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ABSTRACT

Iron oxide nanoparticles were successfully produced by inert gas condensation
using the Mantis NanoGen Trio system. The nanoparticles were produced via a
novel approach using the Physical Vapour Deposition (PVD) method to condense
iron oxide nanoparticles of small size and small size distribution of 1-6 nm
diameter. The sputtered nanoparticles were soft-landed on a polyethylene glycol-
coated silicon wafer, then dispersed in RNAse free water (PEG-IONPS) to
functionalise them for biocompatibility and use in nanocarrier synthesis. The
sputtered iron oxide nanoparticles were characterised by transmission electron
microscopy, atomic force microscopy, nanoparticle tracking analysis, dynamic
light scattering and magnetic resonance imaging. The different techniques
demonstrated that whereas the IONPs themselves were less than 10 nm (seen
by TEM) the PEG-IONPs demonstrated a size range slightly different according
to the technique used for its evaluation (e.g.47 £ 22.75 nm by DLS and 143 + 100
nm by NTA) with the variation most likely due to the high concentration of PEG
present in solution. In parallel to sputtering IONPs, commercial iron oxide
nanoparticles (CIONPs) were used to demonstrate and optimise the attachment
of a therapeutic drug (siRNA) to the nanoparticles in 1:1 polyethylene glycol and
polyethyleneimine. Then the release profile of the attached siRNA from CIONPs
in PBS buffer pH 6.4 and 7.4 was studied. While using a sample of PBS/PEG/PEI,
approximately 75% of siRNA was attached to CIONPs and approximately 86%
siRNA was released in PBS after 300 minutes of incubation at 37°C. The
research findings demonstrate the potential use of the synthesised nanopatrticles
and nanocarrier complex in targeted drug deliver to neuroendocrine prostate

cells.
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1 INTRODUCTION AND LITERATURE REVIEW
1.1 INTRODUCTION

Cancer is commonly used nomenclature referring to a vast number of ailments in
most areas of the body. They can also be said to be aggressive or non-
aggressive, disease-causing agents (Hanahan & Weinberg, 2011). There are six
biological phenomena during growth of human neoplasms: proliferative
signalling, evading growth suppressor resisting cell death, enabling replicative
immortality, inducing angiogenesis and activation, invasion and metastasis
(Hanahan and Weinberg, 2011). These cancers are known to be quick-
generating entities, spreading profusely to other parts of the body which may or

may not be in close proximity to the disease origin.

Metastases are the primary cause of death from cancer (Ferlay et al., 2020). After
cardiovascular diseases cancers are globally the main cause of mortality; and in
2021 were responsible for approximately 9.6 million deaths. These are
comparable to figures reported by the World Health Organisation (WHO) for

cancer cases worldwide (Figure 1-1).

2.5 Cancer cases worldwide
2.09 2.09
2 1.8
1%}
3
©
S 15 1.28
£
© 1.04 1.03
= 1
=
0.5
0
Lung Breast  Colorectal Prostate Skincancer Stomach
(non
melanoma)

Cancer type

Figure 1-1: Cancer cases (World Health Organisation Factsheet, 2018).
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Further reports state that the leading cause of global mortality is cancer, which
accounts for approximately 10 million deaths in 2020 or nearly one in six deaths
(WHO, 2022). Recent data show the most common cancers are breast, lung,
colon and rectum and prostate cancers (WHO, 2022). It is reported that nearly
one-third of deaths due to cancer are related to tobacco use, elevated body mass
index, alcohol consumption, low fruit and vegetable dietary intake and the lack of

adequate physical activity.

Over the past few decades, progress in cancer research has enriched areas in
medicine related to nanotechnology. Many of the common treatments and
management strategies for cancer, namely surgery, radiation therapy, and
chemotherapy have not evolved significantly (DeVita and Chu, 2008). One of the
most challenging aspects for these treatments is the tendency for tumours to
metastasise after recording tumour shrinkage. Malignant tumours are complex
(Hanahan and Weinberg, 2011). This phenotypic diversity leads to potential for
sub-populations of cancer cells to resist a single mode of therapy and give rise to
a drug- resistant tumour (Sumer and Gao, 2008). Thus, more specific and potent
classes of treatment or combinations of treatments capable of destroying patient

cancerous cells are required (Marusyk and Polyak, 2010).

Nano pharmacology and nano diagnostics are the main avenues for designing
disease treatments. These treatments combine selective drug delivery and
release to the diseased cells and also monitor patient’s response to treatment
(Akhtar et al., 2011). Multifunctional drug carriers (nanocarriers) used for
theranostics (a combination of therapy and diagnostic) can be prepared by
functionalising iron oxide nanoparticles (IONPs) (Li et al., 2017). Drug therapy
used commonly for cancer is associated with severe secondary effects on healthy
tissues, which could be minimised with more efficient and targeted drug delivery.
Recently, gene therapy has gained attention as being a powerful treatment for
certain types of cancer. Nucleic acids are equipped to target specific genes and

can change pathological protein expression, slowing down or stopping altogether



the proliferation of cancer cells. The symptoms of the disease thereby diminish
(Moghimi et al., 2005). The main advantage of nanocarriers is their potential for
multi-functionality, which can enable pay loading of therapeutic drugs as well as
affinity ligands, to guide the nanocarrier to the cancer site, and imaging moieties
within a single nanopatrticle (NP) vehicle, permitting an enhanced targeted and
tagged drug delivery (Probst et al., 2013). Therefore, nanomedicine could help in
addressing the challenges linked to tumour heterogeneity and could help in
reducing the adaptive resistance to therapy (Probst et al., 2013). This work
focuses on the production of free-standing, soft-landed iron oxide nanoparticles
(IONPs) by inert gas condensation technique, to develop a nanocarrier with
potential for targeted drug delivery of a therapeutic agent silencer RNA (siRNA)
to neuroendocrine prostate cancer cells. The anti-cancer agent will be attached
to IONPs within a polymer to prevent destruction by the body’s enzymes before
the drug is delivered to the cancer cells. The targeted drug delivery of siRNA to
cancer cells will help side-step the unfavourable response to side effects to
healthy tissues from the more commonly used cancer treatment methods of
chemotherapy and radiotherapy. siRNA has been used in combination with

radiotherapy to investigate treatment of cancer (Qizhen et al., 2006).

1.2 PROSTATE CANCER

The prostate gland located in the pelvis in males is not normally a large structure,
surrounding the urethra (Sikora, 1998). A healthy prostate gland secretes a thick

mucoid substance.

The normal human prostate is known to be a tubular-alveolar gland made of
distinct, glandular regions. The glandular region is composed of ducts and acini
or cells. The non-glandular region comprises pre-prostatic sphincter,
fibromuscular stroma, capsules and supplying blood vessels and nerves. The
stromal compartment contains cells, nerves, fibroblasts, infiltrating lymphocytes

and macrophages, endothelial and smooth muscle cells.

Prostate cancer is the second most common cancer found in males and has been

known to be a slowly developing ailment that progresses for several years
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unnoticed. Images of normal and cancerous prostate tissue are presented in

Figure 1-2.

