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Abstract

Cancer is often treated by radiation therapy. There are three types of radiation therapy:
external beam therapy, brachytherapy and radionuclide therapy. A downside to radiation
therapy is its damaging effect on healthy tissue. A different type of treatment is photody-
namic therapy. In PDT photo-active substances are being used to generate reactive oxygen
species under irradiation. These ROS are a group of radicals which can cause damage to
the DNA and in some cases cause necrotic or apoptotic cell death. By combining radio-
therapy and PDT, the effectiveness of the treatment can be enhanced.

Among different ROS, singlet oxygen is the most effective in causing DNA damage. As
the nanoparticle titaniumdioxide and the photo-active molecule chlorin e6 can generate
ROS under ionizing radiation, it is very attractive to look further into how much singlet
oxygen they can generate. This report will focus on the singlet oxygen generating abilities
of the photo-active substances TiO2 and Ce6 under the irradiation of lutetium-177 and
iodine-125. The relative amounts of generated singlet oxygen are measured using a probe
called Singlet Oxygen Sensor Green and fluorescence spectroscopy.

The experiments using 177Lu, did not show a lot of promise as a decrease in fluorescence
intensity was seen in the radioactive samples. It is possible that 177Lu precipitates despite
of its chelation with DTPA and the beta-minus particles might have destroyed the SOSG
probe. When comparing the Ce6 samples with the TiO2 samples, the TiO2 samples show
much higher intensities. A possible explanation for this result might be the fact that 177Lu
destroys both the SOSG and Ce6, whereas TiO2 is not an organic molecules and it thus
not destroyed by 177Lu. The intensities of the Ce6 samples was higher than the control
group. This suggests there is some positive influence of Ce6 on the generation of singlet
oxygen under irradiation of 177Lu.

The experiments using 125I showed promise as the control samples and Ce6 samples showed
an increased intensity in the presence of 125I. This suggest that under irradiation of 125I
more singlet oxygen is generated than without. The TiO2 samples show inconclusive
results and thus no trend can be seen between the exposed and non-exposed samples. This
is possible due to some TiO2 particles being present in the eluate.
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Nomenclature

Abbreviations

Abbreviation Definition
Ce6 Chlorin e6
PDT Photo dynamic treatment
ROS Reactive oxygen species
TiO2 Titanium dioxide
PS Photosensitizer
EM Electromagnetic

177Lu Lutetium-177
125I Iodine-125
NP Nanoparticle

Table 1: Nomenclature
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CHAPTER 1. INTRODUCTION

Introduction

The chance of getting cancer has been increasing in the past three decades. We have now
reached the point where almost half the Dutch population, will receive a cancer diagnosis
at some point in their life [1].

This shows that more research into improving and finding new ways of treating cancer is
imperative. Various currently used treatments are chemotherapy, surgery, radiation ther-
apy, hormone therapy, immunotherapy [2]. In cancer treatment, it is very often chosen to
combine certain treatments, to gain better and faster results. A good example is the com-
bination of radiation therapy and chemotherapy. Radiation therapy can be performed by
using an external or internal source. In external radiation therapy, a high-energy radiation
is delivered precisely to the tumour by beams from outside the body. Internal radiation
therapy can be brachytherapy or radionuclide therapy. In brachytherapy a radioactive
source is placed inside the patient’s body right into the tumour [3]. Often used radioactive
sources for this treatment are iridium-192, palladium-103 and iodine-125 [4]. In radionu-
clide therapy, radioactive substances are administrated to the patient. In these substances
a radioisotope is connected to a targeting molecule, which can connect to a specific target
protein on the cancer cell. This way tumours can be treated very precisely [5]. Radionu-
clides like holmium-166, lutetium-177 and rhenium-186 are beta-emitters often used in this
treatment [6].

In the past few years, more research is being done on a different type of treatment: pho-
todynamic therapy (PDT) [7]. PDT is already being widely explored for medical imaging
and clinical research, and has shown to be an attractive treatment for cancer as well. An
advantage of this therapy is that it is an noninvasive medical technique but a disadvantage
is the fact that the photo-active substances used in this treatment are harmful to healthy
tissue.
In order to perform PDT, a light source having a wavelength that corresponds to the
excitation wavelength of the photo-active material is used. This source is used to excite
the photo-active substance that is placed inside the body. When the excited photo-active
substances come into contact with water and oxygen molecules, cytotoxic reactive oxygen
species (ROS), like singlet oxygen are generated. PDT can cause cancer cell death via
various cellular mechanisms such as apoptosis, necrosis and provoking immune responses.
PDT is considered a good treatment for cancer, since it is considered very effective. PDT
does have one major drawback: the weak penetration of the light in the tissue. This limited
light penetration is the result of scattering and attenuation of the light after it comes into
contact with the tissue. This would mean that the therapy can only be used for superficial
or endoscopically accessible tumours [8].

By combining PDT and brachytherapy it might be possible to improve the effectiveness
of the treatment when compared to the individual treatments. Previous research in the
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CHAPTER 1. INTRODUCTION

Applied Radiation and Isotopes group from TU Delft has shown that ionizing radiation
can excite photo-active substances. In this thesis, it will be investigated if the photo-
active substances chlorin e6 (Ce6) and titaniumdioxide (TiO2) could be excited by two
different types of radiation: low energy gammas (125I) and beta-minus particles (177Lu).
A probe called Singlet Oxygen Sensor Green (SOSG) is used for fluorescence spectroscopy,
to measure the relative amount of generated singlet oxygen. This probe emits fluorescence
when singlet oxygen is present.
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CHAPTER 2. THEORY

Theory

2.1 Electromagnetic Radiation

Electromagnetic radiation (EM radiation) can be ionizing radiation or non-ionizing radi-
ation. The difference lies in the energy of the radiation. Ionizing radiation is capable of
removing electrons from materials or breaking bonds within molecules, nonionizing radia-
tion cannot do this as its energy is too low [9]. The difference in energy between the types
of radiation is explained by the electromagnetic spectrum. The nonionizing radiation is in
the lower side UV-band that corresponds with lower energies, whilst the ionizing radiation
is at higher energies in the higher part of the UV-band. Ionizing radiation comes in many
forms: X-rays, alpha particles, beta-particles, gamma-rays and positrons. Some examples
of nonionizing radiation are: radio waves, UV radiation from the sun,infrared light and
radiation in heat lamps [10]. As 177Lu and 125I will be used as radioactive sources in this
research, only the decays and emissions that are occur with these isotopes will be discussed.

2.1.1 Radioactivity

The characteristics of an element are defined by the amount of protons in the nucleus of the
atom. The number of protons makes up the mass of the atom together with the neutrons.
The nucleus of an atom consists of positively charged protons and neutrally charged neu-
trons. The nucleus is surrounded by a cloud of electrons, which are by definition negatively
charged. As positive and negative charges attract each other, the neutrons job is to keep
the protons together and away from the electrons [11].

