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Abstract

Most modern cancer treatments are a combination of therapies. In approximately 50% of these combi-
nations radiation therapy plays a prominent role. Although external radiation therapy is very effective,
it still damages healthy tissue. Therefore, ways to increase radiation dose deposition at the tumor are
sought. The interaction of radiation with the photocatalytic nanoparticle titanium dioxide, TiO, NPs, is
investigated in effort to improve the effectiveness of radiation therapy, minimizing collateral damage to
healthy tissue.

TiO, NPs, upon the absorption of light, are capable of producing reactive oxygen species, which are
the main contributor to DNA strand breakage and cell damage through oxidative reactions in radiation
therapy. Singlet oxygen is the most potent of these reactive oxygen species. This research aims to
determine whether TiO, NPs are capable of producing singlet oxygen when interacting with ionizing
radiation. Efforts are made in uncovering the mechanisms and dependencies behind the production of
singlet oxygen using the fluorescent probe Singlet Oxygen Sensor Green, SOSG. The oxidative capa-
bilities of the TiO, NPs in combination with ionizing radiation are looked into with the probe Mythelene
blue, MB, which degrades under oxidative reactions.

The results for aerobic conditions show a significant rise in fluorescent intensity by the probe SOSG
when irradiated in the presence TiO, NPs. The rise in fluorescence appears to be linked to the pres-
ence of singlet oxygen but this could not be confirmed. SOSG has also shown a rise in fluorescence in
anaerobic circumstances not suitable for singlet oxygen production. This signal response is attributed
to the increased presence of hydrated electrons, in line with hypothesized sensitivity of SOSG towards
hydrated electrons. The mechanisms behind the production of singlet oxygen could not be uncovered
however the production does favour low photon energies and does not depend on dose rate.

The results from the MB degradation experiments indicate no significant amount of degradation is
caused by the photocatalytic activity of TiO, NPs concentrations used in this thesis. The degrada-
tion that does occur is due to radiolysis, which favours low photon energies due to the increased ab-
sorbance.

The production of singlet oxygen through the oxidation of superoxide radicals, facilitated by the in-
teraction of ionizing photon irradiation with TiO, NPs, is expected but could not be verified. Future
research may verify the origin of the rise in fluorescencent SOSG to be hydrated electrons or singlet
oxygen.
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Introduction

Most modern cancer treatments are a combination of therapies such as chemotherapy and surgery.
Approximately 50% of these combinations contain radiation therapy in a prominent role [1]. Radiation
therapy, however, can also result in healthy cells damage. Although advances in radiation techniques
have reduced the magnitude of treatment-related morbidity and mortality, novel treatments can fur-
ther decrease the risk of late toxicity [2]. The objective of this thesis is to study whether it is possible
to increase the effectiveness and to improve the selectivity of radiation therapy through the use of
nanoparticles.

In this chapter the relevant topics are introduced and the goal of this research is set as well as the
research questions. Chapter two, Theory, discusses all relevant topics in further detail as well as the
course of action to answer the research questions. In chapter three, Methods & Materials, the experi-
mental requirements are discussed. These include the materials used, procedures followed as well as
the available facilities. Chapter four, Results & Discussion, reviews and discusses the results of the
experiments set out in chapter two. Chapter five, Conclusion & Recommendations, summarizes these
results and where possible states conclusions as well as recommendations for future research on the
topic.

1.1. Radiation Therapy

Radiation therapy (RT) uses ionizing radiation to deposit energy and kill cancer cells. lonizing radiation
creates electrically charged particles, ions, in cells, which mostly contain water. The ionized water re-
acts and forms radicals, referred to as Reactive Oxygen Species (ROS), hydrogen peroxide, H,0,, as
well as hydrated electrons, e;,. These products can interact with DNA strands leading to DNA break-
age and cell death [3].

This process is not confined to cancer cells, resulting in healthy cell damage as well. In order to
maximize the cancerous cell damage over healthy cell damage, two approaches are important. The
first is to maximize the geometrical precision of the radiation, i.e. the area in which the energy is de-
posited can be optimized by using multiple radiation sources or exploiting the characteristics of different
kinds of ionizing radiation [4]. The second is the effectiveness of radiation, optimizing damage towards
cancerous cells while decreasing damage towards healthy cells. Healthy cells, for example, are more
proficient in repairing radiation caused damages than cancerous cells. This allows for a treatment
called fractionation, in which the tumor is irradiated multiple times over a given time. This allows the
healthy tissue to heal in between radiation sessions while the cancerous cells accumulate more dam-
age [5].

One possible way to increase the radiation effectiveness is with nanoparticles (NPs). The concept
is for the NPs to create more charged particles and ROS in their vicinity, resulting in more cell damage
upon irradiation. This can be the result of an increase in radiation absorption by the NPs presence,
physical enhancement, or a chemical reaction which results in more cell damage facilitated by the NPs,

1



2 1. Introduction

chemical enhancement [6]. These enhancements will be discussed in more detail in chapter 1.2 Radi-
ation Enhancement.

Radiation enhancement relies on the fact that the NPs are only present at tumor sites and not in healthy
cells when irradiated. This can be achieved by actively placing NPs at the tumor site through intratu-
moral injection or by the passive aggregation of the NPs at the tumor site after injection in the blood
stream [7]. The passive aggregation at tumor sites is possible due to the enhanced permeability and
retention (EPR) of nanoparticles in cancer cells. Because NPs enter cancerous cells more easily and
leave with more difficulty than healthy cells, a significant difference in NP concentration can be achieved
over time [8].

After a significant concentration of NPs is administered to the tumor site, radiation can be applied
resulting in the enhancement taking place at the desired locations only. A visual representation is
given below in figure 1.1.
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Figure 1.1: The use of NPs in combination with radiation therapy. Step a, the NPs are injected into the bloodstream. Step b, the
NPs cluster at tumor sites due to the EPR of cancercells. Step c, irradiation of the tumor with the NPs present. Step D, increased
cell damage due to the combination of the NPs and radiation therapy [9].

1.2. Radiation Enhancement

Radiation enhancement is the relative increase in radiation effectiveness when NPs are present. The
quantity which is increased may vary per object but in this case the goal is cell damage. Cell damage
is a result of the reaction of DNA with ROS [10]. The production of ROS is the quantity which should
be increased to increase radiation effectiveness. The NP can interact in various ways with the ionizing
radiation possibly resulting in radiation enhancement. A visual example is given in figure 1.2 in which
hydroxyl radicals, a product of radiolysis is enhanced. The three three general interactions of NPs with
ionizing radiation leading to enhancement are discussed in more detail below.

Physical enhancement, depicted by pathway A, is the direct interaction of ionzing radiation with NPs,
resulting in an increased energy deposition by the photons. The increase in energy deposition leads to
an increase in ROS production as more molecules can be ionized, indicated by the increased amount
of free electrons which are the ionizing agents in radiolysis. This is achieved by adding NPs with an
increased probability for photon interaction in the medium. Common NPs for this application are heavy
as the probability for interaction is mostly dependent on Z, the amount of protons in an atom. This type
of radiation enhancement is called physical, as it relies solely on physical processes. The increased
radiation effectiveness is linear with the increased absorbance.

No enhancement, depicted by pathway B, or radiolysis is the normal interaction of ionizing radiation
with water. The presence of NPs does not influence the quantity of interest.

Chemical enhancement, depicted by pathway C, is an increase in radiation effectiveness as a result
of catalytic reactions made possible by NPs. There is a large variety of catalytic reactions which all



1.3. Research Goal 3

Radiolysis
Products

Figure 1.2: A visual representation of the possible interactions of radiation and a NP resulting in the enhancement of hydroxyl
radicals, -OH. Physical enhancement, A, in which the direct absorption of a photon results in the enhancement. No enhancement,
B, the NP does not interact with the NP but with water. Chemical enhancement, C, the NP in combination with water or radiolysis
products result in the enhancement [11]

result in an increased radiation effectiveness. A commonly made distinction is whether the produc-
tion of ROS, originally by radiolysis, is catalysed or if the ROS are consumed in the catalytic reaction.
If the ROS are consumed in the catalytic reaction a dose rate dependency should be visible as this
determines the amount of ROS present at a given moment.

1.3. Research Goal

The NP of interest in this thesis is Titanium Dioxide, TiO,. TiO, is known for its photocatalytic properties,
producing electron hole combination upon light absorption capable of creating ROS when interacting
with water and oxygen [12]. TiO, is capable of producing singlet oxygen, 10,, another ROS which is
not created during radiolysis. Singlet oxygen, due to its high reactivity, is understood to play a major
role in ROS induced cell damage [13].

Previous research has shown TiO, NPs to be non-toxic and resulted in an increased dose efficiency
when used in combination with RT. The origin for the increased cell damage was assigned to the for-
mation of ROS, but, this was not looked into in depth [14]. Students at the TU Delft attempted to look
into the produced ROS. They found an increased amount of singlet oxygen but were unable to draw
conclusions due to the possible radiosensitivity of the probes used [15].

This leads to the goal of this research thesis: To determine whether ROS, and specifically singlet
oxygen, are formed by photocatalytic TiO, NPs under ionizing photon radiation. Apart from attempting
to prove the presence of singlet oxygen, the possible mechanism behind the radiation enhancement
are also investigated.

The presence of singlet oxygen is measured using the probe Singlet Oxygen Sensor Green, SOSG,
which is highly specific to singlet oxygen. This probe is claimed to be radiosensitive and therefore many
different alterations of the original experiment will be tested in an attempt to circumvent this possible
sensitivity.

The probe Mythelene Blue is also used as this is a common measure for the photocatalytic activity
of TiO,. The goal is to determine whether ionizing radiation is capable of creating electron hole pairs
necessary for photocatalysis in TiO,. The production of these electron hole pairs are critical to pro-
posed production pathway of singlet oxygen.

It is important to note the complexity of the system at hand. Radiolysis produces many comparable
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ROS as photocatalytic TiO, leading to difficulty in determining their origin. Furthermore it is unknown
whether TiO, is able to produce electron hole pairs when irradiated with high energetic photons, leading
to photocatalysis. Surface effects may take place on TiO, regardless of the production of electron hole
pairs leading to the production of ROS without being photo activated. The probes used may not be as
specific as previously assumed or as sensitive as needed for the doses applied. Because all of these
possible processes are connected to each other, a very methodical experimental method is necessary.
This will be further discussed in chapter 2 Theory.

