLGA-PEG-PLGA) which is water soluble at 2 - 15°C but converts to a
viscous, biodegradable, water insoluble, controlled-release gel at body
temperature’?. Oncogel™ is a non Cremaphor EL based formulation of
paclitaxel in ReGel™, designed for the local delivery of paclitaxel to solid
tumours, thus avoiding the systemic toxicities associated with
conventional systemic paclitaxel delivery”®. Oncogel™ provides a depot
for the continuous release of paclitaxel directly to the tumour and
surrounding tissue for six weeks. A study assessing the safety and
efficacy of intracranial injected Oncogel™ into rats with 9L gliosarcomas,
concluded that when combined with radiotherapy, this treatment method
was more effective than either ReGel™ or radiotherapy alone’.

Ultimately however, a subsequent human clinical trial was discontinued.

More recently, a hydrogel composed of lipid nanocapsules loaded with
lauroyl-gemcitabine (GemC12-LNC), an amphiphilic derivative of
gemcitabine, has been developed for the localised treatment of GBM,
showing a significant survival benefit in pre-clinical studies”™ 6. The same
laboratory has further enhanced this hydrogel system through loading a
second chemotherapeutic, paclitaxel, into the hydrogel and in vitro
studies in GBM models showed a promising efficacious and synergistic

effect of the dual drug delivery system?’’.
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The systems detailed shed light on the treatment potential of local drug
delivery devices in the treatment of GBM. As maximal safe resective
surgery is usually the first stage in GBM treatment, the rationale for
intracranial drug delivery is based upon a unique treatment window
immediately adjuvant to neurosurgery, delivering drugs directly to the site
of the tumour, thus commencing neuro-oncological treatment at a time

when residual disease burden is relatively minimal.

1.4.3 PLGA/PEG as a local delivery device

Poly(lactic-co-glycolic ~ acid)/poly(ethylene  glycol) (PLGA/PEG)
microparticle-based matrices have been developed, which acts as a
paste at room temperature when mixed with saline and which sinters
(solidifies) at 37°C (i.e. body temperature) when the microparticles fuse,
as outlined in Figure 1-6 7880, Both PLGA and PEG polymers have been
authorised for use by the FDA for drug release applications, further
promoting them as a desirable material®:-83. The chemical properties of
polyesters such as PLGA, derived from p-hydroxycarboxylic acids or
other short chain hydroxyalkylacids, allow hydrolytic degradation through
de-esterification. The monomeric components, lactic acid and glycolic
acid, are then removed by natural biochemical pathways following

degradation®+8,
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Figure 1-6 Schematic of production of PLGA/PEG matrix. Adapted from [64]78.

PLGA/PEG co-polymers have been investigated and adapted by our
laboratory to be used as a novel microparticulate matrix to line the tumour
cavity post-surgery and act as a carrier for locally applied
chemotherapeutics. It has been demonstrated that the PLGA/PEG paste
caused no toxicity or surgical morbidity to the animals tested; ex vivo
brain scans (i.e. MRl and CT scans) showed that polymer could be
delineated from brain tissue (a vital aspect for post-surgery follow-up in
the clinical setting) and furthermore, the paste was able to withstand
fractioned radiotherapy in vitro, with no disruption to the polymer structure
and therefore no expected interference with drug release®. The release
of three different drugs, trichostatin A, etoposide and methotrexate from
the PLGA/PEG paste was initially tested in vitro. A burst release was
observed for each of the three drugs, followed by sustained release for
up to 28 days®. Significant overall survival benefit was observed in vivo
using an orthotopic allograft model of high-grade glioma, when control
animals receiving standard of care treatment were compared to animals

receiving surgery + PLGA/PEG + etoposide and temozolomide.
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Histological results confirmed over half of the animals were disease-free,

long-term survivors®7:88,

Figure 1-7 Images of the PLGA/PEG paste being administered (A), and sintered (B), in
the brain of a sheep®. The sintered polymer conforms to the irregular-shaped lining of a pseudo-

resection cavity, offering greater apposition than pre-formed Gliadel™ wafers.

These initial studies provided a proof of concept: chemotherapeutic drugs
can be incorporated into the PLGA/PEG paste and released gradually
through diffusion from the matrix leading to efficacy in brain tumour

animal models, and thus provides a platform technology for future work.

1.5 Polymers as drug delivery systems

Synthetic and biomimetic drug-carriers which are of similar sizes to
viruses have been extensively investigated for anti-cancer
applications®%, It has been hypothesised that materials in this size
range (typically 60-180 nm) may enhance the concentrations of drugs in
cancerous cells and tissues when compared to administration of the free

drugs. This is because virus-sized particles distribute through the body in
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a different manner to small molecule drugs, and can be internalised by
specific cells via pathways which are not accessible to conventional drug
molecules®~23, In addition, particles in the ‘nano-sized’ range i.e. 10-
1000 nm, can accumulate in areas of inflammation, or of poorly-formed
vasculature, and their transport away from blood vessels and into
tumours can be increased by physical disruption of endothelial

barriers®49,

Many NPs have been reported in the controlled release literature, with
increasing numbers of examples in the field of GBM%-198, |n most cases,
these NPs have been designed to overcome non-cellular and cellular
based mechanisms of resistance and increase selectivity of drugs
towards cancer cells whilst reducing toxicity to healthy tissuel®. NPs
offer the prospect of encapsulating poorly soluble drugs, shielding
therapeutic molecules from degradative processes and enhancing blood
circulation and tissue distribution, thus increasing bio-distribution and
improving the efficacy of drugs of low biological stability!'®. NPs also
provide the opportunity to repurpose redundant chemotherapeutics that
have previously been deemed too toxic or which have failed clinical

development due to stability or solubility issues.

1.5.1 Systemic delivery of NPs for brain tumour therapy

Chemotherapeutics are predominantly administered intravenously (1V),
often leading to a destructive treatment modality as only 0.7% of the
administered dose accumulates within cancerous cells*'!, inducing many
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side effects as the drugs are distributed throughout the body, resulting in
dose-limiting undesirable toxicities and a reduced quality of life for the
patient. A problem when attempting to treat neuro-oncological diseases
such as GBM, is the presence of the BBB, which acts as a physical
protective layer for the brain but thus also as a physical obstacle for
systemic therapy to penetrate the brain. The BBB is composed of a layer
of tightly packed endothelial cells and supporting cells such as pericytes,
which acts as a “barrier” whereby only small (<500 Da) lipophilic (logP =
1.5 — 2.712113) molecules can easily penetrate into the CNS4115, For
chemotherapeutics which do not have these properties to reach a target
site in the brain, and to ensure site-selective release of the drugs in their

active form, appropriate drug formulations are needed.

Endothelial cell layer

Astrocyte

Tight junctions

Small, lipophilic drug

Large drug

Pericyte

Figure 1-8 A schematic representation of the BBB, highlighting the ability of small,

lipophilic molecules to cross into the brain.

Henceforth, through incorporating therapeutics into a NP carrier, the

distribution of the drug and its accumulation in tissues can be altered.
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Lipophilic drugs, which otherwise would not be soluble enough for
injection, can be incorporated in, or conjugated to, a hydrophilic carrier.
Larger biomolecules such as proteins and nucleic acids can also be
formulated with ligand-conjugated carriers in order to use active
transporters at the BBB to enable delivery into the brain. Many studies
have concluded that particular hydrophilic polymers, for example PEG!16,
can be used in formulations to enhance solubility of small molecule drugs
and to extend the circulation time of therapeutics in the body. Polymers
such as PEG can, when suitably conjugated to a drug or a patrticle, also
act as a steric and entropic barrier to minimise associative interactions of
the drug, or particle surfaces, with plasma proteins or cell membranes.
These PEGylation and related NP carrier strategies thus reduce the early
clearance of therapeutics and can be combined with ligand-receptor
targeting and external physical stimuli such as focused ultrasound, to

further enhance the transport of drugs into the braint7-119,

Another exciting prospect of NPs is that they offer the potential of
repurposing chemotherapeutics that have previously been discarded due
to their inability to cross the BBB and/or resulting in dose-limiting
systemic toxicities to healthy organs and tissues. One example is the NP
incorporation of camptothecin, previously deemed ineffective in the
treatment of GBM due to the rapid hydrolysation from its active form to a
less active, more toxic form which undergoes rapid clearance once bound
to plasma proteins!?®. The study showed that PLGA NPs containing

camptothecin were able to cross the BBB in an orthotopic murine GBM
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model, leading to a significant increase in survival compared to
controls!?t, PLGA NPs stabilised with poloxamer 188 were loaded with
doxorubicin (DOX) and were shown to cross the BBB of rats at
therapeutically effective concentrations'??. Paclitaxel was loaded into
PEGylated poly(trimethylene carbonate) NPs and used to treat xenograft
tumour-bearing mice, whereby median survival was significantly

increased when compared to taxol'?3.

In vitro cell-based models can be complementarily used to assess the
potential of carriers to cross the BBB. One example of a well-known
model utilises a monolayer of hCMEC/D3, a well-characterised brain
microvascular endothelial cell line, which mimics the in vivo phenotype,
as discussed in depth in a review by Weksler et al*?4. This model was
used by Battaglia et al, which demonstrated that bevacizumab loaded
solid lipid NPs (SLNs) enhanced the permeation of the drug across this
BBB mimic, showing greater diffusion through the monolayer and into the
collection chamber below, compared to free drug alone (80% versus
10%, respectively)?®, SLNs were also loaded with DOX and observed to
increase drug permeation through primary human brain microvascular
endothelial cells (HBMEC), which also retain some properties of the BBB
in vitro. The DOX released from the NPs was found to be efficacious
against two primary human GBM cell lines, demonstrating the cytotoxic
effects of encapsulated DOX on clinically relevant cells!?6. Another study
showed an increased permeability coefficient for propidium iodide and

etoposide across the BBB through using HBMEC/U87 (endothelial/GBM)
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co-culture as an in vitro model*?’. It is however important to emphasise
the limitations of current in vitro BBB models utilising cell monolayers,
including restricted numbers of relevant cell types and lack of blood

circulation and immune components.

1.5.2 Targeting of NPs to GBM following systemic administration

Several small molecule ligands, peptides and antibodies have been
conjugated to NPs and drugs to target GBM, as depicted in Figure 1-9.
For example, monoclonal antibodies have been used to exploit the
overexpression of vascular endothelial growth factor (VEGF) and its
receptor type Il (VEGFR2) in core tumour cells and migrated glioma
cellst?8-130 Other studies have targeted the epidermal growth factor
receptor (EGFR), which is overexpressed in many types of tumours
including GBM*3, through conjugating peptides3? or antibodies33134 to
NP surfaces. A study conducted by Nilewski et al synthesised PEGylated
hydrophilic carbon clusters (PEG-HCCs), whereby the EGFR binding
peptide, GE11, was conjugated to surface PEG chains. The resultant
“nanosyringes” could be loaded with a wide range of hydrophobic dyes
and drugs, including paclitaxel and DOX32, with efficacy in both U87-
EGFR cells and primary human GBM culture. In vivo studies investigating
flank and intracranial xenograft mouse models found a strong
accumulation of the nanosyringes in the subsequent tumour sites,

despite differences between rodent and human BBB.
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Peptide

: Labelled antibody
1
i
1 Protein
< | >
Liposome | Polymeric
Figure 1-9 Representation of functionalised liposome and polymeric NP systems.

Targeting moieties include proteins, antibodies, labelled antibodies, ligands and peptides. The
lipophilic core of the liposome (left) can contain hydrophobic drugs, whilst hydrophilic drugs can
become trapped within the hydrophilic bilayer. Hydrophobic drugs can become entrapped within
the hydrophobic pockets of the polymeric NP (right) on self-assembly. This figure was created
using Servier Medical Art templates, which are licensed under a Creative Commons Attribution

3.0 Unported License; https://smart.servier.com and BioRender.com.

A recent study reported the use of a canine model with late stage de novo
brain tumours to deliver bacterially derived minicells loaded with DOX,
whereby the surface of the minicells were decorated with bispecific
antibodies targeting EGFR. The study reported that this delivery method

was safe and extremely well tolerated by canines, with no adverse effects
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observed. In comparison to murine and rodent models, the large size of
the canine brain offers a useful model for the assessment of dose
volumes and thus effectiveness of brain tumour therapies in a clinically
relevant manner. This study, coupled with other preclinical data, formed
the design basis of a Phase | clinical trial of EGFR-minicell-DOX in

human recurrent GBM3%,

Antibodies have also been used to target the transferrin receptor®3®,
overexpressed in many cancerous cells, particularly GBM. One study
used PLGA NPs to deliver TMZ, where the polymer surface was
decorated with the monoclonal antibody OX26. Two different glioma cell
lines were investigated and the prepared nanocarriers enhanced the
anticancer activity of TMZ. In particular, the functionalisation of the
nanocarrier was advantageous in enhancing cellular internalisation in

GBM cells?36,

A considerable challenge for all targeted therapy efforts to date, is the
sub-clonal nature of GBM, where only a minority sub-population of cells
within a tumour may express molecular targets such as EGFR or VEGF.
This warrants the need for targeting strategies which can deliver

combination therapeutic moieties.

1.5.3 Dual targeting of the BBB and GBM

Researchers are attempting to target the biological properties of both

GBM and the BBB by increasing the sophistication and targeting ability
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of the nanocarriers, and a number of these studies are outlined in Table
1-1. Several targets are simultaneously overexpressed on both the BBB
and GBM cells, potentially allowing NPs bearing a single targeting moiety
to cross the BBB more effectively and to enhance internalisation into
GBM cells. These targets include the low density lipoprotein receptor
related protein (LRP)37-139 transferrin receptor!4®14l and large amino
acid transporter 1 (LAT1)42-144 (Figure 1-10). Conjugating a single
targeting moiety to the NP surface has the additional advantage of
reducing the complexity of the formulation process, a major issue facing

the clinical adoption of NPs14°,
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Step 1 & PEG Step 2

HSPC + Tristearin ' '

+
DPSE: DSPE-mPEG

. . » :‘: *, Carbodiimide

Solvent Diffusion 0 - >:. Ty — 0
yayre chemistry

DOX + DS method

+

Tween solution in
water SLNs L-Phenylalanine (PA) % ‘4 .

L-PA conjugated
SLNs crossing BBB

Uptake of Nanoparticles by
brain tumour cell

Step 1:  Preparation of SLNs using solvent diffusion method.
Step 2:  Conjugation of ligand with SLNs using carbodiimide chemistry.
Step 3: Intravenously administered PA-SLNs reach brain blood capillaries and cross the BBB with help of carrier
mediated transport system (L-type amino acid transport system (LAT1)) of BBB.
Step 4: Ligand receptor interaction between PA present on surface of SLN and PA receptor on brain tumour cell.
Step 5: Internalisation of PA-SLNs by brain tumour cell.
Figure 1-10 Schematic presentation of preparation, conjugation and transportation of L-

phenylalanine (PA)-SLNs. This figure was created using Servier Medical Art templates, which are

licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.

Adapted from*44,
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Table 1-1

Introduction

Nanoparticles with dual targeting capabilities for both the BBB and GBM

NP material used Target for Target for Targeting Drug In vitro In vivo model Conclusion of Study Reference
BBB GBM moiety used incorporated model
Both
Poly(caprolactone) Low-density lipoprotein Angiopep-2 Paclitaxel 3D Nude mice bearing - Post IV treatment, Xin et al,
receptor spheroids, intracranial tumours penetration, distribution 2012146,
Brain and accumulation higher
capillary than PEG-PCL control
endothelial - No acute toxicity
cells observed
(BCEC)
PLGA Transferrin receptor CRT peptide Paclitaxel 3D Nude mice bearing - CRT-NP significantly Kang et al,
spheroids; intracranial tumours prolonged median survival 201547,
BCEC cells compared to Taxol
Liposome Transferrin receptor Anti- Temozolomide us7 Nude mice bearing - Significantly increased Kim et al,
transferrin (Temozolo intracranial tumours survival compared with 2015148,
single chain mide free temozolomide
antibody resistant
fragments and non-
resistant
lines) and
U251
Liposome Large amino acid I-3,4- WP1066 GL261 C57BL/ 6J mice - Significantly increased Bhunia et
transporter 1 (LAT1) dihydroxyphe (JAK2 cells bearing intracranial survival compared with al, 20179,
nylalanine (I- inhibitor) (mouse tumours free WP1066
DOPA) GBM cells)
Solid lipid NPs a-subunit of  Anti-epithelial 83-14Mab Etoposide u87 GBM - Dual targeted NPs Kuo et al,
insulin growth factor cells and showed increased 2016150,
receptor (AEGFR) HBMECs antiproliferation efficiency
over single targeted and
etoposide loaded NPs.
- 83-14Mab effectively
increased BBB
permeability
PLGA Lactoferrin Folate Lactoferrin Etoposide u87 GBM - Dual targeted NPs Kuo et al,
receptor receptor and folate cells and showed increased 201551,
HBMECs

antiproliferation efficiency

30



Chapter 1

Solid lipid NPs

Super
paramagnetic iron
oxide NPs

Immunoliposomes

Liposomes

Lactoferrin
receptor

Transferrin
receptor

Low-
density
lipoprotein
receptor

Transferrin
receptor

Multi-drug
resistance
proteins
(MRPs)

Nestin (stem
cell marker
specific to

GBM)

CD133
glycoprotein

Folate
receptor

Tamoxifen
and
lactoferrin

Transferrin/
polysorbate-
80 and
antibody
against
nestin
Angiopep-2
and CD133
Mab

Transferrin
and folate

Introduction

Carmustine

Temozolomide

Temozolomide

Doxorubicin

U87 GBM
cells and
HBMECs

U87 GBM
cells and
glioma
stem cells
(GSCs)
C6 glioma
cells and
bEND3
BBB model

Nude mice bearing
intracranial tumours

Nude mice bearing
intracranial tumours

Rats bearing

intracranial tumours

over single targeted and

etoposide loaded NPs.

- Dual targeting system
increased the permeability
of the BBB and resulted in

greater inhibition of U87

cell growth.

- Transferrin coated NPs
demonstrated greater
tumour regression than
polysorbate-80 coated
NPs.

- Significant increase in
survival observed relative
to free temozolomide

- Dual targeting effect was
observed
- NP was less toxic than
doxorubicin solution

Kuo et al,
2016152,

Prabhu et

al, 2017153,
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Receptor-mediated transcytosis (RMT) via the transferrin receptor
pathway has been investigated, with one study showing that transferrin-
conjugated self-assembled NPs incorporating zoledronic acid increased
the anti-tumour efficacy of the drug in mice bearing intracranial
xenografts, due to an increased ability to cross the BBB. This was shown
by tumour weight inhibition (TWI) from transferrin conjugated NPs of 41%
compared to non-targeted NPs at 31% TWI and an increased life span
(ILS) of 23% compared to 10% respectively; in contrast, free drug alone

showed only a 20% TWI and an ILS of 10%7%%6.

Once the BBB has been crossed, NPs encounter the problem of
traversing the parenchyma to reach the target site of infiltrative cells,
which is required to inhibit the otherwise inevitable tumour reoccurrence.
Recent seminal work has investigated the effect of NP size on the ability
to penetrate through brain tissue!®”.158, Predominant opinion suggested
that materials with diameter ranges of up to 64 nm could traverse at
substantial rates across the brain extracellular space (ECS), confirmed
by a study utilising 35 nm quantum dots and dextran in rat ECS and
modelling the diffusion in ECS and fluid filled pores>®. The effectiveness
of many therapies is therefore limited, as most particulate drug delivery
systems carrying therapeutic genes or viruses, as previously discussed,
are too large for efficient penetration at this quoted size range. However,
the study estimated that human ECS contains some pores larger than
200 nm, and that more than one quarter of the pores are 2100 nm. These

findings were confirmed in vivo using mice, where 40 and 100 nm
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polystyrene (PS) NPs spread rapidly within the brain tissue, if densely
coated with PEG. In contrast, 200 nm PEG coated PS NPs did not
penetrate the brain tissue. Further work showed that model PS-PEG-
coated NPs of 114 nm in diameter were able to rapidly diffuse into normal
brain tissue'®® and that paclitaxel-loaded, PLGA-co-PEG block co-
polymer NPs, with an average diameter of 70 nm, were able to diffuse
100-fold faster than similarly sized paclitaxel-loaded PLGA particles
without a PEG coating®®’. The hydrophilic PEG coating acts as a flexible
hydrated cloud, creating a barrier which minimises adhesive interactions
with cell surfaces, allowing the NPs to pass further into the brain. In short,
despite PEGylation being utilised originally for improved circulation time
during systemic delivery, it has been shown that PEGylation also
improves the penetration of biological barriers, leading to enhanced

overall delivery, even locally0.