Nuclides are a certain type of atom characterized by the mass of the nucleus. Nuclides
where the nucleus has the same number of protons, but a different number of neutrons, are
called isotopes. Nuclides have a different mass from the mass of the basic element. A lot of
isotopes are stable, which means they do not emit radiation or undergo radioactive decay.
An isotope is said to be stable when the nucleus is stable, i.e. the neutrons and protons are
in balance with one another. In the case of an unstable atom, the atom will decrease its
mass to regain stability, emitting radiation in the process. This is called radioactive decay
and the emitted radiation can be an EM wave or particle radiation. After this decay, the
parent nuclide is transformed into an atom with different mass and/or amount of electrons
called the daughter nuclide [12].

As radioactive decay can cause the emission of EM waves or particle radiation, some
examples of particle radiation are alpha decay and beta decay. Alpha particles are quite
heavy and consist of 2 protons and 2 neutrons, identical to a helium-4 atom, beta particles
can be negatively or positively charged [12]. Examples of EM radiation are the emission of
gamma rays and neutrinos, both of which have no mass. The half-life of a nuclide portrays
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2.1. ELECTROMAGNETIC RADIATION CHAPTER 2. THEORY

the rate at which the nuclide decays and is nuclide specific. The nuclide decay always
follows the same emission scheme, based on the type of decay [10].

Decay and conversion

Beta-minus decay

When a nuclide has an excess of neutrons, the nucleus will emit an electron from the
unstable nucleus, generating beta-minus radiation. Before the emission of the beta-minus
particle, it first has to be created, as there are no negatively charged electrons in the
nucleus. A beta-minus particle is created when a neutron transforms into an anti-neutrino,
beta-minus particle and proton [13]. After the nuclear transformation to a beta-minus
particle, which can be seen in Figure 2.1, the beta-minus decay will take place.

Figure 2.1: Neutron nuclear transformation [13]

The beta-minus particles have a continuous spectrum, where alpha particles do not. This
is because of the presence of the anti-neutrino in beta-minus decay, which can be seen in
Figure 2.2. The anti-neutrino hardly has any mass and has no charge. The maximum value
in the spectrum, the endpoint energy, is specific to a nuclide [13]. Beta-minus particles
have a greater range than alpha particles but can still be shielded by thin layers of Perspex,
water or glass [14]. The beta-minus decay process goes as follows:

Figure 2.2: Beta-minus decay [13]

Gamma emission

The emission of gamma rays is on itself not a decay process, but rather a decay that
accompanies beta or alpha decay. When alpha or beta decay results in an excited state, a
gamma photon is emitted to return the particle to the ground state. Gamma rays do not
have well-defined ranges like alpha or beta particles, but rather loose a part of their energy
per unit distance though matter.
This characteristic makes gamma rays highly penetrable and therefore considerably harmful
to organic matter. Heavy shielding is needed for a safe working environment when handling
gamma sources. The return of the atom from the excited state to the ground state is usually
smaller than 1 nanosecond, but when this is not the case, the excited nucleus is said to be
in meta stable or isomeric state, denoted by m [13]. This slower decay process is called
isomeric transition and can be seen in Figure 2.3.
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CHAPTER 2. THEORY 2.1. ELECTROMAGNETIC RADIATION

Figure 2.3: Gamma decay and isomeric transition [13]

Internal conversion
The de-excitation within the nucleus does not always lead to the emission of a gamma-ray.
An alternative form is internal conversion, this mode competes with gamma emission. In
this process the nucleus is left in an excited state after alfa or beta decay. The excited
nucleus emits a gamma ray, which interacts with an atomic electron of the atom and
disappears as it transfers its energy to the atomic electron. This excited electron is ejected
from its electron shell and the vacancy that it leaves behind is filled by a higher energy
electron. Which will emit a X-ray when it jumps to the lower energy shell as its original
energy is too high to fill the vacancy [15]. As this electron leaves a vacancy behind, a
cascade of electrons will be seen. This cascade can be perceived as either characteristic
X-rays or so-called Auger electrons. These two processes are in competition based on the
electron configuration of the atom, the atomic number and the electron shells involved. As
Auger electrons have a range of only some micrometers to nanometers, the electrons with
a relatively low energy are capable of having a much higher linear energy transfer [16].

Radiation sources

In this research, lutetium-177 and iodine-125 were used as radiation source, both are de-
scribed below.

Lutetium-177
Lutetium-177 is an unstable radioactive isotope of Lutetium. Lutetium is part of the lan-
thanides, the rare-earth metals. Out of the lantanide series, Lutetium is the last of the
series [17]. Lutetium has three oxidation states: 3,2,1. Out of these oxidation states,
+3 is the most occurring [18]. Lutetium has 35 isotopes, but for this research only the
Lutetium-177 (177Lu) isotope will be used and discussed. The 177Lu isotope is not nat-
urally available on earth, it therefore has to be obtained via radioactive decay of another
isotope. 177Lu isotope can be formed via neutron capture of Lu-176 or via beta-minus
decay of Ytterbium-177 (Yb-177). The half life of 177Lu is 6.6 days and the isotope will
then decay via beta-minus decay to Hafnium-177 (Hf-177). A gamma ray will be emitted
during this process with 208 keV or 113 keV [19]. The maximum energy of the decay is
0.497 MeV [17].

Iodine-125
Iodine (I) can be described as a nonmetallic element of the halogen family and has crys-
talline features. It is the most stable element of the halogens [20]. Currently there are 37
isotopes known of iodine, out of these isotopes 123I, 124I, 125I and 131I are being used
in radiation therapy and medicine imaging and 125I is used in this research [21]. The
advantage of using 125I in nuclear medicine is the relatively long half-life of 59.7 days,
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I-131 for instance, has a half life of only 8 days. Another advantage is the fact that it can
occur in nature but can also be manufactured [22]. 125I can be produced from Xenon-124
through various steps of neutron activation. The 125I isotope will decay to an excited state
of Tellurium-125 (*Te-125) via electron capture [23]. This excited state will decay imme-
diately by the emission of soft gamma radiation or characteristic x-rays with a maximum
energy of 35 keV or Auger electrons are produced [24].

2.1.2 Photon interaction with matter

As photons interact with matter, various effects can occur. These effects are shown in
Figure 2.4. The two most important effects are the photoelectric effect and Compton scat-
tering. In the case of Compton scattering, a particle or photon will divert from its original
path as it comes into contact with matter. Scattering can either be elastic or inelastic: the
interaction with matter is elastic if the kinetic energy remains unchanged after a collision.
If the kinetic energy of the photon does change upon collision with matter, it said to be a
inelastic interaction. After elastic collision, the photon will continue on a new path. In this
new path the photon will cause further ionizations in the matter [25]. Because of this new
path, the Compton scattering creates a secondary radiation source within the irradiated
material. Both the energy of the photon before interaction with matter and the angle of
the scattering, determine the energy of the scattered photon. The probability of Compton
effect is directly proportional to the absorber’s electron density [26].