1.4. Research Questions
This leads to the research questions to be answered in this thesis.

+ Are titanium dioxide nanoparticles capable of producing singlet oxygen, when interacting with
ionizing radiation?

* Is it possible to uncover the mechanism and dependencies behind the possible production of
singlet oxygen and other reactive oxygen species?



Theory

This chapter contains more information on the physics and chemistry relevant in this thesis. The physics
of electromagnetic (EM) radiation and chemistry of Titanium Dioxide (TiO,) will be discussed. The
probes used and variables applied to uncover the ROS present and their underlying mechanisms are
also discussed.

2.1. Electromagnetic Radiation

Electromagnetic (EM) radiation and photons are physically identical. These photons have an energy
depending on their wavelength as can bee seen in equation 2.1, where E is the energy, h Planck’s
constant, ¢ the speed of light and A the wavelength. When these photons have enough energy to
eject an electron from its orbit, this radiation is called ionizing radiation. Below this threshold these
photons are non-ionizing electromagnetic radiation which includes radio waves, infrared and visible
light. lonizing radiation includes X-rays and y-rays [16]. The distinction between X-rays and y-rays lies
in the origin. X-rays are produced through energy dissipation of electrons while y-rays are produced
through energy dissipation of the nuclei [17].

_hc

=3

2.1)

2.1.1. Interactions of Electromagnetic Radiation with Matter

The wave-particle duality of EM radiation or photons means they can interact both as a wave and a
particle. The particle like interactions of interest, which results in ionization and cell death, are photon
collisions with electrons in matter. Depending on the mass of the medium and the photon energy, dif-
ferent photon-electron interactions may occur [18]. These effects include the photoelectric-, compton
effect and pair production. The region of dominance for each effect is given in figure 2.1.
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Figure 2.1: The three main photon interactions : photoelectric effect, Compton scattering and pair production. One of these
interactions is the dominant effect based on the atomic mass of the medium, Z, and the photon energy, hv. [19]
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The mass and energy range used in this thesis result in the photoelectric and Compton effects be-
ing dominant.

In the photoelectric effect all the energy of the photon is absorbed by a tightly bound electron. This
electron is then ejected from the atom with an energy equal to the energy of the incoming photon minus
the binding energy. Electrons with a higher binding energy are more probable to interact with a photon
than electrons with a low binding energy. The most tightly bound electrons, with the highest binding
energy, are in the K and L shell. The ejection of electrons in the the K and L shell result in vacancies
which will be filled by electrons from the outer shell structure with more energy. During this transition
the excess energy is dissipated through characteristic X-rays or the ejection of other electrons called
Auger electrons.

During the Compton effect the photon collides with a more loosely bound, or free, electron transferring
some of its energy. The photon ricochets off the electron under an angle of scatter, 8. This angle also
determines how the initial photon energy is divided over the Compton electron and scattered photon
[20]. A visual representation of both effects is given in figure 2.2 below.
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Figure 2.2: A visual representation of the photoelectric effect and Compton scattering [21]

Only a part of the photon energy is transferred in the Compton effect. The energy of a Compton
electron depends on the initial photon energy and the angle of scatter. The energy of the scattered
Compton electron is given in equation 2.2 and the scattered photon in equation 2.3, where a = E /mqc?,
the energy of the initial photon divided by the rest mass of an electron. The Compton electron will have
a maximum energy which is given by equation 2.4. The angle in which the scatter reaction occurs de-
pends on the initial photon energy. The angle favors a narrow forward cone, small angles, for photons
with an energy above 511 keV [20]. A visual representation is given in 2.3.
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Figure 2.3: The cross section which corresponds to the
probability as function of incident photon energy E, where
a = E/myc? and 6 the angle of the scattered electron.
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The contributions of the photoelectric and Compton effect result in the amount of photon interactions in
the medium. The probability for an interaction to occur per atom is described by the atomic absorption
coefficient and depends on the atomic number of the medium Z and the photon energy. For compound
materials the atomic number is slightly different as it is the squared average atomic number, 18.5 for
TiO,. The linear absorption coefficient for water, effective Z = 7.4, is given in figure 2.4 where the
contributions of each effect are given.

10722

ATOMIC ABSORPTION COEFFICIENT (¢m? atom™)
3

PHOTON ENERGY (MeV)

Figure 2.4: Atomic absorption coefficients, cross sections, for water in cm? per atom as a function of photon energy. The atomic
absorptian is the sum of the possible photon interaction. Line 1 is the total absorption, 2 the photoelectric absorption, 3 the
compton absorption and 4 the pair production absorption.

To achieve a macroscopic indication for the amount of photon interactions in a medium the linear ab-
sorption coefficient is used. The linear absorption coefficient, u, is the atomic absorption coefficient
multiplied with the density of the medium. Lambert’s law, equation 2.5, describes the original photon
intensity as a function of depth and the linear absorption coefficient, 4. The original photons are lost
upon the interactions. Giving an indication for the amount of photons deposited into the medium [22].

I = Iy exp(—ux) (2.5)

Here the intensity of the photon beam, |, at a position x is the function of the original intensity, 1,, the
total linear absorption coefficient, u, and the position x.

2.1.2. Radiolysis

The interactions of ionizing radiation with matter also have chemical effects. The production of new
chemical species as a result of ionizing radiation is called radiolysis. The dissociation of electrons lead
to charged particles and radicals which can react further creating new chemical species [23].

It is important to note that EM radiation is indirectly ionizing, meaning most of the ionizations occur
from a secondary process instead of the initial photon interaction. EM radiation has no charge and
therefore does not interact strongly with matter. Charged particles interact heavily with matter as mat-
ter consists of positively charged protons and a negatively charged electron cloud. EM radiation can,
however, interact through the photoelectric and Compton effect producing an electron. The electron
has received an amount of kinetic energy from the collision. This energy will dissipate in the medium
through interactions made possible by the charge of the electron. This dissipation causes the majority
of excitations and ionizations in the medium [24].

The radiolysis of water is the main interaction of radiation during RT and in this thesis. The impor-
tant steps are discussed. A visual representation of the steps and time scales in radiolysis is given in
figure 2.5. The ionization and production of the electrons and hydrogen ions is called the physical stage
which has a duration in the order of 10715 seconds. After the physical stage the physicochemical stage
starts in which the electron thermalize and becomes hydrated, ionizing other water molecules in the
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process. The H,0" ions transfer a proton to a neighbouring water atom and the excited water molecule
H,0* dissociates into an -OH and H- radical. This stage takes place in the order of 101! seconds. The
final stage is the chemical stage in which the products will diffuse and undergo chemical reactions in
the medium. These final products include H;O3,, -OH and -H which are highly reactive and referred to
as ROS. Other products which also are significant are hydrated electrons, ez,, and hydrogen peroxide
H,0,.

Time (s)
|
10-16 Hzo
10713 H,0" H,0* e
/ \fzo
¢ H,0

1070 H* + HO HO'+ H30* €xq
107 : N . . .

H2 HO HZOZ H3O HO H eaq

Figure 2.5: Radiolysis productions with the timescale on the left side. When radiation interacts with water the initial products are
H,0*, H,0" and e~. From these initial products many follow such as H30gq, OH, egq, H, H,0, and H, [29]

The amount of every product produced in the chemical stage is called the yield. This yield is the amount
of molecules produced per 100 eV of radiation absorbed in the water. This value depends on the Linear
energy transfer of the radiation [26].

2.1.3. Effect Spurs on Physicochemical Stage

The photo- or Compton electron will travel through the medium colliding and ionizing the medium further
forming a cluster or spur. These spurs are lines which branch out from the initial electron. High energy
electrons do not deviate from their path often implying few collisions. As the electrons lose more of
their energy more collisions would occur forming a branch pattern. The ends of these patterns typically
are large indistinguishable groups due to the very short branch tracks [27].

The majority of the collisions in these spurs will transfer an energy of less than 100 eV. This is enough
energy for further ionisations to take place [28]. The electrons finally thermalize after dissipating their
remaining energy and become hydrated.

Radiation with a high linear energy transfer (LET) have a higher potential of cell destruction. This
is caused by the ionisation density high LET radiation produces. Higher ionisation densities lead to
denser chemical products making double DNA strand breakage more probable resulting in more cell
death [29].

Another difference between high and low LET radiation takes place in the physicochemical stage in
which the inter-track chemical reactions affect the final products. The tracks in low LET are relatively
well-separated clusters of reactive species compared to high LET tracks. The individual spurs in high
LET tracks are no longer isolated and can overlap resulting in increased intra-track chemistry. In intra-
track chemistry radicals interact with each other creating less free radicals and more molecules at the
end of the physicochemical stage [30]. After 10~7 seconds the spur expansion is complete and the
reactive species that remain distribute homogeneously in the medium. The g-values relate to the re-
active species at the end of the spur expansion ready to diffuse. The LET for 1 MeV photons from a



2.2. Titanium Dioxide Nanoparticles 9

Cobalt-60 source for example is 0.3 keV/um while X-rays with an energy of 200 keV have a LET of
1.7 keV/um [31]. This means more free radicals survive the physicochemical stage when using X-rays
compared to y-rays from the Cobalt source.

2.2. Titanium Dioxide Nanoparticles

The relevant mechanisms of TiO, NPs are discussed in this chapter. This includes its photocatalytic
properties, surface effect and crystalline structures. Also a summary is given on the relevant interac-
tions of irradiation with gold NPs as this is a much more researched subject than TiO, NPs.

2.3. Photocatalytic Properties of TiO,

TiO, is a commonly used photocatalytic NP. TiO, catalyses a process by absorbing light. Light absorp-
tion of the correct energy, around 3.2 eV, results in the creation of electron-hole pairs [32]. An electron
from the valence band is excited towards the conduction band. The electron-hole pair generate free
radicals through reductive and oxidative reactions. These radicals are among the ROS produced in
radiolysis, thereby potentially catalysing cell damage. A visual representation of photocatalytic TiO, is
given in figure 2.6 [33].

