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ABSTRACT

Radiotherapy is used in the treatment of 50% of all cancer patients. It has evolved into a
high precision therapy in cancer care. Radiotherapy’s main limitation is the damage
incurred on normal tissue. Advances in modern radiotherapy allowed for improved
precision in delivery and optimizes its Therapeutic Index (TI). Advances in precision are
still pursued, but diminishing returns exist with little additional benefit seen with further
precision. Photodynamic therapy (PDT) has evolved in clinical use over the last 30 years.
It produces anti-tumor cytotoxicity with limited normal tissue damage. PDT’s dependence
on activating light has limited its impact on clinical care in oncology. Attempts to combine
radiotherapy’s deep penetration and precise targeting with PDT’s superior TI has led to
radiation-induced PDT (radioPDT), which uses scintillators to activate PDT with radiation
using Forster Resonant Energy Transfer (FRET). Contemporary radioPDT agents have
been limited by biocompatibility, toxicity, practicality, or lack of evaluation in a clinically
relevant setting such as in hypoxia. This thesis explores the development of a novel
radioPDT nanoparticle consisting of LaF3:Ce*" nanoscintillator co-encapsulated with PPIX
into a PEG-PLGA nanocarrier system. The nanoparticle exhibited a high safety profile,
ease of synthesis and scalability, exceptional in vivo compatibility and delivery, superior
therapeutic effect to radiation alone in vitro and in vivo, and utility as a CT contrast agent
with theranostic potential. The nanoparticle exhibits negligible toxicity in inactive form,
but once activated with radiotherapy it converts X-ray energy and molecular oxygen into
cytotoxic singlet oxygen. This yields impressive anti-tumor cytotoxicity in normoxic and
hypoxic conditions with partial oxygen-dependence characteristics and favourable

treatment of potentially deep-seated tumors.
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CHAPTER -1

GENERAL INTRODUCTION



1.1

1.1.1

Strategies for Cancer Therapy

Cancer is a multi-factorial disease that continuously challenges attempts to advance
treatment. Its prevalence and burden in the Canadian population continues to grow, with 1
in 2 Canadians expected to develop cancer in their life time and 1 in 4 Canadians are
expected to die from the disease (1). Since 2010, cancer has surpassed heart disease as the
number one killer of Canadians, which highlights the need for effective cancer prevention
and management strategies (1). This need for treatment is being addressed from many
different angles, with several advances seen in the fields of radiotherapy, surgery,
chemotherapy, targeted biologic agents, and radionuclide based treatments (2). The field
of cancer therapy is becoming increasingly crowded with therapeutic options that promise

to deliver higher therapeutic efficacy with less toxicity.

The Advent of Radiotherapy

The main therapeutic options of surgery, radiotherapy, and chemotherapy can all be
effective at curing the disease, but the main limiting factor is the morbidity and mortality
risk that these treatments confer. All three have brought forth major paradigm changes in
how cancer therapy is approached and there was initial optimism in the early 20™ century
in curing the disease with these therapies alone (3). This enthusiasm was tempered with
realization that with cancer therapy the efficacy must always be balanced with the toxicity,
in a concept known as Therapeutic Index (TI). Radiotherapy in particular has been a
modality that has seen rapid evolution since the discovery of X-rays in 1895 (3). Within 15
years of that discovery, the first radiotherapy device was introduced to treat skin cancers
(4). The results of these early radiotherapy treatments were accompanied by major

toxicities and limited oncologic benefit. This resulted in a low TI. Years of further research
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have led to insights gained into the mechanisms of radiobiology on death and cell survival
and how this can be manipulated through total dose and fractionation (5). This has led to
significant advances in optimizing the TI of radiotherapy. Treating skin malignancies is

now possible with good efficacy and limited toxicity to the surrounding normal skin tissue.