In the case of photoelectric effect, all incident photon energy is transferred to an elec-
tron, which is then ejected from its orbital. For this effect to take place, energy of the
photon must be greater or equal to the ejected electron’s binding energy. The atom is
ionized after the electron ejection and will be left with a shell electron vacancy in one of
its orbitals [26]. As this vacancy cannot stay like this, an electron with a lower binding
energy from a lower orbital will fill the vacancy, leaving a new vacancy behind. This new
vacancy will then again be filled by an electron with a lower binding energy than the one
before. This process results in the emission of so-called Auger electrons or of characteris-
tic x-rays. The photoelectric effect can only occur with high atomic number absorbers [25].

Another important effect of photon interaction with matter is pair production. In this
case there is an interaction between the electric field of the nucleus and a photon with an
energy higher than 1.02 MeV and in materials with a low atomic number. The photon
will disappear after interaction and leave behind an electron and positron. As the positron
slows down, it will interact with an electron in the medium and cause annihilation [27]. As
a result of annihilation, two annihilation photons are emitted in opposite directions [26].
The photon interactions described before can be seen in Figure 2.5. As 125I emits gamma
radiation with around 35 keV, the dominant interaction is the photoelectric effect.
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Figure 2.4: Three major interaction of photons [28]

Figure 2.5: Interaction of photons; curtain graph [29]
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2.1.3 Beta-minus particle interaction with matter

As beta-minus particles come into contact with matter, various interactions can occur:
elastic and inelastic collisions with nuclei, bremsstrahlung or Cerenkov radiation, as can
be seen in Figure 2.6.
In the case of elastic interactions, the beta-minus particle will collide with a nucleus and
both will change their trajectory after collision. The beta particle will resume its path in
a zig-zag pattern though the absorber. The elastic interaction can be electronic, which
means that the beta-minus particle collides with an atomic electron and it then scattered,
or a nuclear interaction when the beta-minus particle collides with the nucleus of the atom
and is then scattered.
Inelastic electronic interaction between the beta-minus particle and an electron in the elec-
tron cloud of the atom can result in ionization or excitation. In ionization the incoming
beta-minus particle collides with an atomic electron, upon interaction the atomic electron
is emitted as it is kicked out of its shell. The resulting atom is now electrically charged. In
excitation the beta-minus particle collides with an atomic electron and excites the electron
to an electron shell with higher energy [30].
Cerenkov radiation is emitted when charged particles like beta-plus and beta-minus parti-
cles move faster than light in the dielectric medium (water in the case of nuclear reactors).
The water and oxygen molecules that are in the vicinity of the charged particles, are then
excited and emit photons upon relaxation [31].
Even though most interactions between nuclei and electrons are elastic, the electrons can
undergo inelastic interactions as well. An example of inelastic nuclear scattering occurs
when the negatively charged electron’s path is diverted to a new path by the positively
charged nucleus of the atom, as the electron is attracted by the nucleus. As the electron
loses kinetic energy because of this path deflection, this loss in energy is emitted as EM
radiation, i.e. x-rays. The name of this radiation is called bremsstrahlung, which means
to ”braking radiation”[25]. Although the process of annihilation is shown in Figure 2.6,
this interaction can only take place in the presence of beta-plus particles, not beta-minus
particles [30].

8
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Figure 2.6: Interactions of beta-minus particle with atom [30]

Energy transfer and attenuation

The average amount of energy transferred into the absorber per unit path length, is de-
scribed by the linear energy transfer, LET for short. The LET is inversely proportional
to the kinetic energy (Ek) of the charged particle and proportional to the square of the
charge (

√
Q) of the particle ( LET ∝

√
Q/Ek) [25]. The LET of a type of radiation shows

the impact the radiation can make on a material, which is also known as the local energy
deposition density. For instance, high LET radiation, such as protons and alpha particles,
transfer their energy over a much smaller range and are in that small range very damaging
to, for instance, tissue. The range for low LET radiation can be a lot bigger than for high
LET, whilst the damage is more limited [32]. Examples of low LET radiation are gamma
rays, x-rays and particle radiation like beta-minus and beta-plus. But for beta particle
radiation to be considered low LET, the energy of the radiation has to be low as well. An
effect of these high and low LETs in radiotherapy is the fact that in low LETs the energy
deposition density might be too low and therefore lead to less effective treatment. The
result of using high LETs for radiotherapy can be also harming healthy tissue due to a
too large energy deposition energy. Finding the right LET for radiotherapy is therefore
crucial. An application of low LET is for instance medical imaging where low LET x-rays
or gamma’s are often used [25]. As Auger electrons have a range of only some micrometers
to nanometers, the electrons with a relatively low energy are capable of having a much
higher linear energy transfer. When compared to alpha or beta particles, the Auger elec-
trons’ range is significantly shorter in material, this makes them very suitable for targeted
radiation therapy [16].

The energy deposition of gamma and x-rays is greatly influenced by attenuation. As a
photon beam passes through matter, the intensity of the beam is reduced by attenuation:
photons are removed from the photon beam by the matter it passes through. It is the result
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2.2. CANCER AND RADIOTHERAPY CHAPTER 2. THEORY

of absorption and scattering of primary photons from the beam. The degree of attenuation
is determined by factors like the absorber’s atomic number and the energy of the photon
beam [33]. Attenuation follows the so-called curtain graph, explained in the paragraph
before and seen in Figure 2.4. Attenuation is dominated by the photoelectric effect at
photon energies lower than 26 keV. As the photoelectric effect is greatly dependant on the
atomic number (Z) of the absorber material and the photon energy of the beam, Compton
scattering is frequently seen at higher photon energies with low Z absorbers [25].

The attenuation can be described by both the linear attenuation coefficient and the mass
attenuation coefficient. While the linear attenuation coefficient is dependant on the density
of the material, the mass attenuation coefficient is not. The probability of interaction
between gamma and x-rays and a material of a certain thickness, is proportional to the
number of atoms in the volume [25]. The resulting intensity of a beam after attenuation
can be described by the Lambert-Beer law, Figure 2.7. In this law I0 is the unattenuated
beam intensity and I is the attenuated beam intensity. The linear attenuation coefficient
is described by µ (1/cm), t (cm) describes the linear thickness of the absorber and µm =
µ/ρ (cm2/g) is the mass attenuation coefficient. The density thickness, is described by td
in g/cm2 [34].

