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Abstract

Au@TiO2 NANOCOMPOSITES SYNTHESIZED BY X-RAY RADIOLYSIS AS
POTENTIAL RADIOSENSITIZERS

By Maria C. Molina Higgins

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2019
Director: Dr. Jessika Rojas
Assistant Professor, Department of Mechanical and Nuclear Engineering.
Radiosensitization is a novel targeted therapy strategy where chemical compounds are being
explored to enhance the sensitivity of the tissue to the effects of ionizing radiation. Among the
different radiosensitizers alternatives, nanomaterials have shown promising results by enhancing
tumor injury through the production of free radicals and reactive oxygen species (ROS). In this
work, Gold-supported titania (Au@TiO2) nanocomposites were synthesized through an innovative
strategy using X-ray irradiation, and their potential as radiosensitizers was investigated.
Radiosensitization of Au@TiO2 nanocomposites was assessed by monitoring the decomposition
of Methylene Blue (MB) under X-ray irradiation in the presence of the nanomaterial.
Radiosensitization of Au@TiO2 was thoroughly investigated as a function of parameters such as
Au loading, TiO2 particle size, nanomaterial concentration, different irradiation voltages, and dose
rates. Results showed that the presence of Au@TiO: increases significantly the absorbed dose,
thus enhancing MB decomposition. The mechanism behind Au@TiO> radiosensitization relies on
their interaction with X-rays. TiO> produces reactive ROS whereas Au leads to the generation of
photoelectrons and Auger electrons upon exposure to X-rays. These species lead to an enhanced

degradation rate of the dye, a feature that could translate to cancerous cells damage with minimal

xiii



side effects. The radiosensitization effect of Au@TiO. nanocomposites was also tested in
biological settings using Microcystis Aeruginosa cells. The results showed an increase in cell
damage when irradiated in the presence of Au@TiO2 nanocomposites. Au@TiO2 nanocomposites
were fabricated using X-ray radiolytic synthesis, a method that diverges from conventional
fabrication processes and leads to negligible by-product formation, an important feature for
medical and catalytic applications. In this work, Au nanoparticles are supported on TiO2 with a
mean particle size of either 6.5 nm or 21.6 nm, using different ligands such as NaOH or urea, and
under different absorbed doses to determine the effects of these parameters on the nanomaterials’
characteristics. Overall, Au@TiO, synthesized by X-rays showed remarkable promise as
radiosensitizers, a concept relevant to a number of medical, biological and environmental

applications.
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Chapter 1: Motivation and Research Objectives

1.1 Introduction.

Radiation therapy is a minimally invasive procedure for cancer treatment used to prevent progression
of the disease and destroy abnormal tissue. Nowadays, half of the patients diagnosed with cancer
will benefit from the use of ionizing radiation for curative and/or palliative purposes [1].
Nonetheless, radiation therapy may lead to side effects caused by damage to healthy tissue and cells
becoming resistant to radiation [2]. Therefore, current efforts toward new strategies to increase the
efficacy of radiotherapy are directed to personalized targeted treatments, aiming to maintain a good
quality of life of the patients affected by cancer [2-4]. Among the different strategies,
radiosensitization relies on the use of chemical compounds to increase the sensitivity of tumors to
the effects of ionizing radiation [5]. The compounds, commonly known to as radiosensitizers, are
classified based on their chemical structure and they are categorized into small-molecule,
macromolecules, and nanostructures [5]. Small-molecules radiosensitizers are simple molecules
such as oxygen (O-) that rely on electron affinity to enhance cell damage in the presence of radiation,
the use of small-molecules as radiosensitizers is particularly beneficial in hypoxia conditions [7].
Macromolecules are long-chain compounds such as proteins and peptides that bind to the DNA, they
contain agents that will lead to an increase in the radiosensitivity of cells [5]. Finally, radiosensitizers
research on nanomaterials has evidenced great promise, since certain materials can absorb and
amplify the radiation delivered during treatment [5-7]. Inorganic nanomaterials made of elements
with a high atomic number such as gold (Au) or hafnium (Hf) have the ability to produce enhanced
cell damage when combined with traditional forms of radiation therapy [4,6,7]. Some of the
nanomaterials that have been investigated as radiosensitizers are: lanthanide-based nanoparticles,

silicon [8], titanium [9], zinc and hafnium oxides nanostructures (i.e. nanoparticles and nanotubes)



[10,11], quantum dots [12], superparamagnetic oxides [4], silica, and Au nanoparticles [13-15].
Among the different radiosensitizers alternatives, Au nanoparticles have been extensively studied
because of their anti-cancer potential. Au nanoparticles have shown biocompatibility both in-vivo
and in-vitro experiments, and they offer the possibility of different synthesis processes that result in
a variety of sizes and shapes. Additionally, Au has been successfully used in combination with
bioconjugation techniques, allowing for the targeting of tumors on specific sites of the human body
[3,4,13-16].

The use of radiation as a therapeutic tool for cancer treatment relies on its mechanism of interaction
with tissue. lonizing radiation interacts with the water in the cells through a mechanism termed
radiolysis, a process that generates reactive oxygen species (ROS) such as hydroxyl radicals (OH"),
superoxide radicals (O2), and hydrogen peroxide (H202). These species ultimately lead to cell
damage. The use of Au as radiosensitizer has been proposed due to its higher photoelectric
absorption cross section when compared to soft tissue and water [17]. The interaction of Au
nanoparticles with X-rays results in the emission of secondary radiation such as photoelectrons,
Compton and Auger electrons, and fluorescence photons emissions with different energies and
penetration depths, causing an increment in the dose delivered to the tissue [15,18]. The energetic
particles, produced by the interaction of Au with X-rays, cause ionization and excitation of
molecules as they travel, followed by the generation of ROS known to cause cellular damage
[3,16,19,20]. Specifically, ROS can produce changes in cell cycle processes that cause severe
damage in the DNA structure [3,21]. On the other hand, nanomaterials composed of oxides such as
titanium dioxide (TiO2), also known as titania, have been successfully utilized in photodynamic
therapy, a treatment that uses a photosensitizer in combination with a source of light with a specific

wavelength. The interaction of the photosensitizer with light will produce ROS ultimately causing



cell death [22]. However, this treatment has been used only to treat superficial tumors due to the
low penetration depth of visible and UV-light [22,23]. The use of TiO- to treat internal tumors can
be extended by combining it with highly penetrating radiation such as X-rays [9]. The interaction of
TiO2 with X-rays photons leads to the generation of electrons-holes pairs or carriers that interact
with nearby water molecules producing ROS such as OH’, O;", and H*. Nonetheless, TiO, has
shown a high rate of electron-hole recombination, reducing the ROS production of the metal-oxide
at its surface. A strategy used to minimize the recombination of carriers is the surface modification
of TiO2 with Au [24-26]. Au deposited on the TiO2 surface reduces the band gap energy barrier and
the recombination rate of electron-hole pairs, leading to an overall enhancement of ROS production
[21]. Thus, in this work we produced, characterized, and evaluated gold-titania (Au@TiOy)
nanocomposites for its use as a potential radiosensitizer, by combining the synergistic effect of ROS
produced by TiO2 and the photo-emissions by Au upon X-ray irradiation.

Au@TiO2 nanocomposites have been synthesized using traditional wet-chemical routes such as
deposition-precipitation, hydrothermal and impregnation syntheses. Deposition-precipitation is one
of the most widely reported methods to synthesize nanomaterials, the formation of Au nanoparticles
is induced through a calcination process. In this method, the Au ions are co-precipitated onto the
titania support through a heating process that results in Au complexes in the form of hydroxides,
carbonates and citrates depending on the type of ligand present (i.e. NaOH or urea), followed by
calcination processes at high temperature for several hours [29]. On the other hand, hydrothermal
syntheses reduce metal cations in solution using elevated temperatures and pressures, producing a
nanocomposite with uniform disperse nanoparticles on supports [27,28]. Traditional wet-chemical
routes, often involve the use of chemical reducing agents in a high volume, since they rely on the

chemical reduction of metal salt precursors in solution to produce nanoparticles [27]. These reducing



agents could represent a hazard for nanocomposites intended for medical applications. Although
wet-chemical routes have been extensively studied [27,29], these methods show some drawbacks
such as slow reaction rates, which lead to nanoparticles with a broad size distribution [30]. Other
methods such as deposition-precipitation and impregnation that use calcination processes are known
to precipitate undesired species onto the nanoparticles, compromising the surface chemistry of the
nanocomposite. Thus, this leads to poor performance in catalytic and medical applications where
nanocomposites surface chemistry is highly important [27]. Other methods to synthesize Au@TiO>
are electro-chemical and sonochemical syntheses, laser ablation and thermal decomposition routes
[31-34].

Nowadays, research efforts directed towards novel synthesis methods which improve nanoparticle
size control, particle size distribution and morphology are vital for the advancement of the different
fields of nanotechnology. Methods that do not require high temperature or pressures, coupled with
low or negligible by-product formation while maintaining feasibility, scalability and reproducibility
qualities are desirable [35,36]. Radiolytic synthesis of metallic nanoparticles has become a
successful synthesis method for producing nanocomposites with excellent nanoparticle dispersion
onto supports, while using non-toxic solvents, such as water and alcohols, leading to pure
nanocomposites in a synthesis method that does not produce hazardous waste [37-39]. Radiolytic
synthesis of metal nanoparticles begins when an aqueous solution containing a metallic precursor is
irradiated with high energy particles such as X-rays. This leads to the production of reactive species
such as hydrated electrons (eaq) and free radicals, such as hydrogen radicals (He) and OHe. Reducing
species such as esq interact with the metal ions reducing their oxidation states. The presence of
secondary alcohols such as isopropanol will act as an oxidant scavenger, by transforming oxidizing

species such as OHe into new reducing species that will further reduce the metal ions into atoms



solution. These metals atoms will form nucleation centers, coalesce and grow into nanoparticles
[40]. Important nanoparticle features such as morphology, particle size, particle size distribution,
and synthesis yield, strongly depend on the radiation used for the manufacturing. Currently,
nanoparticles have been produced using different radiation sources such as electrons, protons, heavy
ions, y-rays and X-rays [40]. An important parameter known as the linear energy transfer (LET)
varies with the type of radiation used in the synthesis and plays an important role regarding the
number of reactive species produced in solution and their spatial distribution, which influences
nanoparticle nucleation and growth processes[40]. Beams composed of high energy electrons, X-
rays and y-rays are low LET radiation that leads to a high amount of reducing species per unit energy
deposited per unit distance and produce small particles with a narrow particle size distributions [40—
43]. When compared to y-rays, X-rays could represent a better alternative for radiolytic syntheses
[42,44], since y-ray-based fabrication methods hold constraints related to training and restrictions
regarding radioactive source licensing [35,45]. X-ray devices, on the other hand, can be found in
several medical and research institutions and the radiation source can be turned on and off at any
time as needed. Furthermore, X-ray devices can facilitate in-situ characterization during fabrication
[45].

In view of Au@TiO; as potential radiosensitizers and the capability of radiolytic synthesis to
produce pure nanomaterials, in this work we synthesized Au@TiO- radiosensitizers using X-ray
radiolysis performed at absorbed doses from 120 to 7260 Gy, in order to test the influence of the
absorbed dose on Au nanopatrticle size, particle size distribution and loading onto the TiO2 support.
Moreover, the nanocomposite was fabricated using ligands such as sodium hydroxide (NaOH) and
urea. The ligand is a chemical agent that allows for electrostatic interactions between the TiO. and

Au-complexes in solution controlling the nucleation, growth, and binding of Au nanoparticles onto



the titania surface [46]. Au@TiO2 nanocomposites as radiosensitizers were evaluated through the
decomposition of methylene blue (MB) and their effect on Microcystis Aeruginosa (M. Aeruginosa)
cells under X-ray irradiation. M. Aeruginosa cells are unicellular cyanobacteria damaging to water
fauna and toxic to humans [47]. These cells were chosen in order to test the radiosensitization effects
of the nanocomposites in a biological scenario while showing the possibility of using Au@TiO> for
bacteria removal from water. Our results showed that the presence of Au@TiO2 nanocomposites in
solution increased the reaction rate of MB and cell damage by augmenting the absorbed dose within
the media at all experimental conditions. Thus, the results presented throughout this dissertation
have the potential to enable the use of Au@TiO2 nanocomposites for future in-vitro and in-vivo and

applications.
1.2 Motivation.

This research project has as an objective to develop an innovative synthesis route to produce
Au@TiO2 nanocomposites and evaluate their dose enhancement response to X-rays, in order to
enable their use as a potential radiosensitizer. This project is motivated by the need for systematic
studies in techniques that potentially improve radiation therapy [7]. Even though radiotherapy is an
effective method to treat cancer, the side effects of radiotherapy include skin erythema, fatigue,
nausea, tooth decay, among others [48]. Thus, new approaches that improve the therapeutic
effectiveness will have a beneficial impact in both physiological and physical wellbeing of the
patients affected by cancer. Radiosensitization is a method that allows for a targeted therapy
treatment, diminishes cell resistance to radiation and it may produce faster results than conventional
radiation therapy [4].

For nanomaterials intended for medical applications, it is important to select a fabrication method

that does not compromise the surface chemistry of the nanoparticles. Radiolytic synthesis is one of



these methods since it has demonstrated it can produce well-dispersed metallic nanoparticles onto
different types of supports such as carbon nanotubes, metal oxides, and polymers without the need
of harsh reducing agents, high temperatures and elevated pressures [37,49]. X-ray radiolytic
synthesis allows control over the final particle size of the nanomaterial by tuning parameters such as
the absorbed dose used throughout the synthesis. Furthermore, X-ray irradiation is a mature
technology that has been extensively used in various applications such as food irradiation,
sterilization of medical instruments and cosmetics, among others [35]. Due to the fact that X-ray-
based synthesis is an unexplored methodology, its understanding is still limited. In this project, metal
oxide supports such as TiO2, ZnO, and HfO, were decorated with Au nanoparticles using multiple
ligands and synthesis conditions of absorbed dose to provide insight into the radiation chemistry of
Au nanoparticle formation onto the support surface. Au@oxides nanocomposites have been widely
studied by multiple chemical approaches using different reducing agents in order to obtain different
Au loading and particle size distribution, therefore an exploration of different parameters in X-rays
radiolytic synthesis is vital to producing nanomaterials able to compete with those developed by

traditional fabrication methods.

1.3 Research Objectives.

Objective 1: Produce gold nanoparticles supported on titania using X-ray radiolytic synthesis.

The first stage of this research aimed to explore X-ray radiolytic synthesis as a clean alternative to
fabricate supported Au nanoparticles. In the clinical field, nanomaterials have become an innovative
alternative for early diagnosis and treatment of a significant number of medical conditions.
Nanoparticles can be utilized as contrast agents for imaging purposes, carriers for drug delivery, and

radiosensitizers [50]. Particularly, for radiosensitization, the use of nanoparticles composed of



biocompatible noble metals is becoming an attractive approach for enhancing the radiation dose

delivered to tissue during radiation therapy.

Radiosensitization by nanoparticles often depends on their particle size, morphology and synthesis
route. The most commonly used methods to synthesize metallic nanoparticles involve the chemical
reduction of a metal precursor [51]. Radiation synthesis is a novel method where chemical reducing
agents are not needed, thus radiolytic synthesis does not generate chemical waste that may affect the
nanoparticles’ properties [35]. Furthermore, this technique is designed to work at room temperature
and under atmospheric pressures [38,39]. Nonetheless, the most outstanding feature of radiation
synthesis is the possibility to control the particle size and distribution by tuning the dose rate
delivered during synthesis [52,53]. This stage investigated Au nanoparticle formation, growth, and
morphology by varying different synthesis parameters such as absorbed doses, ligands, TiO> particle
size, and Au nanoparticle loading in order to find the optimal combination of parameters that enable
the use of Au@TiO2 NCs as radiosensitizers in future in-vivo and in-vitro experiments. The tasks

followed to complete objective 1 are listed below.

Tasks:

1.1. Investigate the effect of the absorbed dose and dose rate on Au nanoparticle formation,

morphology, and loading onto TiO2 supports.

1.2. Evaluate the interaction mechanism(s) of Au nanoparticles withTiO- by using different ligands

such as NaOH and Urea.

1.3. Compare Au nanoparticle particle formation on TiO; by traditional chemical methods such as

deposition-precipitation with that of X-rays radiolytic synthesis.



Objective 2: Evaluate the radiosensitization effect of Au@TiO2 nanocomposites through the

decomposition of MB under X-ray irradiation.

The degradation of MB in the presence of nanomaterials as a chemical dosimeter to test
radiosensitization has been used by researchers in the past [54]. Even though MB degradation by
nanoparticles is an indirect method to measure radiosensitization, it allows exploring the
radiosensitization mechanisms of physical and chemical enhancement. Pre-clinical research on
targeted therapy strategies such as radiosensitization is of valuable interest, since the use of
radiosensitizers may reduce collateral damage to healthy tissue. In this objective, gold supported
titania (Au@TiO2) nanocomposites were evaluated for their use as potential radiosensitizers by
using (MB) as a chemical probe. The interaction of X-rays with TiO, generates the emission of
reactive oxygen species (ROS), whereas Au interaction with X-rays leads to the generation of

photoelectrons and Auger electrons; these emissions cause MB degradation.

This objective is motivated by the need for new methodologies, such as radiosensitization, that could
potentially improve radiation therapy. Therefore, Au@TiO> radiosensitization was investigated by
varying parameters such as Au loading, TiO: particle size, nanomaterial concentration, irradiation
voltages, and dose rates. Au@TiO> were fabricated using X-rays, a methodology that departs from
traditional synthesis and has demonstrated to produce well-dispersed metallic nanoparticles onto
different types of supports. Well established synthesis procedures, that resulted from the successful

completion of objective one, were implemented in this stage.

Tasks:

2.1 Evaluate radiosensitization on bare TiO2 and Au@TiO. with different support mean particle size

and Au nanoparticle loading.



2.2 Analyze the effect of different X-rays voltages (50 kV, 225 kV, and 6 MV) on the

radiosensitization of Au@TiO>

2.3 Investigate the radiosensitization of Au@TiO2 under different dose rate conditions (3 Gy, 8 Gy,

and 35 Gy).

Objective 3: Synthesize other potential nanocomposites such as Au@ZnO and Au@HfO: in

order to compare their dose enhancement to Au@TiO2 nanocomposites

This objective focuses on the use of wide bandgap semiconductors such as ZnO and HfO; and their
evaluation as radiosensitizers using MB as a chemical dosimeter. Specifically, ZnO is a
semiconductor used in different catalytic applications. HfO> is a semiconductor composed of high Z
elements and it has been used for electronic and target therapy applications. Since TiO., ZnO, and
HfO> are wide bandgap semiconductors deposition of high Z metals such as Au are used to reduce
the recombination rate of electron-hole pairs, and the bandgap of the semiconductor [39]. Herein,
the radiosensitization of the metal oxides was evidenced by monitoring methylene blue (MB)
degradation in the presence of the nanomaterial under a LINAC with an energy endpoint of 6 MV.
Results showed that the addition of metal oxides to MB accelerates the dye reaction rate by

increasing the number of reactive oxygen species in solution.

Tasks:

3.1 Synthesize Au supported on ZnO and HfO2 using X-ray radiolytic synthesis.

3.2. Compare the radiosensitization of Au supported ZnO and HfO; with that of Au@TiO>

nanocomposites.
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Objective 4: Investigate the X-rays dose rate enhancement response by Au@TiO:

nanocomposites using Microcystis aeruginosa cells.