1.5.4 Local delivery of NPs for brain tumour therapy

Most localized nanotherapeutic delivery systems that have been
explored in the field of GBM are administered through CED, as previously
described. The only case of a drug-loaded NP depot device is that of a
PEG-dimethacrylate (DMA) photopolymerisable hydrogel system,
developed at Université Catholigue de Louvain in Belgium?61.162,
Originally, the PEG-DMA hydrogel was loaded with TMZ-loaded
polymeric micelles to treat GBM. The micelles were composed of PEG7so-
block-poly(e-caprolactone-co-trimethylenecarbonate)  [PEG-p-(CL-co-

TMC)]*63164 |In vivo studies demonstrated that the photopolymerisable
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hydrogel was well tolerated, and the efficacy study showed that the
tumour weight of the mice treated with the TMZ-micelle loaded hydrogel
drastically decreased in comparison with the control groups 7 days post-
surgery. The in vivo study was carried out on nude mice bearing a human
U87MG xenografti®l, The PEG-DMA hydrogel was also loaded with
paclitaxel-encapsulated PLGA NPs, and similar in vivo studies were
carried out. Incredibly, more than 50% of the mice treated with paclitaxel-
loaded PLGA NPs hydrogel were still alive 150 days after the injection of
tumour cells, resulting in long term survival'®2, More recently, the same
photopolymerisable hydrogel-based local drug delivery system was
utilised for the codelivery of paclitaxel and TMZ%. In this study, the same
paclitaxel-loaded PLGA NPs were investigated but the TMZ was
embedded directly into the hydrogel. The median survival time of mice
with paclitaxel-loaded PLGA NPs or TMZ-loaded hydrogels was
significantly prolonged, but the combination treatment showed even
higher significance levels compared to the control groups. Only 22% of
the mice had tumour recurrence within 110 days after tumour
implantation. The other mice showed no sign of tumour recurrence, and
this was analysed through both MRI and Hematoxylin and eosin (H&E)

staining of the sacrificed mouse brains at day 110.
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1.6 Ring Opening Polymerisation

The different mechanisms of Ring Opening Polymerisation (ROP) include
radical, cationic, anionic and Ring-Opening Metathesis Polymerisation
(ROMP) and largely refers to the type of initiator in the polymerisation
process!®®, The monomers consist of ring structures, and it is this ring
strain and accompanied steric conditions that act as the driving force
behind ROP®, For anionic ROP, commonly used initiators are materials
with hydroxyl end groups, for example PEG, and the polymerisation can

also be initiated with amine-based materials.

Lactide is a frequently used starting material for ROP, resulting in the
formation of poly(lactic acid) (PLA), a biodegradable material. Due to the
ease of ROP, the hydrophobic chain length can be controlled, enabling

the polymeric carrier to be prepared at the most beneficial size.

1.6.1 Ring Opening Polymerisation of esters

Access to a wide range of biodegradable, bioassimilable and renewable
polymeric materials is provided through the ROP of cyclic esters. This
technique leads to the production of polyester polymers, and growing
these into large macromolecular frameworks provides enhanced control
over polymer characteristics!®’. ROP is the preferred method for
preparation of polyesters over polycondensation due to the high
temperature and long reaction times required for polycondensation, also
in addition to the side reactions and necessity to remove small molecular
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weight by-products such as H20, CO: etc'®8, It has been observed that
the ROP of lactide enables a more precise control of the final molecular
weight of the subsequent polymer; whereby a linear relationship between
monomer conversion and final molecular weight was yielded, resulting in
a narrow Polydispersity Index (P). Conversely, polycondensation has
been found to limit the accessible range of molecular weights, resulting

in broad Ds of 2169,

1.6.2 Ring Opening Polymerisation of aliphatic carbonates

Aliphatic poly(carbonate)s have gained a broad interest for biomedical
application, mainly due to their biocompatibility, biodegradability and low
toxicity’°. They also offer the possibility of incorporating functionalities to
the polymeric backbone. This can be achieved through post
polymerisation functionalisation; however, this method can result in
polymer degradation due to the harsh conditions applied*’*. Alternatively,
functionality in the polymer backbone can be achieved through the
copolymerisation of functional cyclic monomers (often poly(carbonates))
and simple cyclic esters!’*-174, However, not all functional groups are
compatible with the ROP process and can inhibit the polymerisation

efficiency in some cases?!’?.

1.6.3 Catalysts for Ring Opening Polymerisation

The selection of the catalyst for ROP is of upmost importance to promote

the thermodynamically favourable ring opening of the monomer over
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transesterification and other side reactions. Tin octoate [Sn(Oct)2)] is a
standard catalyst used in the ROP of lactide!’>176 but should be avoided
for biomedical applications due to toxicity concerns from the metallic
residues of the reactions. Alongside these toxicity concerns, removing
metal-based catalysts also evades issues in large scale manufacture
surrounding the cost and supply for precious metals'’’. These reasons
have driven scientists to explore new catalysts for ROP reactions,
enabling safer, more appropriate formulations to be utilised in the medical
field. This move was pioneered by Hedrick and Weymouth in 2002,
whereby they introduced N-heterocyclic carbenes as alternative catalysts
for living ROP of cyclic esters, generating polymers with predictive
molecular weights, reflecting the initial monomer-initiator ratio and narrow
polydispersities'’®. Two examples of the N-heterocyclic carbenes are
1,5,7-Triazabicycle[4.4.0]dec-5-ene (TBD) and 1,8-
Diazabicyclo[5.4.0]Jundec-5-ene (DBU), and their structures are shown in

Figure 1-11.

()

N N
H

1,5,7-Triazabicycle[4.4.0]dec-5-ene (TBD)

1,8-Diazabicyclo[5.4.0Jundec-5-ene (DBU)

Figure 1-11 Structures of the organobasic catalysts investigated for the ROP of lactide.

37



Chapter 1

Introduction

TBD was first introduced as a catalyst for the ROP of cyclic esters in

2006179, and

is believed to undergo a bifunctional

nucleophilic

mechanism*®. |t is this bifunctionality which enables the simultaneous

activation of both the cyclic ester monomer and the alcohol group of the

initiator, leading to excellent control over the polymerisation. It is a highly

active catalyst and has been proven to effectively catalyse the ROP of

large ring catalysts!®! (Figure 1-12).
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Figure 1-12

TBD. Adapted from?*°,

TBD

Proposed dual-action mechanism for the catalysis of the ROP of lactide by

DBU has been shown to be inactive for the ring opening of large ring

lactones, but has shown to have promise for 6-membered rings such as

lactide!8!, and works in a monomodal fashion (Figure 1-13)6°.

38



Chapter 1 Introduction

H—o0 [e}
k o
© Poly(lactide)
[}
(o]
> R o

\O OH

o]

Q m
é——

Figure 1-13 Two plausible routes involved in the DBU-catalysed ROP process of lactide

with an alcohol initiator.

Through appropriate catalysts, this work is progressing toward the overall
goal of producing medically friendly, biodegradable drug delivery

systems.

1.7 Doxorubicin

DOX, it's structure outlined in Figure 1-14, is an anthracycline antibiotic
and is one of the most widely used anti-cancer agents'®. Yet, the
mechanism of DOX is not wholly understood. It is most often described
as a topoisomerase Il inhibitor® but this mechanism of action does not
fully explain the scope of cytotoxicity exhibited by DOX84, The unwinding

of DNA for transcription and replication is catalysed by the family of
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topoisomerase enzymes. DOX inhibits this enzyme by forming
complexes with DNA by intercalation with base pairs, stabilising the DNA-
topoisomerase Il complex and thus leading to double stranded DNA
breaks'®>186, However, it is also proposed that there are other targets for
DOX-induced cell death including inhibition of RNA and DNA
synthesis'®’18  the production of free radicals'® and the formation of

DOX-DNA adducts, mediated by formalehyde!90.1°1,

OH

Figure 1-14 Chemical structure of doxorubicin.

1.7.1 DOX in the treatment of GBM

DOX has been explored in the treatment of GBM with very limited
success. Despite in vitro data validating the cytotoxicity of DOX against
a variety of GBM cell lines!®?-1%  in vivo data advocating DOX as a strong
anti-glioma agent'>2° and even clinical data confirming DOX’s potential

as a treatment for GBM patients?'1-213, there remains strong concerns
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surrounding the use of DOX in the treatment of GBM. All
chemotherapeutics have toxicities and adverse effects associated with
their use, due to their “unspecific” action, but DOX also has a significant
increase in the risk of potentially fatal cardiotoxicity?'4215, resulting in a
serious concern for prescribing medical staff. Alongside this, DOX has
very poor penetration across the BBB216217  therefore very high doses
are needed and have been proven to be ineffective?18-2?1, A potential
solution to these problems is to incorporate DOX into a nanocarrier

formulation??2-225 and/or to deliver DOX locally.

1.7.1.1 Local delivery of DOX in GBM

As described earlier, Gliadel™ wafers are the only local drug delivery
treatment method currently used to treat patients with GBM. They were
invented and developed by Prof. Henry Brem and colleagues at Johns
Hopkins University. Following the success of Gliadel™ in the treatment
of both primary and recurrent GBM, the team explored replacing the
original drug, carmustine, with DOX to explore the efficacy of locally
delivered DOX as a monotherapeutic agent against malignant brain
tumours in rats?®, Rats bearing intracranial tumours were treated with
the polymeric wafers containing 3% DOX and 5% DOX and were
compared against rats with blank polymer (0% DOX) and no polymer
(control). Compared to both the control arms, rats treated with DOX had
significantly increased survival (21 days vs 34 days vs 45 days for control,

3% DOX and 5% DOX respectively). This study was able to conclude that
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when delivered locally, DOX showed promise as a monotherapeutic

agent for the treatment of GBM.

A small preclinical trial, consisting of ten patients with recurrent glioma
who had not responded to radiation therapy, was completed whereby
patients were administered DOX via an Ommaya pump?*, At the time of
the second craniotomy, the Ommaya reservoir and catheter were placed
in the resection site allowing delivery of DOX intratumourally. Ommaya
pump delivery is a catheter-based therapy which relies on diffusion of
drugs from the reservoir into the tumour cavity as a result of a
concentration gradient??6. It was originally developed for ventricular

drainage in 19632%7,
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Drug injected

into the reservoir )\ Ommaya reservoir

Catheter

Brain tumour or
resection cavity

Figure 1-15 Catheter delivery using an Ommaya reservoir. An Ommaya reservoir with
the catheter placed in the tumour, allows regular injections of chemotherapeutics. The reservoir
can also be placed into the lesion site post-surgery. This figure was created by Phoebe McCrorie
using Servier Medical Art templates, which are licensed under a Creative Commons Attribution

3.0 Unported License; https://smart.servier.com. (Revised manuscript in prep; McCrorie*, Vasey*

et al).

This method of drug delivery shows great promise, as the drugs can be
delivered directly to the site of tumour, reducing adverse side effects from
the drugs. In this study, patients were administered 0.5 mg DOX daily on
days one to ten of treatment, and six out of the ten patients showed
clinical improvement?!1, Importantly, the study reported that “there were
no other clinically significant adverse reactions either in the brain or
systemically” easing previous concerns of the adverse toxicity caused by

DOX, and again, further promoting DOX as a potential chemotherapeutic
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in the treatment of GBM when delivered locally.

1.7.1.2 Delivery of DOX via NPs for GBM

NPs have been used to investigate the systemic delivery of DOX to treat
GBM as outlined in Table 1-2 below. All the NPs described utilised a

polymer coating to enable successful delivery of DOX across the BBB.
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Table 1-2 Examples of doxorubicin NPs used in the investigational treatment of GBM
NP material Coating Size (nm) In vitro model In vivo model Conclusion of Study Reference
used material used
LGA Poloxamer-188 120+ 1 U87MG -- Cell uptake within one hour, with the Malinovskaya
poloxamer coating improving the et al?28
internalisation efficiency.
Poly(butyl Polysorbate 80 250 Rats bearing The polysorbate-coated NPs produced Jorg Kreuter?2®
cyanoacrylate) intracranial 101/8  considerable doxorubicin concentrations in
GBM tumours the brain, the uncoated NPs did not reach a
level above the limit of detection. Efficacy
study showed that IV administration of the
NPs led to 40% cure.
PLGA Poloxamer 188 / 243.4 1/ Wistar rats Poloxamer 188 coated NPs had higher Gelperina
Polysorbate 80 239.9 bearing efficacy than polysorbate 80-coated NPs et al230
intracranial 101/8 following IV administration.
GBM tumours
Poly(butyl Polysorbate 80 Wistar rats Polysorbate-coated NPs showed an Steiniger
cyanoacrylate) bearing increase in long term survival compared to et al?08
intracranial 101/8 uncoated-NPs and doxorubicin alone
GBM tumours following 1V administration.
PLGA Poloxamer 188 250 Wistar rats Poloxamer 188-coated PLGA nanoparticles Wohlfart
bearing enable delivery of doxorubicin across the et al*!
intracranial 101/8 BBB in the therapeutically effective
GBM tumours concentrations following IV administration
PLGA Glutathione- 3316+ Rat glioma cell line, The glutathione-coating showed Geldenhuys
PEG 9.1 RG2. BBB model made significantly higher rates cellular uptake et al>*?

up of Transwell™ with a

0.4um pore size

increased the permeability rate across the
in vitro BBB model compared to their
uncoated counterparts.
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Clinical studies involving PEGylated liposomal DOX have been
conducted for the treatment of malignant glioma?12213233  This
formulation is now better known as Caelyx™ or Doxil®, and was the first
“nano-drug” formulation to be approved by the FDA, in 19952%, It is used
to treat breast cancer, ovarian cancer, other solid tumours and AIDS-
related Kaposi’'s sarcoma?34, Clinical studies in the treatment of breast
carcinoma therapy reported that approximately half of the dose of DOX-
PEG liposomes compared with conventional DOX-liposomes resulted in
the same clinical response?3°23  |eading to a strong rationale for the

PEGylation of these liposomes to increase efficacy.

Pre-clinical data of this formulation in an intracranial xenograft mouse
model showed that concentrations of DOX in tumour tissue and
cerebrospinal fluid (CSF) increased when stabilised liposomes were
administered?®” and increased even further when the formulation was
PEGylated?®. In the first Phase Il clinical trial, a dose escalation study
was completed whereby patients received liposomal DOX through IV
administration at 20 mg/m? every two weeks. This dose was increased to
40 mg/m?if patients were able to receive it. The study concluded that the
optimal dosage was 20 mg/m? every two weeks and a prolonged median
survival of 20 months was observed, which was found to be superior to

other second-line treatments for recurrent glioma?33,

The successful results of the Phase Il trial led to a second clinical trial

with a two-part aim; to assess the efficacy of the PEGylated formulation
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(Caelyx™) alone and in combination with tamoxifen, a known modulator
of tumour resistance?!?. The study found that there was no statistical
significance between the two groups of patients in terms of efficacy, but
they were both well-tolerated and moderately effective for patients with

recurrent high-grade gliomas.

Another Phase I/ll clinical trial investigated the treatment of Caelyx™ with
the usual TMZ/radiotherapy regime?'3. In Phase |, Caelyx™ was
administered in a 3-by-3 dose-escalation regime. In Phase Il, 20 mg/m?
Caelyx™ was administered once prior to radiotherapy and on days one
and 15 of each 28-day cycle, commencing four weeks after radiotherapy.
TMZ was administered daily during radiotherapy and on days one to five
of each 28-day cycle. It was found that the combination treatment of
Caelyx™, TMZ and radiotherapy was well tolerated; however, no
significant improvement of the patient’'s outcome was observed as

compared to the standard of care treatment.

1.8 Project Rationale

Given the reported success of local delivery in the treatment of GBM, this
project aims to incorporate aspects of both an established localised
delivery system with a novel drug delivery approach via nanocarriers to
potentially enhance the treatment of GBM. As surgery is a first-line
intervention for almost all patients diagnosed with malignant brain cancer
such as GBM, considerations for local, interstitial delivery of

nanotherapeutics are particularly clinically relevant for this disease. This
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project will incorporate nanotherapeutics into an established
microparticle-based localised delivery system (PLGA/PEG). To the best
of our knowledge, this is the first attempt to incorporate nano-scale
therapeutics with micro-scale delivery systems, to produce a multi-
component platform for neuro-oncology and indeed oncology in general.
Localised delivery also circumvents the BBB, thus alleviating the
problems associated both with therapeutic drug concentrations crossing

the BBB and dose-limiting toxicities associated with systemic delivery.

However, brain penetration of these delivered agents once released from
this drug delivery system still presents a major challenge to effective
treatment. Polymer therapeutics offer a solution to this problem, whereby
anticancer agents can be conjugated to macromolecules or encapsulated
within NPs and subsequently formulated with the PLGA/PEG particles.
The polymeric nanocarrier system is predicted to diffuse away from the
drug depot before releasing its drug payload, thus potentially enabling
delivery of the drug, in its active form, further into the brain parenchyma
than is currently possible with direct release of drug from the PLGA/PEG

microparticles.

It is believed that the use of nanocarriers will offer a two-fold benefit to
the drug delivery system as opposed to releasing a chemotherapeutic
directly from the PLGA/PEG paste: i) the nanocarrier will act as a
“protective casing” for the drug, leading to a longer half-life of the drug
and ii) the nanocarriers will enable the drug to have a greater degree of

penetration across the brain parenchyma, due to transcellular transport
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mechanisms?3. In turn, this will lead to the drug-loaded NP diffusing
further through the brain than drug alone from the PLGA/PEG matrix, and
thus also a higher concentration of active drug, having avoided
degradation in the brain. Furthermore, it has been reported that
PEGylating these types of systems leads to more enhanced penetration
properties of biological barriers, in both healthy tissue6%24% and tumour

models?41,

Resection
Cavity Lined

PLGA-PEG Drug-loa_ded
Nanoparticles

Matrix
o . ///’
Figure 1-16 Graphical abstract of project. A representation of the lining of the resection

cavity with the drug-loaded NP-embedded PLGA/PEG matrix. Figure was produced by Oran

Maguire using Adobe lllustrator.
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1.8.1 Overarching hypothesis and aims of project

Overarching project hypothesis: “Polymeric nanocarriers are
compatible with, and can be released from, PLGA/PEG matrices for local
delivery of chemotherapeutics, resulting in enhanced survival benefit in

the treatment of GBM in vivo.”

Aims:

e Synthesise a library of biodegradable, biocompatible polymers,
based on linear and star structures.

e Incorporate DOX, a relevant chemotherapeutic, into the
formulation.

e Perform in vitro cytotoxicity studies with formulated NPs on a
range of patient-derived GBM cell lines.

e Measure the release of the NPs from the PLGA/PEG micropatrticle
matrix and release of DOX from the NPs.

e Complete in vivo studies using an orthotopic high-grade glioma rat
allograft model, to assess the tolerability and efficacy of the

formulations.
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Chapter 2 Preparation of polymeric nanocarriers

2.1 Introduction

Biodegradable synthetic polymer-drug conjugates have been under
active investigation as macromolecular therapeutics for over 40 years,
yet there are still relatively few marketed drugs of this type?4?-245, One
major reason for this lack of commercial and clinical translation has been
the difficulty in matching the conflicting demands of high therapeutic
efficacy with ease of preparation and characterisation. For example,
there have been many examples of synthetic polymer-drug conjugates
which show high activity in vitro and in pre-clinical in vivo studies?46-24°,
However, inspection of the structures of some of these materials
suggests they would be challenging to synthesise from a scale-up,
commercial standpoint, or would require extensive toxicological
investigations to ensure Good Manufacturing Practice (GMP)-
compliance prior to use which would slow their development250:251,
Accordingly, there remains a focus on aliphatic polyesters for
pharmaceutical applications, as there are many flexible routes for their
synthesis, and the metabolites produced upon their breakdown in the
body are largely known and are removed via natural excretory
pathways'68252.253 - Poly(lactide) (PLA), poly(caprolactone) (PCL) and
poly(glycolide) (PGA) and their copolymers are the most widely used

polyesters in the health care sector, owing to their accessibility from
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readily-available monomers, favourable mechanical properties,

hydrolytic degradation and cytocompatibility?>4-257,

Of particular interest are PLAs and associated co-polymers which can be
easily synthesised via ring-opening polymerisation (ROP) of D,L-lactide
(LA), a cyclic ester available from naturally occurring materials. PLA is
already used in drug delivery as the hydrophobic block of GenexolP10®,
a PEG-PLA co-polymer formulation of the anti-cancer drug Paclitaxel®8,
currently in the clinic in Korea. However, a major drawback with lactide-
type polymers in advanced therapeutic applications is the lack of
functional ‘handles’ on the monomer units, resulting in a limited capability
to conjugate drug molecules to the polymer backbone, reducing the
overall drug loading in the formulation and ultimately the dose which can
be delivered. In addition, limitations in the ability to control degradation
rate, as well as concerns over the long-term biological effects of tin-based
catalysts typically used in their production’®25° are driving research
efforts towards the development of more ‘functional’ and adaptable PLA-

analogue polymer therapeutics.