Molecular oxygen '0, Singlet oxygen

. -':g'""'r.-,_, (oxidation)
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Figure 2.6: An overview of the Reactive Oxygen Species that are produced in the photocatalysis of TiO, in water. Upon the
absorption of light an electron from the valence band is excited towards the conduction band, creating an electron hole pair. The
electron can reduce oxygen into a superoxide radical, -0;, and the hole can oxidize water into a hydrogen, -H, and hydroxyl
radical, -OH. Further reactions are facilitated by the TiO, surface. The most important is the singlet oxygen, 10, production by
oxidizing a superoxide radical [34].

Other reactions resulting in different radicals than ROS produced in radiolysis are also facilitated by
TiO,. Two very important reactions which occur are the oxidation of hydrogen peroxide, H,O,, and
reduction of oxygen both resulting in a superoxide radical, -O;. The superoxide radical can then ox-
idize into singlet oxygen, 10,. These reactions are also given visually in figure 2.6. H,O, can also
be reduced creating two hydroxyl radicals, -OH, competing for the conduction band electrons with the
reduction of oxygen resulting in superoxide radicals. However, the reduction of oxygen is more efficient
and likely to occur in aqueous solutions than the reduction of hydrogen peroxide [35].

The decomposition of H,O, remains important as it leads to hydroxyl radicals, -OH, which are ad-
sorbed on the surface and can act as trapped holes. Trapped holes are holes which have transported
to surface hole trap sites, able to oxidize molecules. The ability to oxidize is of special importance as
the production of singlet oxygen is expected to be the result of oxidizing a superoxide radical. Singlet
oxygen, 10,, is believed to play a major part in the damage created to living cells by ROS [36] [37].

The difference between molecular oxygen and singlet oxygen lies in the electron configuration. The
ground state is characterized by a triplet spin state, X32§, while excited singlet oxygen is characterized
by the singlet states, a’A, and b'Z}. The most common singlet state is a’A, as b':} can efficiently
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converse into the other. These electron spin configurations are also visible in figure 2.7. The spin
configurations of the singlet state are highly reactive resulting in a short lifetime of the singlet oxygen
[38].

* * *
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Figure 2.7: Three different electron spin states of dioxygen, O,. The triplet state X325 and the two singlet states aA; and b*Z}.
When talking about singlet oxygen the alAg is referred to [38].

Although there are some indications 10, is formed during radiolysis, the process which occurs dur-
ing RT, the majority is expected to be created through the photocatalytic activity of TiO, [39].

The production 10O, by TiO, is the reason of interest for the application of NPs in combination with
RT. However it is unknown whether TiO, is able to produce 'O, when irradiated with X-rays. The
band gap energy needed for TiO, to form electron-hole pairs is approximately 3.2 eV. Photon energies
used in radiation therapy vary from 100 keV up to 25 MeV depending on the tumor depth [40]. This
discrepancy leads to the research question.

2.3.1. Surface Effects

Other reactions apart from photocatalytic reactions take place on the surface. The most important of
which can also result in the oxidation of a molecule. The reactions able to oxidize molecules have been
summarised in figure 2.8.
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Figure 2.8: The oxidation reaction facilitated by TiO, NPs. 1, direct oxidation by hole. 2, hole first transports to trapsite at surface
before direct oxidation. 3, oxidation of surface hydroxyl group resulting in hydroxyl radical which is adsorbed at the surface. 4,
release and oxidation by adsorbed hydroxyl radicals produced by ionizing radiation or pathway 3 [34].

The excitation of an electron leads to a hole, which is transported towards the surface of the TiO, NP.
Here it can interact in different ways, all resulting in an oxidative reaction. Pathway 1 is the direct ox-
idation of a molecule by a hole. In pathway 2 the hole stabilizes on the titanium surface to become a
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trapped hole from which it can oxidize a molecule at the surface. Pathway 3 is the production of an
adsorbed hydroxyl radical due to the oxidation of a surface hydroxyl group. Pathway 4 is the oxida-
tion reaction facilitated by the adsorbed hydroxyl radical. The adsorbed hydroxyl radicals generated
through pathway 3 or radiolysis detach from the surface and can oxidize a molecule away from the sur-
face. The adsorbed hydroxyl radicals and trapped holes perform the same function and have similar
properties resulting in difficulty in identifying the origin of oxidation [34].

These different oxidation pathways are important as the decomposition of H,O, on the surface leads
to adsorbed hydroxyl radicals, capable of oxidation. This decomposition process has an Arrhenius en-
ergy of 37 + 1 kJ mol~, which means the decomposition occurs spontaneously at room temperature
[41]. What is interesting about this process is the oxidizing properties of the hydroxyl radicals can add
or even over compete with the photo activated catalytic properties of TiO,.

The adsorption of hydroxyl radicals on the TiO, surface also result in a decreased band gap energy.
This decrease in energy band gap allows lower energies to cause electron excitations towards the con-
duction band [42]. Facilitating the photocatalytic effect to occur for lower energy photons than usual
[43]. This promotes the production of superoxide radicals, -O3, by TIO, under irradiation as lower pho-
ton energies are required [44]. The oxidation by adsorbed hydroxyl radicals can even compete with the
oxidative capabilities of the photocatalyst. High H,O, concentrations can create a sufficient amount of
adsorbed hydroxyl radicals to perform catalytic functions without the TiO, being photo activated [45].

Although the needed H,0O, concentration for spontaneous catalysis, 4.9 M, will not be reached in this
thesis, the decreased bandgap and increased superoxide production are of interest [45].

2.3.2. Rutile and Anatase

The photocatalytic activity also depends on the crystal structure of TiO,. Two crystal structures exist,
Anatase and Rutile. A visual representation is given in figure 2.9, where the left structure is anatase
and the right rutile. The surfaces and their miller indices are also given.

k.

Figure 2.9: A visual representation of Anatase (left) and Rutile (right) TiO, crystaline structures. The important surfaces and
their miller indices are also represented [46].

Anatase is the more photo active crystal structure. An explanation for the difference in this activity lies
in the thermodynamic stability of certain surfaces which produce more hydroxyl radicals upon irradi-
ation. It was found that the oxidative properties through methanol oxidation of single-crystal anatase
(101) surfaces are greater than all single-crystal rutile surfaces. An indirect measurement of hydroxyl
production resulted in comparable photocatalytic activity of rutile (001) and anatase (101) surfaces.
However rutile (001) is not thermodynamicly favourable while the other, less photo active, surfaces
are. This gives an indication why anatase in more photo active from a structural point of view [47].

The proposed reason why rutile TiO, is less photoactive lies in the surface structure. The inter atomic
distance between the titanium molecules is smaller in the case of rutile TiO,. This allows for a Ti-OO-
Ti surface structure to arise. It is proposed that because photoinduced electrons are used to create
these Ti-OO-Ti surface structures, less photoinduced electrons are present to perform photocatalytic
functions, decreasing the overall photoactivity [48][32].
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The combination of anatase and rutile results in the best photocatalytic activity, however, there is no
consensus as to why. The leading theory is based on the interaction of the different band gaps [34].

2.3.3. Nanoparticles And Radiation

Research on the interaction of TiO, NPs with irradiation has shown an increase in ROS produced
dependent on the TiO, NPs concentration and the energy of photon irradiated, favouring high concen-
trations and low keV photon energies [14]. The origin for this production was not concluded but electron
hole production resulting in oxidative and reductive effects on the TiO, surface are expected. Further
research on the origin of the increased yield gave different results. Two papers claim different results in
the increased production of H, as a result of the NP presence when irradiated. Both state that ionizing
radiation is capable of creating electron hole pairs and that the oxide surface interacts positively in the
production of H,. However one paper claims that this is not the case for the oxide surfaces of TiO, NPs
[49]. Another paper did find an increase in H, as the result of TiO, NP presence, they used kGy which
might explain the difference in conclusions found [50]. No conclusions can be drawn from literature
apart from the importance of the oxide surface and the production of electron hole pairs.

Plenty of research has been done on the interactions of gold nanoparticles and photon irradiation.
Although gold is different from TiO, due to a higher atomic weight, Z, some insights may be gathered.

An important insight from this literature is the discrepancy of local radiation effects versus macroscopic
radiation effects. The dose distribution is very inhomogeneous, with very high doses around NPs com-
pared to the rest of the medium. These high doses around the NP are caused by Auger electrons
ejected as a result of the photoelectric effect. During the photoelectric effect, an inner shell electrons is
ejected leaving a vacancy. This vacancy will be filled by outer shell electrons. The outer shell electron
must lose some energy in order to fall into a lower electron orbital. This process results in a X-ray or
the excitation or ejection of another outer shell electron. Each falling electron creates new vacancies
allowing for a possible cascading effect. These electrons are called Auger electrons. A single inner
shell electron ionisation can result in a multitude of Auger electrons. Auger electron typically have a low
energy, meaning they can only interact near the surface of the NP. This leads to the very local effect of
dose enhancement [29][51]. A visual representation of these Auger cascades and the dose given per
distance from the NP surface is given in figure 2.10.
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Figure 2.10: lllustration of the interaction of a high energy photon and a gold nanoparticle, simulated using Geant4. Picture a
indicates the initial photon in green and the ejected Auger electrons in red. Picture b indicates the calculated dose resulting from
a single ionisation event as a function of distance from the NP [29].

The photoelectric effect is dominant around photon energies of 80 keV in combination with gold. Some
research has shown similar gold NP ionisation rates and comparably large doses near the NPs when
using photon with an energy of a few MeV. This is explained as the result of high energy secondary
electron from Compton scattering with the NP or medium [52].
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The production of hydroxyl radicals due to the irradiation of gold NPs has also been reported. It was
observed that the production increased, which could not be attributed towards the increased energy
deposition due to linear attenuation. The increased production is attributed to the water-nanoparticle
interface. This production is dose rate dependent, declining with rising dose rates. This dependency
is explained with the analogy of recombinations occurring in heavy ion tracks. A greater amount of
hydroxyl radicals produced will result in a bigger chance of recombination decreasing the overall pro-
duction [11].

2.4. Experimental Approach

The effect of ionizing radiation on TiO, NPs will be measured using probes in this thesis. Samples
containing a probe are prepared. Half of the samples get TiO, added to them leaving the other half as
a control group. All samples are then subjected to the same irradiation conditions. The samples are
centrifuged after irradiation in order to remove the TiO, from the solution. The remaining probe is then
measured, leaving the TiO, presence during irradiation as the only variable.

