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SUMMARY

Radiation therapy uses ionizing radiation to kill tumor cells by damaging DNA and other
biomolecules either directly or via reactive oxygen species generated during water radiolysis.
However, radiation effectiveness is often limited by normal tissue tolerance and tumor
radioresistance, which motivates the use of radiosensitizers to enhance tumor response.
Photosensitizers are being explored as radiosensitizers because they can promote the formation
of additional reactive oxygen species and other reactive species under ionizing radiation.
However, the mechanisms by which photosensitizers respond to ionizing radiation remain
unclear, and reported radiosensitizing outcomes are not always consistent. This thesis therefore
investigates the mechanism of how photosensitizers generate reactive oxygen species under
different radiation conditions and assesses their potential as radiosensitizers across radiation

therapy modalities with different dose rates.

Based on earlier observations that Chlorin e6 can generate singlet oxygen in water under X-
ray irradiation, Chapter 2 investigates how radiation energy and dose rate influence singlet
oxygen formation, and the possible mechanism of the activation. We found that singlet oxygen
formation increased with total dose, but the increase was disproportionate to dose rate, with
lower dose rates producing more singlet oxygen. Comparing radiation energies under
conditions where Cerenkov light emission is expected or absent showed that Cerenkov light is
not essential for singlet oxygen generation. Scavenger experiments further demonstrated that
radiation generated superoxide anions participate in singlet oxygen formation. Taken together,
these results suggest an ionization driven mechanism in which radiation ionizes the
photosensitizer to form a radical cation, which then oxidizes superoxide anions to produce

singlet oxygen.

Nevertheless, an alternative mechanism has also been suggested in which Auger electrons or
secondary electrons directly excite photosensitizers and promote singlet oxygen formation. We
therefore tested this possibility for Chlorin €6 in vitro by using iodine-125 ('2°I) radiolabeled
gold nanoparticles to create a high Auger electron density region near the nanoparticle surface
and attached Chlorin e6 there. We found that attaching Chlorin e6 to the nanoparticle surface
did not lead to cell killing. In contrast, simply mixing !>’I radiolabeled nanoparticles with
Chlorin e6 achieved a clear increase in cell killing. These results indicate that direct excitation

of Ce6 is unlikely under these conditions.



After establishing that radiation conditions like dose rate influence singlet oxygen formation at
the mechanistic level, Chapters 4 and 5 address a clinically relevant question of how dose rate
changes the radiosensitizing behavior of photosensitizer based strategies, especially in settings
relevant to brachytherapy and radionuclide therapy. Because Chlorin e6 has limited tumor
selectivity, the thesis shifts to 5-aminolevulinic acid (5-ALA), which is converted
intracellularly into an endogenous protoporphyrin IX that can accumulate in certain tumor cells.
In Chapter 4, an yttrium-90 foil is used to deliver low dose rates and the combined treatment
in glioblastoma and prostate cancer cell lines is evaluated. We found that the radiosensitizing
effect seen under conventional external beam irradiation (X-ray, 1.5 Gy/min) also applies for
20Y at 2 Gy/h, but progressively diminishes as the dose rate decreases further (1 Gy/h to 0.3
Gy/h).

Chapter 5 extends the dose rate range below 2 Gy/h down to 0.05 Gy/h using the radionuclide
lutetium-177 ('"7Lu). We used Monte Carlo simulations to convert !”’Lu activity into dose and
dose rate. The radiosensitizing effect of 5-ALA was evaluated using a 2D clonogenic survival
assay and 3D spheroid growth models in prostate cancer cells. In the 2D clonogenic assay, we
found a clear inverse dose rate dependence, with 5-ALA enhancing '7"Lu induced cell killing
only at dose rates below 0.1 Gy/h, while no radiosensitizing effect was observed at dose rates
above 2 Gy/h. In preliminary 3D spheroid experiments, the combination of '7’Lu and 5-ALA

reduced spheroid growth compared with !7’Lu alone at selected activity levels.

Opverall, this thesis links mechanistic insights to the radiobiological response of photosensitizer
mediated radiosensitization. We proposed an ionization-driven mechanism where singlet
oxygen forms when photosensitizer radical cations react with superoxide anions, and singlet
oxygen formation was enhanced at low dose rates. However, photosensitizer mediated
radiosensitization in cells did not fully follow this low dose rate dependence, likely because
dose rate also changes cellular defense and repair responses. These results provide guidance
for applying photosensitizers as radiosensitizers and show that dose rate is a key factor to

consider when designing treatment strategies.



SAMENVATTING

Bij radiotherapie wordt ioniserende straling gebruikt om tumorcellen te doden door het
beschadigen van DNA en andere biomoleculen via directe interacties of via reactieve radicalen
die tijdens waterradiolyse worden gegenereerd. De effectiviteit van de bestraling wordt echter
vaak gelimiteerd door de stralingsresistentic van tumoren en een beperkte tolerantiec van
normaal weefsel, wat aanleiding geeft tot het gebruik van stralingssensibilisatoren ter
verbetering van de tumorrespons. Fotosensibilisatoren worden onderzocht als
radiosensibilisatoren omdat ze onder ioniserende straling de vorming van meer radicalen
kunnen bevorderen. De mechanismen waarmee fotosensibilisatoren op ioniserende straling
reageren, blijven echter onduidelijk en de gerapporteerde resultaten op het gebied van
radiosensibilisatie zijn niet altijd consistent. In dit proefschrift wordt daarom onderzocht hoe
fotosensibilisatoren onder verschillende stralingsomstandigheden reactieve deeltjes genereren
en wordt hun potentieel als radiosensibilisatoren bij verschillende vormen van radiotherapie

met verschillende dosissen beoordeeld.

Op basis van eerdere waarnemingen waaruit blijkt dat Chlorin e6 bij blootstelling aan
rontgenstraling singletzuurstof in water kan genereren, onderzoekt hoofdstuk 2 hoe
stralingsenergie en dosistempo de vorming van singletzuurstof beinvloeden en wat het
mogelijke mechanisme van de activering is. We ontdekten dat de vorming van singletzuurstof
toenam met de totale dosis, maar dat de toename niet propotioneel was met het dosistempo: bij
lagere dosistempi werd meer singletzuurstof geproduceerd. Uit een vergelijking van
bestralingsenergieén onder omstandigheden waarin Cerenkov-lichtemissie wordt verwacht of
afwezig is, bleek dat Cerenkov-licht niet essentieel is voor de vorming van singletzuurstof.
Scavenger-experimenten toonden verder aan dat door straling gegenereerde superoxide-
anionen deelnemen aan de vorming van singletzuurstof. Samen suggereren deze resultaten een
door ionisatie aangedreven mechanisme waarbij straling de fotosensibilisator ioniseert om een
radicaal kation te vormen, dat vervolgens superoxide-anionen oxideert om singletzuurstof te

produceren.

Er is echter ook een alternatief mechanisme voorgesteld, waarbij Auger-elektronen of
secundaire elektronen fotosensibilisatoren direct exciteren en de vorming van singletzuurstof
bevorderen. We hebben deze mogelijkheid daarom getest voor Chlorin €6 in vitro, waarbij we
met jodium-125 ('%I) radioactief gelabelde gouden nanodeeltjes hebben gebruikt om een

gebied met een hoge Auger-elektronendichtheid te creéren nabij het oppervlak van de

il



nanodeeltjes en daar Chlorin e6 aan hebben gehecht. We ontdekten dat het hechten van Chlorin
e6 aan het oppervlak van de nanodeeltjes niet leidde tot celdood. Daarentegen leidde het
eenvoudig mengen van 2] radioactief gelabelde nanodeeltjes met Chlorin €6 tot een duidelijke
toename in celdood. Deze resultaten geven aan dat directe excitatie van Chlorin e6 onder onze

omstandigheden onwaarschijnlijk is.

Nadat is wvastgesteld dat stralingsomstandigheden zoals dosistempo de vorming van
singletzuurstof op mechanistisch niveau beinvloeden, behandelen hoofdstukken 4 en 5 een
klinisch relevante vraag, namelijk hoe dosistempo het radiosensibiliserende gedrag van op
fotosensibilisatoren gebaseerde strategie€n verandert, met name in situaties die relevant zijn
voor brachytherapie en radionuclidetherapie. Omdat Chlorin e6 een beperkte tumorselectiviteit
heeft, verschuift de focus van het proefschrift naar 5-aminolevulinezuur (5-ALA), dat
intracellulair wordt omgezet in een endogeen protoporfyrine dat zich in bepaalde tumorcellen
kan ophopen. In hoofdstuk 4 wordt een yttrium-90 folie gebruikt om lage dosistempi toe te
dienen en wordt de gecombineerde behandeling in glioblastoom- en prostaatkankercellijnen
geévalueerd. We hebben vastgesteld dat het radiosensibiliserende effect dat wordt
waargenomen bij conventionele externe bestraling (rontgenstraling, 1,5 Gy/min) ook geldt
voor ?°Y bij 2 Gy per uur, maar geleidelijk afneemt naarmate het dosistempo verder daalt (1

Gy/h tot 0,3 Gy/h).

Hoofdstuk 5 breidt het dosistempo bereik verder uit tot zeer lage dosistempi met behulp van
lutetium-177 ("’’Lu). Met behulp van Monte Carlo-simulaties hebben we de activiteit van !"’Lu
omgerekend naar dosis en dosistempo. Het radiosensibiliserende effect van 5-ALA werd
geévalueerd met behulp van een clonogene test en driedimensionale sferoide groeimodellen in
prostaatkankercellen. In de clonogene test werd een duidelijke omgekeerde
dosistempoafhankelijkheid waargenomen, waarbij 5-ALA de door '7"Lu geinduceerde

celdoding alleen versterkte bij dosissnelheden onder 0,1 Gy per uur.

Over het geheel genomen koppelt dit proefschrift mechanistische inzichten aan de
radiobiologische respons van door fotosensibilisatoren gemedieerde radiosensibilisatie. We
stellen een door ionisatie aangestuurd mechanisme voor waarbij singletzuurstof wordt gevormd
wanneer radicale kationen van fotosensibilisatoren reageren met superoxide-anionen.
Daarnaast tonen de resultaten aan dat dosistempo een belangrijke factor is bij het ontwerpen

van radiotherapieén.
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CHAPTER 1

1.1 Radiation Therapy

Cancer remains a leading cause of death around the world, with about 20 million new cases
and 10 million deaths each year.! Traditional cancer treatments involve surgery, radiotherapy
and systemic therapy (e.g., chemotherapy and hormonal treatment). The selection of treatment
regimen is based on both the characteristics of the cancer and the individual patient, with the
primary goal being either to cure the disease, to prolong survival or to alleviate discomfort.
Radiation therapy (RT), as one of the primary modalities in cancer treatment, employs high-
energy radiation to eliminate or shrink malignant tumors while preserving surrounding healthy
tissue. Currently, RT plays a crucial role in the management of more than half of all cancer

patients, either as a standalone treatment or combined with other therapeutic approaches.?>
1.1.1 Overview

RT is generally categorized into two main modalities: external beam radiation therapy (EBRT)
and internal radiation therapy (Fig. 1.1).* EBRT delivers targeted radiation from outside the
body, making it the standard treatment for locally advanced solid tumors such as head and neck,
breast, and lung cancers. The radiation used in EBRT includes photons, electrons and heavy
charged particles. Photon radiation, comprising X-rays (generated by linear accelerators) and
gamma rays (typically from %°Co), represents the most widely used modality due to its deep
tissue penetration, ease of dose modulation, and widespread availability of treatment
infrastructure.’ Electron beams are employed for superficial lesions due to their limited
penetration depth and sharp dose fall-off beyond the target.® Charged particle therapy, including
protons and carbon ions, offers highly localized dose delivery for deep-seated tumors through
the Bragg peak effect but remains confined to specialized centers due to their high cost and

complex equipment.’
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Radiation Therapy
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Figure 1.1. Classification of radiation therapy modalities: external beam radiation therapy (A), radionuclide
therapy (B1-2), and brachytherapy (B3). Reproduced from Reference 4.

Internal radiation therapy comprises two main approaches: brachytherapy (BT) and
radionuclide therapy (RNT). Both modalities use radioisotopes as radiation sources. BT
involves placing encapsulated radioactive sources near or directly within the tumor. In BT,
radionuclides that emit low-energy radiation with a steep dose fall-off are preferred, as they
enable localized high-dose delivery while minimizing exposure to surrounding healthy tissues.
Low-energy photon emitters are commonly employed in clinical practice. For example, iodine-
125 ("*1) and cesium-131 (!3'Cs) are used in permanent implants for prostate and cervical
cancers and for recurrent malignant neoplasms, respectively.® ! Iridium-192 (**?Ir), in contrast,
is used in temporary BT for the treatment of prostate and head and neck cancers.'! Beta-minus
emitters () are also utilized in specialized applications, for example yttrium-90 (*°Y), a high-
energy [ emitter, has been applied in the form of glass or resin microspheres for
radioembolization of hepatocellular carcinoma'?>'3, and is under investigation for brain
tumors'#. Radionuclide therapy (RNT) utilizes systemically administered radiopharmaceuticals
for cancer treatment. lodine-131 ('3'T) is the most widely used radionuclide in RNT, particularly

for treating thyroid cancer due to the specific uptake of iodine by thyroid tissue.'®
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For the treatment of metastatic tumors, radionuclides are typically conjugated to targeting
moieties via carrier molecules. In such cases, the most extensively used radionuclide is
lutetium-177 ('”’Lu). Radiopharmaceuticals such as ['"’Lu]Lu-DOTATATE and ['""Lu]Lu-
PSMA-617 have been used for the treatment of neuroendocrine tumors and metastatic prostate

cancer, respectively.!®!7

1.1.2 Dose delivery and dose rate differences

While EBRT and internal radiation therapy share the common goal of tumor eradication
through ionizing radiation, they differ in how radiation is delivered to target tissues and the
resulting dose rate differences (Table 1.1). EBRT administers radiation in fractions, typically
1.8 to 2 Gy per session delivered over several weeks to achieve cumulative doses from 35 up
to 80 Gy depending on the treatment plan.'® This fractionation strategy takes advantage of the
different recovery rates between tumor and normal tissues, helping to reduce adverse side
effects. During each treatment session, EBRT maintains a constant dose rate, generally ranging

from 0.1 to 10 Gy/min, depending on the accelerator specifications and delivery technique. '

BT has two general modalities: high-dose-rate BT (HDR-BT) and low-dose-rate BT (LDR-
BT). HDR-BT is typically delivered as a boost treatment in conjunction with EBRT, with
radiation administrated in fractions (3 to 15 Gy per fraction) over weeks at dose rates exceeding
12 Gy/h.?° Due to the high dose rate and fractionated dose delivery, the radiobiological effects
of HDR-BT are comparable to those of EBRT. LDR-BT involves permanent seeds implantation
and delivers doses of more than 100 Gy over the complete physical decay of the radionuclide

at an initial dose rate lower than 2 Gy/h.?!

RNT involves the most complex mode of dose delivery, as it is governed by both
pharmacokinetic behavior and radioactive decay. The absorbed dose distribution depends on
the temporal biodistribution of the radiopharmaceutical, its retention in tumor and normal
tissues, and the physical decay properties of the radionuclide. For example, in '7"Lu-based
therapies, patients typically receive about 7.4 GBq per cycle over four to six administrations at
roughly two-month intervals, with reported tumor absorbed doses ranging from approximately
1.4 to 14.5 Gy/GBq per cycle.?>>> However, unlike the relatively uniform dose distributions
achieved in EBRT and HDR-BT, RNT shows strong dose heterogeneity due to variations in
radiopharmaceutical tumor uptake and retention, making the dose rate difficult to define

precisely.
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Table 1.1. Modalities, radiation dose distribution and dose rate variations in the different radiation therapies

. Source . (Initial)
Modalities example Energy Approximate Dose Dose rate
Photons 4-25 MV, X-rays
EBRT electrons: 4-250 MV, protons 1.8-2 Gy per fraction, 0.1-10
* 1.17 and 1.33 MeV, ~ 80 Gy Gy/min
rotons
P y-rays
) 192 0.397 MeV 3-15 Gy per fraction,
HDR-BT Ir (average) 50 Gy > 12 Gy/h
LDR-BT 125, ¥7Cs <(§\}(<)e§a'\é|:)v Over 100 Gy 0.4-2 Gy/h
RNT 77 0.149 MeV ~ 10 to 40 Gy per cycle, ~0.1Gv/h
(average) up to 6 cycles DY

1.1.3 Challenges of radiation therapy

Although radiation therapy (RT) is recognized as an effective cancer treatment, several physical
and biological factors limit its efficiency in achieving optimal tumor control. RT techniques all
rely on ionizing radiation to damage cancer cells, yet each modality faces distinct clinical
challenges arising from differences in dose distribution, dose rate, and surrounding healthy
tissue tolerance. Most clinically used radiation types, such as photons and B~ particles, have
low linear energy transfer (LET). LET describes the energy deposited per unit distance along
the particle track. Low-LET radiation produces sparse ionization events rather than dense
ionization tracks, which makes it less effective at inducing complex DNA damage in tumor
cells. In EBRT or HDR-BT, the total dose is often constrained by the tolerance of surrounding
normal tissues, which prevents dose escalation to resistant tumor regions. LDR-BT delivers
radiation continuously at a low dose rate, potentially allowing tumor cells to repair sublethal
DNA damage during treatment.?® In radionuclide therapy (RNT), the non-uniform distribution
of radiopharmaceuticals results in heterogeneous dose delivery within the tumor, where some
regions may receive insufficient radiation dose, reducing overall tumor control.?” These
limitations are especially challenging for radioresistant tumors, which require higher doses for
better therapeutic outcomes and are typically able to recover from radiation damage. In such

cases treatment can fail and also lead to tumor recurrence.

Therefore, developing effective radiosensitizers is necessary and essential to enhance the
efficacy of RT without harming surrounding healthy tissue, especially those with minimal

systemic toxicity yet capable of enhancing radiation-induced tumor damage. This thesis is
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therefore related to the use of such compounds, specifically photosensitizers (PSs), and aims
to unravel their mechanisms and explore their potential application as radiosensitizers in

different modalities of RT.

1.2 Radioresistance and radiosensitizers

Before investigating how PSs interact with ionizing radiation and function as radiosensitizer,
it is essential to first understand how ionizing radiation damages tumor cells, how these cells
resist to such damage, and how radiosensitizers can be strategically employed to enhance

therapeutic efficacy.

1.2.1 From ionizing radiation events to cellular damage

Tonizing radiation interacts with matter through two primary mechanisms, depending on the
type of radiation. For charged particles, including electrons (or positrons), protons and a
particles, interactions with matter primarily occur through electrostatic forces, undergoing both
elastic and inelastic collisions with the atoms or molecules in the medium. Inelastic collisions
dominate the overall energy loss process, transferring energy to orbital electrons and leading
to ionization or excitation.’® Photons, however, interact with matter through the photoelectric
effect, Compton scattering, or pair production, depending on the atomic number of the medium
and the photon energy. Through these processes, the photon transfers its energy to electrons
bound to atoms in the medium, ejecting them from their shells. The ejected electrons then lose
their kinetic energy through further ionization and excitation of surrounding atoms or
molecules.?’ In biological systems, these physical interactions may cause the direct ionization
of DNA, generating radical cations and anions on its backbone and bases. These reactive
intermediates can subsequently trigger strand breaks or chemical modifications, leading to both
structural and functional damage to the DNA.3%3! The number of direct ionization events in
DNA strongly depends on the LET of the radiation, with high LET creates more ionizing events
(Fig. 1.2(a)). However, since low-LET radiations such as X-rays, y-rays, and B~ particles are
most commonly used in radiotherapy, the contribution of direct DNA damage is considerably
less than that of indirect damage arising from reactive species produced during water radiolysis

in cells.??
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Figure 1.2. (a) Spatial distribution of ionization events (red dots) caused by a single radiation track at low and
high LET in relation to DNA. Reproduced from Reference 32. (b) The time scale of water radiolysis at low
LET and biological effects. Adapted from References 32-34.

When ionizing radiation interacts with water, it produces both excited and ionized water
molecules together with ejected secondary electrons. These short-lived species rapidly undergo
reorganization that trigger a series of subsequent chemical reactions. As a result, a variety of
reactive species such as hydrated electrons (eaq’), hydroxyl radicals (-OH), hydrogen radicals
(‘H), and hydrogen peroxide (H20,) are formed.?* In aerobic biological environments, €aq”
rapidly react with dissolved molecular oxygen to generate superoxide anions (-Oy).
Consequently, the major reactive oxygen species (ROS) accounting for cellular damage are
mainly ‘Oz, -OH and H20: (Fig. 1.2(b)), which can destroy cellular components, particularly
DNA .3* Ionizing radiation can also activate cellular nitric oxide synthase (NOS), leading to the
production of nitric oxide (-NO), which can further react with -O2" to form the highly reactive
peroxynitrite anion (ONOQO") that can attack biomolecules.’ In addition, organic radicals (R-)
can also be formed. These carbon-centered radicals could react with oxygen to form peroxyl
radicals (RO>-) and abstract hydrogen from neighboring molecules, initiating chain reactions
such as lipid peroxidation and protein oxidation that amplify radiation-induced oxidative
damage.?® The extent of these reactive species formation is dependent on the LET of radiation,
with high-LET generally producing more reactive species. These direct and indirect induced

damage by ionizing radiation is responsible for cell death.
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1.2.2 Mechanisms of radioresistance and development of radiosensitizers

Radioresistance

Radioresistance arises from a combination of cellular repair capacity, redox regulation,
metabolic adaptation and microenvironmental factors (Fig. 1.3).373® The therapeutic effect of
radiotherapy depends largely on radiation-induced biomolecular damage and oxidative stress,
yet tumor cells activate multiple mechanisms to resist these effects. After irradiation, DNA
repair pathways are rapidly engaged, and checkpoint signaling is activated to maintain genome
stability through homologous recombination or non-homologous end joining. In many tumors,
however, defects in DNA repair also allow damaged DNA to bypass checkpoint control,
enabling replication of mutated genomes and promoting long-term radioresistance.’® Among
different forms of radiation damage, double-strand breaks (DSBs) are the most severe and the
hardest to repair. Low-LET radiation can also induce DSBs, but these breaks are usually
isolated and therefore more easily controlled, which limits the cytotoxicity of low-LET

radiation compared with high-LET modalities that generate clustered and complex DSBs.>

Tumor cells also strengthen their antioxidant systems by upregulating enzymes such as
superoxide dismutase, catalase and glutathione peroxidase to neutralize excess ROS.*
Metabolic reprogramming helps to maintain redox balance, as tumor cells may reduce
mitochondrial respiration or shift toward glycolytic metabolism to limit ROS generation. This
metabolic shift also provides biosynthetic precursors and energy that support rapid proliferation
and tumor growth.*'#? Repeated irradiation can further promote radioresistance by inducing
cellular plasticity and generating cancer stem cell-like populations with stronger survival
abilities. The tumor microenvironment also plays an important role. Hypoxic regions weaken

the oxygen enhancement effect and make tumor cells less sensitive to radiation.*’

These mechanisms together limit the efficiency of low-LET radiation, making the use of

radiosensitizers important for improving cellular sensitivity.
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Figure 1.3. An Overview of mechanisms involved in tumor radioresistance. Adapted from Reference 38.

Radiosensitizer

Radiosensitizers are agents designed to enhance the sensitivity of tumor cells to ionizing
radiation. Currently, clinically investigated radiosensitizers are largely repurposed
chemotherapeutic agents or drugs originally developed for non-radiation-related indications
(Table 1.2). These compounds increase radiation response by impairing DNA repair,
modulating tumor oxygenation, or disrupting antioxidant defenses (Fig. 1.3). Despite these
mechanistic advantages, their clinical translation has been limited by substantial systemic
toxicity, poor tumor selectivity, and narrow therapeutic windows.** In addition, many patients
have contraindications or limited treatment tolerance, making them unsuitable for enhanced

therapy with radiosensitizers having high systemic toxicity.
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Table 1.2. Ongoing Clinical Trials of Radiosensitizers, Reproduced from Reference 44.

Identifier Drug Conditions Phase Initiation
NCT02757651  Hydrogen peroxide Breast cancer /1l January 2017
NCT01850563 Hyperbaric oxygen Brain metastases Proof of principle  May 2013
NCT01880359 Nimorazole HNSCC (human I July 2014
papillomavirus negative)
NCT00301379  5-FU Cholangiocarcinoma 1l August 2005
NCT02189109  NVX-108 (perfluorocarbon  Glioblastoma multiforme | May 2014
dodecafluoropentane)
NCT02229656  Olaparib Head and neck cancer | February 2014
NCT02363829  Nelfinavir Uterine cervix cancer | February 2015
NCT01781403 Temozolomide Rectal cancer | May 2013
NCT02724618  Curcumin Prostate cancer Il March 2016
NCT01068327  Nelfinavir mesylate Stage lll pancreatic cancer | November 2007
NCT01684904  Paclitaxel Esophageal cancer Il July 2012
NCT03066154  Docetaxel Prostatic neoplasms | September 2016
NCT02871843 RRx-001 Glioblastoma | February 2017
NCT03101995 Gemcitabine Cervical cancer Il July 2017

Materials that are used to boost the damage from ionizing radiation have also been developed,
including high atomic number (Z) nanoparticles such as hafnium oxide*, gadolinium*®, and
gold*’. Their higher cross section compared with water allows them to absorb more energy
from radiation and deposit higher dose to cells. However, translating nanoparticles into clinical

practice remains challenging because of concerns about potential long-term toxicity.