Modification of the starting lactide monomers can be employed to
introduce addressable functionalities along the polymer main chain?¢°.
However, this strategy often requires many synthetic steps as well as
inefficient purification steps resulting in low yields. Additionally, not all
introduced functionalities are compatible with the ROP process. Free
nucleophiles such as hydroxyls, amines or thiols cannot be present

during polymerisation, and therefore protection/deprotection and post-
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polymerisation modifications may need to be employed if drugs are to be
linked to the polymers. In this regard, aliphatic poly(carbonate)s are
advantageous, as there are a range of methods for their derivatisation,
and the central polymer backbone has appropriate properties for
biomedical applications, being well-tolerated in the body, including the
brain?®!, and also biodegradable®®?. In addition, main-chain substituted
poly(carbonate)s can be synthesised from functionalised cyclic
carbonate monomers through relatively simple chemistry, thus allowing

ready access to covalently-linked polymer-drug conjugates*’©.

There are now several reports that both lactide and cyclic carbonate
monomers can be ring-opened under ambient conditions with
organocatalysts, such as DBU?%%3-266  thus negating the need for metal
catalysts or high temperatures which might otherwise generate toxic or
degraded components in the final polymer product. These data suggest
that functionalised materials which are a) biodegradable and b)
adaptable for a variety of therapeutic formats might be produced through
ROPs of carbonates under mild reaction conditions. These chemistries
might also serve to generate ‘platform’ polymer-drug conjugates which
can be optimised for specific drug delivery applications by further end-

group or side-chain modifications.
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2.2 Chapter Hypotheses and Obijectives

2.2.1 Hypotheses

Hypothesis 1 - A variety of polymers, based on both linear and star
structures, will be synthesised and have the ability to form nanoparticles

(NPs).

Hypothesis 2 - A chemotherapeutic drug will be incorporated to the
formulations, resulting in drug-loaded nanocarriers, relevant for the future

application of a drug delivery method for GBM.

2.2.2 Obijectives:

1. Synthesise a variety of polymers, based on linear and star
structures.
2. Conjugate a relevant chemotherapeutic to the polymer backbone.

3. Formulate nanopatrticles with polymeric formulations.

2.3 Chapter Materials & Methods

2.3.1 Materials

All chemicals were used as obtained without additional purification unless
otherwise stated. Poly(ethylene glycol) methyl ether (MPEG, M, =

5000/2000 Da), trimethylolpropane ethoxylate (3PEG, 4/15 EO/OH, M =
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1014 Da), pentaerythritol ethoxylate (4PEG, 15/4 EO/OH, Mn = 797 Da),
1,8-Diazabicyclo[5.4.0Jundec-5-ene (DBU, 98%), Triethylamine (TEA, 2
99%), di-tert-butyl dicarbonate (99%), ethyl chloroformate and extra-dry
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich.
Polyethylene glycol (PEG, Average Mn = 4000 Da), tetrahydrofuran (THF,
=299.8%), hexane and diethyl ether (Et2O) were purchased from Fisher
Chemical. 2-amino-1,3-propanediol (Serinol, 98%), dichloromethane
(DCM, 99.8%, extra dry over molecular sieve, stabilised, Acroseal) and
acetonitrile  (MeCN, 99.9%, extra dry anhydrous, AcroSeal) were
purchased from AcrosOrganics. Trifluoroacetic acid (TFA, 99%) was
purchased from VWR Chemicals. Ethylchloroformate and N,N'-
Disuccinimidyl Carbonate (DSC, > 95%) were purchased from Merck

KGaA.

2.3.2 Synthesis of tert-butyl (1,3-dihydroxypropan-2yl) carbamate (tert-

butyl serinol, tBS)

Serinol (10 g, 110 mmol) was dissolved in a mixture of water and THF
(100 ml, 4:1 v/v) and the solution was cooled to 0°C. Following addition
of TEA (22.5 mL, 162 mmol) to this mixture, di-tert-butyl dicarbonate (29
g, 131.5 mmol) pre-dissolved in THF (20 mL) was added dropwise over
1h. The reaction mixture was left stirring overnight at room temperature.
Subsequently, THF was removed under reduced pressure and the
residue was extracted with ethyl acetate (4 x 100 mL). The colourless
organic phase was dried over anhydrous magnesium sulphate and

concentrated under reduced pressure. The crude product was
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recrystallized in ethyl acetate (yield 70%, 14.7 g). *H NMR (400 MHz,
CDCI3, ppm): 6 5.30 (s, 1H), 3.86-3.63 (m, 5H), 2.60 (s, 2H), 1.45 (s,
12H). Observed chemical shifts and integrals were in agreement with

previous reports?®’,

2.3.3 Synthesis of tert-butyl (2-oxo-1,3-dioxan-5-yl) carbamate: (tert-

butyl serinol carbonate, tBSC)

Tert-butyl (1,3-dihydroxypropan-2yl) carbamate (26.0 g, 136 mmol) and
ethyl chloroformate (32.0 g, 295 mmol) were dissolved in THF (140 mL)
and the solution was cooled to 0°C. TEA (47.0 mL, 338 mmol) was then
added dropwise over 1h. Subsequently, the reaction mixture was left
stirring overnight at room temperature. The precipitated salts were
filtered off and the filtrate was concentrated under reduced pressure to
afford the product as a white solid. The product was left drying in a
vacuum oven overnight and subsequently washed with a mixture of
THF:Et20 (2:8, v/v) to remove traces of unreacted starting materials
(yield 65%, 19.20 g). *H NMR (400 MHz, CDCls, ppm): & 5.30 (s, 1H),
4.55 (d, 2H), 4.45 (d, 2H), 4.10 (s, 1H), 1.45 (s, 9H). Observed chemical

shifts and integrals were in agreement with previous reports267.268,
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2.3.4 PEG Initiated Ring-Opening Polymerisation of Lactide and tert-
butyl (2-oxo-1,3-dioxan-5-yl) carbamate (tBSC): Kinetics in

Presence of DBU

A predetermined amount of PEG chain initiator (MPEGz2000; 111 mg,
0.055 mmol, mPEGso00; 277 mg, 0.055 mmol, PEGaoo0; 222 mg, 0.055
mmol, 3PEG; 56 mg, 0.055 mmol or 4PEG; 44 mg, 0.055 mmol), lactide
(399 mg; 2.77 mmol) and tBSC (601 mg; 2.77 mmol) were weighed out
in a glass vial (dried in an oven at 100°C overnight) and capped with a
rubber stopper. [M]/[1] was adjusted in order to maintain a constant length
of hydrophobic chains across the different final architectures. Dry DCM
(5 mL), was added and the mixture was allowed to dissolve at room
temperature. An aliquot was taken of the monomer-initiator mixture at this
point: this sample was denoted as time point t0. DBU (3 % mol/mol
compared to the total amount of monomers) was dissolved in DCM (1
mL) and added to catalyse the ring-opening process. After reaction, the
catalyst was deactivated through adding the polymer mixture, dropwise,
to cold hexane (30 mL) and the polymer was purified via multiple
precipitation steps and dried in a vacuum oven (conversion of monomer
into polymer ~ 75-80% w/w; ~ 800 mg). The purified materials were
analysed by NMR and GPC. *H NMR (MmPEGsoo0o-(LA)s0-(tBSC)so as
model) (400 MHz, CDCI3, ppm): & 5.19 (broad m, 104H), 4.26 (broad m,
249H), 3.66 (broad s, 492H), 3.39 (s, 3H), 1.82-1.46 (2 asymmetric broad

s, 429+35H), 1.59 (broad m, 314H). *3C NMR (101 MHz, CDCI3, ppm) &
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=169.76, 154.50, 70.57, 69.00, 67.97, 65.58, 30.93, 28.33, 25.61, 16.65,

15.28.

2.3.5 BOC Deprotection Optimisation

A predetermined amount of PEGylated co-polymer (mMPEGsooo-(LA)so-
(tBSC)so, 100 mg, 0.46 mmol in carbonate-BOC monomer) was dissolved
in extra dry DCM (3 mL). Varying amounts of TFA, with respect to the
calculated tBSC units (2.3 mmol, 263 mg), was added slowly to the
polymer mixture at 0°C. The reaction mixture was left stirring for varying
amounts of time (5, 10 and 30 mins) and following precipitation in cold
hexane, was washed with cold Et2O and analysed by *H NMR. Different
degrees of deprotection were achieved by simply varying the amount of
TFA used and the reaction time. The optimum amount of TFA was found
to be 5 eq, when the reaction time of 20 minutes was undertaken. These
optimised parameters resulted in successful deprotection (~40%) whilst
avoiding degradation of the main polymer backbone. *H NMR (t = 0 min)
(400 MHz, DMSO-d6) & = 5.26 — 5.10 (m, 80H), 4.17 — 4.01 (m, 168H),
3.52 (s, 492H), 1.48 (s, 240H), 1.39 (s, 370H). *H NMR (after 30 mins
and post purification and drying) (400 MHz, DMSO-d6) & = 8.42 (bs,
30H), 7.18 — 7.02 (m, 34H), [approx. 10 units deprotected] 5.24 — 5.11

(m, 62H), 3.51 (s, 492H), 1.55 — 1.41 (m, 204H), 1.38 (s, 320H).
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2.3.6 DOX coupling procedure

DSC (1.5 eq. with respect to the amount of DOX, 0.125 mmol, 32 mg)
pre-dissolved in anhydrous MeCN (3 mL) was added to a solution of
DOX.HCI (1.0 eq., 0.083 mmol, 48 mg) in dry DMSO (3 mL) at 0 °C. TEA
(2.5 eq. with respect to the amount of DOX, 0.21 mmol, 30 uL) was added
slowly to the reaction mixture and left stirring for 4-5 hours. Deprotected
polymer (MPEGsooo-(LA)s0-(tBSC)so; 1.0 eq., 0.083 mmol, 15 mg;
equivalents were calculated to be in high excess when compared to each
repeating tBSC unit) was dissolved in a mixture of anhydrous MeCN/ dry
DMSO (50/50, v/v, 3 mL) and TEA (2.0 eq. with respect to the amount of
deprotected polymer, 0.166 mmol, 23 uL) was added, and the solution
was subsequently added dropwise to the previous reaction mixture. The
reaction was left stirring for a further 3 hours at 0 °C. The resultant
conjugated polymer was purified through multiple precipitation steps in
cold hexane:Et20 (1:5 v/v) mixture and dialysed against water:methanol
(5:1 v/v) mixture for 24 h. Finally, the purified agueous suspension was
freeze-dried for 48 h and stored at -22°C. The conjugation efficiency was
found to be ~72%. A final NMR spectrum of the product (mPEGsooo-
(LA)50-(tBSC)50-DOX) post purification and completely dried was
recorded. 'H NMR (400 MHz, DMSO-d6) & = 14.08 (s, 4H), 7.93 (d, J =
4.3 Hz, 8H), 7.69 — 7.65 (m, 4H), 7.63 (s, 4H), 7.07 (d, J = 7.1 Hz, 21H),
5.34 (d, J = 8.7 Hz, 8H), 5.24 — 5.11 (m, 78H), 4.86 (d, J = 5.9 Hz, 4H),
4.61 — 4.56 (M, 4H), 4.50 (d, J = 10.1 Hz, 8H), 4.36 (d, J = 4.0 Hz, 12H),

4.16 — 3.93 (m, 205H), 3.81 — 3.74 (m, 8H), 3.71 — 3.66 (m, 4H), 3.51 (s,
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492H), 3.24 (s, 4H), 3.07 — 3.01 (m, 8H), 2.94 (d, J = 5.9 Hz, 4H), 2.23

(d, J = 3.8 Hz, 4H), 1.50 — 1.41 (m, 200H), 1.38 (s, 290H).

2.3.7 Cy5 coupling procedure

Polymer (MPEGso00_LA tBSC; 100 mg), TEA (excess; 10 pL) in dry
MeCN (0.5 mL) and DSC (excess; 5 mg) in dry MeCN (1 mL) were added
to a dry glass vial under continuous stirring at 0°C and left for 3 hours. A
stock solution of dye-TEA was made up in dry MeCN. The dye was at 1%
wt/wt to the polymer and the TEA was in excess of the dye. Henceforth,
1 mg Cy5 and 10 uL TEA were dissolved in 2 mL dry MeCN. This was
then added to the reaction under constant stirring at 0°C and left for a
further 3 hours. Subsequently, the resultant conjugated polymer was
purified through multiple precipitation steps in cold hexane: Et20 (3:5 v/v)

and left to dry in a vacuum oven to yield Cy5-conjugated polymer.

2.3.8 Nanoparticle Preparation

A nanoprecipitation method was used to form NPs, whereby the polymers
(10 mg) were dissolved in acetone (1 mL), then the polymeric solution
was added dropwise to deionized water (10 mL, final concentration of 1
mg/mL), under constant stirring at 550 rpm. The polymers rapidly formed
NP suspensions through solvent exchange between water and acetone.
The final suspension was then left stirring overnight at room temperature

in order to reach complete acetone evaporation.
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2.3.9 Ciritical Aggregation Concentration (CAC) calculation

The Critical Aggregation Concentration (CAC) was calculated using a
Zetasizer Nano ZS as described in Malvern application note AN101104
(http://www.malvern.com/en/support/resource-center/application-

notes/AN101104SurfactantMicelleCharacterization.aspx). In brief, a
constant attenuator was selected and the intensity of the scattered light
(count rate in kcps) was monitored for a range of diluted NP suspensions
(100-0.05 pug/mL)?%°. The intensity increases linearly with concentration
above the CMC, while below the CMC the count rates reach a plateau.

The CMC was then calculated by intersecting the two lines.

2.3.10 General Methods and Instrumentation

2.3.10.1 Nuclear Magnetic Resonance (NMR)

NMR spectroscopy is an analytical chemistry technique used to
determine the content and purity of a sample, alongside its molecular
structure?’. In NMR measurements, a magnetic field is applied to the
atomic nucleus of stable isotopes, such as 'H and *3C in this body of
work. The resonant frequency of the atomic nucleus is characterized
through radio frequency pulses in accordance with its chemical or
environmental surroundings. The electrons of the atom circulate in the
direction applied by the magnetic field, which causes a small opposing
magnetic field at the nucleus. The “chemical shift” (ppm or Hz) is
observed for each nucleus whereby the static and opposing magnetic
fields differ. Further analysis of the inter-relations between protons in the
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molecule can be determined based on a principle called “spin-spin
coupling” whereby nuclei that are three or less bond lengths apart exert

an influence on each other’s opposing magnetic field2’*.

Bruker AV400 and AV3400 NMR spectrometers operating at 400 MHz
(*H) and 101 MHz (*3C) at ambient temperature were used to perform
nuclear magnetic resonance (NMR) analysis. Chemical shifts were
assigned in parts per million (ppm). H NMR chemical shifts (dH) are
reported with the shift of CHCIs (& = 7.26 ppm) as the internal standard
when CDCIlz was used. 3C Chemical shifts (5C) are reported using the
central resonance of CHCIs (& = 77.0 ppm) as the internal standard. All
spectra were obtained at ambient temperature (22 °C + 1 °C).
MestReNova 6.0.2 copyright 2009 (Mestrelab Research S. L.) was used

for analysing the spectra.

2.3.10.2 Fourier-Transform Infra-Red (FTIR) Spectroscopy.

FTIR is a form of vibrational spectroscopy used to determine the
molecular structure of a compound based on its characteristic absorption
of infrared radiation?’!. Each organic compound has a specific infrared
spectrum, based on its molecular structure known as a “fingerprint”272:273,
Attenuated total reflectance (ATR) is a method that directly analyses the
sample through intimate contact between the crystal attached to the ATR-
FTIR and the sample surface. During a measurement, the beam of
electromagnetic radiation travels through the crystal and excites the
surface of the sample. The subsequent emitted photons are recorded,
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and those which correspond to the resonant mode frequencies in the
sample are absorbed. Since the absorption bands relate to specific
functional groups within the molecule, identification of these bands leads

to the identification of the functional groups within the molecule?”3.

FTIR spectroscopy was performed in the range of 4000—-650 cm-*. This
was carried out using a Bruker Tensor 27 FT-IR spectrophotometer using

an ATR attachment. Spectra were analysed using MicroLab software.

2.3.10.3 Gel Permeation Chromatography (GPC).

GPC is a size exclusion technique which characterises the molecular
weight and molecular weight distribution of a polymer or
macromolecule?’4. The sample is dissolved in a solvent and passed
through a highly porous column which separates the particles based on
size. Low molecular weight particles get trapped in the pores and travel
slowly through the column, leading to a high retention time, whilst high
molecular weight particles pass quickly through the column and thus
elute from the column first?’4. When coupled with a refractive index

detector, the molecular weight and size distribution can be determined?7>.

GPC was used for determination of number average molecular weight
(Mn), weight average molecular weight (Mw), peak molecular weight (Mp)
and molecular weight distribution (polydispersity, B, Mw/Mn). The analysis
was performed using an Agilent 1260 Infinity Series HPLC (Agilent

Technologies, USA) fitted with two Agilent PL-gel Mixed-E columns in
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series at a flow rate of 1 mL min using THF (HPLC grade, Fisher
Scientific) as eluent at room temperature and a differential refractive
index detector (DRI); or a PL50+ Polymer Laboratories system equipped
with a refractive index detector, employing 2 mixed bed (D) columns at
50°C and using a solution of DMF 0.1% LIiCl as mobile phase at a flow
rate of 1 mL min?t. Poly(methyl methacrylate) standards (M, range:
1,800,000-505 g mol?t) and polycaprolactone standards were used for

calibration.

2.3.10.4 Differential Scanning Calorimetry (DSC).

DSC is a thermoanalytical technique to determine phase transitions, such
as the glass transition temperature (Tg). Briefly, the sample is heated
against a reference material and the changes in heat flow required to
heat the two samples at a constant rate is recorded?’l. Thermal
properties of the materials (5 - 10 mg) were studied by DSC (Q2000, TA

Instruments, Leatherhead, UK) at a heating rate of 10 °C/min.

2.3.10.5 Thermal Gravimetric Analysis (TGA).

TGA is a thermoanalytical technique whereby changes in the mass of a
sample is monitored isothermally (as a function of time) or dynamically
(as a function of increasing temperature at a constant rate)?’. TGA
analysis of the materials (20 mg) was performed in the temperature range
of 30-400°C at 10°C/min (TGA5500). The data were analysed using

Thermal Analysis Software (TRIOS).
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2.3.10.6 Dynamic Light Scattering (DLS).

DLS is a non-invasive technique used for the rapid determination of the
hydrodynamic diameter of particles in suspension (typically in the sub-
micron range) through measuring the speed at which the particles diffuse
due to Brownian motion?’¢, The Stokes-Einstein equation (Figure 2-1) is
then used to correlate the velocity of Brownian motion, the translational

diffusion coefficient, to the size distribution profiles of the particles?’7:278,

Stokes-Einstein Equation
KT

3ntnD

dy = hydrodynamic diameter (m)
x = Boltzmann constant (J/K)

T = temperature (K)

1 = solvent viscosity (kg/m.s)

D = diffusion coefficient (m?/s)

d, =

Figure 2-1 The Stokes-Einstein Equation. Combines the light scattering and diffusion

behaviour of particles.

In DLS measurements, a light source shines a beam of focused light at
the particles in solution, causing it to scatter in all directions and the
intensity of the scattered light is measured by a detector. A detectable
signal is produced when the scattered light results in mutually
constructive phases which are then correlated by the digital

autocorrelator to determine the diffusion behaviour of the particles?’”.
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The particle size was analysed by DLS using a Zetasizer Nano ZS at
25°C, with a scattering angle of 173° and laser wavelength of 633 nm
(Malvern Instruments Ltd). Particle size for the Cy5-NPs were analysed
by DLS at 25°C using a Viscotek 802 DLS, with a laser wavelength of
830 nm (Malvern Instruments Ltd). Measurements were taken in triplicate
of NPs suspensions at 1 mg/mL in milli-Q water and used to calculate

average intensity particle size distributions.