Figure 2.7: Lambert-Beer law for attenuation [34]

2.2 Cancer and Radiotherapy

2.2.1 Progression of cancer in the body

Cancer is a word used for the uncontrolled growth of different types of unhealthy, abnormal
cells in the body’s tissues. Cancer has various effects, such as loss of organ function and the
growth of malignant tumours. The degree of spread (metastasize) of cancer cells to other
organs, the bloodstream or lymph system, is dependant on the severity of the decease
and the type of cancer [35]. Cancer finds its origin in DNA damage. When there is a
change in the basic structure of DNA, like a disruption to a base of DNA, a chemical
addition, or a break in one or both chains of DNA strands, one can say there is DNA
damage. Problems start to arise when this damaged DNA is then replicated, which will
cause mutations in the DNA after more replications. The definition of a DNA mutation is
the change in the sequence of the DNA in which a normal base pair is deleted, substituted,
added or rearranged. As a result of this mutation, a gene can for instance no longer
carry out its function or a gene can be translated into an abnormally functioning protein.
Other consequences of DNA mutations can be genomic instability in replicating cells, the
activation of oncogenes or the inactivation of tumor suppressor genes. Together all these
consequences can lead to cancer. It usually arises when group of mutations confers a
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selective advantage which then leads to clonal expansion [36]. ”Clonal expansion is the
reproduction or multiplication by the division of cells of a population of identical cells,
which all originate from the same single precursor” says L. Moreland in Rheumatology and
immunology therapy [37].

2.2.2 Radiotherapy

In radiotherapy, high-energy X-rays or other types of radiation are used to destroy cancer
cells. Radiation therapy consists of a series of treatments given over a set period of time.
This type of treatment can be used to treat various types of cancer. It can also be used
not mutually exclusive but rather combined with a different type of cancer treatment,
such as chemotherapy or surgery. An advantage of radiotherapy is the fact that it can
treat cancer locally, this way the amount of healthy tissue damaged can be minimized
[7]. Recent changes have been made in the application of external radiotherapy. The
radiation dose is increased per treatment and the frequency of treatments is decreased. This
results in a higher effectiveness per treatment and the patient has to come to hospital less.
Radiotherapy can be performed using various techniques. A choice can for instance be made
between using an external or an internal radiation source. In external radiation therapy,
radiation will be emitted by a linear accelerator outside the body. There are two types
of internal radiation therapy: brachytherapy and radionuclide therapy. In brachytherapy
a radioactive source is placed inside the patient’s body right into the tumour [3]. Often
used radioactive sources for this treatment are iridium-192, palladium-103 and iodine-125
[4]. In radionuclide therapy, radioactive substances are administrated to the patient. In
these substances a radioisotope is connected to a targeting molecule, which can connect to
a specific target protein on the cancer cell [5].

2.2.3 Radiolysis of water

Radiation therapy mainly relies on the production of reactive oxygen species (ROS), which
are generated when water or molecular oxygen (in the tissue) is irradiated [38]. The pro-
cess of radiolysis of water can be split up into three different stages, as can be seen in
Figure 2.8. All these stages have their own time time frames. The first stage of radiolysis
is the physical stage, which is the fastest stage at around 1 femtosecond (10−15 second).
It takes place right after the initial interaction between the ionizing radiation and water.
During this stage, there is a energy deposition, which is followed by a high speed relaxation
process. After the relaxation process, the excited water molecules, subexcitation-electrons
and ionized water molecules are formed.
During the second stage, the physico-chemical stage, various processes take place like hole
diffusion, dissociative relaxation, ion-molecule reactions and thermalization of subexcita-
tion electrons. This stage is a bit slower than the physical stage.

In the last stage, the chemical stage, the species react with one another and with surround-
ing molecules. In this stage all the final ROS are formed in just 10−6 second [39].
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Figure 2.8: Stages of radiolysis of water [39]

2.2.4 Effect of radiotherapy on DNA

In radiotherapy, the target tissue can be treated by causing direct or indirect DNA damage,
which can be seen in Figure 2.9. In the case of indirect DNA damage, the radiation beam
causes the generation of ROS in the tissue, that will in their turn oxidize lipids and proteins
[40]. When looking at DNA damage, the repair system of the cell is first activated, which
will stop the cell cycle at certain checkpoints to prevent cycle continuation and to repair
the DNA damage. If the DNA repair system of the tumour cell works efficiently enough,
the tumour cells will continue to replicate and survive, resulting in radiation resistance.
If the repair mechanisms are unable to repair the damages, the repair system will induce
apoptosis or programmed cell death to fend off the accumulation of mutations in daughter
cells [41].

As a result of these oxidisations, the DNA strands will break. In the case of direct DNA
damage, the irradiation of the tissue will directly induce the breaking of DNA strands.
Radiotherapy can result in various types of DNA damage, including single-strand breaks
(SSBs), abasic sites and double-strand breaks (DSBs) [42].
The linear energy transfer greatly influences the spatial patterns of the DNA damage.
When low LET radiation is used, such as X-rays or gamma rays, the damage is uniform
and dispersed. With high LET, the damage will be more clustered, scattered along the
beam tracks and more discrete. The cell’s ability to repair itself, is determined by the
number of pathways that work together to repair the separate DNA damages.

The clustered damages caused by high LET radiotherapy, are caused by the pathway of a
single radiation track and leave behind two or more independent lesions within one or two
DNA helical turns. The DSBs caused by high LET radiation are for the majority clustered
DSBs, which are harder to repair than isolated DNA lesions caused by low LET radiation.
One can say that by increasing LET of the ionizing radiation, the relative effectiveness of
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the radiotherapy increases as well [40].

Figure 2.9: Direct and indirect DNA damage by ionizing radiation [43]

2.3 Nanoparticles as photo-active substance

Photodynamic Therapy, PDT, is a cancer treatment based on photo-oxidation reactions
of biomolecules. Via these reactions, cell death in tumours is promoted. The following
three components are needed for PDT: light, oxygen and a photosensitizer (PS). The PSs
are capable of transferring energy from their own triplet state to the oxygen present in
the cancerous tissue, which then generates ROS, as can be seen in Figure 2.12. However,
some downsides to this type of treatment have come to light during clinical trials. For
instance the low solubility of the PS in aqueous media that presents problems like low
singlet oxygen generation and aggregation of the PS in the tissue. Another problem is the
low accumulation of the PS in the tumour site, which causes healthy tissue to be damaged
by the treatment.

A solution to these issues could be introducing nanoparticles (NPs) in PDT. By associating
the PSs with NPs, photosensitizing NPs have been formed, which have been proven to be
a good enhancement of the treatment. The introduction of NPs can improve the tumour
targeting due to better penetration of the tumour, improve the solubility of the PS and
enhance the circulation time of the PS [44].

2.3.1 The use of NPs in radiation therapy

To further enhance the efficacy of radiation therapy, the process of radiation sensitization
can be implemented. Radiosensitizers are otherwise inert agents, that can improve the
effects of radiotherapy when they are irradiated. A big role in the process of sensitization
is played by metal based nanoparticles. These high density particles have the ability to
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selectively absorb and/or scatter the radiation used in the radiotherapy. As a result, the
efficacy of the radiation therapy is enhanced. This means that there is a possibility that
the radiation dose can also be further reduced. A requirement for higher cellular damage
efficiency, is a high atomic number for the metal nanoparticle. A downside to the radiation
sensitization, is the fact that the nanoparticles have to be quite small, otherwise excretion
from the body becomes impossible [45]. These two requirements can be difficult to combine.
In this research, it is investigated if the nanoparticle TiO2 can enhance the generation of
singlet oxygen under irradiation.