Two different radiation sources are used, a X-ray source and a Cobalt-60 source. The X-ray source
emits a range of photon energies of which the peak energy and the dose rate can be set. Energies of
the X-ray source vary from 60 keV towards 300 keV and the dose rate is in the order of a few Gy/h.
The Cobalt source only emits photon at 1.17 and 1.33 MeV. Two sources are available of which the
dose rate decays over time. The high dose rate source is the Cobalt 220 which had a dose rate around
10 Gy/min at the time of the experiments and the low dose rate source is the Cobalt 200 which had a
dose rate around 0.7 Gy/min.

The probes used and the variables applied will be discussed in the chapters below. The impact of
each variable is explained in order to uncover the mechanisms at play.

2.4.1.S0OSG

Singlet Oxygen Sensor Green (SOSG) reagent is a fluorescent probe made by the company Invitro-
gen. The probe is marketed as highly selective towards singlet oxygen and not towards superoxide or
hydroxyl radicals. The exact structure is not public knowledge but based on the absorption spectrum
the probe consist of a fluorescein and anthracene moiety. The reaction with singlet oxygen renders the
probe fluorescent when illuminated with photons of 504 nm as it can no longer dissipate the energy of
the excited electron through internal conversion as is visible in figure 2.11 [53].
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Figure 2.11: The shift from the Anthracene moiety into the Endroperoxide moiety upon reacting with singlet oxygen. The LUMO,

lowest unoccupied molecular orbital, and HOMO, highest occupied molecular orbital, of these moieties are also given. The shift
in these molecular orbitals renders the probe fluorescent [53].

The interaction of SOSG with singlet oxygen changes the anthrascene (An) moiety into an endoperox-
ide (Ep) moiety. The SOSG-EP has different characteristics than normal SOSG, which is SOSG-An.
The first is a rise in fluoresence for SOSG-EP at 530 nm with an activation wavelength of 504 nm.
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The second is a shift in the UV-Vis absorbance of the SOSG/SOSG-EP solution. The shift in UV-Vis
absorbance spectrum is a noticeable drop at 258, 376, 396 and 507 nm [54]. An example of the rise
in fluoresence, dotted line, and the decrease in absorbance, solid line, is given in figure 2.12.
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Figure 2.12: Absorption spectra (solid line) and fluorescent spectra of standard SOSG (FI-An) and SOSG-EP (FI-EP) which has
reacted with singlet oxygen. The black arrows indicate the transition from SOSG towards SOSG-EP over time [53]

Because SOSG is expected to be highly specific towards singlet oxygen, variables are targeted which
may influence the production of singlet oxygen. These include the dose rate, photon energy, surface
effect, free oxygen presence and the presence of radicals. For each of these the possible relation is
discussed below to explain the possible production dependence.

Dose Rate

The dose rate is an important variable for two reasons. The first being an indicator towards chemical
enhancement and the second indicating if comparisons can be made between radiation sources re-
gardless of their dose rate. Chemical enhancement is a term which describes the enhancement of a
signal, in this case SOSG fluoresence, as a result of a secondary reaction facilitated by the presence
of TiO, [6]. This secondary reaction is not specified and may use chemical species created during radi-
olysis. The amount of species produced during radiolysis therefore could be a variable for the amount
of enhanced signal. The amount of species produced by radiolysis at a given moment is dependent
on the dose rate. A small dose rate, leading to a low production of species per time, may fully undergo
the secondary reaction while a high dose rate, leading to a high production of species per time, may
lead to the reaction being saturated. Apart from providing some insight in the mechanism of singlet
oxygen production, the dose rate dependence also has a practical goal. There are three sources for
photon irradiation available, two being different cobalt sources and the third an X-ray tube. The two
cobalt sources have the same photon spectrum but a different dose rate while the spectrum emitted
by the X-ray tube can be varied. It is important to know whether data acquired from different radiation
sources can be compared or not.

Photon energy

Variations of the photon energy are applied in an effort to gain an understanding whether the produc-
tion of singlet oxygen is favourable in certain energy ranges. This information is useful as it may reveal
the mechanisms of singlet oxygen production as well as information towards possible practical imple-
mentation. The mechanism could be linked to physical enhancement, a rise in signal due to increased
energy absorption, which is photon energy dependent. If TiO, is used as a dose enhancing agent it is
important to know which photon energies lead to the best result.

Two different experiments were conducted. The first being a comparison between two different X-
rays spectra with the same dose rate. The second being a comparison between an X-ray spectrum
and gamma’s originating from a ¢°Co source.

Surface effects
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A chemical reaction of TiO, resulting in singlet oxygen should occur on the surface of the NP. In an
attempt to exclude any chemical reaction TiO, NPs with an inert layer were purchased. In order to
have a correct comparison uncovered anatase NPs were also purchased. The goal of the experiments
was to prove that chemical reaction occur on the surface of TiO, upon photon irradiation.

Aerobic and Anaerobic environment

The presence of free oxygen in a sample is expected to be necessary for the production of singlet
oxygen. The production of superoxide radicals, necessary in the production of singlet oxygen, can be
stopped. The superoxide radicals have two origins the first being the reduction of free molecular oxy-
gen and the second being the oxidation of hydrogen peroxide on the surface of TiO,. Removal of free
oxygen in the sample should lead to a decreased superoxide as oxygen can no longer be reduced and
therefore a decreased singlet oxygen production. The oxidation of hydrogen peroxide remains possible.

Radical Presence

The production of singlet oxygen is expected to occur with an intermediate step, namely a superoxide
radical. Removal of these radicals should lead to a stop in singlet oxygen production. The following
experiments use radical scavengers in order to remove superoxide radicals among others from the
solution. The radical scavengers which are used are a HEPES buffer and ascorbic acid, better known
as vitamin C.

2.4.2. Mythelene Blue

Mythelene Blue (MB) is often used as an indicator for the photocatalytic activity of TiO,. The radi-
cals produced during photo excitation can oxidize MB resulting in a measurable degradation [55]. The
degradation is measured using UV-Vis absorbance spectrum. The degradation is seen as the complete
loss of absorbance with the important peaks at 292 and 663 nm, as can be seen in figure 2.13 [56].
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Figure 2.13: A visual representation of the degradation of mythelene blue, measurable as a decline in UV-Vis absorbance, as a
result of the photocatalytic activity of TiO, [56].

The production of singlet oxygen is expected to be the result of the oxidation of superoxide radicals.
Measurements on the amount of oxidization as a result of photocatalytic TiO, can provide insight in the
production method. When variables are applied which quench the SOSG signal also result in a dimin-
ished MB degradation, a correlation between the photocatalytic effect and singlet oxygen production is



16 2. Theory

likely.

Firstly the degradation of MB as a result of TiO, exposed to ambient light and irradiation is measured.
Afterwards variables are applied in effort to promote or demote the production of ROS or electron hole
pairs. These variables are discussed below.

Anaerobic Conditions

Although the production of electron hole pairs is independent of the presence of oxygen in the solution,
the degradation may be caused by ROS instead of the direct interactions with TiO,. The goal is to gain
an understanding if ROS or direct interactions of TiO, drive the degradation of MB.

Surface Effects

The adsorption of hydroxyl radicals on the surface of TiO, perform the same function as trapped holes.
The adsorbed hydroxyl radicals can oxidize other molecules but can also resultin a decreased band gap
energy possibly allowing more electron hole pairs to be formed. The presence of hydrogen peroxide
increases the amount of adsorbed hydroxyl radicals on the surface. The goal is to gain an understand-
ing if the amount of hydrogen peroxide produced during radiolysis is enough for these surface effects
to play an important role in the degradation of MB.

Radical Scavenger
Apart from removing oxygen from the solution, ROS can also be actively quenched. The quencher
used is HEPES. The goal is to gain an understanding if the degradation of MB is driven by ROS.



Methods & Materials

This chapter discusses the materials, radiation sources and bubbling techniques used in more detail.

3.1. Materials

TiO,

TiO, NPs were purchased, the P25 from Sigma Aldrich, the anatase and silica covered NPs from
Nanostructured and Amorphous Materials Incorparated. The P25 had an average particle size of 20
nm and is about 15 percent anatase and 85 percent rutile. The specific surface was not given. The
uncovered NPs had an average particle size of 20 nm, specific surface area of 5 m?/g and a crystalline
structure of 80-90 % anatase and 10-20 % rutile [57]. The silica covered NPs had an average particle
size of 20 nm, specific surface area of 40 m?/g and a crystalline structure of 80-90 % anatase and
10-20 % rutile [58].

Samples were prepared by weighing the desired amount of TiO,, usually 5 mg, and adding 10 ml
of MilliQ resulting in a TiO, solution of 0.5 g/l. The solutions were placed in the ultrasonic bath for half
an hour before use to ensure an even dispersion.

SOSG

The probe SOSG was acquired from Invitrogen in sets of 10 vials each containing 100 pug. Stock so-
lutions were prepared by dissolving the content of a SOSG vial in methanol (33 uL). The dissolved
contents of the SOSG vial were diluted with 67 uL of MilliQ after which the solution was transferred to
a glass vial wrapped in aluminium foil to block any light from reaching the solution. The SOSG vial was
washed 2 times with 200 uL of MilliQ to ensure all contents are extracted. The final stock solution was
further diluted with 16 mL of MilliQ, resulting in the final 16.5 mL, 10 uM SOSG solution [59].

The fluorescence of the SOSG probe was measured using a fluorescence spectometer. The fluo-
rescent emission spectrum was measured from 600 nm down to 510 nm in steps of 1 nm after photon
excitation at 504 nm. The UV-Vis absorbance of SOSG was measured from 600 nm down to 240 nm
in steps of 1 nm using a UV-6300PC Double Beam spectrophotometer. The samples were centrifuged
for 30 minutes before measurements to ensure the TiO, settled on the bottom of the vial and only the
SOSG solution was measured.

The final samples contained a 0.5 ml of the SOSG stock solution and 0.5 ml of water or 0.5 ml of
the TiO, stock solution. Resulting in samples containing a 5 uM SOSG solution with or without an
added TiO, concentration of 0.25 g/I.