2.3.10.7 Zeta Potential Measurements

Measurements of zeta potential were performed using a Zetasizer Nano
ZS (Malvern Instruments Ltd). The laser doppler velocimetry technique
was used to measure the velocity of the particles in suspension, whereby
this electrophoretic mobility is used to obtain the zeta potential using the
Henry equation?’®. Measurements were taken in triplicate of NP
suspensions at 1 mg/mL in milli-Q water and used to calculate average

zeta potentials.

2.4 Results and Discussion

2.4.1 Monomer Synthesis and Purification

The key steps in the syntheses were preparation of a side-chain
functional cyclic carbonate monomer, and ROPs with organic catalysts
under mild conditions to generate materials with a range of architectures

and self-assembly properties. The cyclic carbonate monomer was

66



Chapter 2 Preparation of polymeric hanocarriers

prepared by adapting a previously reported two-step synthesis?’. The
key modification was the removal of chromatographic purification steps
in the monomer synthesis by a simple solvent/non solvent (THF/Et20)
wash step. The final non optimised yield of pure monomer was 65% after

this rapid and simplified synthetic route (Figure 2-2).

tBS tBSC

Hﬁ FH[— — ’)ﬁ TH[ - (K‘

O
L
tBSC |
i
O
tBS
O
h.
?TS ' ?.IU ' ejs ) 6:0 5.75 ' 5:"] ' 4:5 ) 4.0 3:5 3:0 ‘ 2:5 20 7 1.5 ljD
f1 (ppm)
Figure 2-2 The synthetic scheme for the production of tert-Butyl (2-oxo-1,3-dioxan-5-

yl)carbamate (tBSC).

67



Chapter 2 Preparation of polymeric hanocarriers

2.4.2 Ring Opening Polymerisation

Five different PEGylated initiators were adopted to produce polymers
with different final architectures, but with the same overall length of
hydrophobic unit, which in this case was a random co-polymer of lactide
and tBSC. It was observed via NMR kinetics experiments that both
monomers were consumed to >90% conversion within 15 minutes
(Figure A 1), and therefore this was chosen as the reaction time for all
the PEG-initiated polymerisations. As depicted in Figure 2-4, all the final
polymers showed the characteristic NMR peaks of polymerised lactide
and tBSC, with good agreements in the feed ratios of both monomers
and the initiator (Figure A 2, mPEGsooo-(LA)so-(tBSC)s0 as model, P2
entry). In addition, in the ATR-IR spectra, all the characteristic transitions
of both ester and carbonate moieties were observed (Figure A 3), further
confirming the successful co-polymerisation. There was no observed
difference in reactivity across the series of PEGylated initiators, as
demonstrated by the final molecular weights and monomer ratios

reached post-purification (Table 2-1).
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PEG-initiated block co-polymers

o<

o]
DCM
NHy ) HN™ "0 iy o o . o. o 3% DBU o
P l R{’o\/ﬁo}q +m_‘ 1 F\'T—-FR*‘O\’/'%'O_I' O\L O AL
OH OH OH OH oo NH n o7 o 15 min n [ 2m ﬂ
+ E,
1. Monomer synthesis 2. Polymer synthesis
Library of co-polymers ><
0. 0
L' { NH | H)LL F V\} M Ln’
o ; A _JoH
P 4 \40 50 P3 7‘/}
MPEG,q00_LA_tBSC 100 O

PEG_LA_tBSC

n fool ol o g —r

MPEGsq_LA_tBSC 122

Oz ‘ %0
o ™
P4 o P5 )
3PEG_LA tBSC Or_ 4PEG_LA tBSC &g
)
. o>< oo X =
Y w o
NH
HO 4{’\/ °
33 167 H_{o

Y

(o] NH
g ! ovql I L‘,\)\L
-'EO ), N ’ 25

Figure 2-3 Synthesis of monomer and PEG-initiated co-polymers of varying architectures.



Chapter 2 Preparation of polymeric nanocarriers

N

0.0
0
A I DCM, Y .
o 0. A0 0”0  3%DBU 0 NH
R OH *50 i + 50 > {,o\/\} ®H O\/I\ OH
e RT,  HC o) P
B O.__NH 15 min n 100 § 50 C
T o
3 ° a° 1 A
[} . L
P 5 - . . \I f\ 1‘ 500 1l]ll]l] 15'[]0
R= \c{"\/o , D\/\}o/ . J \ \ 104 sec
g ' . |” “: \ F}J' f ‘IAI“ \ | 2
3 / / ! WY UV .
o
20
) e | \
0 -
I\
P4 S— @ L '. . | I ‘_| N 1000 1500
R > f A 1 J. 1 J‘ =
= Y in / \ J\ \ 20
\o{/\/"&%\/\}o/ — AR " 7 N S e S L
T

P3 ® .' [ | = =M™
R= /{O\/\}o/ AV N N . - ‘L J' ﬂ " - W”

M
89 20
@
' 20
@ @ @ |
P2 R= HgC{O\/\}O/ ." ||| ‘ | B 1000 1500
122 ‘ JUL N ‘ s

6.0 5.5 5.0 45 40 3.5 3.0 2.5 20 15 1

Figure 2-4 A) general reaction scheme for the PEG-initiated ROP, B) *H NMR spectra of the five co-polymers, whereby the colour coding refers to the monomers

constituting the polymeric backbone and C) GPC traces of the polymers.



Chapter 2 Preparation of polymeric hanocarriers

Table 2-1 Chemical and physical characterisation of the PEGylated co-polymers.

*compared to PMMA standards.

LABSC | LABSC . .
units units | M, (NMR) | Ma(GPC) ) T,ec) | T CC | Tme(C) | Ay uig)
kDa g

(targeted) (exper)
P1 mPEGy00 LA tBSC 60-53 | 55-48 | 20330 203 126 431 396 55
P2 mPEGs00_LA_tBSC 55 - 50 52-50 23200 233 1.15 18.6 452 31.7
P3PEG_LA tBSC 50-50 | 50-45 | 20960 17.0 122 206 42.1 2556
P4 3PEG_LA_1BSC 55-53 | 52-49 | 19135 16.4 121 464
PS5 4PEG_LA_tBSC 56-55 | 55-55 | 20650 16.3 122 42.1

In the DSC thermograms, as reported in Table 1, the polymers
synthesised using crystalline PEG initiators showed a melting point (with
different values of enthalpy) in the first cycle, while no melting transition
could be observed in subsequent cooling and heating cycles within the
temperature range explored. Glass transition temperatures (Tg) were
observed for all the polymeric samples indicating the presence of
amorphous structures as previously reported for similar co-polymers
such as PEG-PLGA and PLGA?8%.281 The inability of the PEG chain to
recrystallise can be attributed to the interaction with the ester-carbonate
hydrophobic chains, hindering the chain-packing nucleation steps during
cooling cycles?®?, Interestingly, the Tqof P2 and P3 was found to be below
37°C, and hence would be in emulsion form, rather than suspension form,
meaning a different drug release could be expected and stealth
properties of the NPs would likely be enhanced. In addition, it was found
that the polymers synthesised from PEG initiators which were liquid at
room temperature (i.e. the 3 and 4 arms PEG, P4 and P5 entries) had no

determinable melting point.
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2.4.3 Polymer side-chain derivatisation and drug coupling

2.4.3.1 BOC Deprotection

The intended use of the polymer family as delivery agents was also
envisaged whereby drugs were covalently attached as well as, or in place
of, encapsulated therapeutics. Accordingly, polymer P2 was chosen as
the exemplar material from the small library and activated for drug
attachment by removal of the BOC group. It was important for this step
to occur without causing degradation of the polyester and polycarbonate
backbone, thus the reaction was performed at 0°C. In experiments to
evaluate the optimal timing of the reactions, it was found that consistent
deprotection of up to 40% of the initial BOC functionality was reached
within 20 minutes of reaction, without degradation of the polymer
backbone as shown by NMR (Figure 2-5). It was also found that removal
of the BOC group and formation of free amine groups on the side-chains
reduced the solubility of the polymer in CDCls, thus all the deprotected
materials were analysed in DMSO-ds (for clarity the unfunctionalised
polymer was also analysed in both the deuterated solvents as shown in
Figure A 4). As depicted in Figure 2-5, the NH proton of the carbamide
and the protons of the new produced ammonium moieties were clearly
visible in the spectra between 7.0 and 8.6 ppm thus allowing simple
calculation of the extent of BOC deprotection and conversion to free

amine groups on the side chains.
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Figure 2-5 'H NMR spectra to show BOC deprotection on the carbonate unit in the polymer
backbone. Spectra recorded after purification of the polymer from 0, 5, 10 and 30 minutes of

reaction time.

2.4.3.2 Drug Conjugation

Following the formation of the amine groups on P2, coupling of the
widely-used anticancer agent, DOX, was carried out using N,N’-
disuccinimidyl-carbonate (DSC) as the coupling-agent, thus linking the
drug to the polymer via a stable urea linkage. The resultant polymer
prodrug P2-DOX contained ~10 molecules of DOX based on NMR
analysis, indicating a coupling yield of ~ 80 % based on the 12-13 free

NH:z units available per chain following BOC deprotection (Figure 2-6).
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DOX was selected as the drug of choice for conjugation to the polymeric
backbone in part due to the availability of a primary amine group, which
we hypothesised would be an accessible group for conjugation to the
amine groups on the polymeric backbone. Alongside this, DOX has
shown promising in vitro?® and in vivo!?%135155 results and has been used
in clinical trials in the treatment of GBM (systemic delivery)?3283, In
particular, it has been shown to be efficacious in the treatment of GBM

through local delivery?®,
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Figure 2-6 A. Structure of the polymeric prodrug mMPEGsooo-(LA)s0-(tBSC)s0-DOX. B.

Stacked HNMR spectra of the unmodified MPEGsooo-(LA)so-(tBSC)so (bottom) and two

modifications of MPEGsoo0-(LA)s0-(tBSC)s0-DOX (middle and top spectra) at two different extents

of functionalisation.
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2.4.3.3 Cy5 Dye conjugation

Cy5, a near-IR labelling agent, was selected as the dye of choice for
imaging purposes due to its low limits of detection, accessible wavelength
fluorescence emission and common use in biodistribution studies in
vivo?®4, The hydroxyl group present on Cy5 would form a carbamate bond
upon conjugation, and DSC was investigated as the coupling agent?8>-
287 (Figure 2-7). The presence of broadened peaks in the aromatic region
of the 'H NMR (Figure 2-8) indicates the successful coupling of Cy5 to
the hydroxyl end of the polymer. Fluorescence spectroscopy experiments

are required to quantify the amount of dye present per polymer chain.
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Figure 2-7 Synthetic scheme for Cy5 conjugation to polymer backbone.
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Figure 2-8 H NMR showing coupling of Cy5 to the polymer backbone.

2.4.4 Nanoparticle preparation

Self-assembling amphiphilic PEG-polylactide and PEG-polycarbonate
materials have been widely investigated as NP carriers in drug and gene
delivery assays?®28. Therefore, the ability of the varying polymeric
architectures synthesised above to self-assemble into well-defined NPs
using the standard formulation technique of nanoprecipitation (solvent
displacement)?®® was evaluated. Rapid precipitation of the block
polymers from acetone solutions into deionised water resulted in
formation of NPs with sizes varying from 65 — 120 nm (Table 2-2; Figure
A 5). The zeta potentials of all these NPs were negative, below -10 mV,
as expected based on the presence of a hydrophilic PEG corona shell,

with weak lone-pair interactions at the oxyethylene units with solution
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cations and the corresponding association of solution anions to form the
outermost layers (Table 2-2). The length of the hydrophobic fragments
was kept constant across the range of co-polymers, and thus the
differences in size and zeta potential can be attributed to the different
PEG initiators adopted. CAC values were calculated by exploiting the
light scattering count rate intensity variation according to serial dilution
experiments. The resulting values were in the range of 8.5 to 12.7 pg/ml
which indicated that NPs were present at low concentration in the final

suspensions and required high dilution before disaggregation occurred.

Table 2-2 NP size distribution and zeta potential.

Average values from at least 3 sample replicates produced from 3 batches: measurements in

milliQ water

Critical
Size (nm) : . Aggregation

(At 1 mg/mL) PDI Z-potential (mV) Concentration

(CAC) (ng/mL)
P1 mPEG,,_LA_tBSC 68.6+1.1 0.1+00 -269+25 95
P2 mPEGg,_LA_tBSC 61.4+1.0 0.1+£00 -235+45 85
P3 PEG_LA_tBSC 68.1+1.9 0.1+£00 -10.7£35 12.7
P4 3PEG_LA_tBSC 118.9+3.8 0.1+00 292455 11.5
P5 4PEG_LA_tBSC 119.6 £ 3.1 0.1+£00 -30.1£55 12.1

DLS was the only method used to determine the size profiles of the
various NP formulations. TEM is a microscopy technique used to
determine the size and morphology of NPs and is often used as an
orthogonal method to DLS. In TEM measurements, a beam of high

energy electrons is transmitted through a sample and an image is
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subsequently formed based on the interactions of the electrons with the
sample?®l, The morphologies and sizes of polymeric NPs can thus be
determined. For further characterisation of these NP formulations, TEM

should be performed.

The incorporation of Cy5 or DOX onto the polymeric backbones did not
have an impact on the size of the NPs, as they were only slightly larger
with the additional components, and the PDI remained narrow for each
formulation, as can be observed in Table 2-3. Zeta potential
measurements for the P2-Cy5 and P2-DOX NP formulations should be
carried out to clarify whether the additional dye/drug components
affected the stability of the NPs, and thus alter the characteristics of the

subsequent NPs.

Table 2-3 Size, PDI and Zeta Potential values for P2, P2-DOX and P2-Cy5 NPs.
Formulation Size (nm) PDI Zeta Potential
P2 614+1.0 0.10+0.00 -235+45
P2-DOX 66.9+2.0 0.09 £0.02 -—-
P2-Cy5 65.2+236 0.13 -

2.5 Conclusion

In this body of work, the design, synthesis and characterisation of five
PEGylated poly(lactide)-poly(carbonate) co-polymers with varying

architecture and balance of amphiphilic components has been
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presented. It has been demonstrated that these potential biomedical
polymers suggest a number of advantages compared to existing
methodologies for biomaterial synthesis. Firstly, the use of DBU as
catalyst for controlled ROP enabled a range of polymers to be formed
with good retention of functionality, and these materials were easily
accessible through reactions under ambient and readily-achievable
conditions. Secondly, PEGylated co-polymers could be generated with
minimal purification steps, preserving the key functionalities along the
polymeric backbone allowing for further modifications with drug
molecules and labels for desired pharmaceutical and medical
applications. Finally, the polymers could be designed for particular
architectures or self-assembly properties without requiring multiple
reactions steps, and their association into drug delivery NPs was easily

demonstrated.
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Chapter 3 In vitro evaluation of synthesised

polymeric NPs for the treatment of GBM

3.1 Introduction

Glioblastoma multiforme (GBM) is the most common, malignant and
aggressive brain tumour in adults, mainly due to its rapid proliferation and
ability to penetrate and diffusely infiltrate healthy brain parenchyma.
Standard of care treatment currently involves a combination of surgery,
radiotherapy and chemotherapy. Yet, despite this multimodal treatment
method, the median survival remains less than 15 months23. Local,
intracranial drug delivery has been developed over the last two decades
in order to exploit the low transport of drugs across the BBB, and thus
ensure locally-delivered drugs remain in the brain. As surgery is the usual
first step in the treatment of GBM, the rationale for intracranial drug
delivery is based upon a unique treatment window immediately adjuvant
to neurosurgery, in this case by delivering drugs directly to the site of
minimal volume residual tumour following surgery. However, better
treatment methods are necessary to eradicate residual tumour cells
which remain beyond the resection cavity lining post-surgery, as GBM

recurrence is almost certain unless these cells are eradicated.

A PLGA/PEG matrix, consisting of PLGA/PEG micropatrticles, has been
designed and developed by our laboratory to act as a localised drug

delivery system in the treatment of GBM®&8’, The microparticles are
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mixed with saline at room temperature to form a paste, enabling the
surgeon to line the resection cavity site following the removal of the
tumour. The microparticles then sinter at 37°C when the microparticles
fuse, retaining the cavity lining shape. Initial studies have provided a
promising proof of concept whereby chemotherapeutic drugs can be
embedded into the drug delivery matrix and released gradually, via
diffusion, away from the original resection site in the brain, efficaciously
targeting the residual infiltrative cells remaining beyond the resection

Site®s,

Brain penetration of delivered agents once released from the drug
delivery depot still presents a major challenge to effective treatment.
Polymer therapeutics offer a solution to this problem, whereby anticancer
agents are conjugated to macromolecules or encapsulated within
nanoparticles. When subsequently formulated within the PLGA/PEG
microparticles prior to releasing their drug payload, it is hypothesised that
enhanced delivery of the therapeutic further into the brain parenchyma
would be achieved compared to what is currently possible with direct
release of the drug from the microparticles. The direct release of drugs
relies on passive diffusion and unspecific uptake in healthy cells, as well
as cancer cells?%?, which restricts the tissue penetration of the drug.
Conversely, the release of polymeric nanocarriers relies on active
transport mechanisms?%3-2%_increasing the ability of the nanocarrier to

travel further away from the drug depot site.
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NPs can be internalised by two major endocytosis pathways:
phagocytosis and pinocytosis. Pinocytosis accounts for the cellular
uptake of smaller NPs (<500 nm) and can be further distinguished by
clathrin-dependent, caveolae-dependent and clathrin/caveolae-
independent pathways?®’. Clathrin-dependent endocytosis occurs via
receptor-specific uptake or by receptor-independent uptake, and takes
place in clathrin-rich areas of the plasma cell membrane?°8. Caveolae-
dependent endocytosis plays a vital role in many biological processes,
including cell signalling and transcytosis. Importantly, in terms of drug
delivery, particles entering the cell through this pathway can circumvent
lysosomal degradation, leading to improved efficacy?®®. Where cells are
devoid of both clathrin and caveolae, nanoparticles may be internalised
via the clathrin/caveolae-independent pathway3%®, and there are many
examples of nanoparticles exploiting this internalisation pathway through
the utilisation of folic acid as a targeting agent3°t. Furthermore, less major
transport mechanisms are known to enable the uptake of NPs into cells,
for example, passive diffusion, direct microinjection and

electroporation?®3.

NPs can be released from cells via exocytosis, which is distinguished by
two main mechanisms: regulated exocytosis and constitutive exocytosis.
Regulated exocytosis occurs when the contents of an intracellular
vacuole are secreted from the cell in response to a specific signal,
whereas constitutive exocytosis does not require a signal to secrete the

macromolecules3®?, Cell internalisation and exocytosis pathways are of
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importance when considering the design and future application of drug-
loaded nanocarriers3%3, For instance, the various endocytosis routes can
transport the drug-loaded nanocarrier to different internal sites within the
cell. In the case of this project, it would be ideal for the NPs to avoid
lysosomes and subsequent degradation to thus afford further penetration

through brain parenchyma.

Localised drug delivery for GBM has major advantages over delivering
drugs systemically, mainly that high therapeutic drug concentrations can
be achieved at the malignant tumour site, whilst avoiding systemic dose-
limiting side effects. This method is proposed to enable the controlled and
sustained release of the chemotherapeutic drug(s) over a number of
weeks, thus filling the current oncological treatment gap between surgery

and radiotherapy/chemotherapy (typically 3 — 4 weeks).

The previous chapter introduced the PEGylated poly(lactide)-
poly(carbonate) co-polymers, where the main polymeric platform was
based upon a commercially-available polymeric formulation,
GenexolP10®, a PEG-lactide polymeric backbone with paclitaxel
incorporated, approved for use in the clinic in South Korea for the
treatment of breast cancer and non-small cell lung cancer?. A second
monomer with functionalising capability was introduced to the system to
enable the conjugation of DOX, a relevant chemotherapeutic in the
treatment of GBM3043%5, A [ibrary of five polymers was synthesised with

different PEG initiators, leading to materials with varying macromolecular
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architectures. Each polymer formulation displayed self-assembling

properties, and all were able to form NPs of varying sizes.

DOX was selected as the drug candidate of choice, not only for the
availability of a primary amine group offering a possible conjugation point
to the polymeric backbone, but also for its use in multiple in vitrot®2-195,
in vivol9-206 and clinical trials?'1213214 indicating its relevance in the
treatment of GBM. DOX, however, has been shown to be inefficient at
crossing the BBB36:307 and despite the development of DOX-loaded
NPs capable of traversing the BBB, DOX is an exemplar of a favourable

drug choice for localised delivery in the treatment of GBM.