Au@TiO: radiosensitization was also tested in a biological environment with M. aeruginosa cells,
cyanobacteria toxic to human and wild animals. The aim of this study was to evaluate the damage
of M. aeruginosa when exposed to TiO> and Au@TiO2 nanoparticles. Previous experiments are
associated with the degradation of MB in the presence of the nanomaterial, aiming to show the
physical and chemical dose enhancement mechanisms of the nanocomposites. These enhancements
are associated with the ROS production of TiO, the photoemissions released by Au upon interaction
with X-rays and the overall catalytic activity of the nanomaterial. Experiments with M. aeruginosa
on the other hand, show the interaction of radiation with the nanomaterial in a biological scenario,
where the ROS and photoemissions interact with the cellular content of the cells causing lipid
peroxidation and ultimately cell death. The physical damage caused by the radiosensitizers on the
cells was evaluated using Scanning electron microscopy (SEM). Furthermore, chlorophyll
concentration was measured before and after irradiation to monitor the damage of M. aeruginosa
cells when irradiated in the presence of TiO2 and Au@TiO2. Results showed a significant decrease
in the M. aeruginosa cells population when they were exposed to Au@TiO2 nanocomposites. This
experiment showed promising antibacterial properties of Au@TiO2 nanocomposites, this feature

could be important in water treatment applications.

Tasks:

4.1 Characterize physical damage of M. aeruginosa cells in the presence of the radiosensitizers

4.2 Evaluate chlorophyll concentration and M. aeruginosa cell population decrease in the presence

of the radiosensitizers.
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The structure of this dissertation is as follows: in chapter 1 the motivation and research objectives
behind this work are explained. In chapter 2, a detailed description of radiation therapy, its
challenges and, radiosensitization research is presented. Furthermore, this chapter highlights the
promise of nanomaterials as radiosensitizers and the different radiation enhancement mechanisms
presented by radiosensitizers are illustrated. Chapter 3 is an overview of the different fabrication
methods of gold supported on titania synthesis. Herein, the process of radiolytic synthesis of
nanomaterials is described in detail and its advantages regarding other fabrication processes are
explained. Chapter 4 shows the nucleation and growth of Au nanoparticles supported on TiO using
X-rays radiolytic synthesis. Different parameters such as absorbed dose, ligands, and support particle
size were explored in order to understand the Au deposition on TiO: in the presence of X-rays. In
chapter 5, the method of X-rays radiolytic synthesis is compared with deposition-precipitation, the
traditional methodology to synthesize Au@TiO». Parameters such as the particle size and Au loading
are studied with different characterization techniques such as transmission electron microscopy
(TEM) and energy-dispersive X-ray spectroscopy. In chapter 6 evaluation of Au@TiO:
radiosensitization is carried out using MB and cells of M. Aeruginosa cells. Parameters such as
irradiation dose rate, nanomaterial concentration, Au loading, and support particle size were
evaluated in order to evidence their effect on the radiosensitizer performance. In chapter 7 a
comparison of Au@TiO> radiosensitization with other metal oxides-based nanoparticles such as
Zn0O, Au@Zn0O, HfO,, and Au@HfO, was made. For this purpose, the nanomaterials were evaluated
using MB as a chemical dosimeter and irradiated a medical LINAC with an endpoint energy of 6

MeV. Finally, in chapter 8 the conclusions and the outlook of this project is presented.
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Chapter 2: Radiosensitization Background and Significance
2.1 Radiotherapy.
The main purpose of radiotherapy is to reduce the size of the tumor, by destroying malignant cells
with the aid of internal and/or external sources of radiation such as gamma rays, Xx-rays, proton
and electron beams [55-58]. Radiation therapy is a treatment tailored according to the patient’s
needs, where radiation can be used as the primary treatment method as well as a complementary
therapy and for palliative purposes [59,60]. The first scenario is when radiation is used as an
exclusive method to treat cancer, this procedure is minimally invasive and offers the patient with
the option to keep the organ affected by the disease, which is not possible with other invasive
techniques such as surgery [60]. On the other hand, complementary radiotherapy is utilized along
with another treatment strategy such as surgery or chemotherapy in order to reduce the size of the
tumor. Moreover, complementary radiotherapy is a method that often minimizes the probability of
cancer relapse [61-63]. Finally, palliative radiotherapy has as an objective to improve or reduce

the pain caused by the disease [64,65].

The biological mechanism of radiation therapy is based on the interaction of ionizing radiation
with the cells within the tumor by means of direct or indirect action [66,67]. Direct action is
associated with the damage that ionizing radiation causes to biomolecules such as protein, lipids,
and DNA. Damage caused to DNA molecules is particularly important since DNA is highly
susceptible to the effects of radiation. DNA damage can block features such as cell division and
proliferation processes, and induce cell necrosis or apoptosis [5,67]. Indirect action, on the other
hand, refers to the production of free radicals and ROS [66]. These species are known to have

unpaired electrons and they can injure biomolecules through chemical reactions such as hydrogen
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extraction, electron capture, addition, and disproportionation, leading to structural cell damage

caused by that the breaking of the single and double strand of DNA [5,66,67].

2.1.1 Physics behind radiation therapy.

The interaction of radiation within the human body is affected by many factors such as beam
energy, tissue density, composition and patient’s distance to the machine [55]. The distribution of
radiation in the patient is associated with the dose deposition, where the absorbed dose is the
energy deposited in a medium per unit mass as a result of their interaction with ionizing radiation
[55]. Most of the patients treated with radiation will undergo therapy with X-rays. When X-rays
are used to treat tumors, the photons interact with the atoms in the human body, transferring their
energy to their electrons. The damage caused to carcinogenic cells is due to the combined energy
deposition of both photons and electrons [55]. At low beam energies ranging from 10-100 keV,
the principal mechanism of interaction of radiation with matter is the photoelectric effect [68,69].
A process in which electrons, also known as photoelectrons, are ejected from the atoms in the
material as a result of a complete energy transfer from the photon. Nonetheless, in conventional
radiation therapy, where the mean energy of the photons range from 1 up to the endpoint energy
of 20 MeV, Compton scattering is the predominant effect [55,68]. In this case, photons interact
with the electrons in the atoms, resulting in a recoil electron and a scattered photon [68]. Another
interaction phenomenon that occurs during treatment with high energy photons is pair production,
a process where a photon with energy above 1.02 MeV interacts with matter and leads to the
production of an electron and a positron. When the positron encounters an electron, it annihilates
producing two photons with an energy of 0.511 MeV. The path and the range of an electron depend

on its initial energy and the density of the medium [68]. Figure 2.1 shows the interaction of photons
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with a tissue when using an x-ray beam. In the images, E,; , represents the energy of the photons,

Ey1 » the kinetic energy of the electrons and E,
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As photons interact with tissue, their interaction with water molecules leads to radiolysis. This is
a fast process that occurs in a time scale of 102 to 10 seconds [71]. Radiolysis is a mechanism
in which water molecules break into reactive species such as OHe, H*, and O, among others.
These species are produced in close proximity to DNA and they have the capability to damage
molecules within the cells causing brokerage of single and double strands of DNA [5]. Free radical
and ROS have unpaired electrons in the outer shell of their structures, and when they interact with
cells, they will try to acquire electrons from nearby molecules, in an attempt to neutralize
themselves in a process that could also involve other free radicals [71]. Furthermore, ROS interact
with sugar-phosphate bonds compromising the integrity of the cell. The cell damage imparted by
ROS strongly correlates with the irradiation particle and its corresponding LET [71]. Beams
composed of high LET particles (i.e alpha particles) produce more direct damage than a beam
composed of low LET radiation such as X-rays. As the LET increases, more energy is deposited

per unit length in the media, producing DNA damage and cell destruction [71].

2.1.2 External Radiotherapy.

External radiation therapy is carried out using a radiation-producing device that guides high energy
X-rays from outside the body into the tumor site; this irradiator is also known as a linear accelerator
(LINAC) and it is shown in Figure 2.2. Clinically, linear accelerators produce photons having
energies ranging from 1 to 20 MeV, these high energies allow for high photon penetration depth,
while controlling adverse effects to the skin, an organ sensitive to the effects of radiation [55].
Nowadays, LINACs are designed to focus the treatment in the specific size and shape of the tumor,
for this purpose multileaf collimators are used in a technique known as intensity-modulated
radiotherapy (IMRT) [72,73]. The production of high energy photons in a LINAC starts with

electron emission from a heated gun filament, the energy of these electrons is gradually increased
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by the use of radio waves [55]. The beam of electrons is accelerated and guided to a bending
magnet before it hits a target of a high atomic number such as tungsten (W) or lead (Pb) [74]. The
X-rays produced by the interaction of electrons with the target are collimated and the radiation
intensity is modulated using different types of filters, aiming to produce a beam of uniform
intensity [55]. Cobalt-60 irradiators are also widely utilized and currently, health centers benefit
from their use. Cobalt irradiators produce photons with a mean energy of 1.25 MeV and do not
require complex electronics that often are installed in LINACs [75]. The effectiveness of the
treatment using external radiation devices relies heavily on an accurate dose delivery to the
affected tissue. The identification of the tumor volume and adjacent areas where the tumor can
spread and the study of the volume of interest is made using imaging techniques such as computed
tomography (CT), magnetic resonance imaging (MRI) and positron emission tomography (PET)

[76].

Figure 2.2.Photograph of a LINAC used in external radiation therapy [77].
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The success of radiation therapy is related to the accurate delivery of dose to the tumor site while
minimizing the dose delivered to healthy tissue. Therefore, the treatment is designed to deliver
small doses of radiation once or twice a week for several weeks [78]. In the case of standard dose
fractionation for tumors located in areas such as breast, head, and neck, oncologists may use
absorbed doses ranging from 1.8 to 2.0 Gy per day, five days a week, until a dose of 60 Gy [78].
Radiation therapy is also used for palliative purposes, herein, low radiation doses ranging 2.5 to
8.0 Gy are fractioned until a dose of 20-30 Gy is reached [79]. Based on the type and stage of
cancer, variations from the standard prescript dose (1.8-2.0 per day) can be used in treatments
known as hyperfractionated and accelerated treatment [79]. In hyperfractionation, the total dose is
delivered within the same time span, but the treatment is delivered in more fractions, as a result,
the patient receives lower doses per session, distributed in two sessions per day [79,80]. On the
other hand, in the accelerated treatment the total dose leads to larger doses per fraction in a smaller
number of fractions [81]. It is important to notice that the standard dose is modified based on the
patient’s needs, therefore researchers continue to develop new treatment fractionation schemes
based on the cancer stage, aiming to improve the quality of life of the patients.

Besides photon therapy, beams composed of different particles such as fast neutrons, electrons,
and protons are currently being investigated for therapeutic purposes [82—84]. Neutrons have been
studied due to their high linear energy transfer (LET) [85]. When a tumor is damaged by photons
with low LET, the cells have a probability of repair, this scenario is not likely to occur when high
LET particles such as neutrons are used [85]. The effectiveness of neutrons in therapy is reflected
in the number of sessions since neutron therapy can be delivered in fewer sessions when compared
to the number of treatments needed for photons [86]. However, neutron beam utilization in the

clinic is still limited due to shielding requirements and irreversible damage to healthy tissue [87].
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Charged particles such as protons and electrons have been studied as an alternative to photon
therapy. Particularly, protons produced a highly localized energy deposition at a fixed depth, this
phenomenon is associated with their characteristic Bragg peak [57,88]. Electrons are used in the
clinic in combination with photons, and they have been successfully used for tumors and cancer
close the skin surface [83].

2.1.3 Internal Radiotherapy.

Internal radiation therapy or brachytherapy is a form of radiotherapy where a radiation source is
placed within the human body in close proximity or inside the affected area [89]. This type of
therapy has been successfully used to treat cancer cells located in cervix, prostate, breast, and skin
and it can be used alone and in combination with surgery and chemotherapy [56]. This technique
is classified regarding the placement of the radioactive source inside the patient as follows:
Interstitial brachytherapy is a type of treatment where sources are placed within the affected tissue
[56], Treatment of tumors located in the head and neck, and prostate are examples of interstitial
radiotherapy. Similarly, in intracavitary brachytherapy, the radioactive sources are placed in a
body cavity near the affected area and it is commonly used to treat gynecological diseases [56].
Other types of brachytherapy include intraluminal, plague, and intravascular when the sources are
placed inside the lumen, tissue surface or within the blood vessels respectively. Another way to
classify brachytherapy is according to the dose rate. Low-dose rate (LDR) brachytherapy uses dose
rates ranging from 0.4 and 2 Gy/h, medium dose rate (MDR) brachytherapy delivers dose rates
between 2 and 12 Gy/h, and high dose rate (HDR) brachytherapy uses therapeutic dose rates above
12 Gy/h [56]. The choice of the radiation source is strongly related to the type and energy of
radiation emitted by the radioisotope [89]. The size and shape of the sources used in brachytherapy

are encapsulated by a material that will prevent radioisotope leakage and translocation [89,90].
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Furthermore, the encapsulating material absorbs non-penetrating radiation emitted from the source
such as low-energy gammas, betas, and alphas, which could potentially increase the dose delivered
to the tissue. Some radioactive sources used in brachytherapy include Cs-137, Au-198, Ir-192 and

[-125 [91]. A schematic representation of brachytherapy is shown in Figure 2.3.

Brachytherapy
Seeds

Figure 2.3. Schematic Representation of Brachytherapy. adapted from [92].

2.1.4 Challenges of Radiotherapy.
Radiotherapy is a technique that has been widely studied since 1896, the first documented case of
the use of radiation for curative purposes was published by Emil Grubbe to treat a patient with
breast cancer [93]. Since this first case, progress in the fields of imaging and radiation therapy has
favored the life expectancy of the patients [93]. Nonetheless, increasing the rate of radiation
therapy as a treatment for cancer has shown side effects that include damage to normal tissues,
systemic side effects such as fatigue and resistance of cells to radiation. In order to reduce side
effects, physicians often prescribe smaller radiation doses and target small tumor volumes, but
adverse reactions still occur [94]. Radiation therapy adverse reactions are divided into stochastic
and deterministic effects. Within the stochastic, there is no particular dose threshold at which they
occur, but larger doses are thought to increase the probability of occurrence, but not the severity:

for example, secondary malignancies. Deterministic effects, on the other hand, have a threshold,
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and higher doses worsen the effects. Some of the side effects presented in patients treated with
radiotherapy include: neurological and cardiac disorders, nausea, diarrhea, headache, and fever
[95]. Since severe side effects are still observed in patients, using new radiation therapy
technologies such as IMRT and image-guided radiation therapy have shown to reduced treatment
adverse reactions. In spite of the use of new radiation therapy aids for treatment, side effects are
still a problem with many patients [96]. Furthermore, the resistance of the tumor to the effects of
radiation lead physicians to increase the radiation dose in order to destroy malignant cells [96]. As
the patient’s life expectancy increases, the interest in new targeted radiotherapy strategies also
increases. Briefly, targeted therapy includes a set of techniques aiming to reduce tumor growth
and progression by using chemical compounds in conjunction with traditional cancer treatments
such as radiotherapy or chemotherapy. The overall goal of targeted therapy is to increase its

efficacy while minimizing side effects.

2.2 Radiosensitization.

Although radiation therapy has been studied for more than a hundred years now, there are still
challenges and medical complications, that make difficult the use of radiotherapy alone to decrease
tumor size, while allowing for a good quality of life in patients with cancer [4,5,13,15,93]. One
way to improve radiation therapy effectiveness is through radiosensitization, a targeted therapy
technique that uses chemical agents to increase the sensitivity of tumors to the effects of radiation.

Radiosensitizers can be classified into small molecules, macromolecules, and nanomaterials [5].

2.3 Types of radiosensitizers.

2.3.1 Small molecules.
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Small molecules such as oxygen and oxygen-based molecules were one of the first available
radiosensitization alternatives, these molecules are known to fix and amplify the damage produced
by ionizing radiation within the human body [97,98]. Radiosensitizers in this category benefit from
the indirect cell damage that occurs in conventional radiation therapy which is based on the
generation of free radicals, followed by cell death. In conventional radiation treatments, the
damage caused by radiation is easily repaired by molecules such as glutathione, a molecule known
to neutralize free radicals inside cells, hence reducing radiotherapy effectiveness [5]. The presence
of oxygen will enhance the damage by increasing the number of ROS produced during treatment,

especially in low oxygen areas (hypoxia) found in most tumors [99].

One of the first methods to increase the amount of oxygen level in tumor cells is through hyperbaric
oxygen, a methodology that involves pure oxygen intake in a specially designed chamber. This
treatment is also used to improve oxygen supply to damaged tissue for posterior healing [100].
Another method to increase oxygen levels in tumors is the injection of hydrogen peroxide to the
tumor [5]. Moreover, increasing the oxygen supply using hemoglobin, a substance naturally
present in the human body known to be the primary carrier of oxygen prior to or during
radiotherapy, has shown some promising results regarding the reduction of hypoxia on tumors
[101]. Nowadays, small molecules radiosensitization is focused on chemical compounds
containing a nitro-groups such as nitrobenzene and nitro-imidazole, molecules with the capability
to enhance cell damage caused by free radicals in a similar manner to oxygen. One of the most
successful molecules is 2-nitro imidazole, which showed beneficial radiosensitization effects in
almost all solid tumors [102,103].

Small-molecules were the first radiosensitizers studied, hence they have well-established results

showed in preclinical and clinical trials [5]. Research on small molecule radiosensitization is based
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on the design and analysis of pharmacokinetics and pharmacodynamics of the different molecules,
by using computer simulation [5]. Furthermore, the discovery of the radiosensitization response in
macromolecules and nanomaterials has enabled new fields of study related to the conjugation of

small molecules with other types of sensitizers.

2.3.2 Macromolecules.

In addition to small molecules, macromolecules such as miRNAs, proteins, peptides, and
oligonucleotides have been studied as radiosensitizers [5]. Macromolecules are long-chain
molecules that bind to the DNA to increase the radiosensitivity of the cells, these molecules have
been used for a long time as antibodies in conjunction with radiation therapy. Proteins, antibodies
and short peptides, present affinity to tumor cells, and upon interaction with radiation, they inhibit
cell repair, inducing apoptosis [5]. Furthermore, proteins can be used as drug carriers of
radionuclides for brachytherapy and targeted therapy applications. When combined with other
types of radiosensitizers such as nanomaterials, targeted proteins can play a great role by focalizing
and enhancing the radiation delivered to the tumor site. For example, the antibody known as anti-
RhoJ was used to orient Au nanoparticles to tumor vessels, generating promising research on
targeted radiosensitizers [104]. Radiosensitizers such as oligonucleotides interfere with gene
reproduction by binding to cells and degrading their replication processes [105-107]. Other
macromolecules which evidence radiosensitization are the following: antibodies SYMO004 and
AlIB2, proteins such as miRNAs, DZ1 and NKTR-214, among others [5]. Overall, when compared
with small-molecules sensitizers, macromolecules have shown better targeting effects, and they
are easy to design and synthesize [5]. The development of technologies for macromolecules
analysis such as pharmacokinetics and stability studies within the human body could help to the

better understating the binding and radiosensitization processes on macromolecules on tumors.
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2.3.3 Nanomaterials.