Because of these limitations, there is an increasing interest in radiosensitizers that do not lead
to short- or long-term toxicity. Photosensitizers (PSs), originally developed for photodynamic
therapy (PDT), have gained attention because they can generate additional ROS not only
initiated by light but also when exposed to ionizing radiation, making them promising
candidates for enhancing radiation response. Their safety profile further supports their
application in cancer treatment. PSs are already clinically approved for PDT and have been
used in patients for many years. They show minimal systemic toxicity at the concentrations
relevant for radiation treatment and have a certain degree of tumor selectivity, especially
compared with many conventional radiosensitizers that have lower tumor uptake and often
cause substantial adverse side effects. Their radiosensitizing effects have already been observed
in patients with recurrent tumors, and ongoing clinical studies continue to support their

potential integration into radiotherapy.
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1.3 Photosensitizer as radiosensitizer

The use of photosensitizers as radiosensitizers can be traced back to around 1955, when
hematoporphyrin was combined with radiotherapy to treat patients with recurrent tumors and
showed encouraging results. Since then, research in this field has gradually developed, but the
working mechanism of photosensitizer excitation by ionizing radiation remains unclear.
Considering the fact that reported patient outcomes tend to vary, treatment optimizations is
essential and that would require a deeper understanding of the mechanism behind the activation
of photosensitizers by ionizing radiation. This leads to the central question of this thesis: how
photosensitizers generate ROS during ionizing radiation, and how this process can be used to
improve different modalities of radiotherapy. Before addressing this question, this section will
first introduce the basic photochemical properties of photosensitizers and then summarize the
current state of their combination with radiotherapy and the hypotheses regarding their

radiosensitizing mechanisms.

1.3.1 Basic principles of photosensitizers

Photosensitizers are molecules that can absorb light and convert this energy into chemical
reactions. Tetrapyrrole structures represent the largest group of PSs used in anti-cancer
applications because they generally show high singlet oxygen quantum yields compared with
many other types of molecules. Tetrapyrrole backbones also occur naturally in several
important biomolecules such as heme, chlorophyll and bacteriochlorophyll.*® Several families
of tetrapyrrole-based macrocycles have been developed for research and therapeutic use,
including porphyrins, chlorins, bacteriochlorins and phthalocyanines (Fig. 1.4). The central
tetrapyrrolic ring is fundamentally important in PS molecules because it forms an extended n
conjugated system, in which the & electrons are delocalized over the whole macrocycle. This
extensive delocalization enables strong absorption of visible or near-infrared light (400-800
nm), which is crucial for PDT. In addition, the conjugated system contains well-defined
electronic energy levels. This means that the delocalized electrons can only transition from the
ground state to specific higher-energy states, and each transition requires a photon whose
energy precisely matches the energy gap. Photons with much higher or lower energy are

therefore not absorbed efficiently.

11
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Figure 1.4. Molecular structure of tetrapyrrole-based photosensitizers.

The PS molecules are stable in the dark and remain in the ground singlet state, in which the
two electrons in a single frontier orbital have opposite spins. After absorbing photon of certain
energy, one electron is promoted to a higher-energy orbital, forming a singlet excited state
('PS™). This state is very unstable and short-lived (nanoseconds), and it usually returns to the
ground state by fluorescence emission. However, the singlet excited state can also undergo
intersystem crossing to form a triplet excited state (*PS™). The *PS” contains two electrons with
parallel spins, and it has a much longer lifetime (microseconds) because the return of these
parallel-spin electrons to the singlet ground state is a spin-forbidden process under quantum
selection rules. As a result, the *PS” has enough time to transfer its energy to surrounding
molecular oxygen (O,), producing singlet oxygen ('02).*’ This process, known as the Type II
pathway, is the dominant mechanism responsible for cell damage in PDT. The *PS* can also
gain or lose an electron to form a radical cation or radical anion. The best-studied pathway
(Type 1) is the reaction of the radical anion with O, to generate -O,".5%3! Though O has
relatively low reactivity in biological systems, it can undergo dismutation or one-electron
reduction to form H2O;, which can then undergo further one-electron reduction to produce -OH
(Fig. 1.5). These ROS and 'O, can damage cellular structures, including lipids, proteins, and
DNA, ultimately leading to cell death.>>>3

12
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Figure 1.5. Mechanistic illustration of the photochemical behavior of photosensitizers and their associated cell-
killing effects. Adapted from Reference 49.

1.3.2 Current research on PS as radiosensitizers

Clinical research

Clinical research on photosensitizers as radiosensitizers has progressed slowly, and only a small
number of clinical studies have been conducted so far, although interest in this approach has
been growing in recent years. Most of these clinical attempts have been performed in
combination with external photon beam radiation therapy, using several porphyrin-based
agents as the sensitizing compounds. Among them, hematoporphyrin, porfimer sodium
(Photofrin II) and 5-aminolevulinic acid (5-ALA) have received the most clinical attention.
The first clinical study of hematoporphyrin was reported by Schwartz et al. in 1955, in which
38 patients with resistant or inoperable tumors received hematoporphyrin together with X-rays
at dose rates between approximately 0.1 and 2.9 Gy/min or with ®Co y-rays.>* Tumor reduction
was observed in 13 of 38 patients, with squamous-cell carcinoma and rhabdomyosarcoma
showing marked responses, while melanoma showed no improvement. Between 2002 and 2006,
Schaffer and colleagues reported case observations in 17 patients with advanced cancer disease
who received external beam radiotherapy, including one patient with oropharyngeal carcinoma
treated with brachytherapy.>>-¢ Partial or complete remissions occurred in several tumor types,
including pelvic sarcoma, cervical cancer, astrocytoma and bladder cancer, although the

approach was not effective in recurrent glioblastoma or in oropharyngeal carcinoma.

More recently, renewed attention has been directed to 5-ALA, a precursor of mitochondrial
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protoporphyrin IX with selective accumulation in brain tumors. A phase I clinical trial was
initiated at the Fox Chase Cancer Center in 2020 that enrolled 130 patients with various tumor
types in order to determine tolerated doses of 5-ALA in combination with radiotherapy.>’ In
addition, a phase I and II clinical study led by Stummer at the University Hospital Miinster is
currently investigating 34 patients with recurrent glioblastoma. This trial evaluates repeated
and dose escalated administration of 5-ALA together with conventional radiotherapy, with the
primary aim of assessing tolerability and identifying an optimal administration schedule for

future clinical studies.®

Clinical studies of photosensitizers as radiosensitizers have shown encouraging tumor
responses in some cases, yet failures have also been reported. Because the number of treated
patients remains small and randomized trials are lacking, the overall evidence is still
inconclusive. The variable outcomes among tumor types suggest possible tumor-specific
behavior, which may relate to the uptake or distribution of photosensitizers in patients.
Moreover, failure also often reflects the limitations of radiotherapy itself, including tumor
hypoxia, antioxidant responses and the scavenging of radicals generated during irradiation.
These observations indicate that important clinical questions still remain regarding how this

treatment combination can be effectively implemented.

Preclinical research

Beyond clinical studies, this combined treatment has received extensive attention in preclinical
research. A range of porphyrins (free-base or metal-based) and texaphyrins have been
investigated and shown positive results in both in vitro and in vivo across different tumor types.

l.,59

A detailed summary can be found in the review by Leo et. al.,>” and here we focus on the main

research aspects investigated in these preclinical studies.

Preclinical research has generally approached this combined treatment from a practical
perspective. First, different photosensitizers have been tested across various tumor types
including glioblastoma, breast, colorectal, cervical, lung, and prostate cancers.%%-%> Most studies
confirmed the radiosensitizing role of PSs, though the strength of the observed effects varied
with tumor type, which again may reflect the differences in intrinsic radioresistance. For
example, glioblastoma U87 showed improved radiosensitivity when treated with 5-ALA
combined with fractionated radiation in mouse models.®*% However, in glioblastoma stem
cells (a highly radioresistant population) or giant cell glioblastoma, 5-ALA shows no
radiosensitizing effect.”® Second, concentration-dependence of PSs has been investigated, as a

threshold concentration is typically required for radiosensitization.%” Third, given that hypoxia
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is a common tumor characteristic, the oxygen-dependence of radiosensitization has been
examined. In vitro studies showed that Photofrin II produces radiosensitizing effects at 21%
oxygen but not at 5%, and verteporfin similarly loses its effect under hypoxic conditions.®%
In contrast, 5-ALA-induced PpIX can maintain radiosensitizing effects in hypoxia.”” However,
whether the presence of oxygen truly enhances the intrinsic radiosensitizing capability of PSs
remains uncertain. The difficulty comes from the fact that hypoxia itself increases tumor
radioresistance, which makes it hard to distinguish whether the reduced effect is caused by a
loss of PS function or simply by the reduced radiation effectiveness in hypoxic environment.

The fact that 5-ALA localizes mainly in the mitochondria, which is an important site of

radiation-induced damage, also plays an important role.

Both kilovoltage X-rays in the range of 50 to 220 kV and megavoltage photons can trigger
radiosensitization. Studies using lower energy typically employed fractionated irradiation,
whereas MeV beams often produced radiosensitizing effects with a single dose. Some
explanations attribute this difference to Cerenkov light, since its emission falls within the
absorption range of many photosensitizers which is between 400 and 800 nm.”!-”3 However,
comparative studies have not shown a clear difference between kV and MV irradiation in terms
of the overall radiosensitizing effect, which makes the contribution of Cerenkov light
uncertain.”* At present, internal radiation has received much less attention compared with
external beam studies. Brachytherapy has been examined as one of the internal radiation
approaches. Photofrin Il was tested with '*’Ir in adenocarcinoma tumors, and the treatment was
delivered at a low dose rate of about 1 Gy/h. Under these conditions, no radiosensitizing effect
was observed.” Radionuclides have also been explored. For example, the combination of *Cu
with 5-ALA significantly decreased breast cancer cell viability and produced tumor remission
in mouse models.®> Although these observations were attributed to Cerenkov light, the actual
amount of light emitted by “Cu (~0.56 Cerenkov photons/decay) is negligible compared with

the deposited radiation energy, which raises questions on the role of Cerenkov radiation.”®

Although these studies cover a wide range of topics and provide many useful observations, the
research directions are highly scattered and the results are not always consistent. This makes it
difficult to draw clear conclusions from preclinical work alone and raises the need to examine

the mechanism of photosensitizer activation by ionizing radiation.
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Mechanistic insights

Currently, there are generally three hypotheses regarding the ROS formation by PSs when
exposed to ionizing radiation. The first involves Cerenkov light produced when the radiation
energy exceeds the threshold required for its generation. Cerenkov light is considered to
function as an internal light source that can excite PSs to the triplet state, leading to the
production of ROS. The second hypothesis suggests that PSs can be directly excited by
secondary electrons generated during the interaction of radiation with matter.”” The third
proposes an indirect pathway in which ionizing radiation produces ionized PS species that
promote electron transfer to surrounding substrates and generate ROS. This process does not
rely on the traditional photochemical pathway through which photosensitizers are usually
excited.® While these hypotheses outline possible routes for ROS formation, there is no direct

evidence for any of them and much remains to be understood.

Although many questions regarding the radiosensitizing effect of photosensitizers still need to

be answered, the main starting point of this thesis is:

. To better understand the mechanism behind ionizing radiation induced activation
of photosensitizers.

. To determine which radiation modalities are best suited for the activation of
photosensitizers in biologically relevant environment such as 2D or 3D cell
cultures.

16
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1.4 Outline of the thesis

The aim of this thesis is to investigate how photosensitizers respond when ionizing radiation
interacts with these molecules in aqueous solutions, and how these mechanistic insights can
help to further develop the combination with radiation therapy. We primarily used X-rays and
gamma rays to study the interaction mechanisms between photosensitizers and ionizing
radiation. Based on our hypothesis, we then applied iodine-125, yttrium-90 and lutetium-177
as radiation sources in combination with photosensitizers to treat cancer cells, assessing

whether the proposed mechanism also operates in biological environment.

In Chapter 2, we examine how radiation conditions influence singlet oxygen formation by
Chlorin e6 (Ce6) in aqueous solutions and aimed at interpreting the underlying mechanism. We
compared singlet oxygen production when exposed to photon beams with different energies,
including energies not leading to Cerenkov emission and energies capable of producing
Cerenkov light. Singlet Oxygen Sensor Green (SOSG) and the imidazole/RNO method were
used to detect singlet oxygen formation. In addition to energy differences, we also evaluated
dose rate effects similar to those used in external beam radiation therapy and brachytherapy.
To further support the interpretation of the activation mechanism, we performed scavenger
experiments assessing the contribution of different reactive species to the overall singlet

oxygen production process by Ce6.

In Chapter 3, we investigate whether photosensitizers are activated through direct electronic
excitation. We used an iodine-125('?°I) system that provides Auger electrons and photon
emissions to create different electron environments around Chlorin e6. Gold nanoparticles were
introduced as a platform to position Ce6 at defined distances from '?°I. Cytotoxicity was used
as the main approach to evaluate how these different electron environments influence the

activation process and to determine the function of Ce6.

In Chapter 4, we apply an yttrium-90 foil to mimic the dose rate of brachytherapy and
investigate how dose rate influences the radiosensitizing behavior of 5-ALA in glioblastoma
U87 cells and in the prostate cancer cell line PIP-PC3. The evaluation mainly focuses on

changes in cell proliferation after combined treatment.

In Chapter 5, we further examine the dose rate effect on the radiosensitizing behavior of 5-
ALA in PIP-PC3 cells using the radionuclide lutetium-177. The activity-to-dose and dose rate
were estimated through Monte Carlo simulations. To assess the response to this combined

treatment, we performed 2D clonogenic assays and 3D spheroid experiments.
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In Chapter 6, the conclusions are presented based on the understanding gained from the results

and finish with an outlook for future research directions in this field.
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Chapter 2

Low-Dose-Rate lonizing Radiation
Increases Singlet Oxygen Production by
Photosensitizers



Abstract

Photosensitizers have significant potential as radiosensitizers in cancer treatment, yet the
mechanism of ionizing radiation-induced singlet oxygen (!0) generation remains unclear.
Here, we systematically investigated 'O, production by the photosensitizer Chlorin e6 (Ce6)
using SOSG probe and imidazole/RNO detection methods, evaluating effects of photon energy
(X-rays up to 310 kV and ®Co gamma rays at 1.17 and 1.33 MeV), dose, and dose rate. Ce6
produced more 'O> with increasing photon energy. At 5 Gy, the lowest dose rate (0.005 Gy/min)
yielded significantly more 'O, than higher dose rates (7-0.05 Gy/min). Scavenging experiments
identified superoxide anions (-O2") as a key intermediate. We propose that, unlike classical
triplet-state photosensitization, ionizing radiation induces Ce6 radical cations (Ce6™"), which
react with radiation-induced -Oz" to generate 'O,. These findings suggest potential for
photosensitizer-radiation combinations in low dose rate therapies, though further biological

validation and consideration of tumor redox status are required.

Keywords: photosensitizer, Chlorin e6, radiotherapy, singlet oxygen formation, dose rate,

superoxide anions

The Content of this chapter is adapted from:

Xu, B., Liu, J., Eelkema, R. & Denkova, A. G. Low-dose-rate ionizing radiation increases
singlet oxygen production by photosensitizers. Cell Reports Physical Science 6, 102976
(2025)
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2.1 Introduction

Despite the proven effectiveness of radiation therapy (RT) in cancer treatment,!-> tumour
recurrence remains a significant clinical challenge.®’ Radiosensitizers are commonly used to
enhance radiation effects in recurrent tumours.®® Although these agents initially achieve
tumour growth delay, their systemic toxicity ultimately limits improvements in overall
survival.'” Photosensitizers (PSs), which are traditionally used in photodynamic therapy (PDT)
to generate cytotoxic singlet oxygen ('02) and other reactive oxygen species (ROS) upon light
activation,'' have emerged as promising alternatives, offering remarkable potential to enhance
radiation effects with minimal toxicity. Early PSs, such as Hematoporphyrin and Photofrin,
achieved clinical success in inducing tumour remission when combined with RT, having as
only side effect prolonged photosensitivity persisting for months after treatment.'>!7 Recently,
S-aminolevulinic acid (5-ALA) has gained a lot of attention as a precursor that converts
intracellularly into protoporphyrin IX (PpIX), the latter selectively accumulating in tumour
tissues due to altered heme biosynthesis,'® thereby reducing systemic phototoxicity and
enhancing radiotherapy outcomes. Preclinical studies have established the feasibility of 5-ALA
as a radiosensitizer, prompting its clinical translation with ongoing clinical trials focused on
evaluating the maximum tolerated dose of 5-ALA.'> However, the fundamental interaction
mechanism between ionizing radiation and photosensitizers that is responsible for these results

has received limited attention, preventing optimization of the therapeutic outcomes.

Photosensitizers are typically activated by light photons, which excites them to a triplet state
and leads to the generation of 'O, and ROS.?* However, there is some evidence suggesting that
this classical mechanism may not apply under ionizing radiation. For instance, Takahashi's
research? suggests that under X-ray irradiation, PpIX may generate ROS through a mechanism
involving the transfer of radical energies from primary radicals such as hydroxyl radicals (-OH),
hydrogen radicals (-H), and hydrated electrons (e.q), as well as secondary electrons, to PpIX.
Similarly, Schaffer et al.'* observed comparable biological effects of Photoftin at radiation
doses of 5 Gy and 15 Gy, further suggesting that the observed results may not be caused by
direct interaction of photosensitizers with radiation, such as photon excitation. Some cell
studies have been performed to understand the observed cytotoxicity when using 5-ALA,
which suggest that the effects are mediated by enhanced intracellular ROS production,
especially superoxide anions (-O2") from mitochondrial dysfunction.??” This mechanism is
particularly relevant to 5-ALA due to PpIX accumulation in mitochondria. However, direct

evidence linking the dysfunction of mitochondria during irradiation in the presence of PSs is
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still lacking. In addition, most existing studies have focused on factors such as photon energy
or radiation type (photons vs. particles), while the potential influence of dose rate has often
been overlooked. Moreover, the diversity of experimental conditions, including cell types, has
led to conflicting or non-comparable results. For instance, photons having both keV and MeV

19,20,22

energies appear to be able to activate PS, while some studies attribute the effect to

28,29

Cerenkov radiation that only occurs at high photon energies, as its emission spectrum

overlaps with PS absorption wavelengths®.

In this study, we have systematically investigated the activation of photosensitizers by X-rays
and gamma rays, addressing key factors that may influence their behaviour. Specifically, this
study considers the energy of photons (below and above the threshold of Cerenkov light
production), the effect of dose rate, and the role of free radicals in pure water. Given that 'O
is recognized as one of the most cytotoxic species,*' we primarily focus on its formation during
ionizing radiation. The photosensitizer Chlorin e6 was chosen due to its better water solubility
compared to most porphyrins and previous findings indicating its activation under ionizing

radiation.?

2.2 Materials and Methods

Materials

Chlorin e6 (Ce6) was purchased from Santa Cruz Biotechnology (#SC-263067, purity > 96%).
Singlet Oxygen Sensor Green (SOSG) and p-nitroso-N,N-dimethylaniline (RNO) were
purchased from Thermo Fisher Scientific. L-Histidine and Superoxide dismutase (SOD),
Aminophenyl Fluorescein Solution (APF) were purchased from Merck Sigma. Ethanol was
purchased from Sigma Aldrich. Milli-Q (MQ) water used in these experiments was prepared

with in-house Milli-Q system from Merck Millipore.

Radiation Source

The X-rays were generated by the X-ray source Philips MCN 321 with variable-energy X-ray
tube. A ®Co source (GC220, Nordion) was used to generate gamma-ray radiation. The dose
rates of ®*Co were calculated using Fricke dosimetry corrected for the 2,778-day half-life of

Cobalt-60.

X-ray and gamma-ray irradiation

For the X-ray irradiation experiments, the samples were positioned on a horizontal platform,
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located at a specified distance from the X-ray tube. To achieve various dose rates necessary for
the experiment, adjustments were made to the ratio of voltage and current (Table 2.1). The
gamma ray irradiation was performed at a dose rate of 9.1 Gy/min and 6.2 Gy/min by placing

samples into the sample chamber of the °Co source.

Table 2.1. The settings used for delivering 5 Gy by X-ray irradiation

Energy 310 kV, 240 kV, 240 kV, 240 kV, 240 kV, 240 kV,
12 mA 15 mA 1mA 1mA 0.7 mA 1mA
Dose rate (Gy/min) 7 3 0.195 0.05 0.034 0.005
Distance (cm) 11 21 21 46 46 150
Irradiation time 40's 1min42s 25min38s 100 min 147 min 16.5h

Reactive oxygen species (ROS) measurement

Singlet oxygen ('O>) formation was confirmed by two established methods. The first method
employed the SOSG probe, which exhibits high selectivity for singlet oxygen detection. The
second method, developed by Kraljic and El Mohsni*, involves a combination of imidazole

group and RNO (referred as the Imd/RNO method).

Measurement of ' O2 by SOSG probe. A 0.5 mM Ce6 stock solution was prepared by suspending
Ce6 powder in MQ water and ultrasonicating for 20 min. The stock solution was then diluted
to 10 uM with MQ water. Subsequently, 0.25 mL 10 uM Ce6 was mixed with an equal volume
of 10 uM SOSG solution, resulting in a final concentration of 5 pM of Ce6 and SOSG. Both
the mixtures and control samples (containing SOSG and water only) were then exposed to
either X-rays or gamma-rays. After irradiation, the fluorescence of SOSG was measured at an
excitation wavelength of 504 nm and an emission wavelength of 524 nm using a Cary Eclipse

Fluorescence Spectrophotometer (Agilent Technologies).
The normalized relative increase in FL intensity was calculated as follows:

FL ( Ce6 + SOSG at each d :
Relative increase FL intensity = (Ce at each dose) (Equatlon 2. 1)
FL ( SOSG alone at each dose)

. . . . Relative FL ( Ce6 + SOSG at each dose) .
Normalized relative FL intensity = (Equatlon 2.2)
Relative FL ( Ce6 + SOSG at 0 Gy)

First, the increased FL intensity of the Ce6 groups relative to the control groups was calculated
by dividing the FL intensity of the Ce6 groups by the FL intensity of the control groups at the

same specific dose. Then, the relative FL intensity obtained from the first step was normalized
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by comparing it to the FL intensity at 0 Gy.

Confirmation of 'Oz by Imd/RNO method. This method involves two main steps: initially, 'O>
reacts rapidly with imidazole group, leading to its oxidation and the formation of a peroxide
intermediate. In our experiment, we used L-histidine, which contains an imidazole group, as
the reacting molecule. In the subsequent step, this peroxide intermediate reacts with RNO,
causing the bleaching of RNO, which can be measured spectrophotometrically at 440 nm. For
the assay, solutions of 0.2 mM Ce6, 25 mM L-histidine and 125 uM RNO were prepared
separately in phosphate buffer (PB) (25 mM, pH = 7.4). These solutions (Ce6, L-histidine and
RNO) were then mixed in a 96 well-plate to achieve a total volume of 200 pL, containing 40
uM Ce6, 10 mM L-histidine and 50 uM RNO (with or without 0.01% ethanol). The entire plate
was then irradiated by X-rays at various dose rates in a dim environment. The absorption of
RNO at 440 nm was measured by a microplate scanning spectrophotometer (PowerWave XS™,
Bio-Tek) before and after the irradiation. For sunlight exposure experiments, the sample
preparation was the same as that used in the X-ray irradiation experiments, except that stock
solutions of Rose Bengal (0.1 mM in PB) and Ce6 (0.1 mM in PB) was further diluted to a

final concentration of 10 uM.

Assessment of superoxide anions (-Ox) contribution to ' O formation using SOD. To investigate
the potential role of superoxide anions in the system, the experiments described above were
repeated with the addition of superoxide dismutase (SOD). The procedures for both SOSG and
Imd/RNO measurements remained identical, except that SOD (1 pg/mL) was added to the

samples before irradiation.

Confirmation of -OH by APF probe. A 0.5 mM Ce6 stock solution was prepared by suspending
Ce6 powder in MQ water and ultrasonicating for 20 min. The stock solution was then diluted
to 10 uM with MQ water. Subsequently, 0.5 mL 10 uM Ce6 was mixed with an equal volume
of 5 uM APF solution, resulting in a final concentration of 5 uM of Ce6 and 2.5 uM APF. Both
the mixtures and control samples (containing APF and water only) were then exposed to X-
rays. After irradiation, the fluorescence of APF was measured at an excitation wavelength of
490 nm and an emission wavelength of 515 nm using a Cary Eclipse Fluorescence

Spectrophotometer (Agilent Technologies).

Statistical analysis
Data with error bar were presented as mean + SD. Statistical analyses were performed using

either one-way or two-way ANOVA as appropriate. GraphPad Prism software (version 8.00)
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was used for statistical analysis and data visualization. P < 0.05 was considered statistically

significant.

2.3 Results

Higher photon energy enhances singlet oxygen production at comparable dose rates

This section aims to investigate the role of radiation energy in activating Ce6, taking also into
account possible Cerenkov light generation. To address this, two external radiation sources, X-
rays and gamma-rays, were employed to deliver photons of different energies. The energy of
the X-rays used was 310 kV, which will not produce Cerenkov light, while the energy of the
gamma-rays delivered by a ®°Co source are well above the limit of Cerenkov light generation
(i.e. 1.17 and 1.33 MeV). The activation of Ce6 was evaluated by measuring the formation of
singlet oxygen ('02) according to changes in fluorescence intensity (FL intensity) of the SOSG
probe. Samples containing Milli Q water (MQ) with the same concentration of SOSG were
used as a control group to account for any potential interaction of SOSG itself with ionizing

radiation.