It was hypothesised that incorporating drug loaded NPs, which are
capable of transcytotic ‘hopping’?41308-312  into the pre-existing
biodegradable microparticulate paste, would lead to efficacious local
delivery in the treatment of GBM. Through the use of polymer-drug
conjugate NPs, there is the possibility of avoiding drug metabolism and

degradation, potentially leading to a higher delivered dose.

A major problem with existing treatment approaches for GBM includes
the increased intrinsic resistance to chemotherapeutic drugs, caused by
the heterogeneity of the tumour micro-environment and subsequent
genetic and epigenetic variation in tumour sub-clones as a result of
variable selective pressures. Based on an increasing understanding of
brain intra-tumour heterogeneity, the capability to evaluate prospective
treatment on primary derived cell lines from the invasive region of the
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tumour, is clinically-relevant for the treatment of GBM. Most commercial
GBM cell lines have been historically derived from the MRI contrast-
enhanced core region of tumours, which does not allow a realistic,
phenotypically accurate representation of the infiltrative cells which
remain post-surgery and ultimately result in the inevitable recurrence of
GBM?313, Significantly, residual cells at the tumour margin are responsible
for the 85% of GBMs that relapse locally (typically within 2 cm? of the
infiltrative margin) after maximal safe surgical resection followed by the
standard combination protocol of temozolomide and radiotherapy3'4.
Therefore, the discovery of chemotherapeutics active against invasive
GBM cells represents a crucial step in the development of therapies for

the treatment of this pathology3'°.

This body of work utilises cell lines derived from the infiltrative margin of
adult patients, including those undergoing 5-ALA fluorescence-guided
neurosurgical resection, at the Queen’s Medical Centre, University of
Nottingham®. In this chapter, the effect of the synthesised NPs
(described in Chapter 2) on the metabolic activity of these primary cell
lines and the traditionally-used commercial glioma cell line, U87, derived
from the tumour core, was evaluated. The release profile of the DOX-
loaded NPs from the PLGA/PEG matrix and DOX release from NPs was

also evaluated.
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3.2 Chapter Hypotheses and Objectives

3.2.1 Chapter Hypotheses

Hypothesis 1 — Non-drug-loaded NPs (control NPs) are cytocompatible

with patient-derived glioblastoma cell lines.

Hypothesis 2 — DOX-loaded NPs will release from PLGA/PEG paste in

vitro over several weeks.

3.2.2 Chapter Objectives:

1. Perform metabolic cell viability assays with non-drug-loaded
control NPs on a panel of GBM cell lines.

2. Perform metabolic cell viability assays with DOX-loaded NPs on a
panel of GBM cell lines and calculate ICso concentrations.

3. Measure drug release from the DOX-loaded NPs.

4. Measure release of the DOX-loaded NPs from the PLGA/PEG

matrix.

3.3 Chapter Materials & Methods

3.3.1 Materials

All materials were used as obtained unless otherwise stated. Dulbecco’s
Phosphate Buffered Saline (PBS; modified without calcium chloride and

magnesium chloride; sterile-filtered), Dimethyl Sulfoxide (DMSO,
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>99.7%; sterile-filtered) and sterile water (sterile-filtered) were purchased
from Sigma Life Science. Astrocyte Medium (AM; sterile filtered), Poly-L-
Lysine (1 mg/mL; sterile filtered), Trypsin/EDTA solution (T/E; 0.25%;
sterile-filtered) and Trypsin Neutralization Solution (TNS; sterile filtered)
were purchased from ScienCell Research Laboratories. Hank’s
Balanced Salt Solution (HBSS; sterile-filtered), Dulbecco’s Phosphate
Buffer Saline (DPBS; supplemented with calcium chloride and
magnesium chloride), Dulbecco’s Modified Eagle Medium (DMEM;
supplemented with 1 g/L D-Glucose L-Glutamine and pyruvate), phenol
red-free DMEM (with 4500 mg/L glucose and sodium bicarbonate and
without L-glutamine, sodium pyruvate and phenol red) and FluoroBrite
DMEM were purchased from Gibco™ by ThermoFisher Scientific.
PrestoBlue™ Cell Viability Reagent and Hoechst 33342 were purchased
from Invitrogen™ by ThermoFisher Scientific. HyClone™ Bovine Growth
Serum (FBS; GE Healthcare) was purchased from Fisher Scientific by
ThermoFisher. Acetone (>99.8%) was purchased from Fisher Chemical.
Dimethyl Sulfoxide (DMSO) was purchased from Honeywell.
Poly(ethylene glycol) (PEG; M = 400 Da) was purchased from Aldrich
Chemistry. Poly(lactic-co-glycolic acid) Resomer® (Po.LGA; Select 85:15
DLG 4CA; technical grade) was purchased from Evonik. Doxorubicin
(hydrochloride) (DOX.HCIl) was purchased from Cayman Chemical

company.
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3.3.2 Nanopatrticle stability studies

Nanoparticles (NPs) were formed as described in the previous chapter.
In brief, a nanoprecipitation method was used to form kinetically-trapped,
‘micellar-like’ NPs, whereby the polymers (10 mg) were dissolved in
acetone (1 mL), and the polymeric solution was added dropwise to
deionized water (10 mL, final concentration of 1 mg/mL) under constant
stirring at 550 rpm. The polymers rapidly formed NP suspensions through
solvent exchange between water and acetone. The final suspension was
subsequently dialysed in a 3.5 kDa molecular weight cut-off pleated
shakeskin tubing against PBS overnight in order for complete exchange
between water and PBS. The resultant sizes of the NPs were derived via
DLS measurements following filtration using a 0.22 um filter. Control NPs
(final conc. 500 pg/mL) were stored at 4°C, whilst another set were mixed
1:1 with DMEM (final conc. 500 pg/mL) and stored at 37°C, to provide a
“stimulated” environment. The particle sizes were determined by DLS at
time points 1, 4, 24, 48 and 168 h using a Zetasizer Nano ZS (Malvern
Instruments Ltd). Measurements were taken in triplicate of NPs
suspensions at 500 pg/mL and used to calculate mean intensity particle

size distributions.

3.3.3 Tissue culture of the cell monolayers

3.3.3.1 Routine cell maintenance

The cells were cultured in 75 cm?flasks at 37°C in a humidified incubator

with 5% CO:2 until they reached confluence. Once confluent, cells were
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passaged using Trypsin/EDTA. Media was removed from the flask and
cells were washed gently with HBSS. Trypsin/EDTA (3 mL) was added
to the flask and incubated for two — three minutes, until the cells had
detached from the bottom of the flask by enzymatic dissociation. This
was checked using a light microscope. Warmed DMEM (supplemented
with 1 g/L D-Glucose L-Glutamine and pyruvate; 8 mL) was added to the
flask to deactivate the trypsin. The resultant suspension was centrifuged
at 800 rpm for five minutes. The supernatant medium was removed,
replaced with fresh DMEM (5 mL) and the cells were resuspended. An
aliquot of cell suspension was added to a fresh flask containing DMEM
(12 mL). Splitting ratios between 1:2 and 1:8 were used dependent on

cell type (doubling rate) and confluency.

3.3.3.2 Frozen Storage of Cells

Cells were cultured to confluency and detached using the previously
described method. Freezing medium was made up of FBS : DMSO (9:1;
1 mL per cryovial). Following centrifugation and removal of the
supernatant, the cells were resuspended in freezing medium and
transferred to a labelled sterile cryovial and placed in a ‘Mr Frosty’
container which was subsequently placed in a -80°C freezer in order to
achieve a controlled cooling rate of 1°C per minute. For longer term
storage, the cryovials containing the frozen cells were transferred to

vapour phase liquid nitrogen storage tanks.
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3.3.3.3 Revival of frozen cells

The cells were removed from cold storage and rapidly thawed at 37°C in
a water bath. The cell suspension was added to a newly labelled flask
containing warmed DMEM (at least 13 mL) and placed in an incubator.
The medium was changed within 24 hours in order to remove all
cryoprotectant. Following revival, cells were passaged at least twice

before carrying out any assays.

3.3.4 Celllines

3.3.4.1 U87 glioma cell line

The U87 GBM cell line was obtained from ATCC and cultured within a
passage window of 13 splits. Cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% (v/v) Foetal Bovine

Serum (FBS) at 37°C in a humidified incubator with 5% CO..

3.3.4.2 Primary GBM cell lines

GIN-8 (Glioma INvasive margin cells) were isolated from medial front
invasive margin (54y Female, Wild type IDH (primary GBM), intact ATRX,
0% MGMT promoter methylation, 90% resection plus Gliadel wafers;
Treatment 60Gy radiotherapy, concurrent and adjuvant temozolomide;
patient died 5months after surgery), GIN-28 were isolated from 5-ALA
fluorescence-positive invasive margin (71y Male, Wild type IDH (primary

GBM), intact ATRX, 0% MGMT promoter methylation 99% resection; no
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adjuvant therapy (patient choice); died 3 months after surgery)3'® and
GIN-31 were isolated from 5-ALA fluorescence-positive invasive margin
(57y Female, Wild type IDH (primary GBM), intact ATRX, 0% MGMT
promoter methylation, 100% resection; Treatment 60Gy radiotherapy,
concurrent and adjuvant temozolomide; patient died 16.1 months after
surgery) by our laboratory, and were used at passages of 24-50, 26-41
and 28-55 respectively. Single tandem repeat (STR) genotyping is
detailed in Figure A 6. Cell lines were cultured in Dulbecco's Modified
Eagle Medium (DMEM; Sigma-Aldrich) supplemented with 10% FBS,
1g/L Glucose and 2 mM L-glutamine (Sigma-Aldrich) at 37°C with 5%

CO..

3.3.4.3 Human Astrocyte cell line

A primary human astrocyte cell line was used as a comparator of healthy
brain cells. This was obtained from ScienCell Research Laboratories
(catalogue #1800) and cultured between passage three and ten. Cells
were cultured in Astrocyte Medium (AM) supplemented with 2% FBS
(V/v), 1% penicillin-streptomycin (v/v) and 1% Astrocyte Growth Medium
(v/v) at 37°C in a humidified incubator with 5% CO2. Cells were cultured
in flasks previously coated with poly-I-lysine (150 pL; 10 mg/mL) and
sterile water (10 mL; final concentration 2 pug/cm?) for a minimum of one
hour to promote adhesion of the cells. Prior to plating the cells, the flasks

were washed twice with sterile water.
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3.3.4.4 9L Rat Glioma cell line

The 9L rat glioma cell line was used as a model for future in vivo work. It
was received as a gift from Prof. Henry Brem and Dr. Betty Tyler from
Johns Hopkins University. The cell line was cultured in DMEM
supplemented with 10% FBS, 1g/L Glucose and 2 mM L-Glutamine at

37°C with 5% CO:a.
3.3.5 Invitro 2D cell viability assays

The PrestoBlue™ assay is a cell viability assay based on enzymatic
reduction of a resazurin indicator dye by metabolically active cells3'’. The
enzymatic reduction occurs in the mitochondria by enzymes such as
flavin mononucleotide dehydrogenase, flavin adenine dinucleotide
dehydrogenase, nicotinamide  adenine  dehydrogenase, and
cytochromes3'8. The red resorufin is subsequently excreted to the
surrounding medium of the cells resulting in a visible colour change from

blue to pink.

NADH/H*  NAD* HgO

Foost = O

Resazurin Resofurin

Figure 3-1 The mechanism of reduction of resezurin, a blue weak fluorescent indicator

dye, to resofurin, a strong fluorescent pink dye, in response to irreversible chemical reduction.
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The rate of reduction, which can be quantified colourimetrically or
fluorometrically, is henceforth proportional to the number of viable cells
in the well®®. The measurements here were carried out using
fluorescence due to the overlap of the absorbance spectra for the
oxidised and reduced forms of the dye, thus representing a more
sensitive approach. As the chemical reduction does not adversely impact

cell viability, the same population of cells can be measured longitudinally.

The PrestoBlue™ assay is reported to be more sensitive with a quicker
incubation time than the original AlamarBlue™ assay, which works using
the same resazurin dye reduction. There are no reports on how the two
assays differ with regards to the mechanism or chemical reaction3°.
Henceforth, the PrestoBlue™ assay was selected over the AlamarBlue™
assay due to its increased sensitivity; as little as 10 cells per well in a 384
well plate can be seeded, and its rapid incubation time (as short as 10
minutes)®?!, both favourable aspects for a high throughput screening

approach.

3.3.5.1 Optimising Cell Seeding Densities for the Primary Cell Lines

An initial assay was carried out in order to determine the most appropriate
cell culture period and cell seeding density for each primary cell line for
the cell viability assays. GIN-8 and GIN-28 cells were seeded at 3 x 10?2,
5 x 103, 7 x 10% and 9 x 103 cells per well in 96 well plates. GIN-31 cells
were seeded at 1 x 103, 2 x 103, 3 x 103, 4 x 103, 5 x 103, 7 x 10% and 9 x
103 cells per well in a 96 well plate. More seeding densities were selected
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for GIN-31 as these cells were much larger than the GIN-8 and GIN-28
and thus were expected to require a smaller seeding density. After each
time point (24, 48 and 72 h), the media was removed and 110 pL 10 %
(v/v) PrestoBlue™ reagent diluted in HBSS was applied per well for 45
minutes. The resulting fluorescence was measured at 544/590 nm
(Aex./Aem.) on a BMG Labtech FLUOstar Omega microplate reader.
Fluorescence values between 2000 and 3000 were aimed for, to alleviate

the possibility of self-quenching.

3.3.5.2 Metabolic activity assay

The PrestoBlue™ Cell Viability assay was performed to assess the
metabolic activity of a model glioma cell line (U87) when exposed to the
NPs (control and DOX-loaded). Prior to cell exposure, the NPs were
dialysed overnight in a 3.5 kDa molecular weight cut-off pleated
shakeskin tubing against PBS. The cells were seeded at a density of
5x103 cells per well in 96 well plates3??-326 and cultured for 24 hours prior
to treatment with NPs. Cells were exposed to NPs for 72 hours and
applied in 100 uL DMEM containing 10 % (v/v) FBS. DMSO (100%) was
used for a cell death (positive) control and a vehicle control containing no
NPs (100% DMEM) used as a negative control. Following exposure, the
NP suspensions were removed, and the cells were subsequently washed
twice with warm Hank’s Balanced Salt Solution (HBSS). 110 uL 10 %
(v/v) PrestoBlue™ reagent diluted in HBSS was applied per well for 45
minutes. The resulting fluorescence was measured at 544/590 nm

(Aex./Aem.) on a BMG Labtech FLUOstar Omega microplate reader.
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Relative metabolic activity was calculated by setting normalised values
from the negative control as 100 % and positive control as 0 % metabolic

activity.

For the metabolic cell viability studies carried out on the primary cell lines
(GIN-8, GIN-28 and GIN-31), the same method as above was carried out.
GIN-8 and GIN-28 cells were seeded at a density of 5x10° cells per well,
while GIN-31 cells were seeded at a density of 3x102 cells per well, in 96

well plates and cultured for 24 hours prior to exposure to the NPs.

For the metabolic cell viability studies carried out on the 9L cell line, the
same method as above was carried out. The cells were seeded in 96 well
plates at a seeding density of 3 x 103 cells per well and cultured for 24

hours prior to exposure to the NPs.

For the metabolic cell viability studies carried out on the primary human
astrocyte cell line, the PrestoBlue™ reagent was diluted in DPBS and
applied per well for 60 minutes. The cells were seeded at a density of
5x102 cells per well in 96 well plates and cultured for 24 hours prior to

exposure to the NPs.

3.3.5.3 DOX ICsg

Cells were seeded as stated above for each cell line and cultured for 24
hours prior to assaying. A stock solution of DOX in DMSO (10 mg/mL)

was prepared. Serial dilutions of the stock (104, 10, 106, 1077, 108, 10
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9,100, 10-** and 10?2 M) were prepared in DMEM and applied to the
cells (100 pL). Following 72 h exposure, the PrestoBlue™ assay was
carried out as previously described. The metabolic activity of the cells
was calculated for each DOX concentration and GraphPad Prism (v8.1.2)
was subsequently used to calculate the ICsp value by fitting the data via
the least squares method to a four-parameter dose-response curve with

a variable slope.

3.3.6 Cellular uptake of NPs

NPs for uptake experiments were prepared as previously described but
were formulated as 10% wt/wt of MPEGsooo_LA_tBSC-Cy5 (P2-Cy5) and
90% wt/wt mMPEGso00_LA _tBSC (P2) at a final concentration of 50 pg/mL.
U87 GBM cells were seeded at a density of 1x10 cells per well in 96 well
plates and cultured for 48 hours. The medium was subsequently
removed, and cells washed with PBS. 100 puL of Cy5 NPs (50 pg/mL;
diluted in phenol red free DMEM containing 10% (v/v) FBS) were
incubated with cells for varying time points (0.5, 1h, 2h and 4h) at 37°C
with 5% CO.. Following the appropriate incubation time, the NP solution
was removed, and cells were washed three times with ice cold PBS.
Nuclei staining was then carried out whereby Hoechst 33342 (100 puL; 10
png/mL) was applied in PBS onto the cells for 15 minutes at 37°C.
Following removal of the staining solution, the cells were washed twice
with PBS. FluoroBrite DMEM was added to wells and cells were imaged
on an inverted Nikon Eclipse TE 300 fluorescent microscope on DAPI

and Cy5 filters. Images were processed using ImageJ software and used
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qualitatively to assess uptake of the NPs into the cells. The Cy5 and DAPI

filters were overlaid to determine if the NPs were located in the nucleus.

3.3.7 Preparation of PLGA/PEG matrix

The PLGA/PEG paste was prepared as described previously’®7°. In brief,
thermosensitive microparticles were fabricated from blends of 53 kDa
PoLGA (85:15 DLG 4CA) and PEG. A mixture of 93.5 : 6.5% PLGA :
PEG (w/v) was blended at 80—90°C on a hotplate. The melted PLGA and
PEG were mixed by hand using a polytetrafluoroethylene (PTFE)-coated
spatula and the mixture cooled to room temperature. Polymer blend
sheets were then ground into particles in a bench-top mill (Krups Mill
F203) and the particles were sieved to obtain the 100-200 um patrticle

size fraction.

3.3.8 Release studies

3.3.8.1 DOX release from DOX-NPs

Polymer-DOX conjugates were formulated by nanoprecipitation to form
DOX-NPs of size 67 nm, as previously described, at a concentration of 2
mg/mL (Chapter 2) and DOX release from DOX-NPs was measured.
Following dialysis against PBS, the resultant NPs (500 uL) were pipetted
into a Slide-A-Lyser® MINI Dialysis device with a 3.5kDa molecular
weight cut off, with 14 mL PBS in the Eppendorf below. At set time points
(t=0.02,0.04, 0.08, 0.17,0.25, 1, 2, 3, 6, 7, 28 and 44 days), the entire

14 mL PBS sample was removed and replaced with fresh PBS. The
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removed PBS sample was freeze-dried and resuspended in DMSO (5
mL), sonicated for 10 minutes and centrifuged for a further 10 minutes.
The DOX present in the resultant supernatant sample (2 mL) was
analysed by fluorescence on a Varian CaryEclipse Fluorescent
Spectrometer. The sample was read on slow scan mode, 450/510-640
nm (Aex./Aem.) at 900V, with excitation split set at 5 nm and emission

split set at 10 nm.

3.3.8.2 DOX-NP release from PLGA/PEG paste

DOX-NPs were formulated as previously described (5 mg/mL). When
forming the PLGA/PEG paste, the DOX-NP solution replaced the PBS to
form DOX-NP-loaded-PLGA/PEG paste. PLGA/PEG micropatrticles (636
mg; 100 — 200 um) was mixed with 509 pL DOX-NPs (dialysed overnight
against PBS; final conc. 2.65 mg/mL) and split evenly six ways (106 mg
PLGA/PEG; 84.83 pL DOX-NP), approximately maintaining the
previously optimised 1 : 0.8 (polymer : saline) ratio’®. Three formulations
were packed tightly into cylindrical moulds (6 x 6 x 2 mm; | x w x d) and
the remaining three were pasted lightly into a weighing boat, producing a
thin layer to mimic more closely how the polymer would be applied to a
resection cavity in vivo. The PLGA/PEG matrices were sintered overnight
at 37°C. Release was assessed through placing the sintered PLGA/PEG
matrices into a scintillation vial containing 5 mL PBS. At set time points (t
=0.02, 0.04, 0.08, 0.17, 1, 2, 5, 6, 7, 28, 43 and 63 days), the entire 5
mL PBS sample was removed and replaced with fresh PBS. The PBS

sample was freeze dried, resuspended in DMSO (5 mL), sonicated for 10
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minutes before centrifuging for a further 10 minutes. The DOX present in
the resultant supernatant sample (2 mL) was analysed by fluorescence
on a Varian CaryEclipse Fluorescent Spectrometer and was, by proxy,
attributed to DOX-NP release from PLGA/PEG paste. The sample was
read on slow scan mode, 450/510-640 nm (Aex./Aem.) at 900V, with

excitation split set at 5 nm and emission split set at 10 nm.

