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Abstract

A wide range of nanoparticles (NPs), composed of different elements and their compounds, are being
developed by several groups as possible radiosensitisers, with some already in clinical trials. However,
no systematic experimental survey of the clinical X-ray radiosensitising potential of different element
NPs has been made. In this thesis, a direct comparison is made through the irradiation-induced (10 Gy
of 6 MeV X-ray photon) production of reactive oxygen species (ROS) such as hydroxyl radicals,
superoxide anion radicals and singlet oxygen in aqueous solutions of the different metal oxide NPs.

Also, cancer cell and DNA damage due to these NPs is studied under irradiation conditions.

The results of this thesis showed that without any X-rays, several NPs produced different radicals.
Furthermore, NPs such as vanadium oxide (V20s) produced a significant amount of radicals compared
to water and to the other types of NPs when irradiated with 10 Gy of 6 MeV X-rays and NPs such as
copper oxide (CuO) showed significant cell and DNA damage that is not related to the production of
ROS.

Beyond identifying promising metal oxide NPs radiosensitisers, these results have shown evidence that
the chemical and biological effects of these NPs are also present in the mode of action of these
radiosensitisers challenging the pure physical radio-enhancement concept.

Keywords: metal oxide nanoparticles; clinical X-ray; ROS; hydroxyl and superoxide radical; singlet

oxygen; radiosensitiser.






Resumo

Uma gama ampla de nanoparticulas (NPs), compostas de diferentes elementos e dos seus compostos,
encontram-se a ser desenvolvidas por diferentes grupos como possiveis radiossensibilizadores, onde
algumas encontram-se em ensaios clinicos. No entanto, nenhum estudo sistematico comparativo do
potencial de radiossensibilizagao por raios-X usados clinicamente dos diferentes elementos de NPs foi
realizado. Nesta tese, a comparacgao directa é realizada através da indugéo de espécies reactivas de
oxigénio (ROS), como os radicais hidroxilo e 0 anido superéxido, e o oxigénio singleto, por irradiagao
(10 Gy de 6 MeV de fotdes raios-X) em solugdes aquosas das NPs dos diferentes 6xidos de metais.
Para além disso, o dano causado a células cancerigenas e ao DNA devido a acgao destas NPs é

estudado nestas condi¢des de irradiagao.

Os resultados desta tese mostram que, sem a ac¢ao dos raios-X, diferentes NPs produziram diferentes
radicais. Nanoparticulas como o 6xido de vanadio (V20s) produziram uma quantidade significativa de
radicais quando comparado a auséncia de NPs e também quando comparado aos outros tipos de NPs
quando estas foram irradiadas com 10 Gy de 6 MeV de fotbes raios-X e NPs de 6xido de cobre (CuO)
mostraram um dano significativo celular e ao DNA que néo se encontra relacionado com a produgao
de ROS.

Para além de identificarem NPs de oOxidos de metais promissores a radiossensibilizagdo, estes
resultados mostraram evidéncia de que os efeitos quimicos e bioldgicos destas NPs estdo também
presentes no seu modo de acgdo enquanto radiossensibilizadores, desafiando assim o conceito da

acgao puramente fisica da radiossensibilizacao.

Palavras-chave: nanoparticulas de 6xidos de metais; raios-X clinicos; espécies reactivas de oxigénio;

radicais hidroxilo e o anido superéxido; oxigénio singleto; radiossensibilizador.
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1 — Introduction






One of the applications of radiation is to treat cancer, a disease that arises approximately in one among
every three individuals. Cancer is a disease that consists of the abnormal growth of cells that do not

follow the normal rules of cell division (Hejmadi, 2010).

The cancer treatment that uses radiation to kill cancer cells is called radiotherapy (RT). People have
been using ionising radiation to treat cancer for more than 120 years (Nickoloff, 2015). The main goal
of RT treatment is the irradiation of a target tumour volume while minimizing the amount of radiation

absorbed in the healthy tissue.

In RT there are essentially two modes of treatment: internal radiation therapy and external beam
radiation therapy. Internal RT uses radiation sources that are placed inside the body, such as implants
(brachytherapy) or as injections, capsules or drinks (radioisotope therapy). External RT uses a machine

that produces radiation and directs it into the body, to the tumour.

This project focuses on methods to selectively enhance external RT, which is the most common type

of radiation therapy used for cancer treatment.

1.1 Radiotherapy

1.1.1  X-ray beam treatment

In the past 40 years, the combination of high-voltage linear accelerators able to reach deep tissues with
computed tomography to allow 3D treatment planning in RT has gained widespread use and minimised

exposure to normal tissues (Nickoloff, 2015).

X-rays are produced through the bombarding of a target with energetic electrons. These X-rays consist
of bremsstrahlung photons, which result from electron-nucleus Coulomb interactions, and characteristic
photons, which result from electron transitions between atomic shells. Different X-ray energies
(wavelengths) can be produced. X-ray tubes produce X-rays in the range of kilovoltage energies, called
superficial X-rays (50-150 kV) or orthovoltage X-rays (150-300 kV); while linear accelerators (LINACs)
produce X-rays with megavoltage energies.

Kilovoltage X-ray beams do not penetrate the body very deeply and deposit most of the X-ray dose
close to the surface of the patient and due to the attenuation and scattering of the beam the dose drops-
off rapidly with depth. Nowadays, the primary therapeutic clinical use for kilovoltage X-rays is the
treatment of skin cancers (Hill et al., 2014). Megavoltage X-rays are more penetrating and have largely
replaced kilovoltage treatments. Due to its extensive use and due to its different applications,

megavoltage X-rays is the beam energy used in this thesis.

Megavoltage X-rays are produced in a treatment machine called a linear accelerator (LINAC),

represented in Figure 1.1. For this high-energy radiation to be produced, an electron beam is needed.



These electrons are produced by an electron gun and then accelerated through a waveguide that
increases their energy from keV to MeV range (Podgorsak, 2005). When the electrons hit an X-ray

target, X-rays are produced. The LINAC and the treatment couch rotate about a point called isocentre.
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Figure 1.1: Design configuration for a medical LINAC.

1.1.2 Megavoltage X-ray physical properties

In a typical treatment, electrons are accelerated to an energy of 6 MV and hit a tungsten target to

produce X-ray photons with an energy spectrum from 0 to a maximum value of 6 MV.

The absorption of X-ray energy per kilogram of matter, the so-called dose measured in units of gray
(Gy), varies with depth through the patient. At the skin entry point the dose is Ds, as shown in Figure
1.2. Being at the surface an initial dose build-up occurs due to the contribution of secondary
photoelectrons until it reaches a maximum value Dmax at @ depth of zmax. This maximum value is followed
by an exponential decrease which follows the Beer-Lambert law until it reaches a value of Dex which

happens when radiation exits the patient’s body.

Energy fluence decreases exponentially with the Lambert Beer’s law:

Y

pu——} e_ﬂx

Yo

where v is the energy fluence in MeV/cm? at a depth x in matter, 1, is the primary beam fluence and u

is the linear attenuation coefficient in cm™.
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Figure 1.2: Typical dose distribution on the central axis of a megavoltage beam. Dsg is a superficial dose, at zmax
depth dose reach a maximum value Dmax, Dex is the dose delivered to the patient at the beam exit point zex: we
can observe a small curve downwards due to missing scatter contribution at the exit point from point beyond the
exit dose point (Podgorsak, 2005).

As shown in Figure 1.3, the build-up region increases with increasing photon energy. Also, surface
dose, Ds, and dose maximum depth, zmax, depend mainly on the beam energy. For a 6 MV X-ray beam,
the first 1.5 mm of tissue (the skin) receives ~15% of the maximum dose while for an 18 MV X-ray skin
receives ~10% (Podgorsak, 2005).
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Figure 1.3: Percentage depth dose (PDD) curves for MV X-ray beams with energies from Co to 25 MV at a surface
to source distance (SSD) of 100 cm for a 10x10 cm? field. The maximum dose is at 1.5 cm depth for 6 MV and at
5 cm depth for 25 MV (Podgorsak, 2005).
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Figure 1.4: Energy spectra due to a 6 MeV LINAC
beam at different depths of water. (a): 25.0 cm
diameter field (J. L. Robar & Clark, 1999); (b): 2.5 cm
diameter field (J. L. Robar & Clark, 1999); (c):
simulation of a cylindrical water volume (10 cm long
and 10 cm diameter) exposed to a 5 cm diameter
beam, directed along the cylinder's central axis
(McMahon et al., 2011).
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A 6 MeV LINAC beam has contributions from lower photon energies, as it can be observed in Figure
1.4. These lower energies will be very useful for photocatalysis on metal oxide surfaces and DNA

damage, as it will be explained later. From Figures 1.4 (a) and (b), one can see that depending on the



field size (25 cm vs 2.5 cm) the mean photon energy of 6 MeV X-ray beams varies. For large beams
(25 cm) the mean photon energy decreases with depth up to 15 cm due to an increase of phantom
scatter (J. L. Robar & Clark, 1999). Figure 1.4 (c), calculated at a depth of 5 cm shows the contribution

of both low-energy photons and secondary electrons, significant to dose deposition.

1.1.3 Current methods of improving radiotherapy targeting

Photon (X-ray) RT, known as XRT, can be improved by techniques such as 3D conformation RT (3D-
CRT) and intensity-modulated radiation therapy (IMRT). These techniques allow high doses to be

shaped to tumours while minimizing doses to surrounding normal tissue (Thariat et al., 2013).

Due to the appearance of three-dimensional radiation treatment planning (3D-RTP) and computer-
controlled radiation therapy (CCRT) delivery systems it was possible the implementation of three-
dimensional conformal radiation therapy (Purdy, 2001). 3D-CRT technique conforms the radiation into
the target volume with the goal of minimizing the amount of radiation that hits the surrounding normal
tissue. The increased access of volumetric images of a patient’s internal anatomy has led to the
development of 3D-CRT techniques since it allowed the delineation of soft tissue anatomy (King et al.,
2017).

A type of 3D-CRT technique is the IMRT was developed to improve RT both through increased tumour
control probability and decreased normal tissue complication probability (Podgorsak, 2005). This
technique uses multileaf collimators mounted inside the gantry that provide non-uniform radiation beam
intensities. These collimators can move during the treatment, dynamically shaping the beams in order
to match the shape of the target volume. It relies on inverse treatment planning, in which instead of
changing the beams to achieve the dose limits required for each target and organ at risk the user gives
the dose limits and the computer calculates the best shape of the beams, and on 3-D multimodality
imaging to define the target volumes (Podgorsak, 2005). IMRT is capable of achieving a much higher
degree of target conformity and/or normal tissue sparing than the other treatment techniques (Purdy,
2001). This higher degree of target conformity allows the delivery of higher radiation doses than other
3D-CRT techniques, meaning that the conventional 2 Gy radiation dose fractions can be increased. An
example of a type of IMRT treatment which uses high radiation doses in a small number of treatment
fractions is the Stereotactic ABlative RT (SABR) used to treat metastatic cancer which has spread to a
limited number of sites, called oligometastatic disease (King et al., 2017).

Due to IMRT conformal dose distribution with narrower margins, microscopic tumour cells might end up
out of the radiation field resulting in tumour reoccurrence. The sharp dose gradient in IMRT requires
advanced imaging and accurate delineation of different structures, making it very sensitive to set-up
uncertainties and organ motion (Rehman et al., 2018). The most important disadvantage associated
with IMRT is the increase in total body irradiation. Although this technique saves organs at risk from

receiving high radiation dose, at the same time it spreads out the delivered dose to the whole body



increasing total body exposure (Rehman et al., 2018). To achieve the prescribed dose, IMRT requires
a significantly larger number of monitor units than other techniques which results in an increase of
radiation scattered and radiation leakage that causes secondary malignancies (Purdy, 2008).
Furthermore, this technique is time consuming and requires complex procedures such as its planning,
delivery, and quality assurance. Despite all the efforts to improve radiation therapy, healthy tissue
surrounding the tumour may still be exposed to levels of radiation that can cause both short and long-
term side effects. For this reason, my thesis is focused on the use of radiosensitisers to better target

the radiation dose to the tumour and help decrease the side effects of MV X-ray RT treatment.

1.2  Importance of Reactive Oxygen Species (ROS)

One of the main effects of ionising radiation in an aqueous environment, such as a cell, is the formation
of highly reactive species that can damage cells. This section describes those reactive species, while
the interaction of radiation with cells will be discussed in Section 1.3.

Reactive oxygen species (ROS) play a very important role in aerobic life. The damage that ROS
produce to biological molecules, such as DNA, constitutes one of the most efficient pathways used in

RT to kill cancer cells (Hosoya & Miyagawa, 2014).

Within the group of reactive chemical species two major types can be distinguished: radicals that have
one or more unpaired electron(s) in their outer molecular orbitals; and non-radicals that do not contain
unpaired electrons.

Non-radical species, although they do not contain unpaired electrons, are chemically reactive and can
be easily converted into radical species.

Reactive oxygen species are partially reduced forms of molecular oxygen (O2) and include hydroxyl
radical (HO"), hydrogen peroxide (H20z2), superoxide anion (O27), and ozone (Os), as shown in Figure
1.5.
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Figure 1.5: Radicals and non-radicals from reactive oxygen species.

The radicals serve as the reactive intermediates for the inherent biological action of oxygen and can be
found in high amounts in mitochondria, where the respiratory chain from this cell structure liberates
electrons that may interact with molecular oxygen producing superoxide. This superoxide can in turn

produce other ROS starting a chain reaction (Trachootham et al., 2009).

In aqueous solutions, superoxide exists in equilibrium with its conjugate acid, the perhydroxyl radical
(HO2) (Rose, 2012):

HO2 & H* + O2"

This means that, when talking about superoxide anion in water, both Oz~ and HO:2 are included since
one does not exist without the other.

Under normal physiological conditions, ROS production can promote cell proliferation and differentiation
(Boonstra & Post, 2004), but when the levels of these species become too high it starts to damage
biological material, such as: nucleic acids, proteins and free amino acids, lipids and carbohydrates
(Sies, 1985). For this reason, the maintenance of ROS homeostasis is crucial for normal cell function.
Some ways in which cells detoxify ROS include superoxide dismutase (SOD) which converts
superoxide to hydrogen peroxide and oxygen; catalase converts hydrogen peroxide into water and
oxygen; glutathione peroxidase converts hydrogen peroxide into water or lipid peroxides into alcohols.
The loss of these defence mechanisms provokes an abnormal ROS level leading to a condition known

as oxidative stress (Toyokuni et al., 1995).

Diseases including cardiovascular disorders, diabetes, chronic inflammation, and cancer can be the
product of perturbations in cellular redox homeostasis, since pathological conditions are a result of
serious increase in ROS levels which can lead to an irreversible oxidative damage (Alimoradi et al.,
2017).



1.3  Effects of radiation in cells
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Figure 1.6: Direct and indirect actions of
radiation in cell DNA; (a) — single strand break;
(b) — double strand break.

There are two ways of radiation interacting with cells:
directly or indirectly, as shown in Figure 1.6. It is
estimated that around 40% of X-ray damage is direct and

60% indirect (Baskar et al., 2014).

Through the direct way, X-rays are absorbed in biological
material interacting directly with critical targets in the cells
(Hall et al., 2016). Biological damage can occur due to the
ionized or excited atoms of the target. The most effective
constituent is the cell DNA in the nucleus. In this case, the
ability of the cell to reproduce and thus survive may be
affected. The cell may be destroyed if the chromosomes
do not replicate properly or the information carried by the
DNA molecule undergoes significant alteration due to the

interaction of the radiation with the atoms within the cell.

In the indirect way, the radiation damages the cell through the formation of free radical species, which

occur due to the excitation and ionization of water molecules inside or in the vicinity of the cell.
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Figure 1.7: Main reactions occurring during the three stages of water radiolysis (Le Caér, 2011).
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The interaction of a photon with a water molecule, known as water radiolysis, leads to the formation of
radical and non-radical species such as shown in Figure 1.7. The photon can either excite a water
molecule or ionize it producing a secondary electron (e7). Both these interactions will lead to the
formation of fragments such as hydrogens (H) or hydroxyls (HO). Furthermore, the produced fragments
can recombine or interact with other fragments or ions to form either harmless compounds to the cells
such as water (H20) or harmful species, such as radicals, that contribute to cell death. The species
more relevant for the process of cell death are hydroxyl radicals (OH'), superoxide anion (O27) and

hydrogen peroxide (H202).

After the initial primary radical formation (i.e., chemical stage in Figure 1.7), both H and eaq are
converted to OH- radicals by reaction with H202 (Bielski et al., 1985):

€aq + H202 - OH' + OH"
H + H202 - OH: + H20
The OH- radicals then react with H20:2 to yield HO2:
OH- + H202 —» HO2 + H20

There is a higher probability of the radiation to interact with the water within the cell than with the DNA
inside the nucleus, which takes up only a small proportion of the cell. Most of the radiation damage
caused within the cell is due to the indirect pathway since 70% of the cell constitutes of water (Desouky
et al., 2015). This means that, since water makes up most of the cell's volume, the indirect path is the

one that should be used and studied to improve RT treatment and is the focus of this thesis.

It is worth mentioning that low energy electrons (e°), showed in Figure 1.7, are species that contribute
very efficiently to the damage of the DNA molecule. They can either damage this molecule through the
direct pathway or the indirect one through a number of mechanisms such as dissociative electron
transfer from water-interface electron traps to DNA bases, quenching of dissociative electron
attachment to DNA and quenching of dissociative electronically excited states of H20 in contact with
DNA (Alizadeh et al., 2013).

The direct and indirect action of radiation can also cause damage to cellular components other than
DNA, such as protein, enzymes, organelles, membranes (Wang et al., 2018). The damage to one of

these components can lead to cellular death.

Both direct and indirect radiation mechanisms can cause different types of damages to cell DNA, such
as abasic sites, pyrimidine dimers, alkylation adducts, single strand breaks (SSBs) and double strand
breaks (DSBs) (Dahlmann et at., 2009). Both SSBs and DSBs are shown in Figure 1.6. DSB is the most
effective damage, since it leads to cell death if not repaired (Baskar et al., 2014). Due to mechanical
stress or different types of chemical modification DNA structure may be broken in one strand of the
double helix, leading to a SSB (Figure 1.6(a)) or broken in two strands of the double helix leading to a
DSB (Figure 1.6(b)). It is very difficult to achieve DSB to DNA structure, but the most significant of the

external agents that is able to achieve it is ionising radiation (Jeggo & Lobrich, 2007).
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Reactive oxygen species primarily induce base damage and SSBs. DSBs arise indirectly from further
action of trying to repair some lesions in the strand or can arise from two closely located SSBs (Jeggo
& Lobrich, 2007).

DSBs can also occur during the normal life cycle of the cell, more specifically during DNA replication or
in meiosis (Mladenov & lliakis, 2011). Furthermore, within the cell, DSBs arise due to reactive oxygen

species generated by normal respiratory metabolism (Featherstone & Jackson, 1999).

When oxygen is present a higher number of reactions will occur (Parveen, 2001) such as:

H-+ O2 - HO2> - H202 + O2 reaction 1
HO2 + e -» HO2" + H* - H20 reaction 2
X+ 02 > XO2 » X+ Oz reaction 3

Reaction 3 refers to the interaction of oxygen with an organic molecule X, such as DNA, RNA, and

proteins.

In an oxygenated environment, oxygen molecules can extract an electron from the radical anions
turning them into radical cations that have a long life to cause DNA damage. On the other hand, in a
hypoxic environment the electron from the radical anion tends to combine with the radical cation, with
no damage to the DNA. In conclusion, the presence of oxygen increases the DNA damage produced

by a given dose of radiation.

Cells sensitivity increase due to ionising radiation in normal oxygen environment compared to cells
sensitivity in hypoxia conditions is called the oxygen effect, and although it has the ability of modifying
the dose it is independent of the radiation dose. The ratio between the dose required to achieve a given
cell survival in the absence of oxygen compared to the dose required for the same effect under normoxia
conditions is called the oxygen enhancement ratio (OER), and its value varies between 2.5-3 for X-ray
radiation (Nair et al., 2001).

For radiosensitisation to happen the lowest concentration of oxygen at which normoxia
radiosensitisation occurs is as low as 0.25%, since at this concentration dose-response curve is shifted

half-way towards the fully aerated condition (Kennedy et al, 1980).

1.4  Tumour environment

It is important to outline the characteristics of the tumour environment to find ways to make these cells
weaker and more susceptible to radiation. Increased levels of ROS are a common feature in tumour
environment since cancer cells have a higher metabolism and produce more ROS via mitochondrial
respiration. Cancer cells adapt to this toxic environment and these adaptation mechanisms also

contribute to tumour metastasis (Chen et al., 2007).
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Although cancer cells have a higher capability of resisting to high levels of oxidative stress compared

to normal cells, their maximum level is still limited. If cancer cells are exposed to agents that overcome
that limit, they will die (Fruehauf & Meyskens, 2007).
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Figure 1.8: The biology of cancer redox (Trachootham et al., 2009).

Figure 1.8 presents a schematic of what happens in redox cancer cell biology. Redox homeostasis is
maintained by normal cells through the balance between generation and elimination of ROS.
Exogenous ROS stress can be fought through the reserve antioxidant capacity of normal cells,
preventing the ROS level from reaching the cell-death threshold, showed by the horizontal dotted line
in the figure. In cancer cells, ROS level is higher than in normal cells but still below the threshold, since
these abnormal cells arise from a redox adaptation response that leads to an upregulation of antioxidant
capacity and a shift of redox dynamics with high ROS generation and elimination. In this way, cancer
cells are more dependent on the antioxidant system and more sensitive to further oxidative stress due
to the proximity to the cell-death threshold. This redox characteristic of cancer cells constitutes a
possibility for a therapeutic approach to defeat them, since a further increase in ROS production (red
bar) will induce cell death (Trachootham et al., 2009).

Characteristics such as high metabolic rate, poor blood supply and a ‘leaky’ vascular system (Figure
1.9) lead to low oxygen regions, known as hypoxia regions. Different parts of tumour tissues present
heterogeneous areas of oxygenation, where peripheral zones are higher in oxygen levels than the

innermost ones (Alimoradi et al., 2017).
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Figure 1.9: Schematic representation of tumour vasculature structure (Dai et al., 2017).

Hypoxia is a state of low oxygen levels that in tumours consists of 1-2% O compared to the normal
tissues (Muz et al., 2015). Tissue normoxia, also known as physoxia, is the oxygenation in healthy
tissues that varies between the organs due to blood vessel network diversity and metabolic activity.
Table 1.1 summarizes the oxygenation in different organs and their respective tumours. Normoxia
conditions performed at the laboratory are far from the oxygen values found in healthy organs and its

value in in vitro experiments is 20.9% O2 (Muz et al., 2015).

Table 1.1: Comparison of the oxygenation in organ and respective tumours (Muz et al., 2015).

Physoxia Hypoxia
Tissue/Organ Cancer
(median % O3) (median % O3)

Brain 4.6 Brain tumour 1.7
Breast 8.5 Breast cancer 1.5
Cervix (nullipara) 5.5 Cervical cancer 1.2
Kidney cortex 9.5 Renal cancer 1.3
Liver 4.0-7.3 Liver cancer 0.8
Lung 5.6 Non-small-cell lung cancer 2.2
Pancreas 7.5 Pancreatic tumour 0.3
Rectal mucosa 3.9 Rectal carcinoma 1.8

In these hypoxic regions cells lack molecular oxygen and other nutrients due to the unbalanced growth

of the tumour cells and vascular components. Consequently, these cells do not have an adequate blood
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supply. At distances more than about 150 um from the capillary tissue, oxygen tension decreases
rapidly with distance falling to a level where cell division cannot happen. Cells deprived of oxygen die,
forming necrotic regions, while in the interface between the well-oxygenated and the necrotic regions

viable hypoxic cells tend to occur (McKeown, 2014).

The lack of oxygen in the environment of cancer cells makes these cells more resistant to radiation
damage than those in a normal oxygen environment. Due to the hypoxic environment of cancer cells,
tumours are up to three times less susceptible to radiation damage than normal cells (Paterson, 1981).
The reason for this is that oxygen is an important ingredient in the pathway of ROS production. This
happened due to oxygen being a potent radiosensitiser in a way that it aids formation of DNA-damaging
free radicals increasing the effectiveness of a given dose of radiation.

Cells use glycolysis and oxidative phosphorylation to make ATP for cellular energy. Although glycolysis
is less efficient than oxidative phosphorylation, 2 ATP molecules vs 30 ATP molecules respectively, it
is a faster process since production of lactate through glucose is 10 to 100 times faster than the
complete oxidation of glucose in the mitochondria. Furthermore, using glycolysis to produce energy not
only ensures ATP production but this process requires the pentose-phosphate pathway which
additionally produces ribose sugars essential for nucleotides required for cell division. Also, this cycle
produces a high amount of NADPH essential to produce fatty acids, cholesterol and regenerating
gluthione antioxidants. On the whole, the amount of ATP synthesised over any given period of time is
comparable between glycolysis and oxidative phosphorylation (Liberti & Locasale, 2016). Otto Warburg,
in the 1920s, observed very high amounts of glucose being consumed in tumours compared to the
surrounding tissue. This ‘Warburg effect’ describes the metabolism of a cancer cell to produce energy,
from the predominantly oxidative phosphorylation to predominantly aerobic glycolysis. It is thought that
one of the main reasons why cancer cells use this respiratory mechanism is that upregulated glycolysis

constitutes a growth advantage which promotes proliferation and invasion (Gatenby & Gillies, 2004).

To overcome this limitation approaches such as hyperbaric oxygen, hypoxic cell radiosensitisers such
as misonidazole and nitroimidazole, and hypoxic cytotoxins, such as tirapazamine were used without
clinical success (Wardman, 2007). Hyperbaric oxygen is the oxygen released at pressures of 2-4
atmospheres to increase the oxygen in the plasma. This technique was supposed to allow the Oz to
diffuse further through tissue than normobaric oxygen breathing, since diffusion distance of oxygen
through respiring tissue increases with the initial oxygen tension (Rockwell et al., 2009). Hyperbaric
oxygenation demonstrates an overall positive effect on RT treatment but has not been adopted and
remains to be validated as a standard treatment (Gérard et al., 2019).

More recently, hypoxia imaging during RT treatment became a technique of study. The level of oxygen
present in tumour cells is cyclic, where cells that are hypoxic before RT treatment become oxygenated
during or after the treatment. In this way, monitoring the oxygen level during the treatment may help if
the RT fraction is given when tumour reoxygenation is expected to be at its maximum so as to optimize

the oxygen enhancement ratio (Gérard et al., 2019).
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Radio-enhancing NPs and new radiosensitising drugs may be delivered into the tumour to improve
oxygenation. In the class of radiosensitising drugs are fluorochemicals able to dissolve considerable
amounts of oxygen and deliver it through passive diffusion into the hypoxic regions (Gérard et al., 2019).
Although both pre-clinical and clinical studies have shown that hypoxia can be reduced to improve the
outcome of radiation therapy, hypoxic modification has still not been established as a standard
treatment with RT (Horsman & Overgaard, 2016).