Figure 2.1 shows the FL intensity of SOSG in samples with or without Ce6 exposed to gamma
or X-ray radiation. After exposure to gamma rays at a dose rate of 6.2 Gy/min (Fig. 2.1(a)), a
significant increase in FL intensity was observed beyond 5 Gy in the Ce6 group compared to
the control group, with a more pronounced enhancement at 10 and 20 Gy. To ensure comparable
conditions with gamma-ray exposure, the dose rate of X-rays was set to 7 Gy/min (Fig. 2.1(b)),
using a voltage of 310 kV and a current of 12 mA. A modest increase in FL intensity was noted

at 20 Gy in the Ce6 group compared to controls.
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Figure 2.1. Higher-energy gamma-ray irradiation enhances SOSG fluorescence in the presence of Ce6
compared with X-ray irradiation. The direct fluorescence intensity values of SOSG in samples after exposure
to: (a) a ®’Co source emitting gamma energy of 1.17 and 1.33 MeV at a dose rate of 6.2 Gy/min. (b) X-rays
with a dose rate of 7 Gy/min (310 kV, 12 mA). (c) and (d) represent the normalized relative increase of
fluorescence intensity of SOSG in Ce6-containing samples compared to the control groups, corresponding to
(a) and (b) respectively, as calculated using Equation 2.1 and 2.2 (see Methods). All data are represented as
mean = SD and analyzed by two-way ANOVA (a and b) or one-way ANOVA (c and d); *p < 0.05, ***p <
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0.0005, ****p < 0.0001; n = 3. [Ce6] = 5 uM; [SOSG] = 5 M.

We noticed that the SOSG fluorescence also increased with radiation dose in the absence of
Ce6 (Fig. S2.1). This radiation-induced response was further confirmed by the fluorescence
spectra (Fig. S2.2(a)) and has been previously reported by Liu et al.3?, who showed that the
fluorescence signal was influenced by -OH produced during ionizing radiation. Consistently,
the UV spectral analysis revealed decreased absorption at 257 nm (Fig. S2.2(b)),
suggesting ‘OH-mediated modification of SOSG's anthracene moiety,** which could disrupt its

fluorescence quenching mechanism.

To properly assess the ability of Ce6 to generate 'O compared to SOSG solutions alone,

additional calculations were performed. First, the relative increase in the Ce6 group at each
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dose compared to the control group was calculated using Equation 2.1 (see Methods). These
values were then normalized to the relative FL intensity at 0 Gy according to Equation 2.2 (see

Methods) to further isolate the effect of Ce6 from the baseline fluorescence differences at 0 Gy.

Figure 2.1(c) and Figure 2.1(d) present the data processed from Figure 2.1(a) and Figure 2.1(b)
based on the described corrections. After normalization, an increase that was initially observed
for a dose below 5 Gy under gamma-ray radiation (Fig. 2.1(a)) was no longer evident (Fig.
2.1(c)). The normalized relative FL intensities for 5 Gy, 10 Gy, and 20 Gy were 1.080 + 0.046,
1.270 £ 0.036, and 1.829 £ 0.054, respectively. No significant increase was observed at 5 Gy
in the Ce6 group, while significant differences in FL intensity were observed at 10 Gy (p <
0.0005) and 20 Gy (p < 0.0001) compared to non-irradiated samples. For the samples irradiated
with X-rays at a dose rate of 7 Gy/min, the normalized FL intensity values were 1.049 + 0.055,
1.116 + 0.119, and 1.266 + 0.023 for 5 Gy, 10 Gy, and 20 Gy, respectively. A significant
enhancement was observed at 20 Gy (p < 0.05) (Fig. 2.1(d)).

The lowest dose rate (0.005 Gy/min) leads to the highest singlet oxygen production

The findings from the previous section demonstrate that Cerenkov light was not essential for
activating Ce6, as 'O, was also detected when using X-rays with energy below the Cerenkov
threshold. Building on these results, this section investigates the effect of dose rate on 'O,
production, a factor that differs significantly between external and internal radiation.?® Given
the unpredictable dose rates inherent to radionuclide therapy, the lowest dose rate used here
was 0.005 Gy/min, comparable to that used in low-dose-rate brachytherapy.3® X-rays with an
energy of 240 kV were used to avoid Cerenkov light formation, and the voltage-to-current ratio

of the X-ray source was adjusted to achieve the desired dose rates, as detailed in Table 1.

Figure 2.2 shows the measurement of 'O using the SOSG probe and the Imd/RNO method. In
Figure 2.2(a), the FL intensity of the SOSG in samples following 5 Gy of X-ray irradiation at
various dose rates are depicted. After normalization (Fig. 2.2(b)), the greatest enhancement in
FL intensity in the presence of Ce6 was observed at 0.005 Gy/min, with a normalized relative
increase of 2.505 + 0.026 compared to non-irradiated samples. The corresponding values for
dose rates of 7 Gy/min, 3 Gy/min, 0.2 Gy/min, and 0.05 Gy/min were 1.361 + 0.108, 1.416 +
0.131, 1.413 + 0.115, and 1.580 + 0.024, respectively. Statistical analysis showed that the
normalized relative FL intensity at 0.005 Gy/min was significantly higher than those at higher
dose rates (p < 0.0001). In contrast, the normalized relative FL intensities at dose rates of 7
Gy/min, 3 Gy/min, 0.2 Gy/min, and 0.05 Gy/min did not differ significantly from each other;

however, a slight increase was observed compared to non-irradiated groups. The different
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results at 5 Gy observed in our study between Figure 2.1(b) and Figure 2.2(b) at 7 Gy/min
radiation may be due to variations in SOSG batches, as differences in solubility and sensitivity

to 'O, could lead to the discrepancies in measured intensities.
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Figure 2.2. Low dose rate irradiation enhances SOSG fluorescence and RNO bleaching in the presence of Ce6.
(a) Fluorescence intensity of SOSG in samples with or without Ce6. [Ce6] = 5 uM; [SOSG] = 5 uM. (b)
Normalized relative increase in fluorescence intensity based on data derived from (A). (c) Absorption difference
of RNO in the presence of Ce6 before and after X-ray irradiation. Samples contained 40 uM Ce6, 50 uM RNO
and 10 mM L-histidine; AA denotes the difference between the absorption of RNO before and after irradiation;
pH was set to 7.4 using phosphate buffer (PB). All data are represented as mean + SD and analyzed by one-
way ANOVA (b and c); ****p <0.0001; n= 3.

To confirm the results obtained using SOSG, we used a second method for detecting 'Oa,
known as the Imd/RNO method. This method showed effective detection of 'O, generation
(Fig. S2.3(a)), which was completely inhibited by the 'O, quencher NaNj3 (Fig. S2.3(b)). In our
experiments, the absorption of RNO was measured before and after the irradiation. The change
in absorption (AA = Apefore radiation - Aafier radiation) Was used to evaluate the ability of Ce6 to
generate !0,. When applying this method under ionizing radiation, it should be noted that RNO
also quenches -OH generated during water radiolysis,?” which can lead to the decrease of RNO
absorption and interfere with the detection of 'O,. To minimize this effect, ethanol was added
as a strong -OH scavenger to protect RNO.3® At a radiation dose of 70 Gy, a clear decrease in
RNO absorption was observed in the RNO solution, but this effect was eliminated in the
presence of 0.01% ethanol, confirming its protective role (Fig. S2.4(a)). In all subsequent X-

ray irradiation experiments, 0.01% ethanol was present unless otherwise specified.

Figure 2.2(c) shows the absorption change of RNO in the presence of Ce6 before and after X-
ray exposure. At a dose of 5 Gy delivered at a dose rate of 0.005 Gy/min, RNO absorption
decreased significantly by 0.126 £ 0.013 (p<0.0001 compared to other groups). In contrast, no

significant decrease in RNO absorption was observed when samples were irradiated at higher
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dose rates (7, 3, 0.2 and 0.034 Gy/min). A similar decrease at 0.005 Gy/min was also observed
with Ce6 in the absence of ethanol, whereas the control groups (Ce6+RNO, L-histidine+RNO,
and RNO), with or without ethanol, showed only minor changes (Fig. S2.4(b)). For higher dose
rates, the control groups (Ce6+RNO, L-histidine+RNO and RNO) exhibited negligible changes
in RNO absorption (Fig. S2.4(c)).

Superoxide anions are involved in singlet oxygen formation

Research has suggested that free radicals from water radiolysis may play a role in the activation
process of photosensitizers.'3?* Our experimental results showed that when using the Imd/RNO
method, the addition of ethanol had no effect on the formation of 'O, by Ce6 (Fig. S2.4(b)),
indicating that -OH were not involved in the formation process. To further explore the
mechanism under ionizing radiation, we evaluated the role of free radicals, particularly
superoxide anions (-Oz7), which has been shown to be influenced by dose rate due to possible
radical-radical recombination.?® This was achieved by introducing a -O scavenger, superoxide

dismutase (SOD), during radiation exposure.
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Figure 2.3. Addition of SOD eliminates the increase in SOSG fluorescence and RNO bleaching in the presence
of Ceb6. (a, b) Samples were exposed to 5 Gy of X-rays (240 kV, 1 mA; dose rate = 0.005 Gy/min). (a)
Fluorescence change of SOSG. [Ce6] = 5 uM; [SOSG] = 5 uM; [SOD] = 1 pg/mL. (b) Change in RNO
absorption. C+H+R samples contained 40 uM Ce6, 10 mM L-histidine and 50 uM RNO; C+H+R+SOD
samples contained 40 uM Ce6, 10 mM L-histidine, 50 uM RNO and 1 pg/mL of SOD; H+R samples contained
10 mM L-histidine and 50 uM RNO; H+R+SOD samples contained 10 mM L-histidine, 50 pM RNO and 1
png/mL of SOD; AA denotes the difference between the absorption of RNO before and after irradiation; pH was
set to 7.4 using PB. (c¢) Fluorescence of SOSG after exposure to 20 Gy of gamma-ray radiation (1.17 and 1.33
MeV) at a dose rate of 6.2 Gy/min. [Ce6] =5 uM; [SOSG] =5 uM; [SOD] =1 pg/mL. All data are represented
as mean + SD and analyzed by one-way ANOVA; *p < 0.05, **p <0.01, ***p < 0.0005; n = 3.

As shown in Figure 2.3(a), the addition of 1 ug/mL SOD did not affect the intrinsic
fluorescence of SOSG without X-ray exposure, nor did it alter SOSG behavior after light
exposure (Fig. S2.5(a)). In the absence of SOD, exposure to 5 Gy of X-rays at 0.005 Gy/min
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resulted in an increase in FL intensity of SOSG in the Ce6 group compared to the control group,
consistent with earlier findings. However, this increase was eliminated with the addition of
SOD, as indicated by the lack of significant difference between the Ce6 group and the control
group with SOD after irradiation. Similarly, the addition of SOD did not affect the decrease of
RNO absorption in presence of Ce6 under sunlight exposure (Fig. S2.5(b)). In Figure 2.3(b), a
significant decrease of RNO absorption was observed in the Ce6 group without SOD when
compared to the control group without Ce6 after exposed to 5 Gy at a dose rate of 0.005 Gy/min.
However, this decrease in RNO absorption in the presence of Ce6 was eliminated as well by
the addition SOD, showing a significant difference when compared to the Ce6 group without
SOD. Furthermore, in the presence of SOD, no significant difference was observed between

the Ce6 group and the control group.

The effect of SOD on the FL intensity of SOSG in the presence of Ce6 was also studied under
gamma-ray exposure. Figure 2.3(c) shows that after 20 Gy of gamma-ray radiation, the FL
intensity of SOSG in the presence of Ce6 was significantly higher than that of the control group.
However, after adding SOD, this increase disappeared and no difference of the FL intensity of
SOSG was observed between the Ce6 group and control group. Notably, SOSG itself still had
higher FL intensity after 20 Gy irradiation compared to 0 Gy regardless of the addition of SOD.

The UV absorption of SOSG molecules both before and after irradiation in the presence of
SOD was measured to check whether SOD would structurally influence the SOSG molecule
(Fig. S2.5(c)). The UV spectrum shows that the addition of SOD did not affect the molecular
structure of SOSG, even after radiation, as no noticeable decrease in SOSG absorption was

observed.
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2.4 Discussion

In this study, we systematically investigated the 'Oz generation by Ce6 under ionizing radiation,
focusing on key factors such as radiation energy (below or above the threshold of generating
Cerenkov light in water), dose rate, and the effects of free radicals. We primarily evaluated 'O>
formation using the SOSG probe during irradiation by measuring the increase in FL intensity
at an emission wavelength of 528 nm. Additionally, we used the Imd/RNO method as a

complementary approach to validate the obtained results.

X-rays with energy up to 310 kV and gamma rays with energy of 1.17 and 1.33 MeV can both
activate Ce6 to produce 'O, with increasing doses leading to more 'Oz production (Fig. 2.1).
Gamma rays appeared to be more efficient than X-rays in activating Ce6 when compared at
similar dose rates, achieving higher '0> production at a lower dose. This enhanced response
was specific to Ce6, as the SOSG controls showed comparable behavior under both X-ray and
gamma ray irradiation (Fig. S2.1(a)). While gamma rays generated more 'O, several
observations suggest that this enhanced production is not driven by Cerenkov radiation. First,
at the energy levels used in this study, gamma rays produce minimal Cerenkov radiation.*’
Second, X-ray irradiation successfully generated 'O (Fig. 2.1(b) and Fig. S2.6), despite the
absence of Cerenkov light (Fig. S2.7). These observations suggest that the difference in 'O>
production between gamma rays and X-rays is likely driven by their energy and related

interaction mechanism.

The relationship between dose rate and 'O, production exhibits a distinct pattern, where dose
rates ranging from 0.05 Gy/min to 7 Gy/min showed minimal impact, a significant increase
was observed at the much lower dose rate, i.e. 0.005 Gy/min (Fig. 2.2(a) and Fig. 2.2(b)). To
address the potential interference from SOSG, this observation was further validated using the
Imd/RNO method, which further confirmed that the lowest dose rate (0.005 Gy/min) led to a
substantial increase in 'O, production (Fig. 2.2(c)). Furthermore, the decrease in RNO
absorption was consistent for samples with and without ethanol, confirming that the reduction
in RNO can be attributed to the formation of 'O, and not of -OH (Fig. S2.4(b)). To the best of
our knowledge, this study is the first to demonstrate that radiation dose rate affects the

production of 'O, by photosensitizers, as demonstrated here by Ce6.

There are no reports investigating similar effects in other types of photosensitizers. In principle,
photosensitizes such as Ce6 is activated by absorbing an incident photon with energy of

approximately 1.14 €V to ultimately form a triplet state,*' which can subsequently transfer
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energy to >0 and form 'O,. However, it is very unlikely for ionizing radiation to follow this
activation pathway, as energy of ionizing radiation far exceeds 1.14 eV. Instead, this activation
may occur in subsequent steps, where the energy deposited by ionizing radiation into the
surrounding medium (e.g., water) triggers subsequent indirect processes that ultimately lead to

the production of 'O, by Ce6.

The energy deposition of ionizing radiation in water is categorized into 3 main stages: the
physical stage (~10-1° s), the physicochemical stage (1071 to ~ 10-!? s) and the chemical stage
(1012 to ~ 10 s). During the initial physical stage, the primary ionizations produce secondary
electrons through excitation and ionization of surrounding molecules. These secondary
electrons undergo cascading energy loss, eventually generating low energy electrons that can
no longer induce molecular excitation or ionization.*? One could expect that these low energy
electrons having energy above 1.14 eV could transfer energy to Ce6 molecules, resulting in the
triplet state of Ce6 and in turn producing 'O», which might explain the dose-dependent manner
of the increased FL intensity of SOSG with Ce6 (Fig. 2.1), as the production of secondary

electrons is dose-dependent.

The energy deposition of low energy electrons predominantly depends on the initial radiation
energy.*>* If these electrons were solely responsible for Ce6 activation, 'O, production should
remain consistent at a given dose regardless of the dose rate. However, our observations at 5
Gy across different dose rates showed dose rate-related variations in 'O production, despite
nearly identical X-ray energy spectra (Fig. S2.7), suggesting the involvement of processes
beyond the physical stage. While the excited HO* molecules (with energy ~ 1.3 eV above the
first ionization potential*®) could potentially transfer energy to Ce6, their short lifetime (~ 0.8

ps*) and low yield** make their contribution negligible.

Dissolved molecular oxygen plays a crucial role as a precursor to 'O,. During exposure to

ionizing radiation, a continuous consumption of Oz occurs through the following reactions.*’

e‘q + 02 2 -02‘

ai

H + 0, T_’HOZ'

At lower dose rates, two factors could potentially enhance the energy transfer process between
Ce6 and oxygen: the slower O> consumption rate compared to high dose rates, which allows
Ce6 molecules to be surrounded by more O, and the longer irradiation time, which enables
more efficient O, replenishment. This could theoretically provide more opportunities for Ce6

to transfer energy to surrounding oxygen. However, given that the dissolved O> concentration
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in water under normal atmospheric pressure (~250 uM) is sufficiently high, a 5 Gy dose would
not significantly deplete it.*® Therefore, O, availability is unlikely to be a limiting factor in Ce6
activation. Rather, free radicals and molecular products generated during irradiation appear to

be more probable drivers of Ce6 activation and subsequent 'O, production.

Recent studies have shown that the yield of free radicals, such as -OH and e.q’, varied with dose
rate, possibly due to the complicated intra-track radical-radical recombination.’**” The
Imd/RNO results (Fig. 2.2(¢c)) clearly indicated that -OH was not involved in the generation of
10, by Ce6, as the measurement done in the presence of ethanol, a known quencher of -OH, a

substantial amount of 'O, was still formed at a dose rate of 0.005 Gy/min.

The yield of ey decreases with increasing dose rate, likely because e.q are involved in
numerous radiolysis processes, and at higher dose rates, the denser distribution of radiolysis
products increases the chance of radical-radical recombination.*’ Of particular interest is their
interaction with Oz molecules, which leads to the formation of Oy, a species that was found
to generate 'Oy through a redox reaction.*® Interestingly, our experiments using SOD to
quench -Oy" eliminated the increased production of 'O at low dose rate in both the SOSG and
the Imd/RNO method (Fig. 2.3(a) and Fig. 2.3(b)). Additionally, the elimination of 'O,
observed at 20 Gy gamma-ray radiation (Fig. 2.3(c)), further supports the important role of - Oy
in the 'O, production by Ce6. While the exact mechanism remains unclear, thermodynamic
considerations of the redox potential of -O2" and the triplet state of Ce6 (*Ce6*) suggest that

direct formation of 'O; via oxidation of -0, by 3Ce6* is unlikely.**4°

We can now propose a possible mechanistic pathway for the generation of 'O, by Ce6 under
ionizing radiation conditions, which differs significantly from traditional photosensitization
processes. While conventional photosensitization of Ce6 typically proceeds through excitation
to its triplet state, our results suggest that high-energy radiation leads to the formation of Ce6
radical cations (Ce6™). These radical cations can subsequently react with -O;" to produce 'Os.
The possibility of such a pathway is supported by previous studies reporting the existence of
radical cations of photosensitizers when exposed to ionizing radiation.’®! In addition, this
mechanism is similar to the one proposed by Kavarnos and Turro®? when describing porphyrin
photochemistry. These papers suggest that 'O, formation can occur either through energy
transfer process (Equation 2.3) or stepwise electron exchange in polar solvents (Equation 2.4
and 2.5). However, in our radiation-induced system, the conventional photosensitization
pathways (Equation 2.3 and 2.4) are unfavorable due to the huge energy gap between ionizing

radiation and visible light.
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Ps*+ %0, - Ps + 'o,  (Equation2.3)
PS* + 30, - PST+ -0, (Equation 2.4)
PS*+ -0, — Ps +'0, (Equation2.5)

Instead, we propose that the electron exchange reaction between Ce6™ and -O»” (Equation 2.5)
dominates the 'O, generation process, as indicated in Scheme 2.1. According to the literature,
porphyrin compounds typically undergo oxidation at potentials around +0.9 to +1.0 V vs NHE
in aqueous media.>®> Given the structural similarities between Ce6 and these porphyrin
compounds, the redox potential of Ce6'* can be estimated to be in a similar range. At this
potential, the oxidation of ‘O, to 'O (redox potential at least +0.34 V vs NHE*®*) would be
thermodynamically favorable, supporting this proposed mechanism. Furthermore, the
radiolysis of water provides a direct source of ‘O, that can react with Ce6™, thereby

contributing to the generation of '0,.34+57

more recombination of radiolysis products
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Scheme 2.1. Schematic illustration of the proposed mechanism for 'Oz generation by Ce6 under high- and low-
dose-rate ionizing radiation exposure.

The enhanced 'O> generation observed specifically at a very low dose rate suggests a
kinetically driven process. At very low dose rates, the extended time between ionization events
give eaq more opportunity to react with Oz, favoring the formation of -O>™ over recombination
with other radicals. This increased availability of -O, enhances the interaction with Ce6™". At
higher dose rates, higher dose was required to achieve the same level of '0; production, likely

because the increased density of radical formation promoted rapid radical-radical
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recombination, reducing the efficiency of -O, formation and its subsequent reaction with Ce6™.
The enhanced 'O production observed under gamma-ray irradiation compared to X-rays at
similar doses may arise from differences in photon energy and their associated linear energy
transfer (LET) characteristics. Gamma-rays, with higher initial energy and lower LET, produce
more spatially dispersed radicals during water radiolysis, potentially reducing inter-track
radical interactions.® However, our comparison between only two photon energies cannot
conclusively identify LET as the primary driver of enhanced 'O» generation. Future studies
using particle beams with controlled energies could better identify the roles of energy and LET

in photosensitizer activation.

From a practical perspective, when considering PSs as radiosensitizers, their biological effects
under ionizing radiation arise from a complex interplay of reactive species, not only 'O but
also ‘OH and even PS-derived radicals. Although our experiments confirmed that -OH is not
involved in 'O generation by Ce6, we further examined ‘OH formation under ionizing
radiation in presence of Ce6 using the APF probe. As shown in Figure S8, Ce6 enhanced 'O,
production, whereas no increase in ‘OH was detected using the APF probe. The APF
fluorescence signal with Ce6 were even slightly reduced compared using APF alone, which
may be explained by the ability of Ce6 to scavenge -OH as mentioned in some studies.>® These
results demonstrate the important role of 'O, when applying Ce6 as a radiosensitizer. Compared
with -OH or Oy, 'O, remains the most biologically impactful species, as it oxidizes
unsaturated lipids, proteins and nucleic acids and has a relatively long diffusion range.>®%%¢! In
addition, studies have found that PS-derived radical cations (PS*™") can directly oxidize DNA
bases, especially attacking guanine residues and inducing strand lesions,®? but these effects are
local and further restricted by the subcellular distribution of most PSs to mitochondria,
lysosomes, and the endoplasmic reticulum rather than the nucleus.5*%* These findings indicate
that while the overall biological effects of PS-mediated radiosensitization arise from the
combined actions of multiple ROS and PS radicals, 'O still remains the dominant and most
biologically significant species. This work focuses on elucidating the generation of 'O; and its
interplay with Oy, offering mechanistic insights that may guide future investigations of PS-
driven ROS networks. While low dose rate modalities such as brachytherapy or radionuclide
therapy might enhance 'O, production, careful consideration and further investigation are
required due to the complexity of intracellular antioxidant defenses, the availability of -O2” and
dose-rate-dependent alterations in cellular responses.

A primary limitation of this study lies in the reliance on indirect methods for detection of 'O-.
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While we employed both SOSG fluorescence and the Imd/RNO bleaching assay, these
approaches are inherently less sensitive than direct detection methods and may fail to capture
short-lived species. This limitation may partly explain why no detectable 'O, signal was
observed at 5 Gy under higher dose rates irradiation in our experiments, even though
photosensitizers at this dose and within this dose rate range are known to induce cytotoxic
effects.% Second, although our scavenging experiments strongly suggest the involvement
of ‘Oz in 'O, formation, direct observation of the reaction between Ce6™ and -O2” was not
achieved due to the technical challenges in detecting these short-lived species during irradiation.
Finally, the preferential formation of 'O» through the O, pathway rather than traditional triplet
state mechanisms requires further investigation. Specifically, computational simulations and
experimental studies should quantify how efficiently superoxide is formed under different dose

rates and radiation qualities.

