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Summary

Activating the immune system to target cancer cells is one of the most promising and novel
therapeutic approaches for cancer treatment. It offers the potential for long-term protection
and limiting off-target cytotoxicity in healthy tissue, which are some of the major drawbacks
in chemotherapy. However, limited patient response and autoimmune adverse effects
remain current challenges in cancer immunotherapy. The administration of
immunotherapies and combination therapies into the immune cell-rich dermal skin region
using biodegradable microneedles or into the tumour resection site using implants could
overcome these limitations by stimulating a local and controlled therapeutic response.

This thesis presents the development and functionalisation of biomaterial-based
microneedles and implantable devices to promote the sustained delivery of a variety of
immunomodulatory drugs and anticancer agents into the microenvironment of the tumour
aiming to locally modulate the immune response. Specifically, the covalent functionalisation
of hyaluronic acid to a clinically investigated IDO inhibitor, 1-methyltryptophan, was explored
as well as the development of a variety of immunomodulatory nano- and microparticle
systems including: (i) self-assembled hyaluronic acid nanoparticles incorporating the
clinically used immune checkpoint inhibitor, anti-PD-L1; (ii) immunostimulatory vaccine
functionalised iron oxide nanoparticles, (iii) a Pt(lV) prodrug decorated iron oxide
nanoparticle system for immunochemotherapy; and (iv) multimodal biosilica-based
constructs showing intrinsic peroxidase-like activity and biosensor applications.

The incorporation of some of these systems into microneedles and implantable devices
demonstrated gradual drug release under physiological conditions and retention of
functional activity in vitro using different murine and human cancer cell models. The
experimental results highlight the potential of these microneedles and implants as sustained
delivery platforms for enhanced cancer immunotherapy and combination therapy.
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Chapter 1
Introduction



1.1 Defence mechanisms of the adaptive and innate
immune system

The human immune system is a complex defence apparatus designed for the deterrence of
foreign antigens such as those found on cancer cells and pathogens including bacteria,
viruses, fungi, and parasitic organisms that compromise our health and essential biological
functions.! The two main defence mechanisms in humans are the innate and adaptive
immunity. The innate immune system is the first and the most rapidly acting form of defence
comprising from a series of immune cells derived from stem cells found in bone marrow.?
These cells contain germline-encoded receptors that recognise proteins, nucleic acids and
glycans, which are frequently expressed on pathogenic organisms, known as pathogen-
associated molecular patterns (PAMPs) including lipopolysaccharides (LPS), nucleic acids and
other proteins found either on the cell membrane or intracellularly.>* The main pattern
recognition receptors (PRRs) include toll-like-receptors (TLR), nucleotide-binding
oligomerization domain-like receptors (NLR), C-type lectin receptors (CLR) and RIG-1 like

receptors (RLR).>®

TLRs are the most thoroughly studied family of PRRs and defined as type | integral membrane
glycoproteins consisting of an extracellular N-terminal ectodomain and intracellular toll-
interleukin-1 receptor (TIR) domains. The ectodomain contains 19-25 leucine rich repeat
(LRR) motifs made up from amino acid chains and is responsible for ligand binding, whereas
the TIR domains direct the signalling response, which is typically triggered by ligand-mediated
dimerization of TLRs and adaptor protein recruitment.”® PRRs are also capable of recognising
damage associated molecular patterns (DAMPs), defined as inflammatory signals expressed
on damaged cells (Table 1.1).° Amongst the vigilantes of the innate immune system are
macrophages, granulocytes, natural killer cells, mast cells, complement proteins and
dendritic cells.! When a pathogen is identified, a signalling cascade is initiated that leads to
the activation of inflammatory responses thorough typical inflammatory transcription
factors, such as NF-kB, mitogen-activated protein kinase (MAPK) and AP-1.1%%! An abundance
of different types of proinflammatory cytokines and chemokines are released that either
directly induce apoptosis in the pathogenic cells or alerts other immune cells for support.1213
Macrophages, dendritic cells, mast cells and granulocytes, including neutrophils, basophils
and eosinophils, have a more extensive arsenal of defence mechanisms involving the

digestion of pathogens by phagocytosis or macropinocytosis and orchestrate pathogen



targeted attacks involving nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX2) mediated reactive-oxygen-species (ROS) generation or the release of enzymes such
as proteases, cathepsin G, cationic proteins, elastases, lysosome and defensins %41
However, some pathogens do not express common PAMPs or have evolved to conceal them
in order to blend in with healthy cells allowing them to proliferate and infiltrate the host
without initial resistance.®

Table 1.1 Examples of PRRs association to PAMPs and their origin. The innate immune
response towards foreign pathogens is mediated by PRR recognition of pathogenic proteins

and damage signals.*%°1°
Group PRR Location PAMP/DAMP Organism
TLRs TLR1/TLR2 Cell surface Triacyl lipopeptides Bacteria
TLR2/TLR6 Cell surface Diacyl lipopeptides Mycoplasma
Lipoteichoic acid Gram-positive
TLR2 Cell surface Zymosan bacteria
Fungi
Cell surface Envelope glycoproteins Viruses
TLR3 Cell surface/ dsRNA Viruses
Endosome
TLR4 Cell surface LPS Gram-negative
bacteria
Envelope glycoproteins Viruses
Mannan Fungi
Glycoinositolphospholipids Protozoans
TLR5 Cell surface Flagellin Flagellated bacteria
TLR7/8 Endosome ssRNA Viruses
TLR9 Endosome CpG DNA Bacteria, Viruses,
Protozoans
NLRs NOD1 Cytoplasm Peptidoglycan Gram-negative
NOD2 Cytoplasm Peptidoglycan bacteria
Gram-positive
bacteria
NALP3 Endosome Adenosine triphosphate, uric  Bacteria, Viruses
acid  crystals, muramyl
dipeptide
RLRs RIG-I Cytoplasm dsRNA Viruses
MDA5 Cytoplasm dsRNA Viruses
CLR Dectin-1 Cell surface B-Glucans Fungi




DC-SIGN Cell surface Glycoprotein Viruses

The adaptive immune response, which is developed only in vertebrates, steps into action
when the innate immunity has been outmanoeuvred and is no longer able to combat the
disease on its own. The adaptive immune system acts by identifying pathogen-expressed
antigens and producing immunomodulatory molecules that specifically seek out and destroy
molecules expressing those antigens.” The clonal selection theory proposed by Sir
Macfarlane Burnet in 1957, which now is a widely accepted principle of immunology,
postulates that only those lymphocytes that are actively stimulated by antigens survive and
proliferate, whereas lymphocytes that remain inactive or self-react with each other are
eliminated from the vast lymphocyte repertoire.’® His theories paved the way for the

understanding of the complexity of cells and mechanisms of the adaptive immunity.

Additional to their inflammatory innate immune responses, macrophages and dendritic cells
function as mediators of the adaptive immune system by digesting pathogens and expressing
their protein fragments via the major histocompatibility complex (MHC) class | or II
membrane proteins.’®?° Once exposed to a foreign antigen, they mature to become antigen
presenting cells (APCs) with the mission of travelling though the lymphatic system to the
draining lymphoid tissue including lymph nodes, spleen, Peyer’s patches and mucosal tissues,
where the pathogen-associated antigens are presented to receptors of naive T cells that
mature into antigen-specific T cell (Figure 1.1 A).?! Effector T cells are classified into helper T
cells (e.g. CD4* T cells), cytotoxic T cells (e.g. CD8* T cells and NK T cells) and regulatory T cells
(Treg). Some immune cells including y6 T cells and NK T cells can carry out both innate and
adaptive immune responses via a MHC-independent antigen presentation pathway.?>?* CD4*
T cells are activated via MHC class ll-mediated antigen presentation and can be
subcategorised into T helper (Th) cells, Th1, Th2, and Th17, each dominated by their unique
set of immunostimulatory pathways. Th1 cells specialise in activating macrophages through
the release of cytokines, interferon-gamma (IFN-y) and tumour necrosis factor-beta (TNF-B),
while Th2 cells preferentially induce B cell activation with the secretion of interleukins.?* Th17
cells were discovered more recently and have been found to promote inflammatory
responses and neutrophil development accompanied by the upregulation of several
interleukins and TNF-a.%> Regulatory T cells (Tregs) are an immune inhibiting phenotype of
CD4+ T cells, characterised by the expression of forkhead box P3 (FoxP3) transcription factor,
and are responsible for the control of effector T cell production.?® Tregs are known to adopt
an important role against autoimmune diseases but can also have negative effects when they

are used to the advantage of the disease, for instance, in the context of cancer
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development.?’ Mature cytotoxic CD8" T cells recognise and eliminate infected cells
expressing antigens presented through MHC class | specific to the antigens that the T cells

were primed against.?®

Another vital lymphocyte group of the adaptive immune system are B cells that release
antibodies upon antigen presentation. Antibodies or immunoglobins consist of a constant
and variable region made up by light and heavy chains. The light and heavy chains of the
variable region complement each other to form the antigen-binding-site and determine its
specificity.?® B cells that encounter a foreign antigen engulf and degrade the pathogen and
present that specific antigen to Th cells via MHC class Il. This interaction, typically
accompanied by co-stimulatory CD40 ligand-receptor binding, results in the activation of B
cells and differentiation into plasma cells enabling the release of antigen-specific
immunoglobins (Figure 1.1 B).*° B cell activation is also possible without Th cell-mediated
stimulation by producing antibodies directly in response to interaction with microbial
constituents. This is known as the thymus-independent pathway and occurs predominantly
in individuals exhibiting a deficiency of T cells.3! Similar to innate immune cells, lymphocytes
of the adaptive immune system are generated and develop from stem cells in the primary
lymphoid organs including the bone marrow and thymus with the latter being prevalent for

the development of T-cells.*?

Pathogens that are targeted by cytotoxic lymphocytes via an antigen-specific pathway are
subjected to a cascade of cytolytic proteins such as granzymes and perforins that induce
apoptotic cell death.3® Alternatively, cell lysis can also be activated by cytokine mediated ROS
generation or through the FasL and TNF-related apoptosis-inducing ligand (TRAIL) receptor
transduction pathway (Figure 1.1 €).3*3> Lymphocytes that remain after the foreign antigen
has been eliminated are known as memory cells that guarantee a more rapid and effective
response if the pathogen is encountered again by lowering the activation threshold for
antigen-specific T cell and B cell development and proliferation.3® Cytotoxic lymphocytes
development and activity is not immediate and usually transpires with a delay of several days
after initial pathogen recognition, prior to which the host relies solely on the innate immune
response.’’ This accentuates the importance of both the adaptive and innate immunity
collaborating to identify and abolish foreign antigens from the system. Our fundamental and
constantly evolving knowledge of human immunology has been one of the most important
steppingstones in the design of novel vaccines, therapies, and diagnostic tools for a variety
of diseases including cancer and will undoubtedly continue to be pivotal for the future

developments.
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Figure 1.1 Schematic representation of the adaptive immune mechanisms acting on tumour
cells. (A) The digestion of cancer cells by dendritic cells and macrophages leads to their
maturation into APCs that present the tumour-associated antigens to naive T-cells in the
lymph nodes. (B) B-cells develop into plasma cells that produce tumour antigen-specific
antibodies. (C) Following antigen presentation, T-cells develop into effector T cells that seek
out and eliminate the cancer cells through various signalling pathways. Memory T cells and
memory B cells are recruited to ensure a prolonged antigen-specific response against
recurrence. DC-Dendritic cell; M@-Macrophage.

1.2 Immune evasive mechanisms of tumour cells

Human cancers are known to manifest themselves in response to internal or external risk
factors. While certain recreational drug consumptions, diets, prolonged exposure to
carcinogens and some health conditions have been shown to enhance the probability of
cancer development, carcinogenesis can often be correlated to errors in DNA replication
during cell repair, in the absence of external triggers.3®3° Some of the known external stimuli
are associated with cigarette smoking, alcohol, red meat consumption, UV exposure, bacteria

and viruses.*%



Cancers are also known to arise in the absence of exogenous stimulation due to old age or
through non-sporadic inheritance of cancer predisposition genes. Due to the constant cell
division during the lifetime of any individual, cell mutations are not uncommon, but are
usually harmless and corrected by the DNA repair system.*® As an individual ages, long-lived
cells, including stem cells, accumulate DNA damage due to repeated exposure to oxidative
stress correlated to the natural cell metabolism. Consequently, the risk of genomic instability
increases leading to a higher incidence of somatic cell mutations that result in modifications
of DNA protein sequencing and the cell cycle regulatory system.*” However, cancer
development is not limited to defects in DNA sequencing but is also correlated to epigenetic
alterations such as chromatin remodelling, a compromised proteostasis, related to the
maintenance of intracellular and extracellular protein homeostasis, and telomere
shortening.®® Chromatin alterations, including DNA methylation, phosphorylation,
acetylation, citrullination and ubiquitination, are processes that have been associated with

cancer development.*

The exact series of biological events leading up to the initiation of mutagenesis and to what
extent they are preventable is up to this day not fully understood, but significant progress
has been made in the identification of genes that are involved in cancer susceptibility due to
their high likelihood to undergo anomalous somatic mutation, which is often provoked by a
damaged DNA repair network.3®#% There are two groups of genes directly associated with
cancer susceptibility, namely, proto-oncogenes and tumour suppressor genes.>’ Proto-
oncogenes include a variety of genes that are prone to turn cancerous upon mutation and
are mainly engaged in cell proliferation signalling, whereas tumour suppressor genes are
responsible for the surveillance of DNA repair, apoptosis signalling and inhibition of cell
division processes.’>*? Examples of oncogenes include human epidermal growth factor
receptors (HER-2 and EGFR), vascular endothelial growth factor receptors (VEGFR) and the
BCR-ABL fusion gene, all of which exhibit a functional role in the tyrosine kinase enzyme
activity that mediates cell proliferation, apoptosis and other cell metabolic processes.>*>
Oncogenes have been shown to not only be involved in the initiation of neoplasia, but also
in its progression and maintenance. However, some studies have revealed that the
upregulation of certain oncogenes does not inherently favour tumour development and, in
certain cases, has been shown to promote cell apoptosis or senescence, a phenomenon in
which the cell terminates proliferation activity but does not undergo cell death.>>>® One of
the most critical tumour suppressor genes is p53, which is inactivated in approximately 50%
of human cancers.’” It regulates the activation of oncogenes and DNA damage by
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upregulating the transcription of pro-apoptotic proteins, PUMA and NOXA.>”*® Other
common tumour suppressor genes include RB1 and BRCA1, which are mutated in a variety
of cancers, but predominantly in retinoblastoma and breast cancers, respectively.>>®® A
portion of these cancer-associated genes are relevant predisposition genes inherited from a
previous generation of ancestors. The inherited allele of a mutated predisposition gene is
usually not harmful, because the second allele of that gene is able to rectify its functionality.
However, if the second allele is subjected to mutation instigated by one of the many possible
mechanisms described above, the gene can no longer carry out its function and emerges as
carcinogenic. Hence, the higher risk of cancer development in individuals with

predispositions genes is due to the induction of carcinogenesis after a single somatic

mutation, unlike sporadic cancers that require two mutations of a gene.®!

In order to consolidate the diversity of mechanistic processes that enable human tumour
growth and survival within an inherently rigorous and intelligent immune system, Weinberg
et al. proposed six core hallmark capabilities with two additional emerging hallmarks and a

pair of enabling characteristics (Figure 1.2).5
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Figure 1.2 Hallmarks of cancer. Core hallmarks (dark blue), emerging hallmarks (light blue)
and enabling characteristics (grey). Reproduced from Weinberg et al..®?

The cancer initiation mechanisms have been discussed above, but tumour progression
implicates a series of additional strategies that are developed at a later stage, in which
malignant cells acquire certain features that enable them to grow, metastasise whilst evading
immune detection and attack.®®* The human immune system is constituted by an innate and
adaptive immune response to foreign pathogens as discussed in the previous section.
However, cancer cells are highly adaptive to the mechanisms of our defence system and
evolve to avoid its detection in a process known as immunoediting that consists of three
stages: elimination, equilibrium and escape (Figure 1.3).%*% In the first stage, immune cells
are initially able to identify tumour-associated antigens (TAAs) and tumour-specific mutant
antigens (TSMAs) and prime antigen-specific lymphocytes, including CD4* T helper cells, CD8*
T cells, NK T cells, B cells and memory cells, towards tumour cells and effectively eliminate

them.%®

At this stage, tumour cells enter an equilibrium phase in which immune cells are actively
constraining tumour development by eliminating immunogenic tumour cells, while the less
immunogenic cells remain dormant until they are eventually eradiated or undergo epigenetic

alterations that enables anti-tumour immune evasion.®” Memory T and B cells ensure that



tumour dormancy is retained for years before the balance between anti-tumour immunity
and tumour immune evasion is disrupted and progression in either direction incurs.®® The
third stage of immunoediting involves immune escape and this is commonly enacted by the
downregulation or complete inactivation of the MHC class | protein, which is essential for
antigen presentation to adaptive immune cells and recognition by CTL.*® MHC class |
expression can be inhibited through mutation of transport molecules to the cell membrane
such as B2-microglobulin, downregulation of transporter associated with antigen processing
(TAP), loss of transcription factors and DNA methylation.”®”* T cell anergy is also induced by
cancer cell secretion of immunosuppressive agents including transforming growth factor
beta (TGF-B), indoleamine 2,3-dioxygenase (IDO), prostaglandin-E2 (PGE2), arginase and
extracellular adenosine.””3 Hypoxia and certain oncogenes can activate angiogenic signalling
proteins such as vascular endothelial growth factor (VEGF) that promotes tumour growth
and is also known to inhibit DC maturation.”® NK cells recognise and induce apoptosis in
cancer cells overexpressing the MICA/MICB surface proteins through the distinctive NKG2D

receptor stimulation pathway.”

In the immune evasion stage, tumour cells can undergo epigenetic silencing that allows them
to shed these surface proteins in order to avoid NK detection and destruction.”® The
recruitment of inflammation-mediated Tregs, myeloid-derived suppressor cells (MDSCs) and
tumour-associated macrophages (TAMs) aid in the creation of an immunosuppressive
tumour microenvironment.”” Activated macrophages can either polarise towards a
proinflammatory M1 phenotype or an anti-inflammatory and immunosuppressive M2
phenotype. TAMs are associated with the M2 phenotype, which promote tumour
progression through angiogenesis signalling, aiding metastasis and the upregulation of
immunosuppressive growth factors (e.g. TGF-B and VEGF), cytokines (e.g. IL-10 and IL-6) and
enzymes (e.g. IDO and arginase), further establishing a favourable microenvironment in
which the cancer is enabled to thrive.”® IDO and arginase exhibit the functions of catabolising
L-tryptophan and L-arginine, respectively, which consequently results in upregulation of
Tregs that downregulate the generation and proliferation of immunostimulatory effector T

cells.”®

Inhibitory T cell receptors, such as cytotoxic T lymphocyte antigen-4 (CTLA-4) and
programmed death-1 (PD-1), found on the tumour cell surface are another important
composite of the immune evasion network that inactivates antigen receptor recognition of
tumour cells by antigen-specific CTLs.% The ability of tumours to alter their metabolisms is

one of the emerging hallmarks and cancer cells achieve this by reprogramming their glucose
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metabolism via a glycolysis-favoured pathway. This energy producing pathway is beneficial,
as it is not hindered by the hypoxic environment frequently found in tumours. The
considerably lower ATP production compared to the traditional oxidative phosphorylation
process is compensated by increasing the glucose influx into the tumour cells through
upregulation of glycolytic enzymes and glucose transporters, such as GLUT1. The
oncoprotein, K-Ras, and the hypoxia both induce hypoxia regulating transcription factors that
upregulate glycolysis in order to sustain tumour cell survival.?? In some cases, cancers have
further adapted by utilising lactate, a glycolysis waste product, as an energy source for a

subpopulation of tumour cells and, thereby, enable their growth.8?
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Figure 1.3 Schematic illustration of the mechanisms involved in cancer immunoediting. The
3 stages of cancer immunoediting are: Elimination in which cancer cells are recognised and
effectively abolished by the adaptive immune system. Equilibration occurs when some cancer
cells are eliminated, but other less immunogenic tumour cells avoid immune recognition. In
the Escape stage, cancer cells develop an immunosuppressive microenvironment by
surrounding themselves with cells that release immunosuppressive signals and shed antigens
to avoid immune detection.

With such a vast display of immunosuppressive and immune stimulating signalling occurring
simultaneously and persistently, the outcome of the disease, ultimately, comes down to an
imbalance in the conflict between the anti-tumour immune responses and the tumour
escape forces that leads to either cancer suppression or cancer progression and metastasis.
The multitude of tumour-associated immune evasive mechanisms that are currently known
are potentially only a small fraction of all the viable pathways yet to be discovered.® Many

of the tumour-specific or tumour-overexpressed targets have already been exploited for the
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development of novel cancer immunotherapies and combination therapies with some
clinical success.®* Our increasing knowledge of tumour evasive strategies and progress in
developing vaccines that can reverse or inhibit them, forecasts a promising future for

immunomodulatory cancer therapeutics.

1.3 Cancer immunotherapy

In 1891, William B. Coley, who is widely accepted as the founding father of cancer
immunotherapy, was the first to attempt to therapeutically harness the immune system in
patients with bone sarcoma that developed erysipelas by injecting the patients with mixtures
of activated and inactivated Streptococcus pyogenes and Serratia marcescens bacteria,
termed ‘Coley’s toxin’.8>%% |t achieved complete tumour remission in some patients with
different cancer types including sarcoma, testicular carcinoma and lymphoma, but the
unknown underlying immunological mechanisms and the high risks of infecting patients with
pathogenic bacteria led to scepticism amongst oncologist worldwide.?” Thereafter, the
opportunities of immunotherapy were elucidated with advances in immunology such as the
discovery of cancer immunosurveillance,® followed by the discovery of T cells, B cells, and
dendritic cells.?>*° The attention of oncological research towards immunotherapies began to
escalate with the clinical approval of the lymphocyte-activating cytokines, recombinant
human IFN-a-2b for the treatment of hairy cell leukaemia and high-dose IL-2 in patients with

metastatic melanoma and renal cell carcinoma.’>*?

Despite high clinical success in a small group of patients, the response rate of these
treatments was mostly moderate, cancer type specific and associated with a high risk of
developing autoimmune-related adverse effects.®® The breakthrough came with the
discovery of the immune checkpoints, cytotoxic T-lymphocyte-associated protein (CTLA-4)
and programmed cell death protein 1 (PD-1) by James P. Allison and Tasuku Honjo,
respectively, who were both awarded the 2018 Nobel prize in Physiology or Medicine for
their pioneering work.>* The discovery and clinical success of the immune checkpoint
inhibitor therapies paved the way for a rapidly increasing interest in the field and novel
developments in cancer immunotherapies and combination therapies. Current
immunotherapies can be categorised into immune checkpoint inhibitors, monoclonal
antibodies, adoptive T cell therapies, cytokines, cancer vaccines, oncolytic viruses, and
adjuvants. The following sections describe some of these immunotherapeutic approaches

and discuss the mechanism of action and clinical impact of these treatments.
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1.3.1 Immune checkpoint inhibitors and co-stimulators

Immune checkpoints are cell surface proteins that are expressed on a variety ofimmune cells,
but also overexpressed on cancer cells and have an immunosuppressive function involving
the inhibition of cytotoxic T cells activation via TCR-mediated tumour-associated antigen
recognition.®® The discovery of the checkpoints CTLA-4 and PD-1 was a breakthrough in
immunotherapy as it showed exceptionally high clinical success in some cancers that had
failed to be eradicated by conventional chemotherapies and radiotherapies.®® CTLA-4-
targeted therapies were first FDA-approved in 2011 and branded ipilimumab, while
nivolumab became the first FDA-approved PD-1 inhibitor, for the treatment of melanoma.®’
CTLA-4 expressed on T cells compete with the costimulatory receptor CD28 for ligand binding
to the molecules, B7-1 and B7-2, on tumour cells.”® The costimulatory effect from CD28-B7
interaction results in T cell activation and proliferation, while CTLA-4 aims to inhibit this
interaction and it known to have more affinity for the competing ligands. Its other
immunosuppressive pathways are mediated by preventing the release of T cell stimulatory
cytokines and recruitment of signalling proteins that inhibit transcription factors affiliated
with T cell activation.®® PD-1 is mostly expressed on T and B lymphocytes and upregulated by
signalling via the PI3K-Akt protein kinase pathway and pro-inflammatory cytokine secretion

including IFN-y, TNF-a and IL-2 (Figure 1.4).%°

More recently an alternative pathway through STAT3 transcription in combination with IL-6
generation has demonstrated to enhance PD-1 expression.® This checkpoint protein is
activated upon binding to PD-L1 or PD-L2 receptors on cancer cells, but the latter has less
affinity for PD-1 and its immunosuppressive properties are not well established. Upon ligand
binding, effector T cell proliferation and cytokine upregulation is inhibited, while Tregs
production is increased, which promotes tumour cell growth and immune evasion. In
addition to its role in T cell anergy, PD-1 promotes the generation of anti-inflammatory IL-10
that helps forge an immunosuppressive microenvironment.” Tregs, abundantly found in the
tumour microenvironment, are known to express PD-1 and can differentiate naive CD4* T
cells into Tregs in the presence of the co-receptor CD3 and TGF-B.1°! The mechanism by which
B cell activation is inhibited by PD-1 has not been fully elucidated, but studies have shown
correlation between mature B cell-mediated antigen-specific antibody activity and PD-1
inhibition.1°? Clinical studies on cancer patients co-administered with PD-1 and CTLA-4
inhibitors have shown enhanced therapeutic benefit compared to the response observed
with individual treatments but was correlated with an elevated risk of developing

autoimmune diseases (Figure 1.4).1%
13
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Figure 1.4 Immune checkpoint inhibition mechanisms of anti-PD-1 and anti-CTLA-4. Tumour
cells avoid adaptive immune recognition via the expression immune checkpoints that are
found on tumour cell and T cell surfaces. Immune checkpoint inhibitors such as anti-PD-1
and anti-CTLA-4 blocks the interaction of the checkpoint proteins with their respective ligands
on tumour cells leading to the recovery of cancer immunosurveillance. Ag -Antigen; TCR - T
cell receptor; Teff - effector T cell; Tregs - regulatory T cells.

Currently, several other inhibitors of PD-1 and its ligands have been approved worldwide for
the treatment of a multitude of cancers, such as atezolizumab for the treatment of bladder
cancer and avelumab for Merkel cell carcinoma therapy.}® The motivation to discover the
next generation of immune checkpoint targets has led to the investigation of novel
candidates, some of which showed promising results in clinical trials. Imnmune checkpoint-
targeted drugs are categorised into inhibitors and co-stimulatory molecules. Due to their
relatively low therapeutic response compared to PD-1 inhibitors, these drugs are mostly
studied in combination with other immune checkpoint inhibitors in clinical and pre-clinical

settings.%®

IDO is an immunosuppressive heme-bearing enzyme overexpressed on tumour cells
including melanoma, ovarian cancer, colorectal cancer, sarcoma, and chronic lymphocytic
leukaemia. It’s structure and composition were presented by Sugimoto et al. and consists of
a large and small domain connected by a long loop, of which the a and 310 helices of the large
domain created the hydrophobic pockets containing the ferrous Fe-heme groups (Figure 1.5
A).1% |t is responsible for L-tryptophan metabolism via the kynurenine pathway. The reaction
is initiated by the incorporation of oxygen that leads to cleavage of the double bond at the
2,3 position of the indole group that results in the formation of N-formylkynurenine before

it is enzymatically reduced to L-kynurenine (Figure 1.5 B).

14



Small
domain 7
Large
domain
.
HO
B o o
o)
OH OH oH
[w\H [ WH
e NH NH,
\ IDO1
© o
N NH
H 0,70,/ NH,
L-Tryptophan o H L-Kynurenine

N-formylkynurenine

Figure 1.5 Structure and function of the tumour overexpressed IDO1 immune checkpoint.
(A) IDO1 crystal structure with illustration of the Fe-heme moiety residing in the hydrophobic
pockets. (B) Reaction scheme of IDO1 metabolism of L-tryptophan via the incorporation of
oxygen into the N-formylkynurenine intermediate, which is then enzymatically reduced to L-
kynurenine.

The same research group also proposed a mechanistic route for the tryptophan metabolism
involving the oxygen transfer from the Fe-heme group to the substrate. The first step of the
reaction involves the proton transfer from the HN-indole group of tryptophan, followed by
an electrophilic addition reaction to form a dioxetane intermediate species. The oxidation of
this molecule to N-formylkynurenine precedes the formation of kynurenine in the presence

of H,0 and kynurenine formamidase, releasing formic acid as the by-product (Figure 1.6).
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Figure 1.6 Mechanism of tryptophan metabolism. The mechanism is initiated by the
interaction of NH proton of the indole group with the dioxygen species of Fe?* from the heme
group in its ferrous state. The Kynurenine formation proceeds via a dioxetane intermediate
that oxidises to N-formylkynurenine followed by kynurenine formamidase-mediated L-
kynurenine formation.*%

As mentioned earlier, IDO yields T cell anergy by metabolising tryptophan that terminates
with the production of kynurenine resulting in the upregulation of Tregs. IDO expression is
dependent on proinflammatory IFN-y activity in the tumour microenvironment. 1-methyl-
tryptophan, also known as indoximod, is currently undergoing phase Il clinical trials with a
promising objective response rate of 52% in melanoma patients by oral administration in
combination with CTLA-4 or PD-1 inhibitors.1%” In another phase I/1I trial, the IDO inhibitor
epacadostat is being investigated with a 75% objective response rate in melanoma patients,

while barely any response was observed for other cancer types such as colorectal cancer.1%®
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However, some patients in this trial abandoned the treatment due to severe adverse effects.
Other noteworthy checkpoint inhibitor targets in advanced clinical trials are T cell
immunoglobulin and mucin-domain containing-3 (TIM-3), expressed mostly on NK cells, T cell
immunoglobulin and ITIM domain (TIGIT), lymphocyte activation gene-3 (LAG-3), which is
found on both T cells and NK cells, and V-domain Ig-containing suppressor of T-cell activation

(VISTA).109

OX40 is a co-stimulatory glycoprotein and a member of the tumour necrosis factor receptor
family that is mostly expressed on T cells and NK cells potentiating their survival and
proliferation through NF-kB and nuclear factor of activated T-cells (NFAT) signalling
pathways. ' Its activation is enabled by binding to the OX40L ligand, also referred as CD252,
on APC and leads to the downregulation of Tregs and other immunosuppressive cytokines,
possibly by direct inhibition of the Treg-associated gene, FoxP3.11® The OX40L-Fc fusion
protein has shown promising results in preclinical studies in combination with anti-OX40
antibodies and demonstrated activation of T cells, DCs and vascular endothelial cells within
the TME.1 Schreiber et al. derived that OX40L-Fc binds to PD-1 and OX40 simultaneously,
thus, enhancing the immunostimulatory effects of both target treatments using a single
agent.!2 9B12 is a murine-based monoclonal antibody that stimulates OX40 expression and
was studied in a phase | clinical trial on solid metastatic cancer with partial tumour regression
in 12 out of 30 patients and no severe toxicity.!** Glucocorticoid-induced TNF receptor family-
related protein (GITR), inducible co-stimulator (ICOS), and CD40 are amongst other co-
stimulatory immune checkpoint targets currently under investigation in human clinical trials
for immunotherapy of various cancer types (Figure 1.7).1}* Since the discovery of
PD-1 and CTLA-4 inhibitors, the development of novel immune checkpoints inhibitors and co-
stimulators has made rapid progress with many agents being approved for clinical testing
either as monotherapies or combination therapies. Given the relatively early age of immune
checkpoint research, it seems promising that the full potential of these immunotherapeutic

agents is yet to be unveiled in the coming years.
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Figure 1.7 Examples of clinically investigated immune checkpoints. Inmune checkpoints are
classed into inhibitory checkpoints that favour tumour progression via immunosuppressive
signalling, and co-stimulatory checkpoints that activate the adaptive immune system and
promote an immunostimulatory response.

1.3.2 Adjuvants

Cancer vaccines and other immunotherapies are often co-administered with
immunostimulatory molecules, termed adjuvants, that enhance the overall therapeutic
efficiency and stimulate an immune response against tumour cells. Adjuvants do not elicit
directly anti-tumour activity, but instead promote cytokine production and maturation of
dendritic cells and other immune cells leading to antigen presentation and activation of
effector T cells.!®™ TLR agonists are a type of adjuvant commonly investigated for
immunotherapy and currently there are three TLR agonists approved for clinical use against
cancer in the US, namely Imiquimod, monophosphoryl lipid A (MPLA) and Bacillus Calmette-
Guérin (BCG).1® Imiquimod has been approved for the treatment of basal cell carcinoma and
is an imidazoquinoline-like molecule that binds to the intracellular TLR7 resulting in APC
maturation and Th cell activation through the release of cytokines, prominently IFN-y, TNF-a
and IL-12.1¥ The TLR4 agonist MPLA is derived from lipopolysaccharide (LPS) and in clinical
use for the treatment of human papilloma virus (HPV)-induced cervical cancer. It functions
as an adjuvant by activating APCs through TRIF and MyD88 dependent pathways that induce
pro-inflammatory cytokine stimulation.''® BCG, a TLR2/4 heterodimer agonist, is derived
from a weakened bacterial strain of mycrobacterium bovis and FDA approved for bladder
cancer therapy, but despite its clinical success, the precise immunomodulatory mechanisms
remain under investigation.!?® The TLR9 agonist, CpG ODN, TLR7/8 agonist, resiquimod, and
TLR3 agonist poly-IC are further adjuvant examples that are currently investigated in clinical

trials for the treatment of several cancer types (Figure 1.8).12%?! Some studies have also
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shown tumour-stimulating effects in response to TLR stimulation, such as LPS-based TLR4
agonist derived from helicobacter pylori promoting tumour cell proliferation and anti-
inflammatory cytokine release.'?12* Some TLR agonists can be beneficial as monotherapies
but due to their moderate therapeutic effect they are typically used in combination with
other immunostimulatory agents such as anti-PD-1.12* Therefore, adjuvants are a powerful
tool for enhancing the anti-tumour immune response in combination with established

immunotherapies and promoting long-lasting immunity against different cancer types.