Figure 1-2: Prostate glands (https://www.Menshormonalhealth.Com/Pictures-of-

Prostate-Cancer (Accessed December, 2018)

Prostate cancer is so stealthy, and may be the reason ‘new’ tumours are
discovered in as many as 30% of men between the ages of 30 and 60 years and
as many as 45-75% of men between 60 and 80 years (Powell et al., 2010; Zlotta
et al., 2013). According to research, cigarette smoking, particularly heavy
smoking, increases the risk of prostate cancer (Moreira et al., 2014). Drugs and
chemoprevention in addition to dietary changes have not recorded much
success, despite smoking cessation. Dietary supplements, especially vegetable
and soy extracts have limited preventive effect (Bosland et al., 2015).

20 countries well known for high incidence rates of fatal prostate cancer are
Guadeloupe (France), Martinique (France), Ireland, Barbados, Estonia, Norway,
Sweden, Puerto Rico, France (Metropolitan), New Caledonia (Guiana), New
Zealand, Czech Republic, Bahamas, Australia, UK, Latvia, Slovenia,
Luxembourg and Switzerland (Bray et al., 2018). Mmetastatic PCa remains fatal
(Wu et al., 2014).



1.2.1 Prostate cancer diagnosis

Current methods for diagnosis of prostate cancer include magnetic resonance
imaging (MRI) scan following raised prostate specific antigen (PSA) levels
detected via a blood test (Sikora, 1998). PSA above 4 ng/mL may indicate
increased risk of prostate cancer, however, most men with elevated PSA do not
have prostate cancer. The main diagnostic tools to diagnose PCa include direct
rectal examination (DRE), serum concentration of PSA, and transrectal
ultrasound (TRUS)—guided biopsies. In about 18% of all patients, PCa is detected
by a suspect DRE alone, irrespective of the PSA level (Gustavo et al., 1999). A
suspect DRE in patients with a PSA level of up to 2 ng/mL has a positive
predictive value of 5-30% (Loeb and Catalona, 2009).

The Prostate Health Index (phi) is commercialised by Beckman Coulter Inc. and
is a U.S. Food & Drug Administration (FDA) approved blood test used as an aid
in distinguishing prostate cancer from benign prostatic conditions (Loeb et al.,
2015; Beckman Coulter Inc., 2021). Studies report a relationship between pro
PSA and prostate cancer (PCa) (Song et al., 2021).

The prostate health index (phi) test outperforms PSA alone (Tosoian et al., 2017)
and has 90% clinical sensitivity and 31% specificity at a phi value of 27.0 allowing
for a reduction of nearly 1/3 of all biopsies while detecting 90% of cancers
(Beckman Coulter Inc., 2021).

1.2.2 Treatment of prostate cancer

Treatments for metastatic prostate cancer include androgen-ablation therapy
which was used at the start of a new era of prostate cancer therapy. Hormone
treatment with oral estrogens has been used in medical castration, the first
systemic treatment of any cancer. Regarding prostate cancer, however,
androgen ablation is currently the most generally useful therapeutic approach
(Corbett et al., 2021).

In 1941, Huggins and Clarence Hodges measured serum acid-phosphatase

levels to assess prostate size and therapeutic efficacy and determined that



prostatic cancer is affected by the presence of androgen. The removal of
androgens prevents the spread of prostate carcinoma by castration or

neutralisation of their activity by oestrogen injection (Corbett et al., 2021).

More recently, progress has been made in the surgical and radiological
techniques used in treating localised prostate cancer. Surgical removal of the
prostate was initially performed to alleviate the signs and symptoms due to
retention of urine. Reports using radiation to treat localised prostate cancer were
on the introduction of radium sources into the urethra and rectum as a palliative
option, replacing surgery. Later, growth of the tumour was controlled by insertion
of radium via needles into the prostate gland through the perineum, the rectum,

or the open bladder.

In the 1970s, Willet Whitmore described Brachytherapy, a form of radiotherapy
and an open implant technique using the 125I radioisotope of iodine (Corbett et
al., 2021). The isotope was sealed in small titanium cylinders and introduced into
the prostate. No imaging instruments were used for this procedure and very often
there were instances of uneven dose distributions with some areas receiving
excessive amounts of radiation while others received less than optimal amounts.
This led to serious complications and a high rate of local failure thus there was
reduced use of Brachytherapy until 1983. Brachytherapy is now commonly used
for treating localised prostate cancer, in which a therapeutic radioisotope is
administered directly into the body in the region of the cancer, in order to destroy
the cancer cells. Studies have shown the beneficial effects of combining
androgen-ablation therapy with radiation, improving times of relapse-free and

overall survival.

Some patients seem to benefit from androgen ablative therapy though eventually
develop fatal androgen-independent malaise. This led to research on cytotoxic
chemotherapy as a treatment for hormone refractory prostate cancer, involving
interactions between diet (Imir et al., 2021), environmental exposure
(Vigneswaran et al., 2021), inherited susceptibility (Maxwell et al., 2021), and

ageing (Lim, 2021). As a result, different methods have been developed for



preventing the progression of life-changing or otherwise fatal prostate cancer.
These include dietary and chemoprevention approaches to lower the risk of
clinical prostate cancer development. Furthermore, due to serum PSA screening
and improved biopsy techniques, most cases of prostate cancer will be detected
early and therefore will be treatable by commonly used surgical or radiological
techniques. Results from recent trials show significant progress is still needed in
non-androgen-ablative approaches, especially for use in the treatment of
androgen-independent prostate cancer. Several being trialled are PSA-activated
prodrugs (Pereira et al., 2022), which after administration, is converted or
metabolised within the body, into a pharmacologically active drug. Instead of
administering a drug directly, a corresponding prodrug can be used to improve
how the drug is absorbed, distributed, metabolised and excreted. Anti-angiogenic
agents (loannidou et al., 2021) are also used in targeted therapy by preventing
the formation of new blood vessels. Prevention of the formation of new blood
vessels arising from pre-existing blood vessels helps reduce the spread of cancer
cells, especially in the immediate environment of the cancer cells where
angiogenic agents are known to be high. Targeted gene-therapy (Gregg and
Thompson, 2021) approach has also been developed to activate the immune
system to recognise prostate cancer cells. Targeted therapy or molecularly
targeted therapy in addition to hormonal therapy and cytotoxic chemotherapy
forms a family of modern medical cancer treatments. Targeted therapy disrupts
cancer cell development by interfering with specific targeted molecules which are
required for the formation of new cancer cells and their proliferation. The blocking
of cancer cell development is utilised rather than simply interfering with all rapidly
dividing cells.

Surgical removal of the tumour is the treatment of choice for low- and
intermediate-risk localised prostate cancer; also for some patients with high-risk
localised disease (Heidenreich et al., 2011). However, surgical removal of cancer
tissue remains challenging (Ferlay et al., 2010) and can lead to complications like
nerve damage that may cause debilitating, functional side effects of urinary

incontinence and erectile dysfunction. With surgical removal of the tumour there



is the risk that all the tumour may not be removed and the chances of recurrence
may increase (Alberts et al., 2021). Hormone and radiotherapeutic methods are

used to treat cancers in the locality (Sine et al., 2021).