2.5 Conclusion

In this study, we systematically investigated the interaction of Ce6 with ionizing radiation, first
examining the effects of different photon energies and then exploring the impact of dose rates.
Notably, enhanced 'O, generation was observed at very low dose rates (0.005 Gy/min).
Through scavenging experiments, we identified O, as a possible key intermediate in 'O
formation. Our mechanistic investigation suggests that, unlike traditional photosensitization
where triplet states dominate, Ce6 activation by ionizing radiation proceeds primarily through
free radical reactions, with Ce6™" interacting with radiation-induced -Oz to generate 'O,. The
enhanced efficiency at low dose rates and high energy radiation indicates that radical lifetime
and spatial distribution play crucial roles in this process. The involvement of Oy in this
mechanism suggests that the therapeutic efficacy of combined photosensitizer-radiation
treatment may be influenced by the oxidative stress status of cancer cells, especially those with
elevated ROS levels and reduced SOD activity. Our data also suggest that low-dose-rate
treatments like brachytherapy and radionuclide therapy may be more effective when combined
with PSs, as they maintain continuous ROS generation in cancer cells and enhance the
production of 'O, by Ce6. However, extensive biological studies would need to be performed

to confirm whether in cellular environment the same effects would occur.
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Figure S2.1. SOSG fluorescence increases with radiation dose and dose rate in the absence of Ce6. Data was
obtained by normalizing SOSG FL intensity at each dose to the non-irradiated SOSG controls (0 Gy). (a)
Comparison between 7 Gy/min X-ray radiation and 6.2 Gy/min gamma-ray radiation. [SOSG] = 5 uM. (b)
Comparison between different X-ray dose rates. Values of FL intensity at all doses were normalized to the FL
intensity at 0 Gy. [SOSG] = 5 uM. All data are represented as mean + SD and analyzed by two-way ANOVA
(a): *p=0.0134;n=3.
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Figure S2.2. Gamma-ray irradiation increases SOSG fluorescence and reduced its absorption at 257 nm. (a)
Fluorescence intensity of SOSG as a function of dose. (b) UV absorption of SOSG molecules after being
exposed to various doses. [SOSG] = 5 uM.
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Figure S2.3. Sunlight-induced RNO bleaching by Ce6 is inhibited by NaNs. (a) The bleaching of RNO by
photosensitizer Ce6 (red line) and Rose Bengal (RB) as positive control (yellow line) under sunlight exposure
for 5, 23, 33 and 43 min. (b) Reversal of RNO bleaching by Ce6 upon addition of NaNj; at different
concentrations under sunlight exposure for 5, 10, 20 and 30 min. Sample compositions: C+H+R: 10 uM Ce6 +
50 uM RNO + 10 mM L-histidine; RB+H+R: 10 uM Rose Bengal + 10 mM L-histidine + 50 pM RNO; H+R:
10 mM L-histidine + 50 uM RNO; R: 50 pM RNO; C+H+R+40 mM/20 mM/10 mM: 10 uM Ce6 + 10 mM L-
histidine + 50 pM RNO + 10/20/40 mM NaNs; pH was set to 7.4 using PB buffer. n = 3.
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Figure S2.4. RNO bleaching with additional ethanol excludes hydroxyl radical involvement in singlet oxygen
formation. (a)The addition of 0.01% ethanol eliminated the decrease in RNO absorption. Samples were
irradiated by X-rays for 70 Gy at a dose rate of 7 Gy/min. (b) Decrease in RNO absorption after 5 Gy X-ray
radiation at a dose rate of 0.005 Gy/min in presence and absence of 0.01% ethanol. (c) Decrease in RNO
absorption after 5 Gy X-ray irradiation at dose rates of 7 Gy/min, 3 Gy/min, 0.2 Gy/min and 0.034 Gy/min with
or without Ce6 in presence of 0.01% ethanol. R samples contained 50 uM RNO; C+H+R samples contained
40 pM Ce6, 10 mM L-histidine and 50 uM RNO; C+R samples contained 40 uM Ce6 and 50 uM RNO; H+R
samples contained 10 mM L-histidine and 50 pM RNO. AA denotes the difference between the absorption of
RNO before and after irradiation. pH was set to 7.4 using PB buffer. All data are represented as mean + SD and
analyzed by two-way ANOVA (B); n=3.
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Figure S2.5. The addition of SOD does not affect the response of either SOSG or RNO. (a) Behavior of SOSG
as a function of SOD concentration in presence or absence of Ce6 under sunlight exposure. [Ce6] = 5 uM;
[SOSG] =5 uM. (b) The effect of SOD on the bleaching of RNO in presence and absence of Ce6 under sunlight
exposure. H+R samples contained 10 mM L-histidine and 50 uM RNO; R samples contained only 50 pM RNO;
C+H+R samples contained 10 pM Ce6, 10 mM L-histidine and 50 pM RNO; S+C+H+R samples contained 1
pg/mL SOD, 10 pM Ce6, 10 mM L-histidine and 50 uM RNO; S+H+R samples contained 1 pg/mL SOD, 10
mM L-histidine and 50 uM RNO. AA denotes the difference between the absorption of RNO before and after
irradiation. pH was set to 7.4 using PB buffer. (c) Absorption spectra of SOSG with or without SOD before and
after X-ray (5§ Gy, 240 kV, 1 mA, 0.005 Gy/min) or y-ray irradiation (20 Gy, 6.2 Gy/min). [SOSG] =5 uM;
[SOD] =1 pg/mL. All data are represented as mean + SD and analyzed by two-way ANOVA (B); n = 3.
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Figure S2.6. X-ray irradiation increases SOSG fluorescence in the presence of Ce6. (a) Samples were irradiated
by the X-rays at a dose rate of 0.195 Gy/min. (b) Samples were irradiated by the X-rays at a dose rate of 3
Gy/min. [Ce6] =5 uM; [SOSG] = 5 uM. All data are represented as mean + SD and analyzed by one-way
ANOVA: **p = 0.0024, ***p < 0.005, ****p <0.0001; n = 3.
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Figure S2.7. Simulation of the energy distribution of the X-ray beam using Spekpy. The order from
top to bottom in the illustration corresponds to: 300 kVp, 12 mA at a distance of 11 cm; 240 kVp, 15
mA at a distance of 21 cm, 240 kVp, 1 mA at a distance of 46 cm and 240 kVp, 1 mA at a distance of
1.5 m, respectively.
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Figure S2.8. X-ray irradiation increases SOSG fluorescence in the presence of Ce6, whereas APF shows no
increase. X-ray settings: 240 kV, 5 mA, 0.65 Gy/min. (a) Fluorescence intensity of SOSG, reflecting singlet
oxygen formation. (b) Fluorescence intensity of APF, reflecting hydroxyl radical formation. [Ce6] = 5 uM;
[SOSG] =5 pM; [APF] =2.5 uM; n=3.
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Chapter 3

Radiodynamic Therapy Using lodine-125
and Chlorin e6: Impact of Gold
Nanoparticles and Component
Conjugation



Abstract

Radiodynamic therapy (RDT) uses ionizing radiation to activate photosensitizers (PSs) to
enhance the generation of reactive oxygen species and provide new treatment modality for
cancer. However, how radiation transfers energy to PSs remains unclear, with two proposed
mechanisms: direct excitation by electrons generated by radiation or radiation-induced
ionization followed by electron transfer between ionized PSs and water radiolysis products. To
distinguish between these pathways, we exposed Chlorin e6 (Ce6) to either Auger electrons or
low-energy X-rays and gamma rays by using iodine-125 ('?°I) in different experimental setups.
For photon irradiation, we simply mixed ['2°I|Nal with Ce6 solutions. To expose Ce6 to Auger
electrons, we used gold nanoparticles (AuNPs) as platforms to carry %I and conjugate Ce6 on
their surface, placing Ce6 within the Auger electron emission region. When ['2°I]Nal was added
to Ceb solutions, singlet oxygen formation and cell killing were observed. Simply mixing '2°1-
radiolabeled AuNPs with Ce6 solutions also produced efficient cell killing, to a greater extent
than observed for ['>’I]Nal alone, likely because AuNPs deposited more energy in the
surrounding medium. In contrast, conjugating Ce6 to '*’I-radiolabeled AuNPs showed no cell
killing effect. These results suggest that direct electron excitation is not dominant. Instead, the
ionization-induced pathway appears more likely, where ionized Ce6 reacts with diffusible
radiolysis products. Surface-conjugated Ce6 may suffer from reduced availability to radicals
derived by water radiolysis caused by catalytic scavenging of superoxide anions at the AuNP
surface. In contrast, free Ce6 dispersed around radiolabeled AuNPs can more easily access
radiolysis products generated in the surrounding medium. Further investigation is needed to

verify this mechanism.

Keywords: radiodynamic therapy, energy deposition, iodine-125, chlorin e6, gold

nanoparticles, electrons
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3.1 Introduction

Radiodynamic therapy (RDT) is a promising approach that combines the principles of radiation
therapy (RT)!-3 and photodynamic therapy (PDT)*°. In RDT, high-energy ionizing radiation
activates photosensitizers (PSs) to generate cytotoxic reactive oxygen species (ROS), thereby
introducing additional ROS-mediated damage that can further enhance the efficacy of
radiotherapy.®® This strategy also addresses a key limitation of conventional PDT, where
visible light activation restricts treatment to superficial lesions because of limited tissue
penetration.” Despite these promising features, the mechanism by which deposited radiation
energy is converted into PS activation remains poorly understood, and the resulting efficiency

is still much lower than that achieved by visible light.

The key question of how ionizing radiation activates photosensitizers has led to two discussed
mechanistic possibilities. One hypothesis is the direct excitation pathway, in which electrons
generated by radiation excite the photosensitizer in a manner similar to light-based activation.
The second and more chemically grounded hypothesis is a radiation induced ionization
mechanism, where ionizing radiation first ionizes the photosensitizer, enabling it to act as an
electron transfer platform that drives the formation of radicals and ROS.? In this case, the
photosensitizer does not require electron excitation but participates in radiation initiated
chemical reactions. Systems designed to enhance local electron emissions, such as combination
of high Z nanoparticles with radionuclides that emit high yields of Auger electrons, have been
reported to increase singlet oxygen (102) production when photosensitizers are placed within
the effective energy deposition range of Auger electrons, suggesting a possible direct
excitation.'® However, similar activation has also been observed under X-ray irradiation or with
gallium-68 (beta plus emitter), where Auger electron yields are low or negligible. These studies
suggest that radiation-induced ionization and radiolysis products, and in some cases, Cerenkov

light emission, can be the explanation for the observed ROS formation.!!-!3

To examine these mechanistic possibilities, we designed systems that modulate the local
electron density around the photosensitizer Chlorin €6 (Ce6). Iodine-125 (12°T) was selected as
the radiation source because it emits both long-range low linear energy transfer (LET) photons
(27.4-31.4 keV) and short-range high-LET Auger electrons (10 eV-10 keV)'®!7, allowing
spatial separation of energy deposition at different length scales. To precisely control the
placement of '?°I relative to Ce6, we employed gold nanoparticles (AuNPs) as carriers. AuNPs

offer straightforward and fast radiolabeling of '?°I with excellent radiolabel retention'®!°, along
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with tunable surface chemistry for Ce6 conjugation. Additionally, the high atomic number of
AuNPs enhances local electron emission under irradiation.?’ With '*°I on the AuNP surface,
Auger and low energy electrons deposit their energy within nanometers, whereas

photoelectrons extend over micrometers.?!-23

This design allows us to compare Ce6 activation
within and beyond regions of high electron density caused by radiation, thereby identifying the

dominant activation mechanism.

In this study, we first examined 'O, generation and cytotoxicity when ['>’I]Nal was simply
mixed with Ce6 in aqueous solution to evaluate the activation behavior of Ce6 under >I
irradiation. We then introduced AuNPs as carriers of '2°I and investigated their cytotoxic effects
when combined with Ce6 on HeLa cells using three configurations as shown in Scheme 3.1. In
the first system, >l radiolabeled ultrasmall PEG-coated AuNPs (1.7 nm) were directly mixed
with Ce6 solutions and added to HeLa cells. In the second system, BSA-coated AuNPs (10 nm,
BSA-Au) were synthesized, and Ce6 was conjugated to the BSA shell (Ce6-Au), positioning it
within a few nanometers of the nanoparticle surface. After purification to remove unreacted
Ceb, the resulting Ce6-Au nanoparticles were radiolabeled with 21 and added to HeLa cells.
As a comparison, '?°I radiolabeled BSA-Au was directly mixed with Ce6 solutions and added

to HeLa cells.
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Ceb6-Au. (b) A simplified illustration of '>°T experimental setups.
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3.2 Materials and Method

Materials

Gold(IIT) chloride trihydrate (HAuCls - 3H20) and Singlet oxygen sensor green (SOSG) were
purchased from Thermo Fisher Scientific. Sodium borohydride powder (NaBHa), crystal violet
(1% solution), N-Hydroxysuccinimide (NHS) and N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) were obtained from Merck Sigma. Chlorin e6 (Ce6)
was purchased from Bio-connect life sciences. PEG-SH (Mw=750 Da) was purchased from
Rapp Polymere. Sodium Iodine-125 (17 mCi/mg, pH 12~14, ['*I]Nal) was ordered from
Revvity. Cell Counting Kit-8 (CCK8) was purchased from Tebu-Bio. Dulbecco's Modified
Eagle Medium (DMEM) and 100X penicillin-streptomycin solution were purchased from

VWR chemicals. Fetal bovine serum (FBS) was ordered from Biowest.

Singlet oxygen formation of Ce6 in presence of ['*I|Nal

The generation of singlet oxygen was determined using the SOSG probe. In brief, 10 uM Ce6
solution was prepared in Milli-Q (MQ) water by sonication for 20 min. The SOSG probe (10
uM) was prepared by dissolving the powder in 33 pL methanol and diluting with MQ water.
Equal volumes (500 pL) of 10 pM Ce6 solution and 10 uM SOSG solution were mixed,
together with different activities of ['*°I]Nal (0.2, 0.8, or 1.6 MBq). Control groups consisted
of 500 pL of 10 uM SOSG solution mixed with 500 uLL MQ water and the same activity of
['25I]Nal. For Samples without ['?°I|Nal, an equivalent volume of 0.1 M NaOH was added to
maintain the same pH. The fluorescence intensity of SOSG was monitored using a Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies) at an excitation wavelength of 504

nm and an emission wavelength of 524 nm.

Synthesis of AuNPs

Synthesis of 1.7 nm PEG coated AuNPs. 1.7 nm PEG-AuNPs were synthesized following a
previously reported thermal reduction approach. Briefly, 25 mL of 2.4 mM PEGy7so-SH aqueous
solution was mixed with 75 pL of 1 M HAuCls in a 2-neck round flask covered with aluminum
foil under vigorous stirring for 30 min at room temperature. Afterwards, the flask was placed
in an oil bath at 95 °C and stirred vigorously for 35 minutes. The resulting PEG-AuNPs were
collected and filtered through a 220 nm syringe filter to remove the large aggregates. Unreacted
reagents and small ligands were removed using centrifuge filters (Amicon®, MWCO 10,000)
at 4000 rpm, and the nanoparticles were washed three times with MilliQ water (MQ water).

The final solution was concentrated to 2 mL and stored at 4 °C.
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Synthesis of 10 nm PEG coated AuNPs. 10 nm PEG-AuNPs were synthesized via the NaBH4
reduction method. In brief, 2 mL of 2.4 mM PEG7s50-SH aqueous solution was mixed with 3
mL Milli-Q water and stirred for 10 min. Subsequently, 150 pL of 0.1 M HAuCls was injected
via syringe, and the mixture was stirred vigorously for 15 min at room temperature until the
color changed from yellow to pale yellow. 0.5 mL of 0.05 M NaBH4 was rapidly injected and
the solution immediately changed to a wine-red colloid. After 5 min of stirring, additional 0.5
mL of 0.05 M NaBH4 was added dropwise, gradually changing the solution to saffron-red. The
mixture was stirred for 20 min to allow complete reaction. Subsequently, the PEG-AuNPs
solution was filtered through a 0.22 pm syringe filter to remove large aggregates, then purified
twice using a spin filter (30,000 MWCO) at 3500 rpm to eliminate excess PEG750-SH and
NaBHy. The final volume was adjusted to 4 mL, and the PEG-AuNPs was stored at 4 °C.

Synthesis of BSA coated AuNPs. Bovine serum albumin (BSA) was used to modify the surface
of 10 nm AuNPs. Briefly, 0.5 mL of 2 mg/mL BSA aqueous solution was mixed with 4 mL of
10 nm PEG-AuNP solution and stirred vigorously overnight at room temperature. The resulting
mixture was then collected and further purified twice by a spin filter (30,000 MWCO),
followed by passage through a PD-10 column with 50 mM HEPES buffer (pH 7.4) as the
exchange buffer. After purification, the BSA-Au solution was stored at 4 °C for further use.

Synthesis of Ce6 conjugated AuNPs. Chlorin e6 (Ce6) was conjugated to the amine groups of
BSA on the surface of AuNPs via EDC/NHS coupling reaction. Briefly, 2.5 mg of Ce6 was
dissolved in 500 pL DMSO and mixed with 2 mL of 40.7 mg/mL NHS solution (10 mM, pH
6.2 MES buffer) for 20 minutes at room temperature. Afterwards, 3 mL of 16 mg/mL EDC
solutions (10 mM, pH 6.2 MES buffer) was added dropwise to the Ce6/NHS mixture under
gentle stirring. The reaction was mixed every 5 minutes over a period of 30 minutes. The
activated Ce6 solution was then added to 4 mL of BSA-AuNP solutions and stirred overnight
at room temperature. The resulting mixture was then collected and further purified twice by a
spin filter (30,000 MWCO), followed by passage through a PD-10 column with MQ water as

the exchange buffer. After purification, the Ce6-Au solution was stored at 4 °C for further use.

Characterization

The morphology and dimensions of AuNPs were characterized via a 120 kV JEM-1400 Plus
transmission electron microscope (TEM, JEOL). Hydrodynamic diameter and zeta-potential
measurements were performed on a Zeta sizer (nano-ZS, Malvern). The absorption spectrum
was measured by a UV-VIS-NIR spectrophotometer (UV-6300PC, VWR). The concentration
of PEG-Au, BSA-Au and Ce6-Au were measured using ICP-MS spectrum (NexION®, Perkin
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Elmer) by dissolving samples in aqua regia and 1% HCI.

Radiolabeling of >5T on PEG-Au, BSA-Au and Ce6-Au

The radiolabeling of '?°1 onto the AuNPs was achieved via chemisorption according to our
previously published paper!®. Typically, the desired activity of ['?’I]Nal solution needed for
experiments was first taken out from the stock solution stored in 0.1 M NaOH (pH 12-14) and
then neutralized by adding an equivalent volume of 0.1 M HCL. The neutralized '>’I solution
was subsequently mixed with each type of AuNP solution. For 1.7 nm PEG-Au, a molar ratio
of ['?°T] to [AuNPs] of 1:10 was used, while for 10 nm BSA-Au and Ce6-Au, a molar ratio of
14:1 was applied. The mixtures were incubated on a thermoshaker at 37 °C and shaken at 800

rpm for 30 minutes to facilitate chemisorption.

The radiolabeling efficiency was confirmed by instant thin-layer chromatography iTLC using
0.9% saline (0.9 % NaCl) as the mobile phase and imaged on a Typhoon Trio phosphor imager
(GE Healthcare). Radiolabeled AuNPs remained at its origin, whereas free '2°I migrated to the
top of the iTLC strip. The radiolabeling efficiency was analyzed using both ImageQuant TL
software (GE Healthcare) and an automatic gamma counter (Wallac Wizadrd2 2480, Perkin

Elmer).

Radiochemical stability

Radiolabeled AuNPs (PEG-Au, BSA-Au, and Ce6-Au) were incubated in either PBS (10 mM,
pH 7.4) or PBS containing 10 % FBS at 37 °C for 3 h, 24 h and 48 h. The desorption of %I
from AuNPs was evaluated by iTLC at each time point and analyzed using a Wallac gamma

counter.

Cell Culture

HeLa cells were kindly provided by Erasmus MC and cultured in DMEM (VWR chemicals),
supplemented with 10% fetal bovine serum (Biowest) and 1X penicillin-streptomycin solution
(VWR chemicals) in a cell incubator (Heracell®, Heraeus) at a humidified atmosphere

containing 5% CO; at 37 °C.

Cellular uptake of Ce6 and Ce6-Au in HeLa cells

A stock solution of 2.5 mg/mL Chlorin e6 was prepared in PBS (pH 7.4), protected from light
and stored at -20 °C. Cells were seeded at a density of 4 x 10* cells per well in 8-well chambered
coverslips (Ibidi) overnight. Two experimental groups were established to compare cellular
uptake of free Ce6 and Ce6-Au. Both treatments were prepared to deliver equivalent Ce6

concentrations of 10 pg/mL in the final solution. Stock solutions of 10 pg/mL Ce6 were freshly
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prepared by diluting the stock solution in DMEM supplied with 2.5% FBS, while Ce6-Au were
added based on their Ce6 content to achieve the same final Ce6 concentration. 200 pL of each
solution was incubated with HeLa cells for 1 h, 3 h and 24 h at 37 °C. Following incubation,
the culture medium containing Ce6 or Ce6-Au was removed and cells were washed three times
with PBS. Cells were then fixed with 4% paraformaldehyde in PBS (Thermo Fisher Scientific)
for 15 minutes at room temperature in the dark. Cell nuclei were stained with Hoechst 33342,
and Ce6 fluorescence was visualized using confocal microscopy (LSM 980, ZEISS) with an

excitation wavelength of 405 nm and emission detection at 663 nm.

Cellular uptake of >’I radiolabeled AuNPs

HelLa cells were seeded at a density of 5 x 103 cells per well in 12-well plates and incubated
overnight prior to treatment. Cells were then treated with 50 kBq of either ' I-BSA-Au or '%I-
Ce6-Au and incubated for 1 h, 3 h and 24 h at 37 °C. Following incubation, cells were washed
three times with PBS (1 mL per wash) and the washing fractions were collected. The remaining
adherent cells were lysed with 1 mL of 0.1 M NaOH, and the lysates were collected, followed

by two additional PBS washes. All collected samples were counted using an automated gamma

counter (Wallac Wizard? 2480, Perkin Elmer).

In vitro cell viability assay

HeLa cells were seeded at a density of 4,000 cells per well in 96-well plates and incubated
overnight. For Ce6 + ['>’I]Nal treatment, HeLa cells were pre-incubated with 10 pg/mL Ce6
for 4 h, then exposed to various activities of ['2°I]Nal in fresh complete DMEM for 48 h. To
assess the cytotoxicity of Ce6 in DMEM supplemented with 2.5% FBS, cells were treated with
various concentrations of Ce6 (0.5-40 pg/mL) for 72 h and cell viability was determined by
CCK-8 assay. The effect of Ce6 in the presence of 1.7 nm PEG-Au and 10 nm BSA-AuNPs
was examined by adding a mixture of AuNPs with 10 pg/mL Ce6, while for Ce6-Au, various
concentrations were tested. For combined treatments, cells were incubated for 48 h with '2°1-
radiolabeled AuNPs at a constant radioactivity of 0.8 MBq and Au concentration of 40 pg/mL
in 2.5% FBS DMEM. Cells treated with '*’I-radiolabeled 1.7 nm PEG-Au received either
nanoparticles alone or nanoparticles together with 10 pg/mL Ce6 to evaluate the synergistic
cytotoxicity of radiation and photosensitizer. For 10 nm AuNPs, cells were treated with '>°1-
labeled BSA-Au at a constant radioactivity of 0.8 MBq and 10 pg/mL free Ce6 solution, or
with !2’I-labeled Ce6-Au carrying 10 pg/mL Ce6 bound to BSA on the nanoparticle surface in
2.5% FBS DMEM.
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Clonogenic assay

HelLa cells were seeded at a density of 3 x 10* cells per well in 48-well plates and incubated
overnight. Cells were then pre-treated with 500 pL of 10 pg/mL Ce6 solution for 4 h, then
exposed to various activities of ['2’I|Nal in fresh complete DMEM for 48 h. Control groups
were treated with either 10 pg/mL Ce6 solution alone or 1.6 MBq ['?°’I]Nal alone. Subsequently,
cells were trypsinized, counted, and reseeded in 6-well plates at a density of 200 cells per well
for all groups. Colonies were allowed to grow for 8 days, then washed twice with PBS, fixed

with 4% paraformaldehyde, and stained with 1% crystal violet before being counted manually.

Statistical analysis

Data with error bar were presented as mean + SD. Statistical analyses were performed using
either one-way or two-way ANOVA as appropriate. GraphPad Prism software (version 8.00)
was used for statistical analysis and data visualization. P < 0.05 was considered statistically

significant.

3.3 Results and discussion

Radionuclides such as %Ga,%°Zr and ®*Cu, which can generate Cerenkov light, have been
employed as internal light source to excite PSs to their triplet state, thereby generating cytotoxic
ROS and '0,.''?42> However, therapeutic efficacy has also been reported in the absence of
Cerenkov light, for example with radionuclides such as '*I, where '0> generated by PS has

10,13 In

been attributed to direct excitation by Auger electrons generated under irradiation.
contrast, findings in Chapter 2 suggest that photosensitizer may undergo radiation-induced
ionization followed by electron transfer reactions with water radiolysis products (i.e.
superoxide anions (-Oy")) rather than direct excitation by electrons. Despite these observations,
mechanistic insights into how PSs respond to ionizing radiation are still limited, and further
investigation is needed. Here, we employ '’ and AuNPs to modulate the local radiation

environment around Ce6 and investigate the dominant activation pathway.