Clinically approved TLR agonists TLR agonists under clinical investigation

T A |

N !
NZNH,., B ~/ / CpGODN
Imiquimod

- ot N
<~ : 2
({) NZ > NH,

BCG Resiquimod

Figure 1.8 APC interaction with clinically investigated and FDA-approved TLR agonists.
Several TLR agonists have been clinically approved or undergoing clinical investigation and
include small molecules (imiquimid and resiquimod), a glycolipid (MPLA), a bacteria-derived
vaccine (BCG), synthetic single stranded DNA (CpG ODN), and double stranded RNA molecules
(pOIy'IC '118,120,121

1.4 Nanomedicine in anticancer therapy

Nanomedicine refers to the application of nanotechnology for medicinal practices and has
been a prolific field of scientific research forging monumental developments in disease
therapeutics, diagnostics, and regenerative medicine.'”® The design, synthesis, and
modification of different nanoparticle (NP) systems as therapeutic, diagnostic or theranostic
drug carriers have revolutionised oncology research by overcoming previous issues such as

the delivery and chemical stability of hydrophobic drugs and unsuitable pharmacokinetic and
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pharmacodynamic profiles. NPs offer several therapeutic advantages including improved
vaccine circulation time, enhanced tumour targeting specificity, reduced off-target
cytotoxicity, gradual drug release kinetics and the possibility of combination therapies using
a single delivery platform.?® One of the consequences of tumour angiogenesis is the
enhanced pore size in the neovasculature due to the overexpression of vascular growth
factors, lack of lymphatic drainage and high interstitial fluid pressure. The blood vessel pore
cut-off diameter ranges from 380-780 nm, which enables passive tumour targeting by
preferential convection and diffusion into the TME of solid tumours using NPs with a smaller
hydrodynamic size than the pores.'?’ This phenomenon is known as the enhanced
permeability and retention (EPR) effect, discovered by Maeda and Matsumura in 1986, but
it remains a controversial theory in oncology due to the moderate clinical outcome of passive
tumour targeting systems and the more recent elucidation of the high heterogeneity of the
EPR effect between different tumours, within metastatic tumours of the same individual and
the variability during the period of tumour progression.?® It is also known that the high
interstitial fluid pressure within the blood vessels in the vicinity of the solid tumour and solid-
phase stress arising from tumour growth prevent nanovector convection into the TME.*?° The
size of the NPs is vital for successful drug delivery not only to enter the TME through the leaky
neovasculature, but also to avoid rapid systemic clearance. Particles with a diameter below
6 nm are removed by renal excretion, while a diameter above 200 nm and without a suitable
hydrophilic coating to prevent opsonization leads to clearance via the reticuloendothelial

System 130,131

1.4.1 Active tumour targeting

The modification of a nanocarrier with tumour targeting agents to improve tumour-
specificity and reduce adverse effects due to off-target cytotoxicity is defined as active
tumour targeting. NPs benefit from a high surface-to-volume ratio enabling surface
modification with combination of tumour targeting molecules and anticancer agents to
achieve an enhanced therapeutic effect. While passive tumour targeting is gratified by
delivery of drugs into the TME, some active targeting agents require tumour cell
internalisation in order to reduce off-target adverse effects and trigger a desired therapeutic
response as is the case for chemotherapeutic drugs, oncolytic viruses, some TLR agonists and
other gene therapies.'®? Typical tumour cell overexpressed targets are HER2, CD20, CD19,
luteinizing hormone-releasing hormone (LHRH) receptor, integrin af heterodimers,
transferrin receptor and folate receptor. One route involves the targeting of the tumour

vasculature with anti-angiogenic agents that reduce the blood supply to the tumour and
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thereby oust the nutrients and oxygen required for tumour growth. Clinically investigated
targets of the neovasculature are VEGFR, integrins av33 and avB5, matrix metalloproteinases
2 and 9 (MMP2 and MMP9) and aminopeptidase N.1¥3713> The process of drug encapsulation
and expression of tumour cell targeting moieties also prevents the procurement of multi-
drug resistance, which is a process in which tumour cells selectively remove cells that
respond to treatment and maintain cells that evade it through the expression of transporter
proteins, known as adenine triphosphate-binding cassette transporters.'3® P-glycoprotein,
MRP1 and BCRP are examples of transporter proteins that detect a wide range of anticancer

drugs and eject them from the cell through efflux pump.t*’

1.4.2 Stimuli responsive nanosystems

Stimuli responsive drug delivery systems are an advanced approach of active tumour
targeting in which the nanocarriers are designed to activated in response to an intrinsic
tumour-based or externally induced chemical, thermal, light, electronic, or magnetic
stimulus.®® The TME tends to be more acidic (pH 6.5-7) than the healthy regions of body (pH
7.4) due to the elevated lactic acid production through the aerobic glycolysis process that
takes preference over oxidative phosphorylation in the tumour tissue as defined by the
Warburg effect.!®® Nanocarriers have been designed to exploit the acidic environment by
conjugation of the therapeutic drug via an acid-labile bond such as an ester, hydrazine, acetal,
othoester, imine and cis-aconityl that are conditioned to release the drug exclusively in the
acidic TME.X Many chemotherapeutic drugs, favour tumour cell internalisation by
endocytosis to maximise their therapeutic effect and reduce unspecific damage to healthy
tissue, while other anticancer agents such as oncolytic viruses are targeted towards the
genetic material in the cell nucleus. Endocytosis can proceed via different pathways including
clathrin-mediated endocytosis, caveolae-mediated endocytosis, lipid raft endocytosis,
macro-pinocytosis, and phagocytosis. Clathrin-mediated endocytosis, commonly known as
receptor-mediated endocytosis, can be conveyed via expression of targeting ligands
including transferrin, riboflavin and mannose-6- phosphate, and is the most efficient route
of cell internalisation as it ensures cell specificity and the possibility of manipulation of the

! Interactions with intracellular endosomal vesicle

intracellular signalling pathways.*
membrane can then determine how the drug is metabolised by the cell with the potential to
localise in the lysosome, which is an acidic cell compartment (pH 4-5) containing a plethora
of enzymes responsible for breaking down biomolecules. Endosomal maturation comprises

different stages from early to late endosome exemplified by a gradually reducing pH gradient
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and an increased production of digestive enzymes within the intracellular vesicle until the

endosome eventually fuses with the lysosome.#2

Some stimuli responsive nanosystems benefit from the acidic lysosome environment
enabling the selective release of therapeutic drugs through acid-labile bonds. However,
lysosomal accumulation of hydrophobic anticancer drugs is often associated with drug
resistance as the drug becomes trapped by electrostatic interactions and broken down
before it can reach its intracellular target. Cell internalisation of NPs through the caveolae-
mediated endocytosis and lipid raft endocytosis pathways generally avoid lysosomal
degradation and can be forced with targeting molecules including cholera toxin B, folic acid,
albumin, and low-density lipoproteins through receptor-specific binding to caveolae
membrane protein domains followed by phosphorylation processes that promote caveolae
vesicle formation.? Cationic polymer coating of the NP is a frequently utilised technique to
facilitate the passage through the net negatively charged phospholipid bilayer of the cell
membrane. Natural and semi-synthetic cationic polymers used for NP surface coating include
cationic dextran, cationic cellulose, cationic chitosan and cationic gelatin while typical
synthetic cationic polymers are polyethyleneimine (PEI), poly(2-N,N-
dimethylaminoethylmethacrylate), poly-L-lysine and polyamidoamines, which tend to have
improved batch-to-batch structural consistency compared to natural polymer and allow
facile modification with tumour targeting biomolecules.’** An alternative route is the coating
with amphiphilic molecules with the hydrophobic section favourably interacting with the
phospholipid tails that constitute the cell membrane, thereby, encouraging cell

internalisation.'*

Once the nanocarrier is internalised into the cell, one of the subsequent challenges is the
prevention of lysosomal degradation of the therapeutic payload. Many of the cationic
polymers can escape the endosome-lysosome and take the nanocarrier to its intended target
within the cell in a process known as the proton sponge effect.!*® The characteristic amine
groups of these weakly basic molecules act as a buffer by absorbing protons in the endosome
due to the pKa exceeding the pH of the endosomal compartment. The absorbed protons can
no longer leave the endosome trough membrane diffusion, which raises the pH and disrupts
the equilibrium potential across the membrane, which leads to an influx of chloride anions
in an effort to re-establish the equilibrium potential. This raises the osmotic pressure within
the vesicle that leads to swelling and eventually busting of the endosome allowing its

contents to disperse into the cytosol. An alternative route by which these amine group-
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bearing polymers can escape the endosome is through anchoring to the net anionic
membrane through electrostatic interactions followed by fusion and release of the

therapeutic drug load beyond the endosomal membrane boundaries.'¥

Chemotherapies and gene therapies that target DNA require internalisation into the cell
nucleus. The nucleus is composed of an outer and inner membrane with protein channels of
approximately 10-15 nm in diameter, defined as the nuclear pore complex, which connects
both membranes and responsible for the transport of macromolecules in and out of the
nucleus.'® NPs functionalised with certain basic amino acid residues have shown to
favourably accumulate in the nucleus as the peptide binds the nuclear pore complex and
allows the nanocarrier contents to accumulate within the nuclear compartment.'* The high
affinity of acridine to the nucleus has also led to this molecule being integrated in nanocarrier
systems for nuclear targeting as well as the incorporation of EGFR targets which are known
to enter the nucleus upon receptor-ligand activation.'® While nuclear targeting is the most
common approach for cancer gene therapy other cell compartments such as the
mitochondria and endoplasmic reticulum are potential therapeutic targets due to their
essential role in the regulation of many cell functions including apoptotic cell death and

protein synthesis and transport. 152

1.4.3 Drug delivery systems

Nanotechnology systems that are used clinically for cancer therapy include inorganic NPs,
polymeric micelles, liposomes, dendrimers, and solid lipid NPs in the shape of spheres, rods,
tubes, and others. Intrinsic material characteristics such as thermal, optical, electrical, and
magnetic properties can improve the delivery performance and trigger a tumour-targeted
drug release. A coherent nanoconstruct comprises a suitable nanocarrier, the drug load
through encapsulation or covalently modification onto the NP surface and a tumour targeting
agent, which allows specific delivery and affinity to tumour cells. Their large surface-to-
volume ratio enables high density surface modification with mono- and combination

therapies.

1.4.3.1 Inorganic NPs systems

Inorganic NPs are widely used in nanomedicine due to their favourable physical and chemical
properties. The most common clinically and pre-clinically applied inorganic NP systems are

iron oxide, silver, gold, quantum dots, silica, carbon nanotubes and hybrids.'>3
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Iron oxide NPs: Magnetite (FesO.) NPs are widely investigated for cancer therapy and
diagnostics due to their magnetic properties, biocompatibility, and versatility for
modifications.’™* They are prepared by different methods including thermal decomposition,
co-precipitation, hydrothermal method, polyalcohol method, reverse micelle method,
bacterial aerobic synthesis and others.’>>"5°*The hydrothermal method may be favoured due
to its low environmental footprint as NPs are obtained without the use of organic solvents,
whilst the polyalcohol method is more time-efficient by producing water soluble NPs in a
single step. The revise micelle method was reported as a highly up-scalable procedure using
inexpensive and non-toxic reagents. However, the thermal decomposition and co-
precipitation are the most common and well-established methods. The thermal
decomposition method involves nucleation and growth of iron crystals by high temperature
treatment of an organometallic iron complex in an organic solvent and the addition of a fatty
acid or fatty amine as a coating layer under inert conditions.’® In the co-precipitation
method, a mixture of Fe?* and F** salt precursors are typically added to an aqueous alkaline
solution under inert conditions followed by addition of a hydrophilic polymer to stabilise the
particles.’® All preparation methods are designed to vyield highly crystalline and
monodisperse NPs in order to be able to exploit their magnetic properties but often require
additional surface coating with an amphiphilic molecule such as phospholipids or surfactants

to provide water solubility.

Particles under the size of 20 nm display superparamagnetic characteristics.®! In essence,
this allows them to experience magnetization under an external magnetic field without any
remanent magnetic interactions upon removal of the external magnet, which prevents the
NPs from aggregating and allows on-demand targeted drug delivery. Their magnetic
properties can be applied for NP imaging by MRI and cancer therapeutic properties by
hyperthermia, a process in which the electromagnetic waves induced by an alternating
magnetic field are converted into thermal energy raising the local temperature to 40-43°C
leading to tumour cell apoptosis.®? The high metabolic rate of tumour cells associated with
a high demand of blood supply and nutrients leads to a reduced oxygen availability in the
TME. The hypoxic environment and the upregulation of superoxide dismutase in tumour cell
mitochondria results in an increased generation of hydrogen peroxide.'® Iron oxide NPs
(IONPs) were discovered to have inherent anti-cancer properties via a process known as
ferroptosis in the acidic TME, in which Fe** and Fe* ions drive the conversion of hydrogen
peroxide into reactive oxygen species (ROS), such as OH' and HO;'. The resulting oxidative

stress leads to tumour cell death via an Fe-dependent non-apoptotic pathway, promoted by
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the inhibition of system xc” and GPX4 regulatory molecules.'® The chemical mechanisms
involved in ferroptosis can be described by Fenton chemistry and chain reactions as proposed

by Barb et al. (Equation 1.1).*®°
(1) Fe?* + H,0, > Fe3** + OH + OH
(2) OH + H,0; —» HOy + Hy0
(3) Fe3* + HO, —» Fe?* + H* + 0,
(4) Fe?* + HO, > Fe3* + HO,~
(5)Fe?* + OH - Fe3* + OH™

Equation 1.1 Fenton chemistry mediated IONP induced tumour cell ferroptosis. Fe(ll)/Fe(lll)
undergo redox reactions in the presence of H,O; in the TME resulting in ROS generation.
Reproduced from Barb et al..*®®

Superparamagnetic iron oxide nanoparticles (SPIONs) have shown high pre-clinical success
in combination with immunotherapies. In a recent study by Mareque-Rivas et al., SPIONs
were electrostatically attached with TLR9 and TLR3/7 agonist (CpG ODN and poly I:C) and co-
administered with the immunostimulatory monoclonal antibodies (anti-PDL1 and OX40) in a
murine B16 melanoma model demonstrating complete tumour elimination and no tumour
recurrence for 30 days after re-challenge (Figure 1.9).'% This is a prime example of the
therapeutic potential in vivo and beyond of SPIONs by acidic TME triggered ferroptosis-
mediated oxidative damage to cancer cells, versatility of modification through covalent and
electrostatic surface functionalisation and the combination with immunotherapeutic agents

promoting CTL activation and inhibition of tumour immune evasion.
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Figure 1.9 Design and mechanism of action of inherently therapeutic IONVs. These IONVs
have chemically programmed multi-functional elements to activate and reprogram immune
cells and cancer cells, harnessing the TME to sensitize tumours for immunotherapy and
ferroptosis. Reproduced from Mareque-Rivas et al..*%¢

Quantum dots: Quantum dots (QDs) are semiconductor NPs with a size of 1.5 to 10 nm and
typically have a core shell composition, which reduces photobleaching and chemical
resistance.’®” Their high absorption coefficient and quantum yield make them promising
candidates for bioimaging applications. They have a broad absorption wavelength and a
narrow photoluminescence emission band, but the absorption in the near-infrared region is
the most critical for biomedical applications since they can be detected at higher tissue

depths and experience less background interference.6®

QDs are limited by their cytotoxicity in vivo as the core atoms can decompose under an
oxidative environment or exposure to radiation, despite their shell coating layer and have
been found to accumulate in liver, spleen and lymphatic system.'®® QD below 5 nm in size
have shown complete systemic clearance by the kidney, which may be of benefit for clinical
imaging applications.?® For improved biocompatibility and stability core-shell QDs can be
functionalised with amphiphilic polymers such as PEG, by ligand exchange of the QD surface
molecules with bifunctional ligands including cysteine and glutathione, or by phospholipid
coating, such as DSPE-PEG, to form micelles.}’*"3 The silanization ligand exchange approach

with a thiol-terminal silane, which can crosslink with neighbouring silanes around the QD
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shell, is known to provide high stability and reduced toxicity.}’* Additional coverage with
silanes containing other terminal groups allows control over surface charge for electrostatic
or covalent modification with targeting agents and anticancer vaccines.!”> The toxicity can
be reduced by doping of the core elements with less toxic ones and some studies have
reported no adverse effects in vivo after core-shell QD administration, but more thorough
investigation is required before translation of QDs drug delivery systems into the clinic.}’%17"7
Gao et al. demonstrated core-shell quantum dot mediated tumour imaging and targeting in
mice by in vivo fluorescence imaging. The core-shell CdSe-ZnS quantum dots were coated
with a hydrophobic coordinating ligand followed by an amphiphilic triblock polymer to
render the NPs hydrophilic and was covalently conjugated by EDAC assisted amide-bond
formation to tumour targeting ligands such as prostate-specific membrane antigen. The non-
toxicity in vivo of these QDs may present upcoming opportunities for this system to be

explored further as immunotherapeutic biomarkers.!’®

Gold NPs: Gold NPs exhibit localised surface plasmon resonance in which delocalised electron
oscillations at the interface between the NP and surrounding medium are excited by an
incident light beam into resonance at a frequency that is specific to the refractive index that
can be analysed for their use as biosensors.'”® Gold NPs may also be used as contrast agents
for cancer diagnostics by computed tomography due to their high X-ray attenuation and
biocompatibility. This ca be exploited by gold surface functionalisation with anti-cancer
vaccines and tumour cell targeting moieties to track the delivery and accumulation in the
tumour site. Hainfeld et al. developed a water-soluble pegylated Au NPs covalently attached
to anti-Her2 antibodies that preferentially accumulated in HR2 positive tumour compared to

the HER2 silenced control group in a murine breast cancer model.*®

Silver NPs: Silver NPs are known for their inherent cancer therapeutic properties believed to
arise from oxidative stress upon the release of silver ions leading to DNA damage and
apoptosis, the extent of which is dependent on the NP size, surface charge and shape.'® They
have also been found to have angiogenic effects in cancer by reducing the VEGF and receptor
expression.® Mouse-serum albumin coated Ag NPs with an average size of 10 nm have
shown increased tumour cell internalisation and the inhibition of tumour growth-promoting

cytokines including TNF-q, IL-1B and IL-6 in a murine fibrosarcoma model.183

Mesoporous silica NPs: This type of NPs is widely used in cancer drug delivery due to their
unique structural properties and enhanced biocompatibility that sets them apart from other

NP systems. They were first proposed by Vallet-Regi et al. as drug delivery devices by using
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surfactants to control the NP pore sizes and analyse drug incorporation efficiency.® Their
high pore volume and surface area permits the high modification yields and malleable
vaccine release kinetics, while the surface terminal silanol groups are highly susceptible for
modification with many types of functional groups.’®>*% Lu et al. proposed a mesoporous
silica nanoparticle system coated with 1-methyl-D-tryptophan modified phospholipid with
incorporation of the chemotherapeutic agent, oxaliplatin, into the phospholipid bilayer.!®
The study showed negligible tumour growth in a pancreatic ductal adenocarcinoma

inoculated mice 132 days post-inoculation by exploiting the combined action of the chemo

and immunotherapeutic agents.

Carbon nanotubes: By definition, these are capped or open-ended tubular shaped graphene
and were discovered by Sumio lijima in 1991.%% Carbon nanotubes are composed of either a
single wall or a stack of multiple graphene sheets with diameters from less than 1 nm to few
micrometres with a high aspect ratio.?® Their outstanding mechanical strength, beyond that
of any other known material, low density, chemical resistivity and thermal conductivity make
them highly suitable for drug delivery applications. Carbon nanotubes can be cost-efficiently
prepared from a fossil fuel-based or plant-based carbon source with high reproducibility in a
large scale by chemical vapour deposition using metal NPs as catalysts for nucleation and
growth.'! Due to their hydrophobicity, covalent or non-covalent surface functionalisation is
vital for their application in nanomedicine. Several studies have also demonstrated high cell
internalisation efficiency with carbon nanotube length of less 1 um without causing damage
to the cell wall, but their precise mechanism of internalisation is to this date not well

understood.'*?

The following figure shows the different types of NPs discussed and their potential for active

tumour targeting through various mechanisms (Figure 1.10).
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Figure 1.10 lllustration of inorganic nanoparticle types and potential mechanisms for active
tumour targeting. Different stimuli-responsive mechanisms can ensure controlled drug
release. Additionally, the NPs can me modified with tumour targeting agents to enhance site-
specific drug delivery.

1.4.3.2 Polymeric NP systems

Polymer-based nanovectors benefit from high biocompatibility, biodegradability, ease of
fabrication and flexibility for modification.’®® Their enhanced stability and non-toxicity make
them excellent NP systems for intravenous and oral drug delivery. Polymer NPs can be
subcategorised into micelles, liposomes, polymersome, dendrimers and solid lipid NPs. While
external triggers including light, magnetic waves and ultrasound are typically exploited by
inorganic NPs, polymeric NPs are more commonly designed to have an environmental stimuli
responsive trigger such as pH, enzyme, glucose and redox mediated drug release.®*% They
are composed of natural and synthetic polymers including hyaluronic acid, chitosan, dextran,
polyethylene glycol, poly(lactic-co-glycolic acid), poly(vinyl alcohol), poly(ethylenimine),

arginine, dendritic polymers amongst other.%

Polymersomes: Polymersomes are composed of synthetic amphiphilic polymers and have a
spherical shape with an aqueous core enclosed by a bilayer membrane. The membrane
diameter is tuneable depending on the choice of the hydrophobic block of the polymer,
which is covalently functionalised to the hydrophilic part.’®” A membrane with a larger

internal diameter is beneficial to ensure high particle stability and prevent drug leakage
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before it can reach its target.’®® The hydrophilic nature of its core allows for encapsulation of
anticancer agents including small molecules, proteins, antibodies, and genes. The potential
for polymer modification also allows for the expression of tumour targeting agents on the
polymersome surface. Intracellular targeted redox responsive systems can take advantage of
the high glutathione levels in the cell cytosol and tumour tissue, which is responsible for the
reduction of disulfide bonds. Lale et al. propose a DOX-loaded PEG and PLA based
polymersome interconnected by disulfide bonds and covalently functionalised with breast
cancer targeting agents, folic acid and trastuzumab. The polymersome showed increased cell
internalisation in vitro and enhanced tumour size reduction in a murine breast cancer

model.'¥

Liposomes: Liposomes are spherical vesicles consisting of a hydrophobic phospholipid bilayer
that separates the hydrophilic core from the external aqueous environment. Their size can
range from 25 nm to several microns depending on the phospholipid length and the number
of bilayers, which are categorised into unilamellar and multilamellar vesicles.?®® The
versatility of these particles allows for hydrophobic drug loading into the phospholipid bilayer
and hydrophilic vaccine encapsulation into the aqueous core. Furthermore, the liposomes
can be surface functionalised with TAA targeting moieties to promote successful drug
delivery. Liposomal stability can be optimised by opting for phospholipids with high phase
transition temperature, high surface charge and low ionic strength to reduce aggregation and
disruption of the phospholipid bilayer.2°22°2 |n some cases, drug release from liposomes can
be induced by hyperthermia to increase the temperature close to the lipid phase transition
temperature that results in increased phospholipid bilayer permeability.?®® Allison and
Gregoriadis discovered the potential of liposomes as intrinsic adjuvants for the delivery of
antigen which were demonstrated to induce higher antibody production in mice compared

to the antigen delivery without the nanocarrier.?%*

Polymeric micelles: Unlike polymersomes and liposomes, polymeric micelles do not contain
a lipidic bilayer that separated the core from the aqueous environment and consists of
amphiphilic molecules arranged in a spherical shape with the hydrophobic polymer segment
facing the centre and the hydrophilic tail exposed to the surrounding medium. This NP system
is of particular interest for the delivery of hydrophobic anticancer drugs that can be
solubilised and retain its stability within the micelle core. It also allows the use of reduced
drug doses without loss in therapeutic efficiency, which overcomes dose-dependent toxicity
205

and systemic clearance issues often associated with chemotherapeutic treatments.

Polymeric micelles have high stability in comparison to low molecular weight surfactant-
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based micelles due to their low critical micelle concentration.? Crosslinking of the micelle
core by radical polymerisation with the aid of a photoinitiator, generation of disulfide bridges
or using bifunctional agents can further stabilise the incorporated drug, enhance cell
internalisation and improve drug release kinetics.2” Most preparation methods involve self-
assembly of micelles by mixing of the polymer in an organic phase followed by addition of an
aqueous phase under specific temperature, solvent ratio, and shear speed conditions,
sometimes in the presence of a surfactant molecule that prevents aggregation and aids
micelle formation.?®® Several micelle-based anticancer treatments have been clinically
approved or are currently under clinical investigation including GenexolPM® which is a
paclitaxel loaded PEG block copolymer micelle system for the treatment of breast, ovarian

and lung cancers.?®

Dendrimers: Dendrimers are polymer structures composed of several layers that are formed
by controlled synthesis rather than polymerisation with each layer being termed a generation
and can take different shapes. Common cationic polymers used for dendrimer synthesis are
poly(amidoamine), poly(phosphorhydrazone) and poly(propyleneimine) which are grown
into dendrimers by Michael-addition reactions of acrylates with the polymer terminal amine
groups.?® The use of cationic polymers affords water solubilisation, but simultaneously
allows for covalent or electrostatic modification of both hydrophilic and hydrophobic drugs
into the dendrimer structure. Dendrimers have also been reported for their suitability for
immune cell hybridization. Xu et al. demonstrated the covalent attachment of
poly(amidoamine) dendrimers to RAW macrophage surface via click-chemistry with minimal
injury to the cell membrane or alterations to the cell biology highlighting the opportunity for

adoptive cell transfer-based cancer immunotherapy.?!!

Solid lipid NPs: Solid lipid NPs differ from liposomes by containing a solid lipid core that is
constituted of polymers including glycerides or waxes and surrounded by an amphiphilic
surfactant or phospholipid layer exposed to the aqueous environment. As with other
polymeric NP systems they can be functionalised with hydrophobic drugs into the core or
hydrophilic anticancer agents into the hydrophilic later. An advantage of solid lipid NPs over

liposomes is their ease and cost-efficient manufacturing process.?2

The following figure summarises the different types of polymeric NPs, drug release

mechanism and targeting opportunities discussed in the previous sections (Figure 1.11).
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Figure 1.11 lllustration of polymeric nanoparticle systems as well as their potential for
active targeting and stimuli-responsive mechanisms for triggered vaccine release.
Polymeric nanoparticle can be designed to release their payload in response to internal
triggers such as enzymes, pH, redox chemistry, or glucose concentration. They can also be
covalently or non-covalently functionalised with tumour targeting agents to enhance site-
specific drug delivery.

Some of the limitations of nanocarriers include low drug loading efficiency leading to an
insufficient response, toxicity arising from an overdose of nanocarrier material, and leaking
of the drug load before it can reach its target, which can result in accumulation of the drug
in healthy tissues.?'®* Nanocarrier migration via the bloodstream to its target often attracts
non-specific protein binding onto the surface of the NPs, which is known as opsonization.
This can lead to deactivation of tumour targeting molecules, facilitates detection and
clearance by the reticuloendothelial system (RES).?* The degree of protein adsorption
leading to protein corona formation depends on electrostatic forces, hydrophobicity and

physical properties including size, shape, and topography.

A common strategy to overcome these challenges is the surface coating of the nanocarrier
with a hydrophilic polymer such as polyethylene glycol (PEG), which prevents
immunogenicity and enhances hydrophilicity enabling longer circulation time and improved
targeting efficiency.?’> Saturation of the particle surface with PEG is desired for efficient

protein repulsion by steric hindrance but depending on the particle size and the
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conformational arrangement of the PEG molecules on the surface, high density PEG
adsorption is not always achieved. However, Torchilin et al. demonstrated that low density
adsorption is not necessarily a drawback as the high mobility of polymer chains due to the
larger empty space on the nanocarrier surface could effectively ward off incoming proteins
through osmotic repulsion forces.?!® The PEGylation strategy is not flawless as it commonly
experiences rapid clearance due to activation of PEG-specific immunoglobins, which further
decreases the drug circulation lifetime of subsequent doses of the PEG coated nanocarrier in
a phenomenon known as accelerated blood clearance.?’” Polyvinylpyrrolidone has been
reported as an alternative to PEG with favourable evasion of the accelerated blood clearance
even after repeated administrations in a rat model.?*® Additionally, steric hinderance due to
the size increment of the NPs afforded by the PEG layer can also prevent efficient tumour
cell internalisation but can be overcome by using low molecular weight PEG or enzymatically

cleavable PEG.?1>2%°

Overall, nanomedicine is a powerful tool for the functionalisation and targeted delivery of
anticancer drugs resulting in reduced toxicity and improved pharmacokinetic and cell
internalisation, whilst also posing a suitable platform for modification with tumour targeting
agents. NPs are designed to avoid renal and RES clearance by controlling size, shape, and
composition. The use of fluorescent and magnetic NP systems is becoming integral for cancer
theranostics by significantly enhancing tumour targeting and imaging in vivo as well as
providing intrinsic anticancer properties through localised hyperthermia or ROS-mediated
cell death. Methodical selection of polymer blocks and the ability of cross-polymerisation can
further increase NP stability while issues of opsonisation can be overcome by surface coating

with hydrophilic polymers.
1.5 Microneedles (MNs) for transdermal drug delivery

The origins of drug delivery via the skin for medical applications dates back several thousand
years to the ancient Egyptian Papyrus Ebers from 1550 BC, which contained several
transdermal recipes for the treatment of different lesions and illnesses.?”® Since then,
transdermal drug delivery systems have developed by improving dosage control and drug
reservoirs enabling on demand release, which has ultimately led to the creation of MNs. The
human skin is composed of several layers with the outermost stratum corneum composed of
dead skin cells known as corneocytes and dense matrix of lipids that act as a barrier to
external pathogens.?”! The following layers in order of increasing depth are epidermis,

dermis, and hypodermis. The epidermis is mostly composed of keratinocytes and a relatively
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small proportion of melanocytes and Langerhans cells.??2 The dermis is known to have
plethora of immune cells and is located at a depth of 150 um to 2 mm depending on age,
gender and area of the body, while nerves, blood vessels, sweat glands, sebaceous glands
and hair follicles are resident to the hypodermis.??>?2* MN-based drug delivery systems are
gaining a rising interest for investigation for cancer therapeutics and diagnostics due to their
non-invasiveness and patient compliance in contrast to conventional hypodermic needle and
oral drug delivery.??> MNs consist of a base with micron scale projections of different shapes
including conical, pyramid-shaped and bevelled needles and produced from a range of
different materials, such as polymers, carbohydrates, silicon, metals, ceramic and glass.
When MNs are applied onto the skin, aqueous microchannels are created in the stratum
corneum, through which the drug can diffuse into the underlying layers. The dermis is the
target region for MN-based immunotherapy with the potential to elicit an enhanced immune
response due to the abundance of immune cells including DC, macrophages, T cells,
Langerhans cells NK cells and others.??® MN drug delivery is non-invasive since dermal skin
penetration avoids stimulation of nerves and blood vessels found at increased depths in the
hypodermis. This means that MN application is painless and reduce the risk of infection or
bruising.??” Additionally, the use of MNs may not require specialist training and results in
reduced hazardous waste production in contrast to hypodermic needles.?”® MNs can be
categorised into solid, dissolvable, biodegradable and hydrogel forming microneedles (Figure

1.12).
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Figure 1.12 Schematic representation of different types of MNs for transdermal drug
delivery. Solid MNs can either be applied prior to drug administration (poke and patch) or
coated with a solution of the drug (coat and poke). Hollow MNs allows the drug to be
delivered through the hollow MN channels. Dissolvable/biodegradable MNs remain in the
skin after application and gradually dissolve to release the incorporated drug, whilst hydrogel
forming MNs swell upon skin application, which allows the drug to be released. Adapted from
Larraneta et al..??®

1.5.1 Solid MNs

Solid MNs made from silicon, metal, ceramic, or glass tend to have a higher mechanical
strength compared to biodegradable and dissolvable MNs but can suffer from limited
biocompatibility and costly fabrication processes. Solid MNs offer 3 common drug delivery

approaches:

Coat and poke: The ‘coat and poke’ method involves coating the MNs with a solution of the
therapeutic agent prior to the MN application into the skin. Coating can be performed by
dipping or spraying an aqueous solution of drug onto the MNs. Adherence strength to the
MN surface can be enhanced by pre-coating the MNs with a surfactant and increasing the
viscosity of the drug solution, while stabilisers can be used to prevent drug degradation

during the drying process. Another approach is layer-by-layer coating of oppositely charged
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agents to improve adhesion by electrostatic interactions. Saurer et al. developed stainless
steel MNs precoated with a mixture of linear poly(ethyleneimine) and sodium poly(styrene
sulfonate) with a surface negative charge in order to attach cationic plasmid DNA and
proteins in a layer-by-layer fashion for up to 16 layers.??® The fluorescently tagged
biomolecules demonstrated successful skin penetration and complete release into porcine
skin after 2 h. However, the coating method also has its limitations as it is restricted by the
amount of drug that can be deposited onto the surface and can lack efficiency due to weak
drug adhesion forces to the microneedles surface that can lead to drug loss during skin

penetration.?*

Poke and patch: In the ‘poke and patch’ approach the skin is first penetrated with the MNs
to create microchannels followed by MN removal and the application of the drug in the form
of an aqueous solution or gel at the site of penetration, which allows the drug to diffuse
through the microchannels into the target skin region. The limitation of this method lies in
the difficulty of controlling the drug dosage since a portion of the applied drug solution may
remain on the skin surface and the microchannels created by the MNs might heal before the

entire drug dose is able to diffuse into the skin.?°

Hollow MNs: With advanced microfabrication techniques, such as deep reactive ion etching,
it is possible to generate hollow MNs, capable of delivering the drug through the channels of
the needles with an applicator or a drug reservoir incorporated into the MN base. Also
referred to as the ‘poke and flow’ approach, this type of MN allows for more control over the
drug dose and is only limited by the capacity of the applicator and can ensure quicker delivery
using a syringe-type applicator rather than passive diffusion. Typically, a larger the bore
diameter results in a higher flow rate, but it can also compromise the mechanical strength
and sharpness of the needles.?®! Guy et al. developed a bevel-shaped silicon microneedle
array using a novel 3-step dry etch fabrication method. The MNs were attached to a cost-
efficiently manufactured syringe applicator and showed efficient skin penetration as well as
fluid flow in ex vivo human breast samples. The semiconductive MN base could also be
exploited for electrochemical sensing applications in combination with non-invasive vaccine
delivey.?®2 One of the limitations of solid MNs for drug delivery is the possibility of needle

fracture upon removal or application leaving non-biodegradable residues in the skin.?*3

1.5.2 Polymeric and carbohydrate MNs

Polymeric and carbohydrate based MNs can be classified into solid, dissolving and
biodegradable, and hydrogel forming MNs and can be made from natural or synthetic
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polymers. Polymeric MNs are generally significantly cheaper to manufacture and more
biocompatible than their ceramic, metal, and silicon counterparts, but can lack in mechanical

strength as well as the drug loading capacity, which is limited to the volume of the MNs.

Solid polymeric MNs: Solid polymeric MNs are typically made from polycarbonate,
poly(methyl methacrylate) (PMMA) and polystyrene. These MNs do not dissolve upon skin
application and are, therefore, applied using the ‘coat and poke’ or ‘poke and patch’
approaches described earlier. The typical fabrication method for PMMA and polystyrene
MNs is micromolding and hot embossing using a polydimethylsiloxane (PDMS) mold.23423%
Hollow tetrahedron-shaped PMMA MNs have been prepared by deep X-ray lithography with

good reproducibility and efficient skin penetration in vivo.?3®

Hydrogel-forming MNs: Some polymers can be exploited for their swelling properties to form
hydrogel-forming microneedles. These MNs absorbs the interstitial fluid within the skin
leading to swelling, upon which, the incorporated drug can diffuse through the micropores
created in the polymer matrix into the skin.?” The drug load can either be stored in a drug
reservoir in the MN base or directly incorporated into the MNs tips for gradual or electrically
triggered bolus drug release. The polymers used are not always biodegradable, but highly
biocompatible and the material is strong enough to prevent residual traces being left behind
upon removal of the MNs from the skin. These type of MN systems are produced by physical
crosslinking of polymers via a freeze-thawing technique, which strengthens the material and
prevents rapid drug release. Polymer formulations used in the literature for hydrogel-forming
MNs include PVA-dextran-CMC and poly (methylvinylether)-maleic acid, which are more

stable to hydrolytic degradation. #7723

Carbohydrate MNs: Non-polymeric carbohydrates such as maltose, trehalose, mannitol,
xylitol, and galactose have been reported for the synthesis of dissolvable MNs and typically
require carbohydrate mixtures to generate sugar glass or carbohydrate-polymer
combinations to obtain the desired physical and chemical properties.??> The casting
micromolding method using a PDMS or metal mold is the most popular for the fabrication of
carbohydrate MNs. However, high temperature requirements can lead to degradation of

thermosensitive drugs such as proteins and genes during the fabrication process.??

1.5.2.1 Dissolvable and biodegradable MNs

Dissolvable and biodegradable MNs are increasingly investigated as drug delivery systems for

cancer therapeutic applications due to their ease of fabrication, tuneable drug release
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kinetics, incorporation of multiple drugs into a single patch, and the possibility of stimuli
responsive release. The materials used for these MNs include hyaluronic acid (HA), polylactic-
co-glycolic acid (PLGA), polyvinyl alcohol (PVA), carboxymethyl -cellulose (CMC),
poly(vinylpyrrolidone) (PVP), chitosan, agarose, dextran, alginate amongst others.?® They
can be fabricated using a variety of methods that are suited to different polymers and each

displaying their own advantages and limitations as described in the following sections.

Micromolding method: Dissolvable and biodegradable MNs are typically prepared by the
casting micromolding technique, which involves the deposition of an aqueous polymer
solution onto an inert and thermo-stable PDMS mold with an inverted MN patten.?*! Vacuum
application or centrifugation can aid the flow and concentration of the polymer solution into
the micromold cavities. Once the solvent has evaporated, the MNs are peeled off from the
mold, which can be re-used for subsequent MN fabrications. The molds are typically
fabricated by a laser ablation process involving the production of a metal-based master
structure, onto which a molten solution of PDMS is deposited and dried to form the inverted
MN shape. Micromolding is not limited to casting with other common microfabrication
techniques including hot embossing, injection molding and investment molding. However,
these methods are more frequently applied for solid MNs that require high temperature

treatments. 242724

Drawing lithography: Another fabrication method is drawing lithography that uses
extensional deformation to create high aspect ratio MN patches, but typically requires high
temperatures and can suffer from low reproducibility due to the dependency of many factors
including thermal control, polymer viscosity, surface tension, drawing acceleration and
speed, and uniformity of patterns on contacting pillars.?*®> This method involves the
deposition of a melted polymer solution, for instance SU-8, between 2 equal plates forming
a liquid bridge between them. As the polymer cools down towards its glass transition
temperature (Tg) the plates are drawn apart forming polymer columns between the 2 plates
and necking of the liquid bridge due to differences in surface tension and extensional
viscosity until the bridge breaks to form 2 needles structures on the opposing plates.?*® The
droplet-born air blowing technique is a low temperature and rapid MN fabrication method
in which the polymer droplets are placed between 2 plates which are then separated up to a
desired MN length followed by air blowing onto the neck of the liquid bridge to promote
drying of the polymer. Once solidified the plates are separated simultaneously to break the

polymer bridge and obtain a MN needle patch on each plate.?*’
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Electro-drawing: Electro-drawing is a non-contact polymer MN fabrication method in which
a pyroelectric crystal is placed near a PDMS strip containing polymer droplets and exposed
to heat to produce an external magnetic field. The electrohydrodynamic force on the polymer
draws the polymer droplet into a MN shape, after which the solvent is evaporated to give a

solid MN structure.?*®

3D printing: A more recent approach involves 3D printing technology to from MN structures
via different method including ink-jet printing, photopolymerisation-based printing, and
fused deposition modelling.2* Ink-jet printing uses a mechanical printing head operated by
a thermal or piezoelectric system that deposits droplets onto a binding surface. Upon drying
of the polymer droplet further droplets are deposited on a layer-by-layer basis to form the
desired MN shape.?® Photopolymerisation-based technologies work on the same droplet
deposition build-up principle as the ink-jet printing but instead uses photosensitive polymers
that are cured upon light irradiation.?** This method has been applied for the development
of polymer MNs for therapeutic and cosmetic applications, for instance, the polymer-based
MN patch developed by Innoture Limited, that creates microchannels for the delivery of HA
serum into skin and are produced by a photopolymerisation technique developed by Kirby et
al..*? Fused-deposition modelling employs an extruder head containing a polymer-based
filament heated above its glass transition temperature. The extruder deposits the filament

onto a surface in consecutive layers to form the needle structure.?>3

The following figure summarises the different materials and fabrication methods for

polymeric and carbohydrate MN (Figure 1.13 A, B).
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Figure 1.13 Polymeric MN source materials and fabrication methods. (A) Synthetic polymers
and biomaterials that have been used for polymeric and carbohydrate based MNSs; (B)
Different polymeric and carbohydrate MN fabrication methods: casting micromolding,
drawing lithography, 3D printing and electro-drawing.
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1.5.3 Comprehensive MN-based drug delivery systems for cancer

immunotherapy

The incorporation of immunomodulatory agents and NPs into dissolvable and biodegradable
MNs allows for the design of gradually releasing drug administration systems that can locally
target the immune cell-rich dermal skin layer in a non-invasive manner, which has awoken
great interest for cancer immunotherapy and combination therapies. Ye et al. developed a
HA-based MN patch incorporating the IDO inhibitor, 1MT, and the immune checkpoint
inhibitor, anti-PD-1 (Figure 1.14 A).?>* The 1MT was covalently functionalised to HA to enable
NP self-assembly with the encapsulation of anti-PD-1 into the core and 1MT integrated into
the HA matrix prior to NP incorporation into the MNs. The MNs were fabricated using the
casting micromolding method showing tumour growth inhibition in a mouse melanoma
model with a 70% survival rate 40 days post-treatment. The same research group developed
a similar HA MN system incorporating anti-PD-1 and anti-CTLA-4 into a single patch as a
combination immunotherapy.?® In this system, the immunostimulatory agents were first
incorporated into pH-responsive alginate NPs containing catalase and glucose oxidase.
Interstitial glucose was oxidised in the presence of glucose oxidase and catalase to generate
gluconic acid leading to a pH reduction, which triggered gradual NP degradation and drug

release.