The need to predict and assess the patient’s response to the RT treatment is of extreme importance
since RT continues to be the most widely used treatment for cancer, even in conjunction with other
types of cancer treatment such as surgery and chemotherapy (Jeggo & Ldbrich, 2007). This would lead

to an important step for the optimization of this cancer treatment.

RT can be optimized by either the use of radiosensitisers to kill the tumour cells or by radioprotectors
to protect the normal tissues from radiation damage.

1.5 Radiosensitisers

The poor response of many tumours to radiation despite the improvement of techniques using
conventional sources of radiation have led to the development of other approaches. Three main
approaches were considered: hyperbaric oxygen, proton and neutron beams, and radiosensitisers
(Paterson, 1981).

The use of hyperbaric oxygen, to increase oxygen tension during irradiation in tumour cells, has not
shown an increase in tumour control rates (Henk, 1986). Radiosensitisers have become the most
reliable approach since they are inexpensive and widely available and still have a whole potential to be

explored.

Radiosensitisers make cancer cells more vulnerable to radiation therapy by enhancing the effect of
ionising radiation within the cancer cells while leaving the healthy cells out of the target. The advantage
of these materials is that since they passively or actively are conformed to the tumour site the effect of
the enhanced radiation leads to an increased dose in the initial treatment within the cancer cells
enabling the reduction of the number of treatments for the patient, while still achieving the initially

prescribed dose.

The role of these materials can be viewed as the same as the oxygen, in the sense that they can act to
restore, at least to some extent, the radiosensitivity of hypoxic tumour cells. In summary,
radiosensitisers are oxygen substitutes that are capable of diffusing into hypoxic tumour cells and
sensitise them via a similar mechanism to oxygen.

An important feature of radiosensitisers that relates to oxygen is that these compounds are not easily
metabolised. In this way, during diffusion to tumour cells they can penetrate further into hypoxic regions
(Parveen, 2001).
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To define a compound as a radiosensitiser it is crucial to understand the interaction between the
compound and the radiation of study. If the combination results in a biological response greater than
what would be expected from the radiation by itself, than one can conclude that there is a synergistic

effect behind it and the compound is classified as a radiosensitiser.

Radiosensitisers can perform through different mechanisms in order to apply their radiation-enhancing

effects. Some of the possible mechanisms of radiosensitisation are (Gill & Vallis, 2019):

1. Inhibition of post-irradiation cellular repair processes: being DNA a critical target for ionising
radiation the inhibition of its damage repair pathways will contribute to an increase in
radiotoxicity;

2. Cell-cycle dysregulation: compounds that are able to arrest the cell-cycle at a specific phase
can be considered radiosensitisers. For example, cells in late G1 or G2/M phases are more
sensitive to the effects of radiation while cells in S phase are the most resistant;

3. Radiosensitivity enhancement in hypoxic cells: the radioresistance of hypoxic cells makes it

difficult the generation of ROS by ionising radiation. Oxygen-mimetic sensitisers help the
increase in ROS in these cells, enhancing the efficacy of the treatment;

4. Production of cytotoxic substances: Radiolysis of the sensitiser produces cytotoxic molecular

fragments which in turn contribute to cell-death;

5. Generation of Auger electrons near DNA: Explained in the next section, high atomic number

materials after radiation exposure produce Auger electrons due to inner-shell ionization. If the
X-rays energy matches the K-shell energy of its electrons, these materials, when internalised
by the tumour cells, will enhance the tumour-absorbed dose. This phenomenon may enhance
the radiobiological effects of ionising radiation and potentially explains sensitisation by heavy-
metal nanomaterials.

Table 1.2 summarises some examples of radiosensitiser for each of the mechanisms stated.

Table 1.2: Example of radiosensitiser for each radiosensitisation mechanism.

Radlosensﬂ_lsatlon E?(ampIe: ?f Function Reference Current status
mechanism radiosensitiser

PARP inhibitor Prevent SSB breaks repair Verhagen et al., 2015 FDA approved

1 olaparib and ATR and increase IR-damage DNA Clinical trial —
inhibitor VX-970 damage Fokas et al., 2012 NCT03718091

Clinical trial —

) LY2606368 and Specific inhibitors of the King etal., 2015 NCTO03414047
SRA737 checkpoint kinases Sen et al., 2019 Clinical trial —

NCT02797977

3 Nimorazole Mimic .the effept of oxygen in Overgaard, 2007 Clinically used

radiochemical process
4 DTP348 Hypoxia-selective cytotoxicit Aspatwar et al., 2018 Clinical trial —
P y y P 5 NCT02216669
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Clinical trial —

Lux et al., 2018 NCT03818386

5 A,\?;.:.i;gd Enhanced absorbed dose
Bonvalot et al., 2019 Clinical trial —
NCT03589339

Physicochemical properties such as, for example, size, shape, coating, and functionalization, control
their pharmacokinetics, bioavailability, biodistribution, as well as targeting and intracellular delivery.
Tumour vasculature is more leaky than normal vasculature, allowing small particles and larger drugs to
enter the tumour environment. Furthermore, the lymphatic drainage of tumour tissue is less efficient
than in normal tissues, meaning that particles are not easily removed. Together, these two factors
constitute the Enhanced Permeability and Retention (EPR) effect. Thus, specific tumour targeting can
be achieved by passive targeting via the EPR effect, active targeting by using high-affinity targeting-
molecules, and stimuli-responsive triggered release to endogenous or exogenous stimuli (Liu et al.,
2018).

Studies have shown a general relationship between the efficiency of sensitisation and the electron
affinity, i.e. oxidizing abilities for chemical radiosensitisers (Adams et al., 1971). Hypoxic cell
radiosensitisation happens when one electron is transferred to the radiation-induced lesion, resulting in
the fixation of the chemical damage. A lot of studies regarding chemical radiosensitisers have been
done (Candelaria et al., 2006; Wardman, 2007) and are still being undertaken (Farhood et al., 2019;
Wang et al., 2018).

This thesis is focussed on metal-based radiosensitisers with a diameter within the nanometer range
(nanoparticles). When an incoming high-energy X-ray photon encounters heavy-metal atom, two
important phenomena occur: ejection of photoelectrons and ejection of Auger electrons, as shown in
Figure 1.10.
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E
Figure 1.10: Photoelectron and Auger electron schematic in an atom. Step 1: emission of a photoelectron with a
kinetic energy (AE) equal to the difference in energy between the incoming photon (E) and the binding energy of
the electron in the K-shell (Eo); Step 2: emission of a Auger electron with a kinetic energy (KE) equal to the
difference in energy between the binding energy of the electron in the K-shell (Ex) and the binding energies of the
electrons in the L-shell (EL1 and E23).

In Figure 1.10, if a high energy X-ray photon has enough energy and it is absorbed by an atom in the
surface of the metal-based NP, an innermost electron will be ejected. This phenomenon is the
photoelectric effect and it results in the ejection of a photoelectron with a kinetic energy equal to the
difference in energy between the incoming photon and the binding energy of the electron in the K-shell.
An electron from a higher energy state, in this case, the L-shell, will then occupy the empty state in the
K-shell. From this transition an X-ray is emitted and if absorbed by another electron in the L-shell, an
Auger electron is ejected. In this example, this process is termed a KLL Auger transition. The kinetic
energy of an Auger electron is equal to the energy difference of the singly ionized initial state and the
doubly ionized final state. The resulting kinetic energy Ekw. is given by Eki12,3 = Ek- EL1 - EL23- ®@. The
term @ comes from the electron work function and from the equation it can be concluded that the kinetic

energy of the Auger electron is independent of the type and energy of the primary beam.

The energy Ex - EL1 can be then released as a radiative decay, with emission of an X-ray and in this
case an electron vacancy in the K-shell is filled by an electron from the L-shell so the characteristic
energy of the emitted photon is called the K-alpha (Ka) spectral line, or as a non-radiative decay, with
emission of an Auger electron and the result depends on the relative probabilities of Auger emission

and X-ray fluorescence, as shown in Figure 1.11.

As it can be seen from Figure 1.11, the Auger emission is greater for lighter elements, while for heavier
elements X-ray yield becomes greater. The energies and relative intensities of Auger transitions show

a systematic behaviour with increasing atomic number (Z). In heavier elements, which exhibit more
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energy levels, more Auger transitions are possible.

Auger Yield
Fluorescence Yield

o - | IR—— I .l L g— g A
0 15 30 45 60 75 90
Atomic Number

Figure 1.11: Relative probabilities of Auger emission and X-ray fluorescence. The solid lines show the Auger yield;
the dashed lines show the fluorescence yield (results obtained from Reinhardt & Kern, 2008 and modified for the
purpose of this thesis where irrelevant curves have been removed).

In terms of importance for the RT treatment, the fluorescent photons from X-ray fluorescence are able
to travel longer ranges, up to centimetres, while Auger electrons travel much shorter distances, typically
10 nm (Hainfeld et al., 2008). This means that the former, depending on the tumour size, may not
provide the desired localized tumour effect, but the latter, due to the fact that the electrons are weakly
bound, they can be effective in producing very high local ionization density. For the Auger effect to be
useful, the emitting atom should be close to the target molecule to damage the molecule, due to the

short distance they are able to travel, although some Auger electrons can travel 50 nm in water.

In summary, photoelectrons are the result of the electrons emitted along the primary paths of the
ionising radiation which induce inner shell ionization of the metal atoms, whether the Auger electrons

result from the relaxation of the excited core of the metal atoms.

Emission of Auger electrons and fluorescent photons
Scattered ) . .
Photon can be caused by either photoelectric absorption or

Incident '\"9, scattering angle

by Compton scattering. Basically, in photoelectric
photon

absorption the photon is absorbed by the

’ ‘ photoelectron, while in Compton scattering the
incident photon greatly exceeds the binding energy

( of the electron to the atom, so the photon does not
disappear. Instead it is deflected through a scattering

\4 angle 6, as shown in Figure 1.12. Part of its energy
’ is transferred to the recoil electron, thus the photon

Figure 1.12: Schematic representation of Compton loses energy in the process. The energy transferred

scattering.



does not depend on the density, atomic number, or any other property of the absorbed material (Cherry
et al., 2004).

At a photon energy of about 100 keV or more the photon radiation beam attenuation in the target is
mostly caused by Compton scattering and not by photoelectric absorption (Kljuev, 2001). The
photoelectric effect varies approximately as (Z/E)3, where Z is the atomic number of the target and E is
the incident photon energy. For high-Z elements this effect dominates the interaction with matter at
energies <0.5 MeV, while for energies >1 MeV pair production dominates (Hainfeld et al., 2008). In pair
production electron-positron pairs are created if the incident photon energy exceeds twice the rest mass
of the electron (2x0.511 = 1.022 MeV) and it depends on Z2. All these physical interactions of radiation

with metals made these materials a possible choice to improve the RT treatment.

Adding to the physical interactions, biocompatibility is a quality that needs to be studied since these
metals will be introduced into the human body, specifically that they will need to be injected into the
blood flow and reach the tumour site. Luckily, if these metals are produced in the nanometer range, it
will allow them to accumulate into the cancer cells due to the leaky nature of the tumour vasculature
and its lack of efficient lymphatic drainage as explained before in Figure 1.9. Relying on the EPR effect
for NP delivery is a passive strategy while relying on the ligand-receptor binding is an active strategy.
The later improves selective accumulation to targeted site and thus discriminates between the

cancerous and healthy tissues (Attia et al., 2019).

For a metal-based NP the basic operation of the radiosensitisation process focuses on physical dose

enhancement, chemical contribution and biological phase, as shown in Figure 1.13.

Some biological mechanisms
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Figure 1.13: Schematic illustration of metal-based NPs radiosensitisation process (modified from Liu et al., 2018).

As illustrated in Figure 1.13, the common procedure for the study of metal-based NPs is to load them
into the cells for a specific time and irradiate them (Upper-left). Biological mechanisms will happen
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within the cells due to the radiation itself, the combined effect of radiation with the NP in study and also
due to the NP itself (Upper-right). The basic operation of the radiosensitisation process will then lead to
lethal cellular damage where the primary targets, depending on the cellular and subcellular distribution
of the NPs, will include cell membrane, cytoplasm, nucleus, mitochondria, endoplasmic reticulum, and
other organelles. In this way, the photoelectrons and Auger electrons produced from the combination
of radiation with NPs will contribute to a dose enhancement due to the direct interaction of these species
with the cells or due to the indirect interaction where these species will increase the amount of ROS
damaging even more cells than the amount of ROS produced by radiation alone. Also, HO- production
occurs due to the catalytic-like mechanism/surface-catalyzed reaction present in metal-based NPs
(Lower-left). These interactions produce cell damage that leads to cell death and can be probed by the
number of cells that survived after a certain period of time. The combination of ionising radiation and
metal-based NPs induces physical, chemical and biological mechanisms that contribute for the
observed enhanced cell-killing effects (Lower-right) (Liu et al., 2018).

As mentioned before, the increase of ROS in cancer cell can exert the opposite of what it is expected
from the RT treatment, such as the initiation and progression of cancer (Wu, 2006). On the other hand,
increasing ROS levels can also be toxic to cancer cells which will make them more vulnerable to
damage by further ROS attacks induced by external agents such as the ionising radiation used in RT
(Trachootham et al., 2009).

This method is not straightforward due to the complexity of redox alterations in cancer cells. A lot of
factors are involved in the redox regulation and stress response and they still need to be better
understood. In this way, the simple addition of ROS may not lead to cancer cell apoptosis and the
persistency of this approach may actually instead contribute to a community of cancer cells that

developed an antioxidant capacity making them resistant to exogenous stress (Tiligada, 2006).

A lot of investigations have been made using radiosensitisers to cooperate with RT treatment, however,
a diversity of challenges such as poor biocompatibility, lack of targeting specificity, and
radiosensitisation with clinical energies, mostly MV energies, increase the need for new and optimal

radiosensitisers.

1.6  Radioprotectors

Hypoxic cells may limit the response of tumours to conventional RT because of their inherent
radioresistance (Kennedy et al, 1980). Although this fact constitutes one of the main limitations for this

type of treatment it is not the only one.

Another main challenge of RT is the fact that tumours are located near normal tissues and organs at
risk making the doses delivered to the target volumes limited. For this reason, agents that present
radioprotective properties have been used to reduce normal tissue complication probability (Liu et al.,

2018). These agents are called radioprotectors and have the opposite role of a radiosensitiser.
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Figure 1.14 shows response curves for cancerous and normal tissues to RT. The use of radioprotection
agents has the goal of increasing the separation between both curves by shifting normal tissue curve
response to the right. In this way, a better control of the tumour with less damage to normal tissue is
possible to be achieved. An ideal radioprotection agent is one that protects normal tissue while
preserving anti-tumour effectiveness, and presents low or none toxicity (Grdina et al., 2002).
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Figure 1.14: Probability of tumour control and normal tissue damage at varying radiation doses (Grdina et al.,
2002).

Radioprotection can occur through different mechanisms such as suppressing the formation of reactive
species, detoxification of radiation induced species, target stabilisation and enhancing the repair and
recovery processes, and induction of hypoxia in the tissues (Kunti¢ et al., 2013).

One pathway for radioprotection is the removal of radiation-induced reactive free-radical species.
Certain agents are oxidised by free radicals and form stable compounds incapable of reacting with other
cellular components. Indirect damage from radiation is prevented by reducing the amount of radical
species that cause damage to the normal cells. It has been demonstrated with polymers the repair
through hydrogen donation. If a molecule R-H is exposed to radiation it is converted into a radical
(Biaglow, 1981). Using a protective agent that can donate a hydrogen atom to this radical can restore
this molecule back into its original state.

Sulfydryl compounds of the aminothiols form mixed disulfides with the sulfydryl compounds of cellular
proteins and this is a mechanism proposed for aminothiols for radioprotection through this binding. If
one of these disulfides is attacked by free radicals, one of the sulphur atoms is reduced and the other
is oxidised. In the case of the sulphur atom of the protein being the one that is reduced, and the sulphur
atom of the protective agent is oxidised, then the protein is not damaged. Therefore, the cellular proteins

are protected in 50% of the cases (Varanda & Tavares, 1998).
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Furthermore, radioprotectors might also prevent radiation damage by stabilising the target, such as
DNA. Binding of aminothiols to DNA has been considered a potentially good pathway for
radioprotection. Sulfhydryl compounds of the radioprotective aminothiols bind and stabilise those parts
of DNA helix which are not covered by histones. This process reduces both primary and secondary
damage, decreasing DNA replication rate so that repair processes can act before alterations are
replicated (Brown, 1967).

Inducing hypoxia through oxidation of some thiols consumes enough oxygen to reduce its tension. In
certain conditions, sulphydryl compounds (RSH) of the thiols may use consumption of oxygen as a
mechanism for radioprotection. RSH compounds that can undergo an oxidation reaction with molecular

oxygen can be good candidates for radioprotectors.

Some compounds, such as thiols, exert more than one radioprotective mechanism and depending on
the irradiated system and on the specific radiation conditions they can be more or less important
(Varanda & Tavares, 1998). For example, some thiols compounds exert radioprotective activity without

altering oxygen tension on the tissues.

Studies of other different compounds besides thiols also have been done. Antioxidant enzymes and
mimetics, like glutathione peroxidase, antioxidant nutrients, such as vitamins C and E, phytochemicals,
such as herbal preparations, physiological and receptor mediated protectors, such as bioactive lipids,

and nucleic acid derivatives and interactions, such as RNA preparations (Weiss & Landauer, 2009).

Apart from the group of antioxidant enzymes and mimetics, metals can be also considered
radioprotectors. Different endogenous metals can alter cellular radiosensitivity in a pro-oxidant or
antioxidant way. Mice injected, twenty-four hours prior to irradiation, with metals responsible for inducing
metallothionein (MT), such as Cd (3 mg/kg), Mn (20 mg/kg) and Zn (10 mg/kg) showed protection
against 6.3 Gy X-ray irradiation (Matsubara, 1988).

R addition R’ removal
R
0, RO,H
— N
Pro-oxidant Anti-oxidant
effects effects
\ /KRH
RO,
RO, addition RO," removal

Figure 1.15: Chain reaction (modified from: Gilbert, 1963).

As shown in Figure 1.15, increasing the free-radical concentration is a pro-oxidant effect, and
decreasing the free-radical concentration is an antioxidant effect. Cations can sometimes exert a pro-
oxidant effect, enhancing free-radical production. For example, cations such as cobalt, manganese,
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nickel and zinc increase the rate of oxidation of reduced glutathione exposed to high oxygen pressure
(Gilbert et al., 1958). On the other hand, cobalt and manganese cations accelerate the decomposition
of H202 and this removal can be considered an antioxidant action. Cobalt was tested in different
biological systems such as peas, mice, bacteria and showed an antioxidant action against oxygen
toxicity (Gilbert, 1963).

A more recent study showed a radioprotective effect of date syrup (Abou-Zeid et al., 2018). The authors
pre-treated rats with date syrup by stomach intubation and then irradiated them with 6 Gy gamma-rays.
They concluded that this substance was effective in reducing radiation-induced hepatotoxicity, oxidative
stress, inflammatory response, and DNA damage. Due to these results, date syrup can be a potential

supplement in the RT to protect normal cells from the toxic effects of radiation.

Amifostine was the only compound that has been officially approved for human use, but it still presents
significant toxicity (Kunti¢ et al., 2013). Cerium oxide (CeO2) NPs are a type of metal oxide NP that are
known for its radioprotection effects. These NPs offer protection against radiation induced damage in

different tissues due to its potential as a biological free radical scavenger or antioxidant (Baker, 2013).

Still a lot of investigation needs to be done to find a good radioprotector, but toxicity and inability to
differentiate between normal and cancer cells are the main reasons for their failure in clinical
applications. For this reason, a compound with the ability to protect only normal cells and to differentiate
tumour cells is ideal for a radioprotector and so these compounds need to be modified by taking
advantage of the difference in oxygen levels between normal cells and tumour cells as well as their

associated biochemical characteristics (Nair et al., 2001).

1.7 Gold NPs as radiosensitisers

A study showed that 1.9 nm gold (Au) NPs, through intravenous injection, in combination with 250 kVp
X-rays resulted in eradication of most tumours in mice, while the mice with no irradiation or gold only
treatment died within 15 days, as it can be seen from Figure 1.16 (Hainfeld et al., 2004). This study

introduced a new perspective to the use of metal NPs, especially gold.
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Figure 1.16: Plot of mice survival after various treatments of subcutaneous EMT-6 tumours; Circles: no treatment
(n=17), and gold only (1.35 g Au/kg, no irradiation), indistinguishable from no treatment (n=4); triangles: irradiation
only (26 Gy, 250 kVp), producing 20% long-term (> 1 year) survival (n=15); squares: irradiation after i.v. injection
of 1.35 g Au/kg gold NPs, 50% long-term survival (n=4); diamonds: irradiation after 2.7g Au/kg injection producing

86% long-term survival (n=7) (Hainfeld et al., 2004).

Au NPs have the following advantages (Hainfeld et al., 2008):

e Biocompatibility;

e Absorbs energy 3 times more than iodine at 20 and 100 keV;

e Can be cleared from the blood slower than small molecules enhancing tumour delivery;

e Provide tumour specificity through EPR effect;

e Can be made over a wide range of sizes (1-1000 nm);

o Have different surface ligands, thiols (S-R) or phosphorous (P-R), allowing multifunctionality for

optimal properties.

Surface characteristics and size are two very important features
easy to modify in Au NPs that can have very important outcomes
regarding toxicity and uptake. Using for example a sulphur-
polyethylene glycol (PEG) as coating of Au NP can prevent
reticuloendothelial system uptake and the overall size will also be a
strong factor for blood retention time, as well as the surface coating.

Surface atoms have a covalent-strength binding affinity with sulphur
(S-R) or phosphorus (P-R) atoms, so various functional groups
such as PEG, carboxyl or amino groups, thiol derivatized drugs,
DNA, lipids, and carbohydrates are easily attached, as shown in
Figure 1.17. Through covalent bounds with this functional groups,
antibodies or peptides can be included on Au NP surface, as
represented in the figure by M2. Another possibility is adsorbing
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Figure 1.17: Diagram of a Au NP
with ligands (Hainfeld et al., 2008);
S-R and P-R represent sulphur (S)

or phosphorus (P) atoms,
respectively, attached to a
functional group (R); M1 and M2
represent molecules attached by
jonic and covalent interactions,
respectively.



molecules directly, which may not contain free thiols or phosphorus atoms, but can adsorb onto gold

surface by ionic or hydrophobic interactions at multiple sites, as shown in the figure by M1.

A very important characteristic to consider is the size of the NP which can have a major impact in its
characteristics. The size of the NP will influence the number of ligand sites that are possible to have.
For the same ligand smaller NPs will have a lower number of ligand sites than larger ones (Hainfeld et
al., 2008). Furthermore, small particles are rapidly clear through kidneys, whereas larger ones will not
go through kidney filtration.

Regarding the colour, it is the surface plasmon
0.7 1

resonance (SPR) effect that gives the colour to gold

particles at nanosizes. Depending on the metal, z:

SPR bands will vary according to the spectral . 04

region. For example, gold, silver and copper NPs Q_f 03]

have strong SPR bands in the visible region, while \§ 02

other metals show broad and weak band in the UV © 0.1

region (Huang & El-Sayed, 2010). 0.0

Light absorption and scattering are strongly o 20 30 40 50 6 70 8
enhanced by SPR effect. As the nanosphere Nanosphere diameter D (nm)
diameter increases, the relative contribution of Figure 1.18: Ratio of scattering to absorption of

. L . NPs with here di ter (Jain et al., 2006).
scattering to the total extinction Csca/Cabs increases, s with nanosphere diameter (Jain et a )

as seen from Figure 1.18. This feature can be

useful for the choice of Au NPs for biomedical applications. While larger NPs will be more suitable for
imaging due to their higher scattering efficiency, smaller ones would be more useful for photothermal
therapy, since light is mainly absorbed by the particles and thus efficiently converted to heat for cell and
tissue death (Huang & El-Sayed, 2010).

Chemisorption energies for oxygen are shown in Figure 1.19 for some transition metals (Bligaard et al.,
2004). The more negative the oxygen chemisorption energy value, the easier the metal surface
oxidation. Basically, gold is the only metal with an endothermic chemisorption energy meaning that this

metal does not bind to oxygen at all, being inert in an oxygen atmosphere.
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In this way, despite the fact of gold being chemically inert,
Fe | Co Ni | Cu

-6.30|-5.07 | -3.90 |-2.51 when down to the nanoscale, Au NPs surface presents

catalytic activity (Haruta et al., 1987). When adding these

Rh | Pd A . . .
;gz 2403|120 -o,gs particles into RT treatment, not only the effect of the direct

interaction with radiation will be present, where photoelectric,
Ir Pt | Au

465|217 |+0.54 Compton and pair-production will play a role, but also the

effect of ROS interaction with their catalytically active solid
IZ

Figure 1.19: Dissociative chemisorption
energies for oxygen on transition metal ~ Where they are fragmented, and new bonds are formed on the

surfaces with respect to a molecule in
vacuum (modified from Hvolbeek et al.,

2007). gas phase. Using these materials results in a large contact

surface. The reacting molecules adsorb onto Au NPs surface,

surface. The products can be released back into the liquid or

area between the active material of the catalyst and the surrounding gas or liquid phase (Hvolbzek et
al., 2007).
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absorption between gold and water becomes photon energy (Mesbahi )

theoretically negligible (Mesbahi, 2010).

Although in theory radiosensitisation of gold should be lost at megavoltage energies, some experimental
studies showed that the photon interaction with matter produces Compton electrons with a spectrum of
energy which have higher absorption coefficient with Au NPs compared to the surrounding biological
medium (Mesbahi, 2010). For example, an improvement in dose enhancement for megavoltage X-rays
was seen if the flattening filter (FF) was removed (Robar et al., 2002; Cho, 2005). A FF is a metal filter
placed into the radiation beam to even out the dose across the irradiation area. However, it also
removes the lower energy X-rays. The dose enhancement seen by Robar ef al. makes sense, since the
removal of the filter allows lower energies to pass and to contribute more for the photoelectric effect of
the high-Z materials.

These controversial results led to further investigation. Through Monte Carlo simulations the dose
enhancement due to the use of Au NPs for different radiation treatments with and without FF and
different NP concentrations was quantified (Cho, 2005). The study showed that without the FF the dose

enhancement factor (DEF), which represents the ratio of the dose deposited in tumour with NPs and
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the dose deposited in the tumour without the NPs, for the maximum Au NP concentration used of 30
mg Au/g tissue using 6 MeV, was of 1.053, whereas with the FF the DEF was of 1.025.