2.3.2 Requirements of NPs for cancer treatment

To improve the effect of the nanoparticles in the cancer treatment, the characterisations
of the NP have to be investigated. When looking at the size of the NP, it has to be small
enough for renal excretion (≤ 10 nm) and also not too small that it will accumulate in
healthy tissue [46]. Diffusion into the tumour is still possible at relatively large diameters
due to structural defects in tumour cells when compared to healthy cells. Not only the
accumulation is determined by the size of the NP, but also the clearance of the NP from
the blood circulation and the cytotoxicity. A diameter of around 10 nm is ideal for NPs
used in cancer treatment. NPs with this diameter can still enter the tumours while not
penetrating too much healthy tissue and it is still possible to excrete the NPs out of the
body [47].

2.3.3 Chemical structure of TiO2 and ROS formation

Titanium dioxide (TiO2) is a oxide of titanium, it is an inorganic compound, white of
colour and it is insoluble in water [48]. TiO2 is very attractive to use as NP as it is used
industrially worldwide and is therefore widely available and also low-cost. When looking
at the polymorphism of TiO2, there are various titanium minerals but the ones with the
highest titanium content are: anatase, rutile and brookite, which can be seen in Figure 2.10.
In all three of these phases, the molecular geometry is octahedral. Within this geometry,
three titanium cations share six oxygen anions. Each of these three polymorphisms have
their own way of arranging and distorting the geometry and their own shape of octahedral
chains. This is the cause for the different properties between the polymorphisms [49].

Figure 2.10: Crystal structures of TiO2 [48]

In anatase, the distance between titanium ions is bigger and the distance between the tita-
nium ion and oxygen ion is shorter than in the rutile crystal structure, which explains why
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the octahedron chains in anatase are more distorted than in rutile. Whilst each octahedron
has eight neighbouring octahedrons in anatase, there are ten neighbouring octahedrons to
each octahedron in rutile. This causes a difference in electronic band structures between
these crystal structures. The band-gaps for the anatase, rutile and brookite phases are
respectively 3.2, 3.02 and 2.96 eV, which makes TiO2 a large band semiconductor.
Since anatase has the biggest band-gap, it is easily explained why this crystal structure
has a higher photo-activity than the other structures. As all of these band gap energies
are relatively low, rutile and anatase both form gaps in their valence bonds, which explains
why they have high oxidation power [48].
When light absorbed by TiO2 has a higher energy than the band gap energy, the electron
free conduction band and the by electrons filled valence band will separate as an electron
moves from the valence band to the conduction band. This process is called electron-hole
pair generation, as a positively charged electron hole is left behind and a ’hole-electron
pair’ is formed. The highly unstable condition left behind by this process, will react with
electrons and molecular oxygen and water molecules [50]. As a result, reactive oxygen
species are formed as can be seen in Figure 2.11.
Both the energy band and the surface properties define the photo-catalytic performance
of TiO2. For a high performance, a large surface area per mass in the crystal structure
is needed, the anatase crystal structure is therefore better suited for photo-catalysis and
generation of ROS than rutile [51].

Figure 2.11: ROS formation at TiO2 surface [52]
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2.3.4 Chemical structure of Chlorin e6 and ROS formation

Chlorin e6 (Ce6) cannot dissolve in water very well and is a member of the chemical family
of chlorins. Chlorins are aromatic compounds. Even though porphyrins are commonly
used as photosensitizers, chlorins have shown advantages to porphyrins caused by the two
extra hydrogens in chlorins. Due to these two extra hydrogens, the absorption band of
Ce6 undergoes a great shift. The absorption band of the chlorin is a lot higher than of
porphyrins, resulting in the need for a higher energy laser for electron-hole pair generation.
Consequently, deeper tissues can be reached when chlorins are used as photosensitizers [53].
Chlorin e6 has shown photodynamic activity when exposed to light with a wavelength of
around 670 nm, which corresponds to a band gap of 1.85 eV [54]. ROS production of at
the surface of Chlorin e6 can follow two mechanisms: type I and type II mechanism. In
the type I mechanism, the excited chlorin e6 will partake in a electron or hydrogen transfer
process, where a radical will be formed which will produce ROS when it comes into contact
molecular oxygen or water. The main products of this mechanism are hydroxyl radicals,
superoxide anions and hydrogen peroxide. In the type II mechanism, the energy from
the excited chlorin e6 is transferred directly to ground state oxygen, which then generates
excited state singlet oxygen [55]. The mechanism behind the ROS production can be seen
in Figure 2.12.

Figure 2.12: Photodynamic therapy mechanism of action [56]
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2.4 Experimental analysis

In the experiments, a Singlet Oxygen Sensor Green (SOSG) probe will be used to detect
singlet oxygen present in the sample by emitting fluorescence. SOSG has an excitation
maximum at 524 nm. Using fluorescence spectrometry, the relative amount of singlet
oxygen generated by TiO2 and Ce6 can be determined, based on the maximum intensity
around that wavelength. When SOSG is coupled to singlet oxygen, it will emit green flu-
orescence whilst it emits blue fluorescence without the presence of singlet oxygen [57].

Before the fluorescence spectroscopy, phosphor imaging is done to determine the radiola-
beling efficiency of the complexation of Lutetium-177 to DTPA. 177Lu has to be chelated
as study done by J. Hu in The effect of ionizing radiation on singlet oxygen production
by Ce6 and TiO2, 2023 has shown that when 177Lu is not chelated, it will precipitate
and SOSG will possibly adsorb to the 177Lu particles’ surface. Which will result in very
little to no fluorescence detection. Iodine-125 does not have to be chelated as it does not
precipitate with SOSG.
DTPA is a chelating agent widely used for metal poisoning and removal of isotopes from
the body like americium or plutonium. DTPA cannot enter the cell membrane and in
between the COO groups in the center of the molecule and the N-site, a center is available
for the chelation. In this site up to eight bonds can be formed between the DTPA and
metal cations [58]. The chemical structure of DTPA can be seen in Figure 2.13.

Figure 2.13: Chemical structure DTPA [59]

Phosphorimager/iTLC

Typhoon Variable Mode Imager from Amersham is a variable mode laser scanner. During
this research, the storage phosphorimaging mode of the machine was used for iTLC. Latent
images produced by ionizing radiation, such as X-rays, beta, and gamma emissions from
isotopes can be effectively captured by storage phosphor screens. When stimulated by
laser, the storage phosphor screen emits light in direct proportion to the level of radioac-
tivity in the sample. The emitted light is then captured by a photomultiplier tube and
recorded during the scanning process. This results in a digital image that allows for pre-
cise quantification of even the subtlest variations in signal intensity across a wide dynamic
range using the ImageQuant TL software [60].
During this research, the Typhoon Variable Mode Imager was used for determining the
chelation efficiency of Lutetium-177 with DTPA in a NaOAC-HOAC buffer. This buffer
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was chosen as the pH range of this buffer is ideal for this solution: pH 3.7-5.6. A pH of
5-5.15 was needed for the complexation of 177Lu to DTPA. In TLC, a mobile phase is
used to separate the different components in a sample based on how well they dissolve in
the mobile phase. The DTPA-Lu complex dissolved better in the mobile phase than the
unchelated 177Lu. This way a chelation efficiency could be determined.