Functionalised HA MNs for cancer immunotherapy have also been reported by Kim et al.
demonstrating enhanced CTL stimulation and reduced tumour volume in B16-OVA
melanoma inoculated mice (Figure 1.14 B).%® In this system, low molecular weight HA was
covalently bonded to the OVA-derived T cell epitope peptide SIINFEKL via a reductive
amination reaction followed by incorporation into MNs by casting micromolding into an

inverted bullet-shaped MN mold.

The use of polymer mixtures and cross-polymerisation helps finetuning the mechanical
properties of polymeric MNs and ensures efficient skin penetration as well as sustained drug
release. Duong et al. presented the fabrication of a di-block PEG-polypeptide copolymer MNs
for the delivery of immunomodulatory agents.?” The TLR3 agonist, poly (I:C), and OVA-
derived plasmid DNA were loaded onto a cationic amphiphilic nanopolyplex embedded into
the copolymer matrix which was then used for the MN fabrication. MN treatment in mice
elicited increased OVA antibody expression and delayed tumour progression in a B16-OVA

murine model.
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Combination therapies using biodegradable MNs can often yield a synergic therapeutic
effect. Lan et al. developed a dissolvable PVP MN patch loaded with a lipid-based NP system
incorporating cisplatin and anti-PD-1, which showed successful cellular uptake in vitro and
synergistic anticancer response in vivo in an oral squamous cell carcinoma murine model
(Figure 1.14 C).* The authors propose that the reduced tumour fibroblast-mediated chemo-
resistance is due to the immunostimulatory effect of anti-PD-1, promoting the generation of

tumour-targeted CD8" T cells.
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Figure 1.14 Examples of dissolvable MN drug delivery systems for cancer immunotherapy
applications. (A) Schematic illustration of encapsulation and release of IDO inhibitor 1-MT
and aPD1 from self-assembled m-HA NPs. Reprinted from Y. Ye et al..”** (B) Schematic
illustration for the transdermal immunization using a microneedle patch delivering
multivalent hyaluronate (HA)-antigenic peptide (SIINFEKL) conjugates for cancer
immunotherapy. Reprinted from Kim et al..?® (C) Schematic illustration of the synergistic
effects of immuno-chemotherapy of anti-PD-1 and CDDP delivered through a microneedle.
Reprinted from Lan et al..?®
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Although solid MNs have been less explored in the context of cancer immunotherapy due to
biocompatibility concerns and reduced dosage control, some examples using the ‘coat and
poke’ approach can be found in the literature. Duong et al. proposed the use of a layer-by-
layer coated polycarbonate MN device for the sustained delivery of a DNA polyplex and poly
(1:C) as the immunotherapeutic drug load.?*® The vaccines were adhered to the MN surface
with 72 alternating layers of the anionic poly (I:C) and an ultra-pH sensitive cationic polymer
with a final layer consisting of a solution of the DNA polyplex. The ultra-pH sensitive polymer
transformed into an anionic copolymer upon skin insertion releasing the drug load through
electrostatic repulsion. The MN mice ex vitro assays demonstrated enhanced antibody and
IFN-y expression in response to MN application, while an in vivo assay showed promising
results with reduced tumour growth and prolonged mice survival in a B16-OVA murine
model. Zeng et al. also opted for the layer-by-layer approach using insoluble poly(L-lactide)
MNs (Figure 1.15 A).?*° The MNs were first prepared by the traditional micromolding method
followed by up to 128 layers of alternating anionic CpG and cationic tumour antigen layers.
The former is a TLR9 agonist, while the latter consisted of the human melanoma antigen,
tyrosinase-related protein 2, conjugated to cationic amino acid residue. Vaccine coated MN
administration into mice elicited enhanced CD8* T cell production and favourable DC cell
internalisation in vitro. DeMuth et al. developed a coherent layer-by-layer MN system by
incorporating a NP element (Figure 1.15 B).”®! The PLGA-based MN was fabricated by
micromolding and the maleimide-crosslinked multilamellar lipid vesicles incorporating the
TLR4 agonist, MPLA, and an OVA-derived protein antigen were synthesised. The lipid NPs
were attached to the MN surface, which was pre-coated with protamine sulfate and
sulfonated poly(styrene), by application of the hydrolytically degradable cationic polymer.
Degradation of the polymer upon skin insertion released the lipid vesicles into the system
and ensured recognition by APC. The system showed an enhanced anti-OVA immunoglobin
immune response and APC internalisation in mice compared to the controls. The authors also
noted that the surface dried vaccine formulation makes storage at room temperature
feasible, which would also provide ease of transportation for distribution to the developing

world.
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Figure 1.15 Examples of solid MN systems for cancer immunotherapy. (A) Approach for
Assembling Immune Polyelectrolyte Multilayers on Microneedle Arrays to Enhance Cancer
Vaccination. Reprinted from Zeng et al..?° (B) Schematic illustration of (Poly-1/ICMV)
multilayers deposited onto PLGA microneedle surfaces. ICMV lipid nanocapsules are prepared
with interbilayer covalent cross-links between maleimide head groups (M) of adjacent
phospholipid lamellae in the walls of multilamellar vesicles. (Poly-1/ICMV) PEMs were
constructed on microneedles after (PS/SPS) base layer deposition. (b) Microneedles transfer
(Poly-1/ICMV) coatings into the skin as cutaneous depots at microneedle insertion points. (c)
Hydrolytic degradation of Poly-1 leads to PEM disintegration and ICMV release into the
surrounding tissue. (d) ICMV delivery to skin-resident APCs provides coincident antigen

exposure and immunostimulation, leading to initiation of adaptive immunity. Reprinted from
DeMuth et al..?*

1.6 Polymeric implants for cancer therapy

1.6.1 Types and fabrication of polymeric implants

Polymer-based implantable devices can present a highly advantageous approach for solid
tumour treatment compared to conventional drug delivery routes by ensuring localised and
gradual drug delivery and their potential as scaffolds for combination therapies.?®? Implant
administration requires surgical treatment but can beneficially complement tumour
resection procedures to prevent tumour recurrence or promote tumour regression in an
incomplete tumour resection.?®® Implants can be the preferred choice of vaccine delivery
system in cases where solution-based formulations are ineffective or not feasible. Polymeric

implants can be classified into cast implants, injectable gels, electro spun nanofibers, 3D
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printed implants and microdevices (Figure 1.16).2%* As with other drug delivery devices,
implants can release their content by passive diffusion or designed for stimuli-responsive
drug release through external triggers such as electrical or magnetic waves, ultrasound and
light stimulation or environmental changes including pH, enzymes, metabolite concentration

and temperature.?%
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Figure 1.16 Overview of different types of polymeric implants for application in cancer
therapy. Polymeric implants include solid casted implants, electrospun implants, hydrogel
implants, 3D printed implants, and MEMS microdevices. They require specific polymers or
polymer-mixtures to achieve desired physical and chemical properties. Adapted from Talebien
et al..?*

Casted implants: Casted implants are prepared by deposition of a polymer solution into a
cast followed by solidification with the aid of heat, crosslinking or recrystallisation.?®®> They
can come in the form of thin wafers or more complex 3D structures and have been fabricated
using a range of polymers including silk, dextran, PAMAM and gelatin. Seib et al. developed
a silk film loaded with doxorubicin, which was implanted into breast tumour-bearing mice
and showed gradual release for over 4 weeks and tumour growth reduction in comparison
to the free drug control.?®® The silk film was prepared by casting onto a PDMS mold followed
by annealing with water vapour to stabilise the silk film by enhancing the crystallinity and
preventing rapid water solubilisation. The poly(1,3-bis-(p-carboxyphenoxy propane)-co-
(sebacicanhydride)) biodegradable polymer has been used for the development of
chemotherapeutic drug incorporated wafers for glioma brain tumour treatment and after
clinical success marketed as Gliadel Wafers®.?*’ The fabrication involved the combination of

the polymer with the chemotherapeutic drug carmustine dissolved in an organic solvent and
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spray-dried onto microparticles, which are then deposited into a mold and compressed into
a wafer by mechanical pressure. The drug elutes from the wafer over the course of 5 days as
the result of hydrolysis of the polymer anhydride bonds, while the complete degradation of
the polymer matrix can take up to several months.?®® Several wafers can be implanted at the
head tumour resection site achieving a sustained delivery of drug and high bioavailability as
there is no requirement to bypass the blood brain barrier. Further research has found that
incorporation of different chemotherapeutic agent such as paclitaxel and doxorubin as well
as combination with radiotherapy could enhance the therapeutic outcome of these wafers

and effectively prevent tumour recurrence.?**>"!

Injectable implants: Injectable implants are administered via a hypodermic needle and
solidify at the site of injection by phase inversion, crosslinking, temperature, or pH
response.?®® Phase inversion occurs when a hydrophobic drug is dissolved in a water-miscible
organic solvent and solidified upon injection due to dilution of the solvent in the aqueous
environment. Non-polar organic solvents such as ethylbenzoate have shown that phase-
inversion occurs more slowly with delayed drug release, while polar organic solvents
including DMSO are more water miscible and, therefore, promote faster phase-inversion and
drug release.?’? However, this method can often lead to solvent-related cytotoxicity. A
preferable method is the use of temperature sensitive hydrogels using polymers that have a
low glass transition temperature or melting point, which can be heated up before injection
and solidify as they cool down at the site of injection.?”® In some cases, the glass-transition
temperature can be controlled by polymer modifications or crosslinking to prevent rapid
degradation and drug release from the implant. For instance, the chitosan-glycerophosphate
salt hydrogel, better known as BST-Gel®, was combined with paclitaxel and showed the same
therapeutic efficiency but reduced off-target cytotoxicity compared to 4 intravenous
injections of the free drug, due to the gradual release from the hydrogel in a murine breast
cancer model.?”* Another common thermosensitive hydrogel used for anticancer therapy is
the PLGA-PEG-PLA triblock copolymer, branded OncoGel, which has been used for the
incorporation of paclitaxel as standalone treatment and in combination with radiotherapy.?”®
A study by Zentner et al. showed paclitaxel incorporation into OncoGel demonstrating the
same therapeutic efficiency as treatment with paclitaxel in the absence of the hydrogel, but
at a 10-fold lower dosing concentration in a murine breast cancer model.?’® Overall,
injectable polymer hydrogels are less invasive than casted implants and provide an

alternative platform for the local and sustained delivery of anticancer drugs.
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Electrospun implants: Nanofibrous scaffolds are fabricated by electrospinning, a process in
which an electric field is applied onto a solution of polymer drawn out of a syringe to form
nano-sized polymer threads that deposit onto a grounded platform to form a porous scaffold
consisting of a bed of fibres. Electrospinning for implant fabrication has been investigated
with polymers such as PLGA, PLA, gelatin, polycaprolactone and poly(ethylene oxide).?”” The
combination of electrospun nanofibers drug delivery systems with photothermal therapy
was demonstrated by Chen et al., in which doxorubicin was first incorporated into a core-
shell NP system made from CusSs core within a mesoporous silica shell.?”® The nanoparticle
induces thermal ablation of tumour cells when irradiated with NIR at 980 nm. The NPs were
incorporated into a gelatin and polycaprolactone-based nanofibers. This device showed
synergistic therapeutic effects through sustained NIR triggered drug release over 140 hours
in vitro and significant tumour growth inhibition compared to the controls in vivo in a mice

hepatoma model.

3D printed implants: More recently, 3D printing technology has paved the way for polymer
implant fabrication. A porous PLGA and polycaprolactone based 3D-printed patch
incorporating the chemotherapeutic drug fluorouracil developed by Yi et al. showed gradual
drug release kinetics and enhanced tumour growth suppression in a murine pancreatic
cancer model.?”® The 3D-printed patch was prepared by extrusion of the polymer mixture in
combination with the drug at elevated pressure and temperature to form a paste, which was
subsequently loaded onto a 3D printer to form flexible patches with controlled shape, size,

pore size and layers.

MEMS microdevices: Polymeric implants for cancer therapeutic applications have also been
fabricated by MEMS processes such as micromachining and photolithography.%° These non-
degradable devices typically consist of a solid base containing microchannels and micro-
reservoirs to transport and store the solution-based drug load. MEMS can incorporate
microsensors and micro-actuators that can be designed for electronically controlled drug
release.”® An SU-8 photoresist polymer was used to fabricate a microdevice by
photolithography integrated with electrodes and fluidic channels for the sensing of
neurological activity and precision drug delivery. The device’s potential was analysed in vivo
by implantation into rat dorsal hippocampus section of the brain and was able to record

single-cell activity and local filed potential oscillations.?8!
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1.6.2 Casted implant developments in cancer immunotherapy

Due to limitations of solid implants, specifically regarding the high invasiveness of delivery,
there are currently only a few studies in the context of dissolvable or biodegradable disk
implants for cancer immunotherapy in the literature and so far, and no such system has been
approved for clinical use. However, there are several clinically approved hydrogel-based and
implant devices for other types of cancer therapy including Oncogel®, Gliadel®, and Vantas®,
amongst others. 28228 A highly promising study by Stephan et al. demonstrated the use of
an alginate-based scaffold loaded with tumour targeted T cells for implantation near or at
the resection site for enhanced treatment of inoperable or incompletely removed solid
tumours and showed increased tumour regression in an ovarian cancer murine model
compared to intraperitoneal T-cell injection in the absence of the scaffold (Figure 1.17 A).?%
Conde et al. developed a solid hydrogel implant from a dextran and poly(amidoamine) G5
dendrimer mixture for the local delivery of a combination therapy that achieved 90% tumour
regression in a colon cancer model without resection and no tumour recurrence after
resection for 170 days after treatment (Figure 1.17 B).%® This system comprised an
immunotherapeutic angiogenesis inhibitor, gold NPs as a heat mediator triggered by NIR

irradiation and short interfering RNA-based gene therapy.
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Figure 1.17 Examples of dissolvable implantable devices for cancer immunotherapy. (A)
Schematic diagram of a T cell-loaded scaffold surgically situated at a tumor site. Stimulatory
microspheres incorporated into the device trigger cell expansion and promote their egress
into surrounding tissue. Reprinted from Stephan et al..?> (B) Drug—gold nanorods and siRNA—
gold nanospheres doped in implantable hydrogels for local drug/gene delivery and local
hyperthermia. Reprinted from Conde et al..?5¢
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1.7 Overview and objectives of this research

Programming the immune system to recognise and eliminate cancer cells has gained recent
interest and recognition due to its clinical success in some cancers. It provides an alternative
form of treatment with the potential to overcome some of the main challenges in
conventional chemo and radiotherapies such as off-target cytotoxicity and tumour
recurrence by navigating the immune system towards a tumour-specific response and
developing prolonged protection through the recruitment of memory T cells. Dissolvable and
biodegradable transdermal drug delivery systems capable of delivering the drug load into
immune cell abundant regions in the skin in a non-invasive manner may reach their full
potential in immunotherapy applications, whilst biomaterial-based implantable devices
provide an alternative administration route that can be useful when solution-based
formulations are not viable. Implantable drug delivery devices can be fabricated at low cost
and administered at the tumour resection site to prevent tumour recurrence by ensuring a

local and gradual delivery of mono- or combination therapies.

The aim of this thesis is the synthesis and characterisation of an immunomodulatory HA-
based biomaterial (1MT-HA) with gradual drug release kinetics that can be used as the base
material for the fabrication of NPs and drug administration devices (Chapter 3). The
development of different nanoparticle and microparticle systems including anti-PD-L1
incorporated HA NPs, IONPs functionalised with a Pt(IV) prodrug and other
immunostimulatory agents, QDs and diatom-based devices with both therapeutic or
diagnostic properties (Chapter 4). The incorporation and functional studies in vitro of some
of these developed NP systems and the 1MT-HA biomaterial into HA-based MNs and
implantable devices for cancer immunotherapy applications (Chapter 5). The specific aims

and objectives are summarized below:

e Exploring the covalent functionalisation of HA with the clinically relevant IDO
inhibitor, 1MT, to achieve a sustained and local release of 1MT in the presence and

absence of HAase;

e The synthesis of different immunomodulatory NP and microparticle systems, this

includes:
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o Synthesis of biodegradable 1MT-HA NPs by a self-assembly process with the
aim of obtaining uniformly sized particles and capable of showing gradual

drug release kinetics of an immune checkpoint inhibitor (anti-PD-L1);

o Development of IONP-based chemotherapeutic and immunomodulatory
constructs including a Pt(IV) prodrug-based IONP system and IONPs
functionalised with a combination of immunostimulatory agents (poly-IC and

imiquimod) that could achieve a local and synergistic anti-cancer effect;

o Exploring the diagnostic and therapeutic applications of diatoms by a
developing tandem catalytic diatom-based device with magnetic properties
and the development of a multimodal diatom system by covalent
functionalisation with an immune checkpoint inhibitor (anti-PD-L1) and

exploring its potential use as a biosensor;

Fabrication of biodegradable HA-based MNs capable of targeting the immune cell-
rich dermal skin layer and implantable devices incorporating the previously
developed NP systems and the 1MT-HA biomaterial. The evaluation of the MN skin

penetration efficiency and gradual release of the incorporated agents;

Validation of the retention of functional activity of the incorporated therapeutic

agents following the release from a MN or an implantable device in vitro using

different murine and human cancer cell models.
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Figure 1.18 Overview schematic of aims and objectives. The first stage involves the covalent
functionalisation of HA with 1MT to create an amphiphilic biomaterial that can self-assemble
into NPs. The second stage of this thesis focuses on the development of immunomodulatory
and chemotherapeutic nano- and microparticle systems. The third stage is the incorporation
of the systems created in stage 2 into a transdermal or implantable biomaterial-based drug
administration device capable of gradual and local drug release turning an
immunosuppressive cold tumour into a hot tumour.
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Chapter 2

Materials and

methods



2.1 Materials

1. Synthesis of 1MT-HA and 1MT-HA@anti-PD-L1 NPs

1-Methyl-DL-trytptophan (1MT) (Sigma-Aldrich), Sodium bicarbonate (VWR International),
Di(tert-butyl) decarbonate (Alfa Aesar), tetrahydrofuran (Thermo Fisher Scientific),
hydrochloric acid 37% (Thermo Fisher Scientific), ethyl acetate (Thermo Fisher Scientific),
ninhydrin (Sigma Aldrich), Dowex™ 50WX8-200 ion-exchange resin, ACROS Organics™
(Thermo Fisher Scientific), tetrabutylammonium hydroxide solution 40% in water (Sigma
Aldrich), 1,1’-carbonyldimidazole (Sigma Aldrich), dimethyl sulfoxide (Sigma Aldrich), 4-
(Dimethylamino)pyridine (VWR), hyaluronic acid sodium salt (MW: 33kDa and 280kDa) were
kindly provided by Bloomage Freda Biopharm Co., Ltd (Jinan, China), SnakeSkin™ dialysis
tubing, 10K MWCO, 22 mm (Thermo Fisher Scientific), methanol certified AR for analysis
(Thermo Fisher Scientific), anti-PD-L1 (atezolizumab) was kindly provided by CIC bioGUNE
(Donostia, Spain), Vivacon 500-PCR grade, 100,000 MWCO (Sartorius), 40 ulL disposable
plastic cuvette (Malvern Panalytical Ltd.) and folded capillary zeta cell (Malvern Panalytical

Ltd.). TLCs were carried out on TLC Silica gel 60 F254 (Sigma-Aldrich).

2. 1MT release assays

Hyaluronidase from bovine testes type IV-S 750-3000 U/mg (Sigma Aldrich), PBS Tablets
(Phosphate Buffered Saline, Thermo Fisher Scientific), Amicon® Ultra-4 centrifugal filter unit
(Sigma-Aldrich), acetonitrile 299.5% (AnalaR NORMAPUR® ACS, VWR), potassium phosphate
dibasic (Thermo Fisher Scientific), sodium phosphate, monobasic (Thermo Fisher Scientific)

and ethylenediaminetetraacetic acid (Thermo Fisher Scientific).

3. Non-cellular and cellular IDO inhibition assay

Recombinant human indoleamine-2,3-dioxygenase protein (Abcam), recombinant human
IFN-y, carrier-free (Biolegend), trichloroacetic acid (Sigma-Aldrich), L-tryptophan (Sigma-
Aldrich), catalase from bovine liver (Sigma-Aldrich), L-kynurenine (Sigma-Aldrich), methylene
blue (Sigma-Aldrich), L(+)-Ascorbic Acid 99% (Thermo Fisher Scientific), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Thermo Fisher Scientific),
sodium acetate trihydrate (Thermo Fisher Scientific) and acetic acid glacial, extra pure

(Thermo Fisher Scientific).
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4. Synthesis of IONP and QD micelles

Hydrophobic IONPs were provided by my PhD colleague Marc Bilbao-Asensio. Hydrophobic
CdSe/ZnS core-shell QDs, pIC, anti-PD-L1 (atezolizumab) and R837 (imiquimod) were
provided by CIC biomaGUNE. 2-iminothiolane (Traut’s reagent) was purchased from Thermo
Fisher Scientific. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)-2000] (sodium salt), 1,2-dioleoyl-3-trimethylammonium-
propane (chloride salt), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt) were
purchased from Avanti Polar Lipids. The purification was performed using 0.45 um syringe
filters (Waters™, Acrodisc, Syringe Filter, PTFE, 4 mm, 0.45 um, non-polar) and
ultracentrifugation on a Beckman Coulter Optima XPN-80 Ultracentrifuge using the Type 45
Fixed-Angle Titanium Rotor with 1.5 mL microcentrifuge tube adapters. The PD-L1 ELSA kit

was purchased from Abcam.

5. HA MN fabrication and porcine skin penetration assays

The MN PDMS molds (15x15 array, cone-shaped, 700 um and 200 um height, 600 um centre-
to-centre spacing, 150 um base radius) were purchased from Blueacre Technology Ltd..

Methylene blue was kindly provided by Prof Owen Guy’s research group (CNH).

6. Synthesis of anti-PD-L1 functionalised diatoms

Commercial diatomaceous earth was purchased from Bulk Powders®. The following

materials were used for the antibody conjugation synthesis:

(3-aminopropyl)triethoxysilane 99% (Sigma-Adrich), Sulfo-SMCC (sulfosuccinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate) (Thermo Fisher Scientific), 2-iminothiolane
(Thermo Fisher Scientific), Toluene ACS reagent, 299.5% (Sigma-Adrich), sodium hydroxide
ACS reagent, 297.0%, pellets and anti-PD-L1 (atezolizumab) was kindly provided by CIC
bioGUNE (Donostia, Spain). The Pierce Micro BCA Protein Assay Kit was purchased from

Thermo Fisher Scientific.

7. Synthesis of Diatom-IONP-GOXx and peroxidase-like activity assays

Polyethyleneimine, branched, M.W. 1,800, 99% (Alfa Aesar), IONP(citrate) micelles were
provided by my PhD colleague Marc Bilbao-Asensio, Glucose Oxidase from Aspergillus niger,

Type X-S, lyophilized powder, 100k-250k U/g (Sigma-Aldrich), D(+)-glucose was kindly

54



provided by a Dr. Kuehnel’s research group, hydrogen peroxide 30% (w/v) (Fisher Scientific),
3,3',5,5'-Tetramethylbenzidine, 98% (Alfa Aesar), dimethyl sulfoxide (Sigma Aldrich), sodium
acetate trihydrate (Thermo Fisher Scientific) and acetic acid glacial, extra pure (Thermo Fisher

Scientific).

8. Celllines
Human cervical cancer Hela cells and human ovarian cancer Skov-3 were kindly provided by
the RGBO research group (CNH). Murine melanoma B16-F10(OVA) and murine macrophage
RAW264.7 cells were kindly provided by Dr. Ane Ruiz de Angulo (CIC biomaGUNE). All other
cell lines were kindly provided by Dr. James Cronin’s research group (ILS1). The cell culture
media, DMEM/phenol red free, high glucose, HEPES (Gibco®) and RPMI-1640 were
purchased from Gibco UK. All other cell culture media was kindly provided by Dr. James
Cronin’s research group (ILS1). Media supplements including L-glutamine (200 mM), fetal
bovine serum (FBS) and Penicillin-Streptomycin (Pen-strep, 50 U/mL) were purchased from

Gibco UK.

2.2 Instrumentation

1. Nuclear magnetic resonance (NMR)

H-NMR and *C-NMR were performed on a Bruker Avance Il 500 MHz instrument with
frequency resolution of <0.005 Hz and phase resolution of <0.006° running ICON NMR using
Topspin 3.2 software. Samples were run in deuterated solvents including CDCls, DMSO-d6 or

D,0. For the 3C-NMR spectra in D,0, 5% w/w DMSO was added as a reference.

2. High performance liquid chromatography (HPLC)

RP-HPLC was carried out on a Perkin Elmer Altus HPLC system with an A-10 solvent and
sample module, A-10 photodiode array (PDA) detector and operating on the Empower® 3
software. All the samples were run on a Brownlee SPP C-18 Column 150 mm x 4.6 mm ID

(Perkin Elmer) using the settings specified in the methods section.

3. Fast protein liquid chromatography (FPLC)

FPLC was performed on a Bio-Rad Laboratories, Inc. NGC chromatography system with an
NGC Multi-Wavelength detector Il Module, a BioFrac fraction collector and operating on the
ChromLab software. Samples in MilliQ were run on a pre-packed Cytiva Lifesciences
Superose® 6 Increase 10/30 GL column composed of a cross-liked agarose matrix with a

Tricorn™ glass outer casing and a globular protein fractionation range of 5-5000 kDa.
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4. Dynamic light scatter (DLS) and zeta potential

DLS and zeta potential measurements were performed on a Malvern Zetasizer Nano ZS using
175° backscatter detection at 25°C. All samples were dispersed in MilliQ water and zeta
potential samples contained 3.4 mM (0.02% w/w) NaCl. Zeta potential was performed at a

cell drive voltage of 150 mV using the Smoluchowski approximation.

5. Nanoparticle tracking analysis (NTA)

NTA was performed on a Particle Metrix Zetaview® instrument (Analytik) with size
measurements scanning 11 positions and 2 cycles, while zeta potential analysed 2 positions
and 2 cycles. Measurements were taken at 20% camera sensitivity, 30 frames/s and 100 s
shutter settings. All samples were dispersed in MilliQ water and zeta potential samples

contained 0.09% NaCl.

6. UV-vis spectroscopy

UV-vis measurements for IONP and QD micelle quantification and peroxidase-like activity
assays were performed on a Thermo Fisher Scientific Nanodrop™ One instrument applying

a baseline correction at 750 nm and 2 pL sample volume deposition.

The UV-vis analysis of the bioassays including ELISA, BCA and peroxidase-like activity were
carried out on the BMG Labtech FLUOstar® Omega multi-mode microplate reader operating
on the MARS Omega software. Sample analysis was performed on Thermo Scientific Nunc™

96-well microplates.

7. Scanning electron microscopy (SEM) and electron dispersive X-ray

spectroscopy (EDX)

Analysis was performed on a Hitachi S4800 field emission (FE)-SEM instrument using the
secondary electron detector and working distance of 8-15 mm, specimen size of 2 inches at
probe current: normal and focus mode: UHR. The SEM software was called Hitachi S4800,
while the Oxford Instruments EDX module was operated on the INCA Energy software. All
samples were mounted onto an aluminium-based 32 mm diameter stub attached either with
copper alloy-based clips or leit adhesive carbon tabs 12 mm diameter (Agar Scientific). All

photographs of MNs were captured on an iPhone 7 camera.
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8. Confocal laser scanning microscopy (CSLM)

The Carl Zeiss LSM 710 confocal microscope equipped with an HBO 100 mercury vapor short-
arc lamp and a QUASAR multichannel detector unit with maximum field resolution of 6144 x

6144 pixels was used for the characterisation of fluorescent MNs.

9. X-ray photoelectron spectroscopy (XPS)

XPS was performed on a Kratos Analytical, Ltd. AXIS Supra* instrument with a
monochromated Al Ko X-ray source and 128 channel Delay-Line Detector (DLD). The
instrument operates on the ESCape software. All samples were mounted on a combination
sample holder and attached with leit adhesive carbon tabs and analysed at 15 mA emission

current. Spectra were processed on the CasaXPS software.

2.3 Methods

1. Synthesis of HA-TBA salt
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The reaction was carried out as previously reported.?®” HA sodium salt (100.0 mg, 0.264
mmol) was dissolved at 5 mg/mL in MilliQ water and Dowex 50WX 8-200, a sulfonic acid-
based exchange resin was added slowly at 4°C until pH 2 was recorded (438 mg) and allowed
to stir for 2 h. The resin was filtered off by vacuum filtration and the sulfonated HA was
washed 2 times with MilliQ water to remove any resin impurities. Tetrabutylammonium
hydroxide (TBA-OH) solution 40% in water was added dropwise to the HA solution until pH
7. 0nce neutralised, the solution was frozen to -80°C followed by lyophilization. The resulting

white solid was stored at -20°C. Yield: 142.7 mg (0.229 mmol), 87.1%.

IH-NMR (D;0): 60.95 (t, 3H, TBA -CH3), 61.37 (m, 2H, TBA -CH,), 61.65 (m, 2H, TBA -CH.),
63.20 (t, 2H, TBA -CH;), 62.02 (m, 3H, -NHCOCHs), 63.34-3.84 (m, 15H, sugar anomeric
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protons), 64.45 (d, 2H, sugar anomeric protons), 67.15 (s, 1H, -CHnmethylindote), 67.19 (t, 1H, 1-
MTarn), 67.30 (t, 1H, 1-MTary), 67.48 (d, 1H, 1-MTary), 67.64 (d, 1H, 1-MTar-1).

2. Synthesis of 1IMT-HA

OH

OH NH

L 0 n

The procedure was adapted from Ye et al..** 33 kDa MW HA-TBA (293.0 mg, 0.417 mmol)
was dissolved in 10 mL anhydrous DMSO and CDI (74 mg, 0.456 mmol) was added. The
reaction was stirred at RT under an inert atmosphere overnight (19 h). 1MT (100 mg, 0.458
mmol) and DMAP (10 mg, 0.082 mmol) were added, and the reaction was left stirring for 48
h until esterification was completed. The product was dialysed against 1:1 MilliQ water:
methanol using 10 kDa MWCO Snakeskin® dialysis tubing for 24 h followed by an additional
dialysis cycle for 48 h in MilliQ water pH 5-6. The product was frozen and lyophilized for 72 h
to obtain a white solid. Yield: 139.9 mg (0.241 mmol), 51.2%

Rs= 0.11 (silica, ethanol). 'H-NMR (D;0): 62.02 (m, 3H, -NHCOCH;), 63.54-3.78 (m, sugar
anomeric protons), 64.55 (d, 2H, sugar anomeric protons), 67.16 (s, 1H, -CHnmethyiindote), 67.19
(t, 1H, 1-MTarn), 67.31 (t, 1H, 1-MTarn), 67.48 (d, 1H, 1-MTar), 67.70 (d, 1H, 1-MTar). BC-
NMR (D;0 +5% v/v DMSQ): 624.12 (-NHCOCH3), 655.89 (-NHCH-), 662.13 (-CH,OH), §102.13
and 6104.76 (-OCHO-), 6110.92 (1-MTar), 6111.53 (1-MTarc), 6120.43 (1-MTar¢), 6123.31 (1-
MTarc), 6138.35 (1-MTharc), 6175.69 (-NHCOCH3), 6176.49 (-CO-1MT).
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3. Synthesis of 1MT-HA ester
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The reaction was carried out as previously reported.?** Briefly, 50 mg (0.228 mmol) of 1MT,
NaHCOs (72.18 mg, 0.86 mmol) and di(tert-butyl) dicarbonate (60 mg, 0.28 mmol) were
added to 5 mL of 1:1 THF: MilliQ water and stirred at 0°C for 10 min. The reaction was further
stirred at RT for 24 h. THF was evaporated under reduced pressure and the resulting aqueous
solution was acidified with 1M HCI dropwise until pH 2. The product was extracted with ethyl
acetate and the organic phase evaporated under reduced pressure to give IMT-BOC as a

yellow solid. Yield: 54 mg (0.169 mmol), 73.9%.

The 1MT-BOC product (25 mg, 0.080 mmol) was dissolved in 3 mL anhydrous DMSO at RT
and CDI (13 mg, 0.080 mmol) was added. The mixture was stirred for 2 h at RT under inert
atmosphere to produce Im-1MT-BOC. 280 kDa MW HA-TBA (30 mg, 0.048 mmol) was
dissolved in DMSO at 5% w/w and the Im-BOC-MT solution was added followed by DMAP (5
mg, 0.041 mmol) and the reaction left stirring for 24 h at RT. The product was purified by
dialysis against 1:1 water: methanol for 24 h and water with pH 5-6 for 48 h. The dialysed

solution was lyophilized to obtain a white solid. Yield: 18.5 mg (0.027 mmol), 57.1%.

R=0.09 (silica, ethanol). *H-NMR (D,0): §1.06 (t, 3H, TBA -CH3), §1.35 (m, 2H, TBA -CH,), 61.65
(m, 2H, TBA -CH,), 63.20 (t, 2H, TBA -CH;), 62.01 (m, 3H, -NHCOCHs), 63.20-3.79 (m, sugar
anomeric protons), 64.48 (d, 2H, sugar anomeric protons), 67.15 (s, 1H, -CHnmethyiindote), 67.19
(t, 1H, 1-MTar.n), 67.30 (t, 1H, 1-MTa.), 67.48 (d, 1H, 1-MTas), 67.64 (d, 1H, 1-MTars).
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4. Synthesis of IMT-HA@anti-PD-L1 NPs

The NP self-assembly was carried out as previously reported.? 1IMT-HA ester (5 mg, 6.1 mmol)
and anti-PD-L1 (0.2 mg, 1.38 nmol) were added to a solution of MilliQ water: methanol (2:1
v/v) and the emulsion was stirred at 4°C for 2 h. The methanol was removed by dialysis
against MilliQ water using 10 kDa MWCO Snakeskin® dialysis tubing for 72 h and changing of
the dialysis solution at 24 h intervals. The free anti-PD-L1 was removed by centrifugal
filtration (300 kDa MWCO Nanosep®) and 5 washing cycles with MilliQ water at 2000 g for
10 min. The final IMT-HA NP suspension was concentrated to 5 mg/mL. Characterisation was
performed by DLS, zeta potential, NTA and SEM. For the control NPs the same procedure was

followed, but in the absence of the antibody.

5. 1MT-HA and 1MT-HA NP release assays

1MT-HA or 1IMT-HA NPs (5 mg) was added to 500 plL of 1x PBS pH 6.5 at 37°C containing
HAase from bovine testes (1 mg, 18.2 nmol, 750-3000 U/mg). For the 1IMT-HA biomaterial
release assay, different pH conditions (pH 5, pH 6.5, and pH 8) were also analysed in the
absence and presence of HAase. 100 ulL aliquots were collected after each time point and
purified by centrifugal filtration using 3 kDa MWCO spin filters at 12,000 g for 15 min. The
filtrate containing the purified 1MT was quantified by RP-HPLC on a C-18 column (4.6 mm x
150 mm) at 223 nm, isocratic elution at 1 mL/min with a mobile phase containing 10 mM
potassium phosphate buffer pH 5.0, 0.15 mM EDTA, 20% MeOH and 5% ACN. A 1MT
calibration was derived under the same RP-HPLC conditions from 0.0-0.1 mM based on the

1MT UV-vis absorbance peak area at 223 nm.

6. 1MT-HA@anti-PD-L1 NP release assay

The release study of 1IMT-HA@anti-PD-L1 NPs was performed under the same conditions
described in experiment 5. The aliquots collected at timepoints 0, 1, 6, 24 and 48 h were
purified from intact NPs by centrifugal filtration using 300 kDa MWCO filter at 10,000 g for
20 min. The filtrates were collected and characterised by FPLC. The 1IMT-HA@anti-PD-L1 NPs
collected timepoint samples were directly injected into the FPLC system on a Superose 6
Increase size-exclusion column at injection volume of 100 pL, flow rate of 0.5 mL/min using
isocratic elution in MilliQ water. The UV-vis absorbance was measured at 225 nm and 280

nm.
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7. Synthesis of HA-MNs

All the MNs were fabricated by the micromolding technique using 15x15 array inverted MN
PDMS molds. A HA solution in MilliQ water (33 kDa MW, 3.79 mM) was sonicated in a water
bath at RT for 5 min to remove air bubbles and deposited onto the MN mold ensuring that
all the cavities are covered. The mold was exposed to vacuum conditions for 10 min followed
by centrifugation at 3000 g for 1 h to force and compact the HA solution into the mold
cavities. The supernatant was removed by pipetting and residual HA on the mold was scraped
off using a piece of aluminium foil. A piece of 1.5 cm x 8.0 cm silver adhesive tape was
attached along the sides of the mold and 1.5 mL HA solution (3.03 mM) was added onto the
mold reservoir to form the MN base plate. The MN was allowed to dry at RT and atmospheric
pressure for 10 days until all the water is evaporated. The MN was carefully removed from
the mold, cut in the desired shape and stored at 4°C until further use. The mold was cleaned
by sonication in 50 mL of warm MilliQ water (50°C) for 48 h. For the fabrication of modified
MNs the loading agent was added at the desired concentration to the HA solution (3.79 mM)
prior to deposition onto the MN mold. The MN morphology was characterised by SEM (SE

detector, 1 kV accelerating voltage).

8. Synthesis of HA implants

A HA solution in MilliQ water (33 kDa MW, 100 mg, 3.03 mM) in 1 mL was deposited into a
well of a 48-well cell culture plate and dried for 3 days at RT under reduced pressure. The
implantable disc was removed from the plate with a clean scalpel and stored at 4°C. For the
functionalised implants, the loading agent was added to the HA solution in MilliQ water and
homogenised by sonication for 5 min or gentle pipetting before deposition into the well. For
the 1IMT-HA implants, 30 mg of 1MT-HA was added to the HA solution (70 mg, 2.12 mM) and

mixed until homogeneous before addition to the well.