Other studies showed enhancement for megavoltage X-rays. Using 50 nm Au NPs, it was showed in a
cervical cancer cell line (HelLa) evidence of enhancement of radiation sensitisation at clinically relevant
X-ray energies (6 MeV) with a radiation enhancement factor of 1.17, where the measured effect
exceeded the theoretically predicted dose enhancement (Chithrani et al., 2010). For a human breast
carcinoma cell line (MDA-MB-231), using 1.9 nm Au NPs and a concentration of 12 uM, it was observed
with 6 and 15 MV photons a sensitizer enhancement ratio (SER) of 1.29 and 1.16, respectively (Jain et
al., 2011). In addition, this study also showed that sensitization was cell specific, not occurring in human
prostate adenocarcinoma cell line (DU145) or in lung epithelial carcinoma cell line (L132), for either keV

or MeV energies despite Au NP uptake occurring in these cell lines.

These observations lead to different answers for the explanation of the radiosensitisation found for Au
NPs since the theory due to the lack of contrast between tissue and gold predicts no radiation
enhancement at MV energies. It was suggested through the use of the Local Effect Model (LEM) that
Au NPs radiosensitisation is driven by dose inhomogeneities on the nanoscale rather than changes in
dose over the entire cell (Stephen J. McMahon et al., 2011). This phenomenon may contribute to the
similar radiosensitisation observed in megavoltage and kilovoltage experiments. The study showed high
energy concentrations in the vicinity of the Au NPs due to the high production of low-energy secondary
electron after gold ionisations, resulting in highly inhomogeneous dose distributions on the nanoscale,
as shown in Figure 1.21. As in the kV range, MV energies can generate single ionisations in Au NPs
that can deposit high doses in the surrounding water volume because of the cascade of low-energy

secondary electrons generated after the ionising event in gold (Stephen J. McMahon et al., 2011).
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Figure 1.21: Average radial dose deposited following a single ionising event in a 2 nm Au NPs during a 6 MeV
LINAC irradiation (Stephen J. McMahon et al., 2011).
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As mentioned before, Au NPs at the nanoscale present catalytic activity. A study demonstrated that Au
NPs showed intrinsic catalytic activity toward H202 decomposition and superoxide scavenging (He et
al., 2013). It was observed that the generation of radical species such as hydroxyl radicals and oxygen
was strongly dependent on the pH, where lower pH was needed for HO: formation and higher pH for
O2 (He et al., 2013).

Metal NPs may be good candidates to improve RT treatment and so their study under hypoxic
conditions is crucial since tumour cells live under these conditions. Investigation towards the
understanding of Au NPs behaviour under hypoxic conditions showed that for MCF-7 and HelLa cells
the highest uptake following prolonged exposure under 0.2% of oxygen was for NPs of 50 nm size
(Neshatian et al., 2014). A concentration of 0.6 nmol of NPs was used and it was showed that NP
uptake of the cells pre-exposed to hypoxia for 18 h was in average 1.5 times higher than the one of
cells under normoxic conditions. The stability of the NP size was measured under normoxic and hypoxic

conditions for 24 h and it was concluded that NPs are stable under both conditions.

Conflicting results regarding the performance of Au NPs under hypoxic conditions show that more
research under cancer cells environmental conditions is needed. A study reported that actually the Au
NP uptake was significantly lower under hypoxic than oxic conditions (Jain et al., 2014). In this case
cell lines such as DU145, MDA-MB-231 and L132 cells were exposed to a concentration of 12 uM of
1.9 nm Au NPs. Both the DU145 and MDA-MB-231 cell lines showed that a higher reduction in cell
growth induced by Au NPs in hypoxia than in normoxia, but for L132 cells the growth inhibitory effects
were similar under both conditions. Regarding radiosensitisation using 160 kV X-rays, for MDA-MB-231
cells the SERs were similar at 21% and 1% oxygen concentration, 1.41 and 1.39, respectively, but was
much lower at 1.1 for 0.1% oxygen. It was suggested that the lower radiosensitisation observed under
hypoxia was due to the reduction in Au NPs cellular uptake. No significant radiosensitisation occurred

in DU145 or L132 cells in 0.1% or 21% oxygen conditions.

Another important question is whether the localisation of the NPs should be within the cell to provoke
its apoptosis. It is generally assumed that NPs have to be inside the cell nucleus, where the most
important constituent is (the DNA) to destroy cancer cells. However, it was seen through experimental
studies that Au NPs are mostly taken up into the cytoplasm of the cell and still show radiosensitisation
effects (Chithrani et al., 2010). For example, mitochondrion can be a good target since is responsible
for many important functional roles in the cell such as energy metabolism, apoptosis regulation, ROS
production, and cell signalling. Through Monte Carlo simulations, a study showed that although Au NPs
tend to be within the cytosol, physical dose enhancements are not restricted to the vicinity of the NPs
and can extend to the nucleus and to the mitochondria, contributing in this way to NP dose enhancement

effects observed experimentally (McNamara et al, 2016).

The mechanism, through which Au NPs increase cell killing and DNA damage with X-rays, is still
unknown. Using 1.9 nm Au NPs at a concentration of 500 pg/ml, MDA-MB-231 cells were irradiated

with 1.5 Gy X-rays of photon energies between 10 keV to 60 keV (McQuaid et al., 2016). The energy
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range used in the study was justified by the fact that, although is much lower than the clinical energies
use in RT treatments, a large proportion of X-rays produced by a LINAC are in the low keV energy
range. For instance, 10% of a 6 MeV LINAC beam spectrum is made up of photons with energies less
than 200 keV (please refer back to Fig. 1.4). The results suggest a different interaction between Au NPs
and DNA molecules, due to the paradox of increased cell killing with little evidence of the increase in
short term DNA damage. It was concluded that other mechanisms are responsible for cell death at
lower X-ray energies, so photoelectrons can be playing a less effective role than it was thought.
Furthermore, according to the prediction of LEM, Auger electrons are the predominant source of dose
enhancement. Considering their short range, within several hundred nanometres from Au NP surface,
and the localisation of the NPs within the cell but outside of the cell nucleus, nuclear DNA is
consequently outside the range of the majority of these particles, which means that there must be a
different target to provoke the cell damage observed with the use of Au NPs with radiation. Studies
have been focusing on finding the target responsible for the radiosensitisation seen with Au NPs and

the results suggest mitochondria as the main target (McMahon et al., 2017; Ghita et al., 2017).

More recently, a study aimed to identify other mechanisms than the physical assumptions alone for the
radiosensitisation measured with Au NPs found a biological mechanism that might be behind this
enhanced radiation-induced cell death (Taggart et al., 2016). Au NPs were found to inhibit the enzyme
protein disulphide isomerase, an important enzyme for correct folding of proteins in the endoplasmic
reticulum and for the formation of glutathione antioxidant. Inhibition of this enzyme can lead to cell stress
and make cells more susceptible to radiation-induced ROS damage.

The controversial results concerning Au NP radiosensitisation can be originated from the differences in
performed investigations in terms of key parameters including Au NP size, shape, and concentration,

type of cell lines, and radiation source.

Although a promising candidate for the improvement of RT treatment there are still crucial unknown
phenomena underlying Au NPs radiosensitisation due to the lack of agreement between theoretical and
experimental evidence.

1.8  Metal oxides as radiosensitisers

Different types of metals have been considered to explore radiation dose enhancement in tumours.
Theoretical research, using Interactive Data Language (IDL) program to solve the equation for DEF,
was made exploring materials with atomic numbers ranging from 25 to 90 and showed, for 6 MV X-rays
and a NP density of 5 mg/ml, a DEF range from 1.004 to 1.007 (Roeske et al., 2007).

Elements such as manganese, copper, iron and zinc have crucial roles as co-factors in various proteins
and enzymes, such as catalase (CAT), superoxide dismutase (SOD), cerulo-plasmin and
metallothionein (Weiss & Landauer, 2009). Although it is probable that antioxidant enzymes, such as

glutathione peroxidase, manganese SOD (MnSOD), copper-zinc SOD, and CAT, are important in
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providing protection from radiation exposure, the proper balance of the enzymes in specific cells and in
the whole organism required for maximum radioprotection is not understood yet. For example, a large
increase in Mn-SOD in some model systems may have a radiosensitising effect rather than a protective
effect, probably related to the inability of the cell to cope with overproduction of hydrogen peroxide or
hydroxyl radicals (Weiss & Landauer, 2006).

Not all the NPs used in this thesis have been considered for RT, although research has been made

with some of them for the purpose of improving this type of cancer treatment:

Iron-based NPs: radiosensitisation of this metal NPs has been attributed to the production of ROS,
owing to their surface-catalysed Haber-Weiss cycle and Fenton reaction, compensating in this way their
low atomic number of 26 (Klein et al., 2012). Iron NP surfaces catalyse in aqueous solutions H20:2
through the Haber-Weiss cycle which starts via the superoxide-driven reduction of Fe®* to Fe?* and
results into the formation of highly reactive HO- (Voinov et al.,, 2011). A study showed
superparamagnetic iron oxide NPs (SPIONs) radiosensitisation effect through their incubation in MCF-
7 cells for 24 h at a concentration of 0.1 mg Fe/mL after irradiation with 120 kV X-rays at a dose of 3
Gy (Klein et al., 2012). Human Alveolar Basal Epithelial Adenocarcinoma cell line (A549) irradiated with
5 Gy and incubated for 24 h with uncoated FesO4 NP systems and a concentration of 500 pg/ml, showed

a significant increase in ROS production when compared with radiation alone (Hauser et al, 2016).

The iron-catalysed Haber-Weiss reaction, which makes use of Fenton chemistry, is considered the main

mechanism by which the highly reactive radical is generated in biological systems (Hauser et al, 2016):
Fenton chemistry: Fe?* + H202 —» Fe®" + HO" + HO-
Haber-Weiss reaction: Oz" + H202 - Oz + HO" + HO:

Under normal conditions, only traces of iron exist in proteins such as transferrin or ferritin. Proteins take
up Fe ions in a way that the circulating Fe ions bind to transferrin and accumulate in the cells in the
form of ferritin. Iron absorption is controlled to prevent excess storage or oxidative attack. The uptake
of iron NPs can increase the intracellular unbound iron, resulting in cell damage or death, especially
when combined to additional therapies. Cell uptake of iron oxide NPs enhances ROS production
through two different pathways: release of Fe ions into the cytosol where chelation by citrate (CIT) or
adenosine phosphate takes place, resulting in the iron ions participating in the Haber-Weiss cycle; or
the surface of the NP may act directly as a catalyst for the Haber-Weiss cycle and the Fenton reaction.

Via these pathways formation of hydroxyl radical occurs (Hauser et al, 2016).

Only a few formulations of SPIONs have been approved for clinical uses due to insufficient tissue
selectivity, low drug loading capacity, and lack of control over their biodistribution (Revia & Zhang,
2016).

Hafnium-based NPs: due to their high atomic number (Z=72) and chemical stability, a type of 50 nm-

sized functionalised hafnium oxide NPs called NBTXRS3, with a negative surface charge has been used
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for clinical trials (Liu et al., 2018). For HT1080 fibrosarcoma cell line a DEF of 1.4 was achieved for 6
MV X-rays at 4 Gy and a concentration of 64 g/l of NBTXR3 NPs (Maggiorella et al., 2012). This type
of HfO2 NPs has been design for direct local intratumoural injection and to be activated by RT (Pottier
et al.,, 2014). Research with NBTXR3 NPs showed that, for different human cancer cell lines and
different X-ray energies, radioenhancement increased with both NP concentration and radiation dose
(Marill et al., 2014).
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rare earth metals (Kwatra et al, 2013).

TiO2 is the most-studied photocatalyst because of its ability to oxidize a large number of organic
compounds into harmless compounds such as carbon dioxide and water using ultraviolet light, and
potentially, visible-light (Fujishima & Zhang, 2006). Photocatalysts such as titanium rely on the electron
(e") transition between the valence and conduction band, as shown in Figure 1.22. When an e- makes
a transition from the valence to the conduction band it leaves a hole (h*) in the valence band. For TiO2
NPs, both species, e and h*, can then further generate free radicals at the NP surface, as shown in the
following equations (Wong & Chu, 2003):

Equation 1:  TiOz2 + hv = TiOz2 (e” + h")
Equation 2: h* + OH - HO

Equation 3: e +02- 02

The highly oxidizing positive hole has been considered to be the dominant oxidizing species contributing
to the photocatalytic activity of TiO2 (Wong & Chu, 2003). Photocatalytic activity of TiO2 has been
extensively studied (Nosaka et al., 2014).

TiOz2 is only toxic in the presence of UV radiation and so using HepG2 cells a study compared the
cytotoxic and genotoxic potential of non-irradiated and UV pre-irradiated TiO2 NPs for two sizes of
particles <25 nm and >100 nm (Petkovi¢ et al., 2011). This study showed that, independently of the
particle size, UV radiation increases the cytotoxicity and the genotoxicity of anatase TiO2 NPs, and in

particular, oxidative DNA damage. The authors concluded that generation of ROS after irradiation was
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the main mechanism responsible for the observed toxic effects, since UV radiation has enough energy
to excite electrons from the valence band to conduction band (see Figure 1.22), resulting in the
formation of highly reactive electron-hole pairs. In an aqueous environment, electrons reduce oxygen
to give superoxide anion radicals, which can be dismutated to H202, while holes oxidize water to give
hydroxyl radicals, as shown in Figure 1.22. Also, an interesting finding in this study was the fact of TiO2
NPs to remain activated, i.e. in the excited stage, even after irradiation was discontinued, which can

explain their higher toxic and genotoxic potential compared to the non-irradiated NPs.

For TiO2 NPs coated with a dye it was found that visible-light activates the NPs leading to degradation
of plasmid DNA in vitro (Blatnik et al., 2012). An in vivo study demonstrated the efficacy of TiO2 NPs for
RT when these particles are doped with rare earth elements after irradiation with 200 kV X-rays
(Townley et al., 2012). Human glioblastoma cell lines, SNB-19 and U87MG, internalized with titanium
oxide nanotubes (TiONts) showed no cytotoxicity and decreased DNA repair efficiency after irradiation
as well as amplified G2/M cell-cycle arrest (Mirjolet et al., 2013). In this study, cells were incubated with
a concentration of 1 ug/ml of TiONts for 24 h and irradiated with 10 Gy by a linear photon accelerator
(clinac600 Varian).

A study on titanium-based NPs to use them for deep-tumour treatments concluded that titanium
peroxide NPs (TiOxNPs) could be used to optimize pancreatic cancer therapy. TIOXNPs were tested in
a human pancreatic cancer model both, in vitro and in vivo, and the results showed a high ROS

production upon 150 keV X-rays irradiation (Nakayama et al., 2016).

Zinc-based NPs: a semiconductor material with a broad range of applications with a very low risk to
human health. A great advantage of this type of NPs is their ability to absorb a wide range of the visible
spectrum due to its wide band gap energy. This results in fast recombination of photogenerated charges
and thus leads to a low photocatalytic efficiency (Lee et al., 2016). ZnO NPs have the ability to respond
to ionising radiation since they exhibit scintillation upon excitation with X-rays. The induced
radioluminescence results from the excitation of fluorescent centers by energy conversion taking place
in the semiconductor NP. Such as for TiO2 NPs the production of ROS will follow Equations 1, 2 and 3
(Lee et al., 2016). ZnO NPs induce cell death through their ability to form ROS (Bogdan et al., 2017).

ZnO NPs were investigated and to ensure chemical stability of an atmospheric zinc oxide core, the
particles were coated with a silica layer (Generalov et al., 2015). Two human prostate adenocarcinoma
cell lines, LNCaP and DU145, were exposed to 200 kV X-ray radiation after incubation of ZnO/SiO2
NPs. The results demonstrated a radiation enhancement due to the NPs with an enhancement ratio of
1.97 for LNCaP cells and one of 1.19 for DU145 cells. It was concluded that the radiosensitising effect

of the NPs was due to the X-ray induced catalysis at the NP surface.

ZnO NPs with a diameter less than 100 nm are relatively biocompatible, can additionally be used for
drug delivery, and show anticancer activity by inducing apoptosis and autophagy (Jiang et al., 2018).
For example, regarding apoptosis, ZnO NPs promote cancer cell death due to the intracellular release
of zinc ions. This leads to an increase in ROS induction and subsequent cell death mediated by the
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ROS triggered mitochondrial pathway. This process happens because the mitochondrial electron
transport chain is associated with intracellular ROS generation. Excessive ROS production damages
the mitochondria resulting in the release of cytochrome C that triggers intrinsic apoptosis (Jiang et al.,
2018).

Different approaches have been used with metal-based nanomaterials to avoid radioresistance induced
by tumour hypoxia. One of the approaches is through the generation of Oz in situ. Due to the
overproduction of hydrogen peroxide within malignant tumours, the approach of Oz generation in situ
via catalysing intracellular H202 provides a new way to provide continuous O: release in tumour cells
(Chenyang et al., 2019). Manganese dioxide (MnOz) is an excellent catalyst for decomposing H20: into
Oz within the tumour environment (Zhu et al., 2016). MnOz in the form of nanosheets (NSs) has high
surface-to-volume ratio, which allow easy contact between the reactant molecules and the active sites,
thus providing enhanced catalytic activities (Wu et al., 2019). Fan et al., (2015) explored MnO2 NSs that
can be reduced to Mn?* by acidic H20:z in solid tumours, improving radiosensitisation under hypoxia

conditions through ROS generation.

Another approach is the use of nano-radiosensitisers with diminished oxygen dependence for hypoxic-
tumour RT. In this way, the possibility of a radiosensitiser that could generate ROS without the use of
oxygen was studied. Semiconductors have the ability of generating holes that can decompose H20
molecules during RT and generate OH:. Using the semiconducting abilities of ZnO NPs, research
showed that was possible to generate abundant electron-hole pairs and create highly toxic hydroxyl
radicals, enhancing the anti-tumour therapeutic efficacy (Zhang et al., 2015). Furthermore, adding to
the decomposition of water by a semiconductor, another possibility is the decomposition of H20: to
generate oxygen-independent ROS. More importantly, using H20:z instead of H20 molecules for ROS
production provides a more efficient way of enhancing cell killing in tumours and reducing damage to
the surrounding healthy tissues, since H20: is overexpressed within tumour cells relative to normal cells
(Chenyang et al., 2019). This approach was introduced by the use of Cuz(OH)PQO4 nanocrystals that
can simultaneously respond to endogenous stimuli, such as H202 and exogenous stimuli, such as X-
ray irradiation (Chenyang et al., 2019). Under X-ray irradiation, these nanocrystals decompose
intracellular H202 into OH- via a Fenton-like reaction. This research showed that Fenton-like reaction
was selectively activated in tumour cells due to the high amount of hydrogen peroxide found in cancer
cells, compared with normal cells, resulting in enhanced RT with tumour selectivity. Compared to Fe-
based NPs Fenton reaction, results showed that the Fenton-like reaction of Cuz(OH)PO4 nanocrystals

had a more effective activity in hydroxyl radical generation at pH 6.5 (Chenyang et al., 2019).

In summary, new metal elements are being developed and used for cancer treatment. Each of the
metallic elements offers specific characteristics due to their intrinsic properties that can be used in

combination with different strategies to optimise RT treatment.

1.9 Research aims
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This thesis has the aim of exploring and comparing different types of metal oxides and analyse their
behaviour with respect to the production of ROS, within water, plasmid-DNA, and cancer cells. This
might bring a deeper knowledge regarding radiosensitisation of metal oxide NPs and also explore other

candidates for application in the RT treatment.

Even more important is the consistency of the results. Different studies have shown results regarding
different types of NPs, but they are inconsistent. This has to do with the fact that different authors use
different cell lines, different NP sizes and different radiations, so a fair comparison between the NPs
used in different studies is not possible. For this reason, an effort was made in this thesis to try to

overcome this lack of consistency.

For this thesis, characteristics such as NP size and coating remained constrained as far as possible
(keeping in mind that small variations are always present), the same cell line was used, the same
radiation source and same measurement techniques and analysis were used. Each experiment was
done at the same time with all the different types of NPs used in each part of the thesis.

There were seven research questions:

e What is the metal oxide NP with the highest radiosensitisation for clinical 6 MeV X-rays?

e Does this type of NP, although with a higher radiosensitisation, have a good cell uptake?

e How toxic is this type of NP to cancer cells without radiation?

e What types of ROS does each NP produce?

e Whatis the ability of these metal oxide NPs to cause damage to DNA?

e Isthere any correlation between the types of ROS produced and the damage caused to cancer
cells or DNA?

e Does coating the NPs bring any advantages to cell uptake or radiosensitisation?
All these questions were addressed during this thesis and organized in different chapters.

e Chapter 1: Introduction

e Chapter 2: Materials and Methods; all the conditions, techniques and equipment used are
described in this chapter.

e Chapter 3: Comparison of the radiosensitising ability of Period 4 transition metal oxide NPs;
this part studies the ability of the different metal oxide NPs to produce the ROS that is more
important for cell damage, hydroxyl radical, and how the NPs interact with cancer cells. A
coating was chosen to understand if its presence would bring any advantage to the uptake and
radiosensitisation of the NPs.

o Chapter 4: Comparison of the radiosensitisation ability of 22 different element metal oxide NPs
using 6 MeV clinical X-rays; here focus is given to the interaction of the metal oxide NPs with
plasmid DNA. Also, the main types of ROS, such as hydroxyl radical, superoxide, and single

oxygen, responsible for cancer cell killing in the interaction of NPs with radiation, are studied.
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e Chapter 5: Conclusions; a general conclusion is given based on the different results, and also
future lines of experiment that can be conducted are described to bring more knowledge into
this field.

37



38



2 — Materials and methods
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2.1 Metal oxide nanoparticle-based methods

2.1.1  Nanoparticle characteristics

Metals from period four of periodic table, as shown in Figure 2.1, such as manganese (Mn), copper
(Cu), nickel (Ni), zinc (Zn), iron (Fe), chromium (Cr), cobalt (Co), vanadium (Vn) and scandium (Sc),
were investigated in the form of NPs for the first part of this thesis and compared to hafnium (Hf). For
the second part other types were added such as aluminium (Al) and silica (Si) from period 3, zirconium
(Zr) and molybdenum (Mo) from period 5, and lanthanides such as neodymium (Nd), samarium (Sm),

europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), and erbium (Er).

Nanoparticles purchased from Sigma-Aldrich: Al2Os (544833, <50 nm, 99.8%), SiO2 (637238, 10-20
nm, 99.5%), TiO2 (718467, 21 nm, 99.5%), FesO4 (637106, 50-100 nm, 97%), NiO (637130, <50 nm,
99.8%), CuO (544868, <50 nm, 82.6%) and ZnO (721077, <100 nm).

Nanoparticles purchased from US Research Nanomaterials: Cr.03 (US3060, 60 nm, >99%), MnO-
(US3319NMP, 50 nm, 98%), CoO (US3051, 50 nm, 99.7%), ZrO2 (US3600, 40 nm, >99%), MoOs
(US3330, 13-80 nm, 99.94%), Nd203 (US3350, 30-45 nm, 99.9%), Sm203 (US3450, 15-45 nm,
99.95%), Eu203 (US3543, 10-100 nm, 99.99%), Gd203 (US3240, 10-100 nm, 99.9%), Tb4O7 (US3455,
10-100 nm, 99.99%), Dy203 (US3080, 30 nm, >99.9%), Er-03 (US3140, 10-100 nm, 99.9%) and HfO2
(US3245, 61-80 nm, 99.99%).

Nanoparticles purchased from American elements: Sc203 (SC-OX-02-NP, <80 nm, 99%).

Nanoparticles purchased from Nanoshel: V205 (NS6130-03-399, <80 nm, 99.9%).
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Figure 2.1: Periodic table with all the elements (outlined in red) chosen for this thesis (Sigma Aldrich).

2.1.2 Nanoparticle coating

Polyethylenimine (PEI) was used in this thesis with the aim of testing if the NP cellular uptake would

increase in comparison to the non-coated counterparts.

A PEI solution in 50 wt. % in H20 (482595) was purchased
from Sigma Aldrich with a molecular weight of 1300 and a

~ /\N/\/NHZ
NH; H H . .
T SR N NN SN branched structure (as shown in Figure 2.2).

Samples were prepared using a PEI stock solution

concentration of 1:100 in H20 and a NP concentration of 1

o —n

Figure 2.2: PEI branched structure (Sigma mg/ml. A volume of 10 ml PEI stock solution was then added
Aldrich). to 1 ml NP solution. This mixture was placed in an ultrasonic
bath and sonicated for 1 h. After the sonication process was done, each solution was mixed in a vortex
and then placed in a centrifuge at 2000xg for 10 min at 20 °C. The supernatant was then discarded to
remove the excess PEl and 10 ml of H2O was added to the pellet. For a better cleaning, the sample
was washed another two times with H20. To the final samples a volume of 2 ml of water was added
and mixed in a vortex. Samples were placed in a beaker and dried at 50 °C for approximately 30 min.

The dried samples were removed with a spatula and placed in cryogenic vials with a screw cap.
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2.1.3 Nanoparticle physico-chemical characterization

2.1.3.1  Transmission Electron Microscopy (TEM)

NP size and shape was determined using TEM images. Solutions were prepared by mixing the NP
powder in water and sonicating it for 1 h. A sample volume of 2 ul was dried on an electrostatically
discharged carbon-coated grid. Each grid was placed in a JEM-1400 model (JEOL-USA) and different
images were taken for each sample. Using ImageJ 1.49 software, NP diameters were calculated using
10 images of each TEM sample with 3000x magnification. Threshold approach was used by adjusting
the images brightness to optimize the contrast with the background and then applying a threshold.

Imaged “Analyse particles” function was used, and the different steps were taken:

1. Image magnification scale was defined;
2. Pixel dimensions were then converted into nanometres;

3. Size dimensions were set between 1 nm and infinity;

A MACROS code was used to run the threshold approach through all the 10 images of each sample.

Values of each sample were transferred into an excel spreadsheet and NP diameter was calculated

using d = 2 X (g) , where A is the measured area and d is the diameter. The excel “Data analysis”

function was used, and a histogram was created for each type of NP.

2.1.3.2 Dynamic Light Scattering (DLS)/Zeta potential

The hydrodynamic diameter of 2.5 mM NPs in 3% PBS pH 7.4 was calculated with The Nano-flex Il
180° DLS system using Flex 11.1.0.5 software (Microtrac). PEI coating in each sample was identified
through zeta potential measurements. For this technique, a 5 mM NP sample of 10 ml in water was
prepared and the potential was measured using Colloid Metrix Stabino Il. Non-coated and PEI-coated
samples potential was then compared to look for evidence of the PEI coating through the differences in

the potential.

2.1.3.3 X-ray diffraction

Samples were analysed using a Siemens D5005 XRD with a long fine focus copper X-ray tube
energised at 40 kV and 40 mA running conventional Bragg-Brentano geometry. Most runs were 0.5
s/step, with some at 8 s/step. Crystal phases were determined from XRD spectra using QualX2 software
(Altomare et al., 2015) (version 2.24; Institute of Crystallography CNR, Bari, Italy) and PowCod
database 1901.
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2.2  Cell culture-based methods

2.2.1 Cell culture

The cell line used in this thesis was HSC-3 that is a human tongue squamous carcinoma cell line. This
cell line was purchased from the American Type Culture Collection. HSC-3 cells were cultured in low
glucose (1 g/L) DMEM (Gibco, 21885-108), supplemented with 10% FBS (Sigma-Aldrich, F9885) and
1% penicillin/streptomycin (ThermoFisher Scientific, 15140122) in a humidifier incubator at 37 °C with

5% CO:sz. Cells were grown in T-75 culture flasks to about 80% confluency before passage.