Overview of Cancer Radiobiology

The main mechanism of cytotoxicity for ionizing high energy beams on living cells is
mediated by damage to the nuclear deoxyribonucleic acid (DNA). The type of ionizing
energy used to deliver radiotherapy can consist of electromagnetic particles such as
photons; subatomic particles such as electrons, protons, or neutrons; or other charged heavy
ions. Their ability to transfer energy to the living tissue is defined as the Linear Energy
Transfer (LET). Different forms of ionizing energy have higher and lower LET, depending
on their interaction with body tissue. Charged particles such as protons, electrons, and
heavy ions can directly ionize molecules within cells, whereas neutral particles such as
photons and neutrons rely on indirect ionization via interaction with the atoms to produce
charged electrons particles (6). Depending on the type of particle and its energy, the LET
value typically used in treatment of cancers can range from 0.3 keV/pum for 250 kVp
orthovoltage X-rays to 12 keV/um for 14 MeV neutron beam therapy (6). The effectiveness
of different modalities of radiotherapy is standardized as a function of LET in a ratio known
as Relative Biological Effectiveness (RBE). The amount of radiation energy deposited is

defined most commonly in units of Gray (Gy), where 1 Gy = 1 Joule/kilogram.

The effect of the radiotherapy beam on cells depends on the phase of cell cycle. Cells are

generally most radiosensitive in the mitotic and premitotic phases (M and G2, respectively)



of the cell cycle, while they are most radioresistant in Gi and S phase (7). The radiation
dose needed to kill a cell in the radioresistant phases of the cell cycle are typically close to
10 Gy, whereas radiation doses of 2 Gy are sufficient to kill cells in the radiosensitive
phases (7). In general, cancerous cells are more proliferative than normal tissue cells, which
means they statistically spend more time in the more radiosensitive phases of the cell cycle.

This confers some level of preferential toxicity on cancerous tissue versus normal tissue.

The charged particles that directly or indirectly results from the radiation beam primarily
affect the cell by damaging DNA by causing breaks in the DNA structure (Figure 1.1).
This can be through direct ionization and breakage of the phosphodiester backbone, or
through the creation of free radical species that inflict the same damage (8). The most
common free radical formed is hydroxy radicals from ionizing water, due to its abundance
in cell, but also through ionizing molecular oxygen into oxyradicals. Radiation modalities
with LET values that are similar to photons generate about two thirds of the DNA damage

via indirect free radical species generation, and one third comes from direct DNA damage

(6).
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Figure 1.1: Differences in energy deposition and ionization events from low LET and high
LET radiation beams (left), which lead to single strand (middle) or double strand (right)
phosphodiester breaks in the DNA structure. The two low LET tracks (left) are
demonstrating direct ionization events in the bottom track versus indirect ionization events

in the top track. Image adapted from Lomax et al., 2013 (8).



The resultant effect of the DNA damage depends on the LET, dose rate, total dose, and
fractionation. Additional factors such as availability of molecular oxygen to promote
indirect DNA damage, presence of free radical scavengers (radioprotectors) and radiation
damage enhancing agents (radiosensitizers), and the cell cycle effects also impact the effect
of radiation on the cell’s survival. The probability of cell survival can be modeled with cell
survival assays, which led to the development of the concepts of Tumor Control Probability
(TCP) and Normal Tissue Complication Probability (NTCP). Optimizing the previously-

mentioned factors can help produce a higher TCP to lower NTCP, and increase the TI (6).

The cell survival characteristics with radiotherapy have been mathematically modeled in
the Linear-Quadratic (LQ) equation, with a constant of a for the linear component and 3
for the quadratic component of cell response (6). This incorporates both the deterministic
and stochastic effects of radiotherapy, respectively, on cells depending on radiation dose
used. All tissue types have some component of linear and quadratic effects. The LQ model
varies with the type of tissue, as some tissues have a predominance to either more linear or
quadratic effect and represent the inherent radiosensitivity of the target tissue. For rapidly
responding tissue, there is a greater component of linear effects and early cell death,
whereas for late responding tissues the have a greater quadratic component and experience
cell death much later (Figure 1.2). A given body tissue’s response characteristic to
radiotherapy can be captured in the o/ B ratio, which has allowed for therapeutic effect and
toxicity modeling. These insights into radiobiology have underpinned the effort of clinical
trials to use dose and fractionation methods to optimize cancer-specific killing while
minimizing long-term normal tissue complications and has significantly contributed to the

utility of contemporary radiotherapy (9).
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1.1.1