9. HA MN and HA implant release assays

The MN and implant degradation was carried out as outlined for the 1MT-HA release assay
(see experiment 5), but in a release volume of 1.5 mL to account for the higher concentration
of HA and viscosity of the solution. Sample collection timepoints and characterisation were
specific to the experiments. For the 1MT-HA implants, the 1MT released after 48 h was
purified by centrifugal filtration using 3 kDa MWCO filters and characterised by RP-HPLC as
previously described. The remaining sample was lyophilised for 48 h and concentrated to

38.33 mM in 1x PBS.
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10. Non-cellular IDO activity and inhibition assay

The IDO inhibition assay was performed as previously described.?® For the IDO activity assay,
a solution of 5 pg/mL of recombinant human IDO (rhIDO) was prepared in a standard assay
medium containing 50 mM potassium phosphate buffer at pH 6.5, neutralised ascorbic acid
at a working concentration of 20 mM, methylene blue at 10 uM, 100 pg/mL catalase and 200
UM L-tryptophan. The reaction was incubated for 1 h at 37°C to ensure complete metabolism
of tryptophan into N-formylkynurenine followed by addition of 30% (v/v) trichloroacetic acid
(TCA). The sample was incubated for a further 15 min at 60°C to hydrolyse the the
imtermediate product into L-kynurenine. The solution was centrifuged at 11,500 rpm for 15
min at 4°C and the supernatant characterised by RP-HPLC on a C-18 column at 0.5 mL/min
and gradient elution. Solvent A (10 mM sodium acetate buffer at pH 6.5 containing 10%
methanol) was reduced from 100% to 50% over 16 min, while solvent B (100% methanol)
was increased from 0% to 50% over the same time period. From 16-20 min the mobile phase
returned to the initial conditions (100% solvent A) and UV-vis detection of L-kynurenine at

360 nm.

For the inhibition assay a solution of the 1MT released from the 1MT-HA implant at working
concentration of 0.5 mM was added to the assay medium containing the enzyme and
substrate before the incubation step. The positive control sample was performed in the
absence of 1MT. As a negative control a fresh sample of 1MT was added at the same
concentration as the 1MT released from the 1MT-HA implant and the amount of L-

kynurenine generated quantified by RP-HPLC based on a calibration curve.

11. Cell-based IDO inhibition assays

The experimental method was adapted from Yue et al..?® Unless otherwise stated, human
and murine tumour cells were seeded at 2 x 10* cells per well in a 96-well plate in
DMEM/phenol red free or RPMI-1640 media containing 80 uM L-tryptophan, 10% FBS and
pen-strep and incubated for 24 h at 37°C and 5% CO,. The following day, IFN-y at 0.4 ug/mL
and the 1MT released from the 1MT-HA implant at 0.5 mM in culture media were added to
the cells in triplicate at 100 pL/well. As the controls, the cells were incubated without IFN-y
and 1MT (-- control), only IFN-y (+ control), and IFN-y with 1MT (- control) at the same
concentration as the sample. The cells were incubated for 20 h, after which the supernatants
were removed, and the repeats of each sample/control combined followed by treatment
with 30 pL TCA (3.05 M) and incubated at 50°C for 30 min in order to precipitate large

biomolecules and residual cells as well as to ensure complete hydrolysis of N-
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formylkynurenine into L-kynurenine. The samples were purified by centrifugation at 2000 g
for 5 min and the supernatants were analysed by RP-HPLC on a C-18 column using the
conditions described in experiment 10. Since the experimental conditions have changed with
respect to the non-cell-based assay, a new L-kynurenine calibration curve was produced from

0.0 to 0.2 mM used for quantification in all the in vitro studies.

12. MTT cell viability assay

After removal of the supernatants for the IDO inhibition assay (experiment 11), to the cells
were added 50 pL of 0.5 mg/mL MTT in culture media and the cells were incubated at 37°C
for 2 h. The supernatants were discarded, and 100 uL DMSO was added to the wells to
dissolve the generated formazan crystals. After gentle mixing for 30 s the 96-well plate was

analysed by at an absorbance of 550 nm on a microplate reader.

13. MN porcine skin penetration

To evaluate the MN penetration efficiency a square porcine skin sample larger than the area
of the MN was cut to shape with a clean scalpel. The skin sample was applied with 300 pL of
HAase (18.2 nmol) in MilliQ water and the solution evaporate at 50°C for 2 h. The dry HAase-
treated skin was attached with drawing pins onto a flat piece of cork sheet and the MN
applied onto the skin for 1 min with firm pressure, after which medical tape was applied to
fix the MN onto the skin and allowed to release the drug load for 24 h. The MN base was
removed from the skin and 300 pL of 2% wt/wt methylene blue dye was deposited onto the
penetrated skin area and allowed to enter the cavities for 15 min. The remaining methylene
blue was removed with dry medical wipes, followed by MilliQ water and ethanol moistened
wipes. Photographs of porcine skin were captured on an iPhone 7 camera and % area

penetration analysed using Imagel.

14. Synthesis of IONP and CdSe/ZnS QD micelles

The hydrophobic IONPs were prepared by my PhD colleague, Marc Bilbao-Asensio following
a previously described procedure.'®® Hydrophobic CdSe/ZnS core-shell QDs were provided by
a collaborative group in CIC biomaGUNE. IONP and QD micelle synthesis was carried out as
previously described.?®® Hydrophobic IONPs or QDs and DSPE-PEG (2000)-carboxylic acid
were suspended in 500 plL of chloroform at a 1:2 (wt/wt) ratio and allowed to evaporate
overnight at RT and any remaining solvent was removed under vacuum for 1 h. The resulting
thin film was heated to 80°C for 30 s and rehydrated in 1 mL of MillQ water whilst gently

mixing until the thin film was completely dissolved. The solution was transferred to a 1.5 mL
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centrifugation tube and centrifuged at 9700 g for 5 min. The pellet was discarded, and the
supernatant was passed through a 0.45 um syringe filter. This solution was ultracentrifuged
at 369,000 g for 1 h and 3 cycles to remove the empty micelles. The pellet was dissolved in
MilliQ water and stored at 4°C. The Fe concentration of the micelles was calculated based on
a calibration curve by UV-vis spectroscopy, performed by my PhD colleague, Marc Bilbao-
Asensio, using an IONP sample of known Fe concentration determined by ICP-OES in CIC

biomaGUNE.

Calculation of IONP concentration: The IONPs in this thesis have an average diameter of
approximately 7.0 nm. The [IONP] in the micelle samples was determined from the [Fe] using

the following calculation:

V(IONP)=4/3 xmixr*=4/3 xnx(3.5x107)*=1.8x 10" cm?3

p (magnetite) =5.17 g x cm3; m = p (magnetite) x V (IONP) =9.29 x 10°g

moles of FesOs=m / MW (Fe304) =9.25x 10° / 231.5 = 4.01 x 10% mol

moles of Fe = 3 x moles of Fe30s =3 x4.01 x 102! = 1.20 x 10° mol

atoms of Fe per IONP = moles Fe in IONP x Na = 1.20 x 10%° x 6.022 x 10?3 = 7244 atoms

15. Synthesis of anti-PD-L1 functionalised IONPs (IONP-aPDL1)

The IONP-maleimide micelle synthesis was carried out as described previously (experiment
14) using the DSPE-PEG (2000)-maleimide phospholipid. The antibody was activated via
lysine group modification using Traut’s reagent (2-iminothiolane). To Traut’s reagent (0.738
pg, 5.38 nmol) in 68.7 UL of degassed 1x PBS pH 8 supplemented with 2 mM EDTA was added
anti-PD-L1 (1.3 pL, 0.538 nmol) at Traut’s reagent: anti-PD-L1 mol ratio of 10:1 and incubated
for 1 h at RT at 800 rpm on a Thermoshaker. The thiol-modified antibody was purified from
residual Traut’s reagent by centrifugal filtration using 100 kDa MWCO spin filter devices at
4000 g for 3 min and washed 2x with PBS. The thiol-modified anti-PD-L1 at concentration of
1000 pg/mL (6.90 pM) was added IONP-maleimide ([Fe]=2 mM) in batches of 70 uL of 1x PBS
pH 7 containing 5 mM EDTA. The reaction was incubated overnight (19 h) at RT at 600 rpm
on a Thermoshaker. The product was purified by centrifugal filtration using 300 kDa MWCO
spin filters at 500 g for 4 min and washed several times with MilliQ water until no more anti-
PD-L1 was observed in the filtrate by UV-vis at 280 nm using a Nanodrop One
spectrophotometer. The IONP-aPDL1 was stored at 4°C and the protein concentration was

quantified by a BCA assay.
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PD-L1 ELISA procedure: The PD-L1 ELISA was performed following the manufacturer's
procedure. Briefly, the capture Ab was added to the pre-coated plate and incubated for 1h
at RT and 400 rpm on a Thermoshaker followed by removal of the supernatant and washing
of the plate with a buffer solution 3x. PD-L1 standards at working concentration of 0 and 80
pg/mL and IONP-aPDL1/IONP-Mal at 57 nM IONP were added to the plate in duplicate. The
plate was incubated for 1h at RT and the supernatants were removed. The plate washed 3x
and the capture Ab was added followed by incubation for 1h at RT. The supernatants were
then removed, and the plate washed 3x with buffer solution. The final step was the addition
of the TMB substrate, incubation for 10 min at RT, and addition of the stop solution. The

plate was then measured at 450 nm on a microplate reader.

16. BCA protein quantification assay

The protein quantification was performed using the Thermo Scientific™ Pierce™ BCA Protein
Assay Kits following manufacturer instructions. Briefly, 25 uL of sample and controls were
added to a 96-well plate in duplicate and 200 pL of the working reagent (50:1 v/v, reagents
A:B) was added. The plate was incubated for 2 h at 37°C in the absence of light after which
the absorbance was measured at 550 nm. A BSA standard calibration curve was produced

from 0-1000 pg/mL.

17. Synthesis of anti-PD-L1 functionalised diatoms (D-aPDL1)

D-amine synthesis method: The method was modified from Cicco et al..** The commercial
diatoms were purified from organic residues by acid and peroxide treatment performed by
my PhD colleague, Joel Crane. The purified commercial diatoms (15 mg) were stirred in 450
pL of toluene for 10 min at RT under inert N, atmosphere and 5 pL of MilliQ water was added.
3-aminopropyl-trimethoxysilane (APTES) 97% (9 uL, 51.6 pumol) was added in 3 parts (3 pL
every 10 min) and the solution refluxed at 70°C for 1 h. The modified diatoms were purified
by centrifugation at 5000 g for 5 min followed by 3 washing cycles in toluene, ethanol and
MilliQ water, sequentially, to remove residual unbound APTES. The pellet was dried
overnight under reduced pressure and the resulting APTES-modified biosilica stored at 4°C.

Characterisation was performed by XPS at emission current of 15 mA.

D-maleimide synthesis method: To D-amine (5mg) in 100 uL of MilliQ water was added
sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) and the
reaction was incubated at RT for 2 h. The product was purified by centrifugation at 5000 g

for 5 min and the pellet washed with 500 pL MilliQ water 3x to remove any unreacted or
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hydrolysed sulfo-SMCC. The pellet was dried overnight under reduced pressure and D-
maleimide product was stored at 4°C. Characterisation was performed by XPS at emission

current of 15 mA.

D-aPDL1 synthesis method: To Traut’s reagent (2-iminothiolane) (0.738 pg, 5.38 nmol) in 68.7
pL of degassed 1x PBS pH 8 supplemented with 2 mM EDTA was added anti-PD-L1 (1.3 uL,
0.538 nmol) at Traut’s reagent: anti-PD-L1 mol ratio of 10:1 and incubated for 1 h at RT at
800 rpm on a Thermoshaker. The thiol-modified antibody was purified from residual Traut’s
reagent by centrifugal filtration using 100 kDa MWCO spin filter devices at 4000 g for 3 min
and washed 2x with PBS. The retentate was made up to 100 pL with 1x PBS pH 7
supplemented with 2 mM EDTA and D-maleimide (1 mg) was added followed by incubation
overnight (19 h) at RT on a Thermoshaker at 1300 rpm. The product was purified by
centrifugation and the pellet was washed with MilliQ water 5x at 5000 g for 5min to remove
the unbound antibody. pellet was concentrated to 200 plL and stored at 4°C. Characterisation
was performed by XPS at emission current of 15 mA. The protein concentration of the D-

aPDL1 was determined through a BCA assay.

18. Diatom biosensor experiment

To D-aPDL1 (0.017 mg, [anti-PD-L1] = 4.28 pmol) was added human recombinant (rh) PD-L1
(Sino Biological) (2.22 ng, 85.5 fmol) in 10 uL of MilliQ water in microcentrifuge tubes (0.5 mL
capacity) at an anti-PD-L1: PD-L1 mol ratio of 50:1 and the reaction incubated for 15 min at
RT at 1300 rpm on a Thermoshaker. The samples were centrifuged at 500 g for 5 min to
remove unbound ligand and the supernatant discarded. To the pellet was added IONP-aPDL1
(4.96 pL, [Fe] = 1.09 mM, [anti-PD-L1] = 4.77 nmol) in 10 pL of MilliQ water at a PD-L1: anti-
PD-L1 mol ratio of 1:56 and the reaction incubated at RT for 1 h at 1300 rpm. The mixture
was centrifuged at 500 g for 5 min and an aliquot of the supernatant collected (4.60 uL). To
the collected sample was added TMB (0.832 mM) and H,0 (30.0 mM) in 10 uL of sodium
acetate buffer pH 4.5 (56.0 mM) at IONP-aPDL1 [Fe] = 0.50 mM. The peroxidase-like activity
was analysed by measuring the absorbance at 652 nm at the start of the reaction and after 1
h of incubation at RT in the absence of light. The analysis was performed on a Nanodrop One
instrument with baseline correction at 750 nm and photographs of the samples were taken
at the start and end of the reactions for comparison. The control samples consisted of the
combination of the D-aPDL1 sensor with the IONP-aPDL1 detecting agent in the absence of

PD-L1. The reaction was performed in triplicate.
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19. Synthesis of Diatom-IONP(-citrate)-GOx

The IONP(-citrate) were prepared by fellow PhD colleague, Marc Bilbao-Asensio, following
an adaptation of a previously described method.?®? To commercial diatoms (1 mg) was added
polyethylenimine (PEI) (1.8 kDa MW, 1.22 umol) in 500 pL of MilliQ water. The solution was
allowed to interact at RT for 15 min under constant mixing at 1300 rpm on a Thermoshaker
and the excess PEI purified by centrifugation at 5000 g for 5 min. The pellet was washed 3x
with MilliQ water and the supernatant discarded. To the pellet was added 200 pL of IONP(-
citrate) ([Fe] = 11.6 mM) and the mixture was incubated at for 15 min under constant mixing
at 1300 rpm. The product was purified by centrifugation at 5000 g for 5 min the pellet was
washed with MilliQ water 4x and 0.1 M acetate buffer pH 4.5 1x. To the D-PEI-IONP pellet
was added glucose oxidase from Aspergillus niger (GOx) (2 uL, 11.6 pmol) in 100 pL of MilliQ
water and incubated for 15 min under constant shaking at 1300 rpm at RT followed by
centrifugation at 5000 g for 5 min and washing cycles with MilliQ water 3x. The pellet was

dried under reduced pressure and the pellet stored at 4°C.

20. Diatom peroxidase activity assays

The peroxidase-like activity of the diatom samples was characterised by UV-vis at 652 nm,
the maximum absorbance of oxidised 3,3’,5,5'-tetramethylbenzidine (TMB), on a microplate
reader. Unmodified and functionalised commercial diatoms (1 mg or 0.25 mg) were
suspended into wells of a 96-well plate in 0.1 M sodium acetate buffer pH 4.5 followed by
the addition of H,0; (30 mM) and TMB (0.832 mM) made up to a total volume of 250 uL per
well. The plate was incubated at 37°C in the absence of light and the reaction kinetics were
monitored for 10 min. The catalytic activity was measured with respect to the absorbance
difference (A A.U.) at 652 nm between the initial (t = 0 min) and the final timepoint (t = 10

min).
21. Synthesis of c,c,t-[Pt(NH3z)2Cl2(OH):]

Cisplatin (0.18 g, 0.60 mmol) was dissolved in MilliQ water (1.5 mL) and H202 (9 mL, 30%
w/v) was added. The solution was stirred at 50°C for 3 h and then allowed to cool down
overnight. The product was purified by vacuum filtration with ice-cold MilliQ water and

ethanol followed by drying under vacuum for 24 h. Yield: 0.14 g (0.43 mmol), 71.7%.

IH-NMR (DMSO-d6): 63.33 (s, H20), §10.20 (s, 2H, -OH).
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22. Synthesis of c,c,t-[Pt(NHs)2Cl>(02CCH2CH,CO2H);]

c,c,t-[Pt(NHs),Cl>(OH),] (138 mg, 0.41 mmol) and succinic anhydride (165 mg, 1.65 mmol)
were dissolved in DMSO (0.85 mL) and stirred at 70°C for 24 h. MilliQ water was added to the
reaction mixture (4.2 mL) and the solution was lyophilized for 48 h. The resulting white solid

was washed several times with ice cold acetone. Yield: 190 mg (0.36 mmol), 88.7%.

IH-NMR (D;0): 62.61-2.64 (t, impurity), 62.68 (s, impurity), 62.71-2.73 (multiplet, 6H, -
CH,COO-), 62.73 (s, impurity).

23. Synthesis of DSPE—PEG(2000)-Pt(IV)

c,c,t-[Pt(NHs;),Cl>(0,CCH,CH,COoH),]  ((9.6 1 mg, 18.0  umol), dicyclohexylcarbodiimide
(DCC) (3.7 mg, 18.0 umol), and 4-(dimethylamino) pyridine (DMAP) (1.0 mg, 7.2 umol) were
dissolved in DMSO (130 pL). After 10 min, the activated platinum (IV) complex was added to
a solution of DSPE-PEG(2000)-amine (10 mg, 3.6 umol) in 170 uL DMSO. The resulting
mixture was allowed to react at RT for 96 h at 1000 rpm on a Thermoshaker. The product
was divided into 2 centrifuge tubes and MilliQ water was added to both batches (2 x 1 mL).
The solutions were centrifuged, and the supernatant was passed through a 0.45 um syringe
filter to remove insoluble tracesThe supernatant was dialyzed in a Slide-A-
Lyzer Dialysis Cassete (Thermo Scientific) (2000k Da MWCQO) against water (1 1) for 24 h.
The dialysate, containing the pure product, was lyophilized and the residue dried under

vacuum. Yield: 11.2 mg (3.4 umol), 94.1%.
'H-NMR (D;0): 62.56-2.71 (-CH>-CH (succinimidyl)), 63.71 (-CH,-CH; (PEG)).
24. Synthesis of Pt(IV)-loaded IONPs

DSPE—PEG(2000)-Pt(IV) (2.5 mg) and hydrophobic Fes04 nanoparticles (1 mg) were dissolved
in chloroform (500 uL). The solvent was allowed to evaporate overnight in a 5 mL vial at RT.
Any remaining solvent was removed under vacuum for 1 h. The flask was placed in a water
bath at 80°C for 30 s, after which 1 mL of MilliQ water was added. The solution was
transferred to a centrifugation tube and centrifuged at 9700 g for 5 min. The pellet was
discarded, and the supernatant was passed through a 0.45 um syringe filter. This solution
was ultracentrifuged (369 000 g, 45 min, 3 cycles) to remove empty micelles. Finally, the

pellet was dissolved in MilliQ water. The IONP-filled micelles were stored at 4°C.
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25. Pt quantification assay

The method was adapted from Basotra et al..?>® Briefly, for the calibration, cisplatin was
serially diluted in DMF followed by the addition of 1x PBS (7.7% (v/v)) and o-
phenylenediamine (OPD) (71.1 mM) in a total volume of 650 pL. The Pt(IV)-loaded IONPs and
the IONP-COOH samples were prepared under the same conditions as the cisplatin standards
in 1x PBS (7.7% (v/v)) and OPD (71.1 mM) in 650 uL DMF. The vials containing the solutions
were sealed with Teflon and incubated at 80°C overnight at 1000 rpm in a Thermoshaker.
The next morning a blank solution was elaborated under the same conditions in DMF (71.1
mM OPD, 7.7% 1x PBS (v/v)). UV-vis spectroscopy was performed in a 10 mm quartz cuvette
and measurements were recorded in the absence of light at 706 nm with 2-point baseline

correction at 600 nm and 800 nm.

26. Synthesis of IONP-DOTAP

DSPE-PEG(2000)-MeO (2 mg), 18:1 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) (1
mg) and hydrophobic Fes04 nanoparticles (1 mg) were dissolved in chloroform (500 pL). The
solvent was allowed to evaporate overnight in a 5 mL vial at RT. Any remaining solvent was
removed under vacuum for 1 h. The flask was placed in a water bath at 80°C for 30 s, after
which 1 mL of MilliQ water was added. The solution was transferred to a centrifugation tube
and centrifuged at 9700 g for 5 min. The pellet was discarded, and the supernatant was
passed through a 0.45 um syringe filter. This solution was ultracentrifuged (369 000 g, 45
min, 3 cycles) to remove empty micelles. Finally, the pellet was dissolved in MilliQ water. The

IONP-filled micelles were stored at 4°C.

27. Synthesis of IONP-DOTAP-pIC-R837

To IONP-DOTAP ([Fe] = 1.8 mM) was added pIC (78 pug/mL) in 250 uL of 10% PBS and the
solution was incubated at RT overnight at 1000 rpm in a Thermoshaker. The following day
the samples were made up to 1 mL with MilliQ water and large aggregates were removed by
centrifugation (9.9k g, 1 min) followed by ultracentrifugation (369 000 g, 1 h) to remove any
plC that was not attached to the IONPs. The supernatant was analysed for the presence of
plC at A = 260 nm. To the IONP-DOTAP-pIC solution was added R837 at a concentration ratio
of [Fe] = 1.5 mM: [R837] = 9 ug/mL and incubated at RT overnight at 800 rpm. The resulting

immunomodulatory NPs were stored at 4°C.
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28. IONP-DOTAP-pIC-R837 implant Transwell co-culture assay

The IONP-DOTAP-pIC-R837 implant was prepared following the implant preparation
procedure outlined in experiment 8 and containing 0.12 nmol IONP. The implant was allowed
to gradually dissolve for 48 h in 700 uL complete RPMI-1640 media supplemented with 18.2
nmol HAase and the released NPs were added to a co-culture of murine B16-F10 melanoma
cells and RAW264.7 macrophages using a Transwell plate at working concentrations of [Fe]
= 0.5 mM, [pIC] = 16 pg/mL, [R837] = 3 ug/mL and [HA] = 48 mg/mL. The Transwell setup
contained cells in the top compartment in 100 uL of culture media and the degraded implant
solution deposited into the bottom compartment in 600 L of media and incubated for 24 h
at 37°C and 5% CO.. As the negative control, a blank implant was prepared and degraded
under the same conditions. The positive control was a fresh solution of IONP-DOTAP-pIC-
R837, which was added to the cells at the same working concentrations. The cell viability was
of both cell lines was characterised by flow cytometry. The cell work was carried out by Marc

Bilbao-Asensio.
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Chapter 3

Development of a hyaluronic acid-
based biomaterial functionalised
with an IDO inhibitor for cancer

immunomodulation
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3.1 Introduction

3.1.1 Hyaluronic acid (HA) for anti-cancer drug formulations

HA or hyaluronan is a naturally occurring biodegradable glycosaminoglycan polymer
consisting of repeating units of D-glucuronic acid and N-acetyl-D-glucosamine. It is a highly
versatile material with applications in tissue regeneration, cosmetics and known to have
tumour targeting properties, due to its binding affinity to CD44, a transmembrane
glycoprotein overexpressed in many malignant cells including in breast, ovarian, pancreatic
and lung cancer.?* Other cancer cell targeting receptors of HA include lymphatic vessel
endocytotic receptor (LYVE-1) and receptor for HA-mediated motility (RHAMM) that enable
tumour cell-specific internalisation and validates the use of HA as a compelling drug
carrier.?® The high hydrophilicity and non-immunogenicity of HA has the potential to
improve the solubility and circulation time of HA modified immunomodulatory agents and
anti-cancer drugs.?®® Furthermore, HA presents carboxyl, N-acetyl, and hydroxyl groups as
sites for potential chemical modification with anti-cancer agents that can be designed to

achieve targeted release at the tumour site through cleavable bonds.?972%

3.1.2 HA modification methods

HA modification with an anti-cancer agent is possible via covalent or non-covalent strategies.
Covalent bonding through pH, redox or enzyme cleavable linkers offers the advantage of
stimuli-responsive  drug delivery and enhanced stability over non-covalent
functionalisation.?®® Non-covalent binding can be achieved through electrostatic interactions
and can avoids the use potentially cytotoxic reagents as well as multiple synthesis steps and
purifications.3 In this chapter a covalently strategy was selected to functionalise HA with

1MT through an acid-labile and hydrolytically cleavable amide bond.

One approach for covalent HA modification is through the carbodiimide-mediated amide
coupling of a primary amine to the carboxylic acid group of HA.3%! Typical carbodiimide
coupling reagents are N-(3-dimethylaminopropyl)-N’-ethylcarbonate (EDC), N,N’-
dicyclohexylcarbodimide (DCC) and N,N’-diisopropylcarbodiimide (DIC), but the latter two
being water-insoluble are unsuitable for HA coupling.3®> EDC forms an O-acylisourea
intermediate with the HA, which is susceptible to nucleophilic attack by an amine-containing
drug or biomolecule. However, the intermediate can be readily hydrolysed in the presence
of water, thus, reforming the carboxylic acid or producing a stable N-acylurea through an

intramolecular acyl transfer.3®® To minimise the formation of hydrolysis products, EDC is
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often used in combination with other reagents such as sulfo-N-hydroxysulfosuccinimide
(sulfo-NHS), 1-hydroxybenzotriazole (HOBt) or 1-hydroxy-7-azabenzotriazole (HOAt), which
produce a more stable intermediate to enable improved coupling vyields.3®* All the
intermediates require the primary amine of the therapeutic drug or biomolecule to be in its
unprotonated form. The sulfo-NHS intermediate is reactive at neutral to slightly alkaline pH,
while the HOBt and HOAt intermediate products require lower pH for efficient amide
coupling.?%%3% EDC-NHS amide coupling through the carboxylic acid group of HA is, therefore,
a common pathway for HA functionalisation with amine containing drugs targeted towards
applications in cancer therapy.3%-3% The coupling reagent carbonyldiimidazole (CDI) is
frequently used for esterification and amide coupling reactions as it provides a one-pot
reaction procedure and low cost.3%%3% For example, HA functionalisation using CDI has been
adopted for the development of anti-cancer biomaterials and thermoresponsive
polymers. 311312258 HA can also be coupled through the hydroxyl and N-acetyl groups, but the
latter requires deacetylation to obtain a more reactive primary amine group and proceeds

with relatively low yields and formation of undesired by-products.313-31>

The different strategies discussed for HA modification are illustrated in Figure 3.1. The most
suitable site for HA functionalisation depends on the intended conjugation chemistry and
drug delivery approach, but the popularity of this versatile biodegradable polymer as drug
delivery vehicle, scaffold and CD44 tumour targeting agent makes it an excellent candidate

for the development of immunotherapeutic biomaterials, which were explored in this thesis.
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Figure 3.1 Schematic representation of different HA covalent and non-covalent
functionalisation strategies for cancer therapeutic applications. Typical HA covalent
modification methods include esterification and amide bond formation through different
sites on the HA monomer unit (green) using various coupling reagents.
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3.1.3 HA functionalisation with anti-cancer agents

Due to its biocompatibility, hydrophilicity and tumour targeting properties, HA-based anti-
cancer biomaterials have been mostly investigated as micelle systems or as a NP coating
aiming to enhance drug circulation times, drug solubility, tumour targeting and release
kinetics.3'® Han et al. developed a HA-polycaprolactone block copolymer that was cross-
likened via reducible disulfide bonds.3?” The copolymer was first synthesised by reductive
amination of the HA to obtain a terminal alkyne that was then conjugated via click-chemistry
to the polycaprolactone molecule. The disulfide linker was functionalised onto the HA by
amide coupling through the carboxyl group of HA. The amphiphilic nature of the polymer
allowed for self-assembly into micelles with the incorporation of doxorubicin into the micelle
core and demonstrated tumour targeted intracellular release in the presence of glutathione
in vitro and favourable tumour size reduction in vivo in a murine squamous cell carcinoma

model.

Electrostatic functionalisation of HA was exploited in a study by Thomas et al. in which an
indocyanine derivative was synthesised for mitochondria-targeted photodynamic therapy.3®
The indocyanine-based dye was modified to produce a cationic derivative that spontaneously
formed a micellar aggregate with HA, which showed preferential accumulation in the
mitochondria of Hela cells and with high therapeutic efficiency in a murine skin cancer
model. HA has also been used as a coating layer of the positively charged polyethyleneimine
(PEI) functionalised stearic acid nanoparticles whilst encapsulating the cotton seed-derived
drug, gossypol, known for its inhibition properties of the tumour-overexpressed oncoprotein
MDM2 and VEGF, through hydrogen bonding to the PEl-stearic acid nanovector. This double-
layer HA coated nanoparticle system achieved higher tumour suppression in vivo compared
to free drug and the empty nanoparticle control, proving its utility for tumour-targeted
therapy.3!® Soleymany et al. used the anionic properties of a high molecular weight HA for
the preparation of hydrophilic FesO4 inorganic nanoparticles for magnetic hyperthermia

therapy and enhanced tumour-targeting in CD44 expressing cancers.32°

Combination therapies exploiting the HA platform have shown to be very promising for more
effective treatment of a various cancer types, by both activating the immune system towards
tumour cells and tumour targeting through improved delivery of anti-cancer agents. For
example, in a recent study, pH-responsive HA nanoparticles loaded with DOX and the
immunostimulatory adjuvant, resiquimod (R848), were developed for the treatment of

breast cancer.3?! R848 was encapsulated in poly(L-histidine) to form multifunctional
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nanoparticles that when exposed to the reduced pH of the tumour microenvironment (TME)
release the adjuvant, while the DOX molecules were conjugated to HA through acid labile
hydrazone bond linkages and then coated over the surface of the R848 nanocores. In that
scenario, the HA acted as a targeting agent towards the CD44-overexpressing breast cancer
cells and releasing the immunostimulant and chemotherapeutic vaccine in the TME and
within the endosome/lysosome in a pH dependent manner. Several other combination
cancer therapies using HA as a tumour targeting agent in pre-clinical and clinical studies have
shown high biocompatibility, improved circulation times and improved tumour accumulation

compared to the free drugs.??3%

3.1.4 HA hydrolysis and enzymatic degradation

HA undergoes hydrolysis in aqueous solutions at varying rates depending on the pH,
temperature, and viscosity, but can also be degraded enzymatically by hyaluronidase
(HAase). HAase is a naturally occurring enzyme consisting of an a-domain with 361 N-
terminal amino acid residues and a 347 C-terminal residue containing B-domain connected
by a polypeptide linker with 11 residues.3?® HAase is overexpressed in some cancer cells and
is responsible for the degradation of HA at the [-1,4-glycosidic bonds into small
oligosaccharide fragments, which are then further degraded intracellularly by the enzymes
B-D-glucuronidase and B-M-acetyl-hexosaminidase.3*”3% The X-ray crystal structure of the
HAase-HA enzyme-substrate complex revealed that cleavage at the B-1,4 linkages may occur
due to the 2-fold helical conformation of the HA polymer in solution leaving the B-1,4 linkage
sites exposed, and the greater flexibility of these bonds compared to the -1,3 linkages. The
catalytic active site contains several positively charged and hydrophobic amino acid residues
that bind the negatively charged HA through electrostatic and hydrophobic interactions at
the active site (Figure 3.2 A, B).>?° In the human hyaluronidase, Hyall, the catalysis involves

the amino acid residues Glutamate 131 (Glu131) and aspartate 129 (Asp129) (Figure 3.2 C).3?’
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a-domain

HA

B-domain

Figure 3.2 Crystal structure of Hyall complexed to HA disaccharide unit at the substrate
binding cleft. (A) Full crystal structure of HAase complexed to HA (red). (B) Surface
hydrophobicity representation of the enzyme-substrate binding site showing the hydrogen
bonding to the amino acid residues of the enzyme (dotted blue lines). The hydrophobicity
colour scheme ranges from blue (hydrophilic) to orange/red (hydrophobic). (C) Close up view
of HA (red) interaction with Glu131 (green) and Asp129 (blue) amino acid residues involved
in the degradation of HA.

A reaction mechanism was proposed by Zhang et al., which is initiated by the intramolecular
resonance form of the N-acetylglucosamine constituent of the HA forming a 5-membered
ring stabilised by the negative charge of the Asp129 and the deprotonated Glu131.33° The
N-acetylglucosamine is restored by hydrolysis and protonation of Glul31 (Figure 3.3). The
gradual enzymatic and hydrolytic degradation of HA can be exploited by functionalisation of
anti-cancer agents with a HA biomaterial or incorporation into a NP system with localised
release in the TME, which provides a suitable pH, enzyme concentration, and temperature

conditions.?3!
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Figure 3.3 The HA degradation mechanism as proposed by Zhang et al..*® The HA
degradation is catalysed the amino acid residues Asp129 and Glul31 of Hyall, which initiate
cleavage of the HA polymer at the 8-1,4-glycosidic bonds resulting in smaller HA fragments.

HAase overexpressing tumours are also known to overexpress HA synthase, which aims to
produce HA to then break it down into small tumorigenic fragments.®*> The small HA
fragments generated (< 500 kDa) can interact with tumour cells receptors such as CD44,
which initiates tumour angiogenic signalling, pro-inflammatory signalling, and metastasis.
Specifically, they induce the release of proinflammatory cytokines and enzymes including
TNFa, IL-1b, IL-1, IL-8 and MMPs.33 On the other hand, high MW HA of (> 500 kDa) is known
to have anti-inflammatory and anti-proliferative properties, whilst also being responsible for
maintaining tissue homeostasis in in the extracellular matrix.23* However, several inhibitors
of HAase including vitamin C palmitate, polystyrene sulfonates and sulfonated HA have
demonstrated promising preclinical results and could potentially be co-administered with
HA-based therapies to prevent HA fragmentation, whist maximising the benefits of using HA

as a biodegradable anti-cancer delivery vehicle.33>33¢
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3.1.5 Clinical investigation of small molecule inhibitors of the

tryptophan catabolism pathway

Indoleamine-2,3-dioxygenase (IDO) is an enzyme overexpressed on cancer cells and dendritic
cells that exerts immunoinhibitory functions known to contribute to tumour progression.3’
The enzyme is stimulated by the inflammatory cytokine, IFN-y, and regulates the degradation
of tryptophan resulting in the production of N’-formylkynurenine, which is hydrolysed by the
enzyme, N’-formylkynurenine formamidase, to form kynurenine (Kyn). This molecule is
responsible for promoting the signalling of regulatory T cells and downregulation of effector
T cells such CD8* and CD4* T cells.3*® 1-Methyl-DL-tryptophan (1MT) is an IDO inhibitor that
has provided promising preclinical results in combination with different chemotherapeutic
agents. Muller et al. observed synergistic therapeutic effect of 1MT in combination with

paclitaxel in a mice breast cancer model.?*® The inhibition constant (K;) of IMT as competitive

inhibitor of rabbit intestinal IDO was 6.6 + 0.6 uM.3%°

The dextro-isomer of 1MT, also known as indoximod, is under ongoing investigation in clinical
trials in combination with several chemotherapeutic agents, including docetaxel,
temozolomide, gemcitabine and immunotherapeutic vaccines comprising sipuleucel-T and
ipilimumab against various cancer types (Figure 3.4).3*' Navoximod, epacadostat and
linrodostat are other examples of IDO1 inhibitors currently undergoing phase I-lll clinical
trials as single agents and combination therapies.?*> These inhibitors have shown to enter the
hydrophobic pockets of the enzyme and interact through different mechanisms such as n-nt
stacking, hydrophobic interactions, hydrogen bonding and coordination bonding to the Fe-
bearing heme group.3**~3*> Whist IDO1 is a structurally and functionally well-established
tryptophan catabolism enzyme and the most investigated as an inhibitor target, IDO2 and
tryptophan-2,3-dioxygenase have also been found to play an important role in supporting
the IDO1-mediated immunosuppression in cancers and have been explored as potential
targets for small molecule inhibitors.3* The promising clinical studies of IDO1 inhibitors in
combination with other anti-cancer agents as well as further investigation into IDO2 and
tryptophan-2,3-dioxygenase-specific inhibitors paves the way both for biomaterial-inhibitor
constructs and the development of more effective small molecule inhibitor molecules to

improve clinical benefits in combination therapies.
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Figure 3.4 Chemical structure of the IDO1 inhibitor indoximod (D-1MT) currently under
clinical investigation for the treatment of different cancers.

3.1.6 Aims and objectives

e The covalent modification of the biodegradable polymer, HA, with the clinically
investigated IDO inhibitor, 1MT, via an amide-bond coupling strategy in order to

achieve a sustained drug release;

e Optimising the purification of the synthesised 1MT-HA biomaterial by exploring
size-exclusion and ion-exchange-based purification methods and assessment by

NMR;

e Investigating the release behaviour of 1IMT from 1MT-HA at different pH conditions
in the presence and absence of HAase to understand the release mechanism and

the effect of HA fragmentation on the release.
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Figure 3.5 Schematic overview of thesis Chapter 3. lllustrated is the 1IMT-HA biomaterial
synthesis via amide-bond coupling, subsequent purification method development and
kinetic release studies in the presence and absence of HAase characterised by RP-HPLC.
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3.2 Results

3.2.1 Synthesis and characterisation of the 1MT functionalised HA

biomaterial

The 1MT-HA biomaterial was synthesised by amide bond coupling through the carboxylic acid
group of HA and the amine group of 1MT using CDI as the coupling reagent and DMAP as the
base. DMSO was chosen a suitable aprotic solvent in which all the reagents and reactants
dissolved. To enhance the solubility of HA in DMSO, the HA sodium salt was first subjected
to an ion-exchange procedure using a sulfonic acid-based resin to form the carboxylic acid of
HA followed by treatment with tetrabutyl ammonium (TBA) hydroxide to obtain the HA-TBA
salt (Appendix 1). The initial reaction step involved the activation of the carboxylate group of
HA with CDI followed by the addition of 1IMT under alkaline conditions (Figure 3.6). The crude
product was purified by dialysis in a 1:1 mixture of MeOH and MilliQ followed by MilliQ water
to remove DMAP, imidazole side product, and any unreacted 1MT. Due to the incomplete
purification after dialysis, an additional cation-exchange purification step was required to
ensure the complete removal of any remaining non-covalently bound impurities, which is
discussed in more detail in the following section. The pure 1MT-HA material was lyophilized

for 72 h, and the resulting white solid was characterised by NMR.
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Figure 3.6 Reaction scheme for the synthesis of the 1MT-HA biomaterial. The carboxylate
group of the HA-TBA polymer is first activated using CDI. 1IMT and a base are added, and the
solution mixed for 48 h until the amide bond coupling reaction was completed to obtain the
IMT-HA biomaterial.
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The *H NMR spectrum of 1MT-HA in D,0 shows the HA acetamido protons at 2.02 ppm and
the disaccharide ring protons between 3.34-3.84 ppm (Figure 3.7 A). The aromatic 1IMT
protons do not interfere with the HA proton signals making them the suitable candidates for
quantification. The degree of 1MT modification was evaluated based on the integration of
the 1MT aromatic protons at 7.12-7.71 ppm in relation to the HA acetamido protons at 2.02
ppm, resulting in a 6% 1MT modification yield. There were no reaction impurities due to
DMAP and TBA observed in the spectrum after the ion-exchange purification, demonstrating
that this step was critical to obtain a pure product that is suitable for the subsequent

functional activity assays.