1.2.3 Neuroendocrine prostate cancer (NEPC)

Neuroendocrine prostate cancer is a rare (less than 2% of prostate cancers) form
of cancer that has been known to arise following previous treatment of prostate
cancer (Neuroendocrine Prostate Cancer, 2022). It is also linked to nutrition and
smoking habits and has been known to linger for years in a patient, unnoticed.
The actual cause of NEPC is not known, though healthy lifestyle is advised such
as taking regular exercise and consuming alcohol in moderation. These may help
prevent occurrence. As most endocrine cancers do not run in families, it is
recommended that personal medical history be examined as some rare
conditions may predispose the individual to NEPC (Neuroendocrine Prostate
Cancer, 2022). Neuroendocrine cells (NEC) are cells that receive neuronal
information and relay these neuronal messages into the circulatory system. The
neuroendocrine cells thereby team up the nervous and endocrine systems in a
process termed neuroendocrine integration. Neuroendocrine cells occur
throughout the body and work as a network, transmitting messages across
various organs and systems, while helping to regulate the secretion of chemical
substances such as hormones or peptides to keep the body systems functioning
optimally (Corbett et al., 2021). Depending on the location in the body, the
neuroendocrine cells can regulate sleep, digestion, breathing or heart rate and
as such cancer of the neuroendocrine system can present with some or no

symptoms of disease.

In terms of the prostate, neuroendocrine cells are found spread out in the
epithelial compartment of the prostate gland. The cell membrane is composed of
multiple stem cell units (Isaacs and Coffey, 1989; Bonkhoff et al., 1994; Ung,
1998; Van Leenders et al., 2000; Hudson et al., 2000) where the stem cell is
unlimited in its self-renewal capacity but only rarely proliferates to provide

progeny that differentiate to become either transit-amplifying or neuroendocrine



cells (Bonkhoff et al., 1994). Epigenetic / non-coding interactome (ENI) plays a
crucial role in NEPC development and progression. It was postulated that some
long non-coding RNAs (IncRNAs) are implicated in NEPC initiation (onco-
suppressor gene silencing) and progression (acquisition of metastatic and drug
resistance potential). It was however found that myocardial infarction associated
transcript (MIAT) expression, (responsible for heart attack) is restricted to a small
percentage of prostate cancers (PCas), with high metastatic potential, poor
prognosis and frequent mutations. Altered expression of this gene locus has been
associated with heart attack. All these are descriptive of NEPC (Tan et al., 2014;
Lugnani et al., 2015) and there are strong indications that MIAT transcripts in
NEPC occur mainly in the tumour cell nucleus. NEPC show histological
similarities to other neuroendocrine tumours throughout the body depending on
histological subtype (Schron et al., 1984; Ro et al., 1987; Nadal et al., 2014).
NEPC is incurable, and identification of viable therapeutic targets is of paramount

importance (Crea et al., 2016).

1.2.4 Detection of neuroendocrine prostate cancer

Neuroendocrine prostate cancer is detectable by extensive staining of NEC
biomarker (e.g. chromogranin and synaptophysin) and microscopic examination
of the affected tissue (Parimi et al., 2014). Neuroendocrine carcinoma may not
be detected as accurately by prostate specific antigen (PSA) as adenocarcinoma
of the prostate, because some forms do not secrete PSA. In prostate cancer for
example, PSA may not be highly expressed in a patient who has a malignant

tumour. Also, some PSA may be found in cases where no tumour exists.

In clinical practice or research, markers are used to determine neuroendocrine
differentiation. Typical neuroendocrine markers used in clinical practice to
elucidate neuroendocrine (NE) cells are chromogranin, synaptophysin, neuron
specific enolase (NSE), and CD56. Neuron specific enolase (NSE) is considered
a generic marker for both neurons and NE cells (Schmechel, 1978) and although

it has high sensitivity, its specificity is low (Seshi et al., 1988). Chromogranin is a



specific NEC marker as it is one of the common constituents of NEC secretory

granules.

Other NEC markers have been reported, although they are not typically used in
clinical practice. They include the SNARE (SNAP-Receptor) family of proteins
involved in vesicle fusion; SNARE Cytochrome b561 (Winkler and Westhead,
1980), (Chromomembrin B) and synaptic vesicle elements include synaptophysin
(Wiedenmann et al., 1986 ; Gould et al., 1986), synaptic vesicle protein 2 (SV2)
(Portela-gomes et al.,, 2000; Nilsson et al., 2004), vesicular monoamine
transporters (VMAT) (Rindi et al., 2000), SNARE complex (Elfennk and
Scheller,1993), (synaptobrevin, syntaxy and SNAP-25), Rab3 (Tahara et al.,
1999) and vesicle associated membrane proteins (VAMP) (Regazzi et al., 1995;
Braun et al., 1994). SNARE proteins are involved in the regulation of cancer cell
invasion (Gorshtein et al., 2021), chemo-resistance (Qian et al., 2021), the
transportation of autocrine and paracrine factors (Qian et al., 2021), autophagy
(Kimura et al., 2017), apoptosis and the phosphorylation of kinases essential for
cancer cell biogenesis (Meng and Wang, 2015). Furthermore, some unique
lympho-reticular antigens expressed by NEC such as CD57 (Seeger et al., 1982;
Lipinnski et al., 1983; Tischler et al.,, 1986; (Leu 7 HNK-1) and neural cell
adhesion molecules (NCAM) are known for their role in cell to cell recognition,
migration, differentiation and proliferation of prostatic adenocarcinoma cells

through paracrine effect (Qian et al., 2021).

Neuroendocrine markers commonly used in clinical practice include
Chromogranin, Synaptophysin Neuron specific enolase CD56. Cytochrome
b561, Synaptic vesicle, protein 2 (SV2), Vesicular monoamine transporters
(VMAT), Synaptobrevin, Syntaxin, SNAP-25, Rab3 Vesicle associated
membrane proteins are not used for clinical detection. The biomarkers for

different cancers differ in their expression.

Magnetic nanoparticles (MNPs) have been found highly applicable and versatile
in lithium ion batteries (Koo, et al., 2012) supercapacitors (Xuan et al., 2009)

catalysis, (Lin et al., 2013) labelling and sorting of cells (Chemla et al., 2000), the
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separation of biochemical products (Ugelstad et al., 1987) also as diagnostic
magnetic resonance imaging (MRI) (Kim et al., 2008) thermal therapy (Cheng et
al., 2005 ; Kim et al., 2006) and drug delivery (Ankerhold, 2013) by conjugating
iron oxide nanopatrticles to contrast agents (Li et al., 2013; Khaleghi et al., 2016),

and several methods for enhancing picture quality (Chen et al., 2015).