Nanomaterials are inorganic compounds able to scatter, absorb, and emit high energy particles
such as photons, electrons, and fluorescent x-rays [7,13,39]. This could potentially allow for a
better targeting strategy by localizing the damage to a small volume of tissue, the use of
nanomaterial radiosensitizers is being referred to as Nanoparticle Enhanced X-ray Therapy or
NEXT [4]. Particularly, nanoparticles composed of high atomic number elements can absorb the
X-rays photons leading to the different photo-emissions that will ionize the medium creating ROS
that will interact with both the nanoparticles and the media, causing enhanced cellular damage and
increasing cell death [3,5]

Nanomaterials have a mean particle size below the kidney filtration threshold, hence nanoparticles
can be secreted through the urinary system, showing low accumulation toxicity. Furthermore,
within the human body nanoparticles have shown favorable kinetic profiles, and low toxicity,
which make biocompatible metal-oxide and metallic nanomaterials, promising candidates as
radiosensitizers [108]. Moreover, nanoparticles in the absence of radiation produce physical and
chemical changes on cells that include morphology modification, cell gap creation, and cell
movement restrictions [5,109]. Another important application of nanoparticles for therapeutic
applications is as drug carriers, herein, nanoparticles are used to delivered chemical agents to
enhance tumor damage [104]. Overall, nanoparticles used as radiosensitizers or nanocarriers
represent a promising route to the development of new targeted treatments. In this work, a new
platform, where metallic nanoparticles are supported on metal oxides creating a nanocomposite
was investigated evidencing the effectiveness as radiosensitizers. In this case, we used the

combined effect of ROS produced by TiO2 and the photo-emissions released by Au upon X-ray
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irradiation. Below, a literature review of Au and TiO2 used separately as a radiosensitizer is

presented.

2.3.3.1 Radiosensitization of Gold

The pioneer experiments with Au as radiosensitizers were conducted by Hainfeld et al. in 2004. In
this work, ~ 2 nm nanoparticles at an absorbed dose of 30 Gy (using 250 kVp X-rays) were injected
in mice mammary carcinomas. Results have shown an increase in the one-year survival of mice
from 20% to 86% using Au nanoparticles at a concentration of 2.7 g of Au per mice kg [110].
Since Hainfeld et al, several studies have demonstrated the ability of Au nanoparticles to increase
the radiosensitivity of cells for in-vitro and in-vivo experiments. The idea of using Au as
radiosensitizer arises from the higher mass energy-absorption coefficient of Au compared to soft
tissue and water. For charged particle equilibrium conditions. The mass energy-absorption
coefficient is a measure of the average fraction of the photon’s energy absorbed by the medium.
Otherwise, the mass energy-absorption coefficient is the fraction of the photon energy that is
transferred to charged particles that is not loss due to radiative losses. The mass energy-absorption

coefficient is denoted by pen/p and usually, it has units of cm?/g or m?/kg [111]

Therefore, Au radiosensitization has shown to vary with parameters such as incoming photon
energy, Au particle size, and concentration. In regards to the X-ray beam energy, different
interactions mechanisms take place based on the energy of the beam. When the energy of the
incoming photon is in the range of 10-500 KeV, the photoelectric effect is the dominant effect.
For photons between 0.5 MeV and 1.02 MeV Compton scattering is observed, where the
production of Compton electrons will lead to subsequent photoelectric effect. Finally, pair
production occurs for photon energies higher than 1.02 MeV where additional positrons will be

produced [13].
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The particle size plays an important role in the radiosensitization effect. To date, experiments have
been carried out using Au nanoparticles with a mean particle size ranging from ~ 2 nm to ~ 50 nm
[3]. Results showed that smaller Au nanoparticles produce higher levels of ROS, confirming the
chemical enhancement role of Au nanoparticles surface. The enhanced chemical activity of Au
nanoparticles is due to O>™ and OH" produced by the interaction of X-rays with the surface atoms
of the nanoparticles [3]. Furthermore, in-vitro toxicity experiments evidenced that small
nanoparticles had higher toxicity effect in cells than larger nanoparticles. In regards to dose
enhancement, researchers have found that smaller particles emit a larger fraction of Auger and
delta electrons than bigger particles. The reason behind this phenomena is that auger and delta
electrons are absorbed within larger nanoparticles [18]. Monte Carlo simulations of
radiosensitization effects in Au nanoparticles showed that 2.6 Auger and delta electrons escape
per photoelectric event from Au nanoparticles with a particle size of 1.9 nm, while less than 1
Auger and delta electrons escaped from Au nanoparticles of 100 nm [18]. It is important to notice
that there are discrepancies regarding the optimal size of Au nanoparticles for radiosensitization
purposes. Some authors claim that nanoparticles of ~ 50 nm in diameter, represent the most
efficient radiosensitizer with an enhancement factor of 6 [13]. In contrast, other studies affirm that
when the diameter of the Au nanoparticles is increased from 8 to 92 nm, the enhancement factor
raised up a value of to 3 [15]. The inconsistency of the results is due to different parameters used
in experiments between investigations such as nanomaterial concentration, type of cells, and
voltage of the X-ray source. Therefore, further experimentation in the field is needed to clarify the

relevance of these parameters in the dose enhancement provided by Au nanoparticles.

2.3.3.2 Radiosensitization of TiO2
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Titanium dioxide has been shown to be useful for killing cancer cells in phototherapy applications.
Interestingly, TiO> nanoparticles have in their surface hydroxide groups that increase the
production of free radical such as OHe and He [112]. The uses of TiO> as radiosensitizer involves
three processes: the excitation, bulk diffusion, and surface transfer, of induced charge carriers [22].
The excitation of a semiconductor initiates with the absorption of a photon with an energy larger
than its band gap (~3.2 eV). This leads to the production of charge carriers. When excited, electrons
migrate to the conduction band and holes are left behind in the valence band. Afterward, the
carriers travel to the surface of the nanomaterials [22]. Diffusion of charges is affected by crystal
structure and particle size of TiO.. The holes react with adsorbed H-O to produce OH". Meanwhile,
electrons usually react with O2 to produce O2", ROS that ultimately contribute to damage of
malignant tissue.

There are several studies that show the photosensitization effect of TiO2, a phenomenon only
useful to treat superficial tumors [22]. On the other hand, X-rays and gamma-ray sources used in
radiotherapy allows for treatment of tumors at any specific depth by tuning the energy of the
incoming photons. Most of the available literature focuses on TiO; as photosensitizer with scarce
reports on their behavior as a radiosensitizer. One of the few in-vitro studies that evaluated TiO>
radiosensitization showed that TiO> combined with an absorbed dose of 2 Gy, produced more
DNA damage than irradiation alone. They also found that elongated nanoparticles internalize into
cells more effectively than spherical nanoparticles [9,112].

2.4 Nanoparticle radiation enhancement.

Radiation enhancement by nanoparticles is based on the localized increase of absorbed dose upon
irradiation. At first, this enhancement was thought to be caused by the increased absorption of X-

rays and the emission of secondary radiation by the nanomaterials, leading to the generation of
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electrons and radicals to the surrounding media. This effect leads to increasing the dose deposited
in matter [113]. However, it was observed that nanoparticle dose enhancement was a complex
mechanism, and needed to be studied based on the type of emissions and subsequent damage
caused to the surrounding media [113]. To date, there are three different mechanisms of
enhancement known as physical enhancement, chemical enhancement, and biological

enhancement [6,113].

2.4.1 Physical Enhancement.

The addition of nanomaterials into a medium and their interaction with X-rays irradiation causes
an overall increase in the photon absorption of the medium [4,18]. The absorption becomes more
evident when nanomaterials are introduced to an environment composed of low atomic mass
number elements such as water or tissue [13]. X-rays absorption of nanomaterials leads to an
increment in the energy deposition and dose delivered to the surrounding medium, this
enhancement caused by nanomaterials is known as physical enhancement [7]. Physical
enhancement can lead to single or double-strand damage of DNA molecules, cell death, protein
damage, and ultimately tumor destruction [5]. In physical enhancement, the damage is linearly

proportional to the increased absorption of X-rays by the particles [114].

In order to properly understand physical enhancement, the concept of mass energy-absorption
coefficient needs to be explained in detail. The mass energy-absorption coefficient is a measure of
the average fraction of the photon energy transferred to the charged particles in the medium, minus
the energy that the photon lose by radiative interactions [111,115]. The kinetic energy gained by
the charged particles as a result of their interaction with the photons depends on different factors
such as the absorber chemical composition, the dimensions of the absorber, incident photon

energy, among others [114]. The energy imparted to the media causes different physical, chemical
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and biological effects associated with exposure to ionizing radiation. The mass energy-absorption
coefficient (u.,/p) can be calculated by estimating the incident X-ray intensity, or experimentally
by measurements made with an ionization chamber [115]. The mass energy-absorption coefficient
is also related with the absorption cross section per atom oen, Which is the probability of interaction
of photons with the media, the units of the absorption cross section are barns/atom, where 1
barn=102% m? [115]. The equation that relates mass energy-absorption coefficient with the
absorption cross section is shown in equation 1. Where Na is the avogadro’s number and M is the
atomic or molecular weight of the media. Furthermore, the mass energy-absorption cross section
can be expressed as the summation of different interaction mechanism as shown in equation 2,

where oncon, T, k and oy, are the incoherent scattering cross section, the photoeffect cross

section, the pair production cross section and the photonuclear cross section respectively. The f

represents their respective probability of interaction [115].

HP% = Oen (%) ()

Oen = Oinconfincon + Tf + kfx + O'ph.nfph.n (2)

Physical enhancement is caused by the interaction of X-rays with the electrons in atoms within
the nanomaterials, and it is related to the cross-section for each interaction [114]. The interaction
mechanisms of X-rays and electrons depends on parameters such as the atomic number and
energy of the photons. Physical enhancement benefits from atoms with a high atomic mass
number. For instance, a material with high atomic number elements has a higher X-ray
absorption cross-section than low atomic number compounds [6]. For example, the photoelectric
cross section of an atom (o,.) is proportional to ~ (Z/E)3, where E is the energy of the incident

photon and Z is the atomic number of the material being excited [4]. Physical enhancement is
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related to the increase in absorbed dose produced by nanoparticles from physical processes such
as photoelectric effect, Compton scattering and pair production. Particularly, a material that has
consistently exhibit physical enhancement is Au, an element with high mass-energy absorption
coefficient. In Figure 2.4a, a comparison between the mass energy absorption coefficient of water
and Au is presented and in Figure 2.4b, the ratio between the mass energy-absorption coefficient

of Au and water is presented, showing the superior photon absorption of Au with respect to water

[17].
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Figure 2.4. a) The mass-energy absorption coefficient for water and Au. b) The ratio between
mass energy-absorption coefficients of Au over water is shown as a function of energy [17].

The process that follows absorption is emission, herein, electrons are emitted from the
nanoparticles as a result of X-ray photons being absorbed by the atoms within the particle [18].
For materials composed of high atomic number, and X-ray energies in the keV range, the highest
probability event is the emission of photoelectrons. Since the process of photoelectric effect
involves a hole created in the atomic orbitals, other processes such as the Auger electron emission
occur [13,18]. Auger electrons production takes place when a photon is emitted after the hole is
filled, this photon gets absorbed by the atom and a bound electron is ejected. In this process, two

electrons are emitted: one photoelectron and one Auger electron. For Au atoms, a K hole on
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average produces nearly five electrons [114]. The first electron released from the atom is the
primary photoelectron, and the following emissions are Auger electrons, Figure 2.5 shows the

different processes that can take places within an Au atom when physical enhancement occurs.
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Figure 2.5. Schematic representation of physical enhancement on High Z nanoparticles.

2.4.2 Chemical Enhancement.

Chemical enhancement is related to the catalytic properties of the nanomaterial embedded in
specific media. Chemical enhancement is measured through indirect methods such as fluorescence
by quantifying a fluorescent signal in the presence and absence of nanomaterials [5]. The detected
signals are the result of ROS interaction with the fluorescent probe. On in vitro experiments, when
DNA strand breaks, the detected ROS signal is associated with the fluorescence emitted from dye-
stained cells [5]. Chemical enhancement is characterized by an increased ROS production due to
the interaction of nanomaterials with the products from radiolysis of water [116]. The reduction of
ROS when nanoparticles are present has been observed in a process known as anti-enhancement

[117].
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One of the challenges in radiosensitization is to isolate physical enhancement from chemical
enhancement. Chemical enhancement, and hence ROS production, is dependent on X-ray dose
rate [118]. In contrast, physical enhancement does not depend on dose rate but rather on the
energy X-ray beam [117]. Catalytic reactions are critical for radiosensitization processes and
especially chemical enhancement, where the production of ROS is triggered by the nanomaterial
interaction with X-rays and ROS created by radiolysis of water [5]. Nanoparticles have shown
to be effective catalysts, because they have large surface areas per unit volume, making a higher
number of catalytic sites available when compared with bulk materials [119]. Furthermore, the
atoms in the nanomaterial surface are more reactive, consequently, these surface atoms can
potentially interact with the medium in a process that lowers reaction energy barriers and
facilitates catalytic processes [116]. ROS production and chemical enhancement are depicted in

Figure 2.6.
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Figure 2.6. Chemical Enhancement Produced by metal oxides nanoparticles.
The size of nanoparticles is one of the most important parameters in radiosensitization since it
controls the number of atoms available in the surface, a feature that will determine the catalytic

properties of the nanomaterial. Furthermore, the particle size determines the surface area per unit
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mass [119]. The shape of nanoparticles also influences the catalytic activity, since nanomaterials
with different shapes can support different reaction pathways [116]. For example, needle-shaped
nanostructures exhibit complex local catalysis pathways at their narrowest point [112]. Besides
size and shape, the catalytic activity is influenced by surfactants and ligands used to synthesize
nanomaterials. Surfactants can affect the particle surface charge density, improve the solubility of
nanoparticles in media, increase cellular uptake of nanomaterials, and enable functionalization
processes that could guide particles to a specific tumor site [5]. Surfactants and ligands could
increase chemical enhancement because they can scavenge or produce more ROS [120]. As a
result, the chemicals and synthesis route to fabricate the nanomaterial may influence the catalytic

properties.

The interaction of X-rays with nanomaterials embedded in an aqueous media triggers ROS
production. The main species encountered in the radiolysis of water are: OH", O2’, €7aq, H20>,
hydrogen atoms (H*), and singlet oxygen (O2) [116]. ROS production varies as a function of time
for pulse radiolysis, on the other hand, ROS production does not vary as a function of time for
continuous radiation [116]. Table 2.1. Reactive species yield in pulse radiolysis and steady-state
radiation [116]. The table presents the yield of these species with their G values, which are the

number of species generated per 100 eV.

Table 2.1. Reactive species yield in pulse radiolysis and steady-state radiation [116].

€aq He H2 OHe H202
Pulsed (1 ps) 4.8 0.62 0.15 5.7
Steady State 2.7 0.55 0.45 2.8 0.7
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Absorption of X-rays by nanomaterials is dependent on X-ray energy. For example, in a medium
such as water, X-rays with lower energies than 20 keV and higher than 100 keV are absorbed more
strongly by Au than by water [111]. This information can be derived from the ratio between the
mass absorption coefficient of Au to respect to water presented in Figure 2.4a. Chemical
enhancement is driven by reactive oxygen species generated in water through Compton scattering
of X-rays and through direct absorption of X-ray by nanomaterials. X-rays with an energy
spectrum from 10 to 150 keV generate both chemical and physical enhancements. Nonetheless,
photon energies from 30-100 keV have shown to favor physical enhancement and low energy
photons in the range of 10-15 keV and high energy photons 100-150 keV favor chemical

enhancement [116].

2.4.3 Biological Enhancement.

Biological enhancement is associated with the damage that occurs to the DNA in the cells due to
the combined action of radiation and nanoparticle presence [5]. It has been found that biological
enhancement may or may not require increased absorption of X-rays by nanomaterials.
Nanomaterials bind to cells in order to cause enhanced damage under X-ray irradiation, and the
damage can be further amplified [19]. Cells components such as mitochondria and nuclear DNA
can be damaged by electrons emitted from nanomaterials or by the action of ROS that
nanomaterials generate when irradiated with X-rays [121]. One hypothesis is that the
mechanisms of physical and chemical enhancement are combined to amplify cell damage.
Hainfeld et al. were the first to report an animal study of Au nanoparticle radiosensitization. They
observed a 86% increase in survival rate compared to 20% with X-rays alone when using Au

nanoparticles with a particle size of 1.9 nm[121].
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Biological enhancement can also be produced by the presence of the nanomaterial in the absence
of irradiation, in a process known as indirect enhancement [5,19]. This type of enhancement is
observed when nanomaterials block DNA repair pathways by binding to proteins, diminishing
DNA repair functions [5]. A schematic representation of biological enhancement is depicted in

Figure 2.7.
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Figure 2.7. Biological enhancement of nanoparticles.
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Chapter 3: Overview of fabrication methods to synthesize gold supported titania

The study of Au nanoparticles synthesis is of valuable interest since the catalytic properties of Au
nanoparticles can be utilized in fields such as targeted therapy, imaging, and catalysis [14,50]. It
is well known that the catalytic activity of Au nanoparticles is directly related to their particle size
[122]. Thus, research on Au nanoparticle fabrication methods is directed towards techniques that
offer nanoparticles with small particle size, narrow particle size distribution, and an adequate
stabilization that prevents nanoparticle aggregation [21,39]. The use of solid supports has shown
to be a successful method that helps to control Au nanoparticle growth and prevents aggregation
[21,39]. This is particularly important for Au since their catalytic activity diminishes as the particle
size grows beyond 10 nm [122]. Specific characteristics of the support such as surface area, particle
size, the presence of surface hydroxyl groups, the density of defects, and crystal phase could
increase the number of catalytic active sites and influence the deposition of Au nanoparticles onto
its surface [119,122]. Furthermore, a wise combination of nanoparticles with supports can provide
synergistic properties not presented by the substrate nor the nanoparticles alone.

The most commonly used methods to support Au nanoparticles onto metal oxides supports are
adsorption and deposition-precipitation [29,122,123]. These methods rely on chemical reducing
agents to reduce metallic ions into atoms, followed by a controlled process where particles coalesce
and grow. Other methods that have been explored when supporting Au nanoparticles on TiO-
include: sonochemical synthesis, the sol-gel method, deposition-precipitation, photochemical and

radiolytic synthesis, below an explanation of each method is given:
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3.1.1 Sonochemical method.

Sonochemical synthesis of nanoparticles is carried out in an ultrasound bath. Herein, a metallic
salt, support, and organic species are added to a container and sonicated all together. Organic
species such as oleic acid and polyvinylpyrrolidone (PVP) break up into smaller fragments during
sonolysis process, activating metal precursors reduction processes [124]. This also enables the
deposition of metal nanoparticle on the support material [123]. Sonochemical synthesis is cleaner
than conventional chemical methods, and it requires few post-processing cleaning treatments. Au
nanoparticles with a mean particle size of 14.3 nm have been successfully deposited on TiOg, in
the presence of polyethylene glycol (PEG)[125]. Furthermore, nanoparticles made of Pt (2.1 nm)
and Pd (3.6 nm) have been synthesized by this method onto TiO, [125]. Sonochemical methods
offer low by-product deposition on the synthesized particles, nonetheless, there are some
disadvantages associated with this technique such as lack of control on the particle size distribution

and loading, this technique also present issues associated to industrial scalability [124,126].

3.1.2 Sol-Gel Method.

The sol-gel method is a synthesis method that allows for a strong chemical interaction between Au
and TiOz by creating oxygen and hydroxyl bridges formed between Au colloids and the titania
support during the process of hydrolysis [123]. This Au nanoparticle synthesis method begins with
a mixture of a metallic salt, the support precursor, a reducing agent, and a polymeric agent in an
aqueous solution. Then, the solution is heated, hydrolysis of water takes place and Au complexes
are formed. The solution is collected, and a post-synthesis calcination at 600 °C for 6h allows for
nanoparticle formation [127]. The material precursors used in this method are traditionally metal
alkoxides and chlorides, these compounds can be easily decomposed in water allowing for a fast

hydrolysis process [128]. The calcination process favors the formation of the anatase of TiO2 and
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areduction of the TiO2 surface area is observed. Presence of copolymers as gelatin agents enhances
the surface area of the synthesized TiO2 up to twice that of pure TiO2 [129]. Moreover, reports
using the sol-gel method have shown an increase in the particle size when increasing nanoparticle
loading, and growth of smaller golf particles observed on TiO, anatase with high surface area

[123]. A schematic representation of the overall process is depicted in Figure 3.1.
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Figure 3.1. Schematic representation of Au supported nanoparticles by the sol-gel method.