Overview of Radiation Physics

The majority of radiation therapy for cancer uses photon beam systems. In the energy levels
typically used for radiotherapy (100 kV to 18 MV), the major mechanisms that govern how
photons interact with atoms in the body can be broken down into photoelectric effect,
Compton effect, and pair-production (Figure 1.3) (6). The photoelectric effect is the
dominant interaction for photons in the lower energy range, whereby the photon interacts
with an orbiting electron, transfers all its energy before disappearing, and ejects the electron
from the atom. This interaction is strongly influenced by the atomic number (Z) of the atom
and is greatly enhanced with high Z matter (10). The photoelectric effect is primarily
important for diagnostic X-ray scans but is also involved with dose deposition with
orthovoltage machines. The Compton effect occurs in higher energy ranges, where typical
MYV range radiotherapy equipment is used, and involves interacting and ejecting the
valence electron and deflection of the incident photon at a different scattering angle at a
lower energy. Compton effect is directly dependent on electron density, but not Z-
dependent, and is the most common interaction in soft tissues with clinical radiotherapy
machines. The pair production effect occurs at a minimum energy of 1.022 MeV and starts
to become a significant mechanism of interaction at the higher end range of clinical MV
irradiators (10). At these energies the incident photon interacts directly with the nucleus,
disappears, and produces a pair of electron with opposite charges (negative electron and

positron) with equal energy (11).
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1.1.2

Insights into how radiation at different energy levels interact with body tissues has allowed
for major advances in diagnostic and therapeutic radiation use. It led to the second major
improvement in radiotherapy, which was with the advent of high energy X-rays,
particularly in the Megavolt (MV) range. This allowed better penetrance of treatment X-
rays into the body, decreasing toxicity to more superficial structures such as the skin, and
the ability to non-invasively manage tumors deep in the body (3). This is particularly
relevant for oncology since the majority of all cancer diagnoses arise from deep-seated
disease within the body. The most commonly diagnosed cancers in Canada include lung,
breast, colorectal, and prostate cancer (12). The ability to treat malignancies deep within
the body allows radiotherapy to be used in a curative or palliative setting for all of these
malignancies with acceptable morbidity, which has led contemporary radiotherapy to
become widespread in cancer care. It is now employed in the care of over 50% of all

diagnosed cancer patients for curative and palliative indications (3).

Evolution of Modern Radiotherapy

Further advances in precision radiotherapy have refined its TI to a much higher level.
Multiple advances in radiation medical physics have increased the ability to monitor,
calculate, deliver, and provide quality assurance for radiotherapy systems (13-16). The
ability to standardize therapy has allowed major advances in refining the dose,
fractionation, and delivery techniques in the setting of clinical trials to make further gains
in TI. The employment of Image-Guided Radiotherapy (IGRT), conformal radiotherapy
techniques, computer-aided Intensity Modulated Radiotherapy (IMRT), and Stereotactic

Radiosurgery (SRS) and Stereotactic Body Radiotherapy (SBRT) have continued to evolve
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radiotherapy into the 21 century in delivering greater efficacy with less toxicity (17, 18).
These advances have allowed radiotherapy to be used in new contexts, such as for the
treatment of limited metastatic (oligometastatic) disease for curative intent, which is
starting to redefine contemporary understanding of what is a curable stage of cancer (19-
21). With the benefit in advances in radiobiology, radiation physics, and technology;
radiation oncologists continue to push the boundaries of treating malignancies anywhere

in the body with greater effectiveness.

Despite these major advances, the main limitation of radiotherapy remains the same: the
toxicity to normal organs. The side-effects of radiotherapy, particularly the permanent and
sometimes highly morbid or life-limiting long-term side effects, have posed major
challenges to this strategy of cancer therapy. These side effects are particularly prevalent
in deep-seated tumors, where inevitably, a significant volume of normal tissue is irradiated
in order to adequately treat the target volume of malignancy. The damage and impact of
these side effects have been realized particularly in the 1980s and onwards, which has led
to the decreased use of radiotherapy in settings such as pediatric malignancies and
hematologic malignancies, where chemotherapy has become more prevalent (22, 23). Even
with the employment of the latest radiotherapy techniques, deep-seated malignancies such
as prostate cancer still have up to 20% incidence rate of significant long-term toxicities
(24). Furthermore, the benefits of higher precision radiotherapy may be reaching a point of
diminishing returns, as radiation techniques are rapidly closing in on the last few
millimeters of target volume uncertainty, and rising concerns of positive margins similar
to surgery. Radiation equipment such as the Gamma Knife (Elekta, Stockholm, Sweden)