1.2.5 Treatment of neuroendocrine prostate cancer

Over the years, chemotherapy, radiotherapy and surgical removal of the tumour
have been NEPC treatment options, though not all the treatment options have
been suitable for every single NEPC tumour presentation. Different cases have
different levels of success as factors including individual response to treatment
type and stage of the cancer are taken into consideration. Some cases are
inoperable while others opt for management as far as possible without direct
treatment. NEPC can be treated, however, with careful patient selection in
relation to response to treatment type, Radioligand (RLT) therapy is a promising
treatment option. With RLT, alpha, beta or electron ray emitting
radiopharmaceuticals attach to specific receptors or antigen on the tumour cell
surface and impose a well-placed inhibitory effect on the tumour cells with a

limited amount of negative impact on the patient (Puranik et al., 2021).

The success rate for NEPC treatments varies with individuals, as NEPC cases
seem to form a heterogeneous group requiring tailored approaches to specific,
individual responses and needs. Hence there is a growing need for the treatment

and management of NEPC.

1.3 SMALL INTERFERING RNA AS A THERANOSTIC AGENT

Small interfering RNA (siRNA) also called short interfering RNA or silencer RNA
(Grimm, 2009), is a class of double-stranded RNA (DsRNA) molecules, 20-25
base pairs in length. siRNA transfection is a powerful tool used to understand the
mechanisms of gene regulation and molecular pathways when a fluorescent
molecule is attached to siRNA. siRNA known for its property of inhibiting protein

synthesis has the potential to destroy cancer cells (Cao et al., 2021). siRNA is
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introduced to tumour cells when encapsulated in a polymer like polyethylene
glycol (PEG). The chemistry of siRNA-based targeted gene silencing may allow
for development of gene-specific drugs against certain genes that are otherwise
difficult to manipulate (Jiang et al., 2021). Furthermore, siRNA suppresses
oncogene factors in prostate cancer (Ashrafizadeh et al., 2020) though it has

been known to elicit non target immune response (Oh & Gwan, 2009).

Very recently, molecular agents like DNA and short-interfering RNA (siRNA) have
been used for investigating gene function and have made remarkable
breakthrough in the area of cancer research (Oh and Gwan, 2009). Rapid
clearance from the body has however been a major challenge in the use of gene
therapies (Davis, 2002; McCaffrey et al., 2002 ; Lewis et al., 2002 ; Song et al.,
2003). Small interfering RNAs (siRNAs) have also been shown to be more potent
than conventional antisense strategies (Miyagishi, 2004; Beale et al., 2008; Khan
et al., 2008). Earlier research has demonstrated use of antisense
oligonucleotides, beneficial in chemical modification of siRNA (Layzer et al.,
2004; Allerson et al., 2005; Antonin et al., 2005; Choung et al., 2006; Derfus et
al., 2007).

Common nanomaterials explored for biomedical applications include cyclodextrin
nanoparticles (Krauland and Alonso, 2007), liposomes (Bozzuto and Molinari,
2015), polymeric micelles (Wang et al., 2014), quantum dots (Wagner et al.,
2019), silica (Vallet-Regi et al., 2018), gold nanopatrticles (Sztandera et al., 2019)

and ferric oxide nanopatrticles (Ma et al., 2012).

Magnetic nanoparticles are affected by magnetic fields producing an energy relay
effect called magnetic hysteresis; known as the lag in properties of a material in
relation to its history (Huang and Hainfeld, 2013). Theranostic particles which are
defined as particles with both diagnostic and therapeutic properties have potential
for molecular drug delivery to carcinomas (Figure 1-3).
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Figure 1-3: Theranostic nanoparticle (Gobbo et al., 2015).

The theranostic particle is a much-desired outcome of nano technological
application in biomedical science. It is hoped that a particle will be produced, upon
which medication can be applied for conveyance to a target tumour. Theranostic
agents involving siRNA are being investigated for potential use in drug delivery
to cancer cells (Sioud, 2003; Sgrensen et al., 2003; Seton-Rogers, 2012; Jiang
et al.,, 2021) in which the synthesis of proteins is inhibited. Disruption of the
process of protein synthesis has been used to block gene expression in infectious
diseases and cancers. siRNA has been investigated as a cancer fighting agent
via vehicular delivery to cancer cells., involving the gene silencing mechanism
(Figure 1-4).
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Figure 1-4: Gene silencing mechanism in siRNA (Wang et al., 2010).

In the process of gene silencing the dicer cleaves the long double stranded RNA
into shorter lengths. The siRNA is then bound to RNA-induced silencing complex
(RISC). RISC is made up of one strand of siRNA which cleaves to complementary
messenger RNA (mRNA). Finally, the siRNA — RISC bound to target mRNA

undergoes degradation to release RISC.

1.3.1 Drug delivery by nanoparticles

Nanoparticles for drug delivery is an emerging method to overcome therapeutic
challenges and trace the biochemical pathway (Probst et al., 2013; Akhter et al.,
2013). Recently, the use of targeted drug delivery for the treatment of cancers
reduced the exposure of patients to harmful irradiation and limited the negative
side effects. The small size of the nanoparticles used as carriers enabled them
for inter-cellular diffusion (Vauthier and Labarre, 2008). It has been shown that
PEGylated nanoparticles are higher in uptake in the size of 10 nm. Super-
paramagnetic and magnetic nanoparticles have recognised advantages in
targeted drug delivery and other biomedical utilisation (Allen and Cullis, 2004;

Prabaharan and Mano, 2008). Iron oxide nanoparticles are regularly surface

14



engineered to suit the framework of biomedical application (Long et al., 2013; Qiu
et al., 2017). Superparamagnetic iron oxide nanoparticles (SPIONs) <100 nm,
with high magnetisation and appropriate surface chemistry are constantly being
researched because of their suitability for many in-vivo investigations (Gupta and
Gupta, 2005; Lee et al., 2007).

Nanoparticles serve to sheath the siRNAs for prolonged blood circulation.
Nanoparticles are adept at utilising ligand-receptor binding relationships to
interact with biological entities via the enhanced permeability and retention (EPR)
effect (Shi et al., 2017). EPR is understood to be the characteristic by which
different sized molecules preferentially aggregate in healthy tissues. The
abnormal molecular and fluid transport dynamics of EPR assist the cancer cells
to proliferate, as some molecules tend to accumulate more in tumour tissues than
in normal cell tissues (Davis et al., 2010; Pecot et al., 2011; Shi et al., 2017).
There are therefore still some challenges (Torchilin, 2014).

Suitable drug delivery mechanisms support pay loading extracellularly and
successful release of the drug in a response-elicited environment. Internal stimuli
such as enzymes (Yingyuad et al., 2014) and pH (Hong et al., 2013), or external
triggers like thermal and magnetic field (Yang et al., 2016), ultrasound
(Argenziano et al., 2022) and light (Sun et al., 2021) trigger release at the targeted
cells. On stimulation, nanocarriers show change in physical and chemical

properties (Lai and He., 2016).

Quantum dots (Qdots) have been shown to facilitate NP intracellular and
systemic distribution (Derfus et al., 2007; Qi and Gao, 2008; Jung et al., 2010;
Bagalkot and Gao, 2011; Zhao et al., 2011). Semiconductor quantum dots
(Qdots) form a group of inorganic nanoparticles with potential for use in siRNA-
based cancer gene therapy. Small, bright, Qdots can be functionalised by
hydrophobic organic molecules to conjugate nucleic acid molecules to the
surface through electrostatic and disulphide bonds. Qdots can act as a pay-
loaded, drug delivery system to provide both siRNA-based gene silencing and

diagnostic imaging (Kaaki et al., 2011; Chen et al., 2013). Cytotoxicity of the
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Qdots has like other nanoparticles, been known to be a limitation to the extent to

which they are used in targeted drug research (Winnik and Maysinger, 2013).