3.4 Results and Discussion

3.4.1 Nanoparticle stability studies

Stability studies were carried out whereby the control NPs were kept at
4°C to replicate storage of NPs in fridge conditions and the experimental
NPs were kept at 37°C in DMEM, replicating the physiological conditions
for future in vitro work. A one-week timeframe was chosen for this stability
study to capture the cell exposure time to the NPs in the in vitro work
carried out. A DLS-based assay was chosen as the screening technique
due to the fast response time and ease of detection of aggregation within
each sample. It was expected that all the formulations would be stable at

4°C, indicating that the NPs would be stable upon storage.

As can be observed in Figure 3-2., no substantial changes or aggregation
was observed for the NPs kept at 4°C, confirming stability in these
conditions, except the P4 formulation whereby a slight shift to a larger
size was observed over time, indicating aggregation of the NPs. When
incubated at 37°C in DMEM, changes in the DLS traces began at 24
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hours for each of the formulations, whereby a broadening of the peaks is
observed and a shift to the larger size range, suggesting the particles
were aggregating before collapsing. For particles P1, P2, P3 and P5, the
DLS peaks continue to broaden until the one-week time point where a
complete shift of the peak to the right can be observed, indicating an
increased particle size. Upon introduction of a drug to the NP system, this
implies we would expect complete release of the drug within a one week
timeframe. However, P4 proved to be much less stable than the other
formulations as observed by the broadening and shift of the peaks to the
right, indicating that aggregation of the NPs occurred within a one hour

timeframe.
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in stimulated conditions.
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It should be noted that there are differences in the size of the NPs when
compared to the size profiles obtained in Chapter 2, Table 2-2. The
differences between the two sets of NPs investigated were that those in
Chapter 2 were formulated in PBS at a concentration of 1 mg/mL whilst
those used in this study were formulated at a concentration of 500 pg/mL
in DMEM. The NPs formulated at 1 mg/mL were larger than those at 500
png/mL, and this was particularly prevalent for the branched polymers (P4
and P5). It has been previously shown by our group that varying the
concentration does not significantly affect the size of NPs constituting a
PEG initiator and LA polymer backbone®?’, implying that the size
differences here could be caused by the tBSC monomer, or that there
could be batch to batch variation. The tBSC monomer contains a large
BOC protecting group, which could influence the packing constitution of
the polymer as it forms NPs, affecting the final size of the NPs obtained.
As the differences in size was more pronounced for the branched
architectures, it hints at the different packing processes for each of the
architectures explored®?®, and shows greater influences on these
parameters for branched architectures. TEM imaging should be carried

out to investigate this concept further.
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3.4.2 Invitro 2D cell viability

3.4.2.1 U887 GBM Cell Line

The PrestoBlue™ assay was used to determine the cytotoxicity of the
polymers in 2D cell culture over 72h. As can be seen from Figure 3-3,
increasing concentrations of each of the polymeric NP formulations
tested did not alter metabolic activity compared to the negative control on
the glioma cell line tested. The size and polydispersity index (PDI) of each
of the formulations was consistent across batches, indicating that this
method of producing NPs was highly reproducible. No observed
reduction in cellular metabolic activity was observed after this time,
indicating that the polymer ‘platform’ of PEG-poly(lactide)-co-

poly(carbonate) was well-tolerated by the brain tumour cells.
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Error bars show mean + S.E.M (F).
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The polymeric NP formulation, P2, was selected as the lead formulation
to carry forward for future in vitro work due to several reasons. Firstly, the
formulation was of optimal size (i.e. below 100 nm), enabling the
hypothesised rapid penetration of the NPs through brain tissue32°,
Secondly, the zeta potential of the selected formulation was -23.5 + 4.5
mV (Table 2-2), indicating that this formulation was highly stable and able
to avoid aggregation of particles in vitro/in vivo®°. Thirdly, the critical
aggregation concentration (CAC) was low (8.5 pg/mL), again signifying
the ability of the NPs to avoid agglomeration. Furthermore, the P4
formulation was omitted due to its lack of stability in storage conditions,
P5 was ruled out as it was the next least stable formulation. Additionally,
the P4 and P5 formulations showed signs of batch to batch variation, as
discussed earlier, a further consideration for not taking them further in
these studies. P3 was discounted as it showed a trend of decreasing
metabolic activity with increasing NP concentration. P2 was selected
over P1 due to its increased PEG chain length and predicted steric
stabilisation (Mn= 5000 compared to 2000, respectively). It has been well
reported in literature that an increased PEGylated system has the ability
to penetrate further through brain tissue32%33! and thus P2 was selected

as the lead formulation with regard to the future application.

3.4.2.2 Human Astrocyte cell line

Cell viability was next assessed using a primary human astrocyte cell line
to investigate the toxicity of the NPs on healthy glial cells, as opposed to

a tumour cell line.
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Figure 3-4 In vitro cell viability assay at 72h post treatment with different concentrations of
the P2 NP formulation on a human astrocyte cell line using the PrestoBlue™ assay. Four
independent repeats (n = 4) were carried out. Error bars show mean £ S.E.M. [ns: p = 0.05; ****:
p < 0.0001, unpaired t-test with Welch's correction, comparing each data set to the control

(negative control; medium) data set]

As can be observed from Figure 3-4, the human astrocyte cell line was
much more sensitive to the polymeric NPs than the U87 model glioma
cell line; however, the NPs were still found to be cytocompatible up to a
concentration of 100 pg/mL. The highest concentration, 1000 pg/mL,
significantly reduced astrocyte viability; a factor to be considered when

taking the formulation forward for in vivo work.
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3.4.2.3 Primary GBM Lines

3.4.2.3.1 Cell seeding optimisation

Cell seeding optimisation experiments were carried out to decipher the

ideal seeding density and cell culture period for the cell viability assays.

72 hours was selected as the culture time for the cell viability assay.
These cell lines had an approximate population doubling time of 24 hours
and hence 72 hours allowed for approximately two rounds of cell division.
Henceforth, when a chemotherapeutic was applied to the cells, enough
time would pass to ensure the chemotherapeutic may exert an acute
antiproliferative effect on the cells. Specifically, the mode of action of
DOX is the inhibition of topoisomerase II, which cells require to divide

effectively®,
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Cell seeding density experiment for the PrestoBlue™ assay at 24, 48 and 72h. Four independent

repeats were carried out (n=4) for the GIN-8 line and two independent repeats (n = 4) were carried

out for the GIN-28 and GIN-31 cell lines. Error bars show mean + S.E.M.
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It has been extensively reported that the pink resorufin can be
subsequently reduced to the colourless and non-fluorescent
hydroresorufin3'8332 and as such, this over-reduction must be avoided
through optimising the cell seeding density. A seeding density of 5 x 103
cells per well was selected for the GIN-8 and GIN-28 cell lines and 3 x
102 cells per well was selected for the GIN-31 cell line. For the GIN-28
and GIN-31 cell lines, it can be seen from the respective graphs in Figure
3-5 that at 72 hours, these cell seeding densities displayed fluorescence
readings between 2000 and 3000 RFU as required. For the GIN-31 cell
line, the tailing off of the fluorescence can be observed for each of the
time points at a seeding density above 5 x 103 cells per well, indicating
that over-reduction of the resazurin is taking place, resulting in a lower
fluorescence readout and hence a misleadingly low metabolic activity.
The GIN-8 cell line was the slowest growing of the primary cell lines, and
this can be supported by the reduced fluorescence values. A seeding
density of 5 x 103 was selected. On reflection, a seeding density of 7 x
10° may have been more suitable for this cell line. However, as the
metabolic activity results were normalised against their control
counterpart, the seeding density was considered of low significance as it

was consistent throughout all experiments completed.

It should be noted that only the GIN-31 cell line acted as would be
expected for a cell seeding study. There were clear differences between
each of the time points, whereby the fluorescence increased as the assay

time increased. Furthermore, a linear growth curve can be observed
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before reaching a plateau, as expected as the fluorescence becomes
guenched at the higher seeding densities. The GIN-8 and GIN-28 cell
lines, however, did not behave in this way; showing only minor
differences for each of the assay time periods. A linear increase of
fluorescence is observed as the seeding density increases, but the linear
trend continues to increase, not reaching a plateau. Thus, it could be
implied the GIN-8 and GIN-28 cells are not actively proliferating.
Ultimately, this could have significant impact on the viability studies
carried out as if the cells are under proliferating, results of the metabolic
activity of the cells could be over-estimated, showing the DOX-NPs to be
more efficacious then they potentially are. However, one could argue that
each of the metabolic activities were compared to a control, and so any
proliferating effects would have been observed with the control, and
therefore counteracted any negative effects on the experiment. Any

change in metabolic activity is attributable only to DOX-NPs.

3.4.2.3.2 Cell viability

Cell viability was tested on a panel of primary cell lines, derived from the
invasive margin of GBM patients. Activity of the P2 NP formulations
against these cell lines would give a clinically relevant insight to the
proposed application of these formulations, as these cell lines better
represent the cancerous cells remaining in the brain following maximal
safe surgical resection, compared to classical cell lines derived from the

tumour core.
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Figure 3-6 In vitro cell viability assay at 72h post treatment with different concentrations of the P2 NP formulation on primary glioma cell lines using the

PrestoBlue™ assay. Three independent repeats were carried out (n=4) for the GIN-8 cell line whilst four independent repeats (n = 4) were carried out for the

GIN-28 and GIN-31 cell lines. Error bars show mean + S.E.M. [ns: p = 0.05; *: p = 0.01-0.05; ****: p < 0.0001, unpaired t-test with Welch's correction, comparing

each data set to the control (negative control; medium) data set]
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The P2 control NPs did not induce a decrease in the metabolic activity of
the primary cell lines, except for the 1000 pg/mL NPs on the GIN-8 cell
line. Thus, it can be concluded that the P2 control NPs were well-
tolerated by the primary cell lines up to 100 pg/mL, consistent with data

presented for the U87 cell line and the human astrocyte cell line.

3.4.2.4 DOX-loaded nanoparticles

The cytotoxicity of DOX-loaded NPs was tested on both the commercial
glioma cell line (U87) and three primary GBM cell lines, derived from the
invasive region of the tumour (GIN-8, GIN-28 and GIN-31). The ICso
represents the concentration of a drug that is required for 50% growth
inhibition in vitro. The 1Cso of a drug can be calculated through
constructing a dose-response curve and testing different concentrations
of the drug on the biological activity of the cells. Firstly, the ICso of free
DOX was determined for each cell line through a 72 h PrestoBlue™

assay.
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Figure 3-7 Potency determination was achieved via measurement of cellular metabolic

activity (PrestoBlue™ assay). DOX was diluted in DMEM containing 10% FBS and applied for 72
hours. U87, GIN-8 and GIN-28 cells were seeded at a density of 5x102 cell/well and GIN-31 cells
were seeded at a density of 3x102 cell/well in 96 well plates. All cells were cultured for 24h prior
to assaying. Data represent mean + S.E.M and are quadruplets from four independent
experiments. ICso values are displayed in the key and are mean + S.D and determined via

GraphPad Prism.

It can be seen from the ICso curves (Figure 3-7) that the U87 cell line has
the lowest ICso value and hence is the most sensitive to DOX. The three
primary cell lines all have varying ICso values, all within a range for a
candidate therapeutic to be considered for preclinical validation. The I1Cso
data for the U87 cell line is in line with published data333-336, Moreover,
the data give an indication of the (expected) variability between patients
and thus the expected variation in response to treatment for a

heterogeneous disease. As GBM cell lines derived from the infiltrative
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margin are sensitive to DOX, the data supports the administration of DOX

immediately post-surgical resection of the bulk GBM mass.

The DOX-loaded NPs (Figure 3-8) were next screened against the
tumour cell lines to investigate their effects on the metabolic activity of

the cells. Comparisons were made against a negative control.

mPEGS5000_LA_tBSCd-DOX

Size: 66.89 + 2.04 nm
PDI: 0.09 £ 0.02

Figure 3-8 P2-DOX formulation, showing average size obtained for each of the in vitro

experiments carried out in this body of work.
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Figure 3-9 In vitro cell viability assay at 72h post treatment with different concentrations of

the P2-DOX NP formulation on glioma cell lines using the PrestoBlue™ assay. Five independent
repeats were carried out (n=4) for the U87, GIN-28 and GIN-31 cell lines whilst four independent
repeats (n = 4) were carried out for the GIN-8 cell line. Error bars show mean + SEM. [ns: p =
0.05; *: p = 0.01-0.05; **: p = 0.001-0.01; ***: p = 0.0001-0.001; ****: p < 0.0001, unpaired t-test
with Welch's correction, comparing each data set to the control (negative control; medium) data

set]

117



Chapter 3 In vitro evaluation of synthesised polymeric NPs

The metabolic activity is significantly reduced for all cell lines when the
DOX-NP concentration reaches 100 pg/mL and beyond. Interestingly,
when assessing the highest concentration of DOX-NPs, the metabolic
activity of the U87 line is reduced the most, followed by the GIN-28 line,
GIN-8 line and GIN-31 line. This pattern is the same as the potency of
DOX alone, when applied to these cell lines. Future work should include
comparing DOX-NP and free DOX activity for each of the cell lines. In a
2D model, it is likely that the DOX would still be more potent than the
DOX-NP at a comparative concentration, as has been observed in work
carried out with these NP formulations in breast cancer models33’.
However, as seen in this study, significant differences in efficacy could
be observed in a 3D or in vivo model as the NP may have an increased
penetration capacity over free DOX, and thus increase its efficacious

activity.

The metabolic activity of the DOX-NPs was compared to the control
(drug-free) NPs at respective doses for each cell line tested (Figure 3-10).
As expected from the results above, the DOX-NPs were found to have
significant impact on the metabolic activity of the cells compared to their
control-NP counterpart at the concentrations of 100 pg/mL and 1000

pg/mL.
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Figure 3-10 In vitro cell viability assay at 72h post treatment with different concentrations of

the P2 NP and P2-DOX NP formulations on U87, GIN-8, GIN-28 and GIN-31 cell lines using
PrestoBlue™ assay. Four independent repeats were carried out (n=4). Error bars show mean +

S.E.M. (ns: p =2 0.05; ****p < 0.00017; two-way ANOVA with Sidak's multiple comparisons test)

Considering the Control NPs reduced the metabolic activity of the
astrocyte cell line at 1000 pug/mL, it is promising to observe that the DOX-
NPs significantly reduced the metabolic activity of each cell line at the

concentration of 100 pg/mL.
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The Presto blue assay, utilised in this body of work, measures the
reductive environment of the cell over a shorter time frame where the
cells may only undergo a few cell cycles. Therefore, a main advantage of
performing a longer-term assay, such as the clonogenic assay, is that it
IS more sensitive at measuring reproductive death over several
proliferation cycles. This would be of particular relevance to treatment
with DOX, as it is an anti-proliferative drug. A summary of various short-
and long-term cell viability assays and the advantages and

disadvantages of each is detailed in Table 3-1 below338-341,

120



Chapter 3

In vitro evaluation of synthesised polymeric NPs

Table 3-1 Various Short and Long Term Cell Viability Assays
Assay Type Example(s) | Long/Short Advantages Disadvantages
term
Fluorometric | Presto Blue | Short - High throughput | - Measures metabolic
. activity (reductive
- More ser.15|t|v¢.a environment of the cell)
than colorimetric as opposed to cell
assays proliferation
- Continuous assay
Colorimetric |MTT Short - High throughput |- End point assay —
} formation of formazan
MTS - Reproducible crystals
XTT - Measures metabolic
LDH activity opposed to cell
proliferation
Luminometric | ATP Short - High throughput | - Sensitivity is usually
. » limited by pipetting
Rea!-_tlme - Most sensitive reproducibility
viability and fastest cell
assay viability method - Expensive
- Few plate
handling steps
Dye exclusion | Trypan blue | Short - Good indicator or |- End point assay
) membrane integrity )
Eosin - Cell counting errors
- Simple
Congo red
. - Inexpensive
Erythrosine
B
Clonogenic | Clonogenic |Long - Clear indication of | - Time consuming
cell survival cell ability to . )
assay reproduce ) Re!les op linear
relationship between
- Very sensitive cells seeded and number
of colonies formed:
plating efficiency

The DOX-NPs were not screened against the astrocyte cell line. This was
in consideration of the future clinical application of the drug delivery
system; the target of the therapy is tumour cells and hereby NPs were
screened against both a commercial glioma cell line (U87), whereby the
cells were derived from the core of the tumour, and primary derived cell
lines (GIN-8, GIN-28 and GIN-31), whereby the cells were derived from

the invasive margin of the tumour. GBM is commonly located in the
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supratentorial region of the brain, consisting of the frontal, temporal,
parietal and occipital lobes342:343 which are mainly composed of terminally
differentiated, non-proliferating astrocytes. As previously discussed,
DOX is an antiproliferative drug, whereby it interacts with DNA by
intercalation which subsequently prevents topoisomerase activity and
DNA synthesis. The astrocyte cell line used in this body of work was a
proliferating, progenitor cell line. Therefore, DOX would be expected to
impair the growth of any proliferating cell, including the astrocyte cell line
used in this section of work, henceforth leading to false negative results.
We would not expect to see a toxic effect in vivo on non-proliferating,

terminally-differentiated astrocytes344.

For this section of work, the human astrocyte cell line used was suitable
in proving the hypothesis that the control-NPs would not have a toxic
affect against a representative healthy brain cell line as well as tumour
cell lines. In vivo studies would need to be completed to answer the
guestion as to whether the DOX-NPs had any toxic affects against
healthy brain tissue, as evidenced by neuroinflammation and
neurological deficits, thereby establishing whether there is a viable

therapeutic window.

3.4.3 Cellular Uptake of NPs

With knowledge that the DOX-NPs were inhibiting proliferation of a
variety of GBM cell lines, the nature of this interaction and the timeframe
in which it occurred was investigated. The fluorescent dye, Cy5, was
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used as a label and conjugated to the P2 formulation (described in
Chapter 2) to yield fluorescent NPs. A simple assay could then be carried
out whereby the Cy5-NPs were applied to U87 cells, and subsequently
imaged using fluorescence microscopy to detect the fluorescent NPs

within an intracellular cellular environment.
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Nucleus Merged

) - . .
Zh . . .
) . . .

1h

Figure 3-11 U87 cells imaged on an inverted Nikon Eclipse TE 300 fluorescent microscope
on DAPI (blue; nuclei) and Cy5 (magenta) filters. Images were merged using ImageJ software.

Uptake of NPs att= 0.5, 1, 2 and 4 hours.
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The Images in Figure 3-11 show interaction with the cells within 30
minutes. Since any NPs that had not been taken up by the cells, or which
remained adhered to the surface, would have been washed away during
media replacement steps, it can be assumed that intracellular uptake of
the NPs had occurred. It appears that the NPs do not enter the nucleus
but rather appear localised to the cytoplasm, however, confocal
microscopy would need to be carried out to further support this statement
and determine whether NPs are sequestered within lysosomes. Whilst
the data suggests retention of the NPs over the experimental period,
direct evidence would require replacement with fresh media at each time
point to exclude the possibility of exocytosis. Furthermore, through
confocal microscopy and/or co-immunofluorescence of Cy5 with a
lysosomal marker, evidence of sequestering intracellularly would further

confirm retention of the NPs within the cells.

3.4.4 Release studies

Release studies of the DOX from the DOX-NP and the DOX-NP from the
PLGA/PEG microparticulate matrix were carried out to assess the nature

of the release profiles and potential impact on later in vivo studies.

3.4.4.1 Dox release from DOX-NP

Experiments were carried out to investigate the nature of the release of

the DOX from the NPs, and the timeframe in which this occurred.
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Figure 3-12 Cumulative % and pg of DOX release from the DOX-loaded NPs over 44 days

(A) and 24 hours (B) and absolute release at each time point (C). Release was carried out in PBS.