can already employ zero-millimeter (0 mm) planning target volumes (PTV) due to the near-
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1.2

absolute precision with which it can be employed to deliver radiation to deep-seated
intracranial structures (25). Yet even still, significant toxicities such as unintended damage
and death to nearby brain tissue (radionecrosis) can occur at a rate of 5 to 10% — leading
to significant and debilitating patient morbidity (26). This highlights the need for a new
direction of evolution for radiotherapy to evolve other than with higher precision
equipment and techniques, in order to continue to make significant progress in managing

current and future indications for radiotherapy in cancer care.

Radiosensitizers to Augment the Efficacy of Radiotherapy

Previous attempts at building on radiotherapy and augmenting its TI has been done mainly
by combining radiotherapy with systemic agents, in the context of radiosensitizers.
Research into radiosensitizers dates back to the 1970s, and was an early attempt at using
insights into cancer biology and radiobiology to augment the efficacy of radiotherapy
without increased radiation dose (27). The broad categories of radiosensitizers include:
oxygen mimetics hypoxia-targeted compounds, radiation synergistic cytotoxic drugs and
radiation dose-enhancing agents (28). The use of chemotherapeutics alongside
radiotherapy has been shown to provide additive effect in multiple tumor groups (29). This
added therapeutic efficacy, however, comes at a cost of toxicities from both chemotherapy
and radiotherapy simultaneously (chemoradiation). For chemotherapy in particular, the
issues of myelosuppression and risk of serious infections are difficult to mitigate, and
patient comorbidities may make them unfit or unable to tolerate chemoradiation (30). The
overall benefit often tends to be modest as well, such as in head and neck cancers where

the 5 year OS benefit is only about 5% in many chemoradiation trials (31). Therefore,
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alternative radiosensitizers are an attractive idea, especially if their effect could be tailored
specifically towards synergizing and mitigating the problem of radioresistant tissue without
adding additional toxicity. The general principle of these agents is to address a
disadvantageous situation for radiotherapy effect, such as hypoxia, and/or enhance the

DNA damage and cellular death mechanisms induced by radiotherapy.

Hypoxia-targeted Radiosensitizers

One of the earliest radiosensitizer strategies evolved once the importance of oxygen on
radiobiology was understood. Oxygen can have a strong effect on the radiosensitivity of
cells, particularly with low-LET radiotherapy (32). Certain cancer histologies such as
gliomas of the brain and squamous cell carcinomas of the cervix and head and neck have
also demonstrated significant radioresistance mediated through hypoxia (33, 34). This has
been further explored clinically, where studies have found that tumors in patients often
harbor regions of hypoxia (28, 35, 36). These areas of hypoxia often appear to be related
to poor vascular supply, which in turn confer radioresistance partly through oxygen
enhancement effect from DNA damage fixation, but also from the induction of cell survival
mechanisms via upregulation of Hypoxia Inducible Factor — 1 (HIF-1) (37, 38). Advances
in hypoxia detection have brought about immunohistochemical stains such as
pimonidozole and carbon anhydrase IX to investigate regions of relative chronic and acute
hypoxia and chronic hypoxia, respectively (39). This was followed by in vivo diagnostic
nuclear medicine scans to investigate hypoxia using radiotracers such as [123I]-
iodoazomycin arabinoside (IAZA) and [18F]-fluoromisonidazole (FMISO) in preclinical

and clinical models (34, 40, 41). Through these detection and imaging techniques, the
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problem of tumor hypoxia and its negative effects on radiotherapy have been more fully
appreciated. Using these imaging techniques along with modern IMRT, hypoxic-adaptive
radiotherapy techniques are being trialed in order to increase therapeutic effect to these

hypoxic regions (42).