Targeted delivery of drugs by nanoparticles can overcome difficulties associated
with insolubility, non-specificity to human tissues (leading to harmful effects in
healthy tissue) and bio-distribution (Martino et al., 2017). Nanodrug technology
has the added advantage of increased bio availability, extended drug half-life and
reduced off-target toxicities (Gupta and Gupta, 2005; Shapira et al., 2011).

The reaction of delivery of drugs to the environmental conditions makes for
specificity of drug release in the presence of light, magnetic field, enzymes, redox
state, and pH (Mellati et al., 2016). The loaded nanocatrrier is therefore required
to have specific characteristics to avoid wrong—time release of the pay loaded
oligo, and to limit non target interaction with healthy tissue. New methods to
produce iron oxide nanoparticles to produce theranostics are still heavily
explored, as commercial iron oxide nanoparticles are expensive and not available
in the suitable size for development of a nanocatrrier to cross the membrane of
the tumour. Some water-soluble, anti-cancer drugs like Doxorubicin (Dox) are
used for the treatment of many cancers (Weigert et al., 2007; Sun et al., 2008;
Munnier et al., 2008; Tacar et al., 2013 ; Kumar et al., 2016).

Polyethylene glycol (PEG) is a common polymer used in several biomedical
applications, for example to house the siRNA, as siRNA is highly labile and prone
to destruction by proteolytic enzymes. The use of PEG therefore improves
delivery and enhances biocompatibility of nanocarriers or therapeutic drugs.
When this nanocarrier complex is in the body, siRNA can be delivered to the
tumour site. PEG is a widely used polymer in industry, research, pharmaceutical,
and cosmetics and even forms the base for some toothpastes (Okpalugo et al.,
2009). PEG has been widely investigated for intra and intercellular introduction
of nanocarrier to the site of cancerous tumours. PEG is usually a solid at room
temperature, depending on the molecular weight and is hydrophilic, low melting
with a loose structure (Figure 1-5). PEG is extremely soluble in water and most

organic solvents.
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Figure 1-5: Polyethylene glycol

PEG (a solid at room temperature) is used in this study in combination with
polyethyleneimine (PEI). Polyethyleneimine (PEI) is a clear, viscous liquid with
linear (Weyts and Goethals, 1988), branched (Kurzer and Douraghi-Zadeh, 1967)

and dendrimeric structures (Yemul and Imae, 2008) (Figure 1-6).
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Figure 1-6: Polyethyleneimine- Linear (A), branched (B) and dendrimeric (C)

The linear PEI is solid at room temperature while branched PEl is a liquid at room
temperature, regardless of their molecular weights. PEI is known to be
intracellularly toxic (Von Harpe et al., 2000), and its toxicity increases with its
molecular weight. Long chain PEI is therefore not very popular as a coating for
delivery of therapeutic drugs (Beyerle et al., 2010). The short chain PEI molecule
Is known to be less toxic (Lin et al., 2008) and is used in combination with PEG

as a coating for iron oxide nanopatrticles (IONPs) and other materials. The surface
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charge of a nanoparticle plays an important role in regulation of blood circulation,
nanoparticle-cell association and affects activities within the cell. It is
disadvantageous for a nanoparticle surface to be positively charged before
reaching the tumour site, as the positive charge on the nanoparticles interact
strongly with blood, leading to rapid clearance from the blood (due to
aggregation), and by implication, reduced accumulation of nanoparticles at the
tumour site. The negative charge of PEG (brought about by induction effect in
which oxygen atoms obtain partial negative charge from near-by carbon atoms
in the polymeric chain) repels the cell membranes which are often also negatively
charged (An et al.,, 2014). On reaching the tumour site however, the positive
charge on the nanoparticle enhances the assimilation of nanoparticles by the
tumour cells and aids the release of the pay loaded moiety within the cells. Ideally,
a suitable nanocarrier system for drug delivery should therefore possess a neutral
or negatively charged surface while in the circulatory system and later develop a
positively charged surface when the nanocarrier arrives at the tumour site, or

within the cancer cells (An et al., 2014).

PEIl comprises repeating units composed of amino groups and has adhesive
properties (Lee et al., 2010; Rios et al., 2019). The high positive charge density
of PEI encourages electrostatic interaction to negatively charged molecules and
facilitates cellular internalisation (Godbey et al., 1999) which results in
biocompatible, stable dispersions for modification and conjugation in a range of
biomedical applications (Sangeetha et al., 2013; Borny et al., 2015). The polymer
is therefore suitable for use in cancer therapy, as patients with hepatocellular
carcinoma have less severe liver dysfunction than counterparts with alcoholic
liver disease (Reddy et al., 2012). For the application used in this research, the
short chain PEI (Lin et al., 2008) is used in combination with polyethylene glycol
(PEG).

PEI-coated superparamagnetic iron oxide nanoparticles have been studied for
biomedical applications including drug delivery (Steitz et al., 2007), and has
been used in co-delivery mechanisms targeting cancerous tumours. As

mentioned above, PEI with higher molecular weight exhibits higher toxicity.
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Several studies have used PEI in drug delivery (Pham et al., 2016; Sohrabijam,
et al., 2017), gene therapy (Bhattacharya et al., 2011; Unsoy et al., 2012),
iImaging (Tsai et al., 2010) and bio sensing (Tan et al., 2009; Yang et al., 2017).

1.4 NANOPARTICLES IN BIOMEDICINE

Nanomedicine is a research area that is advancing cancer diagnosis and therapy.
Nanoparticles (NPs) have unique biological properties. They are small sized
(diameter within 1-100 nm) with large surface area to volume ratio, for pay-
loading anticancer moieties, drugs, DNA, RNA, proteins, and imaging agents.
Various NPs are used in drug-related techniques (Schroeder et al., 2012;
Mazzotta et al., 2016).

Nanoparticles and other nanomaterials impact our everyday existence. In
industrial applications, they have become indispensable components of catalysts
(Astruc, 2007), sensors (Saha et al., 2012) or photovoltaic devices (Stratakis and
Kymakis, 2013). Biomedically, they have found wide-spread use as nano
vaccines (Saroja et al., 2011), nano drugs (Meng et al., 2012) and diagnostic
Imaging tools (Yoo et al., 2011). Despite this, knowledge of ill effect and potential
risk is limited (Stark, 2011; Cheng et al., 2013).