Fluorescence spectrometry

The Cary Eclipse Fluorescence Spectrophotometer from Agilent Technologies (MY16240001)
is a very effective and powerful way to examine the chemical and physical behaviour of
molecules, ideal for trace analysis because of this method’s high sensitivity. In fluorescence
spectrometry, a sample is irradiated by a beam of light inside the spectrophotometer. The
sample is kept at room temperature, since most molecules will be at ground state at that
temperature. As a result of the irradiation, some of the molecules in the sample will be
elevated to one of their excited states after they absorb part of the light. The molecules,
in this case SOSG, will return to their ground state very quickly, releasing the excess en-
ergy in the process as fluorescence. This release of energy is detected by the spectrometer
and converted from an energy level into a unit called intensity. Both excitation and emis-
sion monochromators are present in fluorometers, this makes it possible to measure and
combine the wavelength and intensity on respectively the x-axis and y-axis to produce an
absorption spectrum [61].

18



CHAPTER 3. MATERIALS AND METHODOLOGY

Materials and Methodology

3.1 Materials

3.1.1 List of chemicals

In the list below the other used solutions and salts can be found.

• Acetic acid, purchased from Sigma-Aldrich (CAS 64-19-7)

• Ammonia solution 25%, purchased from Supelco (CAS 1336-21-6)

• Diethylenetriaminepentaacetic acid (DTPA), purchased from Fluka (CAS 67-42-5)

• Hydrochloric acid 11M, purchased from Sigma-Aldrich (CAS 7647-01-0)

• Methanol for HPLC 99%, purchased from Honeywell (CAS 67-56-1)

• Sodium acetate (anhydrous), purchased from Sigma-Aldrich (CAS 127-09-3)

TiO2

The titanium(IV)oxide (CAS 13463-67-7, P-25) was purchased from Degussa. The nanopow-
der was a mixture of 15% anatase morphology and 85% rutile. The nanopowder had a
purity of 99.9% and had an average particle size of 20 nm.

Ce6

The chlorin e6 (CAS 19660-77-6) was purchased from ChemCruz. The Ce6 has to be stored
at -20 degrees Celsius and has 96.6% purity.

SOSG

The SOSG probes were stored in vials of 100 µg each and purchased from ThermoFisher.

3.1.2 Radiation sources

Two different radioactive sources were used to perform the experiments: Lutetium-177 and
iodine-125.

Lutetium-177
A lutetium-177 source with a original activity of 34 MBq in 0.1 M HCl with a total volume
of 50 microliters was used. The source was acquired on October 18 of 2023 from Erasmus
MC.
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Iodine-125
For the second set of experiments, Iodine-125 was used as radionuclide. A iodine-125 source
with a original activity of 200 MBq and volume of 100 microliters was used, which was
purchased on September 22 of 2023 from PerkinElmer.

3.1.3 Stock solutions

The TiO2 and Ce6 solutions were prepared by suspending them in MilliQ water. For TiO2,
the concentration in the stock solution was 0.5 mg/mL and for the Ce6 stock solution, the
concentration was 6 µg/mL. Both stock solutions were sonicated for 20 minutes to create
a homogeneous solution. Both stock solutions were covered in aluminium foil and all the
samples were kept in black Eppendorf tubes to prevent light degradation of TiO2 and Ce6.
Before using the probes, 33 µL of pure methanol was added per vial, to dissolve the SOSG
powder. The resulting stock solution had a concentration of 5 mM. For the experiments,
the SOSG stock solution of 5 mM was diluted in MilliQ water to get a concentration of 10
µM or 16.5 µM.

3.2 Methodology

Complexation of 177Lu with DTPA and radiolabeling efficiency

A buffer solution was made by mixing 820.3 mg of sodium acetate (NaOAC) with 20 mL
of MilliQ and 244.9 µL of acetic acid (HOAC). The pH of this solution was measured, if
the pH was higher than 5.15, 2 mL of 0.1 M hydrochloric acid (HCl) was added to lower
the pH of the buffer solution.
The DTPA stock solution was made by first making a 1 mM DTPA stock solution in
NaOAC/HOAC buffer and then diluted to adjust the molarity to keep the molar ratio
177Lu: DTPA at 1:100. Once the solution was ready, a drop was placed on a TLC paper,
1.5 cm from the bottom of the TLC paper.
A mobile phase for the TLC was made by mixing aqueous ammonia with methanol and
MilliQ water in the ratios 0.2:2:4. The chelation efficiency of DTPA with 177Lu in
NaOAC/HOAC buffer was determined using iTLC and the ImageQuant phosphor imaging
software. This software can determine the intensity in a certain area and by comparing
the intensities of the two areas expected to be seen in the TLC: one area that represents
the free 177Lu and one that represents the complexed 177Lu, the chelation efficiency of
DTPA with 177Lu can be determined.

Singlet oxygen detection

177Lu
Three types of samples were prepared for the singlet oxygen detection experiments: a con-
trol group containing 0.6 mL MilliQ water and 0.5 mL of SOSG probe (10 µM or 16.5 µM),
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a group containing 0.6 mL of TiO2 solution (0.5 g/L) with 0.5 mL of SOSG probe and a
final group of 0.6 mL chlorin e6 (6 µg/mL) with 0.5 mL of SOSG probe. For all three of
these groups, six samples were made: three without radioactivity and three with a certain
amount of Lu-DTPA solution, corresponding to 0.4 MBq of activity per sample. All sam-
ples were prepared in black Eppendorf vials to prevent degradation of the chemicals. The
samples were then shaken for 2.5 or 24 hours at 1400 rpm. After shaking, the samples were
centrifuged to separate the supernatant from the precipitate in the case of Ce6 and TiO2.
Afterwards the samples were transferred into cuvettes by only pipetting the supernatant
into the cuvettes. The settings used for the spectrophotometer can be found in Table 3.1.
The maximum intensity was taken from the data and this value was usually found around
524 nm.

125I
125I does not have to be chelated to make ROS generation possible. 125I was taken from
the stock solution and diluted with MilliQ water, based on the needed volume and activity
of the 125I on the day of the experiments. Per sample 10 µL of diluted 125I solution
was used and the activity per sample was 0.4 MBq. The same types of samples were
made as in the 177Lu experiments. In these experiments the samples were not shaken but
just left in the fume hood for 2, 2.5 or 24 hours. The samples were then centrifuged and
transferred into the cuvettes for fluorescence spectrometry. The data of these experiments
were processed the same way as for the 177Lu samples.