The 3C NMR of 1IMT-HA was performed in DO with 5% DMSO-d6 using its peak at 39.52 ppm
as reference (Figure 3.7 B). One of the acetamide carbons (-NCOCHs) is the most upfield peak
at 24.12 ppm whilst the other carbon (-NCOCHs) is downfield at 175.69 ppm as it is
deshielded by both the adjacent oxygen and nitrogen atoms. The HA carboxylic acid carbon
(-COOH) is the most downfield peak at 176.49 ppm. The peak at 55.89 ppm corresponds to
the carbon adjacent to the acetamide group and the HA ethoxy group carbon that links onto
the 1MT is observed at 62.13 ppm. The peaks from 70.03 to 84.14 ppm are characteristic of
the HA ring protons. The 1MT aromatic peaks observed from 110.92 to 138.25 ppm are

further evidence of successful conjugation.
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Figure 3.7 NMR characterisation of IMT-HA biomaterial. (A) *H NMR of 1MT-HA in D,0 and
(B) 13C NMR of 1MT-HA in D;O containing 5% DMSO-d6 with proton and carbon labelling,
respectively.

The *H NMR spectra of the 1MT, HA and 1MT-HA products shown in Figure 3.8 A, in a way

that allows direct comparison of the aromatic peaks of the 1MT with those of the covalently
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functionalised 1MT-HA product. The 1MT aromatic protons appear at 7.12-7.73 ppm and no
significant shift in the aromatic peaks was observed for the functionalised 1IMT-HA. The 3C
NMR spectra of the 1MT and HA stacked above the 1MT-HA display peaks between 110.92
to 138.25 ppm that can be assigned to the aromatic 1MT peaks as they do not interfere with
the carbon peaks of HA (Figure 3.8 B).
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Figure 3.8 Stacked (A) H NMR and (B) 3C NMR spectra of 1MT, HA and 1MT-HA (from top
to bottom).

3.2.2 Purification of the 1MT-HA biomaterial

Obtaining a pure 1MT-HA biomaterial required several purification steps due to the initially
persistent impurities detected by NMR, potentially due to electrostatic interactions. The

development of this efficient method of purification could be broadly applicable for other
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biomaterial conjugations to an anticancer agent. The 1MT-HA biomaterial was first purified
by dialysis over 72h and showed a 1MT modification yield of 8% by 'H NMR in D,0, but
significant impurities including imidazole (at 7.5 and 8.7 ppm) as the by-product of the CDI,
DMAP (at 6.9 and 8.0 ppm) and TBA (at 1.0, 1.4, 1.7 and 3.2 ppm) were observed (Figure 3.9).
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Figure 3.9 'H NMR of 1MT-HA after purification by dialysis in DO with proton labelling. Im-
imidazole.

An additional purification step was carried out, which involved centrifugal filtration using size
exclusion-based spin filters to not only remove reaction impurities, but also any non-
covalently bound 1MT from the product. After centrifugation and washing cycles with MilliQ
water, the modification yield remained unchanged by NMR suggesting that all the non-
covalently bound 1MT had been removed in the first purification step, but the other

impurities remained present (Figure 3.10).
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labelling. Im-imidazole.

Since all these purification methods were not successful in removing all traces of impurities
from the 1MT-HA, an alternative ion-exchange method using the sulfonic acid-based Dowex
50wx8 resin was investigated (Figure 3.11). The 1IMT-HA samples were dissolved in MilliQ
water and the resin was added under constant stirring until pH 3. The resin was allowed to
interact with the polymer for 30 min followed by removal of the resin by vacuum filtration.
The filtrates were pH neutralised by addition of dilute NaOH and then lyophilized for 72 h.
Indeed, after using this purification procedure, the H NMR spectra of the 1MT-HA
biomaterial following ion exchange purification showed no trace of DMAP, imidazole or TBA,
establishing that this method of purification is the most effective (Figure 3.7 A). However, it
is important to note that the persistent retention of other molecules through electrostatic
interactions observed after the initial purification steps presents also an opportunity for the

functionalisation of these biomaterials with other anti-cancer agents via non-covalent

& (ppm)

pathways for combination therapy applications.
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Figure 3.11 Reaction scheme for ion-exchange purification of 1MT-HA using a sulfonic acid-
based resin. Impurities in the 1IMT-HA product including TBA, DMAP and imidazole were
removed using a sulfonic acid-based ion-exchange resin. The resin was removed from the
product by filtration and pH neutralised to obtain pure 1MT-HA.

3.2.3 Release of 1IMT from 1MT-HA at different pH conditions

To evaluate the release kinetics of 1IMT from 1MT-HA at the different physiological pH
conditions the polymers were dissolved in PBS buffers at pH 5, pH 6.5 and pH 8 at 37°C.
Additionally, hydrolysis at pH 6.5 was evaluated in the presence of 18.2 nmol of the HAase
enzyme (pH 6.5 HAase).The hydrolysis at pH 5 gives an indication of the kinetic release of
1MT in the lysosomal compartment of cells, whilst pH 8 was chosen as an alkaline reference
point at which hydrolysis is more favourable. The solutions were stirred gently using an
orbital shaker and aliquots were collected at timepoints 0, 1, 6, 24 and 48 h. The samples
were purified using 3 kDa MWCO spin filters and the filtrate containing the released 1MT was
analysed by RP-HPLC using a C-18 column at 223 nm absorption wavelength with an isocratic
elution method and a phosphate buffer-based mobile phase. For this, a calibration curve of
1MT ranging from 0-100 uM 1MT was first obtained, using the same conditions and the

concentration of 1MT was plotted in relation to the peak area (Figure 3.12).
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Figure 3.12 1MT calibration curve by RP-HPLC and UV detection at 223 nm with a
concentration range of 0-100 uM (N = 1).

The release kinetics of 1IMT from 1MT-HA at the different pH conditions is represented as
concentration of 1MT released over time and the standard deviation is based on 3
experimental repeats (Figure 3.13). A gradual increase in the release of 1MT is observed for
all conditions over 48 h that reach a plateau towards the end of the experiment. Both the
rate and the overall 1MT release after 48 h is highest at pH 8, whilst no significant difference
is observed for the other pH conditions. The presence of the HAase enzyme for the pH 6.5
condition did not show an increase in the 1MT release rate, which indicates that 1MT
liberation is independent of the glycosidic bond cleavage mediated by the enzyme, but
instead is the result of hydrolytic cleavage of the amide bond in 1IMT-HA. However, as
expected there was a visible reduction in viscosity for the HAase containing sample indicating
an enhanced HA degradation. Thus, although HAase promotes the cleavage of the IMT-HA
biomaterial the fragments formed were most likely not small enough to be recovered after

centrifugal filtration of the samples collected at different timepoints.
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Figure 3.13 Release of 1MT from 1MT-HA over 48 h at 37°C at pH 5, 6.5 and 8. The pH 6.5
conditions was also evaluated in the presence of 18.2 nmol HAase (pH 6.5 HAase). 1IMT was
quantified by RP-HPLC at 223 nm using the calibration curve shown in Figure 3.12. The S.D. is
based on 3 experimental repeats (N = 3).

The full chromatograms of one of the 1MT-HA release experiments at the 48 h timepoint
shows pure 1MT being released at retention time (RT) of 8.2 min, but also some HA fragments
below 3 kDa observed at RT of 1-2 min can be observed (Figure 3.14 A). As shown in the
previous figure the 1MT release after 48 h is highest for the pH 8 condition with almost no
difference in the total 1MT release for the different conditions (Figure 3.14 B). However,
analysis of the chromatogram region from RT 2-5.5 min revealed the increased presence of
1MT-HA fragments in the 1IMT-HA biomaterials treated at pH 6.5 in the presence of HAase.
This confirms that the enzyme is accelerating the breakdown of 1MT-HA into smaller
fragments, which are larger and more hydrophilic than the pure 1MT released (Figure 3.14
C). Moreover, the peak at 6.0 min also points to the presence of other forms of 1MT being

released.
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Figure 3.14 RP-HPLC characterisation of 1MT-HA 48 h release study at different pH
conditions. (A) Full chromatograms from 0.0-1.2 A.U. of all pH conditions at timepoint t = 48
h; (B) Chromatogram at RT 7.9-8.7 min and 0.00-0.06 A.U. showing pure 1MT release at the
different conditions; (C) Full chromatogram from 0.00-0.08 A.U. illustrating 1IMT-HA fragment
release for the pH 6.5 HAase condition.

The total % 1MT released based on the 1MT modification yield determined by NMR is
illustrated in the following table (Table 3.1). Overall these studies showed a slow and gradual
release of 1MT and the effects of HAse in breaking down the 1MT-HA biomaterial, which is
important for its biomedical application and also for understanding how the 1MT-HA maybe

degraded and processed in vitro and in vivo.
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Table 3.1 Summary of the % 1MT released at the different pH conditions and timepoints
based on the % 1MT modification yield by NMR. S.D. is based on 3 experimental repeats

(N =3).

Sample Time point/h 1MT released (uM) % Released S.D. (N =3)

0 13 0.10 0.07

1 15 0.11 0.06

pH5 6 2.4 0.16 0.06

24 53 0.37 0.18

48 6.6 0.46 0.19

0 1.1 0.08 0.06

1 1.6 0.12 0.07

pH 6.5 6 2.7 0.19 0.10

24 5.9 0.44 0.30

48 6.6 0.49 0.34

0 1.2 0.09 0.09

1 1.8 0.14 0.09

pH 6.5 HAase 6 3.7 0.28 0.20

24 4.5 0.33 0.23

48 53 0.41 0.36

0 13 0.09 0.06

1 1.9 0.14 0.09

pH 8 6 4.8 0.35 0.19

24 14.9 1.10 0.77

48 19.7 1.42 0.75
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3.3 Discussion

In this chapter the biomaterial HA was covalently functionalised with the immunomodulatory
agent 1MT via a hydrolysable amide bond linkage with the aim of promoting a gradual release
of 1MT in the TME and afford a sustained inhibition of the immunosuppressive IDO enzyme

overexpressed in various cancers.

The initial ion-exchange reaction to obtain the HA-TBA salt from sodium hyaluronate was
performed to enhance the solubility of the biomaterial in DMSO required for the
solubilisation of all the reagents involved in the amide coupling reaction using a procedure

that has been previously reported in the literature.34348

The coupling reaction via the carboxylic acid group of the HA using CDI as the coupling
reagent was chosen due to being a one-pot, cost-efficient procedure that forms a
hydrolytically cleavable bond between HA and 1MT (Figure 3.6).3*° The 1MT modification
yield of 6% obtained from the *H-NMR of the 1MT-HA biomaterial was calculated using the
ratio of integration of the 1MT aromatic protons in relation to the acetamide protons of HA
and is comparable to literature values (Figure 3.7). For instance, Ye et al. observed a degree
of 1MT modification to HA of 7% via an esterification route and using a comparable low
molecular weight HA polymer.?* In another study, a thermosensitive HA polymer was
generated, in which HA was covalently bound to poly(N-isopropylacrylamide) and similarly
obtained a modification yield of 7%.3!? Furthermore, other HA modifications proceeding
through the hydroxyl group of HA have shown modification yields of less than 3%, which
indicates that modification though the carboxylic acid group may be a more effective
pathway.?**%! The frequently low modification yield observed with HA may be due to steric
hindrance effects of the large polymer with the approaching molecules resulting in a lower
chance of interaction. It is known that HA has a double helical conformation in solution,
which could make the carboxyl group less accessible to 1MT molecules.?*? Intra- and
intermolecular H-bonding interactions between carboxylate and acetamido group within HA
monomer units and adjacent HA molecules may also restrict access for modification at these

sites.3°3

The HA carboxyl group has a pKa of approximately 3, which facilitates electrostatic
interactions with cationic molecules at neutral pH.3** Whilst this could pose an opportunity
for electrostatic functionalisation of HA with therapeutic agents, it can also be a limitation by

binding undesired molecules. In this chapter, the difficulties experienced in the purification
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of the 1MT-HA biomaterial are likely due to electrostatic interactions between the HA
carboxyl groups and cationic by-products and reagent impurities following the amide
coupling reaction (Figure 3.11). Purification of modified HA by dialysis and centrifugal
filtration are commonly reported in the literature, #3213 put 'H-NMR characterisation
confirmed the presence of several impurities after both these techniques were performed in
succession warranting the need for an alternative purification process. Luo et al. described
the purification of a HA-DOX bioconjugate via gel permeation chromatography.3>® However,
this purification method is based on size-exclusion equivalent to the previously stated
methods that proved to be unsuitable. The developed ion-exchange purification using an
anionic sulfonic acid resin was successful in the removal of all impurities. To my best
knowledge, this technique has previously not been performed for the purification of
covalently modified HA-drug conjugates and could provide a more effective and time-

efficient alternative to other purification methods.

The release of 1MT from HA over time was analysed in buffer at pH 5, 6.5 and 8 and the pH
6.5 condition was performed both in the absence and presence of the HAase enzyme as this
is the typical pH of the acidic TME in which HAase is overexpressed (Figure 3.13).3’
Hyaluronidases are also found in the lysosomal cell compartment and are known to have an
optimal enzymatic activity at pH 6 and temperature conditions between 37 and 42 °C.3%83>
The results after 48 h incubation showed no increase in 1MT release in the presence of HAase
at pH 6.5 most likely due to the enzyme cleaving the HA at the B-1,4-glycosidic bonds of the
polymer as illustrated in the introduction, which generates smaller HA fragments, but leaves
the amide bond linkages intact. HA polymer can also be hydrolysed in the absence of HAase
with an increased rate at acidic and alkaline pH conditions compared to neutral pH, which is

enhanced at higher temperatures.3¢°

Interestingly, the highest rate of 1MT release from the 1MT-HA biomaterial was observed at
pH 8, which confirms that the release is driven by hydrolytic degradation of the amide bond.
The non-enzymatic amide bond scission of polymers by hydrolysis has been shown to be
enhanced at alkaline pH conditions over neutral and acidic pH, which corroborates the results
observed in this chapter.3®* Additionally, the covalent modification of hyaluronic acid is
known to slow down the rate of enzymatic degradation by HAase likely due to steric
hindrance, which favours the use of this biomaterial as the base material for the fabrication

of biodegradable MNs and implants discussed in Chapter 5.352
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Apart from the intended gradual 1MT release from HA, another motivation for the
modification of HA though a labile bond is the amphiphilic nature of the resulting HA co-block
polymer that enables the development of self-assembled NPs capable of releasing the drug
load in response to enzymatic cleavage or pH changes at the target site, which is further

elaborated in Chapter 4.

HA is a known ligand of the CD44 transmembrane receptor that is overexpressed in different
cancer types including prostate cancer, lung cancer, breast cancer and ovarian cancer, and is
involved in tumour angiogenic signalling, cell proliferation and metastasis.?®*3¢* CD44
expression is also found in tumour infiltrating DCs and activates CD4* T cell polarisation
towards an immunosuppressive Th2 phenotype.3®® The tumour and dendritic cell uptake of
HA via CD44 receptor mediated endocytosis provides a direct pathway for the internalisation
and targeted release of 1MT into the IDO-residing cell cytosol.3®® However, in cancers where
CDA44 expression in not upregulated other tumour-targeting vehicles may be utilised for the
intracellular delivery of 1MT such as the different nano and microparticle systems described

in Chapter 4.

Overall, the high biocompatibility, biodegradability, intrinsic tumour targeting properties via
CD44 and versatility for modification make HA an excellent biomaterial for drug delivery. The
covalent modification of HA with a clinically relevant small molecule inhibitor of the tumour
overexpressed IDO enzyme, 1MT, was achieved and an efficient purification method of the
1MT-HA biomaterial was developed. The gradual release of 1MT from the biomaterial
observed at all the different pH conditions analysed was attributed to slow hydrolytic
cleavage of the amide bond. Nevertheless, the amount of 1MT released, even at the small
quantities observed, is still capable of inducing IDO inhibition as demonstrated in the
functional assays outlined in Chapter 5, where this biomaterial was used for the fabrication

of transdermal and implantable devices.
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Chapter 4

Design and synthesis of
immunomodulatory nanoparticle

systems and biosilica-based

theranostic constructs
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4.1 Introduction

4.1.1 Design of a HA-based NP system for cancer immunotherapy

The covalent HA modification with an immunotherapeutic agent (i.e., 1MT) ensures an
enhanced stability over electrostatic functionalisation and accommodates the possibility of
introducing a hydrophobic element to the HA polymer to form an amphiphilic compound that
drives the HA NP self-assembly (Figure 4.1). The co-block polymer can self-assemble into
polymersomes containing a bilayer membrane of the hydrophobic section with the
hydrophilic block exposed to both the core and the outer aqueous environment. The size of
the hydrophilic molecule and ratio of hydrophilic to hydrophobic block governs the size and
shape of the NPs formed.3¢”:3%8 polymersomes can benefit from higher membrane stability
and reduced membrane permeability compared to liposomes due to the control over the
hydrophobic block size that characterises the thickness of the bilayer.3®® The incorporation
of an immunomodulatory drug (i.e. antibodies that target immune checkpoints) or a vaccine
into the NP core provides an additional component that may act synergistically towards an
enhanced therapeutic effect. Additionally, the hydrophobic bilayer can also be used to
incorporate lipophilic drugs into the NPs. The negative charge of the carboxylate groups of
the hyaluronate anion offers the possibility for further functionalisation of the HA biomaterial
with anti-cancer agents through electrostatic interactions. For instance, Xu et al. developed
an immunotherapeutic liposome-protamine HA NP system in which an anti-TGF-f siRNA with
negative surface charge was modified onto HA NPs coated with cationic protamine.?”® The
core NPs were then surface coated with anionic liposomes loaded with a macrophage
activating agent. This NP system showed favourable therapeutic response compared to
individual administration of the immunomodulatory agents in a mouse melanoma model.
The overexpression of hyaluronidases such as Hyall and Hyal2 in the TME of different cancers
including melanoma, bladder cancer, breast cancer, colorectal cancer, ovarian cancer and
pancreatic cancer has been associated with tumour progression through enhanced
angiogenesis signalling, loss of CD44 receptor expression on tumour cells and the production
of small HA fragments, which are known to contribute to tumour growth and metastasis in
some cancers.’” Duan et al. demonstrated that HA-NPs can act as a Hyall inhibitor by
specifically binding to the enzyme and preventing HA degradation into smaller
glycosaminoglycan units.?’! Additionally, the study reported that HA-NPs have a higher
affinity than linear HA towards the CD44 ligand, which is overexpressed in some cancers, due

to the high particle surface area that allows a high degree of localised HA presentation to the
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CD44-expressing cells. This further favours the design and development of HA-NP systems
that in parallel with the potential of multi-drug incorporation and gradual kinetic release,

could also have intrinsic anti-tumour properties by inhibiting the activity of Hyall in the TME.
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Figure 4.1 Design of self-assembled HA-based NP system for combination immunotherapy.
HA NPs can be surface functionalised and incorporated with immunotherapeutic agents that
are released in the presence of HAase or via hydrolytic degradation to overcome the
immunosuppressive mechanisms of cancer cells.

4.1.2 Functionalisation of SPIONs with platinum-based anti-cancer

agents

SPIONSs, typically composed of magnetite, Fes0s, and y-maghemite, Fe,0s, nanocrystals
provide excellent drug delivery vehicles due to their biocompatibility, bioavailability,
tuneable properties and surface that permits functionalisation with different molecules for
active tumour targeting and specific release of vaccines at the tumour tissue.3’%3”3 Due to
their paramagnetic properties, SPIONs can also be used to induce local hyperthermia in the
TME and as MRI contrast agents for in vivo biodistribution analysis. Additionally, it has been
found that SPIONs have intrinsic therapeutic properties by inducing ROS-mediated tumour
cell death in the acidic TME in the presence of local H,0; through Fenton chemistry as
described in more detail in Chapter 1374 They have also been found to elicit
immunomodulatory properties by inducing M1 macrophage polarisation leading to the

release of pro-inflammatory cytokines and ROS production in the tumour.3”

Cisplatin (cis-diamminedichloroplatinum (1)) has had a major impact on the development of

chemotherapeutics due to its particularly high efficiency for the treatment of testicular and
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ovarian cancers.’’”® However, the development of tumour drug resistance and the high off-
target cytotoxicity remain its most critical limitations.3””37® Pt(IV) prodrugs with an
octahedral ligand geometry are inert and less cytotoxic as they are functionally inactive until
they are reduced in the cell cytosol to the Pt(ll) complex with the loss of its two axial ligands
(Figure 4.2).>”° They can enter cells through passive diffusion or through copper transporter
mediated internalisation.3° Following the reduction of Pt(1V) to Pt(Il) the Pt compound loses
is chloride ligands by undergoing hydrolysis, which allows it to bind to DNA bases to form
adducts that can lead to DNA damage and cell apoptosis.3’® The possibility of chemical
coupling or combining complexes with immunotherapeutic agents is an appealing pathway
for development of “dual action” cancer immuno-chemotherapy systems. This was recently
evidenced by Awuah et al. with the conjugation of a Pt(IV) prodrug to an IDO inhibitor, which
showed high therapeutic efficiency in a cisplatin-resistant ovarian cancer cell line.3! It was
also found that Pt-based therapies can intrinsically induce immunogenic cell death by
promoting NK cell mediated cytotoxicity, inhibiting tumour cell immune evasion mechanisms
and aid CTL recognition of cancer cells.3838> These immunomodulatory responses provide a
compelling new strategy for the development of combination therapies that can elicit a
higher therapeutic effect for more effective cancer treatment. The functionalisation of a
Pt(IV) prodrug and other immunomodulatory agents exploiting IONPs was explored in this
thesis as multifunctional therapeutic constructs that could be incorporated into biomaterial-
based drug administration devices. A manuscript entitled "Redox-triggered Nanomedicine
via Lymphatic Delivery: Inhibition of Melanoma Growth by Ferroptosis Enhancement and a
Pt(IV)-Prodrug Chemoimmunotherapy Approach" is currently under review in Advanced

Therapeutics.
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Figure 4.2 lllustration of a Pt(IV) prodrug functionalised IONP system and its potential
combination therapeutic anticancer mechanism. The inert Pt(IV) prodrug released in the
acidic TME and infiltrates the tumour cell through passive diffusion or copper transporter
CTR1-mediated internalisation. The Pt(IV) is then reduced to Pt(ll) by losing its axial ligands
and undergoes hydrolysis. The hydrolysed Pt(ll) complex coordinates to the DNA bases and
prevents DNA repair and replication leading to tumour cell death. The therapeutic effect is
enhanced through the intrinsic peroxidase-like activity of the IONPs in the TME leading to the
generation of ROS that induce oxidative stress in tumour cells.

4.1.3 Biosilica-based materials for cancer therapy

Biosilica is found abundantly in nature and can be cost efficiently extracted from unicellular
microalgae, also known as diatoms.3® Diatoms consist of a highly porous nanostructured
siliceous cell wall, divided into two almost identical halves known as frustule and come in a
plethora of shapes and sizes with over 100,000 species estimated (Figure 4.3).3’ They can be
found globally in both ocean and fresh waters, with many of these diatom species measuring

~ 5-50 um in diameter or length.3893%
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Figure 4.3 Examples of different diatom species with varied frustule shapes. a, b Navicula
sp.; ¢, d Thalassiosira weissflogii; e, f Skeletonema sp.; g, h Closterium sp.; i, j Chaetoceros
muelleri. Reproduced from Jiang et al..3*°

There are a range of commercially available diatoms in the food industry as a nutritional
supplement and increasingly, they provide a promising natural alternative to synthetic
porous silica for a broad range of biomedical, environmental, agricultural, and energy
applications. In biomedical applications they are mainly explored as potential new
biomaterials for use in drug delivery, tissue engineering and biosensing.2°3%2 Diatoms have
also generated interest for anticancer applications due to their well-established
biocompatibility, porous structure, high surface area and aptness for surface modification.3%%
394 The removal of organic matter and inorganic impurities from the desired silica-based
diatom skeleton is achieved by a multistep purification process that generally relies on acid
and high temperature treatments.3® The diatoms can be characterised by electron
microscopy (SEM or TEM) to determine size and morphological features, while energy
dispersive X-ray spectroscopy (EDS) and FTIR are common methods used to assess their

chemical composition.39%3%

While, to date, there is very limited literature of diatom-based systems demonstrating
success or even evaluated in pre-clinical in vivo studies for cancer therapy, several proof-of-
concept studies validate their potential as new natural biomaterial carrier of anticancer
agents for clinical applications. Delasoie et al. exploited the porous diatom structure as a
transport vehicle of 3 hydrophobic, chemotherapeutic drugs and a covalently modified the

diatom surface with vitamin B12, known to target colorectal and breast cancer cells.3’ The
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release kinetics showed the ability of the diatom silica shell to provide slow and prolonged
release (over a period of 5 days) of a ruthenium-based drug. This system showed also the
possibility of attaching to the diatom surface several entities for cell targeting via covalent
conjugation and non-covalent immobilisation, providing a platform for advanced
chemotherapy. Delalat et al. followed an alternative diatom bioengineering approach by
producing genetically modified Thalassiosira pseudonana diatoms with the IgG binding
domain of protein G to attach cell targeting antibodies.>*® Two different chemotherapeutic
agents were loaded into micelles and liposomes, which were electrostatically attached to the
diatoms. The modified diatoms were functionalised with neuroblastoma specific antibodies
and the therapeutic efficiency of this system was assessed in vivo showing significant tumour
volume reduction after 2 weeks. We reasoned that these biosilica-based systems could
provide also an excellent new biomaterial platform for vaccine immobilisation/delivery,
whereby the slow-release mechanism would ensure prolonged vaccine retention in the TME
and targeted delivery through conjugation of cancer-cell specific biomolecules. The
relevance of these systems for medical applications is gaining interest in cancer research, but
the development of biosilica in the context of immunotherapy remains unexplored. This
thesis explores strategies for development of biosilica-based theranostic systems and as

biosensor nanotechnology for cancer immunotherapy.

4.1.4 Design of a biosilica-based theranostic system for combination

cancer therapy and as biosensor device

The aim of this research is to elucidate the intrinsic peroxidase-like activity and the versatility
of commercial diatoms for use as new biomaterial scaffold for the delivery and slow and
prolonged release of immunomodulatory and other anti-cancer agents, including
nanomedicines. The peroxidase activity combined with the proven biocompatibility, low cost
and availability make them ideal candidates to create systems for intrinsically therapeutic
carrier-mediated combination therapies. The high porosity of the frustules and the silanol
(Si-OH) surface groups allows for different pathways for functionalisation either through
covalent conjugation or electrostatic interactions. In our design we functionalised the
diatoms with the polycation PEIl, which has been demonstrated to be useful in gene delivery

and IONPs.3%®

IONPs are known to have intrinsic anti-cancer properties by producing ROS in the oxidative
and acidic TME and can be functionalised with anionic surface groups to promote

electrostatic attraction towards a cationic diatom system.®® The PEI-modified diatoms are
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also co-functionalised with GOx, which is an enzyme that catalyses the oxidation of D-glucose
into H,0, and D-glucono-1,5-lactone in the presence of O,. The negative surface charge of
GOx can be exploited to promote electrostatic interaction with the cationic diatom system
to produce tandem catalytic scaffolds that provide multimodal synergistic therapy. Thus, it
could potentially have a dual anti-tumour effect by enhancing the therapeutic effect due to
the increased H,0:levels whilst at the same time depleting the glucose supply to tumour cells
in the TME required for tumour growth and progression.*® Furthermore the magnetic
properties of the IONP-loaded diatom system has potential applications in hyperthermia

therapy, in vivo tracking and purification (Figure 4.4 A).

Additionally, the diatoms were explored as multimodal agents with biosensor applications
for the detection of biomolecules that could lead to development of cost-efficient alternative
to or in combination with commercially available ELISA kits. Monoclonal antibodies (MAbs)
are commonly used in these kits as targeting agents for tumour associated antigens such as
cluster differentiation proteins and growth factors expressed on the tumour cells surface.*!
MAbs can also be used to stimulate host tumour-antigen-specific immune responses in
cancer immunotherapy (e.g. the recent discovery of immune checkpoint inhibitors such as
anti-PD-1/anti-PD-L1 and anti-CTLA).*°? In our design we target the PD-1/PDL-1 interaction
as it has been shown to result in safer and more effective immunotherapy. PD-1 is a protein
expressed on the surface of activated T-cells, which are deactivated when they bind to its
ligand PD-L1, which is known to be overexpressed in some cancers and APCs. This ligand-
receptor interaction results in immune tolerance and inhibits the activation of CTLs towards
cancer cells. The immune checkpoint inhibitor anti-PD-L1 binds to the PD-L1 ligand on the
tumour cell or APC surface and prevents the immunosuppressive effect by reinvigorating the
antitumor function of the immune cells.*® Typical methods of covalent antibody conjugation
are through the reduction of the antibody’s disulfide bridges using reducing agents including
tris(2-carboxyethyl)phosphine (TCEP), 2-mercaptoethylamine (2-MEA) or dithiothreitol (DTT)
to obtain surface sulfhydryl groups or modification through the amine-terminal lysine
groups.?%404 A |ess destructive thiolation technique involves the use of 2-iminothiolane
(Traut’s reagent), which converts the lysine residues into sulfhydryl groups that are reactive

towards maleimides.*%

This chapter provides proof-of-concept demonstration of biosilica-based PD-L1/PD-1
targeted biosensor system through covalent modification of the diatoms with a suitable
terminal group such as a maleimide or carboxylic acid that could propagate conjugation to

an immunomodulatory antibody (Figure 4.4 B). 3,3’,5,5’-Tetramethylbenzidine (TMB) is
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molecule commonly used in ELISAs that produces a blue coloured compound upon oxidation
by peroxidases such as horseradish peroxidase (HRP) that can be quantified by
spectrophotometry.*®® The intrinsic peroxidase-like activity of the diatom and/or IONPs can
be harnessed to detect and potentially quantify the amount of ligand captured by the diatom-
based theranostic system. This theranostic system has the potential to both reduce the
development cost based on the inexhaustible source of diatoms in nature and exceed the
sensitivity of conventional biomolecular detection kits due to the high surface area of the

diatoms enabling a high antibody to diatom ratio.
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Figure 4.4 Proposed design of biosilica-based systems. (A) a multimodal diatom tandem
catalytic system incorporating IONPs and GOx via electrostatic interactions and (B) a
therapeutic or diagnostic diatom system with applications as a biosensor device and cancer
immunotherapy developed by covalent modification with an immunomodulatory antibody.
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4.1.5 Aims and objectives

e The development and characterisation of self-assembled 1MT-HA NPs as well as
carrying out NP loading and release studies with the immune checkpoint inhibitor,
anti-PD-L1;

e Preparation and characterisation of IONP micelles and investigating the
functionalisation with immunomodulatory agents via electrostatic interactions;

e Multistep synthesis of a Pt(IV) prodrug and covalent functionalisation onto IONPs as
a multimodal therapeutic platform;

e Exploring the intrinsic peroxidase-like activity of diatoms and the fabrication of a
tandem catalytic system aimed towards the glucose-rich TME through electrostatic
modification with IONPs and glucose oxidase;

e Development of a proof-of-concept multimodal biosilica-based biosensor of the
tumour overexpressed PD-L1 immune checkpoint via the covalent modification of
diatoms with anti-PD-L1.
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Figure 4.5 Overview schematic of chapter 4. lllustrated are the anti-PD-L1 incorporated
biodegradable 1MT-HA NPs, different immunomodulatory IONP systems including IONP-
DOTAP-pIC and the Pt(IV) prodrug bound IONP; and multimodal diatom systems with utility
for combination cancer therapies and as a biosensor.
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4.2 Results

4.2.1 Synthesis and characterisation of anti-PD-L1 loaded 1MT-HA
NPs (1IMT-HA@anti-PD-L1 NPs)

The covalently functionalised 1MT-HA biomaterial obtained in Chapter 2 was used here to
produce self-assembled NPs enabled by the amphiphilic nature of the 1MT-modified
polymer. The anti-PD-L1 incorporated NPs (1MT-HA@-anti-PD-L1 NPs) were created using a
1MT-HA biomaterial synthesised via ester bond formation using 280 kDa MW HA. The
preparation involved the addition of 1IMT-HA and anti-PD-L1 at 10:1 w/w ratio to a mixture
of MilliQ water: methanol (2:1 v/v) and the emulsion was stirred at 4°C for 2 h.The organic
solvent was removed by dialysis against MilliQ water (10 kDa MWCO) for 72 h. The NPs were
purified from free anti-PD-L1 by centrifugal filtration (300 kDa MWCOQ) and the retentate
washed several times with MilliQ water. The final IMT-HA@-anti-PD-L1 NP suspension was
characterised by DLS, NTA, SEM and FPLC. The DLS size distribution by intensity and NTA
average particle size is comparable and in the 300-350 nm range (Figure 4.6 A, C). Consistent
with the carboxylate groups of the HA biopolymer, the 1IMT-HA NPs exhibited a negative zeta
potential (Figure 4.6 B, D). The SEM further confirmed successful NP formation and the good
agreement in the size estimated using different characterisation techniques (Figure 4.6 E)

(Appendix 2).
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Figure 4.6 1IMT-HA@-anti-PD-L1 NP characterisation. (A) DLS by intensity and number
distribution and (B) zeta potential of NPs in MilliQ water (mean of 3 measurements). (C) NTA
particle diameter and (D) zeta potential analysis. (E) SEM imaging of NPs and average size
calculation based on randomly selected particles (N = 10).

To determine the % encapsulation efficiency (% EE) of the antibody in the NP, a bicinchoninic
acid (BCA) assay was performed. The filtrate recovered from the IMT-HA@anti-PD-L1 NPs
purification was concentrated to the original volume of the NP stock (1mg/mL) using 3 kDa
MWCO spin filters and then added to a 96-well plate in duplicates. As controls, anti-PD-L1 (+
control) and empty 1IMT-HA NPs (- control) in MilliQ water were analysed at concentrations
of 100 pg/mL and 1 mg/mL, respectively. A BSA calibration curve was performed
simultaneously at concentrations from 0-1000 pg/mL and the absorbance was measured at

550 nm after 2 h incubation at 37°C. The absence of anti-PD-L1 in the filtrate indicated that
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all of the anti-PD-L1 added had been incorporated into the 1MT-HA@anti-PD-L1 NPs

(Figure 4.7)
Average A.U. [Protein] pug/ml [anti-PD-L1] pg/ml | % EE
1MT-HA@anti-PD-L1 NP filtrate 0.020 0.00 0.00 ‘ 100
Anti-PD-L1 (+ control) 0.338 131 100
Empty 1MT-HA NPs (- control) 0.032 3.30 2.50

Figure 4.7 BCA protein assay for the quantification of anti-PD-L1 incorporated 1IMT-HA NPs.
Tabular summary of BCA results of the IMT-HA@anti-PD-L1 NP filtrate. A sample of anti-PD-
L1 at 0.1 mg/mL was used as the positive control and empty 1IMT-HA NPs at 1 mg/mL were
the negative control (N = 1).

The incorporation of anti-PD-L1 into the 1MT-HA to form 1MT-HA@antiPD-L1 NPs was
further confirmed by FPLC. Representative FPLC chromatogram profiles of 1MT-HA, anti-PD-
L1, IMT-HA@antiPD-L1 NPs were analysed separately at of 225 nm and 280 nm (Figure 4.8).
The anti-PD-L1 showed an intense peak at 15-16 mL rentention volume at 225 nm UV
detection wavelength. The peak at ~ 20 mL is due to smaller IMT-HA fragments. The anti-
PD-L1 control does not show a UV absorbance peak at 280 nm, while the 1MT-HA control

appears at a retention volume of 8.8 mL (Figure 4.8 A).

The FPLC chromatogram of the IMT-HA@anti-PD-L1 NPs shows distinct peaks at 225 nm and
280 nm at 8.4 mL retention volume (Figure 4.8 B). The absence of the anti-PDL1 peak at ~ 15
mL suggests successful anti-PD-L1 incorporation. The peak shift from 8.8 mL to 8.4 mL at 225
nm of the NPs system compared to the 1IMT-HA polymer control could be an additional
confirmation of NP formation since the larger IMT-HA@anti-PD-L1 NPs can be expected to

elute earlier from the size exclusion column.

As an additional control, the HA without 1MT modification was mixed with anti-PD-L1
following the same NP synthesis and purification procedure and characterised by FPLC
(Figure 4.8 C). The chromatogram shows the characteristic anti-PD-L1 peak at 15 mL
retention volume, confirming that 1MT is required for NP formation and anti-PD-L1
incorporation. These results confirms that the 1MT does not only provide an
immunotherapeutic element to this NP system, but also enables NP self-assembly due the

formation of the required amphiphilic polymer.
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Figure 4.8 FPLC characterisation of IMT-HA@anti-PD-L1 NPs. (A) Chromatogram of 1MT-
HA at 1 mg/mL and anti-PD-L1 at 0.1 mg/mL in MilliQ water at 225 and 280 nm as controls.
(B) Chromatograms of 1IMT-HA@anti-PD-L1 NPs and (C) HA@ anti-PD-L1 in the absence of
IMT at 225 and 280 nm, which demonstrates that the 1MT drives NP formation and is
essential for ani-PD-L1 incorporation. The experiment was performed on a size-exclusion
column at 0.5 mL/min using MilliQ water as the mobile phase (N = 1).