3.1.3 Deposition-precipitation Method.

Deposition—precipitation as a method for the synthesis of Au-supported titania nanoparticles, is
known to produce “reference catalysts” by the world gold council, due to its high degree of
reproducibility and good quality for catalytic applications [46]. This method is based on the
deposition of hydrated oxides and hydroxides onto the support in a procedure that allows for a
gradual pH increase in the solution, heated to relatively low temperatures, in which the metallic
precursor and solid support are suspended [46]. The deposition of Au ions onto the TiO> surface
starts with a heating process ~80 °C in the presence of ligands such as NaOH, urea or sodium
carbonate (Na.CQOs), that will slowly raise the pH of the solution [24]. The subsequent precipitation
of Au nanoparticles onto the TiO. surface is achieved through calcination at high temperatures for

several hours (i.e 300 °C for 3 hours), then the resultant powder is collected and washed in order
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to remove undesired species [123]. This method has been widely studied because it leads to the
production of small Au nanoparticles with an average particle size of ~5 nm, a particle size suitable
for a variety of catalytic reactions [123]. The particle size and shape of the as-synthesized Au
nanoparticles strongly depends on the parameters used deposition of Au nanoparticles on the TiO>
surface, high catalytic activity has been linked with a pH of the reaction between 7-8, since the
electrostatic attraction between Au and TiOz is higher at this pH level [46]. Synthesis of Au@TiO>
with the deposition precipitation technique has been made tailoring the pH from 4.5, 6 to 9, and
calcination temperature from 200 to 400 °C [123]. Results regarding particle size showed that
higher pH and temperature causes agglomeration due to the sintering processes occurring at the
Au and TiO; interface [123], whereas acidic pH causes the gold-chlorides species to dilute during
the heating process, preventing the formation of hydroxides. The smallest Au particle size was
formed by calcining the composite at 200 °C at a pH of 9 [123]. A schematic representation of the
deposition-precipitation method is showed in Figure 3.2.
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Figure 3.2. Schematic representation of the synthesis of Au supported titania by the Deposition-
precipitation method.
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3.1.4 Photochemical deposition method.
One of the alternatives to traditional chemical synthesis is the photochemical deposition method
of Au onto TiO2. The photochemical reduction of Au is carried out under UV-light at energies
below 60 eV [130]. Through this method, nanoparticles with high purity can be fabricated, due to
the absence of chemical reducing agents [123]. The interaction of the semiconductor support with
light produces electron-hole pairs, these electrons will cause the reduction of Au precursors to Au
metal, the atoms will be subsequently adsorbed onto the surface of the semiconductor and particles
will nucleate and grow [123]. On the other hand, holes will interact with the metallic precursor
bringing it to higher oxidation levels, thus scavengers such as alcohols need to be present to avoid
accumulation of positive charge during the photo-deposition process [123]. Synthesis of Au@TiO-
nanocomposites using photochemical reduction has been carried out using a metal precursor
(HAUCls), in a medium of water/alcohol [131]. Upon light interaction with the medium, photolysis
of water occurs and water molecules break down into species such as e, H" and OH". Alcohols
such as isopropanol or methanol are added to the mixture so they interact with oxidizing species
in solution producing a higher number of reducing species such as e’aq and H*, that reduce metal
ions to lower oxidation states [123]. Au nanoparticles have been supported on TiO; through the
photochemical method using UV lamps with power ranging from 3 W to 300 W, using reaction
times from 0.5 to 3 hours [123]. The obtained particle size varies from 3 nm to 20 nm and it has
been found that the size strongly depends on synthesis parameters such as reaction time, the

chemistry of the media and power of the lamp [123].
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3.2 Radiolytic synthesis of nanomaterials.
Most of the techniques to synthesize supported Au nanoparticles are based on the reduction of a
metallic precursor in the presence of reducing and stabilizing agents. Among the irradiation-based
techniques, the most widely studied method is UV-irradiation [36]. Nonetheless, ionizing radiation
using high energy photon beams such as y-rays and X-rays have shown to be an outstanding
method for nanomaterials production. An important advantage of radiolytic synthesis is that one
of the main reducing agents is eaq, Species allow for uniform ion reduction in solution, leading to
the formation of homogeneously distributed Au seeds. Thus, homogeneously dispersed
nanoparticles with narrow particle size distributions are obtained [35,52]. Due to the advantages
of this method, radiolytic synthesis using gamma rays has been recently used to produce
nanocomposites on carbonaceous, polymeric and oxides supports. Some nanocomposites
synthesized to date include AgQ@SWCNTS, Ir@graphene oxide, Pd@Polyaniline, Ni@TiO- and
Pd@AI>03 [35]. Nonetheless, radiolytic synthesis of nanomaterials with X-rays represents a
feasible alternative to gamma rays [41]. The limited available literature about X-rays radiolytic
synthesis refers to Gold-Platinum, copper, silver and Au nanoparticles deposited onto different
polymeric supports such as polymethyl methacrylate (PMMA)[132], Polymeric acid-
polyethyleneimine (PAA-PEI) films [132], polytetrafluoroethylene (PTFE) and polyimide (PI)

films respectively [133,134].

3.2.1 Radiolysis of water.
The reaction that occurs upon interaction of ionizing radiation and water is known to as radiolysis.
When water interacts with a photon carrying an energy of ~ 13 eV or higher, water molecules are

fragmented [35]. The interaction of ionizing radiation with water leads to the creation of species
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such as e, H', H*, OH", 02", H3O", Hz and H20.. Equation 3, shows the different species produces

during radiolysis of water.

H,0 MOH e +e 4q +He +H,0, + H3;0" + H, (3)
Among the species formed during radiolysis of water, it is important to differentiate between
reducing and oxidizing species. Reducing species such as e7aq and He will reduce the metal ions in
solution to atoms that eventually will coalesce and form nanoparticles, whereas species such as
OHe will oxidize the ions present in the solution, bringing them to a higher valence state [30]. In
order to prevent these oxidation processes, scavengers such as isopropanol are added to the
reaction mixture [40]. Oxidizing species such as OHe and reducing species such as He interact with
isopropanol creating secondary strong reducing radicals [52]. The amount of these reducing and
oxidizing species is strongly correlated with the absorbed dose by the aqueous solution. In general,
a higher absorbed dose implies an increase in reactive species. Table 3.1, shows the concentration

of species formed during radiolysis of water and its variation with increasing absorbed dose.

Table 3.1.The concentration of reactive species generated during radiolysis of water regarding

the absorbed dose [135].

Concentration of species (mM)

Absorbed
Dose (kGy) €aq He OH- H20:
0.1 0.03 0.01 0.03 0.01
0.5 0.14 0.03 0.14 0.04
1 0.27 0.06 0.28 0.07
5 1.35 0.3 1.4 0.35
10 2.7 0.6 2.8 0.7
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3.2.2 Nucleation and growth of Nanoparticles.

The processes of nucleation and growth of nanoparticles initiate with the reduction of the metal
ions in solution by species such as eaq and He. These species have strong reducing potential of
E°(H20/e7aq)=-2.87 Ve and E°(H*/H)=-2.3 Vnhe [30]. The energy deposited by the photon source
is uniformly deposited in the solution, leading to a homogeneous distribution of radicals and
consequently metallic seeds. The process of radiolytic reduction is shown in equation (4) and (5),
where M* is the monovalent ion and M° are zero-valent metal ion [30]. Similarly, multivalent ions
are reduced by multistep reactions, by the interaction of the different reactive species within the

solutions.
M* +e 4 > M° (4)
M* +Heo M° + H*(5)

The atoms formed within the solution can either dimerize or interact with the remaining metal
precursor ions, as seen in equation (6) and (7). Finally, by a multi-step process, these species
progressively coalesce and form nucleation centers following equation (8), (9) and (10), with m,
n, and p being the nuclearities and x, y and z, are the number of associated ions [30,35]. The redox
potential of the clusters increases with the number of atoms in the nucleation center, leading to a

rapid coalesce process. The competition of the reduction of free metal and absorbed ions is

controlled by the radiation dose [53].
M° + M° - M, (6)
M° + M* > M, (7)

MF + MF - MZt (8)

43



Mp +M* > Mg, (9)
y+ z+
Mykx + My - My, (10)

The charged dimer clusters (M?*) can be reduced and form centers of nucleation. The competition
between the reduction of free metal ions in solution and absorbed ones are controlled by the dose
rate and absorbed dose, parameters that affect the formation of reducing species [52,53]. At lower
absorbed doses, the reduction of ions absorbed in the clusters favors cluster growth rather than the
formation of new centers of nucleation. The final size of the nanoparticle depends on the
limitations imposed by the synthesis process, for example, for nanocolloids in solution, the
coalescence may be limited by a stabilizing polymeric molecule [30]. The process of reduction,

nucleation and growth of nanoparticles in solution by ionizing radiation, is depicted in Figure 3.3.

lonizing
ionsin  |rradiation
salution $>S e Reduction ofions -,
n+ 232 & e in solution
Mt \ Q' Mt aq Mn-l

D D, D e
€ M He
Coalescence @

<@
Stablhzer Nucleation and
@ growth onto the
support
(ngand or
surfactant)

Figure 3.3. Schematic representation of ion reduction by X-ray radiolytic synthesis.
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Nanoparticle formation in radiolytic synthesis follows the classical paths of nanoparticle
nucleation and growth. Nanoparticle formation begins when nuclei also known as seeds, act as
templates for the crystal to grow. Nucleation can occur through homogeneous or heterogeneous
processes. Heterogeneous nucleation takes place when crystals grow within the system such using
features such as container surfaces, impurities or seeds intentionally place within solution [51]. In
radiolytic synthesis, the nucleation process is through homogeneous processes, where nuclei
formation and nanoparticle growth depend on the surface free energy and the bulk free energy
[51]. For a spherical particle with a corresponding radius r to form, a maximum free energy needs
to be achieved in which the nuclei becomes stable nucleus [51]. The critical radius (rerit) is the
minimum size that a particle stabilizes and it will not dissolve in solution (equation 11). Where T
is the temperature of the solution, kg is the Boltzmann’s constant, S is the supersaturation of the
solution, v is the molar volume and y is the surface energy. The critical radius has a corresponding
particle’s free energy, where a critical free energy is required to obtain stable particles within

solution (equation 12).

2 2yv (ll)

T L, = — =
crit AG,  kgTInS

4
AGeris = gnyrcritz (12)

The process of reduction of ions in solution relies on the number of reducing species produced by
radiolysis processes. Thus, being OH" and H.O: oxidizing species, scavengers are added during
the synthesis process [30]. Among various possible molecules, preferred choices are solvents who
are unable to oxidize the metal ions. Secondary alcohols interact with oxidizing species such as
OH" through reactions (13) and (14) producing species such as (CH3).COH and COQO™, that act as

metal reducing agents [30].
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(CHs),CHOH + OH® — (CHs),COH + H,0 (13)
HCOO™ + OH* - CO0°'~ + H,0 (14)

H’ radicals are reducing agents also scavenged by these molecules, to form more reducing

species, as shown in equations (15) and (16). These radicals have strong reducing potentials of

E°((CH3)2CO/(CH3)2COH) = -1.8 Vnne and E°(CO2/ CO0°~ = -1.9 Vnre [30].
(CH3),CHOH + H* — (CH3),COH + H, (15)
HCOO~ + H* - C00°*~ + H, (16)

The formation of nanoparticles with radiolytic synthesis is highly dependent on the chemical
reduction paths followed by the metallic precursors in solution. Table 3.2 shows the reduction

potential of some metal nanoparticles used in nanocomposites systems.

Table 3.2. Standard reduction potential values of some metals [136]

Electrode Reaction Potential E (Vnhe)
Aut + e~ o Au 1.692
Audt + 2e” o Aut 1.401
Ault + 3e” o Au 1.498
Au*t 4+ e” o Au’ 1.8
AuCl,” + 3e” o Au+4Cl” 1.002
Ag2+ + e ©Ag 1.980
Agt+ e” o Ag 0.7996
Cut+ e~ o Cu 0.521
Cu’t+ e~ & Cu' 0.153
Cult + e~ & Cu?t 2.4
Ni?* + 2e~ & Ni -0.257
NiO, + 4H* + 2e~ & Ni?* + 2H,0 1.678
Pd?* + 2e” & Pd 0.951
[PdCl,]*> +2e~ & Pd+ 4 Cl” 0.591

3.2.3 Influence of radiation dose.

The nucleation and growth processes are related to the absorbed dose during the synthesis process.

The rates of growth are determined either by the collisions between atoms, the interaction of one
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atom or ion and nuclei and collision between several nuclei [137]. At low radiation doses, the
concentration of metal ions is higher than the nuclei concentration. Thus, the metal ions will
aggregate to form nanoparticles with a large diameter [39]. On the other hand, at high radiation
doses, most of the metal ions are consumed during the nucleation process, forming a high number
of nucleation centers. As a result, nanoparticles with small particle size and narrow particle size
distribution are formed [138].

3.2.4 Stabilization.

Nanomaterials have high surface energy due to their large surface area, therefore, nanoparticle
synthesis is a challenging process, since particles tend to aggregate. Nanoparticles in liquid or
colloidal suspensions are attracted to each other by the van der Waals forces. If there is no
counteracting force, the particles will aggregate and the colloidal system will be destabilized [53].
Nanoparticle stability is attained when the repulsion and attraction forces are balanced due to
electrostatic or steric stabilization. There are several ways to stabilize nanoparticles, which depend
on the surface chemistry of metal, the charge of the nanomaterial, and the application of the as-
synthesized nanoparticles [53]. Compounds such as polymers with functional groups such as -
NH2, -COOH, and -OH have a high affinity for metal atoms, however, the use of polymeric
stabilizers could compromise their use in the field of medicine and catalysis. One of the most used
polymeric stabilizer for metal nanoparticle synthesis is polyvinylpyrrolidone (PVP) [53]. Due to
functional groups such as C = O and N bonds, PVP can easily bond with the metal nanoparticle
surface. Another way to improve nanoparticle aggregation is the combined use of support and
ligands. Ligands are molecules or ions with a lone pair of electrons that attach to other ions to form
complexes. The synthesis method of deposition-precipitation of Au supported TiO2 NCs, uses

ligands such as sodium hydroxide (NaOH) and urea to produce well-dispersed Au nanoparticles
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and ensure a strong electrostatic interaction between the metal and the support [39]. For example,
when the metal precursor (HAUCIs) reacts with NaOH at a heating temperature of 80°C, NaOH

act as a ligand by enabling the bonding of Au ions to the surface of TiO> [39].

3.2.5 Effect of precursor's concentration.

The final nanoparticle size is dependent upon the initial ion concentration in solution, which
applies to chemical and radiolytic synthesis [53,139]. A high concentration of metal precursor could
lead to the production of large metal nanoparticles [139]. A higher precursor concentration causes
a high rate of ion association at the nuclei formation stage, this could cause the formation of large
particles [139]. Furthermore, a high concentration of precursor could lead to particle aggregation.
It is important to mention that there are strategies to avoid particle aggregation or excessive
nanoparticle growth. One of these strategies is the use of stabilizing agents, these agents modify

particle movement, preventing aggregation [53].
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Chapter 4: X-ray radiolytic synthesis of gold supported nanoparticles

4.1 Introduction.

Metal and metal oxide nanoparticles have recently become of great interest to the scientific
community  because of their potential as catalysts, photosensitizers, and
radiosensitizers. Au@TiO, nanocomposites in the field of photocatalysis, have shown an
outstanding catalytic activity especially when Au particles of 2-3 nm are dispersed onto supports.
In this chapter, an alternative method to synthesize Au nanoparticles onto anatase TiO> using X-
ray was thoroughly investigated. This approach is implemented at ambient temperature and
pressure and it eliminates the need for harsh chemicals and reducing agents. Au@TiO>
nanocomposites were fabricated using absorbed doses ranging from 120 Gy to 7600 Gy, in the
presence different ligands such as NaOH and urea, and supported by 6.5 or 21.6 nm titania, to
determine their influence of on the Au particle formation, particle size distribution, and loading.
Results showed that large absorbed doses control Au nanoparticle size by generating a high of
reducing species resulting in an increase of Au seeds onto the titania support. X-ray radiolytic
synthesis produced well dispersed Au nanoparticles, a feature that increases the active sites on

nanocomposites.

4.2 Experimental Procedure.

421 Materials and Methods.

Chloroauric acid (HAuCl4*3H20, >99.9% trace metal basis), isopropanol (C3HgO, >99.7%), urea
and NaOH were obtained from Sigma-Aldrich. Anatase (TiO2), as nanoparticle supports, with a
mean particle size of 6.5 nm (99.8%) and 21.6 nm (99.0%) were both obtained from
Nanostructured and Amorphous Materials Inc. Deionized water (DI) (18 M) was obtained from

a Millipore Direct QTM 3 UV purification system and was used to prepare all aqueous solutions.
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4.2.2 Au ion Deposition onto TiOz2 in the presence of NaOH.

The deposition of Au onto TiO> was carried out in amber glassware since light can decompose
metallic ions in solution [29]. Initially, a precursor stock solution of HAuUCls (2 mM) was prepared
and the pH was adjusted to 8 using a NaOH solution with a concentration of 1 M. Subsequently,
4 mg of TiO2 per ml of stock solution, with either a particle size of 6.5 or 21.6 nm, was added to
the HAUCI4, The solution was sonicated for 5 minutes using an ultrasonic probe in order to obtain
a homogeneous dispersion of the support in solution. After sonication, the pH was re-adjusted to
a value of 8 using a NaOH solution (1 M). The solution was then placed on a magnetic hot plate
for subsequent heating and stirring for 1 hour at 80 °C. Once the heating process was completed
the solutions were centrifuged at 9000 rpm for 10 minutes, decanted and washed with DI water, in
order to remove unreactive species. It is important to notice that the TiO> support and Au ion
concentrations were chosen to give a 10 % loading of Au nanoparticles (by mass) onto the TiO>

supports.

4.2.3 Au ion Deposition onto TiOz2 in the presence of Urea.
Au ion deposition with urea was also performed in amber glassware. Herein, urea was added to a
2 mM solution of HAuUCl4 to give a concentration 0.42 M. Subsequently, TiO2 with either a particle
size of 6.5 or 21.6 nm was added at a concentration 4 mg/ml, to ensure a 10% nominal Au loading.
The solution was sonicated with an ultrasonic probe for 5 minutes, followed by heating and
magnetic stirring at 80 °C for 4 hrs. The solutions were centrifuged at 9000 rpm for ~10 minutes,
decanted and washed with DI water, in order to remove unreactive species, the washing process

was repeated three times.

Au deposition process using either NaOH or urea as a ligand is an important synthesis step since

it allows for the formation of incipient bonds between the TiO, and Au complexes within the
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solution. Furthermore, the ligands ensure that the Au nanoparticles nucleate and grow onto the

TiO2 during the irradiation process[46]. The experimental procedure of Au ion deposition is shown

in Figure 4.1.
Heating at 80 °C for 1 hour (NaOH) Electrostatic interaction
Mixing of HAuCl, and TiO, And 4 hours for Urea of TiO, and Au ions
@TiO2
® Auions
- + Ligand
M on oHkd::

Figure 4.1. Au ion deposition on TiO2 using NaOH and Urea.
4.2.4 Au@TiO2 Nanocomposites by X-ray Radiolysis.