2.2.2 Cytotoxicity of metal oxide nanoparticles

2.2.2.1 Clonogenic assay

The toxicity of metal oxide NPs and their effect on cell survival and proliferation was evaluated with a
clonogenic assay on HSC-3 cell line. HSC-3 cells were seeded at 150 cells/well in a 24-well plate and
allowed to adhere overnight. Next day, cells were exposed to 0, 1, 10, 30, and 100 pug/ml of each type
of metal oxide NP for 24 h. After 24 h have passed the NP medium was removed and the wells were
washed three times with DMEM media supplemented with 10% FBS and 1% penicillin/streptomycin.
Cells were left to grow for 6 days to form colonies. After the end of the 6™ day, cells were briefly rinsed
with water, stained, and fixed with 2% methylene blue in 50% ethanol solution for 4 h. The
staining/fixation solution was removed, plates were rinsed with distilled water and dried. Colony counts
were done by eye using a Zeiss AxioVert microscope and the IC25 values were estimated from
logarithmic plots of NP concentration vs colony survival, normalized to the control. IC25 is the
concentration at which the metal oxide NPs cause 25% cell colony reduction compared to the untreated
controls.

2.2.3 Cellular uptake of metal oxide nanoparticles

2.2.3.1 Inductively coupled plasma mass spectrometer (ICP-MS)

Metal oxide NP cellular uptake was assessed by ICP-MS in the HSC-3 cell line. HSC-3 cells were
seeded at 150 cells/well in 24-well plates and allowed to adhere overnight. Next day, cells were exposed
to the IC25 concentration of each type of metal oxide NP for 24 h. After 24 h have passed the NP
medium was removed and the wells were washed three times with DMEM media supplemented with

10% FBS and 1% penicillin/streptomycin. Cells were left to grow for six days to form colonies. After the
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end of the 6™ day, cells were briefly rinsed with water and dried. In order to measure the concentration
of the NPs uptake by the cells, nitric acid was used to remove all the cells and the concentration of the
remaining NPs were put into solution and measured by Agilent 7500 ICP-MS or Agilent 8800 triple quad
ICP-MS. To convert the uptake in ppm into intracellular concentration in mg/ml it was assumed that
25,000 cells were loaded in each well for a total volume of 4 ml of HNOzs. Considering that each cell
volume is equal to 2,000 microns cubed (Mitsui & Schneider, 1976) and that each NP is evenly

dispersed in that volume, the intracellular concentration is equal to:

, 4
intracellular c = mx ppb = 80000 x ppb

, where 0.00005 ml is the volume occupied by the 25,000 cells, since 25,000 cells
= 50 million microns cubed = 0.00005 ml. Since 1 million ppb is equal to 1 mg/ml the intracellular

concentration becomes:

int lul = 80,000 b =10.08 b
mraceuarc-mxpp = 0. X ppDo.

2.3 Reactive oxygen species (ROS) based methods
2.3.1 ROS probes

2.3.1.1  Hydroxyl radical probe

Coumarin-3-carboxylic acid (3-CCA) powder was purchased from Sigma Aldrich. A 5 mM stock was
prepared in 6% PBS pH 7.4.

2.3.1.2 Hydrogen peroxide probe

Dihydrorhodamine 123 (DHR) solution was purchased from ThermoFisher Scientific. A 20 uM was
prepared in 6% PBS pH7.4.

2.3.1.3 Singlet oxygen probe

Singlet oxygen sensor green (SOSG) was purchased from ThermoFisher. From a 5 mM methanolic
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stock, a working solution of 1 uM was prepared in 6% PBS pH 7.4.

2.3.1.4  Superoxide anion probe

Dihydroethidium (DHE) was purchased from ThermoFisher. From a stock of 20 mM DHE in DMSO a
working solution of 50 uM was prepared in 6% PBS pH 7.4.

2.3.2 ROS measurement

Experiments were run a minimum of three times independently and each time containing technical
triplicates. Fifty microlitres of probe working solution was added to 50 pl of 5 MM NP in deionized water
in black-walled 96-well plates (Cellstar, Greiner), producing a 2.5 mM NP working solution. After
irradiation the fluorescence of each well was measured using a FLUOstar Optima plate reader (BMG
Labtech), according to the type of probe: 3-CCA at Ex 390 nm/ Em 450 nm, DHR at Ex 485 nm/ Em
544 nm, SOSG at Ex 485 nm /Em 520 nm, and DHE at Ex 485 nm/ Em 590 nm (Zhao et al., 2003).

2.3.3 ROS calibration measurement

Each NP could potentially alter the fluorescence of the probe solution. Therefore, for each probe 50 pl
serial dilutions of the fully oxidized fluorescence molecule in 6% PBS were mixed with 50 ul 5 mM NP

solution and the fluorescence measured as already described.

For 3-CCA calibration was measured with 7-hydroxycoumarin-3-carboxylic acid (7OH-CCA, Sigma-

Aldrich). For DHR calibration, rhodamine 123 (ThermoFisher Scientific) was used.

For SOSG calibration, 0.5 uM SOSG was reacted with 6% H202 and 2% NaClO. The reaction of H202
with NaClO generates singlet oxygen (To et al., 2014).

For DHE calibration, to generate DHE fluorescence products namely 20H-E, 1.5 uM DHE was reacted
with 0.5 mM xanthine in 0.9% NaCl and 10 mU/ml xanthine oxidase (Sigma-Aldrich). The stock of 20H-

E was generated by complete DHE oxidation for 6 h as previously described (Nazarewicz et al, 2013).

The molarity of each radical species is reported assuming an equimolar reaction between each probe

and its cognate radical.
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2.4  Plasmid DNA based methods

2.4.1 Plasmid DNA extraction

Plasmid pBR322 was extracted from bacteria using Qiagen plasmid midi kits and kept as a 50 ng/ul
stock in 10 mM Tris-HCI, pH 8.5. Plasmid concentration was obtained from UV-vis measurements using

NanoDrop One Spectrophotometer from ThermoFisher.

2.4.2 Plasmid DNA measurement

Ten microlitres of plasmid DNA were mixed with 10 pl of 5 mM NP solution in 96 well plates. Solutions

were either left untreated or irradiated with 10 Gy of 6 MeV X-rays, as described below.

After irradiation, to assess the DNA irradiation damage a 50 well agarose gel electrophoresis was used.
Five pl of each sample were mixed with 5 pl loading dye (Purple, New England Biolabs) and loaded
onto 1% agarose electrophoresis gels containing 0.2 ng/ml ethidium bromide with a running buffer of
Tris-Borate-EDTA with 0.2 ug/ml ethidium bromide. A 1 kb DNA ladder was also used (Quick-load
Purple Plus, New England Biolabs).

Gels were run at 110 V for 1 h and then photographed using a G:Box Chemi XX6 gel documentation
system (Syngene). DNA band intensities were quantified using the Gel Analysis feature of ImagedJ

software (version 1.52; NIH).

2.5 Hole quenching-based methods

2.5.1 Hole scavenger

25.1.1 Formic acid
A working concentration of 10 mM formic acid pH 3.5 was obtained from a 99.5% concentrated formic

acid solution (Puangpetch et al., 2011; Tan et al., 2003).

2.5.2 Hole quenching measurement
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Experiments were run a minimum of three times independently and each time containing technical
triplicates. A working concentration of the hole scavenger was added to a 2.5 mM working concentration
of NP solution and 50 uM working concentration of DHE with a total volume of 100 ul per well in black-
walled 96-well plates (Cellstar, Greiner). After irradiation, the fluorescence of each well was measured
using a FLUOstar Optima plate reader (BMG Labtech) and the DHE probe filters, Ex 485 nm/ Em 590
nm. For the formic acid pH 3.5 samples a pH 3.5 nitric acid solution was used as a reference to evaluate
the effect of the pH in the formation of superoxide anions after irradiation. For this purpose, the formic
acid experiment set-up and conditions were maintained where 10 mM of formic acid was replaced by
10 mM of pH 3.5 nitric acid.

2.6 Nanoparticle catalytic ability

Figure 2.3: Nanoparticle catalytic ability measurement set-up.

Five ml of aqueous 5 mM NP solution was added to a 30 ml amber screw-cap PTFE/silicone septum
bottle. The bottle was nearly fully immersed in a beaker of 100 ml in water at room temperature (20 °C)

with constant magnetic stirring of the NP solution, as shown in Figure 2.3.
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An oxygen microsensor probe (OXB50, Pyro Science) was put into a plastic protection and sealed. The
probe+plastic protection was inserted into a hole that was made into the amber cap and positioned

around 2 cm above the liquid surface.

After stirring for 5 minutes, an aqueous solution of 6 ml 12% H202 was injected into a 6 ml 5 mM NP

solution using a fine needle syringe.

Percentage oxygen concentration was measured in the gas phase at one second intervals for 10 min

using a FireStingGO2 oxygen meter.

2.7 Hypoxia

To mimic a cancer cell hypoxic environment all plates were sealed in a plastic bag containing only 0.3%
oxygen. For this purpose, an O2/Ar cylinder was used to add the gas (O2/Ar) into the plastic bag to
remove as much oxygen as possible. For each bag, the gas was left for 30 seconds and this procedure

was repeated three times. Before closing the bag, gas was added for another 60 seconds.

For the cancer cell experiments, before insertion of the gas, the cell medium was replaced by
Gibco™ CO:2 Independent Medium purchased from Fisher Scientific and CO2 from the incubator was
removed. After irradiation, cell medium was again replaced by DMEM and CO: in the incubator changed
to 5%.

2.8  X-ray irradiation

Plates were sandwiched between 10 cm solid water
shielding (Gammex) with a 0.5 cm bolus on the bottom
and 2 cm bolus with 5 cm solid water shielding on top.
This set-up was chosen using a treatment plan based
on CT scans of the plates to simulate the location of a

deep tumour, preventing in this way backscatter build-

up (Figure 2.4). Plates were irradiated with 10 Gy of

6 MeV X-rays at a dose rate of 5 Gy/min in a 25x25 cm?

radiation field using a clinical linear accelerator (Versa Figure 2.4: Plate set-up for irradiation at
9 ( GenesisCare Milton Keynes Elekta LINAC using 6

HD, Elekta) at GenesisCare, Milton Keynes. MeV and 10 Gy.

2.9 Statistical analysis
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Data were analysed using GraphPad 6.0 Prism software. All the experiments were performed in

triplicate and on three independent times, so all values were normalized to their control, n=3.

The data of ROS and clonogenic assay where both non-irradiated and irradiated results are shown was

analysed using a two-way ANOVA with Tukey’s post-hoc test and «=0.05.

In the data of ROS and clonogenic assay for ratio and quenching results a one-way ANOVA with

Dunnett’s post-hoc test and a=0.05 was used.

The significance is always compared to the respective control. Asterisks indicate significant differences
of *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Mean + SEM was plotted on all graphs.
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3 Comparison of the radiosensitising
ability of Period 4 transition metal oxide
nanoparticles
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3.1 Introduction

Different types of NPs have been a target of study in order to enhance RT treatment. One of the major
issues with this field of research is the lack of comparable results due to the existence of different
experimental variables and the assumption that NP radiosensitisation is primarily due to photoelectric
electrons without much consideration for the role of surface catalysis. For example, within gold NPs,
different results are shown regarding the gold radiosensitising ability due to the differences in size, cell
line, beam type used (Rosa et al., 2017). For this reason, this thesis is focused on a systematic survey

of the radiosensitising potential of different metallic NPs.

In this way, metal oxide NPs from period four of the periodic table, and hafnium oxide NPs for
comparison, were chosen for this research, where size, cell line and beam type were maintained
constant through the experimental procedure. Thus, the following metal oxide NPs were studied: Sc20s,
TiOz2, V205, CrO2, MnOz2, Fe203, CoO, NiO, CuO, ZnO and HfO2 as a heavy element positive control.

For clonogenic assays with cancer cells, the coating was one of the variables of concern in this study.
Coating metal oxide NPs with organic molecules that are recognised and biocompatible may improve
their cell uptake. Also, when injected into the bloodstream, it is important that the NPs present a high
retention time before being taken up by macrophages. Coating of the NPs can overcome these

limitations.

The coating of NPs with hydrophilic, neutral polymers can increase their stability in the blood circulatory
system. The coating attaches to the surface of the NP either by adsorption, hydrophobic or electrostatic

interactions, or by grafting via covalent bonds (Storm et al., 1995).

The enhanced stability in the blood through these polymer-coated NPs is due to their ability to prevent
the adsorption of various blood components onto their surface. The coating confers “invisibility” to the
NPs, which in turn reduces the uptake by liver and spleen macrophages and, thus, extends blood
circulation times (Storm et al., 1995). Different types of coating can be used to achieve different
properties such as stability, biocompatibility, or active targeting, where the NPs are modified with a

specific active molecule that binds to the desired target cells or tissues.

One of the purposes of the coating in this thesis was to improve cellular uptake. Different polymer
coatings have been used to modify NPs and improve their biocompatibility such as thiol-terminated
methoxypoly, e.g. ethylene glycol (Liao & Hafner, 2005) and PEG that due to its amphiphilic
characteristic provides good solubility to the NP, in both polar and non-polar solvents, which in turn is

responsible for the high biocompatibility and good affinity for cell membranes (Choi et al., 2003).

The surface of NPs has also been modified with polyethylenimine (PEI) to increase cellular binding and
uptake and prevent their aggregation under physiological conditions (Pissuwan et al., 2011). A study
comparing the cellular uptake in human-derived retinal pigment epithelial (ARPE-19) cells between 80
nm silver NPs (AgNP) with four different coatings such as branched PEI, CIT, polyvinyl-pyrrolidone
(PVP) and PEG showed that AQNP-PEI were positively charged and entered the cells at a higher rate
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than the negatively charged or neutral particles. Furthermore, AgNP-PEI were toxic to the cells at lower
doses than the other coatings and both AgNP-PEI and AgNP-CIT had a greater intracellular
accumulation compared to AgNP-PEG and AgNP-PVP. This investigation concluded that positively
charged AgNP-PEI increased cellular uptake, the particles agglomerated in the peri-nuclear region and
presented increased mitochondrial toxicity (Zucker et al., 2019).

Although PEI can induce cell death and inhibition of cell differentiation, the use PEI with lower molecular
weight, around 2 kDa, has shown to improve biocompatibility (Barrow et al., 2015). Furthermore, this
type of PEI was reacted with a hydrophobic alkyl chain, which allowed for stabilisation of clusters of
pre-formed hydrophobic SPIONs in water. This is represented by the mode of assembly shown in Table
3.1 for PEI. It was shown that for mouse mesenchymal stem cells (MMSCs) the uptake for the alkyl
group on PEI polymer coated SPION was 7 pg[Fe] per cell at highest dose and incubation time, e.g. 7
mg/ml Fe for 24 h (Liu et al., 2011). Other different polymer coatings have been tried in iron oxide NPs,

as shown in Table 3.1.

In in vitro studies, cellular growth media contains serum proteins, essential amino acids, vitamins,
electrolytes, and other chemicals, such as antibiotics, and trace metals, that in contact with NPs can
alter their physico-chemical properties, such as surface charge, size and aggregation state, and surface
chemistry (Alkilany & Murphy, 2010). In cell growth media, NPs adopt the physico-chemical properties
of the adsorbed protein shell, called “protein corona”, meaning that the surface chemistry of the NPs it
is not the same as the original (Cedervall et al., 2007). Coatings such as PEG are often used to prevent
the protein corona (Oh et al., 2018). For in vivo studies, the injection of the NPs into the blood stream
may also modify the surface of NP and aggregation state due to their interaction with the proteins and
electrolytes present in the blood (Alkilany & Murphy, 2010). Functionalized gold nanorods with PEG
were used successfully to increase the circulation time of the injected NPs within the body (Eghtedari
et al, 2009). The reticuloendothelial system of the body filters the injected NPs based on their size and
surface characteristics limiting circulation time, which means NPs do not remain long enough in the
blood stream to find their target. A recent study showed that an important parameter to be considered
in the clearance of NPs is the density of the coating (Bertrand et al., 2017). In this research a PEG

density threshold was identified below which blood clearance is fast.
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Table 3.1: Important information of strategies used for designing polymer coated IONPs for optimized stem cell
uptake (Barrow et al., 2015). The stem cell lines used are rat mesenchymal stem cells (rMSCs), mouse
mesenchymal stem cells (MMSCs), human mesenchymal stem cells (hnMSCs) and the different types of polymers
include PEG, poly-.-lysine (PLL), PEI and poly(N,N-dimethylacrylamide) (PDMAAm).

Polvmer Mode of | Stem cell |[Exposure concentration Reported uptake
Y assembly | line used (ug[Fe] per ml) (nearest pg[Fe] per cell)
Chitosan @ hMSCs 50 18
Carboxym
ethyl hMSCs 50 27
chitosan
Dextran @ mMSCs 50 4
Pullulan @ rMSCs 100 65
\ 1 with NH2 only 2 with
PEG hMSCs 50 .
hyaluronic acid
)’dﬂx
CJUR 1 | hwmscs 20 65
'“a,,a”
PEI % mMSCs 7 7
PDMAAmM MSES 1 15 ug/ml (y-Fe203) 23
hMSCs Hg/mi ty-re 37

Surface charge is another factor that affects NPs internalization into the cells. Uptake of magnetic NPs
by breast and prostate cell lines was evaluated using silica-coated magnetic iron oxide maghemite (y-
Fe,O;) functionalized with either amino and carboxyl groups providing positive and negative surface

charges, respectively (Kralj et al., 2012). From the results it was concluded that positively charged NPs
presented a higher uptake rate into the cells than the negatively charged NPs for different cell lines.
Since outer cell membrane is, in general, negatively charged it will attract the positively charged NPs

and not the negatively charged ones (Kral;j et al., 2012).

Research performed on polyvinyl alcohol (PVA), PEI and dextran coated IONPs, with different surface
charges, demonstrated that the type and surface charge of polymer coated IONPs play an important
role in protein adsorption, which can affect both colloidal stability and toxicity. In one study, the different

polymer coatings, PVA, vinyl alcohol/vinyl amine copolymer (A-PVA) and PEI, were compared in order
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to understand their influence on colloidal stability, cytotoxicity and cellular uptake in different cell media
using SPIONs and Hela cell line (Petri-Fink et al., 2008). Regarding the colloidal stability, all polymer
coated SPIONs were stable in water and PBS but the stabilities were different in DMEM or Roswell
Park Memorial Institute (RPMI) media. This data showed that the choice of medium influences the
uptake of these particles by HelLa cells. Another study compared SPIONs coated with two different
polymers, PVA and dextran (Sakulkhu, Mahmoudi, et al., 2014). Obtaining different surface charges,
positive, neutral, and negative, the effect of the surface charge and surface polymer material on protein
adsorption was investigated. PVA-coated SPIONs with negative and neutral charge adsorbed more
serum proteins than the dextran-coated SPIONs, which resulted in a higher blood circulation time for
PVA-coated NPs compared to the dextran-coated ones. The same group (Sakulkhu, Maurizi, et al.,
2014) performed a study using PVA-coated SPIONs comparing the different surface charges, positive,
neutral and negative, investigating the protein corona in vivo. Rat serum was extracted after interaction
of NPs with the rat’s physiological system, leading to more realistic results and better understanding
and prediction of the destiny of NPs in vivo. Particles were left for 15 min in blood circulation in living
rats and their protein corona showed differences due to their surface charge. Neutral particles showed
the highest number of different proteins both in vitro and in vivo, positively charged particles showed
the lowest number of different proteins in vivo and particles negatively charged showed the lowest

number of different proteins in vitro.

Conformation, charge distribution and also the hydrophilicity/hydrophobicity of the adsorbed proteins
could all affect the zeta potential measurement (Barrow et al., 2015). Protein adsorption is one of the
important driving forces in the selection of a NP target destination, which will further affect cells, tissues
and finally the body system. Proteins such as albumin, fibrinogen, IgG, complement C3, apolipoprotein

A-l and apolipoprotein E19-22 bind to NPs of polymeric or inorganic nature (Sakulkhu et al., 2015).

Surface charge effects of IONPs in protein adsorption and cell uptake were investigated comparing a
negatively charged coating such as polyacrylic acid (PAA) with a positively charged coating such as
PEI. The hydrodynamic diameter was the same for both particles, 30 nm, and after 24 h of incubation
large NP-protein bioconjugates with hydrodynamic sizes of around 1500 nm for PAA-coated NPs and
around 3000 nm for PEI-coated NPs were observed. Although both NPs present a similar negative zeta
potential within cell culture, the results showed that PEI-coated NPs were incorporated in much larger
amounts than the PAA-coated NPs. Quantitative analysis showed that SHSY5Y cells can incorporate
100% of the added PEl-coated NPs up to 100 pg/cell, whereas for PAA-coated NPs the uptake was
less than 50% (Calatayud et al., 2014).

3.2  Experimental design

3.2.1  Choice of nanoparticle size, shape and concentration
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In this part of the work, the effects, such as toxicity, uptake and radiosensitisation, of different metal

oxide NPs on human cancer cells was studied.

The NP diameter was aimed to be around 50 nm, since this size is optimal for cellular uptake (Chithrani
et al., 2010). The NPs were collected based on their size, with no control of their shape, meaning the
NPs used are mostly amorphous. Ideally, NPs should have a spherical shape. To increase cellular
uptake, it was shown that for 50 nm gold NPs, the spherical shaped ones showed the highest cellular
response when compared to gold nanospikes and gold nanorods, after a 24 h cell incubation (Ma et al.,
2017).

To explore the interaction of the NPs with radiation without cells, the concentration chosen was 2.5 mM.
This was a concentration high enough to give consistently detectable ROS species. In cell experiments,
NPs could be administered at either equimolar or equitoxic doses. Both methods have their respective
merits, but equimolar loading of NPs was chosen at a concentration designed to reduce clonogenic cell
survival by 25% of control values (IC25).

3.2.2 Choice of nanoparticle coating

In the Introduction in Chapter 1, various types of NP coating were discussed. Here, the rationale for
choosing PEI coating for the experiments in this thesis is explained. A study by Du and collaborators
(Du et al., 2016) showed that iron oxide NPs coated with low-molecular weight PEI, 2000 Da, can be
used as drug delivery carriers and cell tracking probes. Furthermore, a layer by layer technique was
used to coat gold nanorods with PEI and the results demonstrated an increase in cellular uptake
(Takahashi et al., 2008). To try to improve NP uptake and toxicity, in this thesis the chosen coating
was PEI with a low-molecular weight of 1300 Da. Furthermore, the low-molecular weight was used to
have a thin organic coating that would allow water to get to the NP surface. It has been shown that a
thick coating lowers radiosensitisation efficiency (Gilles et al., 2014). This study used gold NPs
functionalised with PEG or human serum albumin and the results showed that NP functionalisation
significantly decreases hydroxyl radical production, so the authors suggested the use of a thin coating
to avoid this problem. Another study using PEG-amine coating AuNPs showed that the use of these
coating produced less hydroxyl radicals when irradiated with 10 Gy of 6 MeV X-rays compared to the
CIT-capped AuNPs (Grellet et al., 2017).

PEIl is a polymer with repeating unit that consists of an amine group and two carbon aliphatic CH2CH:
spacer with the chemical formula (C2HsN).. Polyethylenimines can be linear or branched, where the
former consists of secondary amine groups and the latter can contain primary, secondary and tertiary

amino groups, as shown in Figure 3.1.
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Figure 3.1: PEI structures (Omidi & Kafil, 2011).

Due to the favourable outcome that the branched PEI form showed in cell transfection it has become

the most common form used for gene delivery (Godbey, Wu, & Mikos, 1999).

The change in the surface charge or zeta potential due to PEI coating has been examined and it was
found that when branched PEI forms a complex with DNA, the complex presents a zeta potential of
31.5 mV, while PEI alone showed a zeta potential of 37 mV in solution (Godbey, Wu, Hirasaki, et al.,
1999). Furthermore, in the same study, centrifugation of PEI/DNA complexes resulted in a decrease of

zeta potential to 29.2 mV.

A characteristic that was seen to affect transfection efficiency and cell toxicity was the ratio between
the PEI nitrogens to DNA phosphates. Reducing the charge ratio to 1:2 of the complexes reduced the

amount of cell death associated with transfection (Godbey, Wu, & Mikos, 1999).
3.2.3 Choice of cell line

Since the aim was to find a type of NP that could improve the RT treatment, investigation of the NP

effects in human cancer cells is very important.

NPs can be administered by different routes, such as subcutaneous, intravenous, intraocular and
intramuscular (Oberdérster et al., 2005). In this sense, target organ, as liver, kidney, nervous system,
or endothelial cells, should be reflected in the choice of the cell line to be used, in the evaluation of the

cytotoxic potential of the NP.

58



Due to the amount of the different types of NPs studied in this thesis only one type of cell line was
tested. In the Methods section, it was explained that HSC-3 oral squamous carcinoma cells were used.
Here, the reasons behind this choice are clarified. HSC-3 cell line was chosen due to its proliferation
ability and its round-shaped colony formation which facilitate the separation between colonies for colony
counting. Also, although it is a cell type with oral squamous tissue origin, it presents a high degree of
local invasiveness and a high rate of metastasis to cervical lymph nodes (Kinouchi et al., 2018). Studies
have shown the ability of human oral squamous cell carcinoma cell lines to promote the growth and
metastasis of solid tumours, known as angiogenesis (Michi et al., 2000). This ability makes this cell line

appropriate for studies that aim at the understanding of the effects of NPs with 6 MeV X-ray energies.

3.2.4 Choice of irradiation parameters and radical probes

A 6 MeV X-ray beam, the most clinically-relevant megavoltage radiation (Stephen J. McMahon et al.,
2016), was used, with a dose of 10 Gy, chosen based on the highest signal given by a 3-CCA testing
at different Gy doses.

NP radiosensitising capacity was based on the amount of hydroxyl radicals they would generate when
interacting with ionising radiation. The protocol chosen to measure the main radical type responsible
for cancer cells death was the coumarin assay that was adapted to NP suspension (Sicard-Roselli et
al., 2014). This technique was used due to its compatibility with NPs, experiment set-up, and sensitivity,
down to 30 nM HO:- (Louit et al., 2009). The major known fluorescent product of hydroxylation of
coumarin is 7-hydroxycoumarin (7-OHC). 3-CCA was chosen instead of coumarin, since the hydrogen
in C3 with the carboxylic group eliminates hydroxylation in this position increasing, in this way, the

fluorescence of 7-hydroxylated coumarin derivatives by twofold (Manevich et al., 1997).