Another approach is to artificially replace the activity of oxygen in these hypoxic tissues,
using oxygen mimetic agents. These are oxidative agents that can act as a substitute to
oxygen in DNA damage fixation, and prevents its repair by reductants such as thiols (28).
Oxygen mimetics are commonly nitro-containing compounds, such as misonidazole,
nimorazole and tirapazamine (28, 35). These agents accumulate within hypoxic tissue by
being selectively reduced in hypoxic cells and becoming trapped within them by
undergoing electron reduction and binding to biomolecules. They have demonstrated
significant radiosensitizing effect in vitro with rodent models also demonstrating
radiosensitizing capability, but human studies were not able to deliver a high TI due to the
drug’s long half-life and consequent high toxicity to normal tissues (35, 43). The
bioreductive alkylating effect of these oxygen mimetic drugs have also shown beneficial
enhancement in Photodynamic Therapy (PDT) as well, by taking advantage of the rapid
induction of a local hypoxic environment caused by PDT (44, 45). Perhaps due to the dose
reductions necessitated by the high toxicity profile, oxygen mimetics such as tirapazamine
failed to show greater therapeutic effect in a phase III trial setting (46). Oxygen mimetics
are still under investigation in under clinical investigation, but the enthusiasm for them
within radiation oncology has greatly diminished after the initial failed trials, high toxicity

concerns and modest expected benefit (47, 48).
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Promise of New Cancer Management Strategies

Several new targeted biologic agents promise to address the tumor directly or indirectly via
modulation of the immune system and vascular system and have been predicted to be
game-changers for cancer therapy (49). The optimism around these drug therapies went as
far as to question if there was still a role for traditional therapies such as radiation, surgery,
and even conventional chemotherapy (2). The results of clinical trials have demonstrated
some of these agents to deliver on their promises but many others have not (50-53). In
comparison, there has been a resurgence in aggressive local therapies such as radical
resections, lymphadenectomies, and stereotactic radiotherapy for loco-regional disease
(54-60). Even in the metastatic setting, surgical metastatectomies and stereotactic
radiotherapy have demonstrated a clear role via significant progression-free and overall
survival (OS) benefits (60-62). These benefits exist even with more advanced targeted drug
therapies and perhaps even synergize with drugs such as immunotherapy agents for better

overall cancer treatment (63, 64).

The main challenge that currently still remains is in limiting the toxicities of these
aggressive local therapies. The mainstays of intensification of local therapies remain
through surgery and/or radiation. Surgical oncology has made significant advances in the
past few decades via improved surgical technique and with minimally invasive surgeries
(65-67). Further advances are expected to come through robotic assisted minimally
invasive surgeries but despite many years of use, this has yet to manifest into a clear clinical
benefit (68). Other factors that limit more aggressive surgical management include patients
with significant comorbidities, advanced age, disease-related decline in performance

status, or long-term side effects from previous cancer therapies.
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As mentioned previously, radiotherapy has made great advances in achieving local dose
escalation without undue toxicities, mainly through the use of advanced technologies. High
precision radiotherapy technologies have existed for some time in machines such as:
Gamma Knife, Cyber Knife, Tomotherapy, Linear Accelerators (LINACs) with motion-
tracking and cones or high definition multi-leaf collimators. The addition of inverse
planning-based IMRT, and more recently real-time imaging with MRI, have also
significantly advanced the field. These technologies allowed radiation oncologists to use
high precision ablative-intent radiotherapy techniques that can rival surgical treatments
with much less toxicity (69). This has proven useful in managing primary disease as well
as limited burden oligometastases (60). The clinical implementation of these technologies
has hit its stride in this decade of radiation oncology but its future growth may be limited
by the ability for technological advancements to provide better treatment. We are rapidly
approaching the era of Omm PTVs in intracranial and extracranial sites of disease but the
clinical benefit of this compared to a standard 5 mm PTV may not provide as significant a
leap as 2D planning versus IMRT. New modalities such as ultra-high dose rate FLASH
radiotherapy may provide some additional benefit in maximizing tumor treatment effect
while minimizing toxicity (70). Further refinements in radiation dose, fractionation, and
indication will continue to advance the field, but without newer modalities of safe dose-
escalation radiation oncologists may eventually reach the limits of conventional

radiotherapy in treating patients.

Other modalities to locally treat cancers have also been developed with the intent of raising
the TI and deliver higher efficacy with lower toxicity. Techniques such as Radiofrequency

Ablation (RFA), High-Intensity Focused Ultrasound (HIFU), endovascular embolization,
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thermal therapy, and cryotherapy have been used clinically in an attempt to improve local
oncologic treatments (71-73). These techniques have met with varying degrees of success,
and some have carved out new niches in cancer therapy, but none have ultimately been
transformative to the field of cancer therapeutics. Their limitations, such as the
invasiveness of the procedure, the lack of tumor specificity, and damage to surrounding

normal tissue have limited their appeal in treating a wide range of tumors.