After the heating process and before irradiation, isopropanol (IPA) in a 10% vol/vol, was added to
each reaction solution in order to scavenge oxidants formed during radiolysis of water. Following
the addition of the scavenger, each reaction solution turned an opaque gray color. The solution was
then transferred from amber vials to clear 1.5 ml polypropylene (PP) vials. For irradiation
purposes, two X-ray generators were used. The first one was a Panalytical X Pert Pro X-ray
diffractometer equipped with a Cu target operated at 45 kV and 40 mA at a dose rate of 4 Gy/min.
Using this device, the solutions were either irradiated for 30, 60, 120 or 180 minutes in order to
achieve absorbed doses of 120, 240, 480 or 720 Gy respectively. The second X-ray irradiator was
an X-RAD 225XL equipped with a W-target operated at 225 kV and 13.3 mA. Samples were
irradiated for 60 minutes giving an absorbed dose of 7260 Gy. The absorbed doses were verified

in all cases using a Fricke dosimeter. A Fricke dosimeter measures the dose delivered to an aqueous
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solution through the oxidation of Fe?* into Fe** by the reactive species produced in the radiolysis
of water. This solution is composed of 0.001 M FeSQOg4, 0.8N of H2SO4 and 0.001 M of NaCl.
[17]. After irradiation, the solutions containing the synthesized Au@TiO2 nanocomposites
solutions were washed with DI water using a centrifuge at 9000 rpm for 10 minutes, the water
containing unreactive species was replaced with fresh DI water. Based on the TiO2 support particle
size and ligand type in the synthesis, the solutions were named using the form Au@TiO 12 °f Ti0,)-
ligand to give Au@TiO2®5MM-NaOH  AY@TiO,EM-urea - Ay@Ti0, (2L 6MM-NOH gng Au@ TiO,(316m)-
U8 For radiosensitization experiments, Au@TiO2 samples were dried in an oven at 40 °C for
several days. Then, the obtained purple pellet was ground into a fine powder using a mortar and
pestle. After irradiation, the obtained powders and solutions were stored in the dark. The overall

experimental procedure is shown in figure 4.2.

1. Mixing of the aqueous 2. Heating of the solution

Solutions for 1 hour at 80 °C

PR g i i< |
S 7 ._VA | ‘
HAuCl, + NaOH Tio, 7

3. X Ray irradiation 4. Synthesis of TiO2/Au
nanoparticles

-x %ﬂ.
o “

i L.

| 4l : ¢

Figure 4.2. Experimental Procedure of X-ray radiolytic synthesis of Au@TiO2 nanocomposites.

4.2.5 Characterization of Au@TiO2 Nanocomposites.
Particle size and particle size distribution of the supported Au nanoparticles were investigated by

TEM using a Zeiss Libra 120 operated at 120 KV and an FEI Titan 300, operated at 300 keV for
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high-resolution imaging (HR-TEM). For TEM analysis, the Au@TiO> solution was diluted 50
times in acetone followed by sonication for 5 minutes. A drop of each suspension was deposited
onto a formvar-carbon copper grid (mesh 300) and allowed to dry at room temperature. The growth
of Au nanoparticles was qualitatively evaluated using a UV-Vis spectrophotometer GENESY'S
10S. The analysis was carried out evaluating the evolution of Au surface plasmon peak of the
samples irradiated at different times and at a dose rate of 127 Gy/min. Furthermore, the crystalline
structure of the synthesized Au@TiO2 nanocomposites was investigated using a Panalytical X'Pert
Pro X-ray diffractometer equipped with a Cu X-ray target (voltage 45 kV and current 40 mA). The
Au@TiO; nanocomposites powders were prepared by drying aqueous suspension under vacuum
at 40°C. The dried powder was carefully placed onto a low background oriented silicon wafer
substrate and mounted onto a 360° spinner stage with angular velocity kept at 120 rpm. The surface
chemistry of the synthesized Au@TiO2 nanocomposites was carried out using X-ray photoelectron
spectroscopy (XPS) (ESCALab 250 X-ray photoelectron spectrophotometer, with a
monochromatic Al target X-ray source). The XPS samples were prepared by depositing a drop of
the solution onto a Si wafer and allowed to dry. Finally, ICP-OES analysis was made in order to
quantify the concentration of Au supported on the TiO2. Analysis of loading and decoration of
Au@TiO2 nanocomposites at an absorbed dose of 7260 Gy was made with ICP-OES using a Varian
Vista MPX spectrophotometer, where standard concentrations of Au@TiO2 Nanocomposites of 5,
50,100 and 250 ppm were dissolved in aqua regia in order to measure the Au concentration
deposited onto the TiO2 support The sample preparation for the different characterization

techniques is shown in Figure 4.3.
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Figure 4.3. Sample Preparation of the different Characterization techniques.

4.3 Results and Discussion.

4.3.1 Crystal Structure of Au@TiO2 Nanocomposites.

The crystalline structure of the Au@TiO2 nanocomposites was evaluated with XRD. The patterns
of both TiO2 supports were verified to be of an anatase phase (pdf: 01-075-2552). A mean particle
size estimation was made using the Scherrer equation, revealing crystallite sizes of 18.6 nm and
7.1 nm for TiO2 with a nominal mean particle size of 21.6 and 6.5 nm respectively. Figure 4.4
shows the XRD patterns of Au nanoparticles supported onto either 21.6 nm (a-b) or 6.5 nm (c-d)
TiO, supports with NaOH or urea as ligands respectively. All patterns of Au@TiO:
nanocomposites shown in Figure 4.4 were synthesized using an absorbed dose of 7260 Gy. In
Figure 4.4, a shift to lower 20 of TiO2 (6.5 nm) was observed when compared with TiO2 (21.6 nm)
which is due to the increase in the lattice parameter [140]. Additionally, the strong intensity of the
(101) plane in TiO2 with a mean particle size of 21.6 nm is caused by the preferred orientation

evidenced by the elongated shape of the supports as shown in Figure 4.5a, where a TEM image of
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the support prior to Au deposition is shown. In contrast, the XRD spectra of 6.5 nm TiO2, show
no variations in the relative intensity of the peaks, this correlates with the nearly spherical shape
of the supports show in Figure 4.5b. The Au peaks were observed at 20s (degrees) of 44.9, 64.8
and 77.6° correspond to Au with a face-centered cubic (fcc) structure (pdf: 01-071-4614). When
Au@TiO,@+enm)-NaOH nanocomposites were evaluated, Scherrer analysis of the peak at a 20
position of 64.8° revealed an Au average crystallite size of 8.1 nm and for Au@ TiQ,(®-5nm)-NaCH
gave 8.6 nm. Furthermore, Scherrer Au particle size measurement of Au@TiO,?6nm-urea gave g

mean crystallite size of 12.6 nm and for Au@TiO,®5"™)-u" 3 value of 6.8 nm was found.
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Figure 4.4. XRD Pattern of Au@TiO2 nanocomposites synthesized with either NaOH or urea as
ligands and different support sizes at an absorbed dose of 7260 Gy.

4.3.2 Morphology of Au@TiO2 nanocomposites.
Analysis of TEM images of TiO> prior Au deposition show TiO> with a mean particle size of 21.5

+5.4nmand TiO2 with a mean particle size of 6.5 £ 1.2 nm are shown in Figure 4.5a and Figure
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4.5b respectively. Analysis of the morphology of Au supported TiO2 nanoparticles revealed a
strong relationship between the Au particle size and loading with the absorbed dose. Figure 4.6a,
Figure 4.6b, and Figure 4.6¢ show Au@ Ti0,?16mm)-NaOH gynthesized using absorbed doses of 120,
240 and 480 Gy respectively. At lower absorbed doses such as 120 and 240 Gy observed in Figure
4.6a and Figure 4.6b, the mean particle size was almost constant, 5.7 = 1.5 nm and 5.6 + 2.2 nm
respectively. Nonetheless, an increase in the number of supported Au nanoparticles was observed
at an absorbed dose of 240 Gy. At a dose of 480 Gy in Figure 4.6¢, a mean particle size of 1.7 +
1.3 nm was observed. Yet, a few Au particles with sizes varying from 5-9 nm were still obtained.
This result indicates that high radiation doses lead to smaller Au nanoparticles on the surface. The
mechanism of synthesis of Au nanoparticles on the TiO> support relies on the interaction of high
energy photons with H2O molecules leading to the radiolytic cleavage of water. When an aqueous
solution is irradiated, the production of reactive species such as eaq, H* promotes the reduction of
metal ions in solution to a zero valence state [30,35,53]. Nonetheless, OHe radicals are oxidizing
species that bring the metal ions or atoms to a higher valence state. In order to prevent these re-
oxidation processes, isopropanol was added to the reaction mixture [35]. Oxidizing species such
as OHe and reducing species such as He interact with isopropanol creating secondary strong
reducing radicals such as HsC-"C(OH)-CHs and ‘CO [52]. Radiolytic reduction provides a
homogeneous distribution of the Au© clusters in the solution that will act as seeds in the
nanoparticle growth process [141]. The Au particle size difference of 70 % between those
synthesized at absorbed doses of 240 Gy and 480 Gy may be attributed to a number of nuclei
formed during the radiolysis process. When the reaction is stopped at low absorbed doses such as
240 Gy, the consumption of the Au atoms of ions in the solution contribute to the growth of already

formed nanoparticles rather than to the formation of new nuclei, thus the particle size of the
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supported Au increases [51]. In general, the number of nuclei is lower at 120 Gy and 240 Gy
compared to an absorbed dose of 480 Gy. This shows that the amount of Au®© nuclei is controlled
by the absorbed dose delivered to the solution. Nuclei formation in Au may follow two pathways.
The first one happens when a cluster of Au ions is formed and then intra-particle ripening takes
place, whereas the second one occurs when the Au is reduced, Au seeds are formed, and ions in
solution will interact with seeds causing subsequent reduction [51]. The mechanism by which Au
ions such as Au® and Au" interact with the Au© seeds within the solution is a phenomenon
known as autocatalytic reduction [43]. The principal mechanism of autocatalytic reactions is based
on e transfer from the Au ions to the Au®© surface, this process is known to last less than 200 ms

[51].
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Figure 4.5. TEMs of TiO, with a particle size distribution of a) 21.6 nm and b) 6.5 nm. These

images were taken prior to irradiation in order to ensure the integrity of the supports before

synthesis.
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Figure 4.6. TEMs of Au@TiO,?6"M-NaOH nanocomposites with an absorbed dose of a) 120 b)

240 and c) 480 Gy.
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TEM images of the Au nanoparticle size at an absorbed dose of 720 Gy using either NaOH or urea
as ligands are shown in Figure 4.7a and Figure 4.7b respectively. Selected area electron diffraction
(SAED) patterns of the Au@TiO2 nanocomposites is given in the inset of Figure 4.7b. The SAED
analysis was made in order to verify the crystalline structure of both Au and TiO2 with the results
obtained by XRD. In the SAED patterns, Bragg reflections of planes of Au (fcc), such as (200),
(220) and (311) were found. Furthermore, the red circles indicate the titania phase with reflections
caused by the planes (101), (004), (200) and (202). These results are in agreement with the X-ray
diffraction patterns. Using NaOH as the ligand a mean particle size of 1.3 £ 0.3 nm was found,
whereas Au nanoparticles made with urea revealed a slightly larger particle size of 1.6 + 0.3 nm.
The particle size obtained by TEM is smaller when compared with the size obtained in XRD of
8.1 nmand 12.6 nm for Au synthesized by NaOH and Urea respectively. This is due to the presence
of a few Au particles of ~25 nm as detected by SEM. The morphology of the Au particles is
spherical, uniformly distributed nanoparticles onto the titania supports, regardless of ligand

treatment or support size.

Frequency
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Figure 4.7. TEMs of Au@TiO. nanocomposites at an absorbed dose of 720 Gy for a)
Au@TiO,L6Mm-NaOH - and b)) Au@TiO,@Henm-urea \with inset of SAED pattern showing Au
reflections by white circles and anatase by red dashed circles.

Au nanoparticle binding processes to the TiO>, are different depending on the ligand of choosing,
this process also impacts the loading of the final nanocomposite [29,142]. The analysis of Au
nanoparticle loading was made with ICP-OES. Results show that synthesis with urea leads to a
higher loading than that with NaOH by 26.6% (Table 2.1). The reason behind a loading difference
when using urea is due to the fact that most of the Au(""" species are precipitated during the 4 hours
of the heating process. Results from ICP-OES show that the use of NaOH produce a loading of 7.5
wt % of Au onto the surface of the titania, while the use of urea can achieve up to 8 wt% on the
surface of TiO> for a targeted concentration of 10 wt % of Au. The difference of loading between
Au@Ti0,10-30nm) -NaOH ang Ay@Ti0,(10-30 "M ~Urea raqarding ICP-OES results was 26.6%, where

Au@TiO, (0-30nm)-urea \nja5 found to provide a better loading.
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Table 4.1. ICP OES of Au@TiO2 loading and decoration at a total absorbed dose of 7260 Gy.

Note (bi): before irradiation and (ai): after irradiation.

S Loading of Au on TiO2
(Wt%)
Au@TiO, (L6nm)-NaOH (pyy) 9.4
Au@TiO, (L6nm)-NaOH (5j) 7.5
Au@TiO, 1o mm-urea (bi) 8.4
Au@TiO, e mm-urea (aj) 9.5

During the heating process, the deposition-precipitation method involves the deposition of Au("
and Au® onto the titania surface but the deposition of these species in the presence of NaOH and
urea takes place in different ways [46]. The binding process with NaOH is due to the hydroxyl

groups on the surface of the support by means of either reaction shown in (17) or (18)

Ti-OH + [AuCl>(OH)2]> Ti-O-Au(Cl), + H.O + "OH (17)
Ti-OH + [AuCI(OH)3] = Ti-O-AuCI(OH) + H,O + 2°OH (18)
The reactions in (13) and (14) lead to the formation of a compound only formed by Au-OH species
[46]. In contrast, the deposition-precipitation with urea the Au™ species deposited onto the
support surface make a strong compound containing nitrogen, oxygen, and carbon [46]. The
hydrolysis of urea is given in reaction (19)

CO(NH,), + 3H,0 - 2NH4" + CO:2(g) + 2°0H (19)
The small size and dispersion of the Au nanoparticles fabricated using urea as ligand and observed
in Figure 4.7b, arise from a process of segregation and fragmentation of Au(OH); during heating

[46]. At low pH, large aggregates of incipient seeds precipitate onto the surface of titania,
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afterward, a slow peptization (disaggregation) takes places as the pH increases and the aggregates
are redistributed [46]. As a result of peptization, the number of precipitates when using urea is
slightly larger than the number of precipitates found with NaOH. Therefore, the loading by mass
of Au nanoparticles is larger when urea is utilized. Overall, the number of Au(OH); precipitates
onto TiO; serve as nucleation sites during the heterogeneous nucleation process that takes place
when the reducing species produced during X-ray radiolysis reduce the Au'™ ions.
Thermogravimetric analyses of the Au@TiO2 nanocomposites fabricated with NaOH and urea are
shown in Figure 4.8. Results indicate that traces of urea were present in the nanocomposite, when
urea is heated at 200 °C, decomposes into biuret, cyanuric acid, and isocyanic acid. Biuret

decomposes at 250 °C into isocyanic acid [143].
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Figure 4.8. TGA analysis of Au@TiO- fabricated with NaOH and Urea.

The growth and progressive loading of Au nanoparticles onto TiO2 were followed by the evolution
of the Au surface plasmon resonance peak ~545 nm for Au@TiQ,¢"™NOH 35 shown in Figure
4.9a. From the spectra in Figure 4.9a, a shift to lower wavelength is observed as the irradiation
time increases. At 10 minutes of irradiation, the Au peak is located at 545 nm, whereas after 60

minutes of irradiation the peak is located at a wavelength of 538 nm. This shifting is due to a
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reduction of the particle size of Au and an increase in the peak absorbance is related to the higher
loading of Au nanoparticles on TiOa. Figure 4.9b shows a STEM image of Au@TiO,(6->nm)-NaOH
after 60 minutes of irradiation and an absorbed dose of 7260 Gy. After 60 minutes of irradiation, a
particle size of 1.0 £ 0.2 nm was found. UV-Vis spectroscopy was also performed for
Au@TiO,@!-6nm-NaOH rradiated at various times up to 90 minutes (Figure 4.9¢), nevertheless, the
peak at ~538 nm did not change in absorbance or position when compared with the peak observed
after 60 minutes of sample irradiation. Hence, at an absorbed dose of 7260 Gy and at the given
experimental conditions most of the metallic ions present in the solution were successfully

reduced, therefore nanocomposites synthesized at an absorbed dose of 7260 Gy were subsequently

analyzed.
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Figure 4.9. a) UV Vis of Au@TiO2©5"™-NOH nanocomposites and the evolution of Au plasmon
resonance at a dose rate of 127 Gy/min b) STEM of Au@TiO,®5"™NOH at 60 minutes of
irradiation time (7260 Gy) ¢) UV Vis of Au@TiO,®@6nm-NaOH nanocomposites and the evolution
of Au plasmon resonance up to 90 minutes of irradiation.

The TEM analysis of the Au particle size at an absorbed dose of 7260 Gy using urea onto different
particle size supports is shown in Figure 4.10. The d-spacing for both TiO, and Au nanoparticles
in the Au@TiO> nanocomposites was measured with HR-TEM as shown in Figure 4.10a, giving

d(io1) of 0.37 nm and d00) of 0.20 nm, respectively. Analysis of the Au particle size at an absorbed
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dose of 7260 Gy, Au@TiO,?!"murea showed in Figure 4.10a, gave a mean particle size of 1.1 +
0.2 nm. Similarly, Au particle size analysis of Au@TiO,®"™" in Figure 4.10b, gave a particle
size of 1.2 £ 0.2 nm. It was found that a mean particle size of the Au nanoparticles obtained at
7260 Gy is smaller as compared to those obtained at a dose of 720 Gy. In Figure 4.10, it is observed
that increased absorbed doses generate smaller Au nanoparticles and provide better loading onto
the titania surface than the absorbed dose of 720 Gy shown in Figure 4.7. Overall, nanocomposites
fabricated at intermediate (720 Gy) and high absorbed doses (7260 Gy) show narrow particle size
distribution, high Au loading, and produces homogeneously dispersed particles onto the support,

valuable features for catalytical and medical applications.
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Figure 4.10. TEMs of nanocomposites with their respective Au particle size distribution with an

absorbed dose of 7260 Gy for a) Au@TiO@+e"m-Ured and h) Au@TiO,®5nm)-urea,
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4.3.3 Surface chemistry of Au@TiO2 nanocomposites.

Analysis of the chemical states and binding energies of the fabricated nanocomposite using NaOH
was done using XPS and results are shown in Figure 4.11. Analysis of the high-resolution Au4f
spectrum was fitted for Au 4f"2 and Au 412 states (Figure 4.11a). The peaks corresponding to Au
472 were found at 84.04 eV and 85.0 eV, and in the case of Au, 42 were found at 87.72 eV and
88.70 eV. The peaks at BEs ~ 84 ¢V and ~ 87.7 eV are assigned to Au®. In addition, the peaks at
binding energies of ~ 85.0 ¢V and ~ 87.7 eV are associated with a small fraction of Au(" that was
not reduced by the X-rays during synthesis [144]. The fraction corresponding to Au(") species is a
result of an incomplete reduction of Au('"V species initially present in the solution Nevertheless,
the ratio between the intensities of the peaks of Au’/Au®© is 0.20, hence 0.80 of the Au precursor
was reduced via X-ray irradiation. Moreover, Figure 4.11b shows the Au-O peak at 530.2 eV

which suggests that, during deposition, Au species bind with OH groups present on the TiO>

surface [46].
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Figure 4.11. HR-XPS spectra of Au@ TiO,?1-6mm)-NaOH nangcomposites using an absorbed dose

of 7260 Gy a) Au4f and b) O1s.
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The results presented in this section have been adapted from a manuscript entitled: “Au@Ti0O2
nanocomposites synthesized by X-ray radiolysis as potential radiosensitizers”. Published in
applied surface science.