To verify whether Ce6 can be activated by radiation in the absence of Cerenkov light emission,
we first examined the 'O, formation in the presence of free '?°I. The SOSG probe was used to
assess 'O, formation. Ce6 solutions were incubated with varying activities of ['>*I]Nal for 24
h, while SOSG in Milli-Q water with the same activities of ['2I]Nal were set as control. For
0.2 MBq of %I, no significant increase in SOSG fluorescence was observed, whereas at 0.8

MBq and 1.6 MBq, a pronounced increase was detected (p = 0.0055 and p = 0.0017,
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respectively). The SOSG fluorescence at 0 h was also measured to ensure that the addition of
1251 did not affect the SOSG fluorescence (Fig. S3.1). Since '*°I emits Auger electrons and
photons with a maximum energy of 35 keV, which is below the threshold for generating
Cerenkov light in water, any observed 'O production cannot be attributed to Cerenkov light
activation of Ce6. These results demonstrate that in the presence of '>’I, Ce6 produces 'O>
through a mechanism that is independent of Cerenkov light. A slight decrease in SOSG
fluorescence was observed after adding ['2°I|Nal compared to samples without ['?*I]Nal. This
decrease was most likely not due to radiation effects of '2°I but rather to differences in pH.
Since SOSG exhibits stronger fluorescence under more alkaline conditions?® and ['>°I]Nal was
stored in 0.1 M NaOH (pH ~ 12-14), adding ['*’I]Nal inevitably raised the pH of the solution.
To match the pH among all samples, the same volume of 0.1 M NaOH was added to the controls
without ['2°I|Nal. However, the NaOH solution we prepared was slightly more basic than that

in the commercial ['2°I]Nal, resulting in higher fluorescence in the samples without ['>5I]Nal.
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Figure 3.1. (a) Fluorescence intensity changes of SOSG in presence of Ce6 mixed with varying activities of
['>T]Nal after 24 h incubation; [Ce6] = 5 uM; n = 3. (b) Cytotoxicity to HeLa cells treated with Ce6 and
['I]Nal after 48 h incubation; [Ce6] = 10 pg/mL; n = 3. (c) Representative images of Clonogenic formation
of HeLa cells treated with Ce6 and 0.2, 0.8 or 1.6 MBq ['**I|Nal; [Ce6] = 10 pg/mL. (d) Survival fraction of
HeLa cells treated with Ce6 and varying activities of ['>I|Nal; [Ce6] = 10 ug/mL; n= 6. All data are represented
as mean + SD and analyzed by two-way ANOVA (a) or one-way ANOVA (d); **p <0.01, ****p < 0.0001.
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After confirming the 'O, formation by Ce6 under '*I irradiation, we next evaluated the
cytotoxic effect of the combined treatment with Ce6 and ['2°1]Nal in HeLa cells. As reported
previously, albumin in fetal bovine serum (FBS) can bind Ce6 and reduce its cellular uptake
(Fig. S3.2).” Therefore, culture medium without FBS was used to maximize uptake. After 4 h
incubation, excess Ce6 was washed away and cells were incubated with various activities of
['2I]Nal for 48 h. Cell viability assessed by the CCK-8 assay showed that Ce6 treated cells
had slightly higher viability than untreated controls (Fig. 3.1(b)), possibly due to a temporary
increase in metabolic activity.?® When HeLa cells were incubated with Ce6 together with 0.8
MBq or 1.6 MBq ['*’I]Nal, no cytotoxicity was observed (Fig. 3.1(b)). Because short-term
viability assays may not accurately reflect cytotoxicity, we performed clonogenic assays to
evaluate long-term survival (representative colonies in Figure 3.1(c)). Ce6 alone or 1.6 MBq
['2°I]Nal had no effect on colony formation (Fig. 3.1(d)). In contrast, the combination of Ce6
with 0.8 MBq ['?’I]Nal reduced the survival fraction to 0.83 (p = 0.0054), and further to 0.63
(p <0.0001) at 1.6 MBq. The clonogenic assay results demonstrated a clear '>°I dose-dependent

radiosensitizing effect, consistent with the singlet oxygen generation shown in Figure 3.1(a).

The spatial separation between '2°I and Ce6 in our experiments provide some mechanistic
insights. Although '?°1 is traditionally considered an Auger electron emitter, its decay produces
a broad spectrum of low-energy radiation, including Auger electrons, conversion electrons,
characteristic X-rays, and y-rays. The emitted electrons cover a wide energy range from
approximately 50 eV to 35 keV.?° The majority of Auger electrons possess energies below 5
keV and deposit that energy within a few to several hundred nanometers in biological tissue.
The most energetic electrons, including some Auger and conversion electrons in the 20-35 keV
range, can extend their penetration to approximately 0.5-1 um3%3!. Because HeLa cells lack
expression of the sodium-iodide symporter (NIS), the cellular uptake of free '>°I is minimal333,
meaning that most '2°I decays occur extracellularly or near the cell membrane. In our
experiments, HeLa cells grew as a monolayer, with dimensions of approximately 20-50 um
and a thickness of ~ 1-3 um?*3°, the emitted electrons are largely confined to their point of
origin, depositing energy locally near the decay site rather than traversing the entire cell.
However, the cascade of secondary reactions initiated by these electrons, including water
radiolysis and subsequent formation of radicals such as ‘O, and -OH?’, cannot be excluded

from contributing to local physicochemical changes that may influence Ce6 activation.

In addition to electrons, %I decay also emits low-energy photons, primarily characteristic X-

rays and y-rays in the range of 27-35 keV. These photons have significantly greater penetration
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depths in biological media compared to electrons and may therefore contribute to long-range
energy deposition within cells.*® Considering this, it is plausible that the observed enhancement
in Ce6-mediated cytotoxicity arises not solely from localized Auger or conversion electron, but
also from the energy deposited by low-energy photons emitted by '2°I, which can further

generate secondary electrons or ROS to promote additional 'O generation.

To further investigate this mechanism, high-Z elements were introduced as radiosensitizers.
Due to their high atomic number and electron density, these elements efficiently absorb low-
energy photons and emit large numbers of secondary electrons, thereby enhancing local dose
deposition.’*** Among them, gold has been extensively studied and is well recognized for its
strong radiosensitizing capability.?’ Consequently, AuNPs were selected as secondary electron
generators. Under '?°] irradiation, AuNPs generate three types of emissions with distinct ranges:
Auger and delta electrons (~few micrometers), photoelectrons (~several micrometers), and
characteristic X-rays (longer range).! To examine the spatial dependence of Ce6 activation by
these emissions, we compared two different systems: '2°I radiolabeled AuNPs with free Ce6

(variable distance) versus '?°I radiolabeled AuNPs conjugated with Ce6 (fixed distance).
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Figure 3.2. Characterization of 1.7 nm PEG-Au. (a) TEM image of the synthesized 1.7 nm PEG-Au. Scale bar
=20 nm. (b) Size distribution of PEG-Au calculated from TEM images. (c) UV-vis spectrum. (e) Zeta potential.
All data are represented as mean + SD.
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Due to the low-energy radiation emitted by '2°I, smaller AuNPs are beneficial for generating
more secondary electrons, as their reduced dimensions facilitate the escape of electrons into
the surrounding medium.*!*? To obtain ultrasmall AuNPs, PEG coated AuNPs (PEG-Au) were
synthesized via thermal reduction of HAuCls in the presence of PEG7s50-SH according to
previously published methods.*> TEM images confirmed that the ultra-small AuNPs had a
diameter of 1.7 = 0.3 nm (Fig. 3.2(a) and Fig. 3.2(b)). UV-Vis absorption spectroscopy showed
no distinct peak at 500 nm, confirming the small size of the AuNPs (Fig. 3.2(c)). The
nanoparticles exhibited a zeta potential of -7.7 mV (Fig. 3.2(e)).

To enable the attachment of Ce6 onto the nanoparticle surface, larger AuNPs with an average
diameter of 10.2 + 1.8 nm were synthesized via reduction of HAuCl4 with sodium borohydride
(NaBHy) in the presence of PEG7s0-SH (Fig. 3.3(a) and Fig. 3.3(b)), following the procedure
described in previous publications.!> The resulting red-wine-colored solution indicated
successful nanoparticle formation. These AuNPs were subsequently coated with BSA (BSA-
Au), providing surface amino groups for conjugation with the carboxyl groups of Ce6 through
an EDC/NHS coupling reaction?. After Ce6 loading, the solution colour changed to pink-
brown. The UV-Vis absorption spectra displayed a distinct absorption peak at 525 nm for BSA-
Au samples, which is a typical absorption peak for 10 nm AuNPs*. After loading Ce6 onto the
BSA-coated AuNPs (Ce6-Au), the peak at 525 nm remained, while additional characteristic
absorption bands appeared at 440 nm and 660 nm, corresponding to the Soret and Q bands of
Ce6, respectively (Fig. 3.3(c)). These observations confirm the successful conjugation of Ce6
to BSA on the surface of AuNPs!3. The zeta potential measurements further supported this
result (Fig. 3.3(d)), showing a shift from -9.97 £ 0.82 mV for 10 nm PEG-Au to -10.73 + 0.41
mV for BSA-Au and -27.11 £ 1.01 mV for Ce6-Au'?. The concentration of conjugated Ce6
was calculated according to the Ce6 calibration curve (Fig. S3.4). Representative TEM images

of BSA-Au and Ce6-Au are shown in Figure S3.3.
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Figure 3.3. Characterization of 10 nm AuNPs with different surface modifications. (a) TEM images of
synthesized 10 nm PEG-Au. Scale bar = 100 nm. (b) Size distribution of PEG-Au calculated from TEM images.
(¢) UV-vis spectrum of synthesized PEG-Au, BSA-Au, Ce6-Au and free Ce6 solutions. Photographs of PEG-

Au, BSA-Au, and Ce6-Au are shown from left to right. (d) Zeta potential of PEG-Au, BSA-Au, Ce6-Au. All
data are represented as mean + SD.

After successfully synthesizing 1.7 nm PEG-Au and 10 nm BSA-Au and Ce6-Au, both types
of nanoparticles were radiolabeled with %I via chemisorption using a method similar to that
previously reported for 1.7 nm PEG-Au'®. The procedures for radiolabelling and the
radiochemical stability of '2I labelled 1.7 nm PEG-Au have been described in detail in our
earlier publication, where the labeling yield exceeded 92.5%, and the compound remained
stable in PBS containing 10% FBS for up to 72 h, achieving a radiolabeling efficiency of 85%.!8
Therefore, these results are not repeated here. For the newly synthesized larger nanoparticles,
the radiolabeling efficiency was determined to be 99% for both BSA-Au and Ce6-Au (Fig.
3.4(a)). The radiochemical stability results indicated that BSA-Au remained highly stable in
both PBS and PBS containing 10% FBS, with 97% and 94% of '>I retained after 48 h,
respectively. However, Ce6-Au NPs showed good stability in PBS, with 96% of '>’I remaining
bound, but lower stability in PBS containing 10% FBS, where 84% of '?°I remained on the
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nanoparticle surface after 48 h (Fig. 3.4(b)).

The cellular uptake of '?°I radiolabeled BSA-Au and Ce6-Au was evaluated in HeLa cells. A
total of 50 kBq of '>I-BSA-Au or '>’I-Ce6-Au was incubated with the cells for 3, 24, and 48 h
at 37 °C. The uptake exhibited a clear time-dependent trend, with increasing internalization
observed at longer incubation times (Fig. 3.4(c)). When comparing the uptake of BSA-Au and

Ce6-Au, no significant difference was observed.
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Figure 3.4. (a) Radiolabeling efficiency of '*I-BSA-Au and '2°I-Ce6-Au. (b) Radiochemical stability of -
BSA-AuNPs and '1-Ce6-AuNPs in 10 mM PBS buffer (pH 7.4) or in 10 mM PBS (pH 7.4) containing 10%
FBS. (c) Internalization of '’I-BSA-AuNPs and '*’I-Ce6-AuNPs in HeLa cells after 1 h, 3 h and 24 h
incubation. The molar ratio of '*’I to BSA-Au or Ce6-Au was ~ 14: 1, and 50 kBq '*I, 2.5 ng/mL Au was used
in these experiments. All data are represented as mean + SD and analyzed by t-test (a) or two-way ANOVA (c);
ns indicates no significance.

Subcellular distribution of Ce6-Au (40 ug/mL Au and 10 ng/mL Ce6) was further visualized
using confocal microscopy after incubation with HeLa cells for 3, 24, and 48 h (Fig. 3.5).
Confocal imaging revealed that Ce6-Au nanoparticles were predominantly localized in the
cytoplasm, with no detectable fluorescence in the cell nuclei. The fluorescence signal increased
over time, in line with the increasing internalized '?°I activity (Fig. 3.4(c)). Notably, the uptake
of Ce6-Au was markedly higher than that of free Ce6 at comparable concentrations (10 pg/mL)

after 24 h of incubation®.
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Figure 3.5. Confocal images of the cellular uptake of Ce6-AuNPs and free Ce6 after 1, 3, and 24 h incubation
and free Ce6 after 24 h incubation in HeLa cells in 10% FBS DMEM. All images were acquired under the same
measurement settings. Concentration of Ce6 loaded on Ce6-Au: ~10 pg/mL; concentration of free Ce6: ~10
png/mL. Scale bar = 50 um.

Following the characterization and uptake studies, the biological effects of the radiolabeled
nanoparticles were examined. We first investigated the cytotoxicity of ultrasmall 1.7 nm '2°I-
PEG-Au in combination with free Ce6 to assess whether the presence of PEG-Au enhances the
response of Ce6 under low-energy radiation. Prior to radiolabelling, the cytotoxicity of
ultrasmall PEG-Au (30, 40, 50 ng/mL) in the presence of 10 pg/mL Ce6 in 2.5% FBS DMEM
was examined (Ce6 alone under this reduced-serum condition showed no cytotoxicity up to 72
h, as shown in Figure S3.4). As shown in Figure 3.6(a), PEG-Au and Ce6 together did not
reduce cell viability. We then evaluated whether '>’I-PEG-Au would have additional toxicity
on HeLa cells in the presence of Ce6. To be brief, in cell experiments, 0.8 MBq of '2°I was
absorbed on 40 ng/mL PEG-Au and incubated with HeLa cells in the presence of 10 png/mL
Ce6 for 48 h in 2.5% FBS DMEM. For comparison, the same amount of 0.8 MBq of >’I-PEG-
Au without Ce6 was also tested. As shown in Figure 3.6(b), treatment with Ce6 alone or 0.8

MBq of %I alone did not result in a significant difference in cell viability compared with the
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control group, although a slight increase was observed for their combined treatment. In contrast,
cells treated with 0.8 MBq of '»I-PEG-Au showed reduced viability to 65% (p < 0.0001
compared to control groups). This result is consistent with our previous findings that PEG-Au
facilitates the delivery of '2°I to the cell nucleus, where Auger electrons emitted from both '2°1
and PEG-Au directly damage the DNA. Notably, when cells were treated with 0.8 MBq of '°1-
PEG-Au together with Ce6, viability further decreased to only 35% (p < 0.0001 compared to
control groups, p=0.0002 compared to '>’I-PEG-Au groups). This indicates a synergistic effect
between 2’I-PEG-Au and Ce6.
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Figure 3.6. Cytotoxicity of Ce6 combined with 1.7 nm PEG-Au on HeLa cells after 48 h incubation (a)
Cytotoxicity of Ce6 (10 pg/mL) mixed with varying concentrations of 1.7 nm PEG-Au (40 pg/mL), n= 3. (b)
Cytotoxicity comparison of '>’I-radiolabeled PEG-Au (40 pg/mL) with or without Ce6 (10 ug/mL), including
control groups of Ce6 (10 pg/mL) alone, ['*’I|Nal (0.8 MBq) alone, and Ce6 (10 ug/mL) + ['*I]Nal (0.8
MBq), n = 4. The molar ratio of '*I to PEG-Au was ~ 10: 1. All data are represented as mean + SD and
analyzed by one-way ANOVA; ns indicates no significance, ***p < 0.001.

After observing a synergistic cytotoxic effect from the combination of ultrasmall ' I-PEG-Au
and free Ce6, we next examined whether a similar enhancement could be achieved with the '2°1
radiolabeled Ce6-Au in 2.5% FBS DMEM. As shown in Figure 3.7(a), treatment with 0.8 MBq
125]-Ce6-Au, where Ce6 was conjugated to the BSA shell on '?°I radiolabeled nanoparticle
surface (40 pg/mL Au and 10 pg/mL Ce6) maintained a high viability of 94%. In contrast, co-
incubation of 0.8 MBq 2’ I-BSA-Au (40 pg/mL) with freely distributed Ce6 (10 pg/mL) in 2.5%
FBS DMEM resulted in a marked decrease in cell viability reaching 52% (p = 0.0008 compared

to control groups). In addition, '>’I-BSA-Au alone did not induce significant cytotoxicity,
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indicating that the effects arise from the combination with freely distributed Ce6 rather than
the radiolabeled nanoparticles. For comparison, neither the mixture of Ce6, '2°I, and BSA-Au
(Fig. 3.7(b)) nor that of Ce6-Au or Ce6-Au + %] exhibited significant cytotoxicity (Fig. S3.5
and Fig. S3.6).
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Figure 3.7. Cytotoxicity of different combinations of '>I, AuNPs and Ce6 in HeLa cells. (a) Cytotoxicity of
radiolabeled systems, including '>’I-Ce6-Au (Ce6 conjugated to nanoparticle surface) and '>°I-BSA-Au + Ce6.
In both conditions, the Ce6 concentration was ~10 pg/mL and the Au concentration was 40 pg/mL, n = 3. The
molar ratio of '>°I to BSA-Au or Ce6-Au was ~ 14: 1. (b) Cytotoxicity when Ce6 (10 ug/mL), BSA-AuNPs (40
pg/mL) and 0.8 MBq ['°T|Nal were added separately to HeLa cells, n = 3. All data are represented as mean +
SD and analyzed by one-way ANOVA; ns indicates no significance, ***p < 0.001.

Taken together, our results indicate that '?°I in combination with Ce6 induces cell killing in a
dose-dependent manner. Radiolabeling '2°I onto AuNPs further enhances this effect in the
presence of Ce6, whereas confining Ce6 near the surface of AuNPs is not needed to observe
reduced viability. These findings suggest that the enhancement may arise from secondary
processes initiated by electrons or photons emitted from !>°I and '?’I-labeled AuNPs, rather
than from the direct energy deposition or direct excitation of Ce6 molecules by electrons. This
behavior is different from that reported by Tu et al.'?, who developed porphyrin-engineered
125]-nanoseeds composed of a core-shell Au@Ag (~ 82 nm) structure coated with a ~24 nm
porphyrin-based covalent organic framework (COF) shell. Their Monte Carlo simulations
indicated that nearly all Auger electrons deposited their energy within the COF shell,

suggesting that the observed 'O, enhancement mainly arose from direct excitation of porphyrin
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molecules by Auger electrons that originated from both '?°I decay and secondary emissions of
the AuNPs under irradiation. However, their model mainly accounted for the local energy
deposition of these electrons and neglected the contribution of photoelectrons generated
through photoelectric absorption of '2°I emitted low-energy photons by AuNPs. Although these
photons themselves do not deposit energy within the COF shell, the photoelectrons produced
by AuNPs have much longer penetration ranges and can deposit energy beyond a single COF
shell, potentially influencing neighboring porphyrin shells.!* Moreover, their study lacked a
control group in which %I radiolabeled Au@Ag nanoseeds were physically mixed with
porphyrins, which makes it difficult to distinguish whether the observed enhancement mainly
originated from the contribution of Auger electrons or from photoelectron-induced processes,

as the former would play only a minor role in such a mixed system.

In our experiments, smaller AuNPs (1.7 nm and 10 nm) were used, where the energy deposition
behavior differs from that of larger particles. Smaller AuNPs release a greater fraction of Auger
electrons into the surrounding medium*®, which should make the spatial proximity of Ce6 to
the AuNPs surface more important if direct electron excitation was the dominant pathway.
However, when Ce6 was freely dispersed and not bound to AuNPs surface, '>°I radiolabeled
AuNPs produced a strong cytotoxic effect. In contrast, attaching Ce6 to the surface of >I
radiolabeled 10 nm AuNPs, did not yield any synergistic response, even though the conjugated
form showed higher cellular uptake than free Ce6 (Fig. 3.5). Sung et al.*’ simulated the dose
distribution around AuNPs using the Auger electron spectrum of '2°I and found that the low-
energy electrons emitted from AuNPs produce a dose enhancement confined within ~ 30 nm
from the particle surface for 10 and 50 nm AuNPs, while this effect is minimal for 2 nm
particles. According to these simulations, if direct excitation were dominant, conjugating Ce6
to 10 nm AuNPs should enhance the therapeutic effect under our normoxic conditions, where
oxygen is not expected to be limiting. However, no synergistic response was observed.

Therefore, direct electron excitation is unlikely to be the dominant pathway.

However, placing Ce6 in a region with high local electron density may also increase ionization
of Ce6. This leads to the second hypothesis, in which ionized Ce6 participates in electron
transfer reactions with water radiolysis products, with -O," as a likely intermediate toward 'O,
(Chapter 2). Importantly, increased ionization alone may not lead to a stronger effect, because
this pathway also requires sufficient, diffusible radiolysis products. When Ce6 is positioned
very close to the AuNPs surface, local -O2” quenching may happen. AuNPs have been reported

to scavenge -O> at their surface through superoxide dismutase-like activity, which could
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potentially reduce the availability of O, needed for 'O, formation.*8° By contrast, if Ce6
molecules are more freely dispersed around '*1 radiolabeled AuNPs, radiolysis products
generated in the surrounding medium may have a greater chance to react with ionized Ce6.
This possibility is supported by reports showing that under ionizing radiation exposure, AuNPs
can generate more ROS, primarily ‘OH and O in aqueous solutions®'. Nevertheless 'O
formation was not directly measured in the AuNP containing system in this chapter and should
be verified in future work, together with more detailed analysis of nanoscale energy deposition

and subsequent radical formation pathways.

Our results also indicate that radiolabeling AuNPs with '?°I is necessary to achieve stronger
cell killing with Ce6 than with 2T alone. This may reflect changes in both radiation interaction
behavior and intracellular transport efficiency.>? Such labeling could enhance the local energy
deposition within cells compared to free '2°I, whereas unlabeled AuNPs likely provide limited
dose enhancement because of the low AuNPs concentrations compared to water, causing most

radiation energy to be absorbed by water instead of the nanoparticles.

Another factor that has not been considered here is that high-LET Auger electrons emitted
during '>I decay may damage Ce6 and compromise its photosensitizing capability. This
hypothesis could be tested by exposing '?°I radiolabeled Ce6-Au to light and measuring singlet
oxygen generation to assess whether Ce6 retains its photosensitizing activity. In addition,
scavenger experiments could be used to evaluate whether 'O, and -O»" play an important role

in the observed therapeutic effects.

3.4 Conclusion

In this work, we examined the activation of Ce6 under !*[ irradiation and how the spatial
arrangement between the energy deposition region and Ce6 influences its activation and
biological effects. Ce6 produced 'O, and induced cytotoxicity under '>’I exposure in a dose-
dependent manner. When '2°I was radiolabeled onto AuNPs, the combination with free Ce6
resulted in pronounced cell-killing effects. In contrast, confining Ce6 close to the AuNP surface
within the range of Auger electrons emission did not produce a therapeutic effect. These results
indicate that direct energy deposition or electron-driven excitation of Ce6 is unlikely to be the
dominant pathway, whereas Ce6 ionization followed by reactions with water radiolysis
products is more likely to be involved. Our findings suggest that complex nanoparticle-

photosensitizer conjugation is not required to achieve therapeutic effects in this system. This
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practical advantage may benefit future development and translation of radiodynamic therapy
to the clinic. However, further studies are required to investigate the underlying activation

mechanisms and optimize system design.
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Figure S3.2. Cellular uptake of Ce6 in HeLa cells in DMEM containing 2.5 % FBS or 10 % FBS. Excitation:
405 nm, scale bar = 100 pm.
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Figure S3.3. TEM images of (a) BSA-Au and (b) Ce6-Au. Scale bar = 100 nm.
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Figure S3.5. Cell viability test of various concentrations of Ce6 in HeLa cells in 2.5% FBS DMEM. n = 6.
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Figure S3.6. Cell viability test of Ce6-Au in HeLa cells as a function of Ce6 concentrations. Au concentration
from left to right was 13, 26 and 52 pg/mL, respectively. n = 3.
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Figure S3.7. Cell viability test of Ce6-Au in the presence of 0.8 MBq ['*°I|Nal. Au concentration from left to
right was 40 and 80 pg/mL, respectively. n = 3.
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Chapter 4

In Vitro Characterization of the
Radiosensitizing Effects of 5-
Aminolevulinic Acid as a Function of Dose
Rate



Abstract

5-Aminolevulinic acid (5-ALA) has shown great promise as a radiosensitizer in conventional
external beam radiotherapy (EBRT) by promoting the intracellular accumulation of
protoporphyrin IX (PpIX), which enhances reactive oxygen species (ROS) generation in tumor
cells. In contrast, its combination with brachytherapy has received limited attention. A key
difference between EBRT and brachytherapy is the markedly lower dose rate used in the latter,
which may alter the cellular oxidative environment and influence how PpIX contributes to
radiosensitization. In this study, we examined how dose rate affects the radiosensitizing
response of 5-ALA-induced PpIX in glioblastoma U87 and prostate cancer PIP-PC3 cells. X-
ray irradiation at 1.5 Gy/min was used to mimic the dose rate of conventional EBRT, while
yttrium-90 foil was employed as an external source to deliver continuous low-dose-rate
irradiation (< 2 Gy/h). At 1.5 Gy/min, 5-ALA induced a clear radiosensitizing effect in both
cell lines, resulting in reduced cell proliferation. As the dose rate decreased, this effect was still
detectable at 2 Gy/h, but progressively weakened and ultimately disappeared under continuous
Y irradiation. These findings indicate that the radiosensitizing behavior of 5-ALA is dose-
rate dependent which needs to be taken into account when evaluating the potential use of 5-

ALA in radiotherapy modalities beyond EBRT.