Excitation 504.00 nm
Start 510.00 nm
Stop 600.00 nm

Excitation slit 5.00 nm
Emission slit 5.00 nm

Table 3.1: Settings of Cary Eclipse Fluorescence Spectrophotometer for experiments
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Results and Discussion
The generation of singlet oxygen was studied for TiO2 and Ce6 in the presence of radionu-
clides 177Lu and 125I. The reason behind the choice of these nuclides is the fact that both
are already widely used for cancer treatment. The relative amounts of produced singlet
oxygen were measured using fluorescence spectroscopy. The results from the fluorescence
spectroscopy were given in terms of intensity in the unit a.u., arbitrary unit. The influence
of different shaking/incubation times, radionuclides and concentrations of SOSG were in-
vestigated. Since SOSG is a relatively unstable molecule, the stability of this probe was
also studied.

4.1 177Lu experiments

Two types of experiments were done using 177Lu. First the radiolabeling efficiency of
DTPA with 177Lu in NaOAC/HOAC buffer was studied and then the production of singlet
oxygen was studied when photo-active materials TiO2 and Ce6 were irradiated by 177Lu.
Measurements were done with samples after shaking for 2, 2.5 or 24 hours and centrifuging
for 20 minutes at 10.000 rpm and then measuring the supernatant. Three samples of each
type were made and the error bars in the graphs show the deviation from the average of
the three samples.

4.1.1 Chelation efficiency of 177Lu-DTPA complex

The chelation efficiency of DTPA with 177Lu in NaOAC/HOAC buffer was determined for
the first set of samples using iTLC and phosphor imaging. The TLC is expected to show
two areas: one area that represents the free 177Lu and one that represents the complexed
177Lu. The free 177Lu area is expected to be seen at the bottom of the TLC, as it does
not dissolve very well in the mobile phase and the complexed 177Lu area is expected to
be seen higher on the TLC. When comparing the intensities of areas 1 and 2 in Figure 4.1
using the ImageQuant TL software, the chelation efficiency was found to be 94.7%. For the
second set of 177Lu samples, the efficiency was found to be 96.2%. Usually the TLC test is
followed by a gamma test, in this test a gamma counter is used to measure the activity in
177Lu and is done to make sure the chelation efficiency determined by phosphor imaging
is accurate. But as the phospor imaging was already said to be accurate based on previous
experiments done with 177Lu in the ARI group, this test was not done. At least an activity
of 1 kBq is needed to determine the activity of 177Lu using a gamma counter.
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Figure 4.1: Images of TLC strips of first set of 177Lu experiments with 94.7% efficiency (left)
and second set of 177Lu experiments with 96.2% efficiency (right)

4.1.2 Singlet oxygen generation

177Lu experiments

In the first set of experiments, SOSG was mixed with 177Lu and either TiO2 or Ce6. The
control samples consisted of SOSG in pure water with and without 177Lu. In addition,
SOSG was also mixed with TiO2 or Ce6 without 177Lu. Figure 4.2 shows the results
for a SOSG concentration of 10 µM and Figure 4.3 for a SOSG concentration of 16.5 µM.
Figure 4.2 shows that when only water is mixed with 177Lu, the emission of SOSG remains
largely the same irrespective of the incubation time. The small decrease in intensity after
longer incubation time can be explained by accidental light exposure in the case of the
water and Ce6 samples.
When looking at Figure 4.2, the control group showed a lower intensity in the samples
containing activity than the samples without activity. This phenomenon was also seen for
the control group in Figure 4.3. This was interesting because one would expect not to
see a decrease, as the radioactivity was not expected to decrease the generation of singlet
oxygen but rather enhance it.
Samples containing TiO2 showed in Figure 4.2 a much lower SOSG emission with 177Lu
irrespective of incubation time. This suggests that there are large uncertainties present
which most likely are due to the preparation of the samples. During the centrifuging process
and subsequent pipetting of the eluent some TiO2 NPs might come along and they seem
to influence the SOSG signal greatly, the precipitate of TiO2 can be seen in Figure 4.4.
The decrease in intensity can be due to two reasons. It is possible that 177Lu precipitates
despite of its chelation with DTPA. Possibly SOSG absorbs on the precipitates leading to
decrease in intensity.
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In previous experiments performed by Hu et al it was shown that precipitation does indeed
lead to decrease of SOSG signal. The second, very likely reason, could be that the beta
minus particle have destroyed the SOSG probe. Recent experiments done by B. Xu of
the ARI group have shown that the 177Lu radiation will most likely break SOSG and
thus confirm this possibility. The Ce6 results show the same trend suggesting indeed that
SOSG might be destroyed. Moreover, intensity in the case of Ce6 decreases slightly as
the incubation time increases suggesting indeed that the probe is destroyed. However, the
water samples did not show such decrease. It is therefore not entirely clear what the reason
for this decrease in intensity is. Figure 4.3 showed a similar result: higher intensity values
for the samples without activity than with activity.
When comparing the Ce6 samples with the TiO2 samples, the TiO2 show much higher
intensities. Another possible explanation for this result might be the fact that Lutetium-
177 destroys both the SOSG and Ce6, whereas TiO2 is not an organic molecules and it
thus not destroyed by 177Lu. The intensities of the Ce6 samples was higher than the
control group. This suggests there is some positive influence of Ce6 on the generation of
singlet oxygen under irradiation of 177Lu. When comparing Figure 4.3 with Figure 4.2,
the Ce6 and water samples with the higher SOSG concentration, gave a higher intensity.
However, it needs to be mentioned that the intensity of SOSG differs per batch, therefore
only interbatch comparison can be made.

Figure 4.2: Fluorescence intensity of samples containing MilliQ, TiO2 (0.5g/L) or Ce6 (6µg/mL),
exposed or non-exposed to 177Lu and shaken for 2.5h or 24h. All samples contained 10µM SOSG
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Figure 4.3: Fluorescence intensity of samples containing MilliQ, TiO2 (0.5g/L) or Ce6 (6µg/mL),
exposed or non-exposed to 177Lu and shaken for 2.5h. All samples contained 16.5µM SOSG

Figure 4.4: Left photo: water sample (left) and TiO2 sample (right) in cuvettes. Right photo:
TiO2 precipitate after centrifuging

Based on the results of the experiments with 177Lu shown before, it was chosen to look
into the singlet oxygen generation using Ce6 and TiO2 as photo-active substances under
irradiation of 125I.
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4.2 125I experiments

In these experiments, iodine-125 was used as radiation source and was taken from the stock
solution and dissolved in water to get 0.4 MBq of activity per sample. The production
of singlet oxygen was measured when using TiO2 or Ce6 as photo-active substances. The
samples were incubated after preparation for 2, 2.5 or 24 hours. After incubation, the
samples were centrifuged next at 10.000 rpm for 20 minutes and then measuring the su-
pernatant. Three samples of each type were made and the error bars show the deviation
from the average of the three samples.