4.5. Conclusions

In this chapter, the development of an innovative synthesis route of Au@TiO> nanocomposites was
investigated in detail. Au nanoparticles with narrow particle size distribution were produced on
titania supports using clean and simple solvents such as isopropanol and water by means of X-ray
irradiation. Control over particle size and particle size distributions was achieved by tuning the
absorbed dose and choice of ligand. X-ray radiolytic synthesis is a promising method for
increasing the amount of catalytically active sites through enhancement of the nanocomposites
features such as nanoparticle loading and nanoparticle-support interactions and monodispersity.
The results showed that an increase in the absorbed dose leads to homogenously dispersed
nanoparticles with a mean particle size of~1 nm. This is due to an increase in the production of
reactive species such as e7,q that act upon the metal ion in solution producing homogenously
distributed seeds. Moreover, the ligands explored in this work, NaOH and urea showed similar
particle size and loading when high absorbed doses (i.e 720 and 7260 Gy) were used. On the other
hand, the mean particle size of the support did not affect Au mean particle size and loading onto
TiOs. Crystalline structure and surface chemistry characterization of Au nanoparticles were carried
out using XRD and XPS respectively. Results showed crystalline Au nanoparticles with a fcc
structure, and XPS results suggested that Au binds to the surface of the TiO> with the OH groups
present on the titania surface produced by the ligands. In this chapter, X-ray radiolysis was
positioned as a clean alternative for nanocomposites fabrication. Nowadays, several methods are

available to fabricate Au@TiO2 nanocomposites, but most are based on wet-chemical methods
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that use chemical reducing agents and require extensive washing or high temperature processing
(calcination). In contrast, X-ray radiolysis methodology is compelling by offering a simpler
alternative to traditional nanocomposite fabrication routes. This alternative method to produce

Au@TiO2 nanocomposites is justified by their applications in nanomedicine and catalysis.
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Chapter 5: Comparison of X-ray Radiolytic synthesis with traditional Deposition-

precipitation method

5.1 Introduction.

Au@TiO2 nanocomposites have been traditionally synthesized through wet chemical routes such as
deposition-precipitation. Briefly, the deposition-precipitation approach relies on the precipitation of
Au precursor onto the support in the presence of a ligand (NaOH or urea), followed by a calcination
process at a temperature of 300 °C for several hours (3-4 hours) [46]. Although wet chemical
methods are commonly used to produce nanocomposites, there are some disadvantages associated
with these methods such as broad particle size distribution of the supported nanoparticle,
precipitation of carbonaceous species during calcination processes and the need of chemical
reducing agents that often result in extensive cleaning processes of the resulting nanocomposite [39].
Nonetheless, there are clean manufacturing techniques capable of producing nanocomposites in the
absence of long heat treatments such as radiolytic synthesis. This technique was investigated, as
reported in the previous chapter, to successfully produce nanocomposites in the absence of high
temperature and pressure. Furthermore, in this synthesis method, the reducing agents are created

during radiolysis of water, eliminating the need for toxic chemical reducing agents.

The aim of this chapter is to provide a direct comparison of the nanocomposites obtained by
deposition-precipitation and those obtained by X-ray radiolytic synthesis. Herein, we report the
synthesis of Au@TiO2 nanocomposites, using the deposition-precipitation method and NaOH as a
ligand. Moreover, Au nanoparticles were deposited onto TiO2 with a different particle size (6.5 nm
and 21.6 nm). Parameters such as Au loading, particle size, and particle size distribution were
evaluated in the nanocomposites produced by traditional deposition-precipitation and compared with

Au@TiO2 nanocomposites prepared with X-ray radiolytic synthesis.
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5.2 Experimental Procedure.

5.2.1 Deposition-precipitation of Au@TiO2 Nanocomposites.

The deposition-precipitation of Au@TiO> was adapted from the literature [29]. First, a 2 Mm metal
precursor solution of HAuCIs was prepared and the pH was adjusted to 8 with a NaOH solution (1
M). Subsequently, 4 mg of TiO2 per ml of stock solution, with a particle size of either 6.5 or 21.6
nm, was added and sonicated in order to obtain a homogeneous dispersion. After sonication, the pH
was adjusted to a value of 8. Then, the solution was heated at 80 °C for 1 hour in order to enable the
electrostatic interaction between Au ions and the support. After the heating process, the solution was
washed thoroughly. For this purpose, the samples were centrifuged, the supernatant was removed,
and fresh DI water was added to the samples to compensate for that removed. The solution was then
collected and calcined for 4h at 300 °C. After the calcination process, the samples were ground to a

fine powder and stored in the dark. The overall experimental procedure is depicted in Figure 5.1.

1. Mixing of the aqueous Solutions 2. Heating of the solution for 1 hour at 80 °C

i

4. Fine powder of Au@TiO, NCs

Figure 5.1. Experimental Procedure of Au@TiO2 nanocomposites fabricated by the Deposition-
precipitation method.
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5.2.2 Characterization of Au@TiO2 Nanocomposites synthesized by Deposition-
precipitation and X-ray radiolytic syntheses.

The crystalline structure analysis of Au@TiO, fabricated by X-ray radiolysis and the deposition-
precipitation method was investigated using a PAnalytical X'Pert Pro X-ray diffractometer with a Cu
target at a current of 40 mA and an operating voltage of 45 kV. For this purpose, the nanopowders
were placed onto a low background silicon wafer and loaded onto a spinning sample stage with an
angular velocity of 120 rpm. The diffraction patterns were analyzed with the software X’pert
Highscore. The particle size of TiO2 and Au supported TiO2 synthesized by both methods was
evaluated using TEM using a Zeiss Libra 120 plus operating at a voltage of 120 kV. TEM samples
were prepared by dispersing the nanopowders in acetone using an ultrasonic probe. A 10 pl drop of
these solutions was deposited onto a formvar/carbon copper grid. Au Particle size was measured using
the software Image J 1.5i. Finally, evaluation of the experimental Au loading onto TiO, was analyzed
by using energy dispersive spectroscopy (EDX) in a Phenom microscope ProX SEM at an operating
voltage of 15 kV. For this purpose, Au@ TiO> nanopowders were dispersed in acetone using a vortex

mixer. Afterward, a drop of the solution was deposited onto a low background silicon wafer.

5.3 Results and discussion.

5.3.1 Crystalline structure of Au@TiO2 by Deposition-precipitation.

The XRD patterns of Au@TiO> nanocomposites synthesized either with X-ray radiolysis (a-b) or
deposition-precipitation method (c-d) using TiO, with different particle size are shown in Figure 5.2.
The patterns of Au@TiO2 synthesized with the deposition-precipitation method, showed the
characteristic peaks of Anatase TiO> (pdf: 01-075-2552) and Au with an fcc crystalline structure

(pdf: 01-071-4614). Interestingly, the Au peaks in the samples fabricated with deposition-
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precipitation have low relative intensity when compared with the nanocomposites fabricated with

radiolysis. This is due to the inferior loading of Au onto TiO> when synthesized using calcination.
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Figure 5.2. XRD of Au@TiO2 nanocomposites using radiolytic synthesis and Deposition-

precipitation method.

5.3.2 Morphology of Au@TiOz2 synthesized by Deposition-precipitation.

The morphology of Au@TiO, synthesized by the deposition-precipitation method is shown in
Figure 5.3. TEM results of Au@TiO2 using the traditional deposition-precipitation method using
21.6 nm TiO. are shown in figureFigure 5.3a and Au @TiO> supported on 6.5 nm titania are
observed in figure Figure 5.3b. During calcination, the precipitates of Au(OH)s created during the
heating process transform into Au metal seeds when the calcination temperature is above 200 °C
[145]. These seeds coalesce, ultimately forming Au nanoparticles. Analysis of the Au particle size
supported on 21.6 nm and 6.5 nm titania showed values of 4.1 + 0.8 nm and 6.7 + 7.0 respectively.
The large mean particle size and standard deviation of Au supported on 6.5 nm TiOz is due to the
isoelectric point of the supports. The deposition-precipitation method using NaOH has been shown

to be ineffective on some metal oxides because Au hydroxides cannot be deposited on materials
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with an isoelectric point (IEP) below 5 [145]. Evaluation of the IEP of the 6.5 nm and 21.6 nm
TiO2 supports was made using zeta potential and IEP values of 2.1 and 5.5 were obtained
respectively. Because the IEP of the 6.5 nm support is below 5, NaOH is not a suitable ligand

while using calcination processes for the synthesis of Au@TiO2 nanocomposites.

Figure 5.3. Au@TiO. nanocomposites fabricated with the Deposition-precipitation method onto

a) 21.6 nm supports b) 6.5 nm supports.

5.3.3 Loading comparison of Au@TiO:2 synthesized by X-ray radiolysis and the
Deposition-precipitation method.

EDX analysis showed a superior loading when Au was supported on TiO2 using X-ray radiolytic
synthesis, as shown in Table 5.1. The loading was evaluated by comparing Au deposition onto TiO>
with a mean particle size of 21.6 nm. The loading found on Au@TiO; fabricated with X-ray
radiolytic synthesis was 8.9%, whereas a loading of 6.6% was found when the synthesis method
was deposition-precipitation. One of the ways to improve Au deposition yield in the deposition-
precipitation method is to increase Au concentration in solution during synthesis, however, the
average particle size grows larger and the particle size distribution becomes broader [29]. X-ray
radiolytic synthesis showed a high Au deposition yield, without the need of increasing the

concentration of Au precursor in solution, this shows that X-ray radiolytic synthesis is an effective
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route to deposit Au, as it optimizes the use of the precursor, and led to a uniform distribution of

particles with a small size.

Table 5.1. Loading of Au supported TiO2 by X-ray radiolytic synthesis and the Deposition-

precipitation method.

Sample Loading
Au@TiO X (21.6 nm) by X-rays 8.9%
Au@TiO2 (21.6 nm) by Deposition-precipitation method 6.6%

5.3.4 Heating process relevance in X-ray radiolytic synthesis.

The heating process with NaOH ensures that the Au nanoparticles will nucleate and grow onto the

TiO2 during the subsequent irradiation process. During the heating process, the deposition-

precipitation method involves the deposition of Au" and Au® onto the titania surface. Figure

5.4a shows Au@TiO2 nanocomposites synthesis with X-rays in the absence of the heating process,

whereas Figure 5.4b shows the UV-Vis pattern of Au@TiO2 nanocomposites synthesized with X-

rays in the presence and absence of heating. The mean particle size of Au in the absence of heating

was 88.5+ 23.1 nm, UV-Vis shows a peak at ~545 nm, associated with the surface Plasmon

resonance of Au nanoparticles. UV-Vis results showed a broad peak with inferior intensity when

Au@TiO2 were synthesized using x-rays in the absence of heating, which is also evidence of larger

Au nanoparticle size and low loading onto the support.
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Figure 5.4. a) TEM of Au@TiO2 synthesized in the absence of the heating process. b) UV-Vis

of Au@TiO2 synthesized in the presence and in the absence of heating.

5.4 Conclusions.
Au@TiO2 nanocomposites were successfully produced through X-ray radiolysis and deposition-
precipitation method. In this chapter, X-ray radiolytic synthesis was compared with the deposition-
precipitation method, a more traditional approach where Au nanoparticles are produced using high
temperatures. In contrast, X-ray radiolytic synthesis is a methodology carried out at ambient
temperature and pressure in the absence of toxic chemical agents. Results showed that Au
nanoparticle loading onto titania was superior by ~ 35% when X-ray radiolysis was used as a
synthesis method. Furthermore, Au nanoparticles synthesized by X-rays radiolysis were smaller
by a factor of ~ 3.2 when compared with the Au mean particle size obtained by the deposition-
precipitation method. Control on the Au nanoparticle mean particle size is important for
applications such as catalysis and radiosensitization since smaller particles have evidenced a
higher catalytic performance. X-ray radiolytic synthesis offers the advantage of producing pure

Au@TiO2 nanocomposites that can be used in several medical and catalytic applications.
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Chapter 6: Au@TiO: as Potential radiosensitizers

6.1 Introduction.
The interaction of ionizing radiation with nanomaterials, holds promising applications in various
nuclear and medical fields, particularly in radiation therapy. In this regard, radiosensitizers are of
great importance due to their ability to increase cell sensitivity to the effects of radiation. In this
chapter, the radiation enhancement response of Au@TiO2 nanocomposites was evidenced by
monitoring MB decomposition in the presence of the nanomaterial. The response of the
nanomaterial was investigated as a function of parameters such as Au loading, TiO> particle size,
ligand used for synthesis, nanocomposite concentration, irradiation voltage, and dose rate.
Au@TiO2 nanocomposites were fabricated by the X-ray synthesis approach described in previous
chapters. Results showed that the addition of Au@TiO2 to MB accelerates the dye reaction rate by
increasing the number of reactive oxygen species in solution. Furthermore, the highest values were
achieved when using TiO2 with 6.5 nm in particle size, high Au loading, and NaOH as the ligand.
This combination of parameters led to an increase in the number of active sites in the nanomaterial,
facilitating MB decomposition. Moreover, Au@TiO> radiosensitization was also tested in a
biological environment with M. aeruginosa cells. Where the presence of the nanocomposites
during irradiation increased significantly cell damage, diminishing the overall cell sample
population. In this chapter the great promise of Au@TiO2 and other oxides as radiation enhancers
is explained, a feature that is of relevance to a number of medical, biological and environmental

applications.
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6.2 Experimental Procedure.
6.2.1 Materials and Reagents.
Methylene Blue, sodium chloride (NaCl), and ammonium iron(ll) sulfate hexahydrate
((NH4)2Fe(S0Oa4)2-6H20) were purchased from Acros Organics. M. aeruginosa was purchased from
Carolina Biological. Finally, Ultra-pure (18 MQ) deionized (DI) water was obtained from a
MilliQ® water purification system.
6.2.2 Radiosensitization Analysis of Au@TiO2 Nanocomposites using Methylene Blue.
Radiosensitization evaluation of Au@TiO2 nanocomposites was made by using a MB solution as
a chemical probe, the solution was then irradiated with X-rays in the presence of the nanomaterial.
For this purpose, powders of Au@TiO2 nanocomposites synthesized using X-ray radiolysis were
added in concentrations of 0.2 and 1 mg/ml to a 50 uM aqueous solution of MB and placed in 1.5
ml polypropylene vial. Prior to irradiation, the aqueous solutions containing the nanomaterial were
stirred in the dark to ensure the adsorption equilibrium of the MB on the surface of the
nanomaterial. In order to evaluate the effect that the energy of the X-rays has on Au@TiO>
radiosensitization, the solution was irradiated in a Precision X-ray 225XL using a fixed dose rate
of ~35 Gy/min and two different output voltages, 50 kV and 225 kV. The dose rate was measured
using an ionization chamber and further verified with a Fricke dosimeter solution. The dose rate
influence on Au@TiO: radiosensitization was tested using also a lower dose rate of 3 Gy/min at
an operating voltage of 225 kV. The MB degradation was analyzed by following the decrease of
its characteristic absorbance peak at 664 nm upon interaction when radiation. MB degradation
analysis was carried out using a Genesis 10S UV-Vis spectrophotometer. In order to quantitatively
evaluate MB degradation, the reaction rate constants of MB were calculated using the absorbance

values. A schematic representation of the experimental procedure is shown in Figure 6.1.
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Figure 6.1. Schematic representation of Au@TiO: irradiation on MB solution and their subsequent

degradation measurement.

6.2.3 Radiosentization of Au@TiO2 on Microcystis aeruginosa Cells.

The radiosensitization evaluation of the nanomaterial on M. aeruginosa was evaluated by adding
either TiQ,(3L6 nm)-NaOH-10% ang Au@Ti0Q,316 "M-NaOH-10% 3 concentration of 0.2 mg/ml to an
aqueous solution containing the cells. Subsequently, the solution was placed in a polypropylene
vial and irradiated in a Precision X-ray 225XL at a voltage of 225 kV and a dose rate of 127
Gy/min, until an absorbed dose of 6 kGy was attained. In order to evaluate cell damage caused by
the combined action of irradiation and the radiosensitizers, the chlorophyll concentration was
measured on the UV-Vis for 5 consecutive days after irradiation at a wavelength of 679 nm.
Furthermore, the interaction of TiO2 and Au@TiO, was evaluated using SEM before and
immediately after irradiation. For this purpose, an aliquot containing the cells in the presence of

the nanomaterial was placed in a silicon wafer and allowed to dry. Then, the extent of the cell
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physical damage was qualitatively evaluated. The experimental set up of the M. aeruginosa

irradiation is shown in Figure 6.2.

M.
Aeruginosa
cells

Figure 6.2. Irradiation set up of M. aeruginosa cells containing TiO2 and Au@TiO2 nanoparticles.

6.3 Results and Discussion.
6.3.1 Ligand influence on Au@TiO:2 radiosensitization.

The degradation rate of MB in the presence of Au@TiO> fabricated with either NaOH or urea is
shown in Figure 6.3, where the reaction rate of MB degradation under X-rays in the presence of
Au supported on TiO2 with a mean particle size of 6.5 nm was evaluated. These results evidence
that a higher MB reaction rate is obtained when NaOH is used as a ligand. A reaction rate constant
enhancement of 9.7% and 65.2% was observed for Au@TiOQ,(®-5"m-urea-10% and Au@TiO, 65"
NaOH-10% regpectively. During synthesis, ligands are added to the aqueous solutions prior to
irradiation in order to ensure that the Au nanoparticles are tethered onto the TiO, surface. The
ligands are activated through a heating process that allows for the binding and the deposition of

Au®t and Au'* ions onto titania [39,46]. The metal precursor HAuUCIs reacts with NaOH, in a
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process that results in a deposition of chloro-hydroxo Au species onto the surface of the oxide.
Furthermore, the heating process, enables a gradual increment of OH groups on the surface of the
support, evidenced by a pH increment in solution [45]. The maximum deposition of Au species
onto TiO2 is found to be between pH ranging from 6 to 8, in a process characterized by the
deposition of Au(OH)3 onto the support surface [45]. When NaOH is used as ligand, the deposition
of Au ions onto the TiO> surface and the formation of Au-OH bonds takes place within one hour
of heating [29]. On the other hand, the formation of Au-OH bonds in the presence of urea is a four-
hour process. When urea is heated above 60 °C, OH ions are released into the aqueous medium,
gradually increasing the pH from 2 to 8, in a process known as hydrolysis of urea. This causes
slow precipitation of the Au hydroxides onto the titania support [46]. However, the utilization of
long-chain ligands such as urea (NH2CONH3) during synthesis can be counterproductive in some
medical and catalytical applications, since they might act as physical and chemical barriers for the
nanomaterial to perform [120]. In general, the successful application of nanomaterials after
synthesis is dependent on a surface free of solvents and residual by-products that might cause poor
catalytic activity. The use of smaller molecules is a more benign approach that can be followed to
produce nanoparticles with minimal residues [120]. Radiosensitization assessment of the
nanocomposites synthesized with NaOH and urea showed that, when Au@TiO2 were fabricated
using small molecules in a lower concentration such as NaOH, leads to a higher radiosensitization.
The carbon peak intensity on the Au@TiO2 nanocomposites fabricated with urea was found to be
~ 8.5 times higher than that in nanocomposites fabricated with NaOH per X-ray photoelectron
spectroscopy (XPS) results (Figure 6.4a). Moreover, composition analysis made by XPS showed

a carbon content of 15.9 and 24.6 wt% for Au@TiO»2%6 "™ fabricated with NaOH and urea
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respectively. Thus, residual ligand in Au@TiO2 nanocomposites synthesized with urea remained

in the dried powder of Au@TiO2 nanocomposites even after extensive washing.
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Figure 6.3. Kinetics of MB decrease under X-rays in the presence of Au@TiO(5 "m)-NaOH-10% g
Au@TiO, 5 nm)-Urea-10% at 3 concentration of 0.2 mg/ml. Irradiation carried out at 50 kV and a dose
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The radiosensitization of the bare TiO> was also measured and Figure 6.5 shows the reaction rate
of MB in the presence of TiO265 "™ at different concentrations. Although the reaction rate
constants of MB in the presence of TiO, concentration of 0.2 mg/ml MB was 0.043 min, an
increase of their concentration to 1 mg/ml led to a reaction rate constant of 0.073 min™.
Radiosensitization studies have reported a phenomenon known as anti-enhancement, where certain
concentrations of nanoparticles in solution seem to scavenge OH*. This scavenging process results
in none or low radiation enhancement [117]. The anti-enhancement phenomenon is observed in

Figure 6.5 at a TiO> concentration of 0.2 mg/ml [146].
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Figure 6.5. Reaction rate of MB using X-rays in the presence of TiO,6° "™ at different
nanomaterial concentration. Irradiation carried out at 50 KV and 35 Gy/min.