Keywords: 5-aminolevulinic acid, dose rate, brachytherapy, yttrium-90
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4.1 Introduction

The therapeutic effect of radiotherapy (RT) primarily relies on the ability of ionizing radiation
to induce cancer cell death through either direct or indirect DNA damage, the latter being
mediated by aqueous electrons (eaq”) and reactive oxygen species (ROS) generated in water.'**
Approximately 60% of the induced damage on vital cellular components is caused by ROS
under low linear energy transfer (LET) irradiation, such as X-ray and gamma ray photons.??
To enhance this effect without increasing harm to surrounding healthy tissue, radiosensitizers
that amplify ROS production have been explored.® Among these, photosensitizers (PSs),
particularly porphyrins’, are considered promising candidates due to their low systemic toxicity
and ability to generate toxic ROS upon exposure to ionizing radiation.® This radiosensitizing
effect has been mainly demonstrated in conventional external beam radiation therapy (EBRT),
which typically delivers dose rate of 1-2 Gy per minute.”!*> Combinations with other
radiotherapy types, such as low-dose-rate (LDR) brachytherapy and radionuclide therapy
which typically have much lower dose rates of less than 2 Gy/h, have received little attention

so far.!

5-Aminolevulinic acid (5-ALA), a natural precursor of protoporphyrin IX (PpIX) in the
mitochondrial heme biosynthesis pathway, is one of the most recently studied PSs in clinical
settings.'> Because of the metabolic alterations associated with Warburg effect, tumors tend to
accumulate higher levels of PpIX than normal tissues.!® Given its safety profile and high
selectivity for tumor tissue over healthy tissue, 5S-ALA was approved by the U.S. Food and
Drug Administration (FDA) for fluorescence-guided surgery (FGS) in patients with suspected
high-grade gliomas (HGGs).!” Beyond imaging applications, 5-ALA has also been investigated
as a radiosensitizer in patients with recurrent glioblastoma undergoing EBRT.'®!° In addition
to EBRT, brachytherapy has attracted growing interest in treating glioblastoma.?%-?2> However,
the use of 5-ALA in brachytherapy has been limited. In a recent case report, 5S-ALA-guided
resection was combined with cesium-131 ('3!Cs) brachytherapy in a pediatric patient with
recurrent high-grade glioma.?* Although the clinical outcomes were positive, the potential
radiosensitizing contribution of 5-ALA to 3!Cs brachytherapy, particularly in response to the
lower dose rate of 1*'Cs compared to EBRT, was not assessed. Brachytherapy is also commonly
used in the treatment of prostate cancer, where LDR isotopes such as iodine-125 and iridium-
192 are frequently employed.?* In this context, 5-ALA has also been tested in patients in
combination with LDR brachytherapy using 2] seeds, yet no significant tumor regression was

observed.?
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The radiosensitizing efficacy of PSs such as PpIX has been suggested to proceed via radical-
radical reactions between PS-derived intermediates and water radiolysis products, resulting in
the formation of ROS including superoxide (-Oz’), hydroxyl radicals (-OH) and hydrogen
peroxide (H20,).2% Results in Chapter 2 suggest that the activation of PSs has a dose-rate
dependent manner, with the highest singlet oxygen (!02) production by the photosensitizer
Chlorin e6 observed at the lowest dose rate (0.005 Gy/min) when tested in pure water. However,
the situation is more complex in biological systems, where a complete antioxidant defense

network is present.?’

In such environments, dose rate not only influences radical kinetics, but
also modulates tumor cell responses such as DNA repair capacity and antioxidant enzyme
expression.’®? Enzymes may attenuate the oxidative damage induced by PSs exposed to lower
dose rates since that typically requires longer irradiation times providing more time for the cell

to adapt.

To evaluate the dose rate effect in biological systems, we investigated the combination of 5-
ALA and ionizing radiation in two cancer cell lines, glioblastoma U87 and prostate cancer PIP-
PC3, using two-dimensional in vitro models. To simulate different clinical dose rates, we
applied 1.5 Gy/min X-rays to mimic EBRT conditions and used neutron-activated yttrium-90

foil as a continuous beta-minus radiation source delivering dose rates below 2 Gy/h.

4.2 Materials and Method

Cell culture

Glioblastoma cell lines U87 and prostate cell lines PIP-PC3 with stable PSMA expression were
used in the experiments. U87 cells were purchased from ATCC. PIP-PC3 cells were kindly
provided by Erasmus MC. U87 cells were cultured in DMEM (VWR chemicals), supplemented
with 10% fetal bovine serum (Biowest) and 1X penicillin-streptomycin solution (VWR
chemicals). PIP-PC3 cells were cultured in RPMI 1640 with L-glutamine (VWR chemicals),
supplemented with 10% fetal bovine serum (Biowest) and 1X penicillin-streptomycin solution
(VWR chemicals). All cells were incubated with a humidified atmosphere containing 5% CO»
at 37 °C.

Radiation source and dosimetry
Photon irradiation. High-energy photons were generated using an X-ray source (Philips MCN
321) equipped with a variable-energy X-ray tube. Irradiation was performed at 250 kV with a

1 mm Cu/Al filter, and the tube current was adjusted to deliver dose rates of 1.5 Gy/min.
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Beta minus irradiation. Beta minus radiation was generated by an yttrium-90 ([*°Y]Y) foil. To
produce radioactive *°Y, an %Y foil (50 mmx50 mm, 0.127 mm thick,1.39 g, 99.9%, Thermo
Fisher scientific) was enclosed in a double-layered polyethylene (PE) film and sealed on all
four sides using a heat sealer to ensure complete encapsulation. The sealed package was then
rolled and placed into a PE-rabbit capsule for irradiation. Neutron activation was performed
for 45 minutes at the BP3 pneumatic irradiation facility (neutron fluxes: ®n = 4.57 x 10" m"
25l @epi = 9.5 x 10 m? s7!; Opge = 3.36 x 10> m? s7) of the Hoger Onderwijs Reactor
(HOR), Reactor Institute Delft. Following irradiation, the foil was cooled for 4 days to allow
the decay of **™Y and avoid unwanted gamma-rays. After unpacking, the activated [*°Y]Y foil

was transferred to a closed Perspex container for further use (Scheme 4.1).

120V > WVZr + T +T7+ Q!

Enax = 2.3 MeV |
Eavg = 0.94 MeV

Scheme 4.1. Production of the [*°Y]Y foil by neutron activation and the corresponding setup used for the
irradiation experiments.

Dose rate determination. Dose rates were determined based on measurements of
GAFchromic™ EBTS3 films. For X-ray measurements, a strip of EBT3 film was placed either
in a 48-well plate or in a 1.5 mL Eppendorf vial containing 1 mL of Milli-Q water and irradiated
under experimental conditions. For the beta minus irradiation the film was cut to fit the wells
of a 48-well plate. The activated [*°Y]Y foil (5 x 5 cm) was placed under the plate, covering 3
x 3 wells. Accordingly, EBT3 films were placed in these 9 wells, which were fully covered by
the foil. A thin tissue was inserted between the foil and the plate to prevent contamination, and
the setup was irradiated for 1 hour. After exposure, the films were scanned using a flatbed
scanner (EPSON V700), and the resulting images were analyzed with ImagelJ. Pixel values

were then converted to dose using a calibration curve.
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In vitro accumulation of 5-ALA-induced PpIX

A stock solution of 100 mM 5-aminolevulinic acid hydrochloride (Thermo Fisher Scientific)
was prepared in Milli-Q water, protected from light with aluminum foil and stored at -20 °C.
Cells were seeded at a density of 4 x 10* cells per well in 8-well chambered coverslips (Ibidi)
overnight. Working solutions of 1 mM 5-ALA were freshly prepared by diluting the stock

solution in complete culture medium.

To assess the accumulation of PpIX in response to different 5-ALA concentrations, cells were
treated with 1 mM, 2.5 mM, 5mM, or 10 mM 5-ALA for 24 hours. After incubation, 5-ALA
was removed, and cells were washed twice with PBS. Cells were then fixed in 4%
paraformaldehyde in PBS (Thermo Fisher Scientific) for 15 minutes at room temperature in
the dark. Following fixation, cells were washed three times with PBS (5 minutes per wash) and

stored at 4 °C, protected from light, until imaging.

To examine PpIX accumulation over time, 200 uL of 1 mM 5-ALA solution was added to each
sample. Coverslips were wrapped in aluminum foil to protect from light during incubation.
Cells were incubated with 5-ALA for 2, 4, or 18 hours. At each time point, the medium was
removed and cells were washed twice with PBS. PpIX fluorescence was visualized using a
confocal microscope (LSM 980, ZEISS) with an excitation wavelength of 405 nm and emission

detected at 620 nm.

Cell proliferation assay

The cell counting kit-8 (CCK-8) assay. To evaluate the cytotoxicity of 5-ALA, U&7 and PIP-
PC3 cells were seeded at a density of 6,000 cells per well in 96-well plates. After cell
attachment, different concentrations of 5-ALA (1 mM, 2.5 mM, 5 mM, and 10 mM) were added
to the wells. The cells were incubated with 5-ALA for 24 hours. Following the incubation
period, cell viability was assessed. To evaluate the radiosensitizing effect of 5-ALA, only X-
ray irradiation was applied. Cells were seeded at a density of 5x10° per well in 6-well plates
(Sarstedt) and incubated overnight. The following day, 2 mL of freshly prepared 1 mM 5-ALA
solution was added into cells, with the control group receiving medium only. Plates were
covered with aluminum foil to prevent light and incubated for 4 hours at 37°C in a humidified
atmosphere containing 5% CO,. After treatment, cells were washed twice with PBS, harvested
using 0.25% trypsin-EDTA (Biowest). 5-ALA-treated cells were collected in black light-safe
Eppendorf tubes to prevent light-activation. Cell suspensions were then adjusted to 1x10°
cells/mL before X-ray irradiation. X-ray irradiation was performed at a dose rate of 1.5 Gy/min

(250 kV, 15 mA, 1 mm Cu filter) with cells placed on a horizontal platform at 26 cm distance.
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All irradiated cells received a total dose of 4 Gy. After irradiation, cells were immediately
seeded in 96-well plates at 2000 cells per well (100 puL/well) in complete medium. Four
experimental groups were set for each cell line: untreated control, 5-ALA treatment only, 5 Gy
irradiation only, and 5-ALA combined with 5 Gy irradiation. Cell viability was assessed at 24,
48, 72 and 96 hours post-treatment using the CCK-8 assay according to the manufacturer's

instructions.

5-Ethynyl-2'-deoxyuridine (EdU) proliferation assay. EAU staining was performed using
ClickTech EdU Cell Proliferation Kit 555 (Baseclick) according to manufacturer’s protocol.
Briefly, following treatment with 5-ALA and X-ray irradiation, cells were seeded at a density
of 1 x 10* cells per well in 8-well chambered coverslips (Ibidi) and incubated for 48 h. After
incubation, 10 uM 5-EdU was added and incubated with cells for 1 h, followed by fixation and
permeablization. Cells were then stained with 5S-TAMRA-PEG3-Azid (has = 546 nm and Aem
= 579 nm) and Hoechst 33342. Fluorescence imaging was performed using a confocal
microscope (LSM 980, ZEISS).

Clonogenic assay. X-ray irradiation: for the clonogenic assay, cells were seeded and treated
with 5-ALA under the same conditions as described in the CCK-8 Assay. X-ray irradiation was
performed using dose rates of 1.5 Gy/min. U87 cells were irradiated with doses of 2, 4, and 6
Gy, while PIP-PC3 cells received 1, 2, and 3 Gy. Following irradiation, cells were seeded in 6-
well plates at appropriate densities in six replicates (U87: 600, 800, and 1600 cells/well for 2,
4, and 6 Gy, respectively; PIP-PC3: 200, 400, and 600 cells/well for 1, 2, and 3 Gy,
respectively). Control groups included cells with or without 5-ALA and/or irradiation (U87:
600 cells/well; PIP-PC3: 200 cells/well). After 7 to 10 days (PIP-PC3) or 10 to 14 days (U87)
of incubation, colonies were washed with PBS, fixed in 4% paraformaldehyde, and stained
with 1% crystal violet solution. Colonies containing more than 50 cells were manually counted

and survival fractions were normalized to the untreated control group.

Yttrium-90 irradiation: approximately 1x10° per well U87 or PIP-PC3 cells were seeded in a
48-well plate and incubated overnight. The following day, 500 puL of 1 mM 5-ALA was added
into cells. After 4 hours of incubation, the 5-ALA-containing medium was discarded, cells were
washed twice with PBS, and 500 pL of fresh culture medium was added. The plate with cells
in wells was then placed on top of the foil to receive defined dosed (1 Gy or 3 Gy) using various
dose rates. After irradiation, cells were trypsinized and reseeded into 6-well plates (U87: 600,
800 cells/well for 1 and 3 or 4 Gy, respectively; PIP-PC3: 200 and 600 cells/well for 1 and 3
Gy, 800 cells/well for 400 Gy, respectively). After 7 to 10 days (PIP-PC3) or 10 to 14 days
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(U87) of incubation, colonies were washed with PBS, fixed in 4% paraformaldehyde, and
stained with 1% crystal violet solution. Colonies containing more than 50 cells were manually

counted and survival fractions were normalized to the untreated control group.

Statistical analysis

Data with error bar were presented as mean + SD. Statistical analyses were performed using
paired t-test, one-way or two-way ANOVA as appropriate. GraphPad Prism software (version
8.00) was used for statistical analysis and data visualization. P < 0.05 was considered

statistically significant.

4.3 Results

Intracellular accumulation of PpIX

Although tumors tend to accumulate higher levels of PpIX than normal tissues, intracellular
PpIX levels are still subject to cellular regulation and clearance mechanisms. To determine an
optimal 5-ALA concentration for subsequent experiments, we evaluated both PpIX
accumulation efficiency and cytotoxicity across a range of 5-ALA concentrations in U87 and
PIP-PC3 cells. After 24 h incubation, PpIX fluorescence was detectable at [S-ALA] =1 mM in
both cell lines (Fig. S4.1). In U87 cells, increasing the concentration beyond 1 mM did not lead
to a noticeable increase in fluorescence signal. In contrast, PIP-PC3 cells showed the highest
fluorescence at 2.5 mM, while 5 and 10 mM exhibited reduced fluorescence (Fig. S4.1).
However, cell viability assays revealed significant cytotoxicity at 2.5 mM in PIP-PC3 cells
(Fig. S4.2). Therefore, to balance PpIX accumulation with cell viability and maintain consistent
conditions between both cell lines, 1 mM 5-ALA was selected for all subsequent experiments.
To further determine the optimal timing for irradiation, we next investigated the time-
dependent accumulation of PpIX in U87 (Fig. 4.1(a)) and PIP-PC3 cells (Fig. 4.1(b)). In U87
cells (Fig. 4.1(c)), fluorescence was observed at 2 h and slightly increased at 4 h (p < 0.05),
followed by a decrease at 18 h (p < 0.01 vs. 4 h). A similar trend was observed in PIP-PC3 cells,
where fluorescence was also detectable at 2 h, followed by an increase at 4 h (p < 0.05). Unlike
U87 cells, the fluorescence in PIP-PC3 cells remained stable at 18 h, showing no reduced
fluorescence intensity compared to the 4 h time point (Fig. 4.1(d)). As the fluorescence intensity
of PpIX reached its maximum at 4 h, all subsequent irradiations were conducted at 4 h

following 5-ALA treatment.
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Figure 4.1. Accumulation of 5-ALA-induced PpIX in U87 and PIP-PC3 cells over time. (a) Fluorescence
images and the corresponding merged brightfield—fluorescence images of U87 cells after 2 h, 4 h, and 18 h
incubation with 1 mM 5-ALA. (b) Fluorescence images and the corresponding merged brightfield-fluorescence
images of PIP-PC3 cells under the same conditions. Mean fluorescence intensity of PpIX in (c) U87 cells and
(d) PIP-PC3 cells. Scale bar = 20 um. All data are represented as mean + SD and analyzed by one-way ANOVA;
*p <0.05, **p <0.01, ***p <0.001; n=6.

Cell proliferation following combined 5-ALA and X-ray treatment

After determining the optimal time point for PpIX accumulation in U87 and PIP-PC3 cells, we
next evaluated the biological effects of 5-ALA in combination with ionizing radiation. As 5-
ALA has already been applied in combination with EBRT in both clinical and preclinical
research, we examined its radiosensitizing effect under X-ray irradiation at a dose rate of 1.5
Gy/min, using CCK-8, clonogenic survival, and 5-EdU proliferation assays. We first assessed
cell proliferation using the CCK-8 assay. As shown in Figure 4.2(a), the viability of U87 cells
treated with 4 Gy decreased when compared to the control, showing even further reduction at
96 h. The addition of 5-ALA on the other hand did not lead to any further decrease compared
to radiation alone. In PIP-PC3 cells, a slight reduction in viability was noted in the 4 Gy group
at 48 hours, followed by a pronounced decrease at 72 and 96 hours compared to the control

groups. The addition of 5-ALA did not cause any further reduction in viability relative to
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radiation alone at any time point (Fig. 4.2(b)).
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Figure 4.2. Cell viability of 1 mM 5-ALA pretreatment combined with 4 Gy X-ray irradiation after 24, 48, 72
and 96 h of incubation. (a) Cell viability of U87 cells. (b) Cell viability of PIP-PC3 cells. All data are
represented as mean + SD and analyzed by two-way ANOVA; ns indicates no significance; n=5.

Given that short-term viability does not always correlate with long-term cell survival, we
performed clonogenic assays under the same treatment conditions to assess the sustained
radiosensitizing effects of 5-ALA combined with X-ray irradiation. Representative images are
shown in Figure 4.3(a) for U87 and Figure 4.3(b) for PIP-PC3. The corresponding survival
fractions are presented in Figure 4.3(c) and 4.3(d), respectively, with detailed values
summarized in Table 4.1. X-ray irradiation with dose rate of 1.5 Gy/min reduced colony
formation in U87 cells in a dose-dependent manner. Pre-treatment with 5-ALA significantly
inhibited cell growth at 2 Gy (p = 0.032), 4 Gy (p = 0.0067), and 6 Gy (p = 0.024) compared
to irradiation alone (Fig. 4.3(c)). For PIP-PC3, a dose-dependent reduction in colony formation
was also observed. The addition of 5-ALA further suppressed colony formation, with
significant effects at 1 Gy (p = 0.026), 2 Gy (p = 0.0002) and 3 Gy (p = 0.0091). To
quantitatively evaluate the extent of radiosensitization induced by 5-ALA, the sensitizer
enhancement ratio (SER) was calculated based on the surviving fraction curves. The resulting

SER values were 1.29 for U87 cells and 1.49 for PIP-PC3 cells (Table S4.1).
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Figure 4.3. Colony formation of U87 and PIP-PC3 cells after combined 1 mM of 5-ALA pretreatment and X-
ray irradiation at different doses with a dose rate of 1.5 Gy/min. (a) Representative images of U87 colonies
following irradiation at 2, 4, and 6 Gy; the corresponding survival fractions are shown in (c). (b) Representative
images of PIP-PC3 colonies following irradiation at 1, 2, and 3 Gy; the corresponding survival fractions are
shown in (d). All data are represented as mean + SD and analyzed by paired t-test; *p <0.05, **p <0.01, ***p
<0.001; n=6.

Table 4.1. Survival fraction of U87 and PIP-PC3 after X-ray irradiation

us7 PIP-PC3
0 Gy 2 Gy 4 Gy 6 Gy 0 Gy 1 Gy 2 Gy 3Gy

Control 1.00 £0.12 0.60+0.11 0.27 +0.04 0.13 +0.03 1.00 £ 0.04 0.40 £0.07 0.20+0.03 0.06 +0.02

5-ALA  0.93+0.10 0.49+0.07 0.18£0.04 0.09 +0.02 0.97+£0.15 0.34+0.07 0.10£0.02 0.02 +0.01

DNA synthesis is essential for cell proliferation and takes place during the S phase of the cell
cycle. When cells experience stress or DNA damage, they commonly undergo cell-cycle arrest
in the G1 or G2 phase to give time for the repair process. To evaluate potential alterations in
DNA replication following irradiation, we used 5-EdU, a thymidine analogue that is directly

incorporated into newly synthesized DNA during the S phase and therefore serves as a reliable
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marker of DNA synthesis. 5-EdU incorporation was assessed 48 h after 4 Gy irradiation, with
or without 5-ALA, in U87 (Fig. 4.4(a)) and PIP-PC3 cells (Fig. 4.4(b)).
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Figure 4.4. 5-EdU fluorescent staining (orange) and Hoechst 33342 nuclei staining (blue) of U87 and PIP-PC3
cells 48 h after 4 Gy X-ray irradiation with and without 1 mM 5-ALA pretreatment. (a) Fluorescence images
of U87 and (c) corresponding quantification of 5-EdU positive cells. (b) Fluorescence images of PIP-PC3 and
(d) corresponding quantification of 5-EdU positive cells. 6 microscope fields with over 35 cells per field were
quantified. All data are represented as mean + SD and analyzed by one-way ANOVA; ns indicates no
significance, **p < 0.01, ***p < 0.0005, ****p < 0.0001; n=6.
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In U87 cells (Fig. 4.4(c)), 4 Gy irradiation significantly reduced the fraction of EdU-positive
cells by 32% compared with the control group (p < 0.0001). Pre-treatment with 5-ALA
produced an even greater reduction, decreasing the EdU-positive cell fraction by 50%
compared with the control group, and a significant difference was detected between the 4 Gy
and 4 Gy + 5-ALA groups (p = 0.0018). Similarly, in PIP-PC3 cells (Fig. 4.4(d)), 4 Gy
irradiation caused a 23% decrease in EdU-positive cells compared with the control group (p =
0.0004). With 5-ALA pre-treatment, EdU-positive cells decreased by 48%, and the 4 Gy + 5-
ALA group differed significantly from the 4 Gy group (p = 0.0001).
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Cell proliferation following combined 5-ALA and yttrium-90 treatment

The radiosensitizing effect of 5-ALA was first demonstrated using X-rays at a dose rate of 1.5
Gy/min. We then investigated the impact of lower dose rates, comparable to those used in low-
dose-rate (LDR) brachytherapy. We employed a [*°Y]Y foil as an external B~ radiation source,
generated via neutron activation of stable *°Y. By adjusting the activity of the foil, we were
able to precisely control both the total dose and dose rate delivered to the cells. Dosimetric
calibration was performed using EBT3 radiochromic film to establish and verify the dose rate
before conducting cellular experiments. Colony formation results for U87 and PIP-PC3 cells
irradiated at 2 Gy/h and 1 Gy/h, with total doses of 1 Gy and 3 Gy, are shown in Figure 5, with

detailed survival fractions listed in Table 4.2.

For U87 cells receiving irradiation at a dose rate of 2 Gy/h, 1 Gy Y irradiation alone did not
suppress the growth of U87 cells compared to the non-irradiated control (Fig. 4.5(e)). In
contrast, cells pretreated with 5-ALA exhibited significantly reduced growth following 1 Gy
Y irradiation compared to those receiving irradiation alone (p = 0.0006). At 3 Gy, *°Y
irradiation alone significantly inhibited U87 cell growth, and this effect was further enhanced
by 5-ALA pretreatment (p = 0.0083). In PIP-PC3 cells (Fig. 4.5(g)), a dose-dependent growth
inhibition was observed following *°Y irradiation. At 1 Gy, growth was already reduced, and
additional 5-ALA pretreatment did not further enhance the effect. At 3 Gy, however, 5-ALA
pretreatment resulted in significantly enhanced growth inhibition compared to °°Y irradiation

alone (p = 0.002).
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Figure 4.5. Colony formation and survival fractions of U87 and PIP-PC3 cells following treatment with 5-
ALA and yttrium-90 irradiation (1 Gy and 3 Gy). Representative colony images (a—d) and corresponding
survival fractions (e-h) are shown. (a, €) U87 cells irradiated at 2 Gy/h; (b, g) PIP-PC3 at 2 Gy/h; (c, f) U87 at
1 Gy/h; (d, h) PIP-PC3 at 1 Gy/h. All data are represented as mean + SD and analyzed by paired t-test; ns
indicates no significance, *p < 0.05, **p < 0.01, ***p < 0.0005; n=6.
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Table 4.2. Survival fraction of U87 and PIP-PC3 after °Y irradiation

us7 PIP-PC3
0 Gy 1Gy 3Gy 0 Gy 1Gy 3Gy
§ Control 1.00+0.10 0.95+0.03 0.13+0.04 1.00+£0.10 0.47+0.06 0.13+0.02
2 5-ALA  0.96+0.06 0.56+0.09 0.06+0.01 1.06 £0.06 0.42+0.08 0.07+0.01
£> Control  1.00+£0.07 1.02+0.16 0.25+0.05 1.00+0.05 0.40+0.01 0.09+0.01
(]

5-ALA  0.86+0.08 0.66+0.11 0.28+0.08 0.99+0.04 045x0.06 0.04+0.01

At the lower dose rate of 1 Gy/h, U87 cells did not show significant growth inhibition following
1 Gy °°Y irradiation alone, whereas co-treatment with 5-ALA suppressed cell growth
significantly (p = 0.018). At 3 Gy, the additional effect of 5-ALA was no longer observed (Fig.
4.5(f)). In PIP-PC3 cells (Fig. 4.5(h)), no difference was found between °°Y irradiation alone
and the combination treatment at 1 Gy. At 3 Gy, 5-ALA pre-treatment further reduced cell

growth compared to irradiation alone (p < 0.0009).
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Figure 4.6. Colony formation of U87 and PIP-PC3 cells following combined treatment with 5-ALA and
yttrium-90 irradiation at 1 Gy with a dose rate of 0.47 Gy/h. Representative images of colony formation are
shown for (a) U87 and (b) PIP-PC3 cells. Corresponding survival fraction for U87 cells is presented in (c), and
for PIP-PC3 cells in (d). All data are represented as mean + SD and analyzed by paired t-test; ns indicates no
significance; n=6.