Mythelene Blue

Mythelene Blue (MB) was purchased from J.T. Baker now known as Avantor. To arrive at a concentra-
tion of 0.02 g/l a solution with a concentration of 0.5 g/l was prepared using the a weight scale. This
solution was diluted 25 times resulting in a 0.02 g/l solution.

17
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The UV-Vis absorbance of MB was measured from 770 nm down to 200 nm in steps of 1 nm us-
ing a UV-6300PC Double Beam spectrophotometer. The samples were centrifuged for 30 minutes
before measurements to ensure the TiO, settled on the bottom of the vial and only the MB solution was
measured. The solutions of the MB were checked and possibly diluted before measuring to ensure the
0 Gy sample set had an absorbance below 1 as this is the most accurate region [60].

The final samples contained a 0.5 ml of the MB stock solution and 0.5 ml of water or 0.5 ml of the
TiO, stock solution. Resulting in samples containing a 0.1 g/l MB solution with or without an added
TiO, concentration of 0.25 g/l.

Radical Scavengers
Two different radical scavengers were used. A HEPES buffer solution, pH = 7.4 10 mM, and an ascor-
bic acid solution, pH 3.6 5mM.

The radical scavengers were used to create TiO, stock solutions. Final samples remain the same
for both SOSG and MB, using TiO, dissolved in the radical scavenger.

3.2. Radiation sources

X-ray

The X-ray source used was a Phillips MCN 321 X-ray tube with a Wolfram anode. The source emits
an X-ray spectrum with a variable peak energy, maxing out at 320 keV. The X-ray spectrum used was
set at a peak energy of 185 keV, 18 mA with a filter containing 3.9 mm thick aluminum and 5.01 mm
thick copper plating, resulting in a dose rate of 6.4 Gy/h. Dose rate measurements are possible for this
filter as the ionisation chamber has been calibrated.

Cobalt 60

Two different gamma sources were used (°°Co sources). The older source was the Cobalt 200 source
which had a dose rate around 0.8 Gy/min at the time of measurement. The more recent source was
the Cobalt 220 which had a dose rate around 10 Gy/min at the time of measurement. The dose rates
of these sources were tabulated per date.

3.3. Oxygen Removal

Nitrogen Bubbling

The solutions were placed in a glass vial and sealed with a rubber cap. A needle was pierced through
the cap allowing Nitrogen to flow into the solution. A second needle was placed freely into the cap
allowing an nitrogen flow to occur. A magnetic stirrer was added to increase the exchange of oxygen
and nitrogen. The solutions were bubbled continuously over a period of 24 hours. During this time
some of the water in the solution would evaporate. A third vial of water was also bubbled, to be used
to return to the original concentrations of the TiO,, MB or SOSG solution.

Argon Bubbling

The bubbling setup with Argon did not make use of rubber caps. A glass pipette was connected to the
argon tank which was placed in an open Erlenmeyer, leaving the sample exposed to the atmosphere
at all times. The Argon flow was kept in the sample for a maximum of 30 minutes. During this time no
noticeable evaporation took place.



Results & Discussion

4.1. Singlet Oxygen Production

The interaction of TiO, NPs with ionizing radiation is expected to result in the production of ROS possi-
bly including singlet oxygen. The possible interactions of a NP with ionizing radiation and the chemical
reactions facilitated by TiO, are shown once more in figure 4.1 for clarity’s sake. The oxidation of su-
peroxide radicals resulting in singlet oxygen is a chemical reaction facilitated by TiO,, indicating the
enhancement to be chemical in nature, pathway C in figure 4.1.
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Figure 4.1: The possible interactions of ionizing radiation with NPs resulting in the enhancement of hydroxyl radicals, -OH, and
the chemical reaction facilitated by TiO,. Pathway C of the interactions include the photo catalytic properties of TiO,. Although
pathway C says radiolysis products + NP, reaction of the NP with water are also included.

In order to detect singlet oxygen the probe Singlet Oxygen Sensor Green (SOSG) used. SOSG is a
commercially available probe which is claimed to be highly specific towards singlet oxygen. The re-
sponse in fluorescence and UV-Vis absorbance of the probe to singlet oxygen, visible in figure 4.2, is
used as an indicator for the amount of singlet oxygen present. Only the peak values at 510 nm from
the fluorescent intensities will be shown in the results as bar plots for different received doses.

In the past SOSG has shown to be sensitive to radiation. The sensitivity is expected, but not proven,
to be a response to hydrated electrons based on research performed by H. Liu and P. Carter [61].
This possible sensitivity allows the impact of physical enhancement, pathway A in figure 4.1, to cause
a significant increase in signal response, as the production of electrons is enhanced during physical
enhancement resulting in increased local radiolysis and hydrated electrons. This could lead to a rise
in fluorescent signal while no singlet oxygen is produced.

In order to identify the origin of the response by SOSG, variables are applied in effort to uncover the

mechanisms at play and the type of enhancement resulting in an increased fluoresecent SOSG signal.
The variables and their results are discussed in the following sections.
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Figure 4.2: Absorption spectra (solid line) and fluorescent spectra of standard SOSG (FI-An) and SOSG-EP (FI-EP) which has
reacted with singlet oxygen. The black arrows indicate the transition from SOSG towards SOSG-EP over time [53].

4.1.1. Fundamental Properties of SOSG

Some fundamental properties of SOSG that came to light over the course of the experiments. These
properties indicate the limitations of the probe and determine which results can be compared.

The first property which came to light is that each batch of SOSG has a different fluorescent inten-
sity. This inconsistency includes both the initial fluorescence before exposure to irradiation as well as
the rise in fluorescence to the same irradiation conditions. Therefore it is not possible to directly com-
pare experiments performed with different SOSG batches but possible to compare within the same
batch.

The second property is the probe’s sensitivity to ambient light. The probe itself is not sensitive to
light exposure whereas SOSG in combination with TiO, is. All experiments were performed in black
plastic vials and light exposure was kept to a minimum.

The final property is the inability to consistently measure the shift in UV-Vis absorbance from SOSG-An
towards SOSG-EP. The UV-Vis spectra of the SOSG solutions were measured to ensure the increase
in fluorescence occurred in combination with a shift in absorbance towards SOSG-EP. The expected
shifts are a drop at 258, 376, 396 and 504 nm as can be seen in figure 4.2. No shift however has
been consistently measured. The presence of TiO,, even after removal through centrifugation, has an
impact on the SOSG UV-Vis absorbance. The peak absorbance at 504 nm, which should be the most
noticeable drop, shows fluctuations as a function of dose. The samples that have not been in contact
with TiO, also show no consistent shifts in the UV-Vis absorbance. An initial drop in UV-Vis is mea-
sured after being exposed to irradiation after which the drop halters while the fluorescence continues to
increase with dose. This means no clear link between the rise in fluorescence and a decline in UV-Vis
absorbance was found.

The complete absorbance spectra in which the fluctuating UV-Vis absorbance as a result of the pres-
ence of TiO, can be seen in the appendix in figure A.1. Figure A.3 shows the the peak absorbance at
504 nm as a function of dose to clearly illustrate the fluctuations. The absorbance spectra of SOSG
that have not been in contact with TiO, NPs, in which a clear initial drop is visible after which the decline
halters is visible are also given in the appendix. The complete absorbance spectrum is given in the
figure A.2 and figure A.4 highlights the amount of absorbance at the 504 nm peak.

4.1.2. Dose Rate

The dose rate is an important variable as it is an indicator towards chemical enhancement. As men-
tioned, pathway C consists of many different chemical reactions. A discrepancy between these reac-
tions is whether they occur using products created during radiolysis. A dependence of dose rate is a
clear indicator that a chemical reaction utilising products from radiolysis occurs.
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Firstly the dose rate dependence when using the X-ray source was looked into. Samples contain-
ing TiO, NPs (0.25 g/l) received a dose of 1 Gy with a peak photon energy of 140 keV. The dose was
administered with a rate of 2, 1 and 0.5 Gy/h. The results are given in figure 4.3.
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Figure 4.3: Fluorescent intensity of a centrifuged SOSG (5 uM) and TiO, (0.5 g/l) solution irradiated with a 140 kVp X-ray
spectrum. Samples received 1 Gy with a variable dose rate, from left to right 2, 1 and 0.5 Gy/h, and a control sample which
received no radiation. Standard deviation applied based on variations between samples.

Although the increase in fluorescence is minimal no significant differences between the different dose
rates are apparent. The origin for the increased uncertainty in the case of a dose rate of 1 Gy/h is
unknown. Nonetheless the similarity of the results for a dose rate of 2 and 0.5 Gy/h, leads to the con-
clusion that no dose rate dependence is apparent when irradiating SOSG in the presence of TiO, with
a 140 kVp X-ray spectrum.

The same variables were applied to a SOSG solution without TiO, NPs present. These experiments
resulted in a small rise in intensity compared to the uncertainty, such that no conclusion could be made.
The results are given in the appendix in figure A.5. To overcome this uncertainty the received dose
was increased from 1 Gy toward 3 Gy. Limited exposure times required an increase in peak energy
resulting in a higher dose rate, allowing higher doses to be reached. The results from this repetition
were inconclusive once more and also given in the appendix in figure A.6. The filter was removed from
the X-ray tube for the final attempt. As a result the dose rate was unknown. However the dose rate
remained linear with the amperage. This allowed the dose rate to be set at full capacity, half and a
quarter capacity. The results are shown in figure 4.4
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Figure 4.4: Fluorescent intensity of the SOSG (5 uM) solution irradiated with a 185 keV peak energy X-ray spectrum. Samples
received an unknown variable dose rate, from left to right 0, 25, 50 and 100%. Standard deviation applied based on variations
between samples.

Similarly to the case with TiO, NPs present, no clear dose rate dependency is visible. The deviation
in the case of the 50% dose rate is not significant enough to deviate from the conclusion that in the
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case of low X-ray energies the amount of fluorescence is not dose rate dependent regardless of the
presence of TiO,.

The experiments were repeated for the two 6°Co sources. The difference in dose rate between these
sources varies per day as they decay. The ¢°Co 200 source is the older source which has a dose rate
of 0.728 Gy/min and the °°Co 220 source 10.08 Gy/min at the day of the experiment. The results for
both with and without TiO, NPs as well as the two ¢°Co sources are visible in figure 4.5 as a bar plot
and a linear plot.
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Figure 4.5: A bar plot and linear plot of the fluorescent intensity of a centrifuged SOSG (5 uM) solution with and without TiO,
(0.5 g/l) after being irradiated with two different 4°Co sources. The ¢°Co 200 has a dose rate of 0.728 Gy/min while the ¢°Co
220 source has a dose rate of 10.08 Gy/min. Standard deviation applied based on variations between samples.