4.2.1 Singlet oxygen generation

The control group showed in Figure 4.5 that the exposed samples resulted in higher inten-
sities than the non-exposed samples. This result was also seen in the control group samples
in Figure 4.6. This would suggest that SOSG is slightly activated by 125I in pure water.
Longer incubation time did not result in a detectable difference in intensity. When com-
paring the control samples in Figure 4.5 with Figure 4.6, the higher SOSG concentration
samples showed a small increase in intensity. However, it needs to be mentioned that the
intensity of SOSG differs per batch, therefore only interbatch comparison can be made.
The Ce6 samples showed in Figure 4.5 and in Figure 4.6 that under exposure to 125I, the
intensity increases more than in the case of the water samples. This increase in intensity
is not very large and might be influenced by the fact that SOSG itself can act as a pho-
tosensitizer, although in only small amounts. More experiments have to be carried out to
determine if the difference between the water and Ce6 samples is significant. The non-
exposed samples show large uncertainties in Figure 4.5, which might suggest that Ce6 is
interacting with the SOSG. When comparing Figure 4.5 with Figure 4.6, the higher SOSG
concentration results in higher intensities for the Ce6 samples.

The TiO2 samples show inconclusive results. In Figure 4.5 a small increase in intensity can
be seen for the exposed samples, but it is not significant. The results seen in Figure 4.6 are
also inconclusive and there is no clear trend. This is possible due to some TiO2 particles
being present in the eluate.
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Figure 4.5: Fluorescence intensity of samples containing MilliQ, TiO2 (0.5g/L) or Ce6 (6µg/mL),
exposed or non-exposed to 125I and shaken for 2.5h or 24h. All samples contained 10µM SOSG

Figure 4.6: Fluorescence intensity of samples containing MilliQ, TiO2 (0.5g/L) or Ce6 (6µg/mL),
exposed or non-exposed to 125I and shaken for 2h or 24h. All samples contained 16.5µM SOSG
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4.3 Stability of SOSG probe

As Singlet Oxygen Sensor Green is a very sensitive probe which can degrade and fall apart
quite easily, it was interesting to look into the stability of this probe. The stability of the
probe was tested by measuring the fluorescence of the water samples with and without
125I for a maximum of 96 hours with increments of 24 hours. The control group was used
for these experiments as there are no photo-active substances in these samples that can in-
fluence the performance and stability of SOSG. The results can be seen in Figure 4.7. The
figure showed that for the first two measurements the radioactive samples had a higher in-
tensity than the samples without radioactivity. However, after 48 hours this trend seemed
to change.
After 48 hours, the uncertainty in the intensity and the intensity itself started to increase
for all samples. This was interesting as a decrease was expected to be seen in both ra-
dioactive and non-radioactive samples, as a result of the degradation of SOSG. Based on
the results from this experiment, one cannot draw any conclusions on when the integrity of
SOSG is compromised. A possible explanations for the increase in intensity and error over
time can be light degradation of SOSG or varying SOSG concentrations in the samples.
The degradation of SOSG can be explained by the method used for determining the sta-
bility of SOSG. The samples that were measured for each time increment were made on
the first day and were transferred from black Eppendorf vials to cuvettes for measuring
and then again transferred to the same black Eppendorf vials. This transferring causes
the light degradation to increase accumulative over time. Another influence was that even
though the samples are mixed after measuring, the SOSG concentration might vary per
sample due to pipetting.

Figure 4.7: Fluorescence intensity for samples containing MilliQ and SOSG (10µM) and exposed
or non-exposed the radionuclide 125I for 2.5h, 24h, 48h, 72h, 96h.
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Conclusion and Outlook

5.1 Conclusions

The goal of this research was to analyse the ability of photosensitizers such as Ce6 and
TiO2 to get activated under ionising radiation of 177Lu and 125I. For the detection of
generated singlet oxygen, a SOSG probe was used and its activation was detected using
fluorescence spectroscopy. The activity per sample was kept constant at 0.4 MBq for both
isotopes while the concentration of SOSG, incubation time and type of radionuclide was
varied.

• In order to perform the experiments with 177Lu it was necessary to complex 177Lu
with DTPA. Based on the TLC phosphor imaging tests, chelation efficiencies above
90% can be achieved when chelating 177Lu to DTPA in a NaOAC/HOAC buffer.

• The influence of 177Lu on the production of singlet oxygen by TiO2 and Ce6 was
investigated revealing that the SOSG signal decreased in the presence of 177Lu. The
reason for this decrease is not clear but could be for instance be due to degradation
of SOSG by 177Lu and precipitation of 177Lu.

• The 125I experiments showed an increase in intensity when comparing the non-
radioactive samples with the radioactive samples in the case of the water and Ce6
samples. This would suggest that 125I has a positive effect on the generation of
singlet oxygen in the presence of water and Ce6. This cannot be said for TiO2 as
the results for this photo-active material showed to be inconclusive.

• When comparing the two photo-active substances, Ce6 showed slightly more con-
stant increases in intensity under irradiation when compared to TiO2. The results
from TiO2 were inconclusive and showed large uncertainties that could be due to
precipitation.

• No conclusions can be drawn from the results on the stability of SOSG over time.
The results were inconclusive as increasing intensities and errors were observed when
irradiation time increased. Possible reasons for these phenomena could be the degra-
dation of the probe and varying SOSG concentration per measurement.
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5.2 Outlook

• As the 177Lu showed an unexpected decrease in intensity, possibly due to DTPA
being too weak to stay chelated with 177Lu when there are also other compounds
in the solution like Ce6, TiO2 or SOSG. It is recommended to look at the chelation
efficiency when not only SOSG and the DTPA-Lu complex is present in the sample,
but also Ce6 or TiO2. It is also recommended to look into varying the solvent and pH
of the DTPA-Lu solution and to perform a gamma-counter test after iTLC to ensure
the reliability of the determined chelation efficiency. Based on the results of those
experiments, it might be recommended to look into the use of different chelators such
as DOTA, if DTPA is proven to be too weak at different pH and in different solvents.

• It is also recommended to look into why exactly the Ce6 samples only show such
a small increase when comparing it to the MilliQ samples by for instance doing
experiments with similar photo-active molecules. And if that is indeed because 177Lu
destroys Ce6 by doing more experiments with Ce6 and other isotopes.

• As the TiO2 samples show inconclusive results, it is recommended to look further
into how to decrease the uncertainty in these samples and where the uncertainties
can come from. A solution could be increasing the rpm of the centrifuge, this would
leave more precipitate at the bottom of the vials. It is also recommended to look into
whether or not SOSG sticks to TiO2 and thus TiO2 absorbing the emitted light. A
solution could be filtering the TiO2 samples.

• For further research into the longevity of SOSG it is recommended to do more ex-
periments whilst minimizing light exposure and maintaining constant SOSG con-
centrations. A possible method would be making all the samples for the 5 days of
measurements in one time in black Eppendorf vials before the first measurements to
ensure constant SOSG concentration. The vials for each day will only be opened on
their specific day to decrease light degradation and not be used again.
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