When the dose rate was reduced to 0.47 Gy/h irradiation, the radiosensitizing effect previously
observed at 1 Gy in U87 cells disappeared (Fig. 4.6(a) and 4.6(c)). PIP-PC3 cells also showed
no enhancement with 5-ALA at this dose rate (Fig. 4.6(b) and 4.6(d)). At the lowest dose rate
of 0.3 Gy/h, 5-ALA completely lost its radiosensitizing effect in both cell lines, and no
significant difference was found between *°Y irradiation alone and the combination treatment
at 4 Gy in either U87 or PIP-PC3 cells (Fig. 4.7). Detailed survival fractions were listed in
Table 4.3.
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Figure 4.7. Colony formation of U87 and PIP-PC3 cells following combined treatment with 5-ALA and
yttrium-90 irradiation at 1 Gy with a dose rate of 0.3 Gy/h. Representative images of colony formation are
shown for (a) U87 and (b) PIP-PC3 cells. Corresponding survival fraction for U87 cells is presented in (c), and
for PIP-PC3 cells in (d). All data are represented as mean + SD and analyzed by paired t-test; ns indicates no

significance; n=6.

Table 4.3. Survival fraction of U87 and PIP-PC3 after *°Y irradiation

us7 PIP-PC3
Control 5-ALA Control 5-ALA
£
5- 0 Gy 1.00 £ 0.05 0.91+£0.05 1.00 £ 0.04 0.90 £0.03
N~
;’- 1 Gy 0.84 £0.07 0.84 £0.08 0.65+0.09 0.57 £ 0.06
§>. 0 Gy 1.00 £ 0.1 0.99+0.04 1.00 £ 0.07 1.00 £ 0.10
™
o 4 Gy 0.11 £0.32 0.15+£0.03 0.03 £0.01 0.03+0.01

4.4 Discussion

The radiosensitizing effects of 5-ALA have been explored mainly in EBRT for the treatment

of recurrent tumors, but radioresistance also remains a major challenge in other modalities,

including brachytherapy and radionuclide therapy. A key distinction between these treatments

and EBRT is the much lower dose rate typically involved. In this study, we first evaluated the

radiosensitizing effect of 5-ALA under a clinically relevant EBRT dose rate using X-ray

irradiation at 1.5 Gy/min (90 Gy/h). We then extended our investigation to low-dose-rate

conditions using [*°Y]Y foil, which delivers initial dose rates ranging from 2 Gy/h to 0.3 Gy/h.

The experiments were conducted in vitro using two human cancer cell lines, U87 glioblastoma

and PIP-PC3 prostate cancer cells.
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The accumulation of PpIX differed between U87 and PIP-PC3 cells. In both cell lines, PpIX
fluorescence intensity peaked at 4 hours post-treatment with 5-ALA (Fig. 4.1). However, U87
cells exhibited a subsequent decline in fluorescence, whereas PIP-PC3 cells maintained
relatively stable levels. In PIP-PC3 cells, increasing the 5-ALA concentration up to 2.5 mM
led to a corresponding rise in PpIX fluorescence, but no further increase was observed at 5 mM
or 10 mM, suggesting a saturable uptake or conversion mechanism, which is consistent with
previous observations in prostate cancer cells*. In contrast, U87 cells showed no clear dose-
dependent response to increasing 5-ALA concentrations, in line with findings reported by Bunk
et al.’! . These differences may be associated with variations in PpIX transport or metabolism,
potentially involving ABC transporters such as ABCG2 and ABCB6, which have been

implicated in regulating intracellular porphyrin levels.3>34

Three methods were used to evaluate the radiosensitizing effect of 5-ALA with X-rays on cell
proliferation. Both the colony formation and 5-EdU assays demonstrated that 5-ALA enhanced
the radiosensitivity of U87 and PIP-PC3 cells, indicating a clear inhibitory effect on
proliferative capacity (Fig. 4.3 and Fig. 4.4). However, this effect was not detected by the CCK-
8 assay (Fig. 4.2), which showed no significant differences under the same treatment conditions.
The CCK-8 assay relies on the reduction of the tetrazolium salt by intracellular dehydrogenases
using NADH and NADPH as electron donors.®® As a result, it primarily reflects cellular
metabolic activity rather than true proliferative potential. Previous work by Yamamori et al.
demonstrated that cancer cells upregulated mitochondrial function following exposure to
ionizing radiation to compensate for ROS-induced damage while sustaining mitochondrial
activity.*® Similarly, Ueta et al. reported that ionizing radiation combined with 5-ALA produced
more ROS than radiation alone, which in turn led to increased mitochondrial mass and complex
III activity as part of the cellular response to oxidative stresss.'® This kind of metabolic
adaptation may maintain NAD(P)H-dependent activity and hide early or moderate impairments
in proliferation, thereby limiting the sensitivity of the CCK-8 assay in this context. In contrast,
colony formation and 5-EdU assays reflect more direct aspects of reproductive capacity,
making them more reliable in evaluating persistent cellular stress or damage.3” The fact that
both assays showed significant growth inhibition, while CCK-8 did not, suggests that 5-ALA
may not immediately impair metabolic activity, but instead interferes with the ability of U87
and PIP-PC3 cells to replicate and divide. This may be explained by mitochondrial dysfunction
that persists despite initial compensatory responses, eventually leading to insufficient energy

production for cell proliferation and thereby reducing the proliferative capacity even when
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short-term metabolic viability appears unaffected.’®* These findings suggest that the
additional damage caused by 5-ALA involves mitochondrial and redox-mediated stress

responses rather than acute cytotoxicity.

Given that this ROS-based radiosensitizing effect depends on both their generation and
accumulation, it is influenced not only by the presence of intracellular PpIX and irradiation,
but also by how these stress inducers are delivered over time. ROS plays a dual role in tumor
biology: while excessive ROS levels can induce cell death by causing mitochondrial
disfunction, DNA damage and activation of cell death pathways, low to moderate levels may
support tumor proliferation by activating pro-survival signaling pathways.*° In this context, the
radiation dose rate becomes particularly important, as it influences the dynamics of ROS
production.*! The results of the clonogenic assay suggest a general trend that the
radiosensitizing effect of 5-ALA tends to decrease as the dose rate is reduced in both U87 and
PIP-PC3 cells. In U87 cells, the radiosensitizing effect observed at 1 Gy was still present at a
dose rate of 1 Gy/h (Fig. 4.5(b) and 4.5(f)), while the effect was no longer evident at 0.5 Gy/h
(Fig. 4.6(a) and 4.6(c)). In PIP-PC3 cells, the effect remained detectable at 3 Gy and 1 Gy/h
(Fig. 4.5(d) and 4.5(h)) but became less obvious at lower dose rates such as 0.3 Gy/h with 4
Gy irradiation (Fig. 4.7(b) and 4.7(d)). These results suggest that at lower dose rates, the
additional ROS generated by PpIX may be reduced below the threshold needed to induce
sufficient cytotoxicity. This corresponds with the findings that lower dose rates produce fewer
dense ROS clusters, resulting in reduced lethal damage and a greater proportion of sublethal
damage, which may be more efficiently repaired by the cells.*>** To be noticed, in U87 cells,
a radiosensitizing effect was observed at 1 Gy delivered at 1 Gy/h, but this effect was absent
when 3 Gy was delivered at the same dose rate (Fig. 4.5(f)). This non-linear response, where
higher doses do not produce stronger effects as expected, suggests that additional factors are
involved. One possible explanation is that the prolonged irradiation time required to deliver 3
Gy at 1 Gy/h (3 h) provided sufficient time for cellular antioxidant defense activation, reducing

ROS accumulation and counteracting radiosensitization.

This hypothesis is further supported by previous findings showing that low-dose-rate (LDR)
irradiation activate antioxidant responses that diminish radiation-induced oxidative damage.**
47 Godoy et al. demonstrated that U87 glioblastoma neurospheres were more resistant under
LDR y-irradiation (24 mGy/h) compared to high-dose-rate (HDR, 0.39 Gy/min).* They
observed increased extracellular release of 8-0x0-dG in neurospheres under LDR conditions.

As a marker of oxidative nucleotide clearance, elevated extracellular 8-oxo-dG indicates active
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detoxification rather than increased damage, suggesting that LDR allows sufficient time for
stress detection and the activation of antioxidant defenses. In contrast, HDR delivers oxidative
injury more rapidly than the cell can manage, leading to more persistent intracellular damage
and increased radiosensitization. These antioxidant defenses are largely regulated by the
nuclear factor erythroid 2-related factor 2 (Nrf2), a transcription factor that controls the
expression of key enzymes including superoxide dismutases (SODs), catalase (CAT), and
glutathione peroxidase (GPx). Godoy et al. further confirmed the essential role of Nrf2 in this
context by showing that Nrf2 silencing in U87 cells significantly enhanced radiosensitivity
under LDR conditions. This implies that Nrf2-mediated antioxidant adaptation contributes to
the reduced cytotoxicity observed at low dose rates. Although direct evidence of the
relationship between Nrf2 and LDR in prostate cancer is limited, studies have shown that Nrf2

also regulates antioxidant responses in prostate cancer cells,**°

suggesting that similar
adaptive mechanisms may exist in PIP-PC3. While mitochondrial ROS such as superoxide are
critical for 5-ALA-mediated radiosensitization via PpIX,!° their biological effects may be

diminished if ROS are promptly neutralized.

Except for the dose rate effect, the concentration of PpIX should also be considered. As
discussed earlier, although both glioblastoma and prostate cancer cells can accumulate PpIX,
they also possess metabolic pathways that transport and remove it from mitochondria. A lower
dose rate inevitably leads to a longer irradiation time, which might be unable to deliver
sufficient radiation during the early phase when the PpIX concentration is at its peak. As a
result, the irradiation does not fully take advantage of the optimal window concentration for

ROS generation.

Another factor that has not been fully considered here is the energy of the radiation. The X-
rays used in this study have lower photon energies than the B~ particles emitted by *°Y. Because
the higher-energy [~ radiation generally exhibits lower linear energy transfer (LET), which
should also be taken into account in future studies. Additionally, for the 4 Gy irradiation
delivered by [*°Y]Y foil at the dose rate of 0.3 Gy/h, we lack a proper comparison group
irradiated with X-rays. While the reduced radiosensitizing effect of 5-ALA at lower dose rate
is clear in U87 cells, the situation might be different for PIP-PC3 cells. This cell line is generally
more sensitive to radiation, and a 4 Gy exposure may have already eliminated most cells,

making it difficult to observe any additional radiosensitizing effect.
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4.5 Conclusion

In this work, we examined the radiosensitizing effects of 5-ALA across a range of dose rates
in glioblastoma U87 and prostate cancer PIP-PC3 cells, covering both the dose rate typically
used in conventional EBRT (1.5 Gy/min) and the lower dose rates relevant to LDR
brachytherapy (< 2 Gy/h). At 1.5 Gy/min X-ray irradiation, 5-ALA produced a pronounced
radiosensitizing effect in both cell lines. However, this radiosensitizing effect progressively
diminished as the dose rate decreased and ultimately disappeared under continuous low-dose-
rate irradiation by °°Y. Although the exact mechanism remains unclear, the loss of
radiosensitization at low dose rates may be related to the balance between ROS production
from 5-ALA-induced PpIX and the activation of antioxidants, and repair systems. When
irradiation is delivered slowly, as in the *°Y exposure, cells may have enough time to
compensate for oxidative stress, reducing the impact of 5-ALA on radiation response. Future
mechanistic studies examining ROS generation and antioxidant activity across different dose

rates will be important to clarify this effect.

Overall, our results suggest that the radiosensitizing behavior of 5-ALA depends on the dose
rate of the ionizing radiation. Considering dose-rate effects may therefore be important when

integrating photosensitizers into radiotherapy strategies.
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Supporting information
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Figure S4.1. Intracellular PpIX fluorescence images of U87 and PIP-PC3 cells 4 hours after treatment with 5-
ALA at concentrations of 1 mM, 2.5 mM, 5 mM, and 10 mM. Scale bar = 50 pm.
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Figure S4.2. Cytotoxicity of 5-ALA at varying concentrations in (a) U87 cells and (b) PIP-PC3 cells. Cells
treated with different concentrations of 5-ALA were compared with the untreated control group. All data are
represented as mean + SD and analyzed by one-way ANOVA; *p < 0.05, ***p < 0.0005; n=3.
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Group D, (Gy) SER

us7 3.31 1.00

uU87 + 5-ALA 2.57 1.29
PIP-PC3 1.20 1.00
PIP-PC3 + 5-ALA 0.81 1.48

Table S4.1. Radiobiological parameters Do and sensitizer enhancement ratio (SER) for U87 and PIP-PC3 cells
with and without 5-ALA. Do values were obtained from the exponential portion of the survival curves, and
SER was calculated as the ratio of Do in the absence of 5-ALA to that in the presence of 5-ALA.
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Chapter 5

5-Aminolevulinic Acid Enhances the
Therapeutic Effect of Lutetium-177 During
Low Dose Rate Exposure in Prostate
Cancer Cells



Abstract

Metastatic castration resistant prostate cancer (mCRPC) is an aggressive, androgen
independent disease. Targeted radionuclide therapy with ['7’Lu]Lu-PSMA-617 has improved
outcomes, yet only about 50% of patients respond to the treatment. Docetaxel based
combinations have shown to increase efficacy but are often poorly tolerated in elderly or
medically compromised patients. As an alternative treatment strategy, we evaluated 5-
aminolevulinic acid (5-ALA) as a potentially well tolerated radiosensitizer in combination with
7Lu-based treatment. The radiosensitizing effect of 5-ALA was assessed in PIP-PC3 cells, a
mCRPC driven prostate cancer model transfected to express PSMA. Cell survival after !"’Lu
irradiation showed an inverse dose rate effect across 2 Gy/h to 0.05 Gy/h at total doses of 2 Gy
and 4 Gy. 5-ALA further enhanced '""Lu induced cell killing at dose rates below 0.1 Gy/h for
both 2 Gy and 4 Gy, within the clinically reported dose rate range used with [!”’Lu]Lu-PSMA-
617. The preliminary three-dimensional spheroid results show that the combination of '7’Lu
and 5-ALA reduced spheroid growth compared with either treatment alone. These findings
suggest 5-ALA is a radiosensitizer with the potential to improve '""Lu-based therapy for

patients having mCRPC.

Keywords: Lutetium-177, 5-aminolevulinic acid, prostate cancer, radiosensitizing, low dose

rate
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5.1 Introduction

Prostate cancer is the most common cancer among men and remains a leading cause of cancer-
related mortality.! Early-stage disease may be managed through surgery or radiotherapy.
However, many patients experience disease progression following initial treatment, with some
eventually developing advanced or metastatic disease. For these patients, hormonal therapy,
initially through androgen deprivation therapy (ADT), is critical for disease control by
suppressing androgen production or blocking androgen receptor signaling.? Despite initial
effectiveness, the disease often follows a predictable course. Most patients experience a period
of ADT sensitivity, but over time, usually within 18 to 24 months for metastatic cases,® cancer
cells adapt to proliferate despite castrate levels of serum testosterone (20 ng/dL).* This gradual
loss of sensitivity to androgen suppression leads to the development of castration-resistant
prostate cancer (CRPC). Nonmetastatic CRPC is usually managed with continued ADT
together with an androgen receptor pathway inhibitor (ARPI). Treatment of metastatic CRPC
(mCRPC) often requires additional chemotherapy using drugs such as docetaxel and
cabazitaxel.>”” However, these therapies show limited efficacy and elderly patients often cannot

tolerate aggressive regimens, making mCRPC treatment still challenging.®

The novel radiopharmaceutical lutetium 177 radiolabeled PSMA-617 (['7’Lu]Lu-PSMA-617)
has emerged as a treatment option for mCRPC by targeting prostate-specific membrane antigen
(PSMA), which is overexpressed in most mCRPC cases.’ The phase 3 VISION trial showed
that ['"’Lu]Lu-PSMA-617 improved overall survival in patients with PSMA-positive mCRPC
who had previously received at least one ARPI and one taxane regimen, and it has since then
been approved by the U.S. Food and Drug Administration (FDA).!° Despite this clinical benefit,
only about half of the patients responded to treatment, and tumor remission was maintained
only for a short period.!'"!3 The reasons for treatment failure may include tumor heterogeneity
leading to low PSMA expression levels, the development of radioresistant tumor cells, or
insufficient radiation dose delivery to metastatic sites.'* Currently, potential strategies that can
help express more PSMA, increase tumor radiosensitivity and complement antitumor effects,

are being explored to improve ['7’Lu]Lu-PSMA-617 based treatment.'>

Our interest is to explore photosensitizers (PSs) as potential radiosensitizers,'® with the aim of
supporting the further potential use of '7’Lu-based therapy. PSs can enhance the production of
reactive oxygen species (ROS) under ionizing radiation, and they have little or no toxicity in

dark, which makes them more suitable for patients who cannot tolerate aggressive treatments.
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Among these PSs, 5-aminolevulinic acid (5-ALA), a precursor of protoporphyrin IX, has been
most widely studied in prostate cancer as a radiosensitizer with external beam radiation in both
in vitro and in vivo studies.!”"!° However, no study has investigated its radiosensitizing effect
when combined with therapeutic radionuclides like !”’Lu in the treatment of prostate cancer.
One concern when moving from external radiation to radionuclide therapy is the difference in
dose rate. Delbart et al. compared ['7’Lu]Lu-DOTATATE with external beam radiation and
found that, although both had radiobiological effects, ['7’Lu]Lu-DOTATATE produced a
weaker response despite the higher delivered dose, and the radiosensitizing effect of poly
(ADP-ribose) polymerase inhibition (PARPi) was also reduced. This was likely due to the
lower dose rate delivered by ['7’Lu]Lu-DOTATATE. In Chapter 4, we showed that pretreatment
with 5-ALA enhanced the radiosensitivity of PIP-PC3 cells under X-ray irradiation (250 kV,
1.5 Gy/min), and the effect clearly depended on dose rates, where only dose rates above 1 Gy/h
delivered by yttrium-90 (B-, average energy 935 keV) showed radiosensitization. '7’Lu has
different properties than Y, it has a longer half-life resulting in lower dose rate even at
clinically used activities and it emits lower energy B~ particles (average energy 134 keV).20-2!
Therefore, it is unclear whether 5-ALA can still provide any radiosensitizing effect when using

irradiation.

In this study, we investigated the radiosensitizing effect of 5-ALA combined with '""Lu
irradiation in PIP-PC3 cells. PIP-PC3 cells are PC3 cells transfected to express PSMA, while
the parental PC3 line is derived from a metastatic prostate cancer patient and lacks androgen
receptor expression. We first examined how the dose rate of !”7Lu influences the
radiosensitizing effect of 5-ALA in two-dimensional cell monolayers by adjusting the activity
and incubation period based on Monte Carlo simulations. The response was evaluated using
clonogenic assays. We then moved to three-dimensional spheroid models to perform a

preliminary test of the radiosensitizing effect of 5-ALA in a more complex cell environment.

5.2 Materials and Methods

Cell culture
Prostate cell line PIP-PC3 with stable PSMA expressions were kindly provided by ErasmusMC
and were used in the experiments. PIP-PC3 cells were cultured in Roswell Park Memorial

Institute (RPMI) 1640 with L-glutamine (VWR chemicals), supplemented with 10% fetal
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bovine serum (Biowest) and 1X penicillin-streptomycin solution (VWR chemicals). All cells

were incubated with a humidified atmosphere containing 5% CO; at 37 °C.

Monto Carlo simulations

To estimate the dose rate Monte Carlo (MC) simulations were implemented, using the Geant4
toolkit (v11.3.2). In the simulation models, the radiological behavior of a standard 48-well plate
(VWR 48-Well Tissue Culture Plates) was used. The computational geometry consisted of a
water-filled cubic world of half-extents 15.0 cm (i.e., a 30x30x30 ¢cm? box) that contained a
polystyrene plate centered at the origin and oriented normal to the z axis. The plate dimensions
were 12.83 cm x 8.58 cm in the x—y plane with a thickness of 2.0 cm. Within the plate were an
array of 48 cylindrical wells arranged in 6 rows by 8 columns; each well had an inner radius of
0.552 cm and was filled with liquid water representing a 100 pL sample (water volume = 0.1
cm?) (Fig. 5.1(a)). The water column height in each well was computed from the specified well
volume and the circular well area (height = water volume / (n-wellRadius?)), which yielded a

full height = 0.1045 cm and a half-height used in geometry placement = 0.05225 cm; the

water was placed near the bottom of the plate so that the well centers were offset by z_shift =
—(plate_half height) + wellHalfHeight where plate_half height = 1.0 cm. Well centers were
laid out on a regular grid with spacing 1.3 cm in both x and y; x positions use xPos[j] = (j —

3.5)-1.3 cm forj € [0..7] and y positions use yPos[i] = (2.5 —1)-1.3 cm fori € [0..5].

The source model used a single-particle gun configured to emit radioactive ions (via Geant4’s
"G4lonTable"). The specific isotope was selected at runtime through the macro (for example,
init_vis.mac uses */gun/ion 71 177" to select !"’Lu. For each event the primary generator chose
a well uniformly at random (integer index 0—47), then sampled a uniformly distributed position
inside the cylindrical water volume: radius sampled as r = maxRadius-sqrt(U) (uniform disk
sampling), angle 0 uniform in [0, 27), and z uniform between zMin and zMax where the code
insets the sampling region to 95% of the geometric boundaries (maxRadius = 0.95-wellRadius
and z bounds multiplied by 0.95) to avoid edge effects. The particle position was translated to
the selected well center and the particle was located in the geometry with the navigator before

vertex generation to ensure correct region assignment.

Physics processes combined an electromagnetic model tuned for low-energy accuracy with
radioactive decay: specifically the physics list registers ‘G4EmStandardPhysics option4”,
*G4DecayPhysics’, and ‘G4RadioactiveDecayPhysics'. Electromagnetic parameters were

adjusted for consistent behavior in multithreaded runs by setting the multiple scattering range

113



CHAPTER 5

factor to 0.04 (‘G4EmParameters::Instance()->SetMscRangeFactor(0.04)') and enabling
uniform cuts across threads (*SetApplyCuts(true)’).

Scoring was implemented through two complementary mechanisms. A per-well sensitive
detector was attached to each well as a ‘G4MultiFunctionalDetector® with a
*G4PSEnergyDeposit’ primitive scorer, producing per-well energy deposition tallies. In
addition, the included runtime macro init_vis.mac configured a Geant4 scoring mesh named
‘wellMesh' with a single bin (mesh box size 10.4 cm x 7.8 cm x 1.62 cm and 'nBin 8 6 8', Fig.
5.1(b)) and requested ‘energyDeposit’ (eDep) quantity; the macro then executes */run/beamOn
10000000 to ensure low statistical uncertainty and dumped the mesh results to the text file
‘wellMesh48Edep.txt'. In Figure 5.1(b), X-rays and gamma-rays deposited energy in
neighboring wells, which can introduce small well-to-well differences in the energy deposition
map. For dose rate quantification, a large statistics simulation (10,000,000 events) was used,
for which the well-to-well variation in energy deposition from X-rays and gamma-rays was
below 1% and therefore considered negligible. The calculated dose rates are presented in Table

5.1.

Figure 5.1. The 48 wells plate geometry, including (a) photons and electrons interactions, as produced using
177Lu ion source, and (b) the energy deposition scorer, as split to extract the energy of each well (10,000 events).

Clonogenic assay

['"7Lu]LuCls in 0.1 M HCI was kindly provided by ErasmusMC and used for all irradiation
experiments. Typically, the stock solution of ['"’Lu]LuCl; was diluted with sterile Milli-Q
water to prepare solutions in which the desired activity was contained in a fixed volume of 10
pL. For each irradiation condition, 10 uL of the appropriately diluted ['”’Lu]LuCls solution

was added to the cells.
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To evaluate the radiosensitizing effect of 5-ALA combined with ['7"Lu]LuCls in PIP-PC3 cells
using clonogenic assay, PIP-PC3 cells were seeded in 48-well plates at a density of 30,000 cells
per well and incubated overnight for attachment. The next day, cells were treated with 500 pL
of complete RPMI containing 1 mM 5-ALA for 4 h to allow intracellular accumulation, after
which the medium was removed and cells were washed twice with PBS. Following 5-ALA
treatment, cells were exposed to ['7’Lu]LuCl; at different activities and incubation periods. The
irradiation settings were selected based on Monte Carlo simulations to deliver absorbed doses
of 2 Gy or 4 Gy, as summarized in Table 5.1. To deliver 2 Gy, cells were incubated with 2.3
MBq in 100 pL DMEM for 1 h, 0.24 MBq in 200 pL for 21 h, or 0.24 MBq in 400 uL for 42
h. To deliver 4 Gy, cells were incubated with 2.3 MBq in 100 uL DMEM for 2 h, 0.46 MBq in
200 pL for 21 h, or 0.46 MBq in 400 pL for 42 h. After incubation with ['7’Lu]LuCl;s, the
radioactive medium was removed, and cells were washed three times with PBS. Cells were
then trypsinized and reseeded into 6-well plates with six replicates per condition (200 cells for
0 Gy, 400 cells for 2 Gy, and 800 cells for 4 Gy). Cells were allowed to grow for 7 days to form
colonies and were subsequently stained with 1% Crystal Violet solution (Merck Sigma).
Colonies containing more than 50 cells were counted manually. For each radiation delivery
time group, a matched control was cultured in normal medium for the same duration. Plating
efficiency was calculated from all matched controls and averaged, and this mean value was
used to determine surviving fractions for all irradiated groups, which allows a direct
comparison across various conditions.