The Role of Photodynamic Therapy in Cancer Care

One form of local therapy that has demonstrated high anti-tumor activity with low toxicity
is PDT. This modality has existed for over 50 years in a preclinical setting and has been
implemented since the 1980s in a clinical setting, with regulatory approval in the 1990s
(74). It was once thought to be the next paradigm shift in local cancer therapy (75). Indeed,
it has become common place in the treatment of superficial cancers, and endoscopically
accessible tumors (76). PDT has even proven to be an effective local therapy to tumors
refractory to radiotherapy (77). However, it has failed to gain greater acceptance in the
field of cancer therapy mainly due to its inability to address most deep-seated cancers,
which is mainly a result of its dependence on red and infrared spectrum light with limited
tissue penetrance. The most common cancers, such as lung, prostate, breast, and
gastrointestinal are mainly deep-seated disease that are not readily amenable to access with
a light source to effect PDT (78). This limitation may be changing as preclinical and early
clinical studies for PDT in deep seated tumors are evolving, which may allow PDT to
effectively manage tumors anywhere in the body. One such direction of evolution may

eventually involve an overlap with the field of radiation oncology, whereby the precise
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targeting technology employed by radiation oncology today may provide the excitation

energy needed to effect PDT.

PDT Mechanism

PDT uses a two-step activation process to induce cytotoxic tissue damage. The PDT system
uses visible light to provide the activating energy for a Photosensitizing drug (PS), which
in turn generates reactive oxygen species (ROS) for therapeutic effect (79). These two
components are individually nontoxic and have no therapeutic effect. The most common
clinically used PS are porphyrin ring-based molecules that were first discovered in the
1960s (80). These molecules are analogous to endogenous porphyrin ring structures that
are precursors in the heme-biosynthetic pathway (81). The key structure to the currently
used PS is the tetrapyrrole backbone that is also found in chlorins and phthalocyanines.
The most commonly used light sources are either lamp-based systems for skin
malignancies or solid-state laser based systems (82). The wavelength used generally is in
the 600nm to 850nm to allow for some penetrance into body tissues (<1 cm) and still
provide enough excitation energy. Other energy forms that have been used to effect PDT
include infrared (2 photon excitation) and ultrasound stimulation (sonoluminescence) (83,

84). A schematic example of the PDT process is shown in Figure 1.4.
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Figure 1.4: A schematic example of a porphyrin derived PS Aminolevulinic Acid (ALA)
that is converted protoporphyrin IX from the heme biosynthetic pathway being used along
with laser light activation to induce PDT in treating malignancies. Image adapted from

Kennedy et al., 1990 (85).
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Once the ground state photosensitizer ('PS (So)) is excited by visible light, it enters an
excited singlet state ('PS* (S1)) capable of creating free-radical species. The excited singlet
state of the PS ('PS” (S1)) can return to the ground state either via non-radiative internal
conversion or fluorescence emission, or it can undergo intersystem crossing to an unstable
triplet state CPS” (T1)), as shown in Figure 1.5 (80). The PS in this excited triplet state can
decay back to the singlet ground state ('PS (So)) either via the emission of a phosphorescent
photon or non-radiative intersystem crossing or it can react with a suitable molecular
substrate via a Type I or Type II mechanism. In the Type I reaction the *PS* (T1) directly
reacts with substrates such as lipid membranes, macromolecules, or water to form free
radical species (80). The Type II reaction refers to the triplet *PS* (T1) transferring energy
to molecular oxygen (which exists as a triplet in its ground state) to form the highly reactive
species, singlet oxygen ('0>). Both types of reaction occur on a time scale of nanoseconds,
which limits the range of migration of these excited species in body tissues (mainly to
cellular organelles) and restricts the biological effects to a highly localized region. This
confers a high degree of control over PDT, which helps direct its activity only at the target
while limiting off-target damage. Of the two types of reaction, Type II has been determined
to be the more clinically significant process leading to radical species that will induce tissue
(organelle) damage (86). This means that PDT’s clinical effect is largely dependent on 'O
generation, which in turn is limited by available molecular oxygen in the local tumor