Some types of magnetic nanoparticles show peculiar properties when compared
to bulk materials (Laconte et al., 2005), including super paramagnetism, high
coercivity, low Curie temperature and high magnetic susceptibility. Very
commonly, it is difficult to fashion nanoparticles according to a chosen set of
characteristics such as size, shape, stability, and dispersion of NPs in solvents.
The surface-to-volume ratio of magnetic NPs is large. The particles therefore
possess high surface energies. As a result of this they form aggregates that
minimise the surface energies. Bare iron oxide NPs however have high chemical
activity and are readily oxidised in air (especially magnetite). By implication,
proper surface modification or coating, and development of other methods to
maintain magnetic iron oxide NPs stability is paramount. Protective shells
stabilise magnetic iron oxide NPs, and have the added advantage of further

chemical functionalisation (Wu et al., 2008).
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According to (Jiang et al., 2000 ; Barick et al., 2009) magnetite nanopatrticles are
not toxic to humans, while Hong and co-workers, 2008 state that nanopatrticles
are recommended for use in biomedical applications. It is widely accepted,
however, that toxicity of nanoparticles depends on the preparation method and
intended application. Furthermore, nanoparticles have been known to aggregate
in the body and this is still under investigation ( Sangnier et al., 2019). Therefore
appropriate synthesis methods need to be developed such that nanoparticles
such as SPIONPs are capable of performing biocompatible roles, while
maintaining superparamagnetic and biofunctionalised properties (Cinti et al.,
2011).

1.4.1 Iron oxide nanoparticles in biomedicine

Magnetic NPs may be of various materials including iron, cobalt, or nickel oxides,
all showing large surface area and magnetic moment affected by an external
magnetic field (Caroso et al., 2018). IONPs comprising magnetite (FesO4) and
maghemite (y-Fe203) both possess ideal biocompatibility and superparamagnetic
properties to enhance widespread biomedical uses (Khanna et al., 2018; Xie et
al., 2018). Iron oxide commonly known as rust, has other names such as
maghemite, magnetite, depending on the number of atoms of iron in the
compound (magnetite has three iron atoms while maghemite has two), and the
oxidation state of the metal: Iron (Il) or Fe2+ and Iron (lll) or Fe3+ and differ in
their valence electrons Fe3+ having one electron less than Fe2+. Generally, two
broad categories rank the production of nanoparticles such as the breakdown of
larger material to nano sized patrticles (top down approach) or the aggregation of
miniscule material to compose the nanoparticle (bottom up approach)
(Ghafelehbashi et al, 2020). The synthesis method is important in developing

effective nanocarriers (Ghafelehbashi et al., 2020).

One of the first clinical applications of interstitial hyperthermia using magnetic
nanoparticles to treat prostate cancer involved interstitial hyperthermia generated
by the magnetic nanoparticles (Johannsen et al., 2009). From the study it

became clear that there were several important factors to consider including type
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of material, geometry, anisotropy constant, size, number of MNPs and
configuration of the cluster of MNPs in the development of nanorobotics agents

for specific targets (Cheheltani et al., 2018).

Due to their similar dimensions when compared to cells, viruses, proteins, and
genes, they demonstrate potential to interact with biological processes
(McNamara andTofail, 2015).

Metallic nanoparticles are frequently used as magnetic resonance imaging
contrast agents (Kim et al., 2009 ; Cao et al., 2020). They are also used as gene
-carriers in molecular therapeutics against hyperthermia-based cancer treatment,
magnetic sensitive probes for in-vivo diagnostics and for target — specific drug
delivery (Corot et al., 2006 ; Neuwelt, et al., 2007; Figuerola et al., 2010; Daldrup-
Link et al., 2011; Ansari et al., 2014; Klenk et al., 2014; Mohammed et al., 2017).
After being delivered to the target area, the drug is then released by cytolysis,

involving rupture of the cell wall (Roger et al., 1999).

Among the methods used for the characterisation of sputtered IONPs in this work,
MRI (Li et al., 2013) was used to determine the effect of IONPs sputtered from
an iron oxide target via inert gas condensation technigue on water relaxation.
Particularly, tests were done to assess the potential of the sputtered
nanoparticles for use as negative contrast agents for MRI, with potential for in-
vivo translation. As mentioned earlier, MRI is one of the many methods used in
biomedical investigations, particularly in cell culture studies, in which tracking of
nanoparticles within biological environments by MRI has been reported (Khaleghi
et al., 2016).

Among the wide range of iron oxide-based nanoparticles are magnetite (Fe3Oa),
maghemite (y-Fe203) and mixed ferrites (MFe204 where M =Co, Mn, Ni or Zn)
(Wu et al., 2015). Once surface modified, the resulting superparamagnetic iron
oxide nanoparticles (SPION) find application in MRI (Cheng et al., 2005;
McCarthy and Weissleder, 2008; Xu et al., 2011; Caruso et al., 2012; Jin et al.,
2014) magnetic particle imaging (MPI) (Weizenecker et al., 2009; Khandhar et
al., 2013; Du et al., 2013; Furguson et al., 2015; targeted delivery of drugs,
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proteins, antibodies, and nucleic acids (Xu et al., 2011; McCarthy and
Weissleder, 2008; Mahmoudi et al., 2011). hyperthermia (Laurent et al., 2011,
Schleich et al., 2015; Périgo et al., 2015), biosensing (Huan et al., 2010), tissue
repair (Siddigi et al., 2016; Hedayatnasab et al., 2017); and separation of
biomolecules (Tan and Yiap, 2009). To this end, magnetic iron oxide NPs became
strong candidates, and the application of small iron oxide NPs in in-vitro
diagnostics has been practiced for nearly half a century (Gupta and Gupta, 2005;
Stevens et al., 2005 ; Mornet et al., 2006 ; Patel et al., 2008). In this study, the
iron oxide nanopatrticles will be sputtered by inert gas condensation technique

and functionalised for potential use in targeted drug delivery.

1.4.2 Functionalisation of Nanoparticles

Functionalisation involves changing the surface of NPs, by conjugation to
chemicals (Herranz et al., 2012), making the NPs biocompatible, stable, and
suitable for use in the desired application (Aravind et al., 2012). Studies on
functionalised NPs show that the NPs have desirable characteristics such as
anti-corrosion and anti-agglomeration (Subbiah et al., 2010). When
functionalising magnetic or superparamagnetic nanoparticles, the external
magnetic field can readily induce the nanoparticles towards magnetic resonance.
Behaviour of MNPs however depends on crystallisation method, size, and shape.
These intrinsic properties of NPs must be taken into consideration, to make them

more compatible in bio-systems (Lantada and Endrino, 2016).

By applying MNPs modified with synthetic silencer RNA (siRNA) molecules,
through ionic interactions, researchers have identified greatly reduced gene
expression rates in in-vitro drug delivery (Duguet et al., 2006; Sinha et al., 2006;
(Lee et al., 2011). This property of siRNA is an advantage. Some modifications
impose additional chemical and/or physical properties to the NPs (Sheng-Nan et
al., 2014), while improving the biological and biochemical response of several

biomedical devices.