Hydrogen peroxide is an important intermediate species during production of the radicals species
involved in the process of cancer cell death. This assay was included with the aim of measuring the
amount of H202 produced in water by megavoltage irradiation. It has been proposed that hydrogen
peroxide produced by UV irradiation may be a precursor to hydroxyl radicals in the presence of metal
oxide NPs (Miguel & Patricio, 2013). The fluorescent-responsive dye used to probe the amount of H202
was dihydrorhodamine (DHR). This non-fluorescent probe is oxidized in the presence of H202 and

converted into a fluorescent product called rhodamine 123 (Henderson & Chappell, 1993).

To exclude any interference caused by the presence of NPs during the measurement a quenching
assay was used for all radical probes. Studies showed that a direct comparison between the signal
intensity attributed to 7-OH-CCA in water and the one in a gold NP suspension is not possible since the
presence of NPs alters the mechanism, and hence regioselectivity, for HO- yield of formation (Sicard-
Roselli et al., 2014). The same happens to different metal oxide NP solutions. This quenching assay
was designed with the aim to exclude the fluorescent background due to NP interference, since the

experimental set-up used in this thesis was not suitable for the application of other techniques. Other

59



techniques included addition of NaCl solution to induce NP aggregation and therefore, its precipitation.
This technique was tested for gold NPs and it was showed that due to the very large reduction of the
surface area of gold, quenching was no longer seen in the aggregated state (Sicard-Roselli et al.,
2014). However, salt precipitation may not work for all types of NPs. Furthermore, Sicard-Roselli et al
showed that 1 nM of 32.5 nm diameter gold NPs do not induce any modification in the fluorescence
intensity for incubation times shorter than 30 s. The present study used 22 different types of metal oxide
NPs of around 50 nm diameter, where the NP incubation time exceeded 30 s since the irradiation set-
up was at least 15 min away from the incubation set-up. In this sense, a simpler and adequate assay
was used, assuming that NP fluorescence interference is constant after 30 min of incubation time, and

consequently NP fluorescence interference can be excluded.

3.3 Results

3.3.1 Physico-chemical characterization of NPs

3.3.1.1  Transmission electron microscopy (TEM) and histogram size

In Table 3.2, TEM images and respective size distribution for each NP is presented. Size histograms
showed consistency with TEM images of 3000x magnification. For structural observation reasons, an
image at 150000x magnification is shown for each type of NP, not being representative of the average

size.
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Table 3.2: TEM images at 3000x and 150000x magnification, and the size distribution for all NPs, non-coated and
PEI-coated ones. ImageJ was used to determine the diameter of each NP through the TEM images of 3000x
magnification.

Size distribution
NPs TEM image 3000x TEM image 150000x (x axis: NP diameter in nm)

(y axis: counts)
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The histograms of Sc and ScPEI NPs are very different. TEM analysis demonstrated inconsistent
results. In some cases, such as Sc, Cr, and Zn NPs, PEl incubation decreased the average NP size. In
other cases, such as V, Co, and Cu, PEl incubation increased the average NP size. In the cases, such
as Ti, Mn, Fe, Ni, and Hf, PEI incubation gave no obvious change in NP size. Various explanations are
possible: either the coating process did not work (no size change); resulted in a selective loss of smaller
particles during washing (larger particles left); or caused the breakdown of larger particles to smaller

ones, or there was a selective loss of larger particles (smaller particles left).

3.3.1.2 Analysis of zeta potentials of NPs

Change in the zeta potential indicates the existence of PEI coating. As explained above, section 3.2.2,
change in zeta potential indicates the presence of PEI/NP complexes. It is expected that, due to PEI

positive charge, NPs with PEI coating present a more positive zeta potential.

Table 3.3 presents the zeta potential for each NP, where in each plot both PEl-coated and non-coated
ones are compared. Colloidal dispersions with a zeta potential between £10 to +30 have incipient
stability such as the case of V, Mn, NiPEI, CuPEIl, Zn, ZnPEIl, Hf and HfPEI NPs. A zeta potential
between £30 to +40 means moderate stability, which is the case of Sc, ScPEI, TiPEI, VPEI, Cr, CrPEI
NP solutions and the remaining NP solutions, such as Ti, MnPEI, Fe, FePEI, Co, CoPEl, Ni and Cu
have a good stability, since their zeta potential has a value between +40 to +60. Fe, Sc, Ni, Cu, Zn, Cr,
Co, and Ti NPs showed a more positive zeta potential due to PEI coating. On the other hand, PEI

complexes with V, Mn, and Hf NPs showed a more negative zeta potential.

Table 3.4 summarises the TEM and zeta potential data. In general, a higher diameter corresponds to a
more negative zeta potential, between coated and non-coated NP pairs. There are exceptions to the
correlation found within TEM diameter and the zeta potential data. In the case of Co and CoPEI and Cu

and CuPEI NPs pairs, a higher diameter corresponds to a less negative zeta potential.
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Table 3.3: Zeta potential for each NP. In each plot, both coated and non-coated NPs are presented.
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Table 3.4: Mean diameters from TEM analysis and mean zeta potential data for each type of NP.

NP type Mean TEM diameter (nm) Mean Zeta potential (mV)

Sc 53 -38.23
ScPEI 17 32.97
Ti 57 -49.21
TiPEI 56 -34.99
\ 27 -26.81
VPEI 42 -35.24
Cr 88 -38.88
CrPEI 78 -33.40
Mn 59 -16.90
MnPEI 59 -41.09
Fe 58 -51.62
FePEI 56 -41.81
Co 83 -46.89
CoPEI 104 -42.88
Ni 59 -41.68
NiPEI 58 5.84
Cu 65 -43.34
CuPEI 70 -21.12
Zn 56 -25.91
ZnPEI 16 11.20
Hf 56 -16.63
HfPEI 58 -29.16

3.3.2 Catalytic ability

Metal oxide NPs are known for their catalytic ability (Ray & Pal, 2017). To probe the catalytic ability of
the different types of NP studied in this thesis, the rate at which each NP decomposed H202 and

generated O2 was evaluated (Figure 3.2).
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Figure 3.2: Catalytic activity of non-coated (A) and PEl-coated (B) NPs.

The results of the catalytic activity assays for non-coated NPs showed that manganese NP was the
most efficient metal oxide NP, capable of decomposing H20:2 into O2. PEl-coated NPs showed similar

results to the non-coated NPs.

3.3.3 ROS production

3.3.3.1  ROS probe fluorescence quenching

An important phenomenon that needs to be considered when studying NPs interaction with radiation is
the quenching of the fluorescent chemical compound in solution. When the direct measure used is the
amount of ROS produced in the sample after irradiation, the presence of NP at the time of the
measurement may compromise the real results. This is because NPs surface may interact with the

produced ROS before interaction with the probe.

To quantify the effect that each type of NP has on the different probes used to measure the different
ROS, quenching results were obtained. The interaction of each type of NP with the fluorescent versions
of the probes used, namely 7OH-3-CCA and rhodamine 123, was measured. All results were
normalized to the control. In Table 3.5, the quenching results related to 70H-3-CCA are presented.

Table 3.5: 70H-3-CCA quenching results for each NP. Each plot compares the coated and non-coated pair of each
NP.
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Table 3.6: 70H-3-CCA quenching significant results correlation table for each NP. Significance was calculated
between each NP and the control and between the coated and non-coated pairs using two-way ANOVA and
Tukey’s post-hoc test with a=0.05. The X symbol indicates no significance.

- control Sc ScPEI - control Fe FePEl
sc Kk k¥k *kkkk Fe X * %k
ScPEI ook Hokkok FePEl X *x
- control Ti TiPEI - control Co CoPEl
TiPEI Kk X CoPEl X HkAk
- control Vv VPEI - control Ni NiPEI
- control Cr CrPEI - control Cu CuPEI
Cr X *kxk Cu X X
CrPEI X *kk* CuPEI X X
- control Mn MnPEI - control Zn ZnPEI
Mn kK k% X Zn kK k% X
MnPEI Hokkok X ZnPEI ol X
- control Hf HfPEI
Hf kK k% kK ¥k
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70H-3-CCA quenching significant results are shown in Table 3.6. The NPs that did not show
significance between the coated and non-coated ones were Ti, Mn, Cu and Zn NPs and comparing with
control, Cr, Fe, Co, Ni and Cu NPs did not show significant differences, for both coated and non-coated

pairs.

Table 3.7 shows Rhodamine 123 quenching results and Table 3.8 shows its significant results. The only
NP that did not show significance between the coated and non-coated ones was Mn, for both coated
and non-coated NPs, and comparing with control, Zn, Co, MnPEI, and Cr NPs did not show significant
results.

Table 3.7: Rhodamine 123 quenching results for each NP. Each plot compares the coated and non-coated pair of
each NP.
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Table 3.8: Rhodamine 123 quenching significant results correlation table for each NP. Significance was calculated
between each NP and the control and between the coated and non-coated pairs using two-way ANOVA and
Tukey’s post-hoc test with a=0.05. The X means no significance.

- control Sc ScPEI - control Co CoPEl
sc * *kkkk CO X kK k%
- control \' VPEI - control Ni NiPEI
VPEI * *x NiPEI Hkkk *
- control Cr CrPEI - control Cu CuPEI
Cr X 3k ok %k k Cu 3k ok %k ok %k %k ok
CrPEI koK *Kkk CuPEIl $okkk [
- control Mn MnPEI - control Zn ZnPEI
Mn * X Zn X ook
MnPEI X X ZnPEIl Hokk Hkkk
- control Fe FePEl - control Hf HfPEI
Fe %Kk Kk %k %k kk Hf * %k %k Kk

3.3.3.2 Testing coumarin-3-carboxylic acid (3-CCA) for best dose

To define the dose for all irradiation experiments and study the linearity of the 3-CCA signal, the probe
3-CCA acid was tested for different values of dose such as, 0, 2, 6, 8 and 10 Gy, and different

concentrations, as shown in Figure 3.3.
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Figure 3.3: 3-CCA signal for different doses at different concentrations.

73



As it can be seen from the results on Figure 3.3, the highest fluorescence signal was achieved for a 10
Gy dose and there was no evidence of a deviation from linearity (R?=0.98), so this value was chosen

for the remaining of the irradiation experiments.

3.3.3.3 Evaluation of hydroxyl radicals in normoxia and hypoxia conditions

To evaluate the amount of hydroxyl radicals produced by each type of NP under normoxia and hypoxia
conditions 3-CCA was the molecule used. Figure 3.4 shows the HO- production for each NP under both

conditions.
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Figure 3.4: HO" production for each type of NP in both conditions. A - is related to normoxia conditions; B - is related
to hypoxia conditions. The values were normalized to the non-irradiated control.
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Figure 3.5: Significance results for HO® using Prism Graphpad with two-way ANOVA and Tukey’s post-hoc test
with =0.05, for hydroxyl radical production in normoxia (A) and hypoxia (B) conditions. The significance results
showed are between the NP and the respective control (irradiated control vs irradiated Ti NP).

Results in Figure 3.5 do not consider the not irradiated data, so they do not show the actual HO
production. On the other hand, these results are shown to outline the behaviour of certain NPs without

radiation. As it can be seen, Ti NPs produce hydroxyl radicals without the presence of radiation.

Representation of the ratio between the irradiated and non-irradiated 3-CCA data is shown in Figure
3.6.

Fluorescence ratio
Fluorescence ratio

Figure 3.6: HO* production for each type of NP in both conditions after taking the ratio between the irradiated and
non-irradiated values. A - is related to normoxia conditions; B - related to hypoxia conditions. Significance was
calculated between each NP and the control using one-way ANOVA and Dunnett’s post-hoc test with 0=0.05.

From the ratio results one can see that Zn NPs showed high significance in both conditions, normoxia

and hypoxia. Also, V NPs showed significance in hypoxia conditions although not as high as Zn ones.
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3.3.3.4 Evaluation of hydrogen peroxide in normoxia conditions

To evaluate the amount of hydrogen peroxide produced by each type of NP under normoxia condition

DHR was the molecule used. Results are presented in Figures 3.7 and 3.8.
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Figure 3.7: HO- production for each type of NP in normoxia conditions. A and B are from the same experiment
(same control), but due to scale effects NPs were divided into two different plots. The values were normalized to
the non-irradiated control.
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Figure 3.8: Significance results for H,O2 using Prism Graphpad with two-way ANOVA and Tukey’s post-hoc test
with «=0.05, for hydrogen peroxide production for each type of NP in normoxia conditions. The significance results
showed are between the NP and the respective control (not irradiated control vs not irradiated Mn; irradiated control
vs irradiated VPEI).
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Once again, data in Figure 3.8 cannot be used to conclude about the actual H20: yield since they do
not consider the not irradiated values. This data is important to show that Mn NPs show high hydrogen
peroxide production without radiation. Other NPs, such as, MnPElI, V, VPEI, Ni and NiPEI also showed

a high H20: yield without the presence of radiation, although not significant.

Representation of the ratio between the irradiated and non-irradiated DHR data is shown in Figure 3.9.

Fluorescence ratio

Figure 3.9: H,O; production for each type of NP in normoxia conditions after taking the ratio between the irradiated
and non-irradiated values. Significance was calculated using a one-way ANOVA with Dunnett’s post-hoc test and
a=0.05 and is related to the control sample.

For hydrogen peroxide the results showed no significance in the data. Error bars were high which did
not allow a precise measurement for hydrogen peroxide production, but overall, it is possible to observe

that Sc NPs may produce the highest amount of hydrogen peroxide when compared to the control.

3.3.3.5 Quenching results effect on radiosensitisation

Quenching effects were considered for both 3-CCA and DHR probes as shown in Figures 3.10 and

3.11, respectively.
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Figure 3.10: HO® production for each type of NP in both conditions considering quenching results. A — normoxia; B
— hypoxia conditions. Non-irradiated data was subtracted to the irradiated data, normalized to the control, and
divided by the averaged of the quenching results for each NP. The significant results between each NP and the
control were calculated using a one-way ANOVA with Dunnett’s post-hoc test and 0=0.05.

For 3-CCA probe, the inclusion of the quenching measurements leads to a different interpretation of the
results. The hydroxyl radical production, as shown in Figure 3.10, the results showed significance for
vanadium NPs, meaning that these NPs under both conditions produce the highest amount of hydroxyl
radical when irradiated with 6 MeV X-rays. For hypoxia conditions, the coated version of vanadium NPs
also showed significant results. Furthermore, although without any significance, it is possible to see that
Cr, Mn and Zn NPs may produce a fluorescence signal that is 1.5 times higher than the amount
produced without the presence of these NPs.

For hydrogen peroxide production, under normoxia conditions, after taking into account the quenching
results the results remain very similar. Figure 3.11 shows that VPEI NPs lead to a significant increase

on the fluorescence signal.
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Fluorescence ratio

Figure 3.11: H>O; production for each type of NP in normoxia conditions considering quenching results. Non-
irradiated data was subtracted to the irradiated data, normalized to the control, and divided by the averaged of the
quenching results for each NP. The significant results between each NP and the control were calculated using a
one-way ANOVA with Dunnett’s post-hoc test and o=0.05.

3.3.3.6 Spearman correlation results for fluorescence data

A Spearman correlation analysis was conducted among HO' and H202 and the correlation coefficients
(rs) were calculated. Cohen’s standard was used to evaluate the strength of the relationships, where
coefficients between 0.10 and 0.29 represent a small effect size, coefficients between 0.30 and 0.49
represent a moderate effect size, and coefficients above 0.50 indicate a large effect size (Cohen, 1988).
This correlation requires that the relationship between each pair of variables does not change direction.
This means that if the points on the scatterplot between any pair of variables appear to shift from a
positive to negative or negative to positive relationship, the assumption is violated. Figure 3.12 presents
the scatterplots of the correlations that take into account all the non-coated NPs studied. A regression

line has been added to assist the interpretation.

25 rg = —0.4218

R?=0.0474

DHR values normalised
()
Q
@

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

CCA values normalised

Figure 3.12: DHR vs CCA results scatterplots between each variable for all the NPs with the regression line. R?
and rs values were added.
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A negative correlation was observed between HO- (CCA) and H202 (DHR) values (rs = -0.4218) as
shown in Figure 3.12, although the results were not significant with p > 0.05. The correlation coefficient
between H202 and HO- was -0.4218, indicating a moderate effect size. This correlation indicates that

as HO- increases, H20: tends to decrease.

3.3.4 Nanoparticle cytotoxicity results

3.3.4.1 Clonogenic assay

The toxicity of each NP was assessed through a clonogenic assay, as shown in Table 3.9. In this

experiment, six different concentrations, from 0 to 100 ug/ml, were used in HSC-3 cells.

Table 3.9: Cell toxicity for each type of NP. Each plot compares the toxicity between the coated and non-coated
version of each NP. The values were normalized to the control.
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V and Cu NPs presented high toxicity towards HSC-3 cells, with less than 50% of survival at a
concentration of 3 pug/ml. Titanium, iron and hafnium NPs were less toxic even at the maximum
concentration of 100 ug/ml. Except for vanadium and zinc NPs, it can be seen from the results that PEI
coating contributed to reduce the metal oxide NPs toxicity in most of the NPs. For Cr, Ni and V NPs the
toxicity is very similar between the coated and non-coated NPs, while for Cu and Co NPs toxicity results

are quite different between the coated and non-coated pairs.

3.3.4.2 Inductively coupled plasma mass spectrometry (ICP-MS)

The effect of the NPs in cancer cells is affected by the cellular uptake. To deepen the knowledge of the
contribution of the NPs for cancer cell death in RT treatment, cell uptake for each NP was studied
through ICP-MS, a technique that measures the concentration of the metals that constitute each NP
within or at the surface of cells. Results are shown in Figures 3.13 and 3.14. Table 3.10 shows the initial
loading metal concentration which takes into account only the concentration of the metal and not the

one from the metal oxide.
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Figure 3.13: ICP-MS uptake results for each type of NP.

Table 3.10: Loading metal concentration for each type of NP.

Type of nanoparticle Loading metal (mg/ml)
Sc 0.40
ScPEI 0.40
Ti 3.33
TiPEI 2.67
v 0.12
VPEI 0.29
Cr 6.00
CrPEIl 6.00
Mn 1.67
MnPEI 2.10
Fe 64.29
FePEIl 42.86
Co 1.50
CoPEIl 0.50
Ni 1.00
NiPEI 1.00
Cu 0.25
CuPEI 0.06
Zn 6.00
ZnPEI 3.00
Hf 18.33
HfPEI 6.67

From the uptake results shown in Figure 3.13, it is possible to conclude that Mn and MnPEI NPs are
the ones with the highest uptake. Fe and FePEI NPs have the highest loading concentration, as shown
in Table 3.10, although their uptake was very similar to NPs such as Co, CoPEl, Ni, NiPEI, Cu, CuPEl,
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Cr, Ti, TiPEI, Hf, HfPEI, Zn and ZnPEI. All these NPs had similar uptake values, independently of
loading concentrations. Cu NPs, both coated and non-coated, are worth mentioning, since they have
one of the lowest loading metal concentration, but a quite high uptake compared to the other types of
NPs.
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Figure 3.14: ICP-MS metal loading intracellular ratio results for each type of NP. A and B are from the same
experiment (same control), but due to scale effects NPs were divided into two different plots.

The ICP-MS plot in Figure 3.14 represents the metal loading intracellular ratio for each NP. The higher
this ratio, higher the number of NPs left outside the cell compared to the number inside of the cell. As
shown in Figure 3.14, CrPEI NP is the one that exhibits the highest ratio. It can be concluded that this
type of PEl-coated NP does not diffuse across the cell membrane. Other types of NPs that had a low
intracellular intake and can be outlined are Cr, Hf, PEl-coated Hf, Fe, and PEl-coated Fe, although with
a much lower value when compared to CrPEI. On the other hand, NPs such as Mn, MnPEI, Cu and
CuPEI showed a low ratio, meaning that these NPs have a high uptake in HSC-3 cells.

3.3.4.3 Irradiation of cancer cells in normoxia and hypoxia

To understand how these metal oxide NPs would improve the RT treatment, HSC-3 cells were used.
The interaction between the NPs, cells and radiation was studied using a clonogenic assay where the
number of viable cell colonies was counted. The cell irradiation results for both normoxia and hypoxia

conditions are shown in Figure 3.15.
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Figure 3.15: HSC-3 cell clonogenic assay for each type of NP in both conditions. A — normoxia; B — hypoxia
conditions. Significance was calculated using two-way ANOVA with Tukey’s post-hoc test and a=0.05. Significant
differences are compared to the respective control (black asterisks are relative to the not irradiated control and
orange asterisks are relative to the irradiated control).

In both normoxia and hypoxia conditions, radiation lowered the survival rate (Figure 3.15). In normoxia
conditions, TiPEI, V, VPEI, Cr and CrPEI NPs showed the highest effect (Figure 3.15A). Moreover,
although not significant, all NPs presented an effect due to radiation under these conditions
demonstrating their radiosensitising effect.

For hypoxia conditions, in Figure 3.15B, TiPEl, V, VPEI, Cr, CrPEI, MnPEI, FePEI and Zn NPs showed

the highest effect in these cells. Overall, all NPs showed a decrease in cell survival when irradiated.

The results for the ratio between the irradiated and non-irradiated values are presented in Figure 3.16.
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Figure 3.16: HSC-3 cell clonogenic assay for each type of NP in both conditions after taking the ratio between the
irradiated and non-irradiated values. A — refers to normoxia; B — refers to hypoxia conditions. Significance was
calculated using one-way ANOVA with Dunnett’s post-hoc test and a=0.05. Significant differences are compared
to the respective control.
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Only normoxia conditions showed significant results for V and VPEI NPs. Also, in these conditions and
without significance, Cr and CrPEI showed a low number of cell survival. In hypoxia conditions, results

did not showed significance although VPEI, Cr and Zn NPs had the lowest value of cell survival.

3.3.4.4 Spearman correlation results for clonogenic data

A Spearman correlation analysis was conducted among cell irradiation and ICP-MS data and the
correlation coefficients (rs) were calculated. Once again, Cohen’s standard was used to evaluate the
strength of the relationships. Figure 3.17 presents the scatterplots of the correlations that take into
account all the non-coated and coated NPs studied for both normoxia and hypoxia conditions. A

regression line has been added to assist the interpretation.
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Figure 3.17: Cell irradiation vs ICP-MS results scatterplots between each variable for all the NPs with the regression
line. R?, and rs values added. A- for normoxia; B — for hypoxia.

A positive correlation was observed for both conditions between cell irradiation and ICP-MS values, as
shown in Figure 3.17, although the results were not significant with p > 0.05. The correlation coefficients
between cell irradiation and ICP-MS were 0.3021 and 0.2575 for normoxia and hypoxia conditions,
respectively. These results show a small effect size in normoxia conditions and a moderate effect size
in the case of hypoxia conditions. This correlation indicates that as the uptake increases, cell survival
tends to increase.

3.3.5 Spearman correlation results between fluorescence and clonogenic data

A Spearman correlation analysis was conducted among fluorescence and clonogenic data and the
correlation coefficients (rs) were calculated. Cohen’s standard was used to evaluate the strength of the
relationships. Clonogenic data was corrected for the uptake values obtained from the ICP-MS results

before the analysis.

Figures 3.18 and 3.19 present the scatterplots of the correlations that take into account all the non-

coated and coated NPs studied. A regression line has been added to assist the interpretation.
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Figure 3.18 shows the scatterplots between CCA fluorescence data and cell irradiation data for both
normoxia (Figure 3.18A) and hypoxia (Figure 3.18B) conditions. A negative correlation was observed
between HO- (CCA) and cell irradiation values with rs = -0.4082 and rs = -0.3484 for both normoxia and
hypoxia, respectively, although the results were not significant with p > 0.05. The correlation coefficients
were between 0.3 and 0.49, which according to Cohen’s standard indicates a moderate effect size for

both conditions. This correlation indicates that as HO- increases, cell survival tends to decrease.
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Figure 3.18: CCA vs cell irradiation results scatterplots between each variable for all the NPs with the regression
line. R?, and rs values added. A- for normoxia; B- for hypoxia.

Figure 3.19 shows the scatterplots between DHR fluorescence data and cell irradiation data for
normoxia conditions. A positive correlation was observed between H202 (DHR) and cell irradiation
values with rs = 0.6075. The correlation coefficient was higher than 0.5, which according to Cohen’s
standard indicates a large effect size. This correlation indicates that as H20:2 increases, cell survival

tends to increase.
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Figure 3.19: DHR vs cell irradiation results scatterplots between each variable for all the NPs with the regression
line. R2, and rs values added.
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3.4 Discussion

In this part of the thesis different types of NPs of metal oxides that are known for their catalytic ability,
such as Mn and Cu (Haruta et al., 1987) or Fe known for its surface-catalysed Haber-Weiss cycle and
Fenton reactions (Klein et al., 2012), were studied aiming the understanding of their interaction with

cancer cells.

It is known from previous studies (Alkilany & Murphy, 2010) that coating with an organic molecule may
sometimes help in their uptake by cells. This reason together with the low molecular weight of the PEI
molecule, to decrease the interference with the radiosensitisation ability of the NPs, made this molecule
the coating of choice for the NPs. To assess the presence of the PEI molecule at the NP surface zeta
potential technique was used and the results showed a change in the charge between the coated NPs
and their respective non-coated pair. Furthermore, the effect of PEI coating on the radiosensitising
capacity of NPs was evaluated and the results showed that the coating overall did not had a great
impact on this property. These conclusions are based on the fact that PElI molecule has bound to all
the NPs equally, but on the basis of TEM and zeta potential results we are not confident that the coating
happened equally for all NPs. Based on the ICP-MS results from Figures 3.12 and 3.13, one can

conclude that the PEI coating did not improve cellular uptake.

Experiments were performed to assess the intrinsic ROS production and cellular radiosensitising ability
of each NP and NP-PEI. These experiments are important to understand how any improvements in

intrinsic ROS production are translated to the cancer cell environment.

In Table 3.11 a summary of the results regarding each NP.
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Table 3.11: Summary of the results for each type of NP, where HO® and H2O production data include the quenching
data. Highlighted in red boxes are the NPs with the most promising results in relation to all the parameters studied.