Timepoints represent one independent repeat (n = 3) with error bars showing mean * one SD.
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As can be observed in Figure 3-12, a burst release of DOX from the NPs
occurred over the first 6 hours (Figure 3-12 B) with over 60% of DOX
released within the first 24 hours. However, after 24 hours, a steady state
of release was observed, with just over 80% of the drug released
following 44 days. This large burst release was surprising, considering
the high stability of the urea bond conjugating the DOX to the polymer
backbone3#. However, it has been reported that the urea bond can be
weakened when a large, sterically hindered substituent group makes up
the secondary amine346-348 and this could be the case here, with the
polymeric backbone acting as the “large, sterically hindered” substituent
group. Furthermore, the kinetically trapped NPs formed will influence the
release rate of DOX, as the access of any ureases, and also ingress of
agueous fluids to hydrolyse the polymer-DOX link, will be reduced.
Therefore, polymer chains near the surface of the NP could have their
urea links rapidly broken, whilst DOX-conjugates trapped near the centre
of the particle would be less hydrated and slower to react and thus
release the DOX more slowly. This release profile indicates the likelihood
that enough of the DOX would be released from the NPs within the first
24 hours (8.746 = 0.816 pug) to achieve potency levels above the ICso of

each of the GBM lines tested (Figure 3-7).

3.4.4.2 DOX-NP release from PLGA/PEG

It was of paramount importance to test that the NPs could be released
from the PLGA/PEG matrix, as this was the premise of the drug delivery

system. Originally, the PLGA/PEG matrix was designed as a scaffold for

127



Chapter 3 In vitro evaluation of synthesised polymeric NPs

bone regeneration’®-8%34% and was thus packed tightly into a cylindrical
mould for the sintering process. On reflection, it was believed that this
would not be representative of the PLGA/PEG matrix as a local drug
delivery device in the brain. It was hypothesised that allowing the
PLGA/PEG to sinter in “paste” form, as if pasted onto the cavity walls of
the brain, would lead to an increased release rate which would be a more
representative release profile as would be observed in vivo. Hence, two
sets of studies were carried out in parallel to assess the release of DOX-
NPs from the PLGA/PEG matrix; one set whereby the PLGA/PEG was
packed tightly into a mould (red in Figure 3-13) and the second as a free

“paste” (blue in Figure 3-13).
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Figure 3-13 Cumulative % and pg of DOX-NP release from the PLGA/PEG microparticulate matrix over 63 days (A) and 24 hours (B) and absolute release at each time

point from the mould (C) and the paste (D). Release was carried out in PBS. Timepoints represent one independent repeat (n = 3) with error bars showing mean + one SD.
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As predicted, the release from the “paste-like” PLGA/PEG matrix had a
much faster release than that from the tightly packed mould. A burst
release of the drug-conjugated NPs from the microparticulate matrix
paste was observed during the first 8 hours. It is assumed that during the
mixing process of the DOX-NPs with the PLGA/PEG particles, NPs
remained on the surface of the matrix, thus releasing rapidly. The burst
release was followed by a sustained release whereby ~70% of the DOX-
NPs were released after two months, thus leading to a promising drug

delivery system for the treatment of GBM.

Despite the release being much more rapid from the paste, the release
profile for the mould and the paste is very similar when considering the
cumulative release profiles. However, when evaluating the absolute total
release in graphs C and D, it can be observed that despite the large burst
release from the mould at the first time point, further release isn’t
observed until day 1, whilst further release from the paste is observed at
each time point between time 0 and day 1. This highlights the
dependence of the release on the “packing” procedure, whereby the
more tightly packed the PLGA/PEG microparticles, the smaller the initial
burst release of DOX-NPs, and should be considered for future in vivo
work. Following the 30 day timepoint, the absolute release at each time
point for both release from the mould and the paste is very similar,
indicating that the differences in quantity of DOX release is entirely down

to the packing procedure of the microparticles and would be observed
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within the first month of treatment, filling the clinical gap currently

encountered in GBM treatment.

3.4.5 Systematic review of DOX-NPs

A systematic review of similar DOX-NPs was conducted and summarised
in Table 3-2 below. The size, PDI and zeta-potential, alongside the
method of DOX incorporation, the subsequent drug loading content and
release rate were explored and compared to the system developed in this
body of work. Further complexities of the systems were explored
including the use of targeting moieties, responsive linkers or response to
external stimulus, highlighting areas where further improvements could

be made to the system developed here.
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Table 3-2 Examples of DOX-NPs in oncology.
Coniugated DOX Responsive
Nanoparticle Particle PDI - Jo? loading Stabilit DOX- IC Targeting Targeting linker/ Internalisation Ref
material size potential encapsulated content y release rate 0 cancer type Moiety external Pathways )
P (DLC) stimuli
Polymeric ~ 0089% °)° a35: Conjugated ~12% Stableforl g0 in 24 h GBM
y 2.04 nm 062 4.5 mV U9 0 week 0
Low .
0.20 — 450 Time —
Low MW 3987+ 1+ -328% 2803t giableinag.  2ANZ42% 5594 Molecular dependent 350
] Encapsulated 4.49% . DOX Prostate Weight ;
heparin 7.23nm  0.06 1.81 medium 24 h 0.179 uM . H1 increased
4 (w/w) released Heparin uptake
(LMHP) p
Cellular uptake
pH 7.4 = of CP-DOX,
4T1 .
Chimeric . pH 7.4 over stable carcinoma " intracellular drug 551 3
) 40 nm Conjugated --- ' : pH 5.0 = first 2.0 uyM . pH sensitive release and 52
polypeptides a 24 h period . Lewis lung
order half life carcinoma subsequent
of 4.9 +0.5h trafficking of
drug to nucleus
DLC pH 7.4 =
125nﬁ]4'8 Encapsulated (loading 23.5% after
Polymeric (TEM) alongside (ic;r;/tegtzg |2_|45h0 Endo_metnal pH sensitive Endocytosis 353
142 +6.1 navitoclax 7 pH S. carcinoma
(DI:S) (efficiency) 86.8% after
=59% 8h
Encapsulated
Da = acid DLC = .
. 12747+ -19.59 g o . ~40% N Breast R9 peptide . 354
Polymeric 4.24 nm mV sen5|t_|ve 3.3% released 24h cancer (CPP) pH sensitive
Sa= (wt/wt)
insensitive
>50%
released .
DLC = Endocytosis,
Polymeric (ND6) 024 Encapsulated 4.2% - after 12 h at - HeLa-tumour pH sensitive DOX released 355
82 nm 3 - pH 5.8 bearing mice .
DLE = 28% once in the cell
15% at pH
7.4
. . . Aptamer- Acid labile
Gold nanostar 90.5 -32.7 £ Conjugated to Con!ugatlo Breast conjugated linkers: 356
9.9 nm 6.4 a DNA duplex n efficiency Cancer
NPs photothermal
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=551%
8%
Endocytosis and
<10% at pH captured by
Hyaluronic <0. . DLC = 7.4 13 Colorectal pH responsive  lysosomes, DOX
acid polymeric 50 nm 2 Conjugated 10.3% - ~60% at pH ug/mL cancer HA imine bond then released !
55 @24 h and enters
nucleus
24 hno
stimuli =
3.6%
Stable in pHS5 HelLa pH responsive .
Fes04 0.21 DLC = +GSH = . (Disulfide HA increased 358
polymeric NPs 337 nm 9 -16.9 mV  Encapsulated 713% PBdS for 3 19.96% (generic HA bridge); cell uptake
ays triple cancer) light irradiation
stimulation
(+ NIR) =
32.7%
Stable at _Ce_l! Fol_ate receptor
Hyperbranched 79 nm -36 mV Encapsulated EE =82% physiological - V|ab|I|ty_ Prostate Folic acid _increased 359
polymer conditions at24 h= cancer internalisation
55% within 24 h
Iron oxide Cell
(Fe304) with _ L Increased cell
polymeric 69 nm --  -17.4mV  Encapsulated Dl;C - 80'95 - -- V|ab|I|ty_ Breast Magneto- uptake over 360
brushes as the +0.26% at24 h = cancer thermal DOX alone
32.71%
cloak
DLC = pH 7.4 = 2.252 + . Uptake
Polymeric ;’%0 * Encapsulated 12.8% * 38'_7% pH 0.006 Primary CNS Angiopep-2 mediated by the 361
.0 nm 5.0 = 60.5% Lymphoma !
0.3% pg/mL ANG peptide
over 48 h
galactose- a_tZSHm7V4 DLC = pH7§ 2 = Hepatocellul Sensitive to
. = 4= o 362
glycct:;lcs)ﬁ/?ners 30 nm " put-gar ENcapsulated 8.63% 20% ph 5.0 ar carcinoma coifjli?ilgns
pH 5.5 —45.0%
HelLa
Polymeric pro- _ ble f poH 7"}2: h N(/)'z Cervical and .ACid bl
drug 37.56 nm - Neutral Conjugated DLCO_ Stablefor9  30% at i ug/mL breast activatable Endocytosis 363
DEX1000 42.7% days pH5.0= MCF-7 cancer hydrazine
70% at 24 h ~1.2 bond
po/mL
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Chapter 3 In vitro evaluation of synthesised polymeric NPs

The overall aim of this body of work was to demonstrate a proof-of-
concept; that the incorporation of drug-loaded NPs into a microparticulate
drug delivery system could be achieved, and the NPs could also be
released at a rate that would produce a high enough drug concentration
to exert a cytotoxic effect. This has indeed been realised but does not
necessarily imply that the DOX-loaded NPs are the most advanced they

could be, with regards to preclinical translation.

Following screening of the recent literature for examples of DOX-loaded
NPs, the majority of the NPs differed significantly from those designed in
this body of work. The differences mainly occurred in the incorporation of
DOX into the NP; most studies used an encapsulation method, as
opposed to conjugating DOX to the polymeric chain as presented here.
Furthermore, most systems introduced further complexities into the
formulation, through utilising targeting moieties, responsive linkers or
designing the NPs to be sensitive to external stimulus, such as near
infrared light or heat. However, similarities could be drawn between the
system developed in this body of work and a few others, whereby DOX

was conjugated onto the polymeric backbone3°7-363,

The first system explored, HA-mPEG2—DOX?3%’, is also PEGylated, but
differs in the use of a targeting moiety, hyaluronic acid (HA), and also the
pH-responsive imine bond used to graft the DOX to the aldehyde HA.
The subsequent NP was of smaller size, 50 nm, than the P2-DOX NP
investigated here. The drug loading was, however, ever so slightly

greater for the P2-DOX system than the HA-mPEG2k—DOX system (12%
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vs 10.3% respectively). However, the rate of release was much more
controlled in this system, whereby only 10% of DOX was released at pH
7.4 but 60% was released at the acidic pH 5.0, after 24 h. Conversely,

60% of the DOX was released from P2-DOX within 24 h at pH 7.4.

The second system utilises the OH functional groups on Dextran (DEX),
to conjugate DOX via a pH-responsive hydrazone bond. The
poly(ethylene glycol) methyl ether methacrylate (OEGMA) monomer was
conjugated to the backbone of the co-polymer as the hydrophilic block,
resulting in a DEX prodrug with bottlebrush-architecture
(DOM@DOX?383). This system had a particularly high DOX loading of
42.7% or 48.1%, depending on the molecular weight of the DEX (1000
and 5000 Da, respectively). Similar to the HA-mPEG2k—DOX system, the
DOM@DOX system was pH sensitive and the DOX release rate was

~30% for the micelles at pH 7.4 but ~70% at pH 5.0 after 24 h.

These two systems indicate the successful targeting of DOX-loaded NPs
to a cancerous environment through utilising pH responsive bonds, and
is a factor which could potentially be incorporated into the P2-DOX
formulation. The free amine group on the deprotected P2 polymeric
backbone offers scope to incorporate either the hydrazone or imine bond
described in these two studies and could offer a solution to minimise the

large burst release of DOX observed from the P2-DOX system.

Some of the systems previously investigated incorporate the use of a

targeting agent to further increase the uptake selectivity of NPs into the
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targeted cancer cell. Examples of targeting moieties explored here
include low molecular weight heparin (LMHP) which has the potential to
form a strong complex with histone, which is overexpressed on the cell
membrane of some cancerous cells®°, hyaluronic acid (HA), a natural
polysaccharide, which can bind to the CD44 receptor overexpressed on
tumour cells®73%8 folic acid which targets the folate receptor which is
overexpressed on cancer cells®*°, Y1R ligands to target overexpression
of the Y1 receptor on tumour cells®¢* and HER 2 which is overexpressed
on cancer cell surfaces®®’. Each of these examples show an increase of
NP uptake in the targeted cancer cell when the targeting moiety is
utilised. Again, these data highlight the relevance of the use of targeting
moieties, a factor that could enhance and improve the P2-DOX

formulation investigated here.

However, increasing the complexity of such formulations also increases
the complexity of synthesis, design and formulation procedures which
may incur higher costs in production and an extended timeline to
approval. A fine balance must be struck between a highly specific,
targeted system with improved clinical outcome and reduced side effects,
whilst maintaining GMP-compliance and gaining regulatory approval to

market the formulation.

3.4.6 Representative Animal Glioma Cell Line

Finally, the NPs were screened against a representative animal glioma
cell line to investigate the translational capability of the NPs from human
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glioma cell lines to animal glioma cell lines for future in vivo work. The
model selected was the 9L rat glioma cell line, on which the in vivo

orthotopic allograft model would be based’®.

Firstly, the free DOX ICso was calculated using the same method
described for the other cell lines. The resultant ICso of 61.94 + 0.34 nM
(Figure 3-14) indicated that the 9L cell line sensitivity to DOX fell within
the ICso range of the U87 and primary cell lines tested previously (Figure
3-7). This led to the hypothesis that similar reductions in metabolic
activity, caused by the DOX-NPs, would be observed for the 9L cell line

as it had for the human GBM cell lines.
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Figure 3-14 Potency determination from DOX applied to the 9L rat glioma line was achieved

via measurement of cellular metabolic activity (PrestoBlue™ assay). DOX was diluted in DMEM
containing 10% FBS and applied for 72 hours. 9L cells were plated at 3 x 102 cells per well in 96
well plates. All were cultured for 24h prior to assaying. Data represent mean + S.E.M and are
quadruplets from three independent experiments. ICso value is displayed in the key and are mean

+ S.D and determined via GraphPad Prism.

The control NPs and DOX-NPs, based on the P2 polymeric formulation,
were screened against the 9L cell line. As can be observed in Figure
3-15, the control NPs did not have any negative impact on the metabolic
activity of the 9L cells, whereas the DOX-NPs significantly reduced the
metabolic activity of the 9L cells at a concentration of 1000 pg/mL. From
these results, it was clear that the 9L cell line was more resistant to the
DOX-NPs than the human cell lines tested, as no reduction in metabolic

activity was observed at the concentration of 100 pg/mL.
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Figure 3-15 In vitro cell viability assay at 72h post treatment with different concentrations of

the P2 NP formulation (A) and P2-DOX NP formulation (B) on the 9L rat glioma cell line using the
PrestoBlue™ assay. Three independent repeats were carried out (n=4). Error bars show mean +
SEM. [ns: p = 0.05; *: p = 0.01-0.05; ****: p < 0.0001, unpaired t-test with Welch's correction,

comparing each data set to the control (negative control; medium) data set]

When the DOX-NPs were compared against their relative control NP
counterpart (Figure 3-16), as expected, there was only a significant
reduction in the metabolic activities of the cell line at a concentration of
1000 pg/mL, again implying that the 9L rat glioma cell line was more
resistant to the DOX-NPs than the human glioma cell lines tested. This
demonstrates the importance of testing the formulation against the cell
line used to generate the orthotopic tumour for future in vivo studies, as

the dosing will be extrapolated from this data.
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Figure 3-16 In vitro cell viability assay at 72h post treatment with different concentrations of

the P2 NP and P2-DOX NP formulations on the 9L glioma rat cell line using PrestoBlue ™ assay.

Three independent repeats were carried out (n=4). Error bars show mean + SEM. (ns: p = 0.05;

*kkk

P < 0.0001; two-way ANOVA with Sidak's multiple comparisons test)

The control NPs were found to exhibit no significant effects against the
9L rat glioma cell line. The potency of the DOX-NPs transitioned to the
9L cell line but was found to only have a significant effect on the metabolic
activity of the cell line when at the highest concentration of 1000 pg/mL.
This indicated that when considering an in vivo model using the 9L cell
line, higher concentrations of DOX-NPs may be needed to induce a
potent affect. However, overall these results confirmed that the
synthesised NPs could be potentially applied to an in vivo model to asses

tolerability and efficacy.
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3.5 Conclusion

This body of work has investigated the effect of the NPs on the metabolic
activity of a commercial GBM cell line. Each NP from the library of five
polymeric formulations were found to be cytocompatible. Subsequent in
vitro studies were carried out with the selected P2 formulation. These
studies included investigating the metabolic activity of the control NPs on
a primary human astrocyte cell line and both the control NPs and DOX-
loaded NPs on a panel of primary GBM cell lines. It was concluded that
the control NPs were cytocompatible at concentrations up to 100 pg/mL,
when assessing the astrocyte line and with each of the primary GBM cell
lines. Significant differences in cell metabolic activity could be observed
for the DOX-NPs at 100 pg/mL and 1000 pug/mL, compared to both a
negative control and their control NP counterpart on all cell lines tested,
and thus deemed as potent at these concentrations. This cytotoxic nature
of the drug-conjugated NPs in primary cell lines, derived from the tumour
invasive margin of GBM patients, gives a clinically-relevant insight into

the activity of the formulations.

The NPs were also screened against the 9L rat glioma cell line to give
insight of these formulations on a potential in vivo model cell line. The 9L
cell line was found to be more resistant to the drug-loaded NPs, but they
were still found to significantly reduce the metabolic activity of the 9L cell
line at the highest concentration of 1000 pg/mL, thus indicating the

formulation’s promise for future preclinical validation.
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Finally, release studies were carried out whereby both the release of
DOX from the NPs and DOX-NPs from the PLGA/PEG paste were
investigated. The results indicated that a sufficient amount of DOX could
be incorporated into the NPs to achieve a cytotoxic response upon
release in vitro. A burst release of the drug-conjugated NPs from the
microparticulate matrix was observed during the first 8 hours followed by
a sustained release whereby 70% of the drug was released after one
month, leading to a potential bridge for the treatment gap currently

observed with GBM patients post-surgery.
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Chapter 4 Future Outlook and Summary

4.1 Future Outlook

4.1.1 Release Studies

Release studies of the P2-DOX formulation from the PLGA/PEG paste
were carried out and showed a burst release followed by a steady state
release up until two months when approximately 70% of the DOX had
been released. It would be interesting to compare this release profile to

that of the DOX alone from the PLGA/PEG paste.

The PLGA/PEG system sinters at body temperature because PEG acts
as a plasticiser, thus reducing the Tg of the PLGA which it is mixed with.
While the microparticles are in their soft state (i.e. in paste form), the
hydrophilic PEG component begins to leach out of the particles as it is
drawn towards the liquid carrier solution, causing the Tqto increase and
the microparticles to stick together and sinter. Since the NPs used here
are PEGylated, it would be interesting to investigate whether they are
also drawn to the liquid carrier solution and leach out, which may have
led to the very high burst release of the NPs. Comparing the DOX-NP
release rate to that of DOX alone may give an indication as to whether

this theory is correct.
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4.1.2 Penetration studies

As previously discussed, the mPEGsoo0 system was selected over the
MPEG2000 System as the formulation to take forward for more in depth in
vitro work due to the proposal that it would penetrate brain tissue more
effectively because of the increased PEGylation. This was based on a
review of the literature, particularly studies carried out by Elizabeth Nance
and colleagues, discussed in the introduction3?®331, |t would be
interesting to explore this idea here, to accept or reject the hypothesis
that “NPs with an increased PEGylation would lead to increased
penetration through brain tissue”. An experimental plan to test this
hypothesis would include measuring DOX-NPs penetration through brain

tissue using an ex vivo model.

Members of our group are exploring the idea of using Time-of-Flight
Secondary lon Mass Spectrometry (ToF-SIMS) and 3D Orbi-SIMS to
detect drugs on the surface of brain tissue (unpublished data). ToF-SIMS
and 3D Orbi-SIMS are highly sensitive surface analysis techniques which
have been utilised to analyse various tissues, including the brain369-374,
Henceforth, it is proposed that ToF-SIMS/3D Orbi-SIMS imaging could
be utilised to decipher the spatial distribution of DOX, and subsequently
provide information regarding the penetration of DOX-NPs within brain
tissue ex vivo. The DOX-NPs could be incorporated into the PLGA/PEG
paste, as for the release experiments, and applied to the resection cavity
lining of a pig brain which would form the ex vivo model. The brain could

include a resection site in each hemisphere in order to compare two
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different NP formulations within the same model. Once a suitable time
has passed to allow for penetration, slices of the brain could be taken
and subsequently analysed by TOF-SIMS/3D Orbi-SIMS to investigate

the extent of penetration through the brain.