6.3.2 Radiation enhancement by Au@TiO2 and TiOsa.

Radiosensitization of bare TiO2 and Au decorated titania are observed in Figure 6.6, where the MB
degradation kinetics was evaluated giving reaction rate constants of 0.067 min, 0.073 min* and

0.105 min for MB, MB in the presence of TiO2, and MB containing Au@TiO,(®5 nm)-NaOH-10%
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respectively. The MB solutions containing Au@TiO2 nanocomposites showed a 43.8% higher
enhancement over that with bare TiO, evidencing the ability of Au nanoparticles to increase the
number of ROS in solution. Overall, the addition of Au onto titania surface modifies their
electronic band structure leading to a reduction in the recombination rate of carriers, thus
increasing the radiosensitization effect of the nanocomposites. Furthermore, the interaction of the
support with ionizing radiation is known to generate oxygen vacancies in the surface of titania,
promoting water dissociation and increasing the amount of OH" on the surrounding medium [147].
Nonetheless, the most important reason behind the significant increase of MB reaction rate in the
presence of Au@TiO2 nanocomposites is the combination of the electron-hole pairs produced by
TiO, and the photoemissions created upon interaction of Au with X-rays [3,9,17]. The excitation
and ionization processes caused by the interaction of the photoemissions with the water molecules
leads to the production of free radicals such as OH", O>™ and H*. These species interact with the
MB, leading to a semi-reduced state of the dye known as MB*", in a process known to as chemical
enhancement [116,148,149]. This is associated with the increase in the production of radicals that
will cause permanent damage to the dye, resulting in an accelerated reaction rate [17]. From here,
the decomposition of MB* can take two pathways, the first path is associated with the encountering
of another MB*~ molecule to form a MB and leuco-methylene (LMB) which is a double reduced
form of MB. The second path is related to MB*" and its reaction with e'cg and H*, which also leads
to LMB. The formation of LMB leads to a decrease in the absorbance at 664 nm and discoloration
of the dye [148]. The OH' radicals also play an important role in the degradation of MB, since they
are interacting with the dye produces MB2* and MBOH" species that accelerate the discoloration

[150].
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The degradation of MB in the absence of particles follows the same pathway aforementioned,

where the interaction of MB molecules with photons will lead to species such as MB*, LMB,

MB?2*and MBOH". After irradiation, a decrease of the absorbance of the peaks at 256 and 664 nm

was observed, these peaks represent LMB and MB respectively. The decrease in absorbance of

these peaks is associated with successful degradation of both MB and LMB by X-rays. The

addition of Au@TiO- to the solution causes an accelerated dye decomposition as a direct effect of

the increase of ROS species in solution produced upon X-rays interaction with the nanomaterial.

At the voltage and dose rate conditions tested in Figure 6.6, full discoloration of the dye in the

presence of Au@TiO: is achieved within ~ 40 minutes of irradiation [146].
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Figure 6.6. Reaction rate of MB using X-rays in the presence of TiO2®¢*" and Au@TiO65"™-

NaOH-10% at a concentration of 1 mg/ml. Irradiation carried out at 50 kV and a dose rate of 35

Gy/min.
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6.3.3 Influence of X-rays energy and concentration in Au@TiO:2 radiosensitization.

A study of Au@TiO2 nanocomposites radiosensitization at two different X-ray energies and
concentrations of the nanocomposites in the dye solutions is shown in Figure 6.7. The results
showed that MB reaction without particles does not change with the X-ray output voltage since
the dose rate was fixed at voltages of 50 kV and 225 kV. Nonetheless, in the presence of Au@TiO-
nanocomposites, a minimum and a maximum increase of 43.6% and 65.3% in the reaction rate
was obtained when Au@TiO,®5 "M-NaOH-10% \ya5 added at a concentration of 0.2 mg/ml and 1
mg/ml to the MB solutions respectively. At the selected voltages of 50 kV and 225 kV, mean
photon energies of ~27 KeV and ~70 KeV were observed according to the software SpekCalc, a
tool that simulates X-ray energy spectra. At these energies, the absorption coefficient (Uen/p) of
Au@TiO; is 8.46 cm?/g for 27 KeV and 0.14 cm?/g for 70 KeV (NIST). The higher absorption
coefficient of the nanocomposites at a voltage of 50 kV compared to that at 225 kV may explain
the slightly higher reaction rates found at 50 kV at either 0.2 mg/ml or 1 mg/ml. Regarding Au
nanoparticle concentration it has been found that, at nanomolar concentrations, radiosensitization
increases linearly until reaching a plateau where the production of hydroxyl radicals does not

longer vary with the amount of Au nanoparticles in solution [118,149].
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Figure 6.7. MB degradation in the presence of Au@TiQ,®> MM-NaOH-10% nanocomposites at
concentration of a) 0.2 mg/ml nanocomposites concentration b) 1 mg/ml. Beam voltages: 50 and

225 kV using a dose rate of 35 Gy/min.

6.3.4 Radiosensitization analysis of Au@TiO2 Nanocomposites with different particle size
support.

The influence of the support particle size (6.5 or 21.6 nm TiO2) on the radiosensitization of
Au@TiO, nanocomposites was investigated by adding Au@ TiQ(-5"m-NaOH-10% anq Au@TiO,?16
nm)-NaOH-10% o MB and following its evolution with irradiation time. The results in Figure 6.8 show
that Au supported on 6.5 nm TiO- lead to a greater MB reaction rate by 19.4% with respect to Au
supported on 21.6 nm titania, indicating that the size of the TiO, support has a significant effect
for radiosensitization purposes. When the particle size of TiO, decreases the surface area increases,
leading to a larger amount of active sites that facilitate the interaction of the titania with the MB
in solution [119]. The size of Au may also play a role in radiosensitization effects. To date,
experiments have been carried out using Au nanoparticles with a mean particle size ranging from

~2 nmto ~ 50 nm [3]. Results have shown that smaller Au nanoparticles produce higher levels of
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reactive species. Furthermore, Au particles with a mean particle size of 2 nm emit a larger fraction

of Auger and delta electrons than bigger particles [18].
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Figure 6.8. MB degradation in the presence of Au@TiO(®5>"™-NaOH-10% g Ay@ TiQ,(?16 nm)-NaOH-
10% at a concentration of 0.2 mg/ml. Irradiation carried out using a dose rate of 3 Gy/min and a
voltage of 225 kV.

6.3.5 Effect of Au loading in MB radiosensitization.

Results reported in Figure 6.9 show radiosensitization of Au@TiO2?*¢ "™ at loadings of 2% and
10%. The reaction rate of MB with the nanocomposites having a Au loading of 2% and 10%
increased by 33.0% and 49.0% respectively. This indicates that presence of Au nanoparticles at
higher loadings, increases the number of reactive species in the water, leading to a faster
degradation rate, reflected an increase on the reaction rate constant of the dye. Interestingly, when
Au@TiO2 nanocomposites are activated using UV or visible light, Au with a loading higher than
2% could diminish their photocatalytic activity. [151]. A Au loading above this threshold causes

light absorption by Au rather than TiO>, leading to poor catalytic performance [151]. This behavior
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was not observed when Au@ TiO2 nanocomposites were irradiated with X-rays. The interaction of
photons with energies between ~10 to 500 KeV with Au leads predominantly to the photoelectric
effect and an increase in their concentration in solution increases the production of photoelectrons,
Auger electrons, and secondary X-rays, accelerating dye degradation. Au@TiO. showed an overall
increase of MB reaction rate at all experimental conditions regardless of their different loading,
concentration and multiple irradiation conditions as shown in Table 6.1. Summary of MB reaction
rates in the presence of TiO2 and Au@TiO2 nanocomposites, where a summary of the reaction
rate constants is presented. Based on the results it is concluded that the Au@TiO2 nanocomposites
synthesized with X-rays radiolytic synthesis are a suitable alternative for radiosensitization

applications [146].
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Figure 6.9. MB degradation in the presence of Au@TiO,(?16 "M-NaOH-10% gand Au@TiO, (316 "M

NaOH-2% at a concentration of 0.2 mg/ml. Irradiation carried out using a dose rate of 3 Gy/min and

a voltage of 225 kV.
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Table 6.1. Summary of MB reaction rates in the presence of TiO2 and Au@TiO>
nanocomposites.

Voltage | Concentration Dose Reaction rate
Sample rate constant (min?)
(Gy/min)
MB 50 kV 50 uM 35 0.067 +0.003
Au@TiO, 65 m-NaOH-1 50 ky/ 0.2 mg/ml 35 0.111 +0.005

10%

Au@TiQ,L6nm)-NaOH- 1 5 |/ 0.2 mg/ml 35 0.103 +0.005

10%

Au@TiO,®5 m-Urea- 1 50 kyv/ 0.2 mg/ml 35 0.074 + 0.005

10%

TiO,®5 M 50 kV 0.2 mg/ml 35 0.043 + 0.004
TiO,65m) 50 kV 1 mg/ml 35 0.073 +0.001
Au@TiO, 5 nm-NaOH- | 50 ky/ 1 mg/ml 35 0.105 + 0.009

10%

MB 225 kV 50 uM 35 0.068 + 0.002

Au@TiO,6E5m-NaOH- 1 995 kv 0.2 mg/ml 35 0.110 +0.003

10%

Au@TiO,®5m-NaOH- | 595 kv 1 mg/ml 35 0.097 + 0.005

10%

MB 225 kV 50 uM 3 0.0069 + 0.0002
Au@TiO, 5 nm-NaOH- 1 595 kv 0.2 mg/ml 3 0.0123 + 0.0005
10%

Au@TiO,216nm)-NaOH- 1 995 kv/ 0.2 mg/ml 3 0.0103 + 0.0002

10%

Au@TiO, 216 nm)-NaOH- 1 995 kv/ 0.2 mg/ml 3 0.0092 + 0.0009
2%

6.3.6 Radiosensitization of Au@TiO2 Nanocomposites on M. aeruginosa.
Radiosensitization of TiO2 and Au@TiO, was evaluated on M. aeruginosa cells and results are
shown in Figure 6.10. Before irradiation (Figure 6.10a, Figure 6.10c and Figure 6.10e). The cells
in the absence of particles show a spherical morphology. In the absence of irradiation, nanoparticle
intake slightly increased the diameter of the cells from 3.0 um to 3.1 um and 3.2 um when TiO>
and Au@TiO, were added to the cells respectively. The addition of nanomaterials prior to

irradiation also caused cell deformation, evidenced by an elongated cell shape after nanoparticle
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absorption. The cells structure after irradiation (Figure 6.10b, Figure 6.10d, and Figure 6.10f),
show irreversible damage. The interaction of cells with X-rays caused damage to the mucilaginous
external layer of the cell in the presence and absence of TiO, and Au@TiO2 nanoparticles.
Nonetheless, when the cells are irradiated with the Au@TiO2, the damage intensifies causing cell
deformation and a significant loss of their cellular content [47,109]. A higher level of physical
damage is observed when Au@TiO2 are used as radiosensitizers since ~ one of ten cells remains
undamaged. Furthermore, SEM analysis showed that some of the particles traveled to the inside
of the cells through the pores of the cells, causing destruction of the algae from the inside disrupting

cell physical and chemical processes[146].

(b)
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Figure 6.10. SEM images showing the interaction of TiO; and Au@TiO2 with M. aeruginosa. a)
cells prior irradiation b) cells damage after irradiation c) cells interaction with TiO> d) cells
irradiated in the presence of TiO> e) cells interaction with Au@TiO; f) cells irradiated in the
presence of Au@TiO. Cells irradiated with a dose of 6 kGy.

Irradiation also showed a decrease in the chlorophyll production of the cells, an important
parameter, since M. aeruginosa uses light to grow and reproduce. UV-Vis results are shown in

Figure 6.11. The patterns were analyzed at a wavelength of 679 nm, absorbance at this wavelength

90



is related to chlorophyll production and cells content in suspension [152]. After irradiation, a
continuous decrease of the absorbance at 679 nm is observed every day. After 3 days of irradiation
both TiO, and Au@TiO, showed a significant decrease in absorbance of 26.8% and 38.6%
respectively when compared with the cells irradiated at 6 kGy, whereas after 5 days of irradiation,
the difference in chlorophyll production was no longer observed since all the irradiated samples
showed similar absorbance values. In conclusion, both SEM and UV-Vis results showed superior

cell damage in the presence of Au@TiO; as radiosensitizers.
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Figure 6.11. UV-Vis spectra of M. aeruginosa a) Nonirradiated cells b) Irradiated cells c)
Irradiated cells in the presence of TiO2 d) irradiated cells in the presence of Au@TiOa.

Measurements were taken 3 days after irradiation at a dose of 6 kGy.

The results presented in this section have been adapted from a manuscript entitled: “X-ray radiation

enhancement of gold-TiO2 nanocomposites”. Published in applied surface science.
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6.4 Conclusions.

In this chapter, the potential of Au@TiO2 nanocomposites as radiosensitizers was discussed based
on the light of the results that demonstrated their physical, chemical and biological enhancement.
Analysis on parameters such as surface chemistry, support particle size, activation voltage, dose
rate, and Au loading were evaluated, in order to evidence the effects of Au@TiO2, on MB reaction
rate constant and their corresponding dose enhancement. Au@TiO2 nanocomposites synthesized
in the presence of NaOH showed higher radiosensitization over nanocomposites fabricated with
urea by 50%. Moreover, at an operating voltage of 225 kV, Au supported on 6.5 nm titania particles
lead to a higher MB decomposition rate when compared to that with Au deposited on TiO, with a
mean particle size of 21.6 nm. These results have been also observed in photocatalytic applications
of TiO, where a high number of active sites are found when the particle size of the nanomaterial
decreases. Results also showed that when the voltage is modified, keeping the dose rate constant,
it did not affect the reaction rate constant of MB. In addition, when MB was irradiated using a dose
rate of ~ 3 Gy/min, its reaction rate constant was ~10 times lower than that at a dose rate of 35
Gy/min. However, at lower dose rates the percentage of increase in the reaction rate of MB in the
presence of Au@ TiO,(6:5"m)-NaOH-10% \ya5 780%. These results are in agreement with the literature,
since at low irradiation dose rates, ROS show lower recombination rates, increasing the overall
radiosensitization effect. Au@TiO: radiosensitization was also tested in a biological scenario by
evidencing enhanced cell damage of M. aeruginosa. This experiment demonstrated promising
antibacterial properties of Au@TiO., a feature could be important in water treatment applications.
Finally, this work confirmed X-ray radiolysis as a feasible approach for the synthesis of materials
intended for medical applications, this synthesis method uses clean solvents such as water and

isopropanol, and produces low to none by-products on the surface nanomaterial, this is important
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because an excess of chemical agents on the surface of nanoparticles could hinder their physical

and chemical properties.
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Chapter 7: Comparison of Au@TiO:2 radiosensitization with other metal oxides systems at
the megavoltage range

7.1 Introduction.
The nanomaterials evaluated as radiosensitizers at a megavoltage range in this chapter include TiOg,
Zn0O, HfO2, which are known to be wide bandgap semiconductors [153,154]. Radiosensitization of
these metal oxides is based on the interaction of the nanomaterial with X-rays. When semiconductors
interact with a photon with higher energy than its bandgap, electron-holes pairs are produced.
Electron-hole pairs will interact with the media causing an increment of ROS in solution, potentially
increasing the radiosensitization effect in solution [22,39]. Specifically, ZnO is a semiconductor
used in different electronic applications such as ferromagnetism, optoelectronics, transducers
technology and solar cell harvesting [155]. ZnO has a band gap of~3.3 eV and relevant properties
for catalysis include: mild to low toxicity, corrosion resistance and environmental sustainability
[155]. On the other hand, HfO> is a metal oxide with a high melting point (~2700 °C), high dielectric
constant, and a wide band gap of 5 eV. Because HfO: is composed of Hf, a high Z element, it has
been used for electronics and target therapy applications [153,156]. Herein, the radiosensitization of
the metal oxides was evidenced by monitoring the decomposition of MB in the presence of the
nanomaterial. Furthermore, Au@ZnO and Au@HfO, were synthesized using X-ray radiolytic
synthesis and their radiosensitization was compared to Au@TiO. In this chapter, the potential of
Au@TiOz and other Au@oxides as radiosensitizers at energies of interest in radiation therapy (MeV
range) is evidenced. This opens up the possibility for future research of in-vitro and in-vivo

applications of these materials in relevant fields of medicine and catalysis.
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7.2 Experimental Procedure.

7.2.1 Materials and Reagents.

HfO. with a mean particle size of 75 nm and ZnO with a particle size of 25.7 nm were purchased
from US Research nanomaterials Inc. Synthesis of HfO2 nanoparticles with particle size ~8.4 nm
was carried out using Hafnium tetrachloride (HfCls) from Across Organics. Finally, Au supported
oxides were synthesized using Chloroauric acid (HAuCl4*3H20, >99.9% trace metal basis),
isopropanol (CsHgO, >99.7%), and sodium hydroxide (NaOH) obtained from Sigma-Aldrich.
Deionized water (DI) from a Millipore Direct QTM 3 UV purification system was used to prepare

all agueous solutions.

7.2.2 X-rays radiolytic synthesis of Au@ZnO and Au@HTfO..

X-ray radiolytic synthesis of Au@ZnO and Au@HTfO, were synthesized in the presence of urea,
using a similar protocol as the one developed for the synthesis of Au@TiO2 nanocomposites and
explained in detail in chapter 4. For this purpose, an aqueous solution of HAuCls (2 mM) was
prepared and urea powder was added to reach a concentration of 0.42 M. Subsequently, the
supports in a concentration of 4 mg/ml were added to the solution, leading to a 10 wt% nominal
Au loading onto the support. Subsequently a heating process at 80 °C under continuous stirring
for 1 hour. Afterward, the solution was washed to remove unreacted species. Radiolytic synthesis
was carried out using in a Precision X-ray irradiator equipped with a W target, using a voltage of
225 kV and a current of 13.3 mA. The irradiation process was performed reaching a total absorbed
dose of 7.26 kGy and a dose rate of 127 Gy/min. The as-synthesized materials were named as

Au@ZnO and Au@HfO,">"M.
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7.2.3 Hydrothermal Synthesis of HfOo.