IC50 toxicity ICP-MS

NP HO™ normoxia HO' hypoxia

Clonogenic normoxia Clonogenic hypoxia

(pg/mil)  (ppb)

control 1.00 1.00 1.00 0.76 0.73
Sc 0.96 0.71 1.32 13.30 0.08 0.58 0.67
ScPEI 0.83 0.73 0.83 10.40 0.05 0.55 0.42
Ti 1.39 1.15 N/A N/A 0.75 0.59 1.16
TiPEI 0.75 0.86 N/A 86.70 0.83 0.49 0.50
Vv 2.07 2.14 2.78 1.60 0.09 0.14 0.53
VPEI 1.84 2.35 11.49 2.20 0.04 0.10 0.02
Cr 1.55 1.74 1.16 39.60 0.24 0.28 0.07
CrPEI 1.22 1.17 0.84 50.50 0.02 0.31 0.53
Mn 1.68 1.74 -0.37 13.70 23.22 0.63 0.97
MnPEI 1.47 1.48 0.38 10.30 30.64 0.43 0.60
Fe 131 1.30 1.12 N/A 2.54 0.62 0.61
FePEl 1.09 1.06 1.04 N/A 1.85 0.69 0.58
Co 1.19 1.06 1.47 11.70 1.32 0.44 0.47
CoPEl 0.98 0.99 1.70 2.50 0.33 0.73 0.56
Ni 0.87 1.37 1.15 8.30 0.22 0.45 0.74
NiPEI 1.30 1.06 0.98 5.30 1.72 0.52 0.72
Cu 1.05 1.02 0.44 2.50 5.48 0.49 0.49
CuPEI 1.03 0.79 0.41 0.70 0.65 0.66 0.67
Zn 1.85 1.63 0.62 16.70 439 0.52 0.34
ZnPEl 1.42 1.09 -0.17 17.60 4.19 0.72 0.82
Hf 0.81 1.02 1.17 N/A 0.73 0.76 0.64
HfPEI 1.01 1.10 1.20 58.50 0.40 0.58 0.68

For the ROS evaluation experiment, both hydroxyl radicals and hydrogen peroxide were studied.
Results showed that the NP with the highest hydroxyl radical production is the vanadium one. Also,
although without significance, results suggested that the metal oxide NPs that might achieve the highest
HO* production under normoxia conditions are VPEI, Cr, Mn and Zn. On the other hand, with significant
results, V and VPEI are the NPs that produce more HO® under hypoxia conditions. NPs such as Cr, Mn
and Zn also showed a high HO® production but not significant. Furthermore, regarding hydrogen

peroxide, the highest H20: yield under normoxia conditions was PEI-coated vanadium NP.

To measure NP radiosensitising ability within cancer cells and radiation two experiments were
performed, cytotoxicity and ICP-MS. The former is related to the harm these NPs can bring to the cancer
cells (non-irradiated) and the latest is related to the uptake of each NP, which can both compromise the
results when exposed to radiation. For example, if a particular NP has the capability of increasing HO*
production when irradiated, but its uptake is very low, the hydroxyl radicals produced will not have a
high impact in cancer cell death as expected, since they are not being produced inside the cell.
Furthermore, toxicity is an important measurement for understanding if cancer cells are viable due to
the combined effect of the NP with the radiation or because of the NP only. Toxicity results showed that
vanadium and copper are the metallic-oxides NPs that present more toxicity towards HSC-3 cells and

ICP-MS results demonstrated a very low uptake towards PEI-coated Cr NPs. NPs such as Cr, Hf, PEI-
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coated Hf, Fe, and PEl-coated Fe also demonstrated a compromised uptake, although much less

significant than CrPElI.

Table 3.12 summarises the toxicity results found in this thesis and the results from previous toxicity

studies.
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Table 3.12: Summary of toxicity results for each type of NP. N/A means that the NP did not presented a toxicity at
IC50. Size and type of metal oxide used is also showed.

IC50 toxicity (ug/ml) | Chusuei2013 Zhang2012 Horie2012 Ivask2015
NP size (nm)/type size (nm)/type | size (nm)/type size (nm)/type | size (nm)/type
13.30
Sc| | e e e e
43/Sc203
. N/A N/A N/A >1 mg/ml N/A
i 57/TiO2 46/TiO2 12.6/TiO2 7/TiO2 14.2/TiOz
1.60
L2
27/V20s
39.60 N/A N/A
o 88/CrO2 63/Cr203 193/Cr0s | |
13.70 35 ~20 70-200
Mn 59/MnO2 82/Mn203 515MnOs | 14.9/Mn304
N/A
N/A N/A 12.0/Fe304 >1 mg/ml N/A
e 58/Fe203 48/Fe203 N/A 39/Fe203 8.9/Fe304
12.3/Fe203
N/A
11.70 10/C0304 >1 mg/ml ~150
co 83co0 | 50 22/Co0O 9.2/C0304
71.8/Co0O
N/A
_ 8.30 75 140.6/Ni203 >1 mg/ml
N 59/NiO 16/NiO N/A 20N0-B |
13.1/NiO
2.50 ~3 ~25 <0.1 mg/ml ~17
e 65/Cu0O 47/Cu0O 12.8/Cu0O 48/Cu0O 11.9/Cu0O
16.70 ~18 ~8 <0.1 mg/ml 10-30
2" 56/Zn0O 27/Zn0O 22.6/ZnO 21/Zn0O 19.7/Zn0O
N/A N/A
[ e N T
56/HfO- 28.4/HfO2

91




Chusuei et al focused on the fourth period metal oxide NPs such as TiO2, Cr203, Mn203, Fe203, NiO,
CuO and ZnO and found that the cytotoxicity of fourth period metal oxide NPs increased with the atomic
number of the transition metal oxide and it was not cell-type specific (Chusuei et al., 2013). They
proposed that toxicity falls into three categories: the first, where Ti, Cr and Fe have zero to minimal
toxicity; the second, where Mn and Ni have around 40% cell viability; and the third, where Cu and Zn
present less than 20% cell viability. They used both human bronchial epithelium non-cancerous cell line
(BEAS-2B) and A549 and the results were the same for both cell lines. In the results of this thesis, the
trend with the atomic number was not seen although NPs such as Cu, Zn, Ti and Fe had similar toxicity
results. NPs such as Cr and Mn showed differences in toxicity and it might have been due to the type
of metal oxide used, CrO2 vs Cr203 and MnO2vs Mn20s. For Ni NPs although the same type of metal
oxide was used in both studies the difference in toxicity might have been due to the NP size used, 59

vs 16 nm.

Furthermore, another research on 24 types of metal oxide NPs such as CO304, Cr203, Ni203, CuO,
Mn203, CoO, Zn0O, Al203, CeOs3, Fe203, Fez04, Gd203, HfO2, In203, NiO, SiO3, SnO2, TiO2, WOs3, Y203,
Yb203, ZrO2, La203, Sb20s, using single-parameter assays in BEAS-2B as well as mouse myeloid (RAW
264.7) cell lines showed that for an exposure period of 24 h and a dose range between 400 ng/ml to
200 ug/ml seven NPs significantly decreased cell viability (Zhang et al, 2012). These seven NPs
included CuO, Mn203, CoO, and ZnO with a marked declined in cell viability while CO304, Cr203, and
Ni2O3 had lesser but still significant effects. The rest of the metals analysed had no significant effects.
NP sizes were in the range 10-100 nm except for Cr203 and Ni2Os that were much larger, 193 nm and
140 nm, respectively. For the cell line used in this thesis our results regarding Ti, Mn, Fe and Hf NPs
were similar to the ones from Zhang et al.. In the case of Cr NPs, the difference on the toxicity results
might be due to the difference in the metal oxide used, while for Ni, Cu and Zn NPs the difference in
toxicity can be explained by the difference in size. The result regarding Co NPs cannot be explained
due to differences in size or metal oxide used since they are very similar, so the type of cell line used

also play an important role on the toxicity results obtained.

Horie et al. (2012) concluded that the most important cytotoxic factor of metal oxide NPs was metal ion
release. This group used human keratinocyte cell line (HaCaT) and A549, and 24 kinds of industrial
metal oxide NPs such as ZnO, CuO, NiO, Sb203, CoO, MoO3, Y203, MgO, Gd203, SnO2, WOs3, ZrOz,
Fe20s, TiO2, CeO2, Al203, Bi203, La203, In203/Sn0O2 (ITO), and cobalt blue pigments with different sizes.
For the cell viability assay they used MTT assay with 24 h exposure to the NPs where ZnO, ZnO-SiO-
coated and CuO NPs induced severe cell death at concentrations of 0.1 and 1.0 mg/mL in both HaCaT
and A549 cells. Also, NiO green NPs induced severe cell death at concentration of 0.1 mg/mL. The cell
viabilities of NiO black, Sb203, CoO and MoOs exposed cells were approximately 50% at concentration
of 1.0 mg/mL. The cell viabilities of Y203 and MgO exposed cells were approximately 60%. The other
types of metal oxides nanoparticles showed a very small effect on cell viability with a value of 80% or
more. Particularly, there was no significant decrease of cell viability in Fe203, TiO2, Al2O3 and cobalt
blue exposed cells. Moreover, ZnO, CuO, NiO, MgO, and WOs3 showed a large amount of metal ion

release in the culture medium, and TiO2, SnO2, and CeO2 NPs showed strong protein adsorption ability.

92



In our results, ZnO, CuO and NiO NPs presented 100% cell death at 0.1 mg/mL and, Fe20s and TiO2
did not presented any significant decrease in cell viability, similar to the results found by this group. The
results in this thesis showed that CoO NPs decreased by 100% cell viability at 0.1 mg/mL, which does
not match the 50% value found by this group at a much higher concentration of 1.0 mg/mL. This
difference might be due to differences in the cell line used, NP size (22 nm vs 83 nm), or type of assay

(MTT vs clonogenic).

For three different cell lines such as, A549, human epithelial colorectal adenocarcinoma cell line
(Caco2) and mouse fibroblast cell line (Balb/c 3T3), exposure for 24 h to suspensions of 3-100 pg/ml
metal oxide NPs was conducted and cellular viability was evaluated using Neutral Red Uptake (NRU)
assay (lvask et al., 2015). Toxicity results were very similar among the three cell lines, where Al20s,
Fes04, MgO, SiO2, TiO2, WO3 were not toxic for concentrations below 100 ug/ml and for the remaining
NPs the IC50 values were 16.4 pug/ml for CuO, 22.4 pug/ml for ZnO, 57.3 pg/ml for Sb203, 132.3 pg/ml
for Mn3O4 and 129 ug/ml for CosOa. In this study, toxicity from CuO, ZnO and Sb20s was attributed to
the release of metal ions by these NPs, and toxicity from Mn3Os and CosO4 attributed to the ROS-
inducing ability of these NPs (lvask et al., 2015). From the catalytic ability results found in this thesis
(Figure 3.4), Mn and Co NPs showed the highest value in oxygen levels which is consistent with the
conclusion made by this group regarding the ROS-inducing ability of these NPs. Similarities with our
results include the toxicity found for Fe203, TiO2 and ZnO (22.4 pg/ml vs 16 pg/ml). IC50 values for our
NPs were 2.4 ug/ml for CuO, 14 pg/ml for MnO2 and 13 pg/ml for CoO. The latter results differ
significantly from the ones found by this research group and these might be due to differences regarding
the cell line used, NP size (11.9 nm CuO vs 65 nm CuO; 14.9 nm Mn30a4 vs 59 nm MnOz; 9.2 nm Co0304

vs 83 nm Co0) and type of assay (NRU vs clonogenic).

NP radiosensitisation ability within cancer cells is a phenomenon that is affected not only by the physical
characteristics of the NPs but also their interaction with cancer cells. For both normoxia and hypoxia
conditions experiments were conducted in this thesis where the interaction between NPs, cancer cells
and radiation were assessed. For HSC-3 cells, in normoxia conditions, the NPs that had the highest
effect in cell viability were V and VPEI with significant results. Cr and CrPEI NPs also showed an effect
in cell death for normoxia conditions although not significant. For hypoxia conditions VPEI, Cr and Zn
NPs showed the highest effect, although these results are not significant due to the high error bars

present in the experiment.

Taking the results of ROS evaluation and comparing them with the HSC-3 cells clonogenic experiment
a possible conclusion for the low cell survival due to V, VPEI, Cr, CrPEI and Zn NPs is the fact that
these metal oxide NPs produce more hydroxyl radicals when exposed to radiation, that will in turn lead
to cancer cell death. The NPs that showed the highest production in ROS, both HO- and H202, were V
and VPEI and both present significant effects also in the clonogenic experiments. Interestingly, PEI-
coated vanadium NPs seem to contribute more for either hydroxyl radicals and cell death under hypoxia
conditions, as can be seen from the fact that VPEI NPs appear with a higher significance for hydroxyl
radical production under hypoxia conditions, but not under normoxia conditions. Even for cell death
VPEI NP has a higher contribution than its non-coated counterpart, and a possible reason might be due
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to the fact of this metal oxide NP produces hydrogen peroxide in a much higher amount than non-
coated vanadium.

Zinc NPs contributed more to cell death than the coated ones and a possible explanation would be due
to their size, although Zn NPs have a much higher diameter than its coated version (56 nm vs 16 nm).
Moreover, ICP-MS results for both Zn and ZnPEI NPs are very similar so both these NPs have a very
similar uptake by HSC-3 cells which is not very obvious due to the large difference between the coated
and non-coated particles, in terms of size and zeta potential, as shown in Table 3.4. It is intriguing
though that only Zn appear to contribute to cell death in hypoxia conditions and not its coated-form,
which would be more likely to enter cells due to its positive zeta potential and its smaller diameter (Kralj
et al., 2012). Depending on the pH, zinc oxide NPs can have either a positively charged surface (pH<9)
or a negatively charged surface (pH>9). In the former, the chemisorbed protons (H*) from the aqueous
medium move out from the surface and the oxygen atoms become partially bound forming ZnO-, while
in the latter, H" from the medium are transferred to the particle surface forming ZnOH:* (Degen & Kosec,
2000). Since for ZnO NPs the isoelectric point is around 9-10 (Degen & Kosec, 2000) they will present
a positive surface charge under physiological conditions. Cancer cells normally present a negative
surface due to the high concentration of anionic phospholipids on their outer membrane and large
membrane potentials. Due to this surface charge difference between ZnO NPs and cancer cells the
cellular uptake is promoted by electrostatic interactions (Rasmussen et al., 2010). Our results showed
a negative zeta potential value for non-coated Zn NPs and positive zeta potential value for PEI-coated
Zn NPs leading to the conclusion that non-coated Zn NPs uptake would be very low. ICP-MS results
showed a similar uptake from both Zn and ZnPEI NPs. One possibility could be the fact that Zn NPs in
the cell media turned out to have a positive surface charge which was not measured under the zeta
potential measurement conditions. This would explain why a negatively charged NP would have a high
uptake under cell environment. Furthermore, in terms of size, a study showed that as zinc oxide NP
size decreases, ROS production increases (Hanley et al., 2009). Zn PEl-coated NPs were found to
have a diameter of 16 nm compared to 56 nm of Zn NPs, so one would expect a higher ROS production
from Zn PEl-coated NPs, which is not shown by the ROS evaluation results found in this thesis.
Depicting Zn PEI-coated NPs as a 16 nm zinc oxide solid material with PEI molecules attached to the
surface, as shown in Figure 3.20A, and the non-coated Zn NPs as a 56 nm diameter element with an
average of four 16 nm zinc NPs aggregated (Figure 3.20B), we would expect approximately 4 times the
contribution of ROS per NP. In this case, it would explain the contribution showed by Zn NPs in hydroxyl
radical production in both normoxia and hypoxia,
besides its contribution in cell death under hypoxia
conditions. Another possible explanation can be
the fact that the coating reduces the catalytic

ability of zinc NPs to produce hydroxyl radicals

which would, again, explain the results showed by \

the hydroxyl radical production in both conditions. A B

In fact, it is believed that ZnO NPs cytotoxicity g 3 20: ZnPEI and zn NPs illustration; A - 16 nm
mechanisms, although not  completely ZnPEINPs;B-56 nmZn NPs.
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understood, are due to ROS generation (Rasmussen et al., 2010). ROS oxidative stress has been
described as a three-tier model, where Tier 1 is characterized by anti-oxidant defence, where there is
an increase in antioxidant enzymes in order to restore cellular redox homeostasis, Tier 2 is
characterized by an inflammation due to an increase in potent pro-inflammatory cytokines and
chemokines and finally Tier 3 characterized by cytotoxicity which involves mitochondrial perturbation
that leads to cell death by apoptosis or necrosis (Nel et al., 2006). These three tiers have been observed
in ZnO NPs in immortalized phagocytic or bronchial epithelial cells leading to damage of lipids, proteins

and DNA, and death by either necrosis or apoptosis (Rasmussen et al., 2010).

In general, it would be expected, due to the important role of oxygen in ROS production, that under
hypoxia conditions ROS levels would be much lower than under normoxia conditions. The results on
this thesis do not follow this behaviour. Instead, several reports indicate that the production of ROS
actually increases in response to hypoxia (Hermes-Lima et al., 2015). Furthermore, there might exist a
relation between the presence of the PEI coating and the production of hydrogen peroxide, which in
turn is very useful under hypoxia conditions, since even with VPEI NPs presenting a lower uptake than
V NPs they presented a higher toxicity to cancer cells. One of the major differences is the high hydrogen
peroxide production seen by VPEI NPs. PEI exhibits weak-base buffering properties since it can take
up H* ions (Curtis et al., 2016). These ions might contribute to the generation of HO: through the reaction
of O2% with e and 2H* which will in turn generate H202 which then reacting with CI- will form HOCI and
reacting with NO2" will form NO2 leaving HO- as the remaining product (Mitra et al., 2019). The presence
of metal oxides will generate Oz through the Haber-Weiss reaction (Oz" + H202 - Oz + OH- + OH-) and
also H20: will be decomposed through the catalytic ability of these metal oxide NPs contributing even
more for the production of hydroxyl radicals. Maybe the presence of Oz for the formation of ROS is
fundamental due to the reaction with 2H* but in the presence of PEI the uptake of H* might increase
radical formation through other mechanisms. Moreover, in general, PEl-coated NPs showed a lower
hydroxyl radical production in both conditions. PEI-coated may not favor the production of this radical
since it blocks the contact of the metal oxide surface with water molecules, not allowing the catalytic

reaction to take place.

Manganese NPs showed some contributions in hydroxyl radical production in both conditions although
not significant. Catalytic ability of manganese is very high as showed by the results in Figure 3.2. Some
studies showed the intracellular oxidative stress and apoptosis in alveolar epithelial cells (AEC) induced
by Mn3O4 NPs (VanWinkle et al., 2009; Frick et al., 2011). Oxidative stress induced by manganese is

due to the following reactions (Aust et al., 1985):

MnZ* + O2 2> Mn3* + Oz

2 Oz + 2H" & H202 + O2 (superoxide dismutase)

H20:2 products can then take two different routes (Frick et al., 2011):

2GSH + H202 > GSSG + 2H:0 (catalyzed by glutathione peroxidase)
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or

Mn?* + H202 = Mn3* + OH" + OH' (Fenton or Haber-Weiss reactions)

NP cytotoxicity results did not show any contribution from manganese NPs, only on hydroxyl radical

production.

Cr NPs showed contribution in both hydroxyl radicals and cytotoxicity experiments. Studies on cell lines
have shown their ability to produce ROS species inside cells. For example, a study on A549 and HaCaT
cells showed an increase in intracellular reactive oxygen species level decreasing cell viability after
exposure to 60 nm Cr203 NPs (Horie et al., 2011). Another study performed in A549 cells using 30 nm
Cr203 NPs also showed increase intracellular ROS level indicating that oxidative stress might be the
primary mechanism for its toxicity (Senapati et al., 2015). These observations agree with our results
that showed the ROS generation capability of chromium NPs in producing hydroxyl radicals leading to
cell death. Moreover, Cr NPs were more toxic to cells than CrPEI ones, which is in accordance with the

ICP-MS results, that showed a much higher uptake from Cr NPs than for the coated ones.

Another potential toxicity mechanism can be through cell exterior damage even when the uptake is low
(VanWinkle et al., 2009). Transition metal ions can transfer electrons to O leading to H202 generation
in the extracellular compartment. The H202 produced can induce damage on the cell exterior. This might
be the reason why although CrPEI NPs presented very low uptake and most of the NPs were outside

the cells it still presented relevant results for cell death under hypoxia conditions.

Overall, all the NPs that had a relevant effect on HSC-3 cells viability had a negative zeta potential,
which is not in accordance with the results showed by some studies, where NPs with positive zeta
potential have a better cell uptake (Kralj et al., 2012). A possible reason for this discrepancy is the fact
that zeta potential measurements were made in PBS, pH 7.4 and NPs under cell medium will present

a different surface charge due to the protein corona, as in the case of Zn NPs (Rasmussen et al., 2010).

In general, the NPs that showed the most significant results in ROS production and cell death are

vanadium, both the coated and non-coated.

Vanadium like other transition metals, e.g. Fe, Cu, Cr and Si, produces ROS through Haber-Weiss and
Fenton-type reactions (Manke et al., 2013). Vanadium NPs toxicity depends on the cell line used as
showed by a study made for 2 different sizes of vanadium NPs, 20 nm and 100 nm, using 5 different
cell lines (lvankovi¢ et al., 2006). For 30 nm VO:2 NPs interaction with A549 and BEAS-2B cells, a similar
sensitivity to V NPs was found for both cell lines and it was also found that enhanced reactive oxygen
species generation and suppressed reduced glutathione were the major mechanisms of VO2 NPs
cytotoxicity (Xi et al., 2019). A study on thickness-tunable VO2-modified quartz surface using human
cholangiocarcinoma cells suggested that the released of vanadium ions can disrupt the mitochondrial
electron transport chain and therefore elevate the intracellular ROS level of tumour cells, thereby
leading to the dysfunction of the mitochondria through collapse of mitochondria membrane potential,

inducing cancer cells apoptosis (Li et al., 2019).

96



Table 3.13 shows the most promising metal oxide NPs and their respective induced damage for a better

picture of all the results found.

Table 3.13: Summary of the metal oxide NPs and their respective induced damage. Legend for the results without
cells: change from control (= 1): + = 1.3-1.49; ++ = 1.5-1.69; +++ = 1.7-1.89; ++++ = 1.9-2.09; * = 2.10-10.0; ** =
10.1-18.0; *** = 18.1-26.0; **** = 26.1-50.0; & = 300.0-500.0. Legend for toxicity (IC50) results: ++++ = 0.0-3.0
ug/ml; +++ = 3.1-10.0 pg/ml; ++ = 10.1-17.0 pg/ml; + = 17.1-24.0 ug/ml; - = 24.1-31.0 pg/ml; -- = 31.1-38.0 pug/ml;
--- = 38.1-45.0 pg/ml; ---- = 45.1-52.0 pg/ml; ----- = 52.1-90 pg/ml; & = > 90.1 pug/ml. Legend for cell
radiosensitisation results: change from control: + = 0.26-0.35; ++ = 0.36-0.45; +++ = 0.46-0.55; ++++ = 0.56-0.65;
+++++ = 0.66-0.75; - = -0.26-(-0.35); -- = -0.36-(-0.45).

Without radiation NORMOXIA With radiation NORMOXIA Without radiation HYPOXIA With radiation HYPOXIA
NP HO' [ H,0, [HSC-3 cell toxicity| HO | H,0,|HSC-3 cell radiosensitisation HO HO' |HSC-3 cell radiosensitisation
Sc + ++ +
ScPEI * ++ +
Ti +++ S + +
TPEL | e [ ] —— + +
Vv S -+ | ¥ +++ *
VPEI Fokkk - [ OFE - * -+
Cr * — + +H+ +H+ -
CrPEIl * -— ++
Mn [S) ++ ++ +++
MnPEI [S) ++ + + +
Fe ++++ $
FePEl - $
Co ** + + + +
CoPEl * 4 +++
Ni Hokkk +H+ + +
NiPEI rREK +H+
Cu ** - +
CuPE| * -+
Zn * ++ - + +
ZnPE| * + +
Hf + + $
HfPEI e

It is possible to find some correlations from NPs of the same group of periodic table, such as the ability
to generate hydroxyl radicals without radiation and cell toxicity, from both Ti and Hf NPs. For these NPs,
both non-coated and coated NPs presented very similar results regarding cell toxicity. These NPs

belong to the group 4 of the periodic table.

In general as hydroxyl radical increases, hydrogen peroxide tends to decrease (Figure 3.12). Metal
oxide NPs are known for their ability to produce HO- from H20:2 reaction with O2" through the Haber-
Weiss reaction (Hauser et al, 2016):

Haber-Weiss reaction: O2" + H202 —» O2 + HO" + HO:

, meaning that as hydroxyl radical increases, hydrogen peroxide decreases, which is in agreement with
the Spearman correlation results (Figure 3.12).

The ICP-MS correlation with cell irradiation results (Figure 3.17) showed that when uptake increases,
cell survival tens to increase, which should not be the case. Increasing uptake of the NPs by the cells,

will lead to a higher number of cells death, since more NPs will bring more harm to the intracellular
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components, increasing the chances of the cell to lose its ability to reproduce when irradiated. This is a
correlation with a small size effect (rs=0.3), so this result would need more representative data for better
conclusions regarding this relationship. There is always a possibility of some NPs help the cell removing

the radicals formed during irradiation.

The result from the correlation between CCA and cell irradiation data was expected (Figure 3.18), since
a higher increase in the number of HO: is expected to reduce cell survival, as shown by the moderate
size effect found through the Spearman correlation (rs=-0.4). HO-is considered one of the main species
responsible for cancer cell death during irradiation, so an increase in the number of these species will

lead to a higher number of cancer cells death, decreasing in this way their survival.

The result from DHR and cell irradiation correlation showed that as H20:z increases, cell survival tends
to increase (Figure 3.19), with a large size effect from Spearman correlation (rs=0.6). This result might
have two completely opposite conclusions. One could be the fact that, an increase in H202 formation
means that HO- is not being formed, since, from the Haber-Weiss reaction, H202 should decrease to
form HO-. If a lot of H20: is being formed and not reacting with Oz" to form HO:, then cell survival should
increase, since HO: is the main species responsible for cancer cell death during irradiation. If this is the
case, our results are in conformation with what is expected to be the mechanism responsible for cancer
cell death during RT. The other conclusion could be that the high number of H202 species present would
lead to a higher number of HO: species, which in turn would lead to a higher number of cancer cells
death, decreasing cell survival. From this point of view, our results would not be in agreement with the
responsible mechanism that occurs during RT. There is the possibility that the probes, used to measure

both H202 and HO, interfere with the main mechanism, changing the course of the reaction.
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4 A comparison of the radiosensitisation
ability of 22 different element metal oxide
nanoparticles using clinical megavoltage

X-rays — Published Paper
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4.1 Introduction

This chapter is made of a paper | published with my supervisor, Dr Jon Golding. Here | tested a much
wider range of elements for the NPs, including rare-earth metals. In this work, | was more interested in
comparing the different types of NPs and their interaction with DNA, so experimental work with cells

was not performed.

To try to understand more about radiosensitisation and the different types of ROS generated during the
course of RT, here the approach was focused on studying not only hydroxyl radicals, but also
superoxide and singlet oxygen and try to understand if there was any correlation between the different
ROS produced and the type of NP.

While in the previous chapter there was a concern regarding the coating due to the fact that interaction
with cells was one of the main studies and also an attempt to try to see a correlation between the
formation of hydroxyl radicals and the hydrogen peroxide, here not only the number of elements was
extended but also the type of ROS, and the main study was interaction with DNA. Furthermore, since
some of the metals involved in this work are known for their catalytic ability, there was also an interest

in studying how the formation of electron-hole pairs might be involved in the ROS production.