4.2.2 Release studies of immunomodulatory agents from HA NPs

To determine the 1MT release kinetics from 1MT-HA NPs, the NPs were dissolved in in PBS
containing 18 nmol HAase at pH 6.5 and incubated at 37°C for 48 h. Aliquots were collected
at 0, 1, 6, 24 and 48 h, purified by centrifugal filtration and the filtrate analysed by RP-HPLC.
The studies showed the fastest 1MT release takes place during the first hour and reaches a
“plateau” after 48 h, when an accumulated release of 1 % of the 1MT was observed based

on the *H-NMR-derived 1MT modification yield of the 1IMT-HA biomaterial (Figure 4.9 A-C).
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Figure 4.9 1IMT-HA@anti-PD-L1 NP degradation experiment. (A) Overlay of RP-HPLC
chromatograms of 1IMT released from NPs from t = 0-48 h; (B) Kinetic analysis of IMT
released from NPs over time; (C) Tabular representation of kinetic release data and % 1MT
release (N = 1).

The released kinetics of anti-PL-D1 from the 1IMT-HA@anti-PD-L1 NPs was evaluated by FPLC.
The 1IMT-HA@anti-PD-L1 NPs were degraded as previously described and aliquots were
collected at timepoint 0, 1, 3, 24 and 48 h. The samples were directly injected into the FPLC
for analysis in MilliQ water (Figure 4.10). The peak at 8-10 mL retention volume is
characteristic of the NPs, whist the peak at 20 mL retention volume could indicate the
presence small HA fragments as the result of the biomaterial breakdown by hydrolysis or
HAase enzyme activity. Antibody release was not observed until the 24 h timepoint with a
characteristic peak at 15 mL retention volume and a small increase in anti-PD-L1 release was
recorded for the 48-h sample, indicating a gradual release of the immune checkpoint
inhibitor from the NPs upon degradation. The reduction of the NP peak at 8-10 mL retention
volume and increase of the peak at ~ 20 mL over time is a further indication of gradual

biomaterial degradation.
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Figure 4.10 Overlayed FPLC chromatograms of anti-PD-L1 released from 1MT-HA@anti-PD-
L1 NPs in the presence of HAase. Samples were collected at timepoints 0, 1, 3, 24 and 48 h
and injected into the FPLC without purification. UV absorbance was analysed at 225 nm and
280 nm (N = 1).

The self-assembly method for the preparation of this biomaterial-based NP system and its
ability to incorporate and gradually release complementary/synergistic immunomodulatory
drugs highlights its potential as a biodegradable vehicle, making them attractive candidates

to create devices for local drug delivery of the immunotherapy.

4.2.3 Development of immunomodulatory IONP systems

The hydrophobic IONPs of 6-7 nm were obtained by thermal decomposition of iron acetyl
acetonate (Fe(acac)s) in benzyl ether, in the presence of oleic acid and oleyl amine, and
hydrophilic IONP-loaded micelles were synthesised using a thin film-hydration method.The
micelle formation involved the suspension of the hydrophobic NPs with amphiphilic lipids (in
our case PEGylated phospholipids) in chloroform followed by the evaporation of the solvent
overnight to form a thin film. Upon hydration of this film, the IONPs formed the micelles by
a self-assembly process, with the fatty acid chains interacting with the NP surface and the
phosphate/PEG groups in contact with the aqueous phase. Purification of the IONPs was
performed by an initial centrifugation cycle to remove large IONP aggregates followed by
ultracentrifugation to remove unbound phospholipid molecules and empty (IONP-free)
micelles. The type of terminal groups on the IONP micelle surface are dependent on the
choice of phospholipid used for the micelle synthesis and offered opportunities for the
covalent and non-covalent functionalisation with the immunomodulatory and anti-cancer

agents (Pt(IV) prodrugs and polylC).
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4.2.3.1 Synthesis and characterisation of IONP-Pt(IV)

A Pt(IV)-prodrug was prepared and covalently conjugated to IONPs in a multi-step synthesis.
The first step was the reaction of the cisplatin, Pt(ll) complex, with hydrogen peroxide to
produce c,c,t-[Pt(NHs3),Cl,(OH),]. The trans Pt(IV) dihydroxo product was reacted with
succinic anhydride to form the trans Pt(1V) dicarboxylate, c,C,t-
[Pt(NHs),Clz(0,CCH,CH,CO,H),]. This functionalisation step does not only provide increased
hydrophilicity, but also unlocks additional possibilities for modification through the terminal
carboxylic acid groups. To anchor the Pt(IV) prodrug to the SPIONs, the prodrug was
covalently functionalised with an amine terminal PEGylated phospholipid through amide
bond coupling followed by IONP coating with the resulting DSPE-PEG-Pt(IV) species to from
the hydrophilic micelles (Figure 4.11).
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Figure 4.11 Reaction scheme for IONP-Pt(IV) synthesis. Cisplatin Pt(ll) was oxidised by the
addition of hydrogen peroxide to form c,c,t-[Pt(NHs3),Cl,(OH).], which was further reacted
with succinic anhydride to form c,c,t-[Pt(NHs),Cl»(0O,CCH,CH,CO,H),]. The Pt(IV) prodrug was
covalently modified to the phospholipid through a reversible amide-bond formation. The
IONP-Pt(1V) was synthesised via the thin-film hydration method with the Pt(lV) modified
phospholipid coating.

The Pt(IV) prodrug modification steps were characterised by 'H-NMR and the IONP-Pt(IV)
was characterised by DLS and zeta potential measurement. The H-NMR of c,c,t-

[Pt(NHs),Clz(OH),] shows a singlet peak at 10.2 ppm corresponding to the axial hydroxyl
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ligand protons (Figure 4.12 A). A clear difference was observed in the *H-NMR spectrum of

the c,c,t-[Pt(NH3)2Cl(02CCH,CH,CO,H)2] complex with the hydroxyl proton peaks no longer

present and the -CH,CH,- group protons of the axial ligands appearing as a multiplet at 2.71-

2.73 ppm (Figure 4.12 B).
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Figure 4.12 'H-NMR spectra of (A) c,c,t-[Pt(NH3).Cl:(OH),;] in DMSO-d6 and (B) c,c,t-

[Pt(NHg)zCIz(OzCCHzCHzCOzH)z] in D,O.
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The resulting Pt(IV) prodrug was covalently attached to the DSPE-PEG(2000)-amine
phospholipid by amide bond formation for 96 h to ensure reaction completion followed by
purification by dialysis in MilliQ water for 24 h. The *H-NMR characterisation illustrates the
succinimidyl protons of the Pt(IV) prodrug at 2.50-2.75 ppm and alkyl ether protons for PEG
units at 3.71 ppm confirming the formation of the DSPE-PEG(2000)-Pt(IV) product (Figure

4.13). Individual NMR spectra are included in the Appendix section (Appendix 3 and 4).
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Figure 4.13 'H-NMR stacked spectra of PEG-Pt(IV) (top) and the unmodified PEG-NH,
phospholipid (bottom) in D,0.

The TEM images of the hydrophobic IONPs prior to micelle preparation showed a mean
particle size of 7.5 nm (Figure 4.14 A). The hydrophobic IONPs were coated with the PEG-
Pt(1V) phospholipid by thin film hydration and purified by centrifugation. The IONP
concentration in the IONP-Pt(IV) micelles was derived from a UV-vis calibration curve from
an IONP micelle sample of known Fe concentration determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) followed by a conversion of Fe to IONP as
described in the experimental section (Figure 4.14 B). The DLS characterisation of the IONP-
Pt(IV) showed an average hydrodynamic diameter of 43 nm, good monodispersity with a PDI
of below 0.3 and a negative zeta potential due to the carboxylate groups of the Pt(IV) prodrug
(Figure 4.14 C, D).
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Figure 4.14 Characterisation of IONP and IONP-Pt(IV). (A) TEM image and size distribution
of hydrophobic IONPs (scale bar: 50 nm). (B) UV-vis calibration of Fe concentration in IONP
micelles (N = 1). (C) DLS by number distribution and (D) zeta potential of IONP-Pt(IV) micelles
(average of 3 measurements).

The Pt concentration on the NPs was assessed by a o-phenylenediamine (OPD) assay
resulting in colorimetric detection of the OPD-Pt complex at 706 nm by UV-vis spectroscopy.
OPD acts as a reducing agent by reducing the Pt(IV) prodrug to Pt(ll) cisplatin, whilst the OPD
itself is oxidised in the presence of oxygen. The resulting Pt(ll) species forms a complex with
excess OPD, which can be detected at an absorbance of 706 nm and results in the release of
HCI (Figure 4.15 A). Cisplatin was used as the standard for the assay and a calibration curve
was performed at Pt concentrations ranging from 0.0 uM to 12.2 uM (Figure 4.15 B). The Pt

concentration obtained in the IONP-Pt(IV) sample corresponded to a Pt(IV):IONP mol ratio of
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130:1 (Figure 4.15 C). The developed micellar IONP-Pt(IV) system was incorporated into an
implantable HA-based device (Chapter 5) as a new strategy to achieve a gradual localised

release and integrate chemo-immunotherapy properties.
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Figure 4.15 Characterisation of IONP-Pt(IV) using an OPD assay. (A) Schematic
representation of OPD assay redox reaction involving the reduction of the Pt(IV) prodrug by
OPD in the presence of oxygen, which itself is oxidised to form an OPD dimer. The Pt(ll) forms
a complex with the excess OPD that absorbs visible light at 706 nm and leads to the release
of HCl. (B) Pt calibration of IONP(IV) using a OPD assay and cisplatin standards. The cisplatin
calibration standards were analysed at concentrations of 0-12.2 uM [Pt] at 706 nm. UV-vis
spectra of calibration points illustrated on the left with the calibration graph on the right. (C)
UV-vis spectra of the IONP-Pt(IV) at [IONP] = 16.5 nM, IONP-COOH control at [IONP] = 14.4
nM and the 12.5 uM cisplatin calibration point for direct comparison (N =1).
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4.2.3.2 Synthesis and characterisation of IONP-DOTAP-pIC

An immunostimulatory IONP system was developed in which the IONP-loaded micelles were
functionalised with polyinosinic: polycytidylic acid (pIC). The hydrophilic IONP micelles were
prepared by the thin film hydration method as previously described using a 2:1 (w/w) ratio
of methoxy-terminal phospholipid and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
followed by characterisation by DLS and zeta potential measurement. Additionally, the
cationic IONP-DOTAP surface allows functionalisation with negatively charged therapeutic
agents by electrostatic interaction. Due to its overall surface negative charge, pIC was
attached to the DOTAP modified IONPs via electrostatic interactions. The plC and IONP-
DOTAP mixture were allowed to interact overnight followed by purification by

ultracentrifugation to remove any unbound pIC (Figure 4.16).
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Figure 4.16 Reaction scheme for IONP-pIC synthesis. Hydrophilic IONPs prepared by the thin-
film hydration method using IONP: DSPE-PEG-OMe: DOTAP weight ratios of 1:2:1. PIC was
functionalised onto the IONPs by electrostatic interactions to produce the
immunomodulatory IONP-DOTAP-pIC.

The average hydrodynamic size by DLS of the IONP-DOTAP micelles was ~ 33 nm (Figure 4.17
A). The PDI of 0.23 corroborates a good monodispersity of the NPs, whilst the positive zeta
of 9 mM potential confirms successful DOTAP surface coverage (Appendix 5). The DLS of
IONP-DOTAP-pIC shows an increase in hydrodynamic diameter to 43 nm, which indicates the
electrostatic attachment of pIC to the NPs (Figure 4.17 A). The UV-vis characterisation of
IONP-DOTAP-pIC after purification by ultracentrifugation showed peaks at 245 and 260 nm.
By calculating the absorbance ratio at 260 nm of pIC added to the NPs compared to the pIC
remaining in the supernatant, the resulting functionalisation yield of pIC was 72.9 %. (Figure

4.17 B).
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Figure 4.17 Characterisation of IONP-DOTAP and IONP-DOTAP-pIC by DLS. (A) DLS by
number distribution of IONP-DOTAP and IONP-DOTAP-pIC. (B) UV-vis characterisation of the
supernatant of IONP-DOTAP-pIC after purification by ultracentrifugation to determine the %
yield of pIC modification (N = 1).

The immunostimulatory and direct cancer cell killing properties of pIC in combination with
the adjuvant properties of DOTAP and IONPs offers the potential to induce synergistic
therapeutic anticancer effects and provides an additional nano-construct for incorporation
into the biomaterial-based transdermal or implantable devices discussed in Chapter 5, which
are aimed at localised delivery of combination therapies as well as promoting sustained and

localised vaccine release.

4.2.4 Development of an immunomodulatory biosilica-based scaffold

4.2.4.1 Intrinsic peroxidase-like activity of commercial diatoms

The diatoms used in this thesis were isolated from commercially available diatomaceous
earth. The diatoms were purified to remove the organic matter from the silica-based
frustules and the surface activation through the induction of silanol groups treatment with
H,S0,4 and H,0,. The diatoms were characterised by SEM displaying predominantly elliptical
shaped structures, with a mixture of structurally intact and smaller fractured frustule pieces
throughout the sample ranging up to 11 um length and 4 um width (Figure 4.18). The pore

diameters are in the nanoscale region ranging from 50 to 200 nm and the high porosity
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suggests that this diatom species has a large surface area per volume ratio, which is ideal for

surface modification.
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Figure 4.18 SEM of purified commercial diatoms showing micron-sized elliptical structures
and fragments with nano-sized pores.

To determine whether these diatoms have an intrinsic peroxidase-like activity an assay was
performed using TMB as the substrate, which oxidises in the presence of H,0, and the
catalyst. Initially, the catalytic activity of the diatoms was assessed at different H,0,
concentrations over time. Diatom samples were combined with different concentrations of
H,0, ranging from 0.0 to 0.8 mM in sodium acetate buffer at pH 4.5, followed by addition of
0.83 mM TMB. The absorbance of the oxidised TMB species was analysed at 652 nm on a
microplate reader over 30 min (Figure 4.19 A, B). An increase in catalytic activity was
observed as the H,0, concentration was increased, confirming that the diatoms exhibit an
intrinsic peroxidase-like activity. First a polynomial fitted calibration curve from 0.0 to 0.8
mM H,0; and then a linear calibration curve was derived, but the linearity was only preserved
within the range of 0.0 to 0.2 mM (Figure 4.19 C, D). This may be due to increased adsorption
of oxidised TMB onto the diatom surface through non-covalent interactions, which led a

decrease in the absorbance values as the H,0, concentration was increased beyond 0.2 mM.
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Figure 4.19 Peroxidase-like activity assay of commercial diatoms at different H,0,
concentrations. (A) UV-vis spectrum of peroxidase-like activity assay using H-0;
concentrations ranging from 0.0-0.8 mM and absorbance analysed at 652 nm over 30 min
with measurements recorded at 18 s intervals. (B) Images of samples in a 96-well plate after
the experiment was completed. (C) Calibration curve based on polynomial fit of diatom
peroxidase-like activity at H.O, concentrations of 0-0.8 mM. (D) Linear calibration by
exclusion of 0.8 mM and 0.4 mM H,0,data points (N = 1).

4.2.4.2 Diatom functionalisation with glucose oxidase

The hydrogen peroxide generation from the glucose oxidation catalysed by GOx in the
presence of O, was analysed in the presence of the diatoms in tandem catalysis experiments.
In these experiments an initial GOx-mediated catalytic reaction to produce H,0, from glucose
oxidation is followed by the H,0,-mediated oxidation of TMB with the diatoms acting as the
catalyst. The diatoms were suspended in acetate buffer pH 4.5 followed by addition of D-
glucose (Glu) and GOx (D+Glu+GOx) at working concentrations of 0.2 mM and 46.5 nM,
respectively. TMB was added to this mixture and the absorbance measured over 30 min.
Several control samples were prepared including a diatom sample without Glu and GOx
addition (D Glu alone (D+Glu), GOx alone (D-GOx), and diatoms, Glu and an excess of GOx
(2.3 uM instead of 46.5 nM) (D+Glu+GOx (excess GOx)). To explore the substrate specificity

in another control glucose was replaced with sucrose (D+Suc+GOx). The results
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demonstrated the tandem catalytic activity of the D@GOx construct showing the ability to
use glucose to oxidise TMB. Indeed, the D+Glu+GOx samples showed much ability to oxidise

TMB compared to the controls (Figure 4.20 A-D).
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Figure 4.20 Tandem catalysis-based peroxidase-like activity assay of diatoms in the
presence of Glu and GOx and controls. (A) UV-vis spectrum of peroxidase-like activity assay.
All measurements were performed at an absorbance of 652 nm over 30 min. The excess GOx
signifies a working concentration of 2.3 uM instead of 46.5 nM. (B) Images of the samples
after experiment completion in a 96-well plate. Summary of the catalytic activity of the
sample and controls based on (C) A A.U. (D) H;O; calibration. D-Diatoms, Glu-glucose, GOx-
glucose oxidase, Suc-sucrose (N = 1).

4.2.4.3 Diatom functionalisation with IONPs

Next, we explored if the catalytic activity of the diatoms could be further enhanced by co-
functionalisation with IONPs. The high surface area of the porous diatom structure ensures
a high loading capacity and localised catalytic activity. Citrate modified IONP micelles were
prepared using a microemulsion method and then characterised by DLS. The micelles had a
homogeneous average particle size of ¥~ 12 nm and zeta potential of -34 mV due to the

presence of citrate anions on the IONP surface (Figure 4.21).
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Figure 4.21 Characterisation of IONP-citrate micelles by DLS and zeta potential. (A) DLS and
(B) zeta potential of IONP-citrate micelles in MilliQ water (average of 3 measurements).

To promote electrostatic interaction of the anionic IONPs with the diatoms, the diatoms were
first modified with the cationic polymer, PEl, through chemisorption, facilitated by the
deprotonated silanol groups at the surface of the diatoms at neutral pH. The cationic surface
charge of the resulting diatom construct then enabled the surface modification with the
citrate coated-IONPs through electrostatic interactions. The magnetic properties of the
resulting D-IONP system were visually observed when placed near a magnet resulting in
displacement of the pellet (Figure 4.22 A). The D-IONP was characterised by SEM and energy
dispersive X-ray spectroscopy (EDX) to analyse its morphological features and the presence
of Fe, respectively. IONPs of sizes larger than 30 nm can be visualised on the diatom surface
by SEM (Figure 4.22 B). Images at high magnification became distorted at the required
accelerating voltage due to surface charging, therefore, lower magnification images were
required for EDX characterisation. The EDX spectrum of the D-IONP show the peaks
associated with diatom elements, namely, Si and O (Figure 4.22 C) and contained the peaks
arising from Fe La and Ka electron transitions with energies of 0.705 keV and 6.398 keV,
respectively. As a control, an unmodified diatom sample was characterised under the same
conditions (Figure 4.22 D). The visual charging in the EDX image of the D-IONP sample, seen
as the white light reflection in certain areas, is an additional indication of successful IONP

modification to the diatoms.
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Figure 4.22 Characterisation of IONP functionalised diatoms by SEM-EDX. (A) Images
showing magnetic properties of D-IONP (right) compared to an unmodified diatom sample
(left). (B) SEM images of D-IONP at low and high magnification. EDX spectra and correspoding
SEM images of the (C) D-IONP and (D) unmodified diatom sample as a control.

GOx has an isoelectric point of 4.2, implying that it carries a net negative charge at neutral
pH. The cationic PEl modified diatoms enabled the capture of both IONPs and GOx via
electrostatic interactions to form a multifunctional D-IONP-GOx complex. The peroxidase-
like activity assay was performed to evaluate the catalytic activity of the IONP-GOx-loaded
diatoms in the presence of 0.2 mM Glu (Figure 4.23 A-D). As controls the diatoms were
analysed in the absence of IONP and GOx (D), diatoms functionalised only with IONP (D-
IONP), D-IONP-GOx with an excess of GOx (2.3 uM instead of 46.5 nM) (D-IONP-GOx (excess
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GOx)) and a D-IONP sample with 0.2 mM H,0; (D-IONP + H,0,). The peroxidase-like activity
was higher for the D-IONP + H,0, compared to the D without IONP even at higher H,0;
concentrations (Figure 4.19), which demonstrates the enhanced peroxidase activity achieved
with the IONP surface modification. The D-IONP-GOx sample again shows the ability to
oxidase TMB in the presence of glucose (Figure 4.23 D). However, the activity of the D-IONP-
GOx is lower than D-IONP+H,0; and lower than D-GOx (Figure 4.20). Most likely this is
because both IONP and GOx are anionic and therefore are in competition with each other for
the PEI-modified diatom surface. Since the IONP greatly enhances the peroxidase activity of
the system, adding excess GOx (to enhance the conversion of glucose to H,0, and gluconic
acid) can displace some of the IONP making the D-IONP-GOx system less effective at the
tandem catalytic reaction as it loses some of the peroxidase activity provided by the IONP.
Nevertheless, the D-IONP-GOx sample undergoing the desired tandem catalysis shows a

favourable catalytic performance compared to all the other controls.
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Figure 4.23 Peroxidase-like activity assay of diatoms modified with IONPs and GOx (D-
IONP-GOXx) and control samples. (A) Spectrophotometric analysis of catalytic activity over 30
min at 652 nm. (B) Image of diatom sample and controls after experiment completion. (C)
Summary of the catalytic activity represented as absorbance difference and (D) in terms of
mM H,0; generated (N = 1).
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4.2.5 Development of a diatom-based biosensor

4.2.5.1 Synthesis and characterisation of anti-PD-L1 functionalised

diatoms

As a proof of concept, the commercial biosilica diatoms were modified with the ligand of the
immune checkpoint inhibitor, anti-PD-L1, to develop a PD-L1-specific biosensing and
immunotherapeutic diatom-based construct. The first stage of development involved the
covalent functionalisation of the diatoms with the anti-PD-L1 antibody in a multistep surface
modification process (Figure 4.24) in which each reaction product was characterised by X-

ray photoelectron spectroscopy (XPS).
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Figure 4.24 Reaction scheme for the multistep synthesis of Diatom-anti-PD-L1 (D-aPDL1) as
a sensing device for PD-L1. 1) Diatom functionalised with APTES to obtain amine terminal
groups; 2) D-amine was then functionalised with Sulfo-SMCC to produce D-maleimide; 3) D-
maleimide was modified with activated Ab molecules through thioether bond formation to
afford D-aPDL1.
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Initially the diatoms were functionalised with APTES by a condensation reaction in toluene
under an inert atmosphere at 70°C resulting in a terminal amine functionality (Figure 4.24
step 1). The characteristic XPS peaks for the N 1s electron binding energy of the amine can
be observed with the deprotonated amine appearing at 399 eV and the protonated
counterpart at slightly higher binding energy of 401 eV (Figure 4.25). These peaks are absent

in the unmodified diatom (D-unmodified) sample.
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Figure 4.25 Overlay of XPS spectra of at D-amine and D-unmodified comparing the N 1s
binding energy.

The amine functionalised diatoms were further modified via amide bond coupling to the
sulfo-SMCC crosslinking agent to generate a terminal maleimide group on the diatom surface
(Figure 4.24 step 2). The diatom-maleimide product was purified by centrifugation cycles in
MilliQ water in order to remove any unreacted or hydrolysed sulfo-SMCC. The C 1s XPS
spectrum for the D-maleimide shows additional peak components due to alteration in the
electron binding properties of the carbon atoms on account of the introduced maleimide
group at 289 eV (Figure 4.26). The C 1s peak at 286 eV could be attributed to the amide bond
carbon but is not clearly distinguishable from the signal corresponding to the C-O bond.
Comparatively, the D-amine C 1s spectrum shows peaks for C-C and C-O bonding present in

the APTES unit.
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Figure 4.26 XPS spectra of D-maleimide (top) and D-amine (bottom) comparing the C 1s
binding energy.

The reactivity of the maleimide group towards sulfhydryl groups was utilised to conjugate
the anti-PD-L1 antibody. To activate the antibody, Traut’s reagent (2-iminothiolane) was used
to convert lysine groups containing terminal amines into thiol groups without the need for
harsh modification methods that could compromise the structural integrity of the antibody.
This was achieved using a 10-fold mol excess of Traut’s reagent to anti-PD-L1 and allowed to
react for 1 h at rt in PBS. The nucleophilic thiol groups on the anti-PD-L1 were covalently
attached to the maleimide functionalised diatoms via Michael addition to form
thiosuccinimide groups. The hydrolysis of the ring forms a stable succinamic acid thioethers
preventing retro-Michael reaction (Figure 4.24 step 3). Characterisation of the resulting D-
anti-PD-L1 by XPS showed that the C 1s spectrum differs from the one observed for D-
maleimide with a higher intensity C=0 peak at 288 eV, potentially due to the amide bonding
in the amino acid constituents of the antibody (Figure 4.27). The additional peaks at 285-286
eV are likely attributed to the carbon atoms adjacent to the thiol and amine groups from
cysteine and lysine residues, respectively. A BCA protein quantification assay was used to
determine the concentration of antibody that was covalently bound to the diatoms. This
protein quantification test involves the reduction of Cu?* to Cu* promoted by peptide bonds
from amino acid residues and other moieties found in proteins. The Cu* species forms a blue
organometallic complex with 2 molecules of BCA that has an absorbance at 550 nm and can

be quantified by UV-vis spectroscopy. The BCA assay determined an anti-PD-L1
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functionalisation yield of 47.6%, corresponding to a diatom:anti-PD-L1 ratio of 1:5x10°
(wt/wt) (Appendix 6). Overlayed and wide XPS spectra of intermediate diatom modification

products and D-anti-PD-L1 are included in the appendix (Appendix 7 and 8)
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Figure 4.27 XPS spectrum of D-aPD-L1 analysing the C 1s binding energy.

4.2.5.2 Synthesis and functional activity of anti-PD-L1 modified
IONPs

Anti-PD-L1 functionalised SPIONs were chosen as the detecting element of the biosensor due
to their intrinsic catalytic activity. The hydrophilic IONP micelles were prepared with a
maleimide-terminal phospholipid coating as previously described, followed by conjugation

to the activated anti-PD-L1 using Traut’s reagent (Figure 4.28).
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Figure 4.28 Reaction scheme for the covalent functionalisation of IONP with anti-PD-L1. The
antibody was first modified using Traut’s reagent to obtain thiol-terminal groups.
Hydrophobic IONPs were coated with the maleimide-terminal phospholipid to afford water
soluble micelles followed by functionalisation to the anti-PD-L1 (IONP-aPDL1).

The IONP-maleimide (IONP-Mal) and IONP-aPDL1 were synthesised and characterised by
DLS, zeta potential, UV-vis, and BCA protein assay. The DLS of the IONP-Mal showed a
homogenous size distribution with an average particle diameter of 32 nm by number
distribution, while the zeta potential average was -14.6 mV, due to the slightly negative
charge of the maleimide terminal phospholipid (Figure 4.29 A, B). After functionalisation of
the IONPs with the activated anti-PD-L1 the average diameter increased to 41 nm and the
zeta potential decreased to -25 mV, potentially due to the predominantly negatively charged
amino acid residues on the immunoglobin surface. A BCA assay was performed to quantify
the covalent functionalisation of anti-PD-L1 to the IONPs and determined a modification yield

of 29.1%, which corresponds to an anti-PD-L1 to IONP mol ratio of 3.9 (Appendix 6).
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Figure 4.29 Characterisation of IONP-Mal and IONP-aPDL1. (A) DLS by number distribution
and (B) zeta potential in MilliQ water (average of 3 measurements).

The functional activity of the IONP-aPDL1 was characterised using a PD-L1 ELISA, in which the
IONP-Mal was used as the control system. The assay protocol was followed according to the
manufacturer using 2 standard concentrations of 80 pg/mL and 0 pg/mL PD-L1. The IONP-
aPDL1 micelles were added at the same time as the PD-L1 ligand, which competed with the
capture antibody for interaction with the ligand. The removal of the supernatant containing
IONP-aPLD1 bound PD-L1 resulted in a reduced absorbance at 450 nm due to the lower
concentration of PD-L1 in those wells, which demonstrated that the IONP-aPDL1
immunomodulatory system is functionally active. As a control, IONP-Mal was analysed under
the same experimental conditions showing no reduction in the PD-L1 concentration, as

expected (Figure 4.30 A-C).
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Figure 4.30 Functional PD-L1 ELISA of IONP-aPDL1. (A) IONP-aPDL1 and PD-L1 ligand are
added to the wells containing the capture antibody. The ligand bound to the IONP-aPDL1
remains in the supernatant and is removed during the washing step resulting in reduced
absorbance. (B) Image of ELISA plate after assay completion showing lack of colour in the
wells in which IONP-aPDL1 was added, whereas the IONP-Mal control sample is comparable
to the 80 pg/mL PD-L1 standard. (C) Characterisation by visible light absorbance at 450 nm
on a microplate reader confirmed the reduced absorbance of the IONP-aPDL1 containing
wells, which indicates the retention of the functional activity of the anti-PD-L1 after covalent
attachment to IONPs (N = 1).

4.2.5.3 Methodology and functional evaluation of D-antiPD-L1

biosensor

The D-anti-PD-L1 sensor capability of capturing PD-L1 through antibody-ligand binding was

evaluated by measuring peroxidase-like activity of the anti-PD-L1 functionalised SPIONs
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following incubation with D-PD-L1. The diatom-bound anti-PD-L1 was combined with its
ligand, human recombinant PD-L1, in MilliQ water at a 50:1 mol ratio and the resulting D-PD-
L1 was purified from unbound PD-L1 protein by centrifugation. The IONP-aPDL1 were added
to the D-PD-L1 at a mol ratio of 1:56 and incubated for 1 h, after which the suspension was

centrifuged, and the supernatant collected to perform a peroxidase-like activity assay (Figure

4.31).
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Figure 4.31 Developed method for biosilica-based PD-L1 sensor. D-aPDL1 was incubated
with the PD-L1 ligand at RT followed by addition of IONP-aPDL1 and further incubation at RT
for 1 h to ensure complete interaction between the Ab functionalised IONPs and the D-PDL1
sensor. After pelleting by centrifugation, the supernatant containing the remaining IONP-
aPDL1 was removed and an indirect peroxidase-like activity assay was performed.

The working concentrations in the peroxidase assay were 0.5 mM Fe (IONP-aPDL1), 30 mM
H,0,, 0.832 mM TMB in 0.1 M sodium acetate buffer pH 4.5 in a total volume of 10 pL. The
absorbance was measured at 652 nm by UV-vis immediately after addition of TMB and after
the incubation period of 1 h whilst protected from light (Figure 4.32). The absorbance
difference is proportional to the degree of catalytic activity of the IONPs as a result of TMB
oxidation, which is also reflected in the blue colour change of the solution. As a control, the
aPDL1-IONPs were incubated with D-aPDL1 in the absence of the ligand and the supernatant

analysed under the same reaction conditions.
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Figure 4.32 Peroxidase-like activity assay of the biosilica-based PD-L1 sensor. (A)
Peroxidase-like activity assay of the control sample in the absence of PD-L1 and (B) D-PD-L1
biosensor. IONP-aPDL1 supernatants were incubated with TMB for 1 h in acetate buffer pH
4.5 and the peroxidase-like activity measured by UV-vis spectroscopy based on the
absorbance difference between t = 0 and 1 h at 652 nm. D-PD-L1 biosensor at t = 0 h shows
red pellet formation, indicating that IONPs have bound to the diatoms. The reduced
absorbance difference (AA.U.) for the biosensor compared to the control is the result of IONP
binding to the diatom pellet through specific Ab-ligand interaction (N = 1).

The reduction in the peroxidase-like activity for the aPDL1-IONPs after incubation with the
D-PD-L1 compared to the control demonstrated that the diatom sensor has captured some
of the NPs leading to a reduced SPIONs concentration in the peroxidase-like activity reaction
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(Figure 4.32 A, B). The lower catalytic activity is only faintly visible in the image, where the
blue colour intensity was slightly less strongly manifested in the D-PD-L1 biosensor sample
compared to the control. The presence of a visible red pellet formation in the sample prior
to the peroxidase-like activity assay is a further indication that IONPs have bound to the
diatoms. These studies demonstrated the synthesis and characterisation of a commercial
diatom biosensor using the immune checkpoint PD-L1 as a model biomolecule. While this
work only provided a qualitative demonstration of the biosensor, it has the potential for
further development for quantitative analysis of the biomolecule requiring only small sample

volumes and avoids the need for a costly kit.
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4.3 Discussion

The amphiphilic 1MT-HA biomaterial prepared in the Chapter 3 introduced the possibility for
the self-assembly into NPs with immunomodulatory properties. The polymersome-like NP
self-assembly was achieved by 1MT-HA suspension in a mixture of an aqueous and organic
solution with the HA interacting with the aqueous core and external medium, while the 1IMT
component aligns in between the inner and outer phase to form a bilayer that constitutes

the vesicle membrane.3%®

The 1MT-HA NPs had an average hydrodynamic size of 356 nm and zeta potential of -38 mV
(Figure 4.6), which compares to literature values with degree of HA substitution in the range
of 6-8%.4%%497 Notably, lower HA NPs sizes have been reported in which a higher degree of
HA substitution was achieved using either non-therapeutic hydrophobic molecules or
therapeutic agents constituting the hydrophobic block such as DOX or the photosensitiser
chlorin €6.%%41% However, even at larger sizes the HA NPs have demonstrated successful
receptor-mediated endocytosis in CD44 overexpressing cancer types in vitro and in vivo

tumour targeting in a murine model.%%®

The aqueous NP core permitted the incorporation of the clinically used immune checkpoint
inhibitor, anti-PD-L1. A weight ratio of 10:1 1MT-HA: anti-PD-L1 was chosen based on a
method reported by Ye et al. in which HA NPs were incorporated with a different immune
checkpoint inhibitor, anti-PD-1.2>* The complete encapsulation of anti-PD-L1 observed in this
thesis (Figure 4.7) could be due to the larger size of these particles leading to a higher core
capacity and indicates that encapsulation of higher doses of the immune checkpoint inhibitor
could be explored in the future research. The incorporation of anti-PD-L1 into the 1IMT-HA
NPs was additionally characterised by FPLC (Figure 4.8). The anti-PD-L1 peak observed at 16
mL retention volume at 225 nm UV detection wavelength correlates with the typical
absorption wavelength of proteins and is due to it to t* transitions in the peptide linkages of
the antibody, while additional absorption peaks between 230-300 nm may be observed due
to aromatic side chains and disulfide bonds.*'! The 1MT-HA absorbance at 225 nm is also in
accordance with literature values for low MW HA, while the peak observed at 280 nm is
predominantly due to the absorbance of 1MT.*2413 The peak shift of the anti-PDL-1 peak in
the 1IMT-HA@anti-PD-L1 NPs indicates that the antibody has been successfully incorporated.
This study also demonstrated that the presence of 1MT in the polymer is crucial for achieving

NP self-assembly and encapsulation of anti-PD-L1.
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The release of the immunomodulatory agents 1MT and anti-PD-L1 from the NPs was
performed at pH 6.5, which is typical of the TME, in the presence of HAase over 48 h. The
slow 1MT release is consistent with the release observed from the 1MT-HA biomaterial in
Chapter 3 due to the slow hydrolytic cleavage of the amide bond at these conditions (Figure
4.9). The anti-PD-L1 release from the NPs was assessed qualitatively by FPLC and showed a
gradual release over 48 h (Figure 4.10). This NP system can overcome some of the main
challenges cancer drug development by ensuring a localised and sustained
immunostimulatory response and has potential as a drug delivery vehicle forimmunotherapy

or combination therapies.

A chemotherapeutic Pt(IV) prodrug with immunostimulatory properties was synthesised and
then attached IONP micelles using a thin-film hydration method. The TEM images of the
hydrophobic IONPs prior to micelle preparation showed a mean particle size of 7.5 nm, which
increases to 44 nm upon micelle formation by coating with the Pt(IV) prodrug bound
phospholipid is consistent with literature values (Figure 4.14).1%%1% Ma et al. developed a
siRNA and Pt(IV) prodrug loaded NP system consisting of a self-assembled protamine/HA
nanocarrier coated with polyglutamic acid onto which the Pt(IV) prodrug was bound
covalently forming acid labile ester bonds.*® The Pt(IV) loaded NPs demonstrated
intracellular release of siRNA and reduction of Pt(IV) to the active Pt(ll) species leading to an
enhanced therapeutic effect compared to individual administration of these agents in a Pt-
resistant lung cancer model. The loading of a Pt(IV) prodrug into polymer-based NPs has also
been previously demonstrated by Dhar et al.**® This nanocarrier consisted of a
biodegradable PLGA-PEG micelle system incorporated with the Pt(IV) prodrug through a
nanoprecipitation method. The NPs were surface functionalised with an prostate-specific
membrane antigen aptamer to enable prostate cancer cell-specific delivery of the Pt(IV)
prodrug. The innovative Pt(IV) prodrug functionalised IONP system developed in this thesis
has potential to improve the therapeutic outcome in Pt-resistance cancers though the
synergistic action of the Pt-based chemotherapy and peroxidase-like activity of the IONPs.
The potential for functionalisation of a Pt(IV) prodrug to an IDO inhibitor, such as 1MT,
provides a possibility for the future development of an immuno-chemotherapeutic

platform.*’

Additionally, IONP-DOTAP micelles were functionalised with the immunostimulatory TLR3
agonist, plC, by electrostatic interactions resulting in a multimodal nanosystem (Figure 4.16).
DOTAP is a lipid with a terminal cationic quaternary ammonium ion group, which is used for

gene transfection. It can cross the phospholipid bilayer of cell membranes and studies have
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shown that it can also act as a potent adjuvant to immunotherapy by stimulating DCs and
inducing ROS production.*41° P|C aims to mediate innate and adaptive antitumour immune
responses through proinflammatory cytokine production and directly promoting tumour cell
apoptosis and has shown beneficial therapeutic response in combination therapies of
different types of cancer.*%?! The average hydrodynamic size of the IONP-DOTAP-pIC
micelles of 43 nm is comparable to previously prepared IONP micelle systems and the Zeta
potential of 9 mV of the IONP-DOTAP micelles is indicative of the cationic surface charge of
the micelles that drives the electrostatic interactions with the net negatively surface charged
pIC (Figure 4.17). Colapicchioni et al. loaded plC into cationic core-shell liposome-silica hybrid
NPs via electrostatic interactions followed by coating with PEG to afford enhanced
pharmacokinetics.*?? This system demonstrated improved internalisation and significant
reduction in cell viability in prostate and breast cancer cells compared to pIC alone. The
incorporation of pIC into a NP system is favourable to increase its stability, enable tumour
cell targeting as well as providing a platform for the delivery of combination therapies.*?34%

The incorporation of the IONP-DOTAP-pIC system into a biomaterial-based implant to enable

a gradual and localised release of the NPs was demonstrated in Chapter 5.