environment.
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Figure 1.5: Principles of the mechanism of PDT illustrated with a simplified Jablonski
diagram. Photon energy from a light source is used to excite a photosensitizer (PS) from
its ground state ('PS (So)) to (\PS* (S1)). This unstable excited singlet state can return to
the ground state via internal conversion (IC) or fluorescence (blue) or it can undergo
inter-system crossing (ISC) to the triplet state (*PS* (T1)). The triplet state is also
relatively unstable and can go back to the ground state (So) via phosphorescence (green)
or ISC or it can undergo a Type I reaction with water or macromolecules such as lipids to
create hydroxyl radicals and macromolecule radical species. The triplet state can also
react with molecular oxygen (°02) to form an excited singlet oxygen species ('O2). The
!0, is the predominant species responsible for reacting with nearby cellular structures to
inflict cytotoxicity. Radiative transitions are shown as colored arrows and non-radiative

transitions as black/dashed arrows.
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1.4.2

1.4.3

PDT’s Effect on Biological Tissue

The net effect on the target tissues is oxidative stress, which manifests in three different
processes at the level of cellular, tumor, and immune system effects. In the cancer cell, the
!0, reacts with macromolecules, particularly lipids, which causes plasma membrane
damage, disruption of lysosymes, mitochondrial and endoplasmic reticulum damage, and
induces cellular stress pathways which eventually lead to cell death with a predominance
towards apoptosis and necrosis (86). These dying cells can also release cytokine signals to
promote cell death in nearby cells that are not directly affected by the PDT’s oxyradical
species. In the tumor, PDT is known to cause significant vascular damage, particularly to
the endothelial cells, which leads to vascular collapse and ensuing infarction within the
tumor (87). Lastly, an important contributor in PDT’s success in clinical therapy is its
immune priming abilities. This effect was seen early on in preclinical murine studies, with

PDT’s ability to generate durable cures in immune-competent animals (88).

PDT and Radiotherapy Interaction with the Immune System

PDT’s activity in damaging plasma membranes elicits a strong pro-inflammatory
signalling response and results in a robust innate immune response leading to Immunogenic
Cell Death (ICD). The rapid anti-tumor innate immune response also potentiates an
adaptive response for long-term control. The oxidative stress causes vascular injury
induced tumor ischemia, as well as strong direct cytotoxicity via lipid membrane
disruption, cell death, and cytoplasmic content spillage that act as damage associated
molecular patterns (DAMPs). These processes activate multiple signaling pathways such

as DAMP-mediated Toll-like receptors (TLRs) and retinoic acid-inducible gene-I-like
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receptors (RLRs) on dendritic cells, Heat Shock Protein (HSP) pathways, Nuclear Factor
kappa B (NF«kB), Tumor Necrosis Factor alpha (TNFa), and Activator Protein 1 (AP-1).
DAMPs also activate CD8" cytotoxic T lymphocytes through similar mechanisms to
radiotherapy, leading to multiple proinflammatory interleukins, chemokines, interferons,
and Macrophage Inflammatory Proteins (MIP). In turn, the innate and adaptive immune
response activate T lymphocytes, macrophages, Natural Killer (NK) cells, and neutrophil
infiltration to directly kill tumor cells and produce further proinflammatory activity,
immune cell activating mediators, and complement cascade activation (89, 90). Hence, an
acute and powerful inflammatory response is induced by PDT. The strong induction of an
early and long-term immune response has led PDT to demonstrate abscopal response in

preclinical and clinical studies (41, 79, 87, 91-95).