Following presentation of my paper, | made a discussion where | correlate the different type of ROS
produced to try to understand if there is a major mechanism connecting hydroxyl radicals, superoxide,

and singlet oxygen.

4.2 Paper

A comparison of the radiosensitisation ability of 22 different element metal oxide nanoparticles
using clinical megavoltage X-rays.

Alexandra Guerreiro'?, Nicholas Chatterton?, Eleanor M. Crabb?, Jon P. Golding?®".
"Faculty of Science and Technology. New University of Lisbon, Portugal.

2 School of Life, Health and Chemical Sciences. The Open University, Milton Keynes, UK.

*Corresponding author: Jon.golding@open.ac.uk. Tel: 01908 653748

Abstract

Background: A wide range of nanoparticles (NPs), composed of different elements and their

compounds, are being developed by several groups as possible radiosensitisers, with some already in
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clinical trials. However, no systematic experimental survey of the clinical X-ray radiosensitising potential
of different element nanoparticles has been made.

Here we directly compare the irradiation-induced (10 Gy of 6 MV X-rays) production of hydroxyl radicals,
superoxide anion radicals and singlet oxygen in aqueous solutions of the following metal oxide
nanoparticles: Al203, SiOz, Sc203, TiO2, V20s, Cr203, MnO2, Fe304, CoO, NiO, CuO, ZnO, ZrO2, MoOs,
Nd203, Sm203, Eu203, Gd203, Tb4O7, Dy203, Er203 and HfO-.

We also examine DNA damage due to these NPs in unirradiated and irradiated conditions.

Results: Without any X-rays, several NPs produced more radicals than water alone. Thus, V205 NPs
produced around 5-times more hydroxyl radicals and superoxide radicals. MnO2 NPs produced around
10-times more superoxide anions and Tb4O7 produced around 3-times more singlet oxygen.
Lanthanides produces fewer hydroxyl radicals than water.

Following irradiation, V20s NPs produced nearly 10-times more hydroxyl radicals than water.

Changes in radical concentrations were determined by subtracting unirradiated values from irradiated

values. These were then compared with irradiation-induced changes in water only.

Irradiation-specific increases in hydroxyl radical were seen with most NPs, but these were only
significantly above the values of water for V20s, while the Lanthanides showed irradiation-specific
decreases in hydroxyl radical, compared to water.

Only TiO2 showed a trend of irradiation-specific increase in superoxides, while V20s, MnO2, CoO, CuO,
MoOs and Th4O7 all demonstrated significant irradiation-specific decreases in superoxide, compared to

water.

No irradiation-specific increases in singlet oxygen were seen, but V20s, NiO, CuO, MoOs and the

Lanthanides demonstrated irradiation-specific decreases in singlet oxygen, compared to water.

MoOs and CuO produced DNA damage in the absence of radiation, while the highest irradiation-specific
DNA damage was observed with CuO. In contrast, MnO2, FesO4 and CoO were slightly protective

against irradiation-induced DNA damage.

Conclusions: Beyond identifying promising metal oxide NP radiosensitisers and radioprotectors, our
broad comparisons reveal unexpected differences that suggest the surface chemistry of NP

radiosensitisers is an important criterion for their success.

Keywords: Radiosensitiser, X-ray, megavoltage, metal oxide, nanoparticle, survey, radicals, DNA
damage.

421 Background
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Water radiolysis by ionising radiation results in the formation of several species, mainly: € aq, ‘'OH, H,
H3O*, OH~, 'O2H, H202 and H. These products react with one another to form secondary species such as
02, 'Oz and '0Os, with many additional short-lived intermediates (reviewed in Le Caé, 2011). Water
radiolysis products range from highly oxidizing (e.g. "OH, H202 and O3) to highly reducing (e.g. 'H, "eaq” and
‘027). These reactive species damage biological molecules and contribute around 60% of the biological
damage due to X-ray radiotherapy (Saenko et al., 2013; D. Zhang et al., 2016; Jayakumar et al., 2014
and reviewed in Baskar et al., 2014). Although each clinical X-ray irradiation session only lasts for a few
minutes, the radical-mediated damage can induce prolonged metabolic oxidative stress that continues

to damage cells long after irradiation (Azzam et al., 2012).

Theoretical studies (McMahon et al., 2016; Hwang et al., 2017; Haume et al., 2016; Roeske et al., 2007)
and experimental studies (Retif et al., 2015; Y. Liu et al., 2018) have demonstrated that X-ray-induced
radical formation can be greatly increased in the vicinity of nanoparticles of high atomic number (2)
elements, their oxides or sulphides (e.g. Ag: (P. Liu et al., 2016); Gd: (Luchette et al., 2014; Lux et al.,
2018); Hf: (Marill, Anesary, Zhang, Vivet, Borghi, et al., 2014); Pt: (Muhammad et al., 2018); Au: (Haume
et al., 2016; Rahman et al., 2014); Bi: (Algethami, 2015; Sahu & Cates, 2017), which have large X-ray
absorption cross sections and produce a shower of secondary electrons when irradiated. For this
reason, high atomic number nanoparticles have been the focus of nanoparticle radiosensitiser research,
some of which are being clinically evaluated (Y. Liu et al., 2018), such as the Gd NP, AGulX (Lux et al.,
2018) and the Hf NP, NBTXR3 (Marill, Anesary, Zhang, Vivet, Barendsen, et al., 2014), both of which
are currently in Phase |l clinical trials (NCT03818386 and NCT03589339).

However, NPs of many lower atomic number element oxides have been shown to be effective
radiosensitisers, such as: Al (Roth et al., 2011), Si (Gara et al., 2012; Generalov et al., 2015; N. Zhao
et al., 2016), Ca (Chu et al., 2013), Ti (Morrison et al., 2017), Fe (Khoei et al., 2014), Cu (Y. W. Jiang
et al., 2019), Zn (Generalov et al., 2015), Zr (Carrasco-Flores & LaVerne, 2007). This suggests that
other, physico-chemical and chemical processes, likely involving the nanoparticle surface, contribute to

the overall pool of X-ray-induced radicals.

What is missing, however, are systematic experimental comparisons of these different element NPs as
radiosensitisers. Most in vitro studies have been limited to comparing small ranges of elements, or more
often to different compounds or surface functionalisation of a single element NP. Experimental
differences, such as X-ray energy and dose, and concentration of nanoparticles further impede
comparisons (Hwang et al., 2017; Rahman et al., 2014; Retif et al., 2015). Recent proposals have been
made to standardise these parameters (Retif et al., 2015; Schuemann et al., 2018), but it will take time

for these to become routinely adopted.

Only two studies have been published using a broad range of NPs, both with gamma radiation. Petrik
et al (2001) compared hydrogen production from adsorbed water on a wide range of 28 different
element metal oxide powders (Petrik et al., 2001). Chelnokov et al (2014) compared solvated electron

production from 6 different element NPs (Chelnokov et al., 2014).
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Because of the difficulties in comparing radiosensitisers across studies, we have performed a survey
of a broad range of 22 different metal oxide NPs, to examine their intrinsic ability to generate reactive
oxygen species and damage plasmid DNA under control and irradiated conditions using clinically
relevant megavoltage X-rays (10 Gy of 6 MV X-rays).

Metal oxides, rather than pure metals, were chosen because nearly all of the transition metal elements
we use are unstable in water and react to become oxides. We find that some metal oxides increased
radiation-induced radical formation (V20s, for hydroxyl radicals; TiO2 for superoxides) while others were
radioprotective. For instance, the Lanthanide oxides produced far fewer hydroxyl radicals than

irradiated water only. Irradiation-induced DNA damage was greatest with CuO NPs.

4.2.2 Results

4.2.2.1 NP characterisation.

Transmission electron microscopy (TEM) and dynamic light scattering (DLS) were used to measure
respectively the core and hydrodynamic size distributions of the NPs (Table 4.1; Supp Figures 1 and
2). By TEM, the most frequent diameter (mode) of each NP lay in a narrow range between 13 - 26 nm.
Hydrodynamic diameter was generally similar or larger than the corresponding TEM value, suggesting

some aggregation in solution.

Table 4.1: NP diameters measured by TEM and DLS. Integer values +SD.

TEM TEM DLS bLS Supplier
NP Mean dia (nm) Mode dia Median dia (nm) ) ) Quoted TEM
Poly-Dispersity
+SD (nm) +SD dia (nm)
Al;03 49+38 14 7811432 0.21 <50
SiOz 46145 13 4241364 0.25 10-20
Sc203 50+34 13 430478 0.04 <80
TiO- 6143 14 4394315 0.17 21
V205 47+36 13 7171401 0.39 <80
Cr203 56151 13 99155 0.16 60
MnO, 64155 14 2516 0.57 50
Fes04 49+40 15 805+336 0.14 50-100
CoO 46+39 14 71x15 0.47 50
NiO 58+44 19 375+283 0.23 <50
CuO 40+29 16 132159 0.23 <50
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Zn0O 44+30 13 3534238 0.27 <100
ZrOz 50+32 26 15531 0.59 40
MoOs 30+21 13 20347 0.06 13-80
Nd203 64+51 15 227+131 0.53 30-45
Sm;03 40444 13 41+31 0.69 15-45
Eu20s; 69+56 13 8+2 0.54 10-100
Gd203 26+37 13 67+24 1.00 10-100
ThsO7 107108 13 1073+£340 0.10 10-100
Dy.0s 42430 14 9384301 0.18 30
Er0s; 64+67 13 33341 0.01 10-100
HfO> 105+84 18 74+13 0.69 61-80

X-ray diffraction (XRD) confirmed the crystal phase identity of all NPs, except Eu203 and Gd203 for

which there was no close match in our database (Supp Figure 3).

4.2.2.2 Radical formation

Three fluorogenic probes were used to detect different types of radical: coumarin-3-carboxylic acid
(CCA) detects hydroxyl radical, DHE detects superoxide and singlet oxygen sensor green (SOSG)
detects singlet oxygen. Tables of raw fluorescence data, fluorescence-to-molarity calibration curves
and corrected molarity data for 2.5 mM NPs with different concentrations of oxidised probes are
presented in Supp File 1, while the corrected molarity data are also presented graphically in Figures
4.1t04.3.

For the hydroxyl radical probe CCA, the graph (Figure 4.1A) is dominated by V20s, which shows high

hydroxyl probe fluorescence, even without irradiation.

After subtracting the non-irradiated control values for each sample (‘real’ values, Figure 4.1B), V20s still
demonstrates the largest irradiation-induced increase in hydroxyl radicals. Most of the other NPs show
modest irradiation-induced increases in hydroxyl radicals, similar to water. However, the Lanthanides:
Nd203, Sm203, Eu203, Gd203, Tb4O7, Dy20O3 and Er.03 do not show any hydroxyl radical formation even
following irradiation, suggesting this group of NPs participate in reactions that destroy hydroxyl radicals

or inhibit their formation, resulting in no net increase in hydroxyl radicals.
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A CCA assay
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Figure 4.1: Hydroxyl radical production. A) Hydroxyl radical concentrations for unirradiated control (left side) and
10 Gy irradiated (right side) NPs. Data are shown for 3 independent experiments (run 1, run 2, run 3). B) Data from
panel (A) replotted as ‘real’ values (10 Gy irradiated value minus 0 Gy control) +SEM. Dotted line shows the
irradiation-induced increase due to water only. **** denotes P<0.0001 significant difference, compared to no NP

(zero).

For the superoxide anion probe DHE, the highest values are for MnO-, and V20s, both of which show

high superoxide probe fluorescence even in the absence of irradiation. (Figure 4.2A).

After subtracting the non-irradiated control values for each sample (Figure 4.2B), most NPs show similar
irradiation-induced superoxide values to water only. One possible exception is TiO2, which appears to
show a slightly higher irradiation-induced production of superoxides than water. More significantly,
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although V205, MnO2, CoO, CuO and Th4O7 show greater superoxide generation overall (Figure 4.2A);
after subtracting the non-irradiated value they show less irradiation-induced superoxide than water
(Figure 4.2B), suggesting that irradiation makes less difference for these NPs as they are already
actively generating these radicals, or that possibly these NPs might participate in reactions that destroy
superoxides or inhibit their formation. MoOs shows considerably lower superoxide radical formation
than water after irradiation, also suggesting that it inhibits superoxide formation and/or destroys already

produced superoxide radicals.

A DHE assay
47 Control Irradiated
1 Runi
Run 2
%3_ Bl Run3
C
O I
2 ]
© n 1
_8 24 I i .
o i | i
(0] 1 1
0.1_ I
>
(@) . )
1
. ||
TR A L n

A (ol ==t

Al

SiH

Sc=
Ti
V_

Cr

Mn-

Fe

Co-
Ni-]

Cu-

ZN Tt
Zr

Moo=

w0

[\
o
=
®
Q
>
=
®
L
n
-

o
®
=
o
a
Q
®
Q
=
o
-
w

—
(6)]

1.0

Superoxide anion uM
o
(&)

0.0

SE3WIT

THOE>SEOQ> ~ 0T ©
TOHRFTOSLE3ZONNZ2 0GR

Figure 4.2: Superoxide anion radical production. A) Superoxide radical concentrations for unirradiated control (left
side) and 10 Gy irradiated (right side) NPs. Data are shown for 3 independent experiments (run 1, run 2, run 3). B)
Data from panel (A) replotted as ‘real’ values (10 Gy irradiated value minus 0 Gy control) £SEM. Dotted line shows
the irradiation-induced increase due to water only. ****, ** and * denote respectively P<0.0001, P<0.01 and P<0.05
significant differences, compared to no NP (zero).
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For the singlet oxygen probe SOSG, the graph is dominated by TbhsO7, which shows high probe
fluorescence in the absence and presence of irradiation (Figure 4.3A). There is also suggestion that

MoOs again shows lower radical production than water with or without irradiation.

After subtracting the non-irradiated control values for each sample (Figure 4.3B), nearly half of the NPs
show similar irradiation-induced singlet oxygen values to water-only: Al203, SiO2, Sc203, TiO2, Cr20s,
Fes04, CoO, ZrO2 and HfO2. The remaining NPs all show a tendency for less irradiation-induced singlet
oxygen production than water; significantly lower in the cases of MoOs and V20s in particular, as well
as for NiO, CuO, Nd203, Eu203, Gd203, and Dy20s. Th4O7 shows less irradiation-induced singlet oxygen

production than water, although its absolute value is higher than water as it is so active on its own.
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A SOSG assay
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Figure 4.3: Singlet oxygen production. A) Singlet oxygen concentrations for unirradiated control (left side) and 10
Gy irradiated (right side) NPs. Data are shown for 3 independent experiments (run 1, run 2, run 3). B) Data from
panel (A) replotted as ‘real’ values (10 Gy irradiated value minus 0 Gy control) +SEM. Dotted line shows the
irradiation-induced increase due to water only. ****, *** ** and * denote respectively P<0.0001, P<0.001, P<0.01
and P<0.05 significant differences, compared to no NP (zero).

To help summarise the reactive oxygen species (ROS) data, the radiation-induced increase in each
ROS is presented as a stacked bar chart (Figure 4.4A). Because many of the metal oxide NPs contain
very different atomic proportions of their metal element (e.g. CuO NPs are 50% Cu, while MoO3 NPs

are 25% Mo) we have replotted these data to normalise ROS values by stoichiometry to the metal

proportion of each NP (Figure 4.4B).
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It is clear that superoxide is the main ROS produced by most irradiated NPs. The two exceptions are
V205 and MoOs, where hydroxyl radicals are the majority ROS. For each NP, singlet oxygen makes a
very minor contribution.
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Figure 4.4: A) Stacked bar chart summarising the irradiation-induced (‘real’) change in overall radical production
for each NP. B) Data from panel A replotted to normalise the proportion of metallic element atoms, based on each
NP chemical formula. Values for water (zero) left unaltered. All values +SEM.
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4.2.2.3 Hole scavenger

High energy X-rays eject electrons from nanoparticles, leaving behind reactive holes with picosecond
lifetimes that, unless already at the NP surface, are unlikely to take part in any reactions (Drescher et
al., 2002). However, ejected electrons undergo subsequent collisions, sequentially lowering their
energies to low eV levels (Stephen J. McMahon et al., 2011) where electron-hole (e’/h*) pairs can be
formed in the metal oxides (Rodnyi, 1997). If these migrate to the NP surface before recombining, they
can participate in reactions with surface-adsorbed oxygen to generate superoxides from electrons and
hydroxyl radicals from holes (Le Caér, 2011; Sahu & Cates, 2017).

To assess the possible role of X-ray-induced e/h* pairs in superoxide formation by NPs, we repeated
the superoxide assay in the presence of the hole scavenger 10 mM formic acid (Puangpetch et al.,
2011; Tan et al., 2003), or a pH-matched 10 mM nitric acid control. If e/h* pairs are important players
in our experiments, then we expect the hole scavenger to increase the lifetime of the electrons, thus
promoting superoxide formation at the NP surface.

Considering the non-irradiated control values, some differences between nitric acid and formic acid
conditions are observed for CuO and Tb4O7, with CuO showing higher superoxides in formic acid and
Tb4O7 showing less superoxide in formic acid. Similar results were observed for these metal oxides with
irradiation. After irradiation, MnO:z also shows less superoxide formation in formic acid compared to in

nitric acid. It is not clear why superoxide formation is lower in formic acid for these metal oxides.

After subtraction of the non-irradiated results, only FesO4, CoO, NiO and ZnO demonstrated irradiation-
dependent increases in superoxide radical generation in the presence of formic acid, compared with
nitric acid (Figure 4.5B).
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Figure 4.5: A) Superoxide formation in the presence of pH 3.5 10 mM nitric acid or pH 3.5 10 mM formic acid hole
scavenger. Left side shows unirradiated controls and right side shows 10 Gy irradiated. N=3 and all values +SEM.
B) Data from panel (A) replotted as ‘real’ values (10 Gy irradiated value minus 0 Gy control) +SEM.

4.2.2.4 DNA damage assay

Plasmid DNA normally exists as a tightly-wound supercoil. Single strand breaks allow the supercoil to

relax to an open circle which demonstrates slower migration on an electrophoretic gel. We therefore

quantified DNA damage in the presence of NPs by measuring the proportion of relaxed circular DNA

(Figure 4.6).
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In the absence of irradiation, MoO3s and CuO caused the greatest damage to DNA. These NPs also

demonstrated the greatest DNA damage following irradiation (Figure 4.6A-C).

When the DNA damage due to non-irradiated controls was subtracted from each irradiated value, it
became clear that most NPs produced only slightly more irradiation-specific DNA damage than water
(Figure 4.6D). Only CuO performed significantly better than water in terms of irradiation-specific DNA
damage (Figure 4.6D).
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Figure 4.6: DNA damage assays based on the appearance of the relaxed circular form of plasmid DNA. A) Agarose
gel from one experiment showing paired non-irradiated (-) and 10 Gy irradiated (+) samples. Bands corresponding
to undamaged (supercoiled, SC), single strand break (relaxed circular, RC) and double strand break (linear, L)
plasmid DNA are marked. Ld is 1 kb DNA ladder. Note that this gel is not loaded in atomic number order. B)
Percentage relaxed circular DNA from each experiment. C) Average values from (B) +SEM. D) Data from panel (C)
replotted as ‘real’ values (10 Gy irradiated value minus 0 Gy control) +SEM. Dotted line shows the irradiation-
induced increase due to water only. ****, *** and ** denote respectively P<0.0001, P<0.001 and P<0.01 significant
differences, compared to the respective no NP (zero) control.

4.2.3 Discussion

The ability of nanoparticles to act as X-ray radiosensitisers has generally been viewed as a physical
process, due to the increased absorption of X-rays, followed by ejection of secondary electrons
(photoelectric effect) and fluorescence photons that then interact with water or biomolecules to produce
radiolysis products, which include damaging radicals (Kuncic & Lacombe, 2018). For this reason, the
emphasis of NP radiosensitiser research has been on high atomic number elements, due to their
expected greater interaction cross section with X-ray photons.

A theoretical study by McMahon et al, (2016), based on physical processes, computed the energy
deposition within 1 um around a series of X-ray irradiated pure element 20 nm NPs in water (Z=14, Si
to Z=80, Hg). When all energy outputs are added together (Auger electrons, photoelectrons, Compton
electrons, fluorescence, electron impact) the total energy deposition from 6 MV X-rays was relatively
flat across all the elements studied (Fig. 3C,D in McMahon et al., 2016), implying that the choice of

element makes little difference to the amount of ROS produced at these energies.

However, experimental data from Sicard-Roselli et al (2014) and Gilles et al (2018) demonstrated that
many more hydroxyl radicals (Gilles et al., 2018; Sicard-Roselli et al., 2014) and solvated electrons
(Gilles et al., 2018) are produced from X-ray irradiated Au NPs than can be explained purely by physical
processes, such as the photoelectric effect. They proposed that additional radicals are produced via
reactions of secondary electrons with interfacial water molecules, that become stretched due to their
adsorption to the Au NP and therefore require much less energy for H-OH bond radiolysis than bulk
water (255 kd/mol instead of 460 kJ/mol) (R. Liu, 2013). This water distorting effect is not restricted to
Au NPs: water molecules form similar structured layers up to 2 nm thick around any NP (Zobel, 2016;

Zobel et al., 2015) and this is where most radiolytic reactions are expected to occur.

Moreover, nanoparticles will inevitably come into contact with excited water (H20*) and ionised water
(H20%, eaq), formed during the first 10-'° seconds of irradiation, plus the physico-chemical reaction
products of these species, produced during the subsequent 10-'2 seconds, such as "OH, "H, H3O* and
OH~; and downstream products such as H20: (reviewed in Le Caér, 2011). Because of their high
surface area and specific surface chemistries, nanoparticles could catalyse many more reactions from
these intermediates and thereby increase the overall concentration of radicals.

This mismatch between theory and experimental observations for Au NPs prompted us to consider if a
broad range of metal oxide NPs, well known for their catalytic properties, but hitherto not considered as
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radiosensitisers because of their low atomic number, might be good radiosensitisers. We therefore
experimentally compared the radical forming ability and DNA damage of 22 different metal oxides using

clinically relevant 6 MV energy X-rays.

Two previous studies have compared the behaviour of several metal oxides under gamma irradiation.
Chelnokov et al (2014) measured yields of solvated electrons, relative to water, following radiolysis of
concentrated metal oxide NP aqueous solutions in low oxygen conditions. Six of those NPs are in
common with our study: Al2Os, SiO2, ZnO, Nd203, Sm203, and Er.0s (Chelnokov et al., 2014). At the
lowest NP concentrations tested (600 mM) Chelnokov found modest increases in solvated electrons for
Sm20s (1.2 fold) and Er20s (1.4 fold), but no change for the other NPs tested. In normoxia, solvated
electrons react with dissolved oxygen to give superoxide radicals, but we found no significant increases
in superoxide for Sm20s, and Er.0s. However, because Chelnokov’s experiments were performed

under argon, they are not directly comparable with ours.

Petrik et al (2001) examined hydrogen production from a thin layer of adsorbed water on 28 different
metal oxides during high dose gamma irradiation (0.1 — 1.5 M Gy), only 14 of which are in common with
our study and are compared here. Hydrogen is mostly produced during water radiolysis from reactions
of solvated electrons with water; but can be produced via reactions involving hydrogen radicals that
generate hydroxyl radicals as a by-product (H20* - "OH + 'H, then 'H + '"H - H2). Thus, a tentative
link could be made between hydrogen production in that study and our measurements of hydroxyl
radicals. Petrik et al found an increased hydrogen yield relative to water with: ZrO2, Nd203, Sm20s,
Eu203, Gd203, Er:03 and HfO2. Oxides that decreased hydrogen production relative to water were:
MnO:2 and CuO. The other oxides Petrik et al tested (Al20s, SiO2, TiO2, Cr203, NiO and ZnO) showed

no difference in hydrogen production.

We find no significant irradiation-induced changes in hydroxyl radicals for any of these metal oxides.
Indeed, our trend of decreased hydroxyl radicals for the Lanthanides is opposite to the increased

hydrogen production data of Petrik et al.

Therefore, either the hydrogen radical-mediated pathway is such a minor player in the overall reactions
that it is easily swamped by independent reactions and/or there are fundamental differences in the
experimental designs. To address the second point, the most obvious difference is that Petrik et al
exposed metal oxides to water vapour, to form a thin adsorbed layer, whereas we irradiate NPs in
solution. Our protocol therefore allows two additional sets of reactions to occur. Firstly, energetic
secondary electrons ejected from NPs can travel further in bulk water and participate in more reactions
than is possible in a thin adsorbed layer of water. Secondly, NPs can migrate through bulk water, coming
into contact with radiolytically-produced hydrogen peroxide and metastable radiolysis species, which

they catalytically convert into various radicals (Le Caér, 2011; Lousada et al., 2013).

Moreover, for some of these catalytic reactions, the NP surface is not necessarily required. Metal ions
released from NPs, such as V**, readily participate in Fenton-like catalytic reactions with hydrogen

peroxide to generate hydroxyl radicals and hydroperoxide radicals (G. Du & Espenson, 2005).
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Electron donation to singlet oxygen can generate superoxide anions (Saito et al., 1983) and, perhaps
because of this, we find a partial correlation in our data between radiation-induced superoxide and
singlet oxygen levels. Thus, the lowest levels of superoxide and singlet oxygen compared to non-
irradiated values are seen with: V205, CuO, MoQOs, Th4O7. Although MnO2 does not fit this pattern, being
very low with superoxide, but only slightly lowered with singlet oxygen. However, no strong correlation

exists between high levels of superoxide and singlet oxygen.

Although superoxides can produce hydroxyl radicals via Fenton-like electron reduction of hydrogen
peroxide (Richmond et al., 1981), our data show no consistent correlation between radiation-induced

superoxide and hydroxyl radical levels.
Regarding the correlation of ROS levels to DNA damage, we summarise our data in Table 4.2.

Our data suggest that TiO2 and V20s NPs are worth further investigation, because of consistent
increases in both ROS and DNA damage. However, various surprises should also be explored. Notably,
Sc203, ZnO, Nd203, Sm20s3, Eu203, Dy203 and especially CuO, produced more irradiation-induced DNA

damage than expected from their total irradiation-induced ROS output.

Table 4.2: Summary table of total irradiation-induced: ROS, DNA damage and e-/h+ pair formation. Ranked from
high to low ROS and for similar levels of damage, ranked in element order. Change from control: +/- = 10-25%;
++/-- = 25-50%; +++/--- = >50%.

NP ROS DNA damage e’/h* pair

V205 ++ +
TiO2 + +
Al203 -

Sc203 - +

Cr20s -

FesOs - +
Zn0O - + ++
ZrO2 -

Eu203 - +

Gd203 -

HfO2 -
SiO2 --
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CoO - - T+

NiO - =+

Nd203 - +

Sm203 - +

Dy20s -- +

Er.03 -

MnO2 --- -

CuO ++

MoOs ---

TbsO7 -

CuO NPs cause DNA damage in vivo (Atha et al., 2012). Specifically, copper ions form adducts with
DNA that cause structural distortions (Abdelhamid et al., 2018) and potentiate ROS-mediated damage
(Cervantes-Cervantes et al., 2005). CuO is therefore likely to potentiate irradiation-induced DNA
damage, without itself producing ROS and this could explain the mismatch between our DNA damage
and ROS data for CuO.