Enhanced permeability retention (EPR) effect which brings about aggregation of

molecules of certain sizes (typically liposomes, nanoparticles, and
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macromolecular drugs) inside tumour tissues rather than normal tissues, can be
a major challenge (Maeda, 2012). Polyethylene glycol has been used to diminish
the EPR effect in the past thirty years. However, PEG has its limitations and, as
a result, the interaction of PEG with the target cells did not occur effectively and
the loaded drugs were degraded in lysosomes (Amoozgar and Yeo, 2012 ; Mishra
et al., 2016). In response to this dilemma, this research has incorporated PEI with
PEG (Hemben et al., 2021). The nonbonding interactions due to spatial
arrangement of molecules bring about a steric effect which may influence the
shape (conformation) and reactivity of ions and molecules (Choi et al., 2007;
Hatekayama et al.,, 2013; Ahmadzada et al.,, 2018 Liang and Lam, 2021).
Superparamagnetic nanoparticles have been investigated as functionalised
nanoparticles using mouse models (Xie et al., 2015). PEG with general chemical
formula C2nHan+20n+1 and a molecular mass 18.02 g/mol has found extensive use
in biomedical applications. PEG is a derivative of ethylene glycol which is a diol,

an alcohol with a molecular structure that contains two hydroxyl (OH) groups.

PEG is non-hazardous, soluble in water and has found application in many areas
including industrial manufacturing, pharmaceutical and biomedical applications
(Mohammadi and Babaei., 2022). Very often it is used in conjunction with
peptides, proteins, or oligonucleotides which are investigated as drugs for a wide
range of illnesses. Interestingly, PEG can conjugate itself to a target molecule by
attaching itself to the target for optimisation of the pharmacokinetic properties of
drug therapy. The polymer can also be used as a passive chemical for transport
of a therapeutic agent. PEG can also be used as a coating layer on the surface

of iron oxide nanoparticles (Hemben et al., 2021).

PEG has been used in tissue engineering, protein analysis and to control the
clearance of engineered proteins from the circulatory system (Shchapova et al.,
2019). The PEG hydrogels possess polymer networks made by crosslinking
reactive PEG end groups, to produce gels that can withstand proteolysis and
adhesion. These are useful characteristics in tissue engineering and drug

delivery. In-vitro assays have also become dependent on PEG, as PEG is a
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biomimetic compound that aids the investigation of intracellular environments
‘created’ outside the body (Derfus et al., 2007). It is also used as precipitant for
DNA isolation (Ganji et al., 2016) and cell crystallisation, supporting the study of
protein structure. PEG utilised in gene therapy can be used for coating vectors.
Vectors such as plasmids and viruses serve as a vehicle for the delivery of
genetic material into recipient cells. The PEG coating of vectors therefore guards
against their being neutralised by the body’s immune system (Tortajada et al.,
2022) and can play a vital role in blood banks by enhancing salience of antibodies
and antigens (Zhang et al., 2014). Potential use for PEG in neurological research
(Fan et al., 2018) may emerge in the application of PEG for the treatment and
management of spinal cord injury and peripheral nerves. In chemistry, PEG is
known to be a binding and dispersing agent (Pitek et al., 2016) as it enhances
disaggregation of particles reducing for example, immunogenicity of virus
nanoparticles (Pitek et al., 2016). The hydrophilic characteristics of PEG
(Kadanyo et al., 2022) fashions a role in preventing the non-specific adhesion of
proteins in studies using single-molecule fluorescence; in addition, PEG is an
FDA approved lubricant (Li et al.,, 2022) and wood preservative (Jiang et al.,
2021) with possibilities for increased use in other areas including gene therapy
(Kean, 2019). An ideal vector, or vehicle for transporting genetic material to
recipient cells, must be (i) biocompatible, biodegradable, and immunologically
inert, (ii) tissue-targeted, (iii) not size-limited, (iv) stable, easy to produce, and
scalable, and (v) suited for accommodating site-specific moieties for the delivery
of genetic material to the target cell (Zhou et al., 2017). PEG meets most of the

requirements listed above making it a promising candidate as a vector.

1.5 NANOPARTICLES SYNTHESIS METHODS

In the current application of nanoparticles there are two broad categories
described as bottom up methods and top down techniques (physical, chemical or
biological methods) which depend on the source material (Jamkhande et al.,
2019). Nanoparticle preparations are useful in surface coatings and include spin
coating (Xu et al., 2012), dip coating (Xu et al., 2012), thin film, sol-gel, spray
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zinc coating and vapour coating. In vapour coating, fluid composition is atomised
and allowed to interact with a carrier gas. Conditions in the chamber are suitable
to atomise fluid composition to coat a substrate. The surface temperature of the
material to be coated is maintained lower than the condensation temperature of
the vapour. The vapour then condenses on and coats the surface (Naghdi and
Miskovic¢-Stankovic, 2022).

Nanoparticles may be synthesised by a range of wet or dry methods, yielding
nanoparticles with a range of sizes (Table 1-1). In this study, the iron oxide
nanoparticles of size (1-6 nm), such as can pass through the cell membrane of a
cancer cell are generated on a substrate by the dry NPs production method of
inert gas condensation. The coated substrate is then washed to suspend the

deposited nanoparticles.
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Table 1-1: Some nanopatrticles production methods

Chemical / wet synthesis

Nanoparticles Size (hnm)

References

Aqueous phase green synthesis: Platanus orientalis.; | 18+ 4 (Mahdavi et al., 2013; Devi et al., 2019)
Sargassum muticum.

Chemical reaction of iron filings 30 (Arenas-Alatorre et al., 2019)

Chemical reduction Ficus carica (common Fig) Plant | 9 + 4; (Demirezen et al., 2019;

extract Lagenaria siceraria. 30-100 Kanagasubbulakshmi and Kadirvelu, 2017)
Co precipitation 30 (Vergés et al., 2008)

Hydrothermal preparation 15-31 (Ge et al., 2009 ; Takami et al., 2007)
Thermal decomposition. 18-21+2 (Unni et al., 2017)

Microemulsion 4-9 (Chin and Yaacob, 2007)

Aqueous hydrolysis 24-40 (Adimoolam et al., 2018)

Reactive sputtering / physical deposition methods in | 1-20 (Safi, 2000; Hemben et al., 2021)

which energised gas strikes a target and sputters atoms
from the target to coat a substrate.
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1.5.1 Production of Nanoparticles using Mantis NanoGen Trio

In recent years, the production of nanomaterial thin films and nanostructures has
been investigated for use in various applications as a result of their desirable
structural, electrical, optical and magnetic properties (Williams et al., 2018). Iron
oxide films were synthesised by sputtering Fe metallic target in Ar and Oz gas
mixtures (Aubry et al., 2019).

Mantis NanoGen Trio is one of the reactive sputtering systems used in the
production of a variable, pre-selectable size of nanoparticles from high purity
(~99%) commercial, solid targets attached to a magnetron and suspended in the
agglomeration chamber. Sputtering of the targets takes place in the
agglomeration chamber using a voltage-energised inert gas to excite and elicit
release of particles from the surface of the target into the gas-filled agglomeration
chamber. In response and due to energy transfer the gas and target particles
interact continuously, and more and more target particles are released in the
pressurised chamber. The NanoGen Trio source designed for synthesis of
complex alloy nanoparticles, generates nanoparticles by a "terminated gas
condensation” method. In this method, three magnetron targets may be sputtered

independently (Figure 1-7).
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Figure 1-7: Adapted from NanoGen Trio (www.mantisdeposition.com, 2019).