Table 5.1 ['77Lu]LuCl; activities and irradiation times for delivering 2 Gy and 4 Gy at different dose rates in 48-
well plates

Dose, Gy Total activity, Total volume, Activity per Irradiation Dose rate,

MBq ML mL time, h Gy/h
23 100 23 1 2
0.23 200 1.2 21 0.1

2 0.23 400 0.6 42 0.05
23 100 23 2 2
0.46 200 23 21 0.2

‘ 0.46 400 1.2 42 0.1
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Spheroid growth inhibition

To evaluate the radiosensitizing effect of 5-ALA in spheroids, PIP-PC3 cells were seeded at
1,500 cells per well in 100 pL of complete RPMI containing 2% Matrigel (Corning) in U-
bottom, low-attachment 96-well plates (Greiner Bio-One). The plates were centrifuged at 1,300
rpm at 4 °C to promote spheroid formation. Spheroids were allowed to grow for 1 day to reach
an average diameter of approximately 350 pm. Cells were then treated with 2 mM 5-ALA for
4 h. After incubation, spheroids were washed three times with fresh complete RPMI and
subsequently exposed to 30 kBq, 60 kBq, 120 kBq, or 230 kBq of ['”’Lu]LuCls. Cells treated
with the same amounts of ['”’Lu]LuCl3 but without 5-ALA served as comparisons. Fresh
complete RPMI was added every 3 days. Images of the spheroids were taken on days 0, 3, 5
and 7 and spheroid diameters were measured using ImagelJ. During spheroid size quantification,
the diameter was measured from the compact solid region of each spheroid. Low density bright
regions observed on day 3 were excluded because they might be attributed to trapped air
bubbles in Matrigel rather than cellular structure, and they were no longer observed once the

spheroids became denser from day 5 onwards.

Statistical analysis

Data with error bar were presented as mean + SD. Statistical analyses were performed using
either paired t-test or two-way ANOVA as appropriate. GraphPad Prism software (version 8.00)
was used for statistical analysis and data visualization. P < 0.05 was considered statistically

significant.

5.3 Results

As shown in Chapter 4, the radiosensitizing effect of 5-ALA was strongly influenced by the
dose rate delivered by *°Y. We therefore investigated its radiosensitization effect in PIP-PC3
cells upon exposure to ['7’Lu]LuCls. Similar to °Y, '"’Lu is a B~ emitter, but it has a lower
average energy, with a maximum B energy of 498 keV and an average energy of 130 keV. The
highest dose rate, 2 Gy/h, used here was the same as that applied for *°Y in Chapter 4, and

lower dose rates, 0.2 Gy/h to 0.05 Gy/h, were included to reflect clinically relevant conditions.

Clonogenic assay
We performed a clonogenic assay to determine whether the dose-rate effect persisted in long-
term cell survival following !"’Lu irradiation. The initial dose rates ranged from 2 Gy/h to 0.05

Gy/h. Detailed ""Lu activities and the corresponding absorbed dose and dose rate are
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summarized in Table 5.1. As shown in Figure 5.2(a), delivering 2 Gy and 4 Gy at different dose
rates resulted in irradiation times ranging from 1 h to 42 h (Table 5.1), and clonogenic plating
was initiated immediately after the completion of irradiation for each condition. Representative

colony images are presented in Figure 5.2(b).
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Figure 5.2. Clonogenic assay of the combined treatment of 5-ALA and ['7’Lu]LuCls on PIP PC3 cells. (a)
Timescale of the combined treatment. Cells were pretreated with 1 mM 5-ALA, and ['”’Lu]LuCl; at various
activities was added on day 0. Irradiation at 2 Gy/h was stopped on day 0; irradiation at 0.1 and 0.2 Gy/h was
stopped on day 1; irradiation at 0.05 and 0.1 Gy/h was stopped on day 2. Colonies were incubated for a total of
7 days in all groups. (b) Representative colony images. (c) Survival fraction of PIP-PC3 cells after 5-ALA and
['""Lu]LuCl; treatment at 2 Gy. (d) Survival fraction of PIP-PC3 cells after 5-ALA and ['7’Lu]LuCls treatment
at 4 Gy. All data are represented as mean + SD and analyzed by paired t-test; ns indicates no significance, **p
<0.01, ****p <0.0001; n = 6.

As shown in Figure 5.2(c) and 5.2(d), significant differences in survival fractions were
observed among different dose rates. For 2 Gy irradiation, the survival fraction of PIP-PC3
cells treated with ['7"Lu]LuCl; increased with increasing dose rate. The survival fractions at

0.1 Gy/h and 2 Gy/h were significantly higher than that at 0.05 Gy/h (p < 0.05 and p < 0.0001,
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respectively). A similar pattern was observed for 4 Gy irradiation, where the survival fractions

at 0.2 Gy/h and 2 Gy/h were higher than that at 0.1 Gy/h (p <0.01 and p <0.0001, respectively).

Pre-treatment with 1 mM 5-ALA only, did not show any long-term cytotoxicity to PIP-PC3
cells compared to the control groups. For 2 Gy irradiation, cells pre-treated with 5-ALA showed
a significantly lower survival fraction at dose rates of 0.05 Gy/h (p <0.0001) and 0.1 Gy/h (p
= 0.0019) compared to the groups exposed to ['"’Lu]LuCls alone. For 2 Gy irradiation, cells
pre-treated with 5-ALA showed a significantly lower survival fraction at dose rates of 0.05
Gy/h (p <0.0001) and 0.1 Gy/h (p = 0.0019) compared to the groups exposed to [!7’Lu]LuCls
alone. At the highest dose rate of 2 Gy/h, no radiosensitizing effect of 5-ALA was observed
and the survival fraction was found to be slightly higher than the groups exposed to
["""Lu]LuCls alone (p < 0.01). For 4 Gy irradiation, only at the lowest dose rate of 0.1 Gy/h,
cells pre-treated with 5-ALA showed a lower survival fraction compared to those receiving

irradiation only (p = 0.0079), while no significant differences were found at 0.2 Gy/h or 2 Gy/h.

Three-dimensional spheroid growth

After identifying the radiosensitizing effect of 5-ALA in monolayer cells at lower dose rates of
'7"Lu irradiation, we next evaluated its effect on spheroid growth, which better mimics the
tumor microenvironment than 2D cell cultures.?? The spheroid model was used preliminarily
to assess whether the combination of 5-ALA and '7Lu irradiation could suppress spheroid
growth, without attempting to control the absorbed dose as done in the viability and clonogenic

assays. In these experiments, !7’Lu activities of 0.23, 0.12, 0.06, and 0.03 MBq were used.

0 Mb 0.23 MB
(a) (b) g g
—= Control Control 5-ALA Control 5-ALA
E 8004 5-ALA
= 800 023 MBq
5 -+~ 0.23 MBq + 5-ALA I*
< . » Day 0
£ tq [*
S 600 }* ¥
T 3
-]
°
[
S 400-
& Day 7 ; ;ﬁ
1 1
0 3 5 7
Days

Figure 5.3. Combined treatment of 5-ALA and ['7’Lu]LuCls in 3D spheroid models. (a) Spheroid diameter
over time after treatment with 0.23 MBq ['7’Lu]LuCls, with or without 2 mM 5-ALA pretreatment. (b)
Representative images of spheroids. All data are represented as mean = SD and analyzed by two-way ANOVA;
*p=10.019, ***p =0.0001, ****p <0.0001; n = 6.
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Figure 5.3(a) shows the effect of 5-ALA pretreatment combined with 0.23 MBq ['"’Lu]LuCl3
on PIP-PC3 spheroid growth. Pretreatment with 2 mM 5-ALA alone produced a slight growth
inhibition from day 3 onward, resulting in a diameter of 694 = 16 pm on day 7 compared with
749 £ 27 um in the control group (p = 0.019). Treatment with 0.23 MBq [!”’Lu]LuCls
significantly inhibited spheroid growth compared with the control group, with a diameter of
647 £ 22 um on day 7 (p = 0.0009). When 2 mM 5-ALA was combined with 0.23 MBq
[""7Lu]LuCls, spheroid growth was further suppressed, with a diameter of only 521 & 21 um,
which was significantly smaller than spheroids treated with [!”’Lu]LuCl; alone (p = 0.0001).
The spheroids in the combination group also stopped growing after day 3. As shown in Figure
5.3(b), clear morphological differences were observed among the treatment groups. Control
spheroids maintained a compact structure with smooth, well-defined boundaries, whereas 5-
ALA treated spheroids showed slightly reduced compactness, with a dense core and a smooth
but lower density outer region. ['7’Lu]LuCl; treated spheroids remained spherical with smooth
boundaries despite a reduction in size, and similarly displayed a dense core with a lower density
outer region. However, spheroids treated with both 5-ALA and [!”’Lu]LuCl; showed evidently
disrupted structure, with fragmented and irregular boundaries. These spheroids appeared more
disintegrated, with loose cells spreading out from a smaller center, indicating that the spheroid
structure was breaking down. In the 0.12 MBq + 5-ALA groups, spheroid growth was also
reduced compared with 0.12 MBq alone (Fig. S5.1(c)), and a similar disrupted morphology
was observed (Fig. S5.1(d)). At lower activities the combined treatment did not significantly

inhibit spheroid growth compared to other groups (Fig. S5.1(a) and Fig. S5.1(b)).

5.4 Discussion

In this study, we first investigated the dose rate effect of !7’Lu irradiation on the radiosensitizing
effect of 5-ALA in PIP-PC3 cells at fixed doses of 2 Gy and 4 Gy (Fig. 5.2). The applied dose
and dose rate were determined using a Monte Carlo simulation that incorporated the geometry
of the 48 well plate and the medium volume in each well to calculate the absorbed dose per
unit activity (Gy/Bq) delivered to the cells. The clonogenic assay results seemed to suggest an
inverse dose-rate dependent radiosensitizing pattern of 5-ALA. At both 2 Gy and 4 Gy, a
radiosensitizing effect was observed only at dose rates below 0.1 Gy/h, whereas this effect was
not evident at dose rates above 0.1 Gy/h (up to 2 Gy/h). This trend differs to some extent from

our previous findings in Chapter 4 using external irradiation by *°Y in the same cell line, where
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the radiosensitizing effect gradually weakened as the dose rate decreased (from 2 Gy/min to
0.3 Gy/h). Apart from that, an inverse dose-rate effect was also observed when using !"’Lu
irradiation on its own, with decreasing dose-rate having lower survival of cells (dose rate < 2

Gy/h).

Before discussing the radiosensitizing effect of 5S-ALA, we would like to first point out this
inverse dose-rate effect. This effect does not agree with the commonly accepted concept of
dose-rate sparing, in which the biological response decreases as the dose rate decreases, and
therefore a higher dose is needed to achieve the same level of cell killing.?>** However, our
results are consistent with the findings of Mitchell et al.?>, who reported the same inverse dose
rate effect with low dose rates. In their study using ®*Co gamma-ray irradiation, PC3, T98G,
and A7 cells all showed progressively lower survival as the dose rate decreased below 1 Gy/h.
In PC3 cells, this inverse dose-rate effect appeared across all tested doses, including low doses
of 2 and 5 Gy. Interestingly, the lowest dose rate of 0.05 Gy/h produced the strongest reduction
in survival, whereas higher dose rates (0.1, 0.3, 0.6 and 1 Gy/h) produced progressively weaker
effects. This inverse dose rate effect has also been reported in several other studies across
different cell lines.”?® Although the underlying mechanism remains unclear, two main
hypotheses have been proposed. One possibility is that low dose rate irradiation increases the
proportion of cells in the G2/M phase, which is relatively radiosensitive.?’3! The other
explanation is the phenomenon of hyper-radiosensitivity, in which very low doses, such as
below 0.5 Gy, result in greater cell killing compared with doses above 1 Gy. One mechanistic
explanation is that doses in this low range may be insufficient to activate radioprotective repair
processes.’>3 Given the very low dose rates involved in our study, both mechanisms remain
possible. Mitchell et al. suggested that hyper-radiosensitivity may contribute to the inverse
dose-rate effect in PC3 cells, but further investigation is needed to clarify the dominant

mechanism under low dose-rate B~ irradiation.*

Returning to the radiosensitizing effect of 5-ALA in PIP-PC3 cells, from a radiation chemistry
aspect it is difficult to attribute a clear contribution of the dose rate to the radiosensitizing effect
of 5-ALA. Although ROS formation from photosensitizers can arise from interactions between
ionized photosensitizer species and water radiolysis products, which may be influenced by dose
rate through changes in radical-radical reaction dynamics, the aqueous solution system used to
study this mechanism is a simplified model (Chapter 2). It lacks the natural cellular scavengers
that compete for reactive intermediates and therefore does not fully represent the complexity

of biological conditions. In cells, the radiosensitizing effect of photosensitizers likely results
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from the combined contributions of multiple reactive species, including radical cations or
anions of the photosensitizer, superoxide, hydroxyl radicals, and singlet oxygen produced by
the photosensitizer. However, these reactive species are generated and processed within a
highly regulated biological environment. Normal and cancer cells both contain well-defined
antioxidant systems such as superoxide dismutase and glutathione, as well as DNA and
oxidative damage repair pathways, all of which continuously modulate the balance between
damage and repair. As a result, the radiosensitizing effect of photosensitizers is a dynamic
process shaped jointly by chemical generation of reactive species and the cellular capacity to

counteract or repair the resulting damage.

Despite this complexity, our results suggest that the radiosensitizing effect of 5S-ALA might be
dependent on the cellular damage response and repair capacity, which is strongly modulated
by dose rate. This is reflected in the results that no radiosensitizing effect was observed at the
highest dose rate tested with ['7’Lu]LuCls (2 Gy/h), whereas a clear sensitizing effect was
present at a much higher dose rate using 1.5 Gy/min X-ray irradiation (250 kV, 1 mm Cu/Al
filter) in Chapter 4. The survival fraction of PIP-PC3 cells under X-ray irradiation was nearly
half of that observed with ['7’Lu]LuCls at 2 Gy, suggesting better damage management and
repair capacity at a dose rate of 2 Gy/h. However, when the dose rate is reduced to a sufficiently
low level, as in the 0.1 Gy/h condition in our study, a radiosensitizing effect becomes evident
even at a total dose of 2 Gy, and this effect is stronger than that observed at 4 Gy delivered at
2 Gy/h or 0.2 Gy/h, even though ROS generation by photosensitizers is generally considered
to be dose dependent (Fig. 5.2). This interpretation is further supported by the spheroid growth
results (Fig. 5.3). When examining the effect of '7’Lu irradiation alone, only the 0.23 MBq
condition produced a significant inhibition of spheroid growth compared with the control
groups (Fig. S5.2(a)). Although the growth of the 0.12 MBq group was not significantly
reduced compared to control groups (Fig. S5.2(a)), these spheroids displayed an altered
morphology, characterized by a small dense core surrounded by a low density outer region,
suggesting radiation-induced damage (Fig. S5.1(d)). Consistently, a clear disruption of
spheroid structure was observed at activities of 0.23 MBq and 0.12 MBq of ['”’Lu]LuCls when
combined with 5-ALA pretreatment, as shown by the growth inhibition and fragmented

spheroid boundaries.

It should also be noted that the quantitative relationship between the additional amount of ROS
generated by 5-ALA and the final outcome of cell survival remains largely unknown. Although

our studies support a dose-dependent increase in ROS produced by the photosensitizer under
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ionizing radiation (Chapter 2), it is not clear how much additional ROS is required to shift cells
from a surviving state to irreversible loss of clonogenicity, and this threshold is likely to depend
on the temporal pattern of dose delivery and on the cellular defense status. In this context,
hyper-radiosensitivity may provide a plausible explanation for the increased response observed
at very low dose rates. However, the radiosensitizing effect observed at a much higher dose
rate of 1.5 Gy/min X ray irradiation does not necessarily need to arise from the same
mechanism. At such high dose rates, cells experience a large instantaneous burden of damage,
and 5-ALA may contribute by adding further oxidative stress on top of an already compromised
repair capacity, thereby pushing the system beyond a tolerable threshold. Thus, low dose rate
and high dose rate sensitization may involve different radiobiological routes, but both point to
the same underlying concept that the radiosensitizing effect of 5 ALA is strongly dependent on
the dynamic radiation sensitivity state of the cells rather than on the absolute amount of ROS

alone.

In ['’Lu]Lu-PSMA-617 therapy, tumor heterogeneity leads to a wide range of absorbed doses
across metastatic lesions, with reported average tumor doses varying from as low as 1.4 to as
high as 14.5 Gy/GBq.*® When considering the physical half-life of '"’Lu, the corresponding
dose rates fall approximately between 0.05 and 0.47 Gy/h. The dose rates used in our study lie
within this clinical range, and the observed inverse dose-rate tendency together with the state-
dependent radiosensitizing effect of 5-ALA suggests that photosensitizer-mediated
enhancement may occur under the low dose-rate conditions typical of targeted radionuclide

therapy.

While these findings suggest a potential role for 5-ALA under low dose-rate conditions, the
experimental conditions (in vitro) used here do not fully reflect the complexity of the tumor
microenvironment in vivo. Factors such as heterogeneous perfusion, variable antioxidant
capacity, and differences in photosensitizer uptake may influence the extent of
radiosensitization in patients. Moreover, this study was conducted using a single prostate
cancer cell line (PIP-PC3), which may not present the full range of biological responses across
different prostate cancer subtypes. Studies using additional cell lines and more physiologically
relevant models will therefore be important to determine the general applicability of these
observations. Another technical consideration is that ['7’Lu]LuCl; solutions were used directly
for irradiation without further chelation. Although several studies have also applied lanthanide
chlorides directly in cell culture,%37 the presence of phosphate in culture medium may lead to

partial precipitation of ['"’Lu]Lu, potentially affecting the uniformity of dose distribution.?
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Confirming these results using a chelated form of '"’Lu would therefore be valuable to ensure

that the observed biological effects are not influenced by precipitation.

5.5 Conclusion

In this study, we examined how dose rate influences the radiosensitizing effect of 5-ALA under
77Lu irradiation in PIP-PC3 cells. An inverse dose-rate pattern of cell survival was observed
for [77Lu]LuCls at dose rates below 2 Gy/h, and the radiosensitizing effect of 5-ALA was
found at dose rate below 0.1 Gy/h, a range that also corresponds to the dose-rate encountered
in the clinical application of['”’Lu]Lu-PSMA-617. Although the underlying mechanism
remains unclear, the inverse dose-rate behavior observed here may be related to
hypersensitivity which needs further investigation. The 3D spheroid experiments provided
preliminary evidence that combining 5-ALA with 'Lu irradiation can enhance growth
inhibition compared with !”’Lu alone. Together, these results demonstrate a potential role for
5-ALA as a well-tolerated radiosensitizer in combination with '"’Lu-based targeted therapies
for metastatic prostate cancer, but further investigation in additional cell models and in vivo

systems is needed.
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CHAPTER 6

This research focuses on understanding how photosensitizers (PSs) produce reactive oxygen
species (ROS), specifically singlet oxygen ('O2), under ionizing radiation. We examined two
commonly proposed ideas about how photosensitizers are activated under ionizing radiation.
The first is whether Cerenkov light produced during irradiation plays an important role in
singlet oxygen generation by PSs. The second is whether PS activation occurs through
excitation by Auger or secondary electrons. We also evaluated the PS’s radiosensitizing
potential in vitro using different radiation therapy modalities to help optimize eventual clinical

application. Hereby, we focused on establishing how dose rate influences therapeutic efficacy.

Based on our previous findings that photosensitizer Chlorin e6 (Ce6) can produce 'O, in
aqueous solutions upon X-ray or gamma-ray irradiation!?, we then used Ce6 to study its 'O
formation mechanism under ionizing radiation exposure in Chapter 2. Using X-ray and gamma-
ray irradiation (0-20 Gy) combined with SOSG and imidazole/RNO detection methods, we
demonstrated dose-dependent 'O» production by Ce6 in aqueous solutions. Our findings
established that Cerenkov light is not essential for this process. The dose rate dependence of
!0, production (maximal at 0.005 Gy/min) and its complete elimination by superoxide
dismutase (the scavenger of superoxide anions (-O2")) demonstrate that 'O, formation most
probably proceeds through Ce6 interacting with radiation-generated -O»". Thus, we propose
that ionizing radiation generates Ce6 radical cations, which have sufficient oxidation potential
to oxidize -Oz" to 'O». This work has, however, several limitations. First, we studied only Ce6,
which may not be representative of all photosensitizers. The oxidation of ‘Oz to 'O» requires
a relatively high oxidation potential. Photosensitizers such as porphyrins and chlorins are
expected to reach such potentials, but many metal-based photosensitizers are designed with
smaller energy gaps for more efficient triplet-mediated 'O, generation and may consequently
have lower oxidation potentials. Testing these metal-based photosensitizers under ionizing
radiation would help determine whether the -O>” mediated pathway is broadly applicable and
distinguish ionization-driven mechanisms from triplet state-driven ones. Second, 'O, was
detected only by indirect probes rather than by direct observation. More direct techniques such
as electron paramagnetic resonance (EPR) spectroscopy and pulse radiolysis are needed to
further verify the mechanism since the radical cation form of photosensitizers have very short

lifetimes.

In Chapter 3, we further evaluated whether Auger electrons or low energy electrons could
excite Ce6 by using iodine-125 ('?°I) as the radiation source. Ce6 was positioned in the region

of Auger and secondary electron emission by conjugating it close to '?°I on gold nanoparticles,
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yet no cell-killing effect was observed. In contrast, a pronounced cell killing efficiency
appeared when '?[-labeled nanoparticles were simply mixed with Ce6. These results indicate
that direct excitation of Ce6 by low-energy electrons is unlikely. We also observed that 12°1-
labeled AuNPs produced a stronger cell killing effect than simply ['>*I]Nal when both were
mixed with Ce6. This suggests that AuNPs may enhance the effect of '>°I by depositing more
energy into the surrounding medium, potentially promoting Ce6 ionization or increasing the
formation of reactive species such as -Oy". Further studies are needed to identify which ROS
are primarily responsible for the observed effects. It is also possible that Auger electrons may
damage Ce6 when the molecules are positioned too close to 251, which could be tested by
monitoring 'O, formation from Ce6-conjugated '*’I-labeled AuNPs under light exposure.
Simulations of Auger and photoelectron dose distributions, along with the resulting radical
formation could further clarify which processes contribute most to the Ce6 activation and the

resulting cytotoxicity.

Since we found that dose rate is relevant for the interaction of photosensitizers with ionizing
radiation, we next examined how dose rate influences their behaviour as radiosensitizers in
vitro in Chapter 4 and 5, with potential application in brachytherapy or radionuclide therapy.
Considering the poor targeting ability of Ce6, we used S5-aminolevulinic acid (5-ALA), a
precursor of protoporphyrin IX that can selectively accumulate in tumor cells lacking
transferrin. In Chapter 4, dose rates from 2 Gy/h down to 0.3 Gy/h were delivered using a
yttrium-90 foil. The radiosensitizing effect of 5-ALA was first confirmed in both U87 and PIP-
PC3 cells under X-ray irradiation (250 kV) at a dose rate of 1.5 Gy/min. When we switched to
B irradiation using [*°Y]Y foil, the radiosensitizing effect was still present at around 2 Gy/h,
but it gradually diminished as the dose rate decreased further and eventually disappeared. In
Chapter 5, we used ['7’Lu]LuCls to deliver even lower dose rates ranging from 2 Gy/h down
to 0.05 Gy/h in combination with 5-ALA pretreatment on PIP-PC3 cells. However, we
observed an inverse radiosensitizing effect of 5-ALA at these low dose rates. This
radiosensitizing effect began to appear at 0.1 Gy/h for both 2 Gy and 4 Gy total doses, and at
0.05 Gy/h for the 2 Gy, while no radiosensitizing effect was observed at higher dose rates of
0.2 Gy/h or 2 Gy/h for either 2 Gy or 4 Gy. We also tested the combined treatment at selected
activity levels in 3D spheroids, and preliminary results showed a suppression of tumor growth.
Taken together, these findings demonstrate that 5-ALA has potential as a radiosensitizer in
brachytherapy and radionuclide therapy, but its effectiveness depends strongly on dose rate.

Dose rate seems to influence how cells sense and deal with radiation-induced damage, which
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in turn affects whether the additional damage introduced by photosensitizers can be fully
expressed. A more systematic investigation of the dose-rate survival response of prostate cancer
cells, together with measurements of intracellular ROS under different dose rates in the
presence of photosensitizers, would help clarify these relationships. Further validation in 3D
spheroid models and in vivo studies is also required to evaluate how dose rate affects the

radiosensitizing effect of 5-ALA.
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