It is clear that the effect of dose rate is minimal even at higher doses which should enhance possible
differences. It is also clear that presence of TiO, results in a much higher intensity than without TiO,
being present.

No dose rate dependence is visible for both high and low photon energy irradiation regardless of the
presence of TiO,. The amount of ROS produced at a given time during radiolysis does not appear
to play a role in the chemical enhancement of the SOSG fluorescent signal. The presence of TiO,
however does clearly impact the fluorescent intensity.

4.1.3. Photon Energy

Varying photon energies have been applied in effort to gain an understanding whether the production
of singlet oxygen is favourable towards an energy range. If TiO, is used as a dose enhancing agent, it
is important to know which photon energies result in the most enhancement. Physical enhancement,
pathway A in figure 4.1, is expected to favour lower photon energies for which TiO, has a relatively
large absorption cross section.

Two different experiments were conducted. The first being a comparison between two different X-
ray spectra with the same dose rate. The second being a comparison between an X-ray spectrum and
the ®°Co source. The experiments were performed with and without the presence of TiO, NPs.

The two X-ray spectra which are compared have a peak energy of 140 and 230 keV. The 140 keV
peak energy was used in combination with a filter which gives an average energy of 83 keV when
using a 100 keV peak energy. The average energy therefore lies somewhere between 83 keV and
140 keV. The 230 keV peak energy had a filter in place which gives an average energy of 100 keV
when applying 120 kV. The average photon energy therefore lies between 100 keV and 230 keV. The
amperage was altered in order to result in a dose rate of 2.5 Gy/h. Samples with and without TiO,
present were irradiated with a dose of 5 Gy. The results of the fluorescent intensity are given in figure
4.6.
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Figure 4.6: Maximal fluorescent emission at 530 nm of SOSG (5uM) with and without TiO, (0,25 mg/ml). Both compositions
were irradiated with a low energy, 140 kV, and a high enegy, 230 kV, X-ray spectrum. A control set was not irradiated to compare
the increase caused by irradiation. Standard deviation applied based on variations between samples.

The results show that a low X-ray spectrum results in an increased fluorescent intensity compared
to the high X-ray spectrum. It is important to note that in the case without TiO, the signal only in-
creases when applying the low energy spectrum.

Because dose rate has shown not to be an important variable, comparisons between the °Co source
and the X-ray spectra can be made on photon energy alone. The ¢°Co 220 source which emits photon
at 1.17 and 1.3 MeV had a dose rate around 10.08 Gy/min at the day of the experiment. The X-ray
spectrum had a peak energy of 185 keV with a 83 keV filter put in place. The dose rate of the X-ray
spectrum is 6.4 Gy/h. The experiment was conducted with and without the presence of TiO, NPs. The
results are given in figure 4.7.
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Figure 4.7: Maximal fluorescent emission at 530 nm of SOSG (5uM) with and without TiO, (0,25 mg/ml). Both compositions
were irradiated with a X-ray spectrum of 185 keV peak energy and 6.4 Gy/h dose and a ¢°Co source with a dose rate of 10,08
Gy/min. The samples are grouped based on received dose. A control group was not irradiated, 0 Gy. Standard deviation applied
based on variations between samples.
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Similar to the comparison between the two X-ray spectra, an increased fluorescent signal is measured
for a photon irradiation with lower energies. The increase in fluorescent signal also strongly correlates
to the presence of TiO,. The question arises whether the increased fluorescent signal is a result of an
increased energy deposition in the solution or a result of some chemical interaction by the TiO,.

The mass attenuation of TiO, exceeds that of water for energies around the X-ray spectrum. The
difference between the materials at photon energies produced by a ®°Co source are insignificant. The
values for these mass attenuations are given in figures 4.8 and 4.9.
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Figure 4.8: Mass attenuation of Titanium as a function of
photon energy. The square highlights the energy range
of the 185 keV X-ray spectrum and the oval highlights the

Figure 4.9: Mass attenuation of water as a function of pho-
ton energy. The square highlights the energy range of the
185 keV X-ray spectrum and the oval highlights the energy

energy range at 1.17 and 1.33 MeV. range at 1.17 and 1.33 MeV.

The increased mass attenuation of titanium does not translate to a significant increase in linear at-
tenuation due to the small TiO, concentration. To arrive at the linear photon attenuation, the mass
attenuation has to be multiplied with the density as can been seen in equation 4.2.

I = Iy * exp(ux) (4.1)

p= z Hipi (4.2)

The TiO, concentration or density is 0.25 mg/ml which is insignificant compared to water at 1g/ml. This
leads to the conclusion that in both cases the vast majority of the photon energy is deposited through
interactions with water. From this we must conclude that physical enhancement is not the reason for
the increase in fluorescent intensity. Lower photon energies result in a higher signal due to more energy
being deposited compared to higher photon energies.

4.1.4. Surface Effects

The proposed reaction producing singlet oxygen occurs on the surface of the NP. In an attempt to
exclude any chemical reactions, TiO, NPs with an inert layer were purchased. This inert layer would
leave physical enhancement, pathway A in figure 4.1, as the only remaining mechanism. The covered
NPs had a different crystalline composition. Instead of being P25 Degussa, 15 % anatase and 85 %
rutile, the particles were 80-90 % anatase. NPs with the same composition as the silica covered NPs
without the silica layer were also purchased and used as a reference. The goal of the experiments was
to block the interactions at the NPs surface to better understand whether the increase in fluorescence
is a result of a reaction on the surface or something else.

As a measurement of how well the inert layer blocks the singlet oxygen production of TiO,, an ex-
periment was conducted in room light. An aqueous SOSG solution will not produce an increased
fluorescent signal when exposed to room light. The increase must be the result of the interaction of
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TiO,, room light and the SOSG. The experiment was conducted with P25, the standard used through-
out, silica covered anatase and anatase TiO, NPs. The results are given in figure 4.10.
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Figure 4.10: Maximal fluorescent emission at 530 nm of SOSG (5uM) with different crystalline compositions of TiO, (0,25 mg/ml)
and a control set containing SOSG only. The compositions are P25, Anatase and SiO/TiO, which is anatase TiO, covered with
a silica layer. All compositions were exposed to ambient light. A control group was exposed in order to compare the effect.
Standard deviation applied based on variations between samples.

It is clear the silica layer, SiO/TiO, does not inhibit the rise in fluorescence of the SOSG probe. In fact
the fluorescent intensity of silica covered TiO, exceeds that of the uncovered anatase TiO,. This leads
to the conclusion that it is not possible to block surface effects using these NPs.

The silica covered and uncovered anatase TiO, NPs were also irradiated with X-rays with an peak
energy of 185 keV. The results as well as the comparison with P25 is visible in figure 4.11.
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Figure 4.11: Maximal fluorescent emission at 530 nm of SOSG (5uM) with different crystalline compositions of TiO, (0,25 mg/ml).
The compositions are P25, Anatase and SiO/TiO, which is anatase TiO, covered with a silica layer. All compositions were
irradiated with a 185 keV peak energy X-ray spectrum. A control group was exposed in order to compare the effect. Standard
deviation applied based on variations between samples.

The silica covered TiO, NPs were unable to block an increase in fluorescent intensity as is clear from
figure 4.11. This data agrees with the experiment performed in ambient light. The conclusion therefore
is that the silica covered NPs do not block the chemical reaction leading to an increased fluorescence
of SOSG upon irradiation with ambient light or ionizing photons.
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4.1.5. Oxygen Presence

The presence of free oxygen in a sample is expected to be crucial in the production of singlet oxygen.
If singlet oxygen is indeed formed as presumed, visible in figure 4.1, superoxide radicals are oxidized
to form singlet oxygen. The superoxide radicals have two origins the first being the reduction of free
molecular oxygen and the second being the oxidation of hydrogen peroxide on the surface of TiO,. Re-
moval of free oxygen in the sample should lead to a decreased superoxide and therefore a decreased
singlet oxygen production.

The presence of free oxygen also has another impact, as hydrated electrons are scavenged by free
oxygen to form superoxide radicals [62]. The reaction is given in equation 4.3. The removal of oxygen
results in an increased hydrated electron concentration. This increased concentration might result in
an increase in fluorescence as hydrated electrons are hypothesised but not proven to react with SOSG
[61]. The origin of a possible rise in fluorescence needs to be assigned towards an interaction with
caution.

0, + ez — 05 (4.3)

In order to achieve anaerobic condition, the TiO, and SOSG solutions were bubbled with two different
gasses and techniques. The first being argon bubbling and the second nitrogen bubbling. The samples
were exposed to ambient light conditions as these should lead to no fluorescent signal. This is due
to the lack of hydrogen peroxide present when exposed to ambient light leaving the oxidation of free
oxygen as the only path. The exposure to ambient light therefore is an excellent measure of successful
oxygen removal.
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Figure 4.12: Maximal fluorescent emission at 530 nm of SOSG (5uM) with TiO, (0,25 mg/ml). All samples were exposed to
ambient light for a duration of three hours. Two samples were bubbled using argon or nitrogen in order to remove oxygen and a
third set was left untreated as a control. Standard deviation applied based on variations between samples.

The nitrogen bubbled samples resulted in no increased fluorescence upon exposure to ambient light
with TiO, present as is visible in figure 4.12. The argon bubbled samples did result in an increased
fluorescent signal comparable to the untreated oxygen rich sample. This leads towards the conclusion
that the method and technique used for argon bubbling is not successful in the removal of oxygen while
the nitrogen technique is.

The removal of oxygen successfully blocks the increase in fluorescent signal when exposed to am-
bient light. The same results may be expected when using ionizing radiation. The experiment was
conducted using an 185 keV peak energy X-ray spectrum and with the ¢°Co 220 source. The results
for the X-ray exposure are shown in figure 4.13.
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Figure 4.13: Maximal fluorescent emission at 530 nm of SOSG (5uM) with and without TiO, (0,25 mg/ml). Half of the samples
for both compositions were bubbled with nitrogen to remove free oxygen from the solution. The samples were irradiated with an
X-ray spectrum with a peak value at 185 keV and a dose rate of 6,4 Gy/h. The samples are grouped based on received dose.
A control group was not irradiated, 0 Gy. Standard deviation applied based on variations between samples.