Alternatively, this method could be applied to an in vivo model and
following culling the mice, the brains could be snap frozen, sliced and
analysed by ToF-SIMS/3D Orbi-SIMS. This method would give a more
realistic idea of penetration given that the brain would be in a native
environment and therefore effects of flow from cerebral spinal and

interstitial fluid, for example, could be considered.

4.1.3 Further enhancement of polymeric formulation

One of the exciting prospects of the PEGylated poly(lactide)-
poly(carbonate) co-polymers developed in this body of work is the
capability to conjugate different chemotherapeutics to the deprotected
functionalisable monomer. DOX was used as a model drug for this piece
of work but there is potential to conjugate other chemotherapeutics which
have a free amine group, theoretically using the same chemistry and
methods. For example, gemcitabine, a deoxycytidine analogue which
inhibits DNA synthesis®’®, has a free amine group as outline in Figure

4-1.
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Figure 4-1 The chemical structure of Gemcitabine, indicating the free amine group on the
chemotherapeutic.

Following optimisation of the conjugation procedure of DOX to the
polymeric backbone, this method could be theoretically transferred to
conjugate different therapeutics, such as gemcitabine. Despite this
polymeric formulation being optimised for localised delivery in the
treatment of GBM via the PLGA/PEG matrix, it has the potential to be
used to treat other cancers whereby surgery is first-line treatment and
localised recurrence rates are high, for example breast®’®, ovarian®’” and
colorectal cancers®®. The P2-DOX has been screened against breast
cancer cell lines and showed potency greater than that of free DOX3%4,
again highlighting its successful translation to other cancers.
Furthermore, biodistribution experiments of the Cy5-labelled P1, P2 and
P3 formulations to assess their distribution, organ accumulation and

clearance have been carried out in mice33’. No adverse effects were
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noted over the 24 h period following systemic injection, highlighting the
potential use of these polymeric NPs as both systemic and localised drug

delivery vehicles.

Based on an increasing understanding of GBM intra-tumour
heterogeneity, the capability to deliver multiple therapeutic moieties from
single formulations or device is clinically relevant. Vincristine and
temozolomide have been combined into solid lipid NPs (SLNs) and
nanostructured lipid carriers (NLCs) to investigate dual drug delivery
methods on the U87 GBM cell line. Significantly greater glioma inhibition
was observed when using NLC formulations relative to SLNs37°,
Furthermore, paclitaxel and temozolomide were co-loaded in mPEG-
PLGA NPs where the dual drug NPs showed greater inhibition against
both U87 and C6 rat glioma cells relative to single drug NPs and
significantly inhibited tumour growth in a subcutaneous U87 mouse

xenograft model38°,

One of the original aims of this project was to develop a library of
polymers, based on linear and star structures, leading to polymers with
varying macromolecular architectures. An aspect that wasn'’t studied in
this thesis, but would be of great interest, is the prospective capability of
these DOX-conjugated polymeric systems to also encapsulate a second
drug into the system, and act as a dual-drug delivery nanocarrier. It is
hypothesised that the greater degree of branching will lead to an

increased encapsulation efficiency3%4, and thus may make the P4 and P5
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systems more desirable than the P2 system, which was the most

extensively investigated in this body of work.

4.1.4 Further enhancement of the PLGA/PEG drug delivery system

Successful studies carried out with the PLGA/PEG drug delivery system
have shown the effective incorporation of various chemotherapeutics
directly into the paste and the subsequent long term survival of rats using
an orthotopic allograft model of high-grade glioma®’88, These studies
provide evidence that mixing a chemotherapeutic directly into the paste
leads to efficacy in the treatment of GBM in vivo. Therefore, it would be
interesting to explore the concept of a dual-drug delivery system, using
the P2-DOX NPs and a naked chemotherapeutic, mixed directly into the
paste. Studies could then be carried out to demonstrate potential
synergism, using the median-effect algorithm established by Chou and

Talalay (Figure 4-2)381-383,

cl = IC5,(A+B) | 1Cy (A+B)
1C.,(A) IC,(B)
Figure 4-2 The median-effect algorithm, used to determine the Combination Index (Cl)

where ICso (A) and ICso (B) are the ICso values obtained from each drug separately. ICso (A + B)

is the ICsp value of both drugs in combination.
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The determined combination index (Cl) values would either indicate
strong synergism (<0.7), synergism (0.7 — 0.9), additive effect (0.9 - 1.1),

antagonism (1.1 - 3.3) or strong antagonism (>3.3)381.382,

4.1.5 In vivo tolerability and efficacy study using a high-grade glioma rat

allograft model

An in vivo study was planned, using a high-grade glioma rat allograft
model to establish the efficacy of the localised delivery of DOX-loaded
NPs via the PLGA/PEG microparticulate paste to test the following

hypotheses.

Hypothesis 1 — DOX-NPs released from PLGA/PEG is well tolerated in

orthotopic glioma models in vivo.

Hypothesis 2 — DOX-NPs released from PLGA/PEG confers a significant

survival benefit in orthotopic glioma models, relative to standard-of-care.

Aims:

1. Conduct a dose-escalation tolerability study using a high-grade
glioma rat allograft model, to determine if DOX-NP delivered from
PLGA/PEG paste is safe to use and to establish a maximum

tolerated dose.
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2. Conduct a therapy study, to determine if DOX-NP delivered from
PLGA/PEG paste confers a survival benefit over standard-of-care
treated animals.

3. Carry out post-sacrificial histology and immunohistochemistry (for
markers of proliferation) for each treatment arm to directly assess

DOX-NP-related cytotoxicity in vivo.

A localised in vivo model whereby the tumour is debulked, without
complete resection, was planned to mimic the clinical scenario. The aim
of this drug delivery system was to treat the infiltrative disease left behind

following surgical resection.

Previous in vivo studies applying the intracranial delivery of PLGA/PEG
have utilised 9L allografts to establish long term survival®, which was
also the model used in the pre-clinical development of Gliadel™. These
studies confirmed the aggressiveness of the 9L allograft orthotopic
model, evidenced by the extensive infiltration in the brain parenchyma
adjacent to the original tumour site®. Furthermore, the 9L cell line is
syngeneic, meaning the in vivo study would be completed on animals
with an intact immune system. A limitation of using a rodent GBM allograft
is that the model may not be phenotypically similar to human GBM384,
However, transplanting a human GBM cell line would require
immunocompromised rats, again not giving a true representation of the
human disease. For the purpose of this in vivo study planned, the 9L
model was ideal for investigating the effect of the drug-loaded NP

formulations on a highly infiltrative, aggressive model of GBM.
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A wide number of hydrophobic chemotherapeutic drugs, including DOX,
are actively pumped out of cancer cells via ATP-binding cassette (ABC)
transporters, leading to multi-drug resistance (MDR)®°. MDR is a
common trait of GBM, a factor contributing to its dismal prognosis3e6.
Studies have been carried out whereby MDR has been successfully
overcome through the encapsulation of DOX into various
nanocarriers®8’:388  |eading to a promising strategy to overcoming MDR
in GBM. When taking the P2-DOX formulation forward for in vivo studies,
resistance should be taken into consideration and the affect this may
have on subsequent survival. It could be hypothesised that the release
of P2-DOX NPs from the PLGA/PEG paste would be more efficacious
than the release of DOX alone, due to the increased MDR found with
DOX in the treatment of GBM. This hypothesis could be tested through
directly measuring the intracellular quantity of DOX comparing cells
exposed to DOX alone and DOX-NPs. However, a major caveat of in vivo
GBM models is the inability to recapitulate the heterogenic nature of the
tumour, thus proposed resistance may not be as close to that observed

in the clinic.

4.1.5.1 Primary derived cells for in vivo studies

Due to the increased understanding that GBM biology, therapy and
therapy resistance are highly influenced by interactions between cancer
cells and their microenvironment, the use of patient derived orthotopic
xenografts (PDXs) has increased dramatically. They have been

developed through the direct implantation of freshly isolated tumour cells,
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without intervening cell culture steps. This has the advantage of capturing
genetic diversity without any in vitro selection3®, Despite the use of
human GBM cell lines being more clinically relevant than rodent GBM cell
lines, murine stroma inevitably takes over the implanted cells resulting in
a genetic drift3®°, It has also been observed that developing human
xenografts for rodent in vivo studies leads to problems concerning the
lack of infiltrative disease, and does not truly recapitulate the tumour
microenvironment with regards to cancer cell-host cell interactions and
signalling3®4. It has therefore been suggested that for long term in vivo
culture, direct patient xenografts may not perform any better than GSC

cultures expanded in vitro prior to transplantation3°.

4.1.5.2 Organoid models of GBM

Despite the shift from mouse/rat genetic GBM models to potentially more
representative PDX GBM models, there remain major drawbacks and
lack of translation and prediction from in vivo studies to clinical trials. In
particular, models are needed which have the capability to recapitulate
the tumour microenvironment, ideally providing a better understanding of
disease biology, including cell-cell and cell-environment interaction and
crosstalk. A factor that is poorly translated in a rodent model is the
infiltrative nature of the human disease, a component which is highly
regarded as the translation failing point from in vivo success to clinical

failure.
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Organoids offer potential in overcoming some of the issues observed in
2D in vitro models and in vivo models. Alongside the successful
development of organoids to model various cancer types including
pancreatic®!, prostate3®?, liver3®3, breast3?, bladder®®®, ovarian3® and
gastrointestinal®®’, the development of organoids to model GBM has also
taken place. The subsequent organoid models have the potential to
simulate tumour complexity and heterogeneity, not only in tumour growth
but also in response to treatment. The first GBM organoid was developed
in 2016 whereby GBM cells and GBM biopsies were embedded in
Matrigel®®8. The organoid was able to grow to 3 — 4 mm in two months
and could be maintained in culture for over a year. Incredibly, these
organoids retained the stem cell density in relation to hypoxia levels,
closely simulating that found in vivo. However, one of the drawbacks to
this system was the long period of time necessary to establish cultures
(1 — 2 months) and the minimal throughput capacity. More recently, a
faster protocol (1 — 2 weeks) has been reported and the organoids
produced, termed GBOs, were developed in serum free conditions in
order to avoid selection of specific cell populations, thus maintaining the

inter and intra-tumoural heterogeneity3°°.

Another method to establish 3D GBM organoid models is to genetically
engineer brain organoids to develop tumours#®40l or through co-
culturing brain organoids with GBM cells#%2403, The first method is
advantageous in effectively modelling the initiation of GBM but lacks the

ability to recapitulate the genomic complexity and heterogeneity of GBM.
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The latter overcomes this shortcoming through co-culturing patient-
derived glioma stem cells (GSCs) with brain organoids, demonstrating
the ability of the GSCs to integrate into the organoids, termed ‘Glioma
Cerebral Organoids’ (GLICO). The GLICO model offers a truer
representation of the heterogeneity and infiltrative nature of GBM, as it
was observed that co-cultured GSCs which exhibited a higher degree of
invasiveness in the GLICO model, equated to a shorter life-span when
transplanted in mice?®t. Furthermore, the formation of a network of
microtubules in the GLICO model was observed, connecting bulk tumour
with satellite tumour colonies, indicating the successful translation of the

infiltrative nature of GBM4°2,

One of the major benefits to these systems is the rapid development of a
primary tumour derived organoid, which could be co-cultured with
primary derived GSCs, resulting in a patient-derived “mini brain”494,
allowing the unprecedented opportunity to explore personalised medicine
for the treatment of GBM. Each patient could have drugs screened
against their “mini-brain” to afford them the best treatment method based
on their own, specific tumour biology. This will lead to the continuous
revision of clinical trial designs, whereby a combination of drugs can be
screened against stratified patient cohorts, introducing flexibility to
continue treatment for patients responding and similarly discontinue

treatment for those patients who are not responding.

The models discussed offer an important opportunity to screen drugs

against a library of GBM-organoids in a high throughput manner to gain
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a more clinically-relevant insight to drug activity and resistance than is
currently available in traditional 2D or in vivo models. However, the
appropriate selection of which model to use would highly depend on the
research question being asked. In this body of work, the enhanced
penetration and efficacy of drug-loaded NPs was investigated and similar
drawbacks observed with in vivo models, such as size difference
between rat and human brain, would not necessarily be overcome with
organoid models, even if the tumour microenvironment may be more

closely related to that of a human GBM.

4.2 Summary

The work presented in this thesis highlights the application of polymeric
nanotherapeutics for the localised treatment of GBM via a pre-existing
microparticulate paste. A panel of cytocompatible polymeric formulations
were designed and shown to form self-assembling NPs. The ROP
method was optimised to advance further the use of organobasic
catalysts, decreasing the reaction time, temperature and alleviating
laborious column separation steps. In this way a quick, easy and user-
friendly ROP method generated polymers with highly predictable final
molecular weights and narrow molar mass dispersities (D). Furthermore,
a functionalisable monomer, tBSC, was synthesised and the optimised
ROP method was successfully able to include this BOC-protected
monomer, resulting in co-polymers with functional “handles” scattered

throughout the backbone. Following the successful deprotection of the
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BOC group on the tBSC monomer, DOX was conjugated to the polymeric
backbone, generating drug-loaded polymers, which were formulated into

kinetically-trapped NPs as a proof-of-concept drug delivery system.

The subsequent DOX-NPs were screened against a panel of GBM cell
lines, both commercially available and primary-derived cell lines from the
infiltrative margin of patients’ tumours, providing a more clinically-
relevant insight to the activity of the formulations. Whilst the drug-free
NPs were cytocompatible with the cell lines tested, the DOX-NPs were

efficacious against each GBM cell line tested.

The predominant aim of the designed DOX-NPs was incorporation of the
formulation into a previously developed PLGA/PEG microparticulate
matrix for the localised treatment of GBM. Henceforth, in vitro release
studies of the DOX-NPs from the PLGA/PEG matrix were set up to
ensure successful release of the drug from the depot. A burst release of
DOX was observed after the first 30 minutes, most likely due to the
adherence of some of the DOX-NPs to the surface of the PLGA/PEG
microparticles at the edge of the matrix prompting their initial release via
high local acidity at the matrix surface. This observed burst release lasted
4 days and was followed by a steady-state release up until day 63 when
approximately 70% of the drug had been released from the matrix. This
steady state release was expected, as it had been previously observed
when drug alone had been incorporated into the PLGA/PEG matrix86:88,
and was attributed to the drugs becoming trapped within microparticulate

pores. It is hypothesised that the release of the remaining 30% of drug
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would be PLGA degradation-dependent, and thus the remaining DOX
would be released following degradation, which could be tested through

longer in vitro release studies.

Based on the amount of DOX conjugated to the polymeric platform
forming the DOX-loaded NPs, the cumulative release concentration
during the initial burst release over the 4 days is expected to have a
cytotoxic effect against residual tumour cells most proximal to the
invasive margin. The remaining DOX-NPs released over the following 60
days may potentially penetrate further into the brain parenchyma and
target more infiltrative tumour cells, thus potentially filling the current
oncological treatment gap between surgery and adjuvant chemotherapy

and radiation treatment.

Overall, this project has emphasised the potential of incorporating
nanotherapeutics into a microparticulate localised delivery system for the
first time in neuro-oncology, an exciting prospect for the future treatment

of GBM.
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Figure A 1 Representative *H NMR graph (400 MHz, CDClIs) for the ROP of lactide and

tBSC initiated by mPEGsooo (P2), showing quantitative polymerisation of both lactide and tBSC

after 15 minutes. (A) time = 0 minutes, (B) time = 15 minutes, and (C) post purification.
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Figure A 2 1H-NMR and '3C-NMR spectrum with integrations of P2 (mPEGsooo-(LA)s0-

(tBSC)so) as model polymer.
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Figure A 3 ATR-IR spectra of the five PEGylated ester-carbonate co-polymers showing typical peaks of both ester and carbonate functionalities. In particular, C-H stretching

in the region between 2900 -2800, C=0Oester and C=Ocarbonate in the region of 1750 -1680 and the C-O-C bending of the ester and ether (PEG) functionalities at 1100 cm™.
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Figure A4 H-NMR spectra of P2 co-polymer in deuterated chloroform (bottom) and
deuterated DMSO (top) in order to show peak variations in the two solvents.
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Figure A5 DLS trace of the five PEGylated ester-carbonate co-polymers in nanoparticle

form, showing uniform size across the three independent cell viability studies.
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DNA-criteria | DNA-criteria | DNA-criteria | DNA-criteria | DNA-criteria | DNA-criteria | DNA-criteria DNA-criteria DNA-criteria
DNA-System GIN-8 p11 GIN-8 p33 18.3 GIN-28 p11 GIN-28 p33 T28.3 GIN-31 p11 GIN-31 p31 T31.5
CL181019 026|CL181019 026|CL18101S9 014|CL181019 026|CL181019 026|CL181019 025|CL181019 026| CL181019 027 (CL181019 030

AM X X X, X X, X XY XY XY X, X X, X X, X
D351358 15, 16 15, 16 15, 16 14,17 14, 17 14, 17 16, 18 16, 18 16, 18
D1S1656 12, 16 12, 16 12,16 12,16 12, 16 12, 16 12, 15 12,15 12,15
D6S1043 14, 18 14, 18 14, 18 11,13 11, 13 11, 13 12, 18 12,18 12,18
D135317 12,12, 12,12, 12,12, 11,12 11,12 11, 12 11, 13 11, 13 13,13
Penta E 6,9 6,9 6,9 7,17 7,17 7,17 7,12 7,12 7,12
D165539 12,12 12, 12 12,12 9,12 9,12 9,12 10, 11 10, 11 10, 11
D18S51 16, 17 16, 17 16, 17 14,17 14, 17 14, 17 17, 18 16, 17,18 17,18
D251338 17,19 17, 19 17,19 19, 23 19, 23 19, 23 19, 25 11, 19, 25 19, 25
CSF1PO 11, 11 11, 11 11, 11 11,13 11, 13 11, 13 11, 12 11, 12 11,12
Penta D 12,13 12,13 12,13 12,14 12,14 12,13, 14 11, 12 11, 12 11,12
THO1 9,9 9,9 9,9 6,9.3 6,9.3 6,9.3 6,9 6,9 6,9
vWA 17,7 17, 17 17,17 14, 15 14, 15 14, 15 14, 18 14, 15, 18, 21 14, 18
D21511 30, 30 30, 30 30, 30 27,33 27,33 27,33 29, 29 29, 29 29, 29
D75820 9,10 9,10 9,10 8,10 8, 10 8,10 7,10 7,10 7,10
D55818 12,13 12,13 12,13 11,12 11,12 11, 12 11, 12 11, 12 11,12
TPOX 8,11 8,11 8,11 8,11 8,11 8,11 9,9 9,9 9,9
D8S1179 10, 13 10, 13 10, 13 10, 14 10, 14 10, 14 11, 13 11, 13,14.1 11, 13
D125391 18, 18 18, 18 18, 18 20, 21 20, 21 20, 21 17, 23 16,17, 22.3, 23 23,23
D195433 13,13 13, 13 13,13 14, 14 14, 14 13,14 12, 15 12,13.1, 15 12,7
FGA 21, 22 21,22 21, 22 23,25 23,25 23,25 22,26 19.3, 22, 26 22,26
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Figure A 6 Single tandem repeat genotyping of patient-derived GBM cell lines. Cell line authentication of the GIN-8, GIN-28, and GIN-31 patient-derived primary lines
isolated from the GBM invasive edge. DNA was isolated from each sample and genetic characteristics determined by PCR-single-locus-technology, utilizing 21 independent DNA
loci. The GIN-8 line compared across two passages (pl1 and p33), showed identical STR genotypes, which fully matched the STR genotype from primary invasive margin GBM
tissue (T8.3) from which the cells were derived. The GIN-28 line compared across two passages (p11 and p33), showed identical STR genotypes, with 20/21 DNA systems
matching the STR genotype from primary invasive margin GBM tissue (T28.3) from which the cells were derived. STR genotypes for the GIN-31 line compared across two
passages (pll and p33), showed 19/21 (90.5%) p11 and 14/21 (66.7%) p33 similarity to primary invasive margin GBM tissue (T31.5) from which the cells were derived. Minimal
genotypic changes between p11 and p33 likely reflect the acquisition of DNA variants as cells adapt to an in vitro culture environment as passages increase. Collectively these
results confirm that the cell lines utilised in this study have not been cross-contaminated with any other cell line and the primary lines derived from the GBM invasive margin

broadly retain the genotype of the tumour.

204