Synthesis of HfO with a mean particle size of 8.4 nm, was carried out following a procedure found
in the literature [157]. First, a 25 ml stock solution of HfCls with a concentration of 0.1 M was
prepared. Then, 25 ml of NaOH solution (0.4 M) was slowly added to the HfCl4 stock solution,
this process was made in a dropwise manner. Afterwards, the solution containing HfCl; and NaOH
was stirred for 6 hours, during the stirring process a white precipitate of hafnium hydroxide was
produced. This precipitate was centrifuged and washed with DI water at 9000 rpm for 10 minutes.
Then, the precipitate was dried in an oven at 100 °C for 3 h, followed by calcination at 500 °C for
2 hours. The white pellet was collected and ground to a fine powder using a mortar and pestle. In
order to differentiate the samples of HfO. with different particle size, they were identified as

HfO.84"™ and HfO,™ "™,

7.2.4 Characterization of metal-oxide nanoparticles.

The particle size of metal oxides and Au@oxides was evaluated by TEM using a Zeiss Libra 120
plus operating at a voltage of 120 kVV. TEM samples were prepared by dispersing the nanopowders
in acetone using an ultrasonic probe. A 20 pl drop of these solutions was deposited onto a
formvar/carbon copper grid. The statistical analysis of the nanoparticles’ particle size was made
with Image J 1.5i. Crystalline structure analysis of the metal oxides and nanocomposites was
investigated using a PAnalytical X'Pert Pro X-ray diffractometer with a Cu target at an operating
voltage of 45 kV and a current of 40 mA. For this purpose, the nanopowders were initially placed
onto a low-background silicon wafer and loaded onto the spinning sample stage with a low angular

speed. The diffraction patterns were analyzed with the software X’pert Highscore.
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7.2.5 Radiosensitization Assessment of metal-oxide semiconductors.

The radiocatalytic activity of oxides and Au@oxides was measured by monitoring the degradation
of a Methylene Blue (MB) solution in the presence of the nanomaterial. For this purpose, the
nanopowders in a concentration of 0.2 mg/ml were added to the aqueous solution of MB with a
concentration of 50 uM. The MB degradation was analyzed by following the decrease of its
characteristic absorbance peak at 664 nm with irradiation time. The spectra were collected with a
Genesis 10S UV-Vis spectrophotometer. The MB solutions were irradiated in the Madison
accelerator laboratory (MAL) at James Madison University using a Siemens LINAC operating at
an endpoint energy of 6 MeV. The irradiation field was set to 10x10 cm, using a fixed dose rate of
8 Gy/min. With this experiment, the influence of the particle size in radiosensitization was
evaluated on TiOz and HfO,, and the effect of Au deposition onto TiOz, ZnO and HfO,™ "™
radiosensitization was investigated. The MB reaction rate constants in the presence and absence

of the nanopowders were obtained and used to compare their radiosensitization performance.

7.3 Results and Discussion.
7.3.1 Crystalline structure of supports.

Analysis of the XRD patterns is shown in Figure 7.1. HfO2 and ZnO revealed monoclinic (JCSPDS
06-0318) and wurtzite (JCPDS 5-0664) crystalline structures respectively. The crystallite size of the
metal oxides was calculated using Scherrer equation, and values of 8.3 nm, 13.1 nm, and 23.5 nm
were obtained for HFO,84 "™ HfO,(™ "™ and ZnO respectively. The crystallite size of metal oxides
Is in agreement with the particle size analysis by TEM as shown in Figure 7.2. The Au peaks in the
patterns Au@ZnO and Au@ HfO2>"™ are difficult to detect since ZnO and HfO2 have peaks nearby

the fcc Au 2 theta positions of 38.1°, 44.3°, and 64.5°. However, the presence of Au in the samples
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was verified with EDX and, a Au/ZnO mass ratio of 0.06 and a mass ratio of Au/HfO> of 0.10 were

found.
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Figure 7.1. XRD Patterns of metal oxides and Au@oxides.

7.3.2 Morphology analysis of metal oxides and Au@oxides.

Statistical analysis of the particle’s morphology by TEM showed elongated metal oxide particles
(Figure 7.2). Specifically, a mean value of 25.7 + 9.0 nm was measured for ZnO and a mean
particle size of 8.4 +£ 2.0 nm and 75 £ 18.3 nm was found for HfO>. Interestingly, comparison of
the HfO. mean particle size obtained by TEM (75 nm) with the crystallite size obtained by XRD
(23.5 nm), shows that HfO, particles are formed of smaller crystallites evidencing their
polycrystalline structure. Analysis of Au nanoparticles supported on ZnO nanoparticles revealed

a mean particle size of 1.9 + 0.6 nm, nonetheless, a few Au particles with a mean particle size of~
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10 nm were observed. On the other hand, Au nanoparticles supported on HfO> presented a mean

particle size of 5.3 £ 1.3 nm.

I
50 nm

Figure 7.2. TEMs of metal oxides for a) ZnO b) Au@ZnO c¢) HfO.>"™ d) Au@HfO,°"e)
Hf028.4 nm
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7.3.3 Radiosensitization of metal oxides and Au@oxides.

MB reaction rate enhancement in the presence of the radiosensitizers is observed in Figure 7.3.
Bare metal oxides such as ZnO, HfO,%* "™ and HfO,"® "™ show potential as radiosensitizer with a
MB degradation enhancement of 42.3% and 19.5% for HfO2%4"™ and HfO," "™, and a degradation
enhancement of 19.5% for ZnO. On the other hand, bare TiO2 with a mean particle size of 6.5 nm
was the only oxide that showed an anti-enhancement behavior, meaning that the degradation rate
of MB was higher in the absence of the nanocomposites. However, when Au particles were
deposited on the TiO», results showed an increase in the degradation rate of MB by 57.1% and
50.3% for Au@TiO2?%% " and Au@TiO2%° "™. On the other hand, Au@ZnO showed similar
reaction rate enhancement to that with ZnO with a value of 20.3%. Deposition of Au on HfO,>"™
also led to similar dose enhancement in MB to that of bare HfO> with a value of 22.2%. Low
radiosensitization enhancement on Au@ZnO and Au@HfO,™® "™ was attributed to the ligand
chosen for radiolytic synthesis: urea. The superior enhancement of Au@TiO2 nanocomposites is
due to photon absorption by the Au particles, this leads to the generation of energetic electrons
which interact with the surroundings producing ROS and accelerate pollutant decomposition.
These experiments also showed the importance of particle size on their response, reflected on the
MB degradation rate enhancement of Au@TiO2%° "™ NaOH and HfOL%4 ™. The reason behind this
enhancement is a large amount of active catalytic sites present in small particles. Degradation rate
enhancement due to the difference in particle size is of significant importance for HfO; since a
great difference was found between the degradation rate enhancement of HfO," "™ and HfO,84 "™
as shown in Table 7.1. Overall, the degradation of the dye is enhanced significantly in the presence
of the metal oxides, due to their ability to improve the effectiveness of X-ray irradiation through

different dose enhancement mechanisms known as physical and chemical enhancement. A
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summary of the radiation enhancement results obtained using a LINAC for the different materials

is shown in Table 7.1.
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Figure 7.3. Increase of MB reaction rate constant in the presence of metal oxides and Au@metal

oxides.

Table 7.1. Summary of MB degradation in the presence of different metal oxides and Au supported

oxides.
Sample Degradation Standard % of
Rate (min_l) deviation (min!) | enhancement
MB 0.0149 0.003 N/A
Au@TiQ,?!6nm 0.0234 0.002 57.05
Au@TiQ,8> mm 0.0224 0.003 50.34
HfO,84nm 0.0212 0.003 42.28
Au@HfO,7> mm 0.0178 0.002 22.15
Au@ZnO 0.0179 0.002 20.13
HfO,’> nm 0.0182 0.003 19.46
Zn0O 0.0178 0.0003 19.46
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The results presented in this section have been adapted from a manuscript entitled: “Radiocatalytic
performance of oxide-based nanoparticles for targeted therapy and water remediation”. Under

review in the journal of radiation physics and chemistry.

7.4 Conclusions.
Metal oxide nanoparticles and Au@oxides were successfully tested as radiosensitizers using a
LINAC with an endpoint energy of 6 MeV, a voltage used for radiation therapy purposes. The
higher MB reaction rates found in the presence of most of the nanomaterials is due to the increase
in the production of ROS generated from the interaction of X-rays with the particles. Results
indicated that metal oxide composed of high Z elements such as Au and Hf, showed superior MB
degradation rates when compared with metal oxide containing low Z elements. Furthermore,
nanoparticles with a small particle size such as Au@Ti06-°"™-NaOH and HfO,%4 "™ showed higher
MB degradation rates when compared to larger particles (~75 nm) by a factor of 2.2. The reaction
rate constant obtained for Au@TiO2 at dose rate of 8 Gy/min (0.0224 min™), is consistent with the
reaction rates obtained at dose rates of 3 Gy/min (0.0123 min) and 35 Gy/min (0.111 min™),
showing that higher dose rates will lead to a high degradation rate. This work has demonstrated
the feasibility of metal oxides as radiosensitizers, a concept that can be further explored for water
remediation, since results showed favorable dye decomposition, in a degradation process carried

at ambient temperature and pressure, in the absence of toxic chemicals.
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Chapter 8: Conclusions and Future work

8.1 Conclusions.

In this work, Au@TiO2 nanocomposites were tested as radiosensitizers through the degradation of
MB and enhanced M. Aeruginosa cell damage. The influence of parameters such as Au loading,
TiOz particle size, ligand of choosing, nanomaterial concentration, different irradiation voltages and
dose rates on Au@TiO> radiosensitization was evaluated. Au nanoparticles were supported on TiO>
with a mean particle of 6.5 nm and 21.6 nm in the presence of ligands such as NaOH and urea using
radiation chemistry. The radiation enhancement generated by the nanocomposites was evidenced at
various irradiation voltages of 50 kV, 225 kV, and 6 MV, using concentrations of 0.2 mg/ml and 1
mg/ml, and dose rates of 3 Gy/min, 8 Gy/min and 35 Gy/min in MB. These variations were selected
in order to investigate their effects on their performance to enable the use of Au@TiO:
nanocomposites in future in-vivo experiments. Superior radiosensitization at 225 kV was obtained
when Au was supported on 6.5 nm titania, using NaOH as a ligand. These results evidence that TiO>
nanoparticles with a small particle size have a high number of catalytic sites, leading to a higher
decomposition rate. Furthermore, Au loading on titania (either 2% or 10%) is a relevant parameter
for radiosensitization, since a high Au loading of 10% showed an increase of MB degradation rate
when compared with a TiO2 with a 2% Au loading. Interestingly, parameters such as operating
voltage did not affect significantly Au@TiO- radiosensitization. The radiosensitization performance
of Au@TiO2 nanocomposites was tested using LINAC with an energy endpoint of 6 MeV and
compared with other metal oxide-based systems such as ZnO, Au@ZnO, HfO%4 "™ HfO,”> "™ and
Au@HfO," "™ High radiosensitization was attained with Au supported on TiOz%¢ "™ and HfO,%*
"Mwith degradation enhancements of 57.1 % and 42.3% respectively. These results corroborate the

high physical enhancement of nanomaterials composed of high Z elements such as Au and Hf.
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Radiosensitization of Au@TiO was also tested in vitro experiments using M. aeruginosa cells. SEM
images showed that the combined effect of the nanocomposites and X-rays produces rupture on the
mucilaginous outer layer of the cells due to the attack of the ROS created by the Au@TiO>
nanocomposites. The radiation enhancement of both TiO2 and Au@TiO> was tested by monitoring
the cell density using UV-Vis, and results showed a cell population decrease of 26.8% and 38.6%
when the particles were irradiated in the presence of TiO, and Au@TiO- respectively. One of the
most interesting findings in this work is the anti-enhancement phenomena that TiO2 showed in the
experiments carried out using MB as a chemical dosimeter. Nonetheless, a significant biological
enhancement was detected in M. aeruginosa cells irradiated in the presence of TiOz. Further
investigation needs to be done on bare TiO> nanoparticles in order to increase the physical and
chemical enhancement of support. This could potentially improve the radiosensitization of

Au@TiO2 nanocomposites.

Au@TiO2 nanocomposites were synthesized using X-ray radiolytic synthesis, a compelling
fabrication method with the capability of producing nanomaterials in absence of complex
environments of high temperature or pressure, and without the need for toxic chemical reducing
agents. Au@TiO2 nanocomposites were synthesized through X-ray radiolysis, using different
ligands such as NaOH and Urea and total absorbed doses from 120 to 7260 Gy. Results showed that
an increment on the absorbed dose leads to the production of a higher number of reducing species
such as eaq and H" that create a high number of seeds leading to small nanoparticles homogenously
distributed on the support surface. The mean Au particle size changed from 57 +15nmto 1.2 +
0.2 nm when the absorbed dose was varied from 120 Gy to 7260 Gy. Moreover, X-ray radiolytic
synthesis of Au@TiO2 nanocomposites shows an improvement in the loading and the

monodispersity of the supported Au nanoparticles when compared to traditional chemical
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approaches such as deposition-precipitation. Synthesis of Au@TiO, was carried out using NaOH
and Urea as a ligand, resulting in Au nanoparticles with a mean particle size of~1.0 nm and narrow
particle size distribution, when high absorbed doses such as 720 and 7260 Gy are used. Nonetheless,
radiosensitization analysis of Au@TiO2, Au@ZnO, and Au@HfO2" " synthesized with urea as la
igand, showed low radiation enhancement, due to the urea residues on the particle surface as detected
by XPS and TGA. Furthermore, analysis on the particle surface made by XPS showed that Au bond
upon the surface of TiO> through Au-O bonds with a binding energy of 532.0 eV. This suggest that
Au species interact with the OH groups promoted by the ligands on the surface of the TiO,. This
work shows that X-ray radiolytic synthesis is a suitable technique to synthesize nanocomposites that

could be used in several medical and catalytic applications.

8.2 Future work.

Future work on the radiosensitization of Au@TiO2 will be based on i) Quantification of ROS
induced by oxides and Au@oxides ii) Comparison of radiosensitization efficiency with
photodynamic therapy iii). Scaling up X-ray radiolytic synthesis technology for industrial
applications. In order to answer these questions, the radiosensitization of oxides and Au@oxides
will be tested by monitoring the degradation of different dyes in the presence of the nanoparticles,
as a function of parameters such as oxide particle size, OHe and superoxide radical production, and
photon energy. Moreover, the biological response of Au@TiO2 and other Au@oxides needs to be
tested in human cells in order to measure the efficiency of ROS in DNA and malignant tissue
damage. One of the limitations that our project has is related to the uncertainty that nanomaterials
face in the field of medicine regarding their cytotoxicity, cellular stress and circulation time in the
human body. Therefore, in-vitro studies that focus on the evaluation of these parameters need to be

made in order to enable the use of Au@TiO2 in the nanomedicine field. In order for Au@TiO:
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nanocomposites to be used, studies regarding nanoparticle behavior in different organs, cells and
patients will facilitate regulations that could potentially enable the use of nanomaterials as
therapeutic agents commercially. Furthermore, the radiation enhancement results presented in this
project do not account for the radiation attenuation caused by the human body, this could possibly
lead to different values of radiation enhancement when the nanocomposites are tested using in-vitro
techniques. Currently, our group is studying the possibility of fluorescent bioconjugation of
Au@TiO2 nanocomposites for future in-vivo and in-vitro testing. For this purpose, TiO2 and
Au@TiO2 are being functionalized and conjugated to targeting moieties aiming at delivering the

material to the target cells.

The morphology and structure of the support is an important feature of the nanocomposite, therefore
studies on supports with different morphology need to be made. Supports can be of a porous nature,
such as zeolites or mesoporous structures. The use of porous materials in catalysis allows for the
creation of many adsorption sites for nanoparticles to grow [159]. Moreover, deposition of metallic
nanoparticles onto porous supports leads to small particles with low aggregation due to a limited
particle growth caused by the physical morphology of the support [159]. Moreover, the morphology
of the pores can affect the resulting size and shape of the supported nanoparticle. An example of a
porous material used as a support is silica mesoporous nanomaterials, where doping of other metals
such as Al, Ti, and Ce within the silica framework increased their overall chemical reactivity towards
a variety of catalytic reactions [159]. Carbon supports with well-defined porosities have been also
explored within the field as supports of nanomaterials. The topography of the supports can be
controlled and modified through techniques such as ozonolysis, plasma, doping, and acidic

treatments, in order to increase the number of adsorption sites for nanoparticles to nucleate and grow

106



[159]. Carbon nanotubes are one of the most promising supports for metal nanoparticles due to their

high surface area, high electrical conductivity, small size and hollow geometry [159].

Radiosensitization of Au@TiO2 has been tested by activating the particles with X-rays, using
energies in the kilovoltage and megavoltage range in a MB solution, where the absorption of X-rays
by the particles leads to the emission of photoelectrons, Auger electrons, characteristic X-rays and
ROS, species that contribute to increasing dose rate in a concept that could be used to enhance dye
degradation in water streams. One of the most challenging problem in the catalysis field to improve
water quality by removing efficiently contaminates coming from different sources such as dyes,
household chemicals and pesticides [160]. Due to the complexity of the many forms of pollution,
there is a strong need to monitor and control emerging pollutants and create new wastewater
treatment strategies that mitigate the negative effects of polluted water. Textile dyes are the second
largest pollutant of clean water globally, after agriculture [161]. The release of these dyes to the
freshwater effluents has become an important source of environmental contamination. Thus, the
study of advanced wastewater treatments could mitigate some of the consequences of dye polluted
water in aquatic ecosystems. Some of the negative effects of polluted water in the environment
include sunlight penetration reduction, toxic, mutagenic and carcinogenic effects on the aquatic
ecosystem [17]. Moreover, dye-contaminated water can cause abdominal discomfort and general
irritation in the digestive system in human populations that rely on water for drinking and cooking
[17]. The combination of a metal oxide semiconductors and ionizing radiation for water treatment is
a strategy recently explored in a process known as radiocatalysis [147,162]. The catalytic properties
of metal oxide semiconductors and penetrating radiation could provide a faster degradation rate of

pollutants than conventional methods such as photocatalysis [17].
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A systematic study regarding different metal nanoparticles onto TiO2 needs to be made, in order to
evaluate the best nanocomposite for dye degradation purposes in the presence of ionizing radiation.
Metals such as Cu, Au, and Ag have been deposited onto titania films and results showed that Au
and Cu nanoparticles had a higher photocatalytic performance than silver. The superior
enhancement was found due to the capability of Au and Cu electron capture, delaying the
recombination rate of electron-holes produced by TiO2 [163]. Another parameter that could affect
pollutant decomposition is the shape of the supported nanoparticle, Au particles with different shapes
such as spheres, rods, and cubes were deposited onto commercial titania. The electronic state of the
titania was evaluated using attenuated total reflectance (ATR) in the presence of Au nanorods with
a fixed diameter of 25 nm and different lengths. Results showed that there was not significant change
in the ATR spectra, therefore changes in the electronic state of TiO, depend on the Au diameter
rather than the length of the nanorods [164]. Furthermore, deposition of gold nanospheres on TiO>
with a mean particle size of 5, 10, 20 and 60 nm was examined. Results showed that the
photocatalytic activity increased with a decreased particle size and ATR showed a large electronic
state change, which led to a higher charge-separation efficiencies. Therefore, this work concluded

that the electronic states of TiO, are dependent on the Au size rather than Au shape [164].

In order to test the potential uses of Au@TiO> as radiocatalysts, the recoverability and reusability of
Au@TiO2 nanocomposites for environmental remediation is shown in Figure 8.1. For this purpose,
Au@TiO> was added to MB and irradiated for 8 minutes at a dose rate of 35 Gy using an operating
voltage of 50 kV. After irradiation, the solution was centrifuged, the nanomaterial recovered, and
Au@TiO2 nanocomposites were thoroughly washed with water, in order to remove dye residues
from its surface. This process was repeated 10 consecutive cycles. Results showed that after the

fourth cycle, the nanomaterial decreases its performance. Nonetheless, after 10 cycles of irradiation,
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Au@TiO2 nanocomposites showed a superior MB degradation rate enhancement of 43.6% when
compared with the control. The results indicate Au@TiO> recoverability and their potential use as a

catalyst for dye degradation throughout several cycles.
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Figure 8.1. Degradation of MB after 10 cycles using Au@TiO26° "™-NeOH nanocomposites.

Irradiation carried out at 50 KV and 35 Gy/min
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