The nitrogen bubbling did not block the increase in fluorescence as was the case when exposed to
ambient light. The removal of oxygen resulted in comparable SOSG signal responses regardless of
the presence of TiO, NPs. This is unlike results previously found where the presence of TiO, was
always significant. This indicates that another process might be dominant, possibly the interaction with
hydrated electrons. Another possibility is the production of superoxide radicals by the oxidation of hy-
drogen peroxide, allowing singlet oxygen to be formed through the original path. However, this reaction
path is unlikely since it involves many steps and no effect is visible from the presence of TiO,, which is
essential for the oxidation of hydrogen peroxide.

The experiment was also performed using the high dose rate °°Co 220 source. The dose rate at
the time of the experiment was 10.28 Gy/min. The result are given in figure 4.14
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Figure 4.14: Maximal fluorescent emission at 530 nm of SOSG (5uM) with and without TiO, (0.25 mg/ml). Half of the samples
for both compositions were bubbled with nitrogen to remove free oxygen from the solution. The samples were irradiated with
a °°Co source with a dose rate of 10.28 Gy/min. The samples are grouped based on received dose. A control group was not
irradiated, 0 Gy. Standard deviation applied based on variations between samples.
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Comparable to the X-ray irradiated case, the presence of TiO, does not influence the fluorescent in-
tensity in the anaerobic case. However unlike the X-ray irradiated counterpart, the increase in the
anaerobic case is insignificant and comparable to the oxygen rich sample without TiO, present.

This difference is explained on the basis of hydrated electrons. The increase in fluorescent inten-
sity for the X-ray irradiated anaerobic samples could be the result of an interaction of the probe with
hydrated electrons. This reaction was expected to be possible but not proven by H. Liu and P. Carter
[61]. The lack of response for the ¢°Co irradiated anaerobic samples is explained due to the decreased
linear absorption of water at these y-ray energies compared to X-ray energies.

The presence of NPs could increase the amount of hydrated electrons significantly due to physical
enhancement, as per pathway C in figure 4.1. The interaction of gold NPs and irradiation have shown
a large increase in electrons around the NPs due to Auger cascades. These electrons will result in a
very high dose and radiolysis, thereby producing hydrated electrons. This effect however is very local
and close to the NPs [29]. The presence of TiO, NPs does not influence the fluorescent intensity in
anaerobic conditions implying a possible Auger cascading effect does not impact the SOSG.

The rise in fluorescence in the aerobic case is therefore not likely to be due to hydrated electrons
produced by radiolysis or an interaction with the TiO, NPs. The rise is the result of an interaction fa-
cilitated by TiO, NPs in the presence of oxygen, implying the production of singlet oxygen through the
reduction of superoxide radicals.

4.1.6. Radical Presence

The production of singlet oxygen is expected to occur with an intermediate step, a superoxide radical.
Removal of these radicals should lead to a stop in singlet oxygen production. The following experi-
ments use radical scavengers in order to remove superoxide radicals from the solution. The radical
scavengers which are used are HEPES and ascorbic acid, better known as vitamin C.

HEPES is used because it has shown radical scavenging properties in the past. It is important to
make sure HEPES itself will not produce a fluorescent signal. This was checked but no fluorescence
was measured when using an excitation wavelength of 504 nm. Three solutions containing TiO, (0.25
mg/ml) and SOSG (5uM) were prepared. Two of these also had a HEPES concentration of 1 and 10
mM, the third had no HEPES. The samples were exposed to different X-ray doses with a peak energy
of 185 keV with a dose rate of 6.4 Gy/h. The results are given in figure 4.15
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Figure 4.15: Maximal fluorescent emission at 530 nm of a SOSG (5uM) with TiO, (0.25 mg/ml), solution. Three sets with different
concentrations of HEPES (0, 1 and 10 mM) were irradiated. The samples were irradiated with a X-ray spectrum, peak energy :
185 keV, dose rate : 6.4 Gy/h. The samples are grouped based on received dose 0, 5 and 10 Gy. Standard deviation applied
based on variations between samples.
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The presence of HEPES, visible in figure 4.15, does not impact the fluorescent intensities significantly.
The intensities are similar for all HEPES concentrations used. No conclusion can be drawn about the
effectiveness of HEPES as a radical quencher or the necessity of superoxide radicals in the solution.

Ascorbic acid (AA) was also used as a radical quencher. Literature showed that a concentration of
5 mM is needed to successfully quench superoxide radicals [63]. A set of samples containing SOSG (5
uM) and a set containing SOSG (5 M) and TiO, (0.25 g/l) were prepared in an aqueous solution and
a solution containing AA (5 mM). The samples were irradiated with the high dose rate ®°Co source. A
dose of 0, 10, 20, 50 and 100 Gy were applied at a dose rate of 9.8 Gy/min. The results are given in
figure 4.16
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Figure 4.16: Maximal fluorescent emission at 530 nm of a SOSG (5uM) with TiO, (0.25 mg/ml), solution in asorbic acid (AA, 5
mM) or aqueous solution. The samples were irradiated with a 4°Co source, dose rate : 9.8 Gy/min. The samples are grouped
based on received dose 0, 10, 20, 50 and 100 Gy. Standard deviation applied based on variations between samples.

As can be seen in figure 4.16 the AA completely killed the fluorescent signal of SOSG. The pH was
measured as this might be the origin of the signal loss. The pH in the ascorbic acid samples was around
3.6 + 0.1 regardless of the dose applied.
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4.2. Mythelene Blue

Mythelene blue is used as an indicator for the ability of TiO, NPs to oxidize their surroundings. The
oxidation of MB results in a measurable UV-Vis shift. The shift in absorbance of MB was measured from
770 nm down to 200 nm in steps of 1 nm using a UV-6300PC Double Beam spectrophotometer. The
solutions of the MB were checked and possibly diluted before measuring to ensure the 0 Gy sample
set had an absorbance below 1 as this is the most accurate region [60].

The oxidation of superoxides is expected to be crucial in the production of singlet oxygen. The X-ray
source, compared to the 6°Co source, led to the highest SOSG fluorescence, which should indicate
the presence of singlet oxygen. Because the production of singlet oxygen is expected to be linked to
the oxidative abilities of TiO,, these circumstances are expected to result in the most oxidation of its
surroundings. Therefore all radiation, unless specified otherwise, was applied using the X-ray source
with a peak photon energy of 185 keV and a dose rate of 6.4 Gy/h, in attempt to achieve the most
oxidation. Different variables were applied and discussed in the following sections.

4.2.1. Ambient Light

The first experiments were performed under ambient light conditions to verify that TiO, had the desired
effect on MB. 1 ml samples were prepared containing MB (0,01 g/l) and TiO, (0.25 g/l). The samples
were exposed to ambient light for different amounts of time after which they were centrifuged to re-
move the TiO,. A control set was kept in the dark for the same amount of time in order to circumvent
possible aggregation uncertainties. The UV-Vis absorbance of the samples were measured resulting
in the following for the ambient light conditions.
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Figure 4.17: UV-Vis absorbance of a Myhelene Blue (0.01 g/l) and TiO, (0.25 g/l) solution, from 200 nm up to 770 nm. Samples
were exposed to ambient light for a duration of 10, 60 and 240 minutes.

As is clear in figure 4.17 a decrease in absorbance is measured at the expected peaks. However
the time needed for a significant amount of degradation to occur is relatively long, 2 hours. For the
dark conditions the following UV-Vis spectrum was measured.

As can be seen in figure 4.18 a slight increase after 10 minutes is measured. This results further
complicates comparisons between samples exposed less than 1 hour. When comparing the results
after 10 minutes the absorbance of the light exposed samples increased at 655 nm which is not in
agreement with the literature which show a small decrease [64]. After an exposure of 60 minutes a
drop in MB absorbance is measurable but this drop is in the order of a few percent.
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Figure 4.18: UV-Vis absorbance of a Myhelene Blue (0.01 g/l) and TiO, (0.25 g/l) solution, from 200 nm up to 770 nm. Control
set to the ambient light exposed samples. The samples were kept in the dark for a duration of 10, 60 and 240 minutes in order
to mimic possible aggregation in the ambient light exposed samples.

4.2.2. Radical Quencher

The first question, when using irradiation, is whether the measured degradation is the result of formed
radicals or the electron holes produced in TiO,. This is important as the presence of electrons holes
as a result of being exposed to radiation enforces the proposed singlet oxygen production path. The
radical quencher HEPES was added to half the samples containing MB and TiO, and irradiated. The
difference in degradation should be due to the lack of radicals, leaving the electron hole pairs as the
only cause. The samples were exposed to 0, 5 and 10 Gy. The results for the set without the radical
quencher are given in figure 4.19 and the set with HEPES are given in figure 4.20.
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Figure 4.19: UV-Vis absorbance of a Myhelene Blue (0.01 g/l) and TiO, (0.25 g/l) solution, from 200 nm up to 770 nm. Samples
were irradiated with an X-ray spectrum, 185 keV peak energy and a dose rate of 6.8 Gy/h, up to 5 and 10 Gy.

It is clear from figure 4.19 that irradiating MB in the presence of TiO, with X-rays resulted in almost no
difference in absorbance spectra. This can be the result of a very limited sensitivity of the MB at the
doses used or that TiO, in combination with radiation is not capable of degrading MB.
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Figure 4.20: UV-Vis absorbance of a Myhelene Blue (0.01 g/l), TiO, (0.25 g/l) and radical quencher HEPES (10 mM) solution,
from 200 nm up to 770 nm. Samples were irradiated with an X-ray spectrum, 185 keV peak energy and a dose rate of 6.8 Gy/h,
up to 5 and 10 Gy.

When looking at the case with HEPES present in figure 4.20 bigger differences are visible. The 5
Gy irradiated set increased in absorbance at the 633 nm peak while the 10 Gy decreased compared
to the non irradiated set. Looking at the rest of the spectrum a decrease in absorbance at 300 nm
is visible with increasing dose. The general elevation of the spectrum however is decreased in the
irradiated cases which does correspond to the degradation of MB, possibly leading to shifts at other
regions of the spectrum.