A multifunctional biosilica-based therapeutic device was developed in which the
commercially available diatoms were functionalised with GOx and IONPs through
electrostatic interactions. The unmodified diatoms showed intrinsic peroxidase-like activity,
which to my best knowledge has not been previously reported in the literature (Figure 4.19).
GOx has an isoelectric point of 4.2, therefore, it carries a net negative charge at neutral pH.*?®
To promote electrostatic interaction of the anionic GOx and IONPs with the diatoms, the
diatoms were first modified with the cationic polymer, PEI, through chemisorption,
facilitated by the deprotonated silanol groups at the surface of the diatoms at neutral
pH.*?7428 The GOx modified diatoms containing 45.6 nM GOx demonstrated an increased
peroxidase-like activity in the presence of D-glucose, which is oxidised in the presence of GOx

and O, to gluconic acid and H,O; (Figure 4.20).

To boost the peroxidase-like activity and provide magnetic properties, the GOx modified
cationic diatoms were loaded with anionic IONP micelles (Figure 4.22). This system achieved
peroxidase-like activity through tandem catalysis, in which H,0; is locally generated in the
presence of O, and glucose, and subsequently broken down into ROS due to the catalytic
activity of the IONPs and the diatoms (Figure 4.23). The increased catalytic activity observed
in the H,0, supplemented sample is potentially due to some displacement of GOx from the

diatom surface when the IONPs are added during the D-GOx-IONP preparation. This tandem
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catalytic system has not been previously explored in the context of diatoms but GOx loaded
IONPs have demonstrated enhanced ROS-mediated tumour cell cytotoxicity compared to
IONP alone both in vitro and in vivo.****3! The combined catalytic activity of the developed
tandem catalytic system could lead to an enhanced therapeutic effect in the peroxide rich
and acidic TME, whilst its magnetic properties present potential application for in vivo

tracking, hypothermia therapy and magnetic purification.

Furthermore, the diatoms were also explored as a cancer diagnostic device. A proof-of-
concept PD-L1 biosensor was developed by a multistep covalent functionalisation of the
diatoms with anti-PD-L1 (Figure 4.24). PD-L1 was chosen due to its overexpression in
different types of cancers and is a clinically relevant target for immunotherapy.*3%3 The
silanol diatom surface was first modified with APTES to afford terminal amine groups
followed by addition of sulfo-SMCC to obtain terminal maleimide groups that are reactive
towards thiol groups. The anti-PD-L1 was activated via modification of lysine residues with
terminal thiol groups using a 10-fold molar excess of Traut’s reagent (2-iminothiolane), which
is an optimised ratio used in the literature that ensures high thiolation yields without
compromising the functional and structural properties of the antibody.****3* The hydrolysis
of the succinimidyl ester ring forms a stable succinamic acid thioethers preventing premature
release of anti-PD-L1 through retro-Michael reaction.**® Each step of the synthesis was
characterised by XPS that confirmed the presence of the surface functional groups present
based on the electron binding energies of abundant surface atoms including N, C and O

(Figures 4.25 - 4.27).

An anti-PD-L1 functionalised IONP system was also synthesised by first generating maleimide
terminal IONP micelles using the thin-film hydration method followed by reaction of the
maleimide groups with the thiol group activated anti-PD-L1 (Figure 4.28). The resulting IONP-
anti-PD-L1 micelles had a hydrodynamic diameter of 42 nm and a PDI of 0.23, which indicates
good monodispersity (Figure 4.29). The reduction of the zeta potential to -25 mV compared
to the IONP-maleimide micelles, could be due to the net negative surface charge of the
antibody.**” The functional activity of IONP-anti-PD-L1 is essential for the biosensor assay to
work. Therefore, a PD-L1 ELISA was performed and demonstrated specific binding of the PD-
L1 ligand to anti-PD-L1 bound to the NPs (Figure 4.30). The BCA protein quantification assay
of both the diatom and IONP modified anti-PDL-1 determined a modification yield of 48%
and 29%, respectively. The NPs were an integral part of the developed biosilica-based PD-L1

sensor assay (Figure 4.31).
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There is a high appeal for using diatom as a biosensor platform due to the high surface area
of their nanoporous structure and high versatility for chemical modification. Several
examples of diatom-based biosensors have been reported for different applications including
as a cancer diagnostic tool but due to their early stage of development none have been
approved for clinical use to this date.**®%% Rea et al. developed an optoelectronic diatom
sensor using cylindrical shaped aulacoseira sp. diatom species that was covalently modified
with protein A followed by conjugation to mouse antibody anti-His-tag.*° This diatom system
showed binding affinity His-tagged p53, a tumour suppressor biomarker, characterised
through photoluminescence imaging. The biosilica PD-L1 biosensor assay involves the
incubation of PD-L1 with D-anti-PD-L1, which bind to the diatoms though antibody-ligand
interaction. After the removal of the supernatant, IONP-anti-PD-L1 is added and allowed to
interact with the PD-L1 bound diatoms. The supernatant of this mixture was analysed in a
peroxidase-like activity assay alongside a control sample in which the PD-L1 was not added
to the diatoms in the first step (Figure 4.32). A reduced peroxidase-like activity was observed
for the D-PD-L1 sensor sample compared to the control which indicates that the biosensor
assay was successful. However, this is an early-stage proof-of-concept design and further
experimentation is necessary for the complete development of this biosensor. Nevertheless,
this diatom-based PD-L1 biosensor has the potential to be used in combination or as an
alternative to ELISA kits, whilst also offering the possibility to be used as an immunotherapy

against PD-L1 overexpressed cancers.
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Chapter 5

Synthesis, functionalisation and
characterisation of biodegradable
hyaluronic acid-based MNs and
implantable devices for cancer

immunotherapy
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5.1 Introduction

5.1.1 Biodegradable microneedles (MNs) for cancer immunotherapy

Transdermal drug delivery vehicles have sparked an increased interest for the administration
of cancer immunotherapies due to the potential they have to improve access to the large
numbers of professional APCs and other specialised immune cells in the dermal skin layer.**
Direct administration of immunomodulatory agents into the skin compared to conventional
drug administration methods such as by subcutaneous or intramuscular injections can
enhance the desired immune response and ensure a high local drug bioavailability.*#%44
Furthermore, the local and gradual delivery of immunomodulatory agents via a
biodegradable MN administration system can also prevent or mitigate the immune-mediated
adverse effects associated with high-dose bolus injections of immune checkpoint inhibitors
leading to systemic immune hyperactivation.*** Microneedle drug administration is non-
invasive and painless as the needles do not penetrate far enough into the skin to damage the
blood vessels and nerves found in the dermis, thereby, reducing the risk of bruising,
discomfort hypersensitivity and improving patient compliance.*>%% Another advantage of
biomaterial-based MNs over hypodermic needles is the reduction in generation of hazardous
waste and cost of waste management since the MNs are designed to dissolve in the skin and
the base of the MN patch is often made out of the same biodegradable material.**” The
potential for self-administration of MNs patches without the need for specialist training is
another benefit and further aids patient compliance in contrast to the use of hypodermic

needles.*’

Dissolvable and biodegradable MNs can be fabricated from a variety of natural as well as
synthetic polymers as discussed in the introduction,*®® but this chapter focusses on the
fabrication, characterisation, and functionalisation of HA-based MNs. HA MN degradation
occurs via hydrolysis or in the presence of HAase in order to release the incorporated drug
load. Whilst the HA MIN matrix biodegradation upon skin insertion already provides a gradual
release of the drug, the release kinetics can be further controlled by incorporation of the
drug into a stimuli-responsive NP system. Hao et al. developed near-infrared responsive HA
MN system for the treatment of epidermoid cancer.** Pegylated-gold nanorods and a
chemotherapeutic agent were incorporated into a HA-based MN patch. The release of drug
load could be controlled though on-demand near-infrared irradiation at the site of MN
application, whilst simultaneously inducing thermal ablation of tumour cells due to the

photothermal properties of the gold nanorods. A pH-sensitive HA-based MN system was
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reported by Wang et al. in which a the MNs were incorporated with a biodegradable dextran
NPs containing GOx and anti-PD-1.22°> Upon MN skin insertion, glucose in the TME can interact
with the GOx-loaded NPs resulting in the production of gluconic acid that promoted
degradation of the NPs and sustained release of anti-PD-1. It showed a superior therapeutic
response in vivo compared to intratumoural administration of anti-PD-1 alone in a murine

melanoma model.

There are a variety of fabrication methods for polymeric MNs, but the HA MNs in this thesis
were prepared using the micromolding process. Micromolding by the casting method is
beneficial due to the ease of fabrication, upscaling, high reproducibility, and low processing
temperature, convenient for the incorporation of thermally unstable drugs.**® The casting
method typically comprises the use of inverted MN molds fabricated by laser ablation, a
process in which a focussed laser beam is irradiated onto the chemically inert
polydimethylsiloxane (PDMS) surface creating cavities with controllable depth, shape and tip
angle (Figure 5.1).*! Other micromolding techniques including hot embossing method,
injection molding and investment molding involve higher processing temperatures that may

adversely affect the drug activity.*%>>*>
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Figure 5.1 Micromolding by casting for polymeric MN fabrication. The PDMS mold is
fabricated by laser ablation of a steel master structure followed by a 2-step PDMS casting
process to create inverted MN shaped cavities. The needle solution is added to the mold
followed by vacuum and centrifugation cycles. To the mold is then added the MN base
solution within a micromold reservoir and the MNs are allowed to dry. Once dried, the MN
patch can be removed from the mold and is ready for use.

The targeted inhibition of immune checkpoints overexpressed on the surface of tumour cells

is of major interest in cancer immunotherapy as it can help expose tumour cells to the
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adaptive immune system by promoting the reactivation and recruitment of tumour specific
cytotoxic T lymphocytes (CTL). Yang et al. developed a polymeric core-shell MN system for
the combined delivery of two immune checkpoint inhibitors, namely the IDO inhibitor, 1MT,
and PD-L1 inhibitor, anti-PD-L1.**2 The MN loading was maximised through electrostatic
interactions between the anti-PD-L1 and chitosan polymer matrix in the shell and hydrogen
bonding between the 1MT and PVA/PVP polymer mixture that made up the core of the MNs.
The functional studies showed an improved therapeutic efficiency in a murine melanoma
model compared to intra-tumoral injection of 1MT and anti-PD-L1 at the same dose. MNs
also provide an excellent platform for combination therapies due to the possibility of
incorporating different therapeutic agents into the matrix of a polymer-based MN patch.
Chen et al. designed a HA MN system combining a photodynamic therapy and an
immunotherapy constituent.*3 The photosensitiser and the immune checkpoint inhibitor
anti-CTLA-4 were encapsulated into pH sensitive dextran NPs prior to loading into the MNs.
The in vivo studies demonstrated that the initial photodynamic therapy activated the
immune system via increased cytokine production and an enhanced immunomodulatory
effect from the anti-CTLA-4 treatment, which led to tumour size reduction in a murine breast

tumour model.

5.1.2 Dissolvable biomaterial-based implantable devices for cancer

immunotherapy

Implantable biomaterial-based devices as administration systems of immunomodulatory and
anticancer agents have the potential to improve therapeutic outcomes due to their direct
placement into the tumour and, thereby, reducing the undesirable toxic side effects on
surrounding healthy tissue associated with off-target cytotoxicity.****°® They can also ensure
a local and gradual release of the active agent into the target site to attain a prolonged
therapeutic effect, which cannot be achieved by bolus subcutaneous injection.!” Polymer
implants have sparked a particular interest for the treatment of brain cancers due to the
difficulty of delivering drugs and vaccines that can overcome the blood brain barrier via
routes other than surgery.”” In contrast to MN delivery, implantable devices have the
additional benefit of achieving a significantly higher loading capacity, but require an invasive

administration pathway that involves surgical treatment.

In this thesis the HA biomaterial-based implants have been developed using the casting
method, which is a cost and time efficient method that avoids the need for specialised

equipment or harsh temperature conditions that could affect the stability of the incorporated
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immunomodulatory payloads. Implants can be applied either as neoadjuvants by
intratumoural administration prior to the main treatment or as adjuvants by deposition into
the site of the tumour resection to prevent cancer recurrence.’®’” Solid implantable
biomaterial devices for applications in cancer immunomodulation offer an exciting new
delivery platform with the potential for enhanced therapeutic benefits. However, there is
only limited literature available addressing this specific approach of drug delivery. A HA and
collagen biomaterial implantable immune niche was synthesised for the post-operative
treatment of advanced-stage breast cancer.*® The implant incorporated a chemotherapeutic
agent with immunomodulatory properties, capable of depleting immunosuppressive MDSCs,
and a nanogel functionalised with pIC and tumour cell lysates to activate DCs and promote
proinflammatory cytokine secretion in the TME. In vivo studies in a breast tumour murine
model in which the implant was administered post-surgery prevented both tumour
recurrence and metastasis. In another study by Park et al., a biodegradable cross-linked
hyaluronic acid implant loaded with different immunomodulatory agents including the
TLR7/8 agonist, R837, and an agonist of stimulator of interferon genes (STING) showed a local
release at the tumour resection site in a murine breast cancer model.**® The results revealed
enhanced T cell proliferation and proinflammatory cytokine activation leading to a higher
mice survival rate compared to systemic and local solution-based administration of the
immunomodulatory agents. The localised and controlled release of immunomodulatory
agents using an implantable device could have applications beyond cancer immunotherapy,
for instance, for tissue regeneration and in organ transplantation by inducing local immune

tolerance.*®

5.1.3 Design of the immunotherapeutic MN and implantable devices

This chapter describes the design, development, and characterisation of biomaterial-based
transdermal and implantable drug administration devices for the localised and gradual
release of immunomodulatory and other anticancer agents as a platform for cancer
immunotherapies and combination therapies. The MNs are designed for the delivery of the
incorporated anticancer agent into the skin, which makes them especially suitable for the
treatment of melanomas and other skin diseases, although it can provide a viable treatment
option also for other cancer types (e.g., breast cancer). On the other hand, implants benefit
from being implanted directly into the tumour site during tumour resection and gradually
release the therapeutic agents locally, which can then activate the immune system to detect
and eliminate any residual tumour cells as well as helping to prevent tumour recurrence. The

fabrication of these MNs and implants using the casting method allows for any water-soluble
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therapeutic agent, such as small molecules, antibodies, and other anticancer agents, to be
homogeneously mixed into the HA matrix and casted into the desired shape using molds
Furthermore, the incorporated therapeutic agents can be encapsulated, or included into an
NP theranostic system, such as those presented in Chapter 3, prior to loading into an implant

or MNs to promote a local and sustained release and provides a new platform for

combination therapies and multimodal imaging (Figure 5.2).
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Figure 5.2 Design of HA-based biodegradable MNs and implantable devices for cancer
immunotherapy. The implants and MNs can be loaded with different NPs and
immunomodulatory agents, which are gradually released as the implant or the MNs dissolves
and degrades. The released payload from the implant or MN can be selected to activate
dendritic cells (DC) to prime antitumor T cell responses, to target macrophages to improve
the treatment efficacy of cancer therapies, to program or reprogram T cells to attack cancer
cells and to overcome tumour immune evasion mechanisms converting a cold tumour into a
hot tumour. The combined effect of different immunomodulatory and anticancer agents leads

to specific tumour cell death and the development of memory T cells (Tm) provides long-term
protection from tumour recurrence.
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5.1.4 Aims and objectives

e The fabrication and optimisation of a homogeneous HA MN patch using the
micromolding method and structural characterisation by SEM;

e Skin penetration efficiency assays using a porcine skin model and
investigating the effect of HAase on MN degradation in the skin;

e The incorporation of different NPs systems and immunomodulatory agents
developed in Chapter 4 into the MN patch and analysing the release over
time as well as the retention of functional activity of the released agents;

e Fabrication of HA implantable devices and incorporation with
immunomodulatory IONPs and a biomaterial (i.e. 1MT-HA);

e Functional activity studies of the developed immunomodulatory HA
implants using different human and murine tumour cell types.
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Figure 5.3 Overview of NP systems and immunomodulatory agent incorporated into HA
MNs and HA implants. Overview of NP systems and immunomodulatory agent incorporated
into HA MNs and HA implants. All incorporated drug delivery systems were characterised, and
the release kinetics evaluated. MNs were further characterised in skin penetration efficiency
studies. The functional activity of IMT and immunomodulatory IONP systems released from
the biodegradable drug delivery systems was evaluated in vitro using different cancer cell
lines.
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5.2 Results

5.2.1 HA MN fabrication, optimisation, and characterisation

The HA MNs were fabricated following the micromolding technique using reusable inverted
MN PDMS molds consisting of a 15 x 15 array of needles on a square base. Considering the
specific requirements of future in vivo studies and applications, the MNs were designed to
be 800 um in length and have a base diameter of 300 um and centre-to-centre spacing of
600 um. The fabrication method was optimised by designing a 3D-printed box and a silicone
wall aimed at preventing leaking of the solution during the centrifugation and drying process.
The fabrication starts with the deposition of a viscous HA solution in MilliQ water onto the
inverse-MN shaped silicone mold and placed under vacuum for 10 min to allow the HA
solution to enter the mold cavities. The mold was then placed into a plastic box, which was
placed into a centrifugation tube and then centrifuged at 3000 g for 1 h to compress the HA
solution into the cavities, whilst the box prevented the solution from leaking. The remaining
solution was collected and could be stored for further use. An adhesive tape was placed
around the sides of the mold, and a HA solution was deposited into the micromold reservoir
to form the base of the MN patch. The MNs were allowed to dry for 5 days at room
temperature and atmospheric pressure. The mild drying conditions ensured high MN
homogeneity and prevented unwanted air bubble formation. Once the MN patch had dried,
it was carefully removed from the mold and cut to the desired shape. MNs fabrication was
also attempted under vacuum and elevated temperature conditions to reduce the fabrication
time, but these approaches led to a reduction in MN quality due to a higher risk of leaking
from the reservoir and air bubble formation. Ultimately, the fabrication conditions
mentioned above were found to produce the most consistent and homogeneous MN
patches. The MN morphology was characterised by SEM with additional characterisation by
energy dispersive X-ray analysis (EDX) and confocal laser scanning microscopy (CLSM),

depending on the loading agent.

The SEM imaging of the blank HA MN showed almost complete homogeneity throughout the
patch with a conical shape and needle tip thickness of approximately 20 um, which would
suggest good skin penetration properties (Figure 5.4). The actual needle length of the MNs
was around 700 um, which is long enough to penetrate the human dermal layer. Minor
features of roughness were observed in the high magnification images, but the sharp tip and

the smooth cone shape of the needles would suggest no issues with skin penetration.
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Figure 5.4 Photograph and SEM imaging of blank HA MNs. The Photograph shows full 15x15
array of needles in a blank HA MIN patch. SEM illustrates surface features of MNs from a top
and horizontal view. MNs had a height of ~700 um length, base diameter of ~300 um and
tip diameter of ~25 um.

s4

5.2.2 MN skin penetration efficiency experiments

Polymeric MNs require sufficient mechanical strength and needle tip sharpness to penetrate
skin without fracturing or deformation and to deliver the drug load into the immune cell-rich
dermal skin layer. The MN penetration efficiency was characterised using porcine skin as a
suitable model for human skin. The porcine skin was thawed on the day of the experiment
and the surface dried from excess moisture. The MNs were applied onto the skin for 1 min
and then held in place with medical tape. The MN patch was carefully removed from the skin
and the MN application area was stained with a solution of methylene blue (MB) (2% wt/wt).
The surface residual dye was removed after 15 min using dry medical wipes and the skin
rinsed with MilliQ water followed by ethanol to expose the points of penetration stained by
the dye (Figure 5.5). The MNs were characterised before and after skin penetration by SEM

to analyse the morphology and degradation behaviour.
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Figure 5.5 Schematic of MN skin penetration experiment method. Step 1: MINs were applied
onto a shaved section of porcine skin using thumb pressure for 1 min; Step 2: MN
immobilisation by medical tape application for a set amount of time to allow the needles to
dissolve; Step 3: MIN removal and skin staining with MB solution and incubated for 15 min;
Step 4: Surface dye removal with H,0, then EtOH followed by skin penetration analysis.

To compare the effect of HAase pre-treated skin sample with an untreated sample on the
MN penetration efficiency, a 1 mg/mL HAase solution in MilliQ water was applied onto a
porcine skin sample and allowed to evaporate for 2 h. As the control, a second skin sample
was treated with MilliQ water. Once the skin surfaces had dried, a blank HA MN was applied
onto each skin sample for 1 h before it was carefully removal. Following the dye application
and surface dye removal, images were taken, and the % penetration area coverage analysed.
The images show a clear increase in penetration efficiency with the HAase pre-treated skin
compared to the control, resulting in a % penetration area of 40.3 % and 4.1 %, respectively
(Figure 5.6). However, the MN treated skin images illustrate that the obtained % penetration
area might be underestimated since the Image J software was not able to detect the more
faintly coloured penetration points. The 10-fold higher penetration efficiency for the HAase
treated skin shows that the HAase is catalytically active and facilitates the penetration and

degradation of the MNs in the skin.
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A
B
C
Skin sample Analysis area/mm? % Penetration area
H20 pre-treatment 76 4.1
HAase pre-treatment 76 40.3

Figure 5.6 MN porcine skin penetration experiment for 1h. (A) Images of skin samples pre-
treated with water (left) and HAase (right). (B) Images of skin samples after MIN penetration
with water (left) and HAase (right). (C) % penetration area analysis with the area border
marked in yellow.

The MNs were characterised before and after the skin penetration experiment by SEM to
determine the degree of degradation and morphological changes. The SEM images show that
the average length of both MN has reduced by approximately half, indicating that longer
application times may be required for complete MN degradation and an enhanced %

penetration yield (Figure 5.7).

148



A H,O treatment HAase treatment

B H,0 treatment

kV 10.1mm x30 S

Figure 5.7 SEM of MIN porcine skin penetration experiment for 1 h. (A) SEM characterisation
of MNs before skin penetration. Both MN patches are homogenous with a needle height of
~700 nm. (B) SEM imaging of MINs after skin penetration. The needle height reduced to ~400
nm suggesting incomplete MN biodegradation at 1 h application time. MNs on the left were
applied onto H,0 pre-treated porcine skin and the MNs on the right onto HAase pre-treated
skin).

As an additional assessment for the effect of HAase activity in MN skin penetration assays, a

MN patch loaded with the HAase enzyme was fabricated and characterised by SEM. The
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resulting needles were untypically sharp with a tip diameter of approximately 3 um (Figure
5.8 A), which can be expected to improve skin penetration. Indeed, the % penetration area
of 9.6% and the SEM images after skin penetration suggest that this MN provides around
two-fold enhancement in skin penetration due to the enhanced needle sharpness (Figure 5.8
C). However, the curvature of the MN tips from the SEM analysis post-penetration showed
that that majority of the needles succumbed to inelastic deformation upon contact with the
skin, presumably due to less mechanical strength (Figure 5.8 B). Therefore, the incorporation
of HAase enzyme into the MNs with aim of sharpening and accelerating the degradation rate
and potentially improving drug release is a viable option, but skin pre-treatment with HAase

appears to be an even more suitable approach.

Sample Analysis area/mm? % Penetration area

HAase loaded MN 76 9.6

Figure 5.8 HAase incorporated MN porcine skin penetration for 1 h. (A) SEM imaging of
HAase MN before skin penetration. (B) SEM imaging of HAase MN after skin penetration. (C)
Image of porcine skin after MIN penetration and % penetration area analysis.

Next, the penetration efficiency was investigated over a longer MN application time of 24 h.
Following the same procedure, one skin sample was treated with HAase prior to MN

application, while a control sample was treated with MilliQ water and allowed to evaporate
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until the skin surface was dry. The penetration efficiency showed a significant increase
compared to the 1 h experiments, with the water treated skin achieving 64% skin penetration
coverage (Figure 5.9 A) and the HAase treated skin achieving an increased skin penetration

area of 84% (Figure 5.9 B).

Sample Analysis area/mm? % Penetration area
H.0 pre-treatment 76 64.3
HAase pre-treatment 76 84.0

Figure 5.9 HA MN porcine skin penetration experiment for 24 h. (A) Images and penetration
area analysis of H2O treated skin after MN penetration; (B) Images and penetration area
analysis of HAase treated skin after MIN penetration.

The photographs and SEM images of the MNs before skin penetration show high
homogeneity as expected (Figure 5.10 A, B). There was no remaining MNs after 24 h of skin
application due to complete degradation and the base had turned from a solid into a gel state
in both cases (Figure 5.10 C, D). This experiment demonstrates that a longer skin application
not only enhance skin penetration area coverage but is also beneficial to allow the MNs

enough time to dissolve entirely and release any incorporated drug load into the skin.
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Figure 5.10 Images of HA MN porcine skin penetration experiment for 24 h. (A) and (B)
photograph and SEM image of blank MNs before penetration. Photograph of MNs after 24 h
skin penetration on (C) H;O treated skin and (D) HAase treated skin.

To analyse the skin penetration depth of the HA MNs, the skin sample from 24 h penetration
experiments were frozen and then cut into three pieces along the stained points of MN
penetration. The skin pieces were the placed flat onto a glass slide and imaged using an
optical microscope. The MB staining of the skin visualised on the microscope shows that the
penetration reached an average depth of 559.5 + 71.6 um (Figure 5.11). The images show
that some MNs within the same patch penetrate deeper into the skin than others potentially
due to differences in penetration pressure during the application. The experiment showed
that the penetration depth is on average 80% of the total length of the MNs, demonstrating
that these MNs not only achieve a high penetration area as shown in the previous
experiments, but can also reach the required penetration depth to deliver the incorporated

drug load into the dermal skin layer.

727.7 um

587.1 um

531.3 um

Figure 5.11 Analysis of MN porcine skin penetration depth. The depths of 3 stained areas
were analysed from the MIN skin penetration experiment for 24 h using an optical microscope.
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5.2.3 MN biocompatibility studies

We anticipated the HA MNs would be “fit-for-purpose” for application in vivo due to its
established biocompatibility and biodegradability. Nevertheless, a cytotoxicity assay was
carried out in immune cells and cancer cells to confirm the biocompatibility of the
synthesised HA MNs and eliminate the possibility of potential contaminants introduced
during the fabrication process and storage. A blank HA MN patch was prepared, and the
needles were separated from the base using a sterile scalpel. Both the needles and the MN
base were analysed for cytotoxicity in a co-culture assay with B16F10(OVA) melanoma cells
and RAW264.7 macrophages. The MN base was added to the cells at a 10-fold dilution to
reduce the high viscosity, while the needles were added without dilution and incubated for
24 h at 37°C prior to cell viability analysis of both cell types by flow cytometry. The cell
viability was evaluated by standardising to a sample of untreated cells in media as the
negative control. For both the needles and the MN base the cell viability was above 93%
compared to the negative control with the MN base displaying values slightly exceeding 100%
(Figure 5.12). The blank HA MNs show no signs of cytotoxicity in both the melanoma and
macrophage cell lines, demonstrating the high biocompatibility of these MNs in different cell

types and suitability for potential clinical use.
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Figure 5.12 Co-culture cell viability assay of HA MNs. The co-culture was performed using
B16-F10(0OVA) melanoma cells and RAW264.7 macrophages for 24 h and the cell viability
characterised by flow cytometry (N = 1).
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5.2.4 Fluorescent QD incorporated HA MNs

To demonstrate the loading versatility of the HA MNs and the possibility of characterisation
by fluorescence, the MNs were loaded with CdSe/ZnS core/shell QD-filled micelles. QDs are
known to have exceptional fluorescence quantum yields and high stability against
photobleaching making them excellent candidates to demonstrate the incorporation into the
HA MNs. The hydrophobic QDs were coated with a carboxylic acid-terminal DSPE-PEG
phospholipid to form water-soluble micelles using a thin-film hydration method. The micelles
were purified by centrifugation followed by ultracentrifugation cycles to remove large

aggregates and unbound phospholipid molecules, respectively.

The QD MN patch was prepared by addition of HA to a solution of QD-filled micelles in MilliQ
water followed by the micromolding method described in the previous section. The resulting
MN patch was characterised by SEM and CLSM. The latter was performed using an excitation
wavelength of 405 nm and emission wavelength window of 562-712 nm (Figure 5.13 A-F).
The z-stack of both the QD loaded MN and a blank MN consisted of 45 slices starting at the
needle tip and terminating at 800 um distance towards the MN base, which were
represented as 3D rendered images (Figure 5.13 C, D). QD incorporation into the MNs was
evidenced by the red colour in the z-stack image across the needle length (Figure 5.13 C). An
increased abundance of QDs was observed towards the needle tip, potentially due to the
centrifugal force pressing the QD solution into the mold cavities during the MN preparation
process. Considering that the needle penetration depth can vary as observed in the porcine
skin penetration assays, this could be beneficial by ensuring that entire payload is delivered
into the skin. No fluorescence was observed in the blank MNs, which further validates QD
loading (Figure 5.13 D). Additionally, the top view image of an intermediate z-stack slice, a
brightfield image and a fluorescence-brightfield overlay for both the QD MNs and blank MNs

demonstrate that the z-stack was focused on a single needle (Figure 5.13 E, F).
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Figure 5.13 QD MN loading characterisation by fluorescence microscopy. CLSM imaging of
(A) QD incorporated MN compared with (B) a blank MN including (C, D) z-stack 3D render
images of 45 slices. Images were taken at 800 um along the length of a needle and
brightfield images of a single slice below. Fluorescence, brightfield and overlayed images
for the (E) QD MNs and (F) blank MNs.

5.2.5 Theranostic IONP loaded HA MNs

5.2.5.1 Fabrication and characterisation of IONP MNs

The IONP micelles were first synthesised by the thin-film hydration method as described
previously and in Chapter 3. The IONP stock solution was gently mixed with HA in MilliQ water
until homogenous and this solution was used for the MN fabrication as previously described.
The preparation was optimised compared to previous experiments by using a silicone wall
that allowed a reduced MN fabrication volume in order to increase the % incorporation yield.
The resulting MN patch contained visible red coloured needle tips suggesting successful
incorporation of the IONPs. The morphology and homogeneity of the needles were
characterised by SEM, while the presence of iron was analysed by EDX (Figure 5.14 A). This
is both a qualitative and quantitative technique since the kinetic energy is characteristic to

each element and the X-ray signal intensity is proportional to abundance of that element
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under analysis. The EDX spectrum showed peaks at 0.705 keV and 6.403 keV corresponding
to the Fe Lal and Kal x-ray emission energies. This was also reflected in the iron density map
and overlay image with the iron signal observed throughout the length of the needle, but
more abundantly towards the tip. As a control, a blank MN was analysed by EDX to confirm
that the iron peak was only due to the IONPs (Figure 5.14 B). The highest elemental
abundance was observed for oxygen, carbon, and sodium as the main components of the HA

matrix from which the MNs were fabricated.
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A Image of IONP-MN EDX image of IONP-MN
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EDX spectrum of IONP-MN
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B  Image of blank HA MN EDX image of blank HA MN

EDX spectrum of blank HA MN (control)

Figure 5.14 Characterisation of IONP MNs. Images and characterisation of (A) IONP loaded
MNs and (B) blank MN (control) by SEM and EDX.
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5.2.5.2 IONP MN release and functional activity assays

The IONP release kinetics and MN loading efficiency was determined by the degradation of
the IONP loaded MN in a phosphate buffer solution containing the HA degrading enzyme,
HAase, at pH 6.5 and 37°C (Figure 5.15 A). Samples were collected at timepoints 0, 1, 6 and
24 h followed by purification from HA and HAase by centrifugal filtration using 300 kDa
MWOCO filters and characterised by UV-vis spectroscopy and DLS (Figure 5.15 B, C and Figure
5.16). The Fe concentration was calculated based on the previously performed calibration
curve (Chapter 4: Figure 4.14 B) and converted to IONP concentration using a formula
outlined in the materials and methods section. A total IONP release of 87 nM was recorded

after 24 h degradation.

20+
t=0h; [IONP] = 0.7 nM
t=1h; [IONP] =11.4 nM
i t = 6 h: [IONP] = 36.6 nM
= = t =24 h; [IONP] = 87.0 nM Oh 1h 6h 24h
< 10
L 5
PBS pH 6.4 + 0 : . . : . .
HAase at 37°C 200 300 400 500 600 700 800
— Wavelength (nm)

Figure 5.15 IONP release study from IONP MNs over 24 h characterised by UV-vis
spectroscopy. (A) Scheme of MIN degradation experiment. (B) UV-vis analysis of IONP micelle
release from gradually degrading MN. (C) Images of IONP samples at different MN
degradation timepoints (N = 1).

The DLS analysis of the collected samples from the IONP loaded MNs although showed
slightly increased average particle sizes compared to the IONP micelles prior to MN
incorporation they still carry a negative zeta potential consistent with encapsulation in the
carboxy-terminated phospholipids (-28 mV for the IONPs released after 24 h, see Appendix
9) (Figure 5.16). The size increase can be attributed to some degree of NP aggregation and

the potential presence of HA impurities that could not be entirely removed.
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Figure 5.16 DLS characterisation of IONPs released from IONP MN. Hydrodynamic size
analysis of IONP micelles released from MNs at timepoints 0, 1, 6 and 24 h. The average size
distribution of the IONP micelles before loading into the MN is shown in blue (each curve
represents the average of 3 repeat measurements) (N = 1).

To evaluate the preservation of the functional properties of IONPs after release from the HA
MNs, the 24 h IONP sample was used to perform a peroxidase-like activity assay using TMB
as the colorimetric indicator, which as discussed in previous chapters oxidises in the presence
of H,0; to form a blue coloured product with a maximum absorbance at 652 nm. The sample
was diluted in sodium acetate buffer to a working concentration of 0.5 mM Fe and to this
solution was added H,0, and TMB at 30 mM and 0.83 mM, respectively. As controls, a fresh
sample of IONPs was prepared at the same concentration and the released solution from a
blank MN. The UV-vis absorbance at 652 nm was recorded at timepoints 0 and 30 min (Figure
5.17 A, B). The absorbance difference was used as a measure of the peroxidase-like activity
and the % TMB oxidation determined in relation to the IONP control (Figure 5.17 C). Although
the IONP released from the MNs showed peroxidase-like activity, the amount of oxidised
TMB was ~40% compared to with the IONP control sample. This is most likely be due to the
increase in size, which reduces the surface area of the catalyst. It is clear from these studies
that IONP micelles released from the MNs retain the key functional features, and therefore,

that the HA-based MNs can be used as a theranostic IONP transdermal delivery system.
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Figure 5.17 Peroxidase-like activity assay of IONPs dfter release from HA MN. (A) UV-vis
characterisation of IONP MN sample and controls after 24 h release at 652 nm. (B) Images of
sample and controls at the start and end of the reaction. (C) Table summary of A absorbance
measurements and % TMB oxidation (N = 1).

5.2.6 Immunomodulatory 1IMT-HA MN fabrication and release study

A covalent modification of HA with 1MT via amide bond coupling was developed in Chapter
2. This1MT-HA biomaterial was used as the matrix for the MN fabrication and the amount of
1MT released after MN degradation was analysed). The MN degradation was performed as
previously described. After 48 h the released 1MT was purified by centrifugal filtration using
3 kDa MWCO spin filters and the filtrate collected for quantification analysis by RP-HPLC as
previously described (Figure 5.18). This study demonstrates that the immunomodulatory
1MT-HA biomaterial can be used as the matrix for the MN fabrication and 1MT remains
structurally intact after incorporation and release from the MNs under physiological

conditions.
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Figure 5.18 RP-HPLC characterisation of 1MT released from 1MT-HA MNs. Shown are the
full chromatogram of IMT-HA MIN with UV detection at 223 nm and the section of interest
from 4.25-5.75 min RT in which IMT is observed. 1IMT was quantified based on % 1MT
modification yield characterised by H-NMR and a previously performed 1MT calibration
curve by HPLC.

5.2.7 Fabrication, functionalisation, and characterisation of HA-based

implants
For the fabrication of the dissolvable HA-based implantable drug delivery device, a 3 mM
solution of low molecular weight (33 kDa) HA in MilliQ water was deposited into a well of a
48-well plate and the water evaporated for 3 days under reduced pressure. The resulting disc
with a diameter of 11 mm was carefully removed and stored at 4°C until further use (Figure
5.19). The following sections describe the incorporation of immunomodulatory agents into
HA implants, their release behaviour, and functional evaluation for use in anti-cancer

applications.
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Figure 5.19 Images of a blank HA implantable disc as a biodegradable drug administration
device.

5.2.8 IONP micelle loaded HA implant

The loading of IONP micelles into the HA matrix to create IONP releasing HA implants was
investigated. For this, a solution of 83.5 nM IONPs in MilliQ water was added HA to form the
implant matrix, which was homogenised prior to deposition into the mold followed by the
drying process as previously described. To determine the release profile of the IONP from
the implant, the disc was degraded in phosphate buffer supplemented with 18.2 nmol HAase
at 37°C for 48 h and aliquots were collected at timepoint 0, 24 and 48 h. The samples were
purified by centrifugal filtration and washed several times with MilliQ water. The retentate
solutions were analysed by UV-vis and DLS to establish the release kinetics, incorporation
efficiency and particle integrity compared to the IONPs prior to implant incorporation. The
UV-vis analysis was carried out at 380 nm from which the concentration of Fe in the
nanoparticle solution was determined based on a previously performed calibration curve. A
total of 88.5% of IONP was released from the implant after 48 h, but interestingly only a small
increase was observed with respect to the previous 24 h timepoint, proving that most of the
implant has been degraded within the 24 h timepoint (Figure 5.20). The entire IONP solution
was incorporated into the implant and the preparation consists of a single step, which
explains the considerably higher incorporation efficiency compared to the MN devices. The
sharp peak at 210 nm indicates that some HA aggregates do not pass through the centrifugal
filter and could, therefore, not be entirely removed from the sample. However, this peak
does not interfere with the IONP absorbance at 380 nm. The remaining 11.5% of IONP were

potentially lost in the centrifugal filter devices during the purification process.
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Figure 5.20 IONP implant degradation experiment UV-vis characterisation. IONP samples
collected at 0, 24 and 48 h were collected and analysed by UV-vis at 380 nm. As a control, the
IONP stock solution used for the implant preparation was analysed. The IONP concentration
was calculated based on a previously performed calibration curve and conversion calculation
based on the particle surface area.