Three targets are attached to the magnetron heads which are in turn attached to
an extensible, flexi tube portion with a handle for adjusting the working distance
for sputtering and deposition of nanoparticles. The independent voltage lines
transmit power to the system, which transmits through the magnetron heads and

targets. One or more magnetrons may be used in the sputtering of nanoparticles.

Composition of the resulting nanoparticles depends on the material of the targets
(www.mantisdeposition.com, 2019), while the ability to control the size, density
and in some cases the morphology of the deposited particles allows for flexible
use of NanoGen sources in the creation of new types of nanostructure
(Grammatikopoulos et al., 2016). Physical vapour deposition (PVD) techniques
are some of the surface coating methods. Sputtering is a PVD technique which
produces charged nanoparticles freely interacting with other nanoparticles and

noble gas to transfer energies within the system, for example inert gas
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condensation (IGC) technique used in this work utilised Argon gas. Magnetron
sputtering is used to produce hard, wear-resistant coatings, low friction coatings,
decorative coatings and coatings with specific optical or electrical properties
(Rossnagel, 1999). The advantage of control of nanoparticles size, shape and
structure over other chemical methods of nanoparticle production provide for
predictability and repeatability, and for assessing superparamagnetism. The
control of size of sputtered nanoparticles using IGC technique is also possible
with the alteration of temperature within the agglomeration chamber. Generally,
the cooler the environment within the agglomeration chamber, the larger the
sputtered nanoparticles size will be. With the Mantis NanoGen Trio, a chiller can
be used to control (lower) the temperature in the agglomeration chamber. In
addition, two or all three of the magnetrons can be used simultaneously to sputter
the targets of different metals to produce hybrid nanoparticles

(www.mantisdeposition.com, 2019).

The physical vapour deposition coating method used in producing coatings for
various items in manufacturing industry (Pinto, 2018; Aubry et al., 2019) has been
applied in a novel approach for soft-landing iron oxide nanoparticles. These
nanoparticles have been used in the synthesis of a nanocarrier complex coated
with the biocompatible polyethylene glycol, which forms the broad aim of this

research.

Furthermore, the nanoparticles produced in this work do not require chemical
precursors and therefore do not require further purification steps before they can

be used in nanocarrier synthesis.

The significant research gap involves nanoparticle production by a facile method
which vyields small-sized, free-standing nanoparticles with narrow size
distribution. Although other sputtering methods have demonstrated some of
these requirements, the nanoparticles produced are usually deposited for the

purpose of coating a surface, and not for obtaining free-standing IONPs.

The novelty of this work is in the use of a nanopatrticles coating method, physical

vapour deposition via inert gas condensation to produce a nanocarrier complex.
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This is the first time that inert gas condensation has been used to produce
nanoparticles with potential for use in targeted drug delivery. In a pilot study
conducted during a brief (3 months) MSc research project, the synthesis of free-
standing IONPs via inert gas condensation was demonstrated (Serfimowicz,
2018), although the production method was not fully investigated or optimized. In
the pilot study, commercial iron oxide nanoparticles were also used to develop
the attachment of a therapeutic drug (siRNA) to the nanoparticles. However, the
dye (Texas Red) that was selected as label for the siRNA to evidence its
attachment seemed to be quenched in acidic pH (pH < 7.0). This result negated
the possibility to study the drug release from the IONPs as the extracellular
cancer environment has a pH value of around 6.5. In this work, which is a
continuation of the pilot study, the sputtering of the IONPs will be fully investigated
and optimised. Furthermore, the fluorescence behaviour of the dye will be
systematically studied and if necessary, a different label will be chosen to
optimise the attachment and release of the siRNA to and from the NPs. Different

types of commercial iron oxide nanoparticles will also be considered for the study.

1.6 AIMS AND OBJECTIVES

This work aims at developing a novel manufacturing method to produce iron oxide
nanoparticles (IONPs) of narrow distribution size suitable for biomedical
application and particularly for intracellular drug delivery. In addition, a method to
attach and release a therapeutic drug to the iron oxide nanoparticles will be

developed.
Project objectives:

* To develop a manufacturing method for producing free standing IONPs

using Mantis NanoGen Trio system

* To optimise conditions and achieve high yield of IONPs
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 To characterise the sputtered IONPs using several characterisation

techniques

e To identify and investigate a fluorescent dye as a suitable tag for a
therapeutic agent (i.e. siRNA) to visualise and measure its attachment and
detachment from the IONPs.

* To optimise the method for attachment of dye-siRNA to PEG/PEI coated
IONPs

To optimise the release of dye-siRNA from PEG/PEI coated CIONPs

The following chart shows the connection between the contributing parts of the

research (Figure 1-8).
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CHAPTER 1
Introduction and literature review

CHAPTER 2
Production and characterisation of iron oxide nanoparticles

D

. Inert gas condensation on soft-landed IONPs on PEG-coated wafer
. Sputtered IONPs characterisation by AFM, TEM, DLS, NTA and MRI
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CHAPTER 3
Bovine serum albumin Texas Red (BSA) ™

. Optimisation of Texas Red in Bavine Serum Albumin in PBS/PEG/PEI pH 5.5-7.4

CHAPTER 4
Attachment of TEX 615-siRNA to CIONPs in PBS/PEG/PEI and release in PBS
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. Optimisation of attachment of SIRNA to nanocarrier complex
s ’ Optimisation of SIRNA release from nanocarrier complex
CHAPTER 5

Final conclusions and recommendations for further work

Figure 1-8: The two main sections of the experimental work and Chapters
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CHAPTER 2

PRODUCTION AND CHARACTERISATION OF
SPUTTERED, SOFT-LANDED IRON OXIDE
NANOPARTICLES
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2 PRODUCTION AND CHARACTERISATION OF IRON
OXIDE NANOPARTICLES

2.1 INTRODUCTION

Physical vapour deposition denotes a range of vacuum deposition methods which
are used for the application of a thin film or coat on a surface. Scientific vacuum
systems (SVS), a sputtering systems manufacturer provides techniques like
electron beam and deposition, evaporation and ion beam milling (SVS, 2022).
The SVS used in this research has been specifically configured to meet the
requirements of magneton sputtering by inert gas condensation technique, using
Mantis NanoGen Trio magnetrons suspended in an agglomeration chamber and
coupled to the top of the SVS main chamber. Inert gas condensation technique
is one of the physical vapour deposition (PVD) methods. The most common PVD
processes are sputtering (Pinto, 2018) and evaporation (Khudair and Mohmood,
2021).

The principle of sputtering iron oxide nanoparticles using inert gas condensation
(IGC) is a process that involves the bottom-up technique of production of
nanoparticles from bulk source material. Inert gas condensation consists of two
major steps. The first step involves the sputtering of loosened, energised atoms
from the surface of the iron oxide bulk material (called a target) and the second
step involves the condensation of the sputtered material in pre-determinable
nanoparticles size. Inert gas condensation system used in this research is
composed of the main chamber from Scientific Vacuum Systems (SVS