No conclusions on the effect of the presence of radicals when degrading MB with a combination TiO,
and irradiation can be drawn.

4.2.3. Anaerobic Conditions

Another method to remove ROS from the solution in order to verify the origin of the degradation of MB
is to remove the oxygen. Removing the oxygen from the solution inhibits the production of ROS which
rely on the presence of free oxygen. The solutions containing MB and TiO, were bubbled with nitrogen
to remove the oxygen.

The UV-Vis absorbance after bubbling was measured in order to verify no strange effects occurred.
The process of removing oxygen resulted in a decrease in MB concentration as is visible in figure 4.21.
This is the result of MB loss through the gas outlet in the set-up. Over time some blue liquid concen-
trated at the gas outlet indicating a clear loss of concentration in the solution.

Although some concentration may be lost during the nitrogen bubbling process, no further obstacles
emerged. The bubbled MB and TiO, solution were irradiated with the X-ray source up to 10 Gy. The
results are given below in figure 4.22 and can be compared to the non bubbled results given in figure
4.19.

The initial intensities are lower than the non bubbled cases showcasing the loss of MB during the
bubbling process. The influence of the radiation is however very unexpected. In contrast to an ex-
pected decline in absorbance as a result of the oxidation of MB, an increase is measured. This could
imply that in stead of oxidizing, some LMB (oxidized MB) is reduced back into MB. However this could
also be the result of residual TiO, left in the sample.

No conclusion on the influence of removing oxygen can be made.
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Figure 4.21: V-Vis absorbance of a nitrogen bubbled and non-bubbled Myhelene Blue (0.01 g/l) and TiO, (0.25 g/I) solution,
from 200 nm up to 770 nm.
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Figure 4.22: UV-Vis absorbance of a nitrogen bubbled Myhelene Blue (0.01 g/l) and TiO, (0.25 g/l) solution, from 200 nm up to
770 nm. Samples were irradiated with an X-ray spectrum, 185 keV peak energy and a dose rate of 6.8 Gy/h, up to 5 and 10 Gy.

4.2.4. Surface Effects

The possibility for the spontaneous decomposition of MB as the result of trapped holes on the titanium
surface has been shown to be possible. This is the result of the decomposition of hydrogen peroxide
into hydroxyl radicals. The trapped holes could substitute the role of the electron hole pairs in the pro-
duction of singlet oxygen. Hydrogen peroxide is formed during radiolysis. Therefore it is of interest to
investigate whether such trapped holes can be measured when adding hydrogen peroxide in concen-
trations comparable to the amount produced during radiolysis.

The amount of produced hydrogen peroxide is approximately 2.5 and 5 uM when exposed to 5 and 10

Gy with the X-ray source. The samples were kept in the dark as to see whether spontaneous decom-
position occurred. The results are given in figure 4.23

As is clear from figure 4.23, no decrease in absorbance is measured when hydrogen peroxide is added.

The amounts of H,O, produced is not enough to start the spontaneous decomposition of MB. This how-
ever does not exclude a small shift in the energy band gap.



34

4. Results & Discussion

Ti(')2 +MB + HZ(')2 UV-Vis Absorptian

0.9
0 iMH,0,
081 25,MH,0,
07 5 iMH,0,
0.6
3
S 0.5 /
] J/
S 04 4
2
2 0.3
2 0 -
2 v \
0.2 \
N /
0.1 N\ —/
ol
01 . . . . . .
200 300 400 500 600 700 800
Wavelength (nm)

Figure 4.23: UV-Vis absorbance of Myhelene Blue (0.01 g/l) and TiO, (0.25 g/l) solution, from 200 nm up to 770 nm. Different

amounts of hydrogen peroxide, H,O,, are added to the solutions, 2.5 and 5 uM. The samples were kept in dark conditions as
the degradation should be the result of spontaneous degradation.

4.2.5. Cobalt 60

In order to achieve higher doses the samples must be irradiated with the °Co source due to its dose
rate. The ¢°Co 220 source was used to reach a maximum dose of 100 Gy. The ¢°Co 220 source had a

dose rate of 10 Gy/min during the experiment. The pure MB samples are given in figure 4.24 and the
MB samples with TiO, are given in figure 4.25.
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Figure 4.24: UV-Vis absorbance of a Myhelene Blue (0.01 g/l) solution, from 200 nm up to 770 nm. Samples were irradiated
with a ¢°Co source, 10 Gy/min, up to 5, 10, 20,50 and a 100 Gy.

The degradation of MB clearly increases with higher doses regardless of the presence of TiO,. The
amount of degradation at doses below 10 Gy are not very distinctive and comparable to the X-ray

irradiated samples.
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Figure 4.25: UV-Vis absorbance of a Myhelene Blue (0.01 g/l) and TiO, (0.25 g/l) solution, from 200 nm up to 770 nm. Samples
were irradiated with a ®°Co source, 10 Gy/min, up to 5, 10, 20 ,50 and a 100 Gy.

It however difficult to directly compare the cases with TiO, present and without. Figure 4.26 gives
the degradation of MB as a percentage of the original absorbance at 663 nm which is the peak value.
The degradation is a function of dose.
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Figure 4.26: The percentile degradation of MB (0.01 g/l) as a function of dose. The absorbance is compared at 663 nm. The
original absorbance at 0 Gy is set as 100 %, after which a percentile degradation is shown. The blue dotted line is in the presence
of TiO, (0.25 g/l) and the red solid line is pure MB. Standard deviation applied based on variations between samples.

As is clear in figure 4.26 the degradation does not depend on the presence of TiO, and increases
with received dose. The degradation of MB is most probably the result of radicals produced during
radiolysis.






Conclusion & Recommendations

5.1. Conclusion

The fluorescent probe SOSG has consistently shown a significant rise in fluorescent intensity when
irradiated in the presence of oxygen and TiO, NPs. The rise in fluorescence appears to be linked to
the presence of singlet oxygen but this could not be concluded.

The necessity for aerobic conditions when TiO, is exposed to ambient light to result in a fluorescent
SOSG signal leads to the conclusion that TiO, produces ROS. The ROS which are directly affected
by the presence of oxygen are superoxide radicals and singlet oxygen. The manufacturer of SOSG
claims low reactivity for the superoxide radicals, leaving singlet oxygen as the only possibility.

Replicating this experiment with ionizing photon irradiation shows different results depending on the
photon energy used. This is explained as a result of the amount of energy deposited into the sys-
tem due to different linear absorption coefficients for different photon energies. An additional product
formed during radiolysis compared to photocatalysis are hydrated electrons, e,,, which appear to react
with SOSG resulting in a high fluorescent signal. The rise in fluorescence of SOSG due to hydrated
electrons does not depend on the presence of TiO, but on the presence of free oxygen, as these nor-
mally absorb the hydrated electrons creating superoxide radicals. Because the presence of TiO, NPs
does not influence the results in anaerobic conditions, no production of hydrated electrons by the in-
teractions of ionizing radiation with the NPs are expected for both anaerobic and aerobic conditions.
Leaving the increase in fluorescence in aerobic conditions with TiO, NPs present, to singlet oxygen or
an unknown interaction.

The mechanisms behind the production of singlet oxygen could not be uncovered. Experiments on
possible surface effects, using particles covered with an inert layer, and free radical dependence, us-
ing radical scavengers such as HEPES or ascorbic acid, did not result in additional knowledge on the
mechanisms. It is however clear that the fluorescent intensity of the probe does not depend on dose
rate and does favor lower photon energies.

Mythelene Blue degradation experiments were performed to verify whether irradiation is capable of
forming electron hole pair in TiO,. The degradation of MB is not in the same order of sensitivity as
SOSG, meaning much higher doses are needed in order to achieve significant results. The presence
of TiO, in a 0.25 (g/l) concentration does not enhance the degradation of MB, leading to the conclusion
that no significant amount degradation is caused by the photocatalytic activity of this TiO, concentra-
tion.
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5.2. Recommendations

After my experiments it remains unclear whether the rise in fluorescent signal is due to singlet oxygen.
Singlet oxygen appears to be the logical origin for the rise in fluorescent signal but this could not be
verified. A mass spectrum measurement is capable of verifying this. The absorption of singlet oxygen
results in an additional mass of 32 u. This difference is measurable and could only be attributed to-
wards singlet oxygen absorption. This method was attempted in this thesis, but due to unknown errors
a very strange mass spectrum emerged leaving the data useless. Very high mass were measured,
which were not present in the sample.

As to uncovering the origin of the possible singlet oxygen production, there are other ways of de-
termining whether electron hole formations occur under irradiation which might be more sensitive such
as electrical current measurements [43]. The surface effects should also be successfully blocked in
order to gain a better understanding whether the reaction takes place here. This is possible by covering
the TiO, NPs yourself with a silica layer or searching another supplier.



Appendix

UV-Vis Absorbance Tio2 + SOSG irradiated with Cobalt 60 (0.728 Gy/min)
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Figure A.1: UV-Vis absorbance of SOSG irradiated with a Cobalt 60 source in the presence of TiO, NPs.
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Figure A.2: UV-Vis absorbance of SOSG irradiated with a Cobalt 60 source in the presence of TiO, NPs.
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Figure A.3: UV-Vis absorbance of SOSG (5 uM) at 504 nm as a function of dose received from a Cobalt 60 source. The SOSG
solution was in contact with TiO, NPs during irradiation which were removed before the UV-Vis measurement.
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Figure A.4: UV-Vis absorbance of SOSG (5 uM) at 504 nm as a function of dose received from a Cobalt 60 source.
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Figure A.5: Fluorescent intensity of a centrifuged SOSG (5 uM molar) irradiated with a 140 keV peak energy X-ray spectrum.
Samples received 1 Gy with a variable dose rate, from left to right 2, 1 and 0.5 Gy/h, and a control sample which received no
radiation. Standard deviation applied based on variations between samples.
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Figure A.6: Fluorescent intensity of a centrifuged SOSG (5 uM molar) irradiated with a 185 keV peak energy X-ray spectrum.
Samples received 3 Gy with a variable dose rate, from left to right 6, 3 and 1.5 Gy/h, and a control sample which received no
radiation. Standard deviation applied based on variations between samples.
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