The extent of NP-DNA interaction is likely to be an important variable for all the other NPs studied, since
the radiation dose deposited near the NP increases exponentially as the NP surface is approached.
Thus, in the interaction of 2 nm AuNPs with 6 MV X-rays, the dose can be enhanced several thousand-
fold within 10 nm of the Au surface (McMahon et al., 2011). It is therefore likely that the binding of NPs
to DNA, especially if these interactions physically destabilise DNA, will result in much greater irradiation
damage. Conversely, NPs that do not make close contact with DNA will likely resultin less DNA damage

than predicted from their ROS output.

Of course, many of the NPs we have tested are far too toxic in their current formulation to be considered
for direct translation to preclinical studies. NPs can be toxic via multiple parallel mechanisms (reviewed
in (Sukhanova et al., 2018; Huang et al., 2017). These include: physical damage to membranes and
organelles, disruption of membrane channels and biochemical reactions (Taggart et al., 2016),
activation of death pathways (Tzelepi et al., 2019) and generation of ROS stress (Manke et al., 2013).
In addition to their toxicity, many rare earth metal oxides also present fire and explosion hazards (Rim
et al., 2013).

Of the two NPs we have identified as good radiosensitisers (V205 and TiOz), only TiOz is of sufficiently

low toxicity to consider following up. Indeed, some advances have already been made using
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radiosensitisers based on TiO2 NPs (Nakayama et al., 2016; Morrison et al., 2017; Townley, Rapa, et
al., 2012).

We consider that the future of NP radiosensitisers most probably lies in the combination of high Z
elements with catalytic oxides: using the photoelectric effect of high Z elements to feed secondary
electrons into the catalyst. These composite NPs could be made as complex oxides, as has been done
with Bi2WOs (Sahu & Cates, 2017); aggregate mixtures, or core-shell arrangements. For instance,
improved radiosensitisation has been reported using lanthanide-doped TiO2 (Townley, Rapa, et al.,
2012) and ZnO NPs (Ghaemi et al., 2016), ZnO-SiO2 nanocomposites (Generalov et al., 2015) and Au-
Bi2Ss heterostructures (X. Wang et al., 2019).

As with all catalysts, it will be important to consider ways to prevent ‘fouling’ of the catalytic surface by
ligands or serum proteins in vitro, since we and others have previously shown that the presence of a
ligand shell on AuNPs greatly decreases irradiation-induced ROS production (Gilles et al., 2014; Grellet
et al., 2017).

4.2.4 Conclusions

We find large variations in the formation of three types of radical species in solutions of metal oxide
NPs. In general, the largest irradiation-induced increases are seen for superoxides, where TiO:
produces an additional 1.6 uM superoxide upon irradiation. This being some 0.2 uM more than water
only. A more impressive increase is seen for hydroxyl radicals using V20s, demonstrating an additional
1.8 uM hydroxyl radicals upon irradiation; 1.6 uM more than water only. However, bulk radical formation
per se does not predict the extent of radiation-induced DNA damage in the presence of these NPs.
Thus, although TiO2z and V20s both produce more irradiation-induced DNA damage than water, CuO
produces nearly 8% more DNA damage even though it shows one of the lowest irradiation-induced
increases in radicals. Therefore, other factors that probably involve intimate DNA-NP interactions, such
as DNA destabilisation and highly-localised increases in radical concentration near the NP surface,

likely predominate.

In summary, when considering NP radiosensitisers, it is perhaps worth remembering the old phrase
‘don’t judge a book by its cover’. Theoretical predictions of energy output and biological damage are
currently based on physical principles and need to be expanded to take account of subsequent chemical

reactions on and near the NP surface.

Also, the purely catalytic nature of many NPs, within a ‘sea’ of radiolytic reactants needs to be
considered in order to obtain a fuller picture of the intrinsic radiosensitising ability of a NP. These
physical/chemical considerations then need to be put into a biological context. How well are they taken
up by cells and is there any selectivity towards cancer cells? Once the NPs are in a biological medium
of proteins and sugars, does this alter their ability to produce ROS and damage cancer cells? We know

that our results pose more questions than they answer, but if this leads to a deeper understanding of
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radiosensitisation theory and allows for rational choices of the best nanoparticle materials, then this is

ultimately a good thing.

425 Methods

4.2.5.1 Nanoparticles

The following nanoparticles were obtained from US Research Nanomaterials: Cr203 (US3060, 60 nm,
>99%), MnO2 (US3319NMP, 50 nm, 98%), CoO (US3051, 50 nm, 99.7%), ZrO2 (US3600, 40 nm,
>99%), MoOs (US3330, 13-80 nm, 99.94%), Nd203 (US3350, 30-45 nm, 99.9%), Sm203 (US3450, 15-
45 nm, 99.95%), Eu203 (US3543, 10-100 nm, 99.99%), Gd203 (US3240, 10-100 nm, 99.9%), TbsO7
(US3455, 10-100 nm, 99.99%), Dy203 (US3080, 30 nm, >99.9%), Er.0s (US3140, 10-100 nm, 99.9%)
and HfO2 (US3245, 61-80 nm, 99.99%).

The following nanoparticles were obtained from Sigma-Aldrich: Al203 (544833, <50 nm, 99.8%), SiO-
(637238, 10-20 nm, 99.5%), TiO2 (718467, 21 nm, 99.5%), FesO4 (637106, 50-100 nm, 97%), NiO
(637130, <50 nm, 99.8%), CuO (544868, <50 nm, 82.6%) and ZnO (721077, <100 nm).

Sc203 was obtained from American Elements (SC-OX-02-NP, <80 nm, 99%).

V205 was obtained from Nanoshel (NS6130-03-399, <80 nm, 99.9%).

4252 TEM

Samples were prepared by drop-coating films of the NP solutions on electrostatically discharged
carbon-coated copper TEM grids and visualized on a JEM-1400 model EM instrument (JEOL, USA)
operated at an accelerating voltage of 80 kV and x 30,000 magnification. Size histograms were
measured from 20 TEM images per nanoparticle type at x3000 magnification using the Analyze
Particles feature of Imaged software (version 1.52; NIH) and are reported as the mean and median

values.

4253 DLS

The hydrodynamic diameter of 2.5 mM NPs in 3% PBS pH 7.4 were measured using a Nanotrac Flex
particle size analyser, with Flex 11.1.0.5 software (Microtrac).
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4254 XRD

Samples were analysed using a Siemens D5005 XRD with a long fine focus copper X-ray tube
energised at 40 kV and 40 mA, running conventional Bragg-Brentano geometry. Most runs were 0.5
s/step, with some at 8 s/step. Crystal phases were determined from XRD spectra using QualX2 software
(Altomare et al., 2015) (version 2.24; Institute of Crystallography CNR, Bari, Italy) and PowCod
database 1901.

4.2.5.5 Hydroxyl radical probe

5 mM stock of coumarin-3-carboxylic acid (CCA) powder (Sigma Aldrich) was prepared in 6% PBS pH
7.4.

4.2.5.6 Singlet oxygen probe

Singlet oxygen sensor green (SOSG) was purchased from ThermoFisher. From a 5mM methanolic

stock, a working solution of 1 uM was prepared in 6% PBS pH 7.4.

4.2.5.7 Superoxide anion probe

Dihydroethidium (DHE) was purchased from ThermoFisher. From a stock of 20 mM DHE in DMSO a
working solution of 50 uM was prepared in 6% PBS pH 7.4.

4.2.5.8 Radical measurement

Experiments were run a minimum of three times independently and each time containing technical
triplicates. Fifty microlitres of probe working solution was added to 50 pl of 5 MM NP in deionized water
in black-walled 96-well plates (Cellstar, Greiner), producing a 2.5 mM NP working solution. After
irradiation, the fluorescence of each well was measured using a FLUOstar Optima plate reader (BMG
Labtech), according to the type of probe: CCA at Ex 390 nm/ Em 450 nm, SOSG at Ex 485 nm /Em
520 nm, and DHE at Ex 485 nm/ Em 590 nm (H. Zhao et al., 2003).
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4.2.5.9 Radical probe calibration curves

Each NP could potentially alter the fluorescence of the probe solution. Therefore, for each probe, 50 pl
serial dilutions of the fully oxidized fluorescence molecule in 6% PBS were mixed with 50 ul 5 mM NP

solution and the fluorescence measured as already described.

For CCA calibration, 7-hydroxycoumarin-3-carboxylic acid (7OH-CCA, Sigma-Aldrich) was used. For
SOSG calibration, 0.5 uM SOSG was reacted with 6% H202 and 2% NaOCI. For DHE calibration, 1.5
pM DHE was reacted with 0.5 mM xanthine in 0.9% NaCl and 10 mU/ml xanthine oxidase (Sigma-
Aldrich). We report the molarity of each radical species, assuming an equimolar reaction between each

probe and its cognate radical.

4.2.5.10 Hole quenching

Fifty microlitres of 5 mM NP solutions were mixed with 50 ul of 50 uM DHE in either 10 mM formic acid
pH 3.5 as a hole scavenger (Puangpetch et al., 2011; Tan et al., 2003) or 10 mM nitric acid pH 3.5 as
a control.

Samples were irradiated in 96-well plates, as described and fluorescence measured at Ex 485 nm/ Em

590 nm, as described.

4.2.5.11 Plasmid DNA damage assay

Plasmid pBR322 was extracted from bacteria using Qiagen plasmid midi kits and kept as a 50 ng/ul
stock in 10 mM Tris-HCI, pH 8.5. Ten microlitres of plasmid DNA were mixed with 10 ul of 5 mM NP
solution in 96-well plates. Solutions were either left untreated or irradiated with 10 Gy of 6 MV X-rays,
as described below. Five microlitres of each sample were mixed with 5 pl loading dye (Purple, New
England Biolabs) and loaded onto 1% agarose electrophoresis gels containing 0.2 pg/ml ethidium
bromide with a running buffer of Tris-Borate-EDTA with 0.2 pg/ml ethidium bromide. A 1 kb DNA ladder
was also used (Quick-load Purple Plus, New England Biolabs). Gels were run at 110 V for 1 h and then
photographed using a G:Box Chemi XX6 gel documentation system (Syngene), ensuring that no image
pixels were saturated. DNA band intensities were quantified using the Gel Analysis feature of ImageJ

software (version 1.52; NIH).

4.2.5.12 X-ray irradiation
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Plates were sandwiched between two blocks of 10 cm solid water shielding (Gammex) to simulate the
location of a deep tumour and X-rays were deposited within the liquid in each well by beam shaping,
using a treatment plan based on CT scans of the plates. Plates were irradiated with 10 Gy of 6 MV X-
rays at a dose rate of 5 Gy/min using a clinical linear accelerator (Versa HD, Elekta) at GenesisCare,
Milton Keynes. The radiation field was 25 x 25 cm and previous calculations with a similar linear
accelerator machine have shown that this field size, with 10 cm depth of water and 6 MV photons will
produce a broad polychromatic energy spectrum from 0 — 6 MV, with the majority of the photon energies
below 1 MeV (Konefat et al., 2015).

4.2.5.13 Statistical analysis

Data from three independent experiments were compared to the no NP control using one-way ANOVA

with Dunnett’s multiple comparisons (GraphPad Prism v6 software).
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Supp Figure 4.1: NP TEM images (low and high magnification) and size histograms.

The remaining supplementary figures can be found in https://link.springer.com/article/10.1186/s12645-
019-0057-9#Sec23 supplementary information.

4.3 Spearman correlation analysis

4.3.1 Results

A Spearman correlation analysis was conducted among HO:, O2" and 'Oz and the correlation coefficient
(rs) calculated. Cohen’s standard was used to evaluate the strength of the relationships, where
coefficients between 0.10 and 0.29 represent a small effect size, coefficients between 0.30 and 0.49
represent a moderate effect size, and coefficients above 0.50 indicate a large effect size (Cohen, 1988).
Figure 4.7 presents the scatterplots of the correlations for all the NPs studied. A regression line has
been added to assist the interpretation.
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Figure 4.7: Scatterplots between each variable for all the NPs with the regression line. R?, rs and p values were
added. A — scatterplot between O, and HO-; B - scatterplot between '0, and HO- ; C - scatterplot between 0,

and Oy".
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A significant negative correlation was observed between Oz" (DHE) and HO" (CCA) (rs = -0.4466, p =
0.03718), as shown in Figure 4.7A. Positive but non-significant correlations were observed between
'02 (SOSG) and HO: (CCA) (rs = 0.1711, p = 0.4465), and between 'Oz (SOSG) and Oz (DHE) (rs =
0.1067, p = 0.6364), as shown in Figures 4.7 B and C, respectively.

Considering only the NPs of period 4 of the periodic table: Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn,
Spearman correlation analysis was again conducted among HO-, O2" and 'O2 (Figure 4.8).
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Figure 4.8: Scatterplots between each variable for the NPs of period 4 of the periodic table with the regression line.
R?, rs and p values were added. A — scatterplot between O," and HO'; B - scatterplot between 'O, and HO-; C -

scatterplot between 'O, and Oy".
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In this case, a significant negative correlation was observed between 'Oz and HO- (rs = -0.70910, p =
0.02675), as shown in Figure 4.8B. A negative correlation was observed between O2" and HO- (rs = -
0.4424, p = 0.2044), but it was not significant with p > 0.05 (Figure 4.8A). On the other hand, a positive
correlation was obtained between 'Oz and Oz (rs = 0.3091, p = 0.3869) (Figure 4.8C).

For the lanthanides such as, Nd, Sm, Eu, Gd, Tb, Dy, and Er, Spearman correlation analysis was again
conducted among HO-, O2"and 'Oz. Figure 4.9 presents the scatterplots of the correlations that consider

only the lanthanide type NPs. A regression line has been added to assist the interpretation.
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No significant results were found for lanthanides correlation between each variable, with all p values
above 0.05, as shown in Figure 4.9. There is no correlation between Oz and HO- (rs = 0.0) for
lanthanides (Figure 4.9A). For the remaining pairs, such as '02 and HO, and Oz and 'O (Figures 4.9
B and C, respectively), Spearman correlation was negative and indicates a moderate effect size for '02
and HO- (rs = -0.42860), and a large effect size for Oz" and 02 (rs = -0.5714).

4.3.2 Discussion

Except for lanthanides (Figure 4.9 A and B), in general as hydroxyl radical production increases, both
superoxide and singlet oxygen tend to decrease, and as superoxide increases, singlet oxygen increases

as well (Figures 4.7C and 4.8C). It is possible to assume that reactions such as, for example:
'02+A o HO +B
O2r+C < HO +D
Oz +'02+E o HO +F
, with A, B, C, D, E and F, as unknown species, might be happening in the presence of some of NPs

studied, with the exception of the lanthanide ones.

These results are in agreement with the reported Haber-Weiss reaction, which is considered the main
mechanism by which the highly reactive radical is generated in the presence of metal oxide NPs
(Hauser et al, 2016):

Haber-Weiss reaction: O2" + H202 —» O2 + HO" + HO:

In the case of singlet oxygen, different reactions have been reported in the presence of catalytic

surfaces, such as (Hirakawa, 2018):

Oz +h* =102 reaction 4.1
Oz + HO = 'Oz + OH- reaction 4.2
Oz + HO2+ H* = 02 + H202 reaction 4.3

, where the photogenerated h* in the valence band of the catalyst, such as for example, TiO2, and HO-,
can act as the oxidants to produce 'O2. Also, perhydroxyl radical generated from O2" and H*, also

produces 'Oa.

Reaction 4.1 would mean that as superoxide decreases, singlet oxygen production would increase,
which is not consistent with the Spearman correlation analysis. In addition, the previous hole scavenger

results of some NPs such as, Fe3s04, CoO, NiO and ZnO, showed increases in superoxide radical

133



generation in the presence of formic acid (Figure 4.5B). There are two possible routes for the hole
scavenger results: the hole scavenger is increasing the lifetime of the electrons and promoting
superoxide formation at the NP surface, or the hole scavenger does not allow reaction 4.1 to happen,
and so superoxide is not being consumed through the reaction with holes to generate singlet oxygen.
Since Spearman correlation analysis found that as superoxide increases singlet oxygen increases, it is
more likely that the hole scavenger experiment is actually testing the route of superoxide formation at

the NP surface due to the interaction of oxygen with the electrons from the e/h* pairs.

Reaction 4.2 although it would mean that as superoxide decreases, singlet oxygen production would
increase, which again is not consistent with the Spearman correlation analysis, it also means that as
hydroxyl radical decreases, singlet oxygen increases which is consistent with the correlation results
(Figures 4.7B and 4.8B). In this case, since through reaction 4.2 hydroxide ion (OH") is also formed,
this species would have to be somehow present in a reaction that would generate superoxide radicals,
due to the findings of the correlation analysis that as superoxide increases, singlet oxygen increases
(Figures 4.7C and 4.8C). For example, or the Haber-Weiss reaction, where both hydroxyl radicals and
hydroxide ions, in the presence of oxygen, form both hydrogen peroxide and superoxide, or the

electrochemical reduction of Oz (Hayyan et al., 2016):

202"+ H20 -» O2 + HO2 + OH-

Due to the fact that Oz and its protonated form, HO2, are in equilibrium in an aqueous solution (Rose,
2012):

O2 + H20 & O2 + HO2 + OH-

, and that O2" dominates the equilibrium in solutions whose pH is above the pKa = 4.8 (Bielski et al.,
1985), in the nanoparticles solutions studied with a pH=7.4, superoxide is the predominant species.
This means that the hydroxide ions produced in reaction 4.2, will produce superoxide through the
electrochemical reduction of O.. If this is the case, as singlet oxygen production increases through
reaction 4.2, superoxide will increase through the electrochemical reduction of O2, which is in

accordance with the Spearman correlation results.

Reaction 4.3 leads to the conclusion that as superoxide decreases, singlet oxygen production would
increase, which is not consistent with the Spearman correlation analysis. Once again, if there is another
possible route for superoxide formation through hydrogen peroxide (the other product formed from
reaction 4.3) then as singlet oxygen increases superoxide would increase as well, which will be
consistent with Spearman correlation analysis. For example, one of the main reactions of oxidative

stress induced by manganese is the superoxide dismutase (Aust et al., 1985):

2 O + 2H* > H202 + O2

, where in this case superoxide leads to hydrogen peroxide production in the presence of oxygen.

134



5 Conclusions and Future Directions
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RT is currently limited by the dose of X-rays that can be safely given to patients, since the dose of X-
rays that will kill tumour tissue is similar to the dose that will kill surrounding healthy tissues. This thesis
aimed to provide a further understanding of the different type of metal oxide NP radiosensitisers by
studying their compatibility with cancer cells, their interaction with DNA and the type and amount of
radicals formed during their interaction with X-rays. Other studies have looked at individual metal

oxides, but differences in experimental designs made it very difficult to compare results.

First studies in the role of metal NPs in cancer treatment showed significant radiosensitisation in vivo
(Hainfeld et al., 2008), while Monte Carlo simulations suggested that the observed radiosensitisation
could not be fully explained by the increase in physical dose (Butterworth et al., 2012). Although the
parameters that influence NP radiosensitisation are still not fully understood, it is believe that is the
combination of physical and biological effects that is responsible for the radiosensitisation induced by
the NPs (King et al., 2017). Different pathways have been proposed for the production of hydroxyl
radicals in the presence of radiation and NPs. Taking into account three different pathways for hydroxyl
radicals production a study using 7-hydroxycoumarin showed that the dominant mechanism for HO-
production is through the interaction of radiolysis products with water-NP interface (Sicard-Roselli et al.,
2014). The link between the physical process, where the energy absorption by the NP, the chemical
process, where radical production occurs, and the biological process, where biological interactions lead
to cell death, is fundamental for the understanding of the role of the NPs in the interaction of radiation
with cells. Indirect measurements reported a radical production induced by NPs four-times higher than
normal radiolysis in the absence of oxygen and it was suggested that this overproduction arises from
surface reactions or catalysis at NP-solvent interface (Baldacchino et al., 2019). For example, a study
adapted to quantify the yields of solvated electrons and hydroxyl radicals produced in water by gold
NPs submitted to keV and MeV ionising radiation proposed a key role for interfacial water around NPs
for radical production (Gilles et al., 2018). Combining NPs into the process of water radiolysis does not
always lead to an enhancement of radiosensitisation unless certain conditions are met. To optimise the
whole system (NP+radiation+water) the knowledge of the individual enhancements given by the
physical, chemical and biological processes is required since the highest enhancement will most likely
be given when the highest individual enhancements are properly combined (Guo, 2019). The work
presented in this thesis demonstrates the importance of ROS species created by metal oxide NPs in

the process of cancer cell death.

The introduction of NPs into the RT treatment will require optimisation within treatment planning
algorithms, such as accurate characterisation of NP interaction with the X-ray spectrum of the irradiation

field as a function of NP material, size and concentration (Schuemann et al, 2016).

The main benefit of using NPs during RT treatment is the potential dose enhancement that results from
the interaction of the MV treatment field with the NPs. Controlling NP site uptake, it will be possible to
increase the dose to the tumour whilst maintaining or reducing the dose to the surrounding normal
tissue. This approach is particularly important for SABR treatments since this type of RT treatment uses
larger doses per treatment compared to the standard RT treatment. In this case a single geometric miss

can result in a reduction in tumour control and/or an increase in toxicity effects. SABR is moving towards
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the use of FF free fields since this approach results in significantly higher dose rates (R. B. King et al.,
2013). In vitro studies suggested that the combination of FF free fields with NPs will lead to a further
increase in dose deposition because of the increased proportion of lower energy photons, capable of

inducing photocatalyst-like changes in the NPs (Detappe et al., 2016).

This work provided a fair comparison between the different types of NP metal oxides because important
parameters for the inclusion of NPs in the field of RT were tested under the same conditions. Here
evidence of ROS production by the different types of metal oxide NPs and of their behavior under the
biological environment either by testing their interactions with plasmid DNA and with cancer cells under
realistic tumour hypoxia conditions is provided. Once again, ROS outputs do not fit with the standard
physical theory of radiosensitisation which is consistent with other recent work on nano-radiocatalysis
(Guo, 2019). Furthermore, this thesis also showed evidence of NPs that most likely only work under the
biological process providing no evidence of relevant ROS production but at the same time relevant

interactions with plasmic DNA and cancer cells, as shown by CuO NPs.

The main limitations of this study include diameter and agglomeration state variability between the
different type of NPs. Also, irradiation times after probe and NP interaction might play an important role.
NP quenching is dependent on the interaction time with probe. Although consistency regarding the time
between probe injection into the sample and scheduled irradiation time was maintained constant

throughout the experiments it was not possible to control the hospital irradiation delay.

Future directions include studying the behaviour of these NPs in other cell lines, since as explained
before, it is known that the radiosensitisation results depend on the type of cell line used. Furthermore,
different types of coating should be tested to improve cellular uptake and toxicity and also for better
radiosensitisation, since catalytic ability might be compromised by the type of coating used as shown
by different studies (Gilles et al., 2014; Grellet et al., 2017). Understanding other principles than the
physical ones that might be responsible for the radiosensitisation observed will be a very important step

for the knowledge of the role of the NPs in the world of cancer therapy.

The future of NP radiosensitisers will be connected to the mixtures of high-Z elements with catalytic
metal oxides, where the photoelectric effect of the high Z element will add secondary electrons into the
catalyst allowing the production of more ROS. Work has already been made in this direction such as
Bi2WOs catalysts (Sahu & Cates, 2017), lanthanide-doped TiO2 (Townley et al., 2012) and lanthanide-
doped ZnO NPs (Ghaemi et al., 2016), ZnO-SiO2 nanocomposites (Generalov et al., 2015) and Au-
Bi2Ss heterostructures (Wang et al., 2019).

The two NPs radiosensitisers currently on the market, NBTXR3 and AGulX, are still in clinical trial. The
study of 50 nm hafnium-oxide (HfO2) NPs (NBTXR3) in patients with locally advanced soft-tissue
sarcoma showed that a significantly higher proportion of patients (twice as many) given NBTXR3 plus
RT achieved a pathological complete response compared with patients who received RT alone
(Bonvalot et al., 2019). This study lacks an appropriate control group, i.e. injection of solution without
NBTXR3, since it is not possible to associate the observed results to the NPs effects without a control

group that excludes the effects due to the intratumoral injection process where a difference of 10% of
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tumoral volume is seen. Once again, the real mode of action of these NPs is still unclear and since
evidence supports chemical and biological of these NPs during irradiation a potential toxicity due to
long-term systemic persistency is still a possibility (Vilotte et al., 2019). AGulX NPs were tested in
multiple brain metastases in combination with whole brain RT (10 x 3 Gy over 3 weeks max) and
showed a strong local radioenhancing effect (Lux et al., 2019). A limitation of this study was the lower
number of patients used, around 15 to18 patients, (Verry et al., 2019). An important result for AGulX
NPs revealed the efficacy of the EPR effect inducing accumulation and more importantly retention of
the ultrasmall (< 5 nm) NPs at the tumour sites. Nevertheless, this passive targeting strategy still has
to be confirmed in human due to the complex heterogeneity of the tumour types and environments. The
safety related to fast renal clearance coupled to the non-toxicity in the absence of radiation allows the
use of these NPs into more clinical trials (Bort et al., 2020). Another clinical trial (NanoCOL clinical trial,
NCT03308604) aimed to treat advanced cervical cancer through RT and brachytherapy is ongoing.
Although these NPs are very strong candidates in this field a lot of work still needs to be done and
parallel NPs should be tested due to the complexity of the different types of tumours. The more probable
picture in the future will be the use of different radiosensitisers to improve the efficacy of RT in the
treatment of the different types of tumours.

Although photon beam therapy is still the most used RT beam, other types of beams are emerging such
as proton beams. For this reason, translating the NP studies into the different types of beams will be a
very useful tool for the future of RT. A study already demonstrated the interaction of AGulX NPs with a
150 MeV proton beam and concluded that once again addition of metal-based NPs is a promising
strategy not only to increase cell killing action of fast protons, but also to improve tumour targeting
(Schlathdlter et al., 2016).

The work presented in this thesis showed that the pure physical aspect does not explain the process of
radiosensitisation. For instance, gadolinium in the form of dendrimer (AGulX) seems to be a strong
candidate as a radiosensitiser in the RT treatment, but the results in this thesis showed that based only
on physical principles, gadolinium is a poor radiosensitiser. This showed that research on the different
mechanisms of radiosensitisation will help the introduction of the NPs in the field of RT in a way that we
will be able to understand and control the early and late stage effects of these radiosensitisers when
inside the patient. Furthermore, my work tested metal oxide NPs that have never been considered for
this field and now become more interesting. Clearly, processes such as catalysis, seem to be a major
player in radiosensitisation and my work opens a whole new field of investigations to try many different
compounds that were not previously considered for RT on the basis of a predicted poor photoelectric

effect.
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