The average hydrodynamic size of the IONP micelles by DLS showed an increase from 38 nm
before incorporation to 110 nm after 48 h implant degradation, indicating the presence of
small aggregates (Figure 5.21). The derived count rate can be a useful parameter to estimate
the NP concentration in the sample. The low average derived count rate at the 0 h timepoint
was consistent with the UV-vis results showing almost complete absence of NPs in the
solution, while for the 24 h and 48 h samples the count rate was between 2500-2600
suggesting no significant increase in particle concentration between the latter 2 timepoints.
The different characterisation methods showed consistency in the rate of IONP micelle
release from the implant and demonstrate that the particles were gradually released and

remained structurally intact with minor aggregation.
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Figure 5.21 DLS characterisation of IONP micelle released from IONP implant. Illustrated is
the IONP micelle average size by number distribution of IONP release from implant at
timepoints t = 0, 24 and 48 h. The average size distribution of the IONP micelles before loading
into the implant is shown in blue (each curve represents the average of 3 repeat
measurements) (N = 1).

To determine whether the IONP released from an implantable device retain their functional
activity, a peroxidase-like activity assay was performed as previously described. The IONP
released from the HA implant after 48 h was diluted to a working Fe concentration of 0.2 mM
and UV absorbance measured at timepoints 0 and 30 min after TMB addition. The IONP
samples show almost a 5-fold higher A A.U. compared to a blank implant control sample
without IONPs, suggesting that the IONPs retain their catalytic activity after incorporation

and release from the HA-based implantable device (Figure 5.22).
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Figure 5.22 Peroxidase-like activity assay of IONP released from HA implant. The
Peroxidase-like activity of the IONP micelles released from the implant after 48 h degradation
was analysed based on the absorbance difference at 652 nm at timepoints t = 0 and 30 min
after TMB addition (N = 1).

5.2.9 IONP-DOTAP-pIC-R837 loaded HA implant

The IONP-DOTAP-pIC immunomodulatory construct that was synthesised and characterised
in Chapter 3 (Figure 3.16) was incubated with the TLR7 agonist, imiquimod (R837), overnight
at RT to allow for electrostatic adsorption to the IONPs followed by incorporation of this
mixture into a HA implant using the casting process, as previously described. Once dried, the
IONP-DOTAP-pIC-R837 loaded HA implant was degraded in the presence of HAase in culture
medium under sterile conditions for 48 h at 37°C. Simultaneously, a blank HA implant was
degraded under the same conditions as the negative control. The solution from the degraded
implants were collected and the functional activity analysed in a Transwell co-culture assay
using B16-F10(OVA) melanoma cells and RAW264.7 macrophages. This setup allowed the
released payload from the implant to gradually pass through the membrane that and interact
with the cells (Figure 5.23 A). As the positive control, a fresh solution of IONP-DOTAP-pIC-
R837 was prepared and maintained at a working concentration of Fe = 0.5 mM. The cells
were seeded into the top compartment of the Transwell and incubated overnight followed

by the addition of the treatment and control samples into the bottom compartment and
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incubated for 24 h. The cells were then removed, and the cell viability characterised by flow

cytometry (Figure 5.23 A-D).
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Figure 5.23 Transwell co-culture assay of IONP-DOTAP-pIC implant. (A) Illustration of
Transwell set-up with melanoma cells (B16-F10(OVA)) and macrophages (RAW263.7) in the
top compartment and the immunomodulatory drug load released from the implant added to
the bottom compartment, which were separated by a porous membrane. (B) % Cell viability
of both cell lines normalised to the media control after 24 h incubation with the blank HA
implant based on flow cytometry (N = 3). (C) % Cell viability of the cells after 24 h incubation
with the IONP-DOTAP-pIC-R837 implant and controls normalised to the blank implant (N = 3).
(D) Summary table of working concentrations of the therapeutic agents in the implants and
controls.
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The blank implant itself already showed a reduction in the cell viability of the melanoma cells
after 24 h incubation (Figure 5.23 B). When the cell viability results were normalised to the
blank implant in order to analyse the therapeutic contribution of the loading agent, a 20%
reduction in cell viability of the melanoma cells was observed for the immunomodulatory
IONP-loaded implant compared to the blank implant control (Figure 5.23 C). This suggests
that the released nanovaccine maintained its functional activity, acting synergistically
through both the intrinsic peroxidase-like activity of the IONP and the immunostimulatory
effects of the TLR3 and TLR7 agonists. The reduction in tumour cell viability for the IONP-
DOTAP-pIC-R837 implant was consistent with the positive control sample. Therefore, it can
be reasoned that tumour cell targeted cytotoxicity observed from the immunomodulatory
implant in this experiment is significant and presents a promising vaccine delivery platform
that can incorporate and locally release therapeutic agents without compromising their

functional activity.

5.2.10 1MT-HA loaded implant

An implantable disc incorporating the 1MT-HA biomaterial that was synthesised and
characterised in Chapter 2 was prepared using the previously described casting method and
then degraded to determine the release efficiency. The degradation of the implant was
carried out for 48 h, and the 1MT released was analysed by RP-HPLC as previously described
(Figure 5.24). The 1MT peak recorded at a retention time of 4.3 min showed a release of 600
nmol. This experiment demonstrated that 1MT-HA can be incorporated into a HA-based
implantable device and the 1MT released over a period of 48 h can be quantified by HPLC,
which suggests that the 1MT retains its structural integrity throughout covalent modification
to HA, incorporation into a solid implant and release from the implant. The next stage of this
chapter will assess the immunomodulatory activity of the released 1MT in representative in

vitro IDO inhibtion assays.
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Figure 5.24 Characterisation of 1IMT-HA implant degradation experiment by RP-HPLC.
Presented is the chromatogram of 1IMT released from the 1IMT-HA implant after degradation
for 48 h characterised by RP-HPLC at 223 nm UV (N = 1).

5.2.11 Functional assays with an immunomodulatory 1MT-HA
implant

5.2.11.1 Non-cell based IDO inhibition assay with 1IMT-HA implant

The degree of IDO inhibiton by 1MT can be analysed by determining the amount of L-
kynurenine generated by IDO in the presence of the inhibitor by RP-HPLC. The IDO inhibition
assay involved the addition of a solution of the 1MT released from the 1MT-HA implant at
working concentration of 0.5 mM 1MT to the assay medium containing IDO enzyme and L-
tryptophan (Trp) substrate and the mixture was incubated at 37°C for 1 h to allow complete
metabolism of tryptophan into N-formylkynurenine (+Trp/+1MT-HA (0.5 mM 1MT)).
Following the incubation period, trichloroacetic acid (TCA) was added followed by incubation
of the reaction for a further 15 min at 60°C to hydrolyse the the intermediate product into L-
kynurenine. The positive control sample was performed in the absence of IMT (+Trp/-1MT).
As a negative control, a fresh sample of IMT was added at the same concentration (+Trp/+0.5
mM 1MT) and another control was an IDO in the absence of L-tryptophan (-Trp/-1MT). The
samples were purified by centrifugation and the amount of L-kynurenine generated was

quantified by RP-HPLC at UV absorbance of 360 nm based on a calibration curve of L-
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kynurenine produced using the same assay conditions (Figure 5.25) (Appendix 10). To
demonstrate that the kynurenine peak had no interference from other component in the
reaction, samples of individual components including 1MT and L-tryptophan were analysed

under the same conditions (Appendix 11).

1.6 .
T A
2
$ 121
5]
X
g
o 0.8 e
o - R =0.993
0.4 ’
.-
.
0 T T T T T
0 20 40 60 80 100
[Kyn] (uM)
0.10 0.10
B
0.08 0.08
0.06 1 [Kyn] =0 um 0.06-| [Kyn] = 192 uM
3 3
< 0.044 < 0.044
0.02 1 0.02
O,OOA,JJ\ A 0.00 LV
T T T T 1 T T T T 1
0 4 8 12 16 20 0 4 8 12 16 20
0.10 Retention time (min) 0.10 - Retention time (min)
[—— +Trp/+1MT-HA implant (0.5 mM 1MT)|
0.084 0.084
0.061 [Kyn] = 88 uM 0.064 [Kyn] = 67 uM
D: o, . P S o . oy el
< 0.041 54% IDO inhibition 2 | 65% IDO inhibition
\
0.02 4 0.02 !
‘f \
0.00 SNs 0.00 4 s ~ | ——
T T T T 1 T T T T 1
0 4 8 12 16 20 0 4 8 12 16 20
Retention time (min) Retention time (min)

Figure 5.25 Representative non-cell based IDO inhibition assay with the 1IMT-HA implant.
(A) Kynurenine calibration curve from 0-100 uM based on peak area at 360 nm (N = 1). (B)
HPLC chromatograms of positive controls without the inhibitor (+Trp/-1MT) and with the
inhibitor (+Trp/+1MT), negative control (-Trp/-1MT) and 1MT-HA implant sample
(+Trp/+1MT-HA implant (0.5 mM 1MT)) (N = 1).

The amount of L-kynurenine produced in the +Trp/-1MT control was 192 uM, whereas the
sample containing the 1MT released from the 1MT-HA implant yielded 67 uM L-kynurenine
corresponding to 65% IDO inhibition. This experiment confirms that 1MT released from a

1MT-HA biomaterial implant retains its functional properties by suppressing IDO activity.
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5.2.11.2 IDO inhibition assay with 1IMT-HA implant using Hela cells

The IDO inhibition properties of 1MT were characterised using a human cervical cancer cell
model (Hela cells). Since the experimental conditions have changed with respect to the non-
cell-based assay, a new L-kynurenine calibration curve was produced from 0.0-0.2 mM. The
calibration curve shows a linear concentration-absorbance relationship with an R? of 0.999

(Figure 5.26) (Appendix 12).
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Figure 5.26 L-kynurenine calibration by RP-HPLC at UV absorbance detection of 360 nm (N
=3).

To demonstrate the increase in inhibitory activity of 1MT, the IDO inhibition assay was first
carried out at different concentrations of 1MT from 0-500 uM. Hela cells were seeded at 2 x
10° cells per well in a 96-well plate in culture medium. After 20 h, IFN-y at 0.4 ug/ml and the
1MT samples were added to the cells in triplicate. The negative control was prepared in the
absence of IFN-y and 1MT to evaluate the presence of any impurities that could interfere
with the kynurenine peak in the chromatograms. The cells were incubated overnight, after
which the supernatants were collected and treated with TCA to precipitate large
biomolecules and residual cells as well as to ensure complete hydrolysis of N-
formylkynurenine into L-kynurenine. The cell supernatants were purified by centrifugation

and then characterised by RP-HPLC with UV detection of kynurenine at 360 nm.

The overlaid chromatograms show a steady decrease in kynurenine concentration at as the
inhibitor concentration increased at a retention time of 7.5-8.5 min confirming that the Hela
cells respond functionally towards cytokine stimulation and the inhibitor in a concentration
dependent manner. No peak was observed in this region for the negative control,

demonstrating that there were no interfering compounds after purification of the cell
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supernatants (Figure 5.27 A). A maximum kynurenine production of 38.6 uM was observed
in the absence of the inhibitor under these experimental conditions, whilst the highest
inhibition of 53.9% was recorded using 500 uM 1MT (Figure 5.27 B). The cell viability for all
samples was > 98% demonstrating that the 1MT was not toxic to the cells at concentrations

up to 0.5 mM (Figure 5.27 C).
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Figure 5.27 Hela cell IDO inhibition screening at different concentrations of 1IMT. (A) RP-
HPLC characterisation of L-kynurenine produced by Hela cells treated with 1IMT at
concentrations from 0 to 500 uM. (B) Graph representation of 1IMT concentration to % IDO
inhibition relationship. (C) MTT cell viability assay following Hela cell incubation with 1IMT
samples for 20 h. % Cell viability presented in relation to -IFN-y/-1MT control (N = 1).

To determine the IDO inhibition with the immunomodulatory 1MT-HA implant, the 1MT
released from the implant following degradation in the HAase over 48 h was added to Hela
cells under the same experimental conditions as previously described at a fixed 1MT
concentration of 100 uM (Figure 5.28 A). As a control, an equimolar amount of 1MT was
prepared ((+IFN-y/+1MT) and an additional control in the absence of both 1MT and IFN-y was
analysed (-IFN-y/-1MT). The positive control was prepared in the absence of the inhibitor to
evaluate the maximum amount of L-kynurenine produced (+IFN-y/-1MT). An additional

control was a blank HA implant without 1MT incorporation to assess the effect of the HA and
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account for possible impurities or contaminants in the preparation and degradation process
of the implant. A cell viability assay was performed after the supernatant collection to
demonstrate that the samples were free from potentially cytotoxic impurities (Figure 5.28
C). Shown in the table below are the IDO inhibition results derived from the RP-HPLC
quantification of L-kynurenine and the Hela cell viability assay for the 1IMT-HA implant and
the control samples (Figure 5.28 D). The L-kynurenine concentration reduced for the 1MT-
HA implant compared to the +IFN-y/-1MT control, corresponding to 18% IDO inhibition
(Figure 5.28 B, D). This is confirmation that 1MT retained its therapeutic activity after
covalent HA modification, incorporation into a biomaterial-based implant and release from
the implant under physiological conditions. The blank HA implant did not induce any IDO
inhibition indicating that there were no interfering compounds in the sample. As expected,
the -IFN/-1MT did not produce any L-kynurenine, confirming that cytokine stimulation is
essential to induce IDO expression in the Hela cells. This assay confirms that the synthesised
1MT-HA implant is functionally active and has the potential for future clinical development

as an implantable drug delivery device for cancer immunotherapy.
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Figure 5.28 Representative IDO inhibition assay with 1IMT-HA implant using Hela cells. (A)
RP-HPLC quantification of L-kynurenine generated and (B) % IDO inhibition analysis. -IFN- y/-
1MT corresponds to the cells without stimulation of IFN-y, while the +IFN-y/-1MT corresponds
to the cells incubated in the presence of IFN-y, but without the inhibitor. +IFN-y/+1MT means
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the cells were incubated in the presence of IFN-y and a fresh sample of 1MT at 100 uM. The
blank implant was an additional control in which the cells were incubated in the presence of
IFN-y under the same conditions as the functional IMT-HA implant. (C) MTT viability assay
with Hela cells after treatment with implant sample and controls. (D) Tabular summary of
conditions used for the assay and % IDO inhibition. (D) Summary of conditions used % IDO
inhibition (N = 1).

5.2.11.3 Screening of IDO inhibition of 1IMT-HA implant on different

cancer cell lines

To explore the potential IDO inhibition properties of the 1IMT-HA implant on other cancer
cell models, a screening of different murine and human cancer cell lines was performed
including a murine colon cancer model (MC-38), murine melanoma (B16-F10), murine breast
cancer cells (4T1), human lung adenocarcinoma (LC2/ad) and human ovarian cancer cells
(OVCARS8 and Skov3). Initially the cell lines were analysed for IDO expression and 1IMT
inhibition with an unmodified 1MT sample at different experimental conditions as outlined
in Table 5.1.

Table 5.1 Experimental conditions used for the analysis of IDO expression in different cancer
cell lines.

Seeding density (cells/well) [L-tryptophan]/pumol [IFN-y]/ugml?
Conditions A 10,000 80 0.1
Conditions B 20,000 80 0.4

The cells were stimulated with either human or murine derived IFN-y in combination with
the 1MT inhibitor and incubated at 37 °C overnight. The supernatants were collected the
following day and the amount of L-kynurenine released was quantified by RP-HPLC. With
regards to the human cell lines, the OVCARS cells showed IDO stimulation and inhibition in
the presence of 1IMT with a maximum L-kynurenine generation of 11.6 uM and 27% IDO
inhibition using conditions B. The Skov3 cells demonstrated IDO stimulation in the presence
of IFN-y, but no inhibition was observed in the presence of 1MT at both experimental
conditions. In contrast, the LC2/ad cells showed negligible IDO stimulation as illustrated in

Figure 5.29.
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Figure 5.29 Representative IDO inhibition assay of different human cancer cell lines.
Supernatants recovered from IDO inhibition assay using ovarian OVCARS8 and Skov3 cells as
well as the lung adenocarcinoma LC2/ad cells were characterised by RP-HPLC. Kynurenine
was detected at 360 nm with characteristic peak at RT 7.5 - 8.0 min. The -IFN-y/-1MT control
corresponds to the cells without stimulation of IFN-y and without the inhibitor, whilst the
+IFN-y/-1MT control corresponds to the cells incubated in the presence of IFN-y, but without
the 1MT inhibitor (N = 1).

On the other hand, the murine MC38 cells exhibit both IDO stimulation and some inhibition
in the presence of 1MT using conditions B indicating that these cells do not respond as
efficiently to the inhibitor compared to the OVCARS cells. Stimulation of both the B16-F10
and 4T1 cells did not induce significant IDO expression under these conditions as shown in

Figure 5.30.
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Figure 5.30 IDO inhibition assay of different murine cancer cell lines. Cell supernatants
recovered from IDO inhibition assay using colon adenocarcinoma MC-38 cells, melanoma
B16-F10 cells and breast cancer 4T1 cells were characterised by RP-HPLC. Kynurenine was
detected at 360 nm with characteristic peak at RT 7.5-8.0 min. The -IFN-y/-1MT control
corresponds to the cells without stimulation of IFN-y, while the +IFN-y/-1MT control
corresponds to the cells incubated in the presence of IFN-y, but without the 1MT inhibitor (N
=1).

5.2.11.4 IDO inhibition assay with 1IMT-HA implant using OVCAR8
and MC38 cells

The cell lines that favourably showed both IDO stimulation and inhibition with 1MT, were
selected for further analysis for the functional activity assays with the immunomodulatory
1MT-HA implant. The 1MT released from the implant after degradation for 48 h was added
to the OVCARS8 and MC-38 cells and the IDO inhibition was monitored using ‘conditions B as
outlined in Table 5.1. In the assay with the OVCARS cells, the quantification of L-kynurenine
in the cell supernatants by RP-HPLC showed an IDO inhibition of 14% with the 1MT-HA
implant, whilst the blank HA implant produced a comparable amount of L-kynurenine to the
+IFN-y/-1MT control (Figure 5.31 A-D). The +IFN-y/+1MT corresponding to 0.1 mM 1MT also
exhibited 14% IDO inhibition. No reduction in cell viability was observed with the controls
and implants based on the MTT assay (Figure 5.31 C), which proved that the inhibitor

released from the implant was functionally active and non-cytotoxic.
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Figure 5.31 Representative IDO inhibition assay with 1MT-HA implant and controls using
OVCARS cells. (A) RP-HPLC quantification of L-kynurenine generated and (B) % IDO inhibition
analysis. (C) MTT assay of the tumour cells after completion of IDO inhibition experiment. The
-IFN-y/-1MT control corresponds to the cells without stimulation of IFN-y, while the +IFN-y/-
IMT control corresponds to the cells incubated in the presence of IFN-y, but without the
inhibitor. -IFN-y/+1MT control means the cells were incubated in the presence of IFN-y and a
fresh sample of IMT at 0.1 mM. The blank implant was an additional control in which the
cells were incubated in the presence of IFN-y under the same conditions as the 1IMT-HA
implant (D) Tabular summary of conditions used for the assay and % IDO inhibition (N = 1).

In the case of the MC38 cells, the assay showed a clear reduction in L-kynurenine generation
when the cells were treated with the blank HA implant without a decrease in cell viability,
which could be due to non-specific IDO inhibition by HA fragments in these cells (Figure 5.32
A). To my best knowledge, this interference of HA of IDO activity in MC38 cells has not been
reported and was not observed in the other cell lines investigated in this work. Furthermore,
an IDO inhibition of 81.2% was observed with the 1IMT-HA implant demonstrating that the
1MT released retained its functional activity (Figure 5.32 B, D). The IDO inhibition with the
immunomodulatory implant was higher compared to the -IFN-y/+1MT control at the same
1MT concentration due to the additional contribution from the implant itself as observed
with the blank HA implant. There was no reduction in cell viability recorded for all the
controls and the implants proving that the high reduction in L-kynurenine production was

not due to cell cytotoxicity (Figure 5.32 C).
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Figure 5.32 Representative IDO inhibition assay with 1MT-HA implant and controls using
MC38 cells. (A) RP-HPLC quantification of L-kynurenine generated and (B) % IDO inhibition
analysis. (C) MTT assay of the tumour cells after completion of IDO inhibition experiment. The
-IFN-y/-1MT control corresponds to the cells without stimulation of IFN-y, while the +IFN-y/-
IMT control corresponds to the cells incubated in the presence of IFN-y, but without the
inhibitor. The +IFN-y/+1MT control means the cells were incubated in the presence of IFN-y
and a fresh sample of 1IMT at 0.1 mM. The blank implant was an additional control in which
the cells were incubated in the presence of IFN-y under the same conditions as the functional
IMT-HA implant. (D) Tabular summary of conditions used for the assay and % IDO inhibition
(N=1).
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5.3 Discussion

This chapter describes the fabrication of biodegradable biomaterial-based HA MNs, and
implantable devices incorporated with different NPs systems, immunomodulatory agents
and anti-cancer agents including QD micelles, IONP micelles, IMT and the 1MT-HA
biomaterial. The optimised HA MNs with a needle length of approximately 700 um and tip
diameter of 20 um had high homogeneity throughout the MN patch and reproducibility
between different patches (Figure 5.4). This would be suitable for human skin administration
since the dermal layer thickness is around 2 mm at a depth of approximately 120 um from
the skin surface, although these parameters can vary depending on factors such as body part,

gender, and age.*®!

The successful skin penetration depends on parameters such as needle tip sharpness as well
as MN mechanical strength. For example, a study by Chen et al. reported that chitosan MNs
with a tip diameter of 5 um penetrated much better than MNs with a tip diameter of 10
um.*? The MN penetration efficiency was characterised using porcine skin, which is a
suitable model for human skin due to its similar physical properties such as hair sparseness
and thickness.*®3 Skin pre-treatment with HAase enhanced MN degradation rate with optimal
MN application time observed after 24 h (Figure 5.9). We observed a maximum penetration
efficiency of 84% (Figure 5.11), which is comparable to the penetration efficiency reported
by Todd et al. using polymeric PMMA microneedle patches with similar dimensions.*®* Similar
results were observed in a human skin model by van der Maaden et al. achieving 80%
penetration efficiency using a silicon MN patch.*® The inherent porcine and human skin
elasticity, topography, and hairs are known causes for typical MN penetration efficiencies
below 100%.%® The skin penetration depth evaluated on the cross section of a stained skin
sample after MN application showed an average depth of 560 um, which corresponds to 80%
of the needle length. This is comparable to literature values of MN skin penetration assays

with other polymer-based dissolving MNs although also lower values have been reported.**”

469

The blank MNs showed high cell viability in a melanoma-macrophage co-culture assay (Figure
5.12). The cell viability observed for the MN base exceeding 100% is possibly due to the
known proliferative effect of HA on cells via CD44 signalling.3®* The preparation and
characterisation of QD micelle loaded fluorescent MNs patch established the potential to
incorporate any hydrophilic anti-cancer and immunomodulatory agent in these HA MNs

(Figure 5.13). The incorporation of IONP micelles into MNs was confirmed visually due to
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the red colour of the tips and by EDX, which showed Fe Lal and Kal emission energies
corresponding to literature values (Figure 5.14).*° A gradual release of IONP from the MNs
was observed over 24 h in the presence of HAase, although some aggregation was detected
(Figure 5.15, Figure 5.16). However, the IONPs were still in the desirable size range reported,
for instance, for immunoliposome in clinical oncology applications and for effective
biomaterial and drug delivery via the lymphatic system to improve immunological
responses.”’*’3 The subsequent peroxidase-like activity assay with the IONPs released from
the MNs demonstrated significant retention of their functional activity, which highlights the

potential of this MN system for the delivery of IONP-based anticancer therapies.

Furthermore, the incorporation and release of the immunomodulatory agent IMT from HA
MNs without compromising its structural integrity was demonstrated (Figure 5.18). The
biodegradable nature of the HA MNs developed in this thesis allows for the loading of any
biomolecule without affecting their functional activity and potentially increasing their
stability within the solid matrix of the needles facilitating storage and transport compared to

liquid formulations.**

The HA-based implantable devices developed in this chapter are designed for patient
administration at the tumour resection site during surgical intervention to induce a local
immune response and prevent tumour recurrence. An immunomodulatory system based on
IONPs surface functionalised with TLR agonists, pIC and R837, through electrostatic
interactions was incorporated into a biomaterial-based HA implantable device. A co-culture
assay using both immune and cancer cells demonstrated the retention of functional activity
of the loading agents after release from the implant. The blank implant already showed a
reduction in the cell viability of the melanoma cells after 24 h incubation (Figure 5.23 A),
which could potentially be due to macrophage activation by the low MW HA towards a
proinflammatory state as previously observed by Sokolowska et al..*” The decreased cell
viability observed only in tumour cells for the immunomodulatory implant was consistent
with the IONP-DOTAP-pIC-R837 control, which is established to have therapeutic properties
in vivo (Figure 5.23 B).**

The 1MT-HA biomaterial synthesised in Chapter 3 was used to prepare an implant. The 1IMT-
HA implant was degraded over 48 h and determined a 1MT release of 600 nmol (400 uM),
which is a clinically relevant amount, considering that Kumar et al. reported an ECso of 30 uM
(Figure 5.24).*7® The functional activity of the 1MT released from this implant was initially

characterised in a non-cell-based IDO inhibition assay (Figure 5.25). This experiment
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confirmed the retention of functional activity of 1MT by suppressing IDO activation which is
shown in the significant reduction of kynurenine content released compared to the control
and is in close agreement with a similar study carried out by Matin et al..*’” Following the
successful demonstration of functional activity in a non-cell-based assay, the IDO inhibition
properties of 1IMT released from the implant were characterised using a human cervical
cancer cell model (Hela cells) as it characteristically has a high expression of IDO.%® An IDO
inhibition of 18% was achieved in Hela cells without cytotoxicity at a concentration of 0.1
mM 1MT, which demonstrated that the 1MT remained structurally intact and functionally

active (Figure 5.28).

The IDO inhibition of the 1IMT-HA implant was also analysed on a range of different human
and murine cancer cell lines available, out of which an inhibition effect was observed in colon
cancer MC38 cells and ovarian cancer OVCARS cells (Figure 5.29, Figure 5.30). The OVCARS
cells showed a comparable inhibition to the Hela cells at the same 1MT concentration (Figure
5.30). The MC38 cells exhibited less IDO stimulation in the compared to the OVCAR8 and
Hela cells in the presence of IFN-y potentially due to the expression of IDO through IFN-y-
independent mechanisms (Figure 5.32).4”° A significant IDO inhibition in the MC38 cells was
observed when treated with the blank implant which could be due to small HA fragments
interfering in the IDO activation pathway in this this cell type although, to my best knowledge,
this has not been previously reported. However, further experimentation would be required
to confirm these findings. Ultimately, the synthesised biomaterial-based 1MT-HA implant has
shown an immunotherapeutic response in different cancer cell types and could potentially
be incorporated with multiple anticancer agents for the local and sustained delivery of

combination therapies, whilst also having potential application in tissue regeneration.
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Final discussion
and outlook

This thesis demonstrates the fabrication of biomaterial-based microneedles and implantable
devices for the local administration and gradual release of immunomodulatory and other
anticancer agents offering the potential for enhanced immuno- and combination therapies.
The first results chapter (Chapter 3) explored the covalent functionalisation of 1MT, an
inhibitor of the tumour overexpressed and immunosuppressive IDO enzyme, to a HA
biomaterial through an amide bond coupling strategy. The synthesised 1MT-HA biomaterial
initially had persistent impurities but could ultimately be eliminated with the development
of an ion-exchange resin-based purification method. The 1MT kinetics release study at
different pHs over 48 h in the presence and absence of HAase showed a gradual release over
time for all conditions, but interestingly the highest release was observed at mild alkaline
conditions, which suggest that the release is driven by hydrolysis of the amide bond. Whilst
the presence of HAase did not affect the 1MT release rate, its effect on HA degradation was
observed due to a reduction in viscosity and an increased presence of small HA fragments.
This study suggests that longer time periods are required for complete HA degradation and
release of 1IMT. However, the slow release of 1IMT from the immunomodulatory biopolymer
could be beneficial feature in an in vivo setting as the 1MT could be retained in the TME for
longer time periods without the requirement for repeated dose administrations. The
versatility of the biopolymer also allows for this biomaterial to be molded into different
shapes such as microneedles and implantable devices that can incorporate other anticancer

agents and immunomodulatory agents, as explored in later chapters.

In Chapter 4 several immunomodulatory NP and microparticle systems were synthesised and
characterised including biodegradable HA-based NPs, IONPs and biosilica-based diagnostic
and therapeutic systems. The amphiphilic characteristic of the 1MT-HA biomaterial allowed
for the synthesis of self-assembled NPs, into which the immune checkpoint inhibitor, anti-

PD-L1, was incorporated. The IMT-HA@anti-PD-L1 NPs showed a gradual release of 1MT
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over 48 h, which is consistent with the slow release observed with the 1IMT-HA biomaterial
due to the hydrolytic amide bond cleavage. The anti-PD-L1 release from the NPs was
qualitatively assessed showing a gradual release over 48 h. Clinically, this biomaterial-based
NP system has the potential to improve tumour targeting and internalisation in CD44-
expressing tumour cells as well as the prolonged delivery of combination immunotherapies

to overcome the limitations of free drug administration.

Two multimodal IONP systems were developed for the potential incorporation into the
biomaterial based MNs and implants produced in Chapter 5. A Pt(IV) prodrug was
synthesised from cisplatin by addition of two axial ligands that were used for the covalent
attachment to the amine-terminal PEG-based phospholipid coated IONP surface via amide
bond coupling. This IONP construct combines both the intrinsic ferroptosis-mediated
anticancer properties and magnetic characteristics of the IONPs with the chemotherapeutic
and immunomodulatory effect of the Pt(IV) prodrug that could act in synergy to achieve an
enhanced therapeutic effect.'5438>480 The second IONP system involved the functionalisation
with the immunomodulatory agents, pIC and R837 through electrostatic interactions. The
IONPs were first modified with DOTAP, a cationic lipid, to promote electrostatic interactions
with the surface negatively charged plC. The anionic surface of the IONP-DOTAP-pIC system
enabled then the attachment of R837 due to its cationic charge, which resulted in a
multifunctional immunomodulatory nanosystem. The synergistic effect of these endosome-
targeting immunomodulatory agents and their antitumour response in vivo have been
previously reported.*® The incorporation of these NP systems into a MN or implantable
device developed in this thesis has the potential improve the therapeutic response in

different cancers through localised and gradual delivery.

Furthermore, biosilica-based diatoms were explored as multimodal scaffold for combination
therapy and as a biosensor. Commercial diatoms were functionalised with PEl and GOx
through electrostatic interactions. This afforded a tandem catalytic system with therapeutic
properties due to its potential to locally starve the tumour of its glucose supply whilst
generating H,0; that is broken down into cytotoxic ROS due to the intrinsic peroxidase-like
activity of the diatoms.*® This system was also functionalised with IONPs that added
magnetic properties to the diatoms and enhanced its range of potential applications for in
vivo tracking, magnetic hyperthermia therapy and purification. The peroxidase-like activity
assays demonstrated that the IONPs could enhance the catalytic activity of the diatoms,
whilst the tandem catalytic system (Diatom+GOx) was more effective in the absence of the

IONPs potentially due to the IONPs displacing the GOx from the diatoms during the synthesis.
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The commercial diatoms were also covalently functionalised with anti-PD-L1 in a multistep
synthesis approach to produce an immunomodulatory diatom system, whilst also having
application as a PD-L1 sensor. The PD-L1 biosensor experiment using the anti-PD-L1
functionalised diatoms gave qualitative evidence of PD-L1 detection based on the reduced
peroxidase-like activity observed compared to the unmodified diatom control sample.
However, further development is required to evaluate its viability as a biosensor device. This
diatom-based biosensor has the potential to be used as a cost-efficient alternative or in
combination with ELISA kits. Whilst diatoms are yet to be approved for clinical applications
in biomedicine, the diatom systems developed in this thesis have shown to have multiple
potential applications in cancer therapy and diagnostics and provide an excellent platform
for combination therapies due to their intrinsic catalytic activity, bioavailability,

biocompatibility, and porosity facilitating modification.

Chapter 5 demonstrates the fabrication of biodegradable HA-based MNs and implantable
devices as drug administration devices enabling a sustained delivery of combination
anticancer and immunotherapies that could overcome the limitations of bolus
administrations often associated with rapid drug clearance and off-target adverse effects.
Whilst the MNs provide a non-invasive, transdermal delivery pathway into the immune-cell

483 which is particularly suited towards melanoma and breast cancer

rich dermal skin layer,
treatment, the implants are designed for administration into the tumour resection site after
surgical intervention to eliminate residual cancer cells and prevent tumour recurrence. These
implantable devices capable of releasing the incorporated drug load overtime at the tumour
site offer an alternative route for the treatment of brain tumours due to the current

challenges of overcoming the blood brain barrier using solution-based therapies.*

The HA MNs were fabricated using a micromolding method that produced homogenous
patches and sharp MN tips that showed efficient skin penetration in porcine skin, which is a
suitable model for human skin.*®® Additional imaging of the skin samples after MN application
by optical coherence tomography (OCT) to analyse the penetration depth and skin layers
more reliably would be of interest in future work.*® The development of the fluorescent QD
micelle loaded MNs demonstrated that these MNs are capable of loading different agents
including NPs. Subsequently, the MNs were loaded with some of the NP and
immunomodulatory systems developed in previous chapters. Intrinsically therapeutic IONPs
were loaded into a HA MN patch, which was confirmed by EDX analysis showing
characteristic Fe emission energies for the IONP-MNs but not in the blank MNs. The gradual

IONP release observed from the MNs in a buffer solution in the presence of HAase and the
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retention of functional activity assessed in a peroxidase-like activity assay suggests that these
MNs are suitable for the delivery of IONPs into the TME to afford a prolonged antitumour
effect. To replicate the physiological conditions more accurately, the MN release studies

could be performed in human serum in future development.

The IONP-DOTAP-pIC-R837 system generated in Chapter 4 was incorporated into an
implantable device and its functional properties were proven in a co-culture assay in which
the immunomodulatory implant induced cell death in melanoma cells but not in
macrophages, consistent with the NPs control in the absence of the implant. An
immunomodulatory 1MT-HA implant was fabricated using the 1MT-HA biomaterial
developed in Chapter 3 targeted towards the treatment of IDO overexpressed tumours whilst
exploiting the gradual release kinetics of 1MT from the HA-based implant as it degrades over
time. The 1MT released from the implant demonstrated favourable IDO inhibition in a non-

cell-based assay and was then probed in various human and murine tumour cell lines.

In a cervical cancer model (Hela cells) an IDO inhibition of 18% was achieved when treated
with the IMT-HA implant at a concentration of a 100 uM 1MT. The IDO expression is known
to be high in Hela cells and IDO inhibition was reported previously. References Human
ovarian cancer cells, OVCARS8, and murine colon cancer cells, MC38, also showed IDO
stimulation and inhibition was demonstrated in these cell lines when they were treated with
the 1MT released from the 1MT-HA implant. This work shows promising preliminary
evidence of the functional activity of the 1IMT-HA implant in different tumour cell models,
but further in vitro evaluation is required to confirm these findings and proceed to the next

development stages.

Afuture interest is to explore the IDO inhibition effect in a brain cancer model as a favourable
target for these implants. For instance, Wainwright et al. demonstrated that the
downregulation of IDO in IDO overexpressed glioblastoma multiforme can supress tumour
growth and improve patient prognosis.®®® Additionally, the activation of immune cells
mediated by IDO inhibition could be further analysed in a co-culture assay using a tumour
and immune cell model.*®” The work accomplished in this thesis offers the possibility to load
unexplored combinations of the developed immunomodulatory NP and microparticle
platforms into a biodegradable MN or implantable device and through a sustained and local

release of combination therapies potentially achieve an enhanced therapeutic response.
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Appendix 1 'H-NMR of HA-TBA in D0 with proton labelling.

Appendix 2 SEM images of 1IMT-HA@anti-PD-L1 NPs at lower magnification.
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Appendix 3 'H-NMR spectrum of DSPE-PEG-Pt(IV) prodrug in D;O.
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Appendix 4 H-NMR spectrum of DSPE-PEG-amine phospholipid in DO.
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Appendix 5 Zeta potential characterisation of IONP-DOTAP micelles. The micelles were
suspended in MilliQ water containing 0.02 % NaCl (average of 3 measurements).

Appendix 6 Table summary of BCA assay and anti-PD-L1 modification yield calculation (N =

1).

[anti-PD-L1] (ug/mL) % Yield

IONP-Mal (-control)
IONP-anti-PD-L1
PD-L1 (+control)
D-Mal (-control)

D-anti-PD-L1

Anti-PD-L1 (+control)

10.7

29.8 290.1

65.5

65.9

251.4 47.6

390.0
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Appendix 7 Overlay XPS spectra of D-unmodified, D-amine, D-maleimide and D-anti-PD-L1.
Binding energies corresponding to N 1s, C 1s and O 1s were analysed.
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Appendix 8 Wide XPS spectra of D-unmodified, D-amine, D-maleimide and D-anti-PD-L1.
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Appendix 9 Zeta potential of IONP micelles after 24 h release from IONP-MN. The micelles
were suspended in MilliQ water containing 0.02 % NaCl (curve represents average of 3
measurements).
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Appendix 10 RP-HPLC calibration of L-kynurenine for non-cell based IDO inhibition assay.
(A) Full range and (B) chromatogram from RT 6-10 min of L-kynurenine from 0-100 uM and
absorbance measured at 360 nm.
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Appendix 11 RP-HPLC chromatograms of 1MT and L-tryptophan additional control samples
for non-cell-based IDO inhibition assay. Absorbance was measured at 360 nm.
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Appendix 12 PR-HPLC chromatograms of L-kynurenine calibration for in vitro IDO inhibition
assay. Absorbance was measured at 360 nm (N = 3). (Left: 0-20 min RT; Right: 6.5-9 min RT).
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