Radiation has also been under investigation as a potentiator of immunotherapy drugs,
particularly in the scenario of poor response to immune checkpoint inhibition (96-99). The
main proposed mechanisms are via DAMPs in the microenvironment that lead to
proinflammatory cytokines such as interleukin-1B (IL-1B) and Transforming Growth
Factor B (TGF-p), fibroblast growth factor (FGF), and TNFa. In addition, cytosolic DNA
ingested by dendritic cells from radiation-damaged tumor cells produce cyclic Guanine
monophosphate (cGMP) and Adenosine Monphosphate (cCAMP) via cGMP-AMP synthase
(cGAS) and induces Stimulator of Interferon Genes (STING) to transcribe type I interferon
(IFN). ICD dampening simultaneously exists through TGF-f and IL-10 mediated
regulatory T lymphocytes (Tree) and Myeloid-derived Supressor Cells (MDSC) activation,
which act to suppress Cytotoxic T Lymphocyte (CTL) activity (100). These competing

ICD promoting and dampening pathways with radiotherapy can lead to a spectrum of

23



responses such as tumor elimination, equilibrium, dormancy, or escape. In practice, the
clinical response to radiotherapy with immunotherapy has not been conclusively positive

nor with a large magnitude of improvement (101-103).

Some of the immune-priming mechanisms are shared with radiotherapy and PDT, but key
differences do exist. Both have the potential of generating abscopal effects in isolation via
systemic spread of T and B lymphocytes sensitized to tumor neoantigens. Both rely on
DAMP-mediated Antigen-Presenting Cell (APC) activity leading to recruitment and
activation of effector T lymphocytes (Terr), and both cause chemokine and chemotaxic
release to promote T lymphocyte infiltration, proliferation and hence inflammation (63, 89,
104). One of the key differences with PDT is it has a much larger component of innate
immune response causing high degree of tumor inflammation, which tips the balance of
immune-priming and immune-dampening more towards the former. ROS damage to tumor
cells favours necrosis and a high load of DAMPs from the cytosol being directly spilled
into the environment. This induces strong cytokine/chemokine activation for the innate
immune response and produces many neoantigens for the adaptive immune response.
Radiotherapy’s cytotoxicity is primarily mediated by DNA damage and the cell death from
this, along with DAMP presentation and cGAS-STING activation, does not produce as
profound an innate immune response and inflammation (90, 105). In addition, radiation
can have direct inhibitory effect on the infiltrating immune cells. This is evident in
inflammation and necrosis seen in clinical PDT versus radiotherapy (105). Hence, PDT

offers advantages in synergizing with immunotherapy over radiotherapy.

The time course for cellular effects of PDT is also more rapid than conventional and

hypofractionated radiotherapy. Within the first 3 days, cell death often reaches its peak-
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often with over 80% of the tumor cells experiencing cell death. This level of response
cannot be attributed to direct cytotoxic damage alone, since the range of activity for PDT
is limited. The domino effect of PDT’s damage on some cells induces widespread cell
death produced by the previously mentioned cell signalling factors of the damaged cells,
indirect vascular damage and infarction, and immune effects (86). Normal tissue is more
resistant than tumoral cells to damage from these indirect effects, which along with
selective cancer cell retention of the PS is partly what confers a high degree of cancer cell
selectivity to PDT (86). These indirect effects are similar to the mechanisms employed by
spatially fractionated radiotherapy techniques, although the latter has major logistical
challenges for implementation and is still susceptible to radio-resistance mechanisms and
long-term dose related toxicity (106). Of note, a key differentiator of PDT from radiation
is the toxicity profile. The short-term toxicities mainly relate to relatively minor
photosensitivity issues, depending on the PS used, but in contrast to radiotherapy PDT has

no long-term toxicity concerns.

Review of Use in Clinical Cancer Care

PDT’s first use for clinical cancer therapy started with Porfimer sodium (Photofrin) in 1993
when it gained Food and Drug Administration (FDA) and Canadian Health Agency (CHA)
approval for use in bladder cancer (74, 107, 108). Several other PS followed for clinical
approval. Since the approval of these agents for clinical use, there have been several case
reports and clinical trials exploring the use of PDT for localized cancer therapy. To date at
least 49 clinical trials have been conducted with PDT, the large majority of them being

positive studies (109). Several more PDT studies are also on-going. These trials have

25



ranged from PDT monotherapy to combined therapy with PDT and radiation, surgery,
chemotherapy, and more recently targeted drug therapy such as checkpoint inhibitors.
PDT’s indications range from the initial bladder cancer, to skin, lung, pancreas, head and
neck, esophagus, anal canal, brain tumors, breast, cervical, and prostate. Trials have ranged
from Phase I to Phase III studies, some with more than 200 patients treated. PDT’s
indications range from primary cure of disease to treating symptomatic metastases. Drug
delivery methods have ranged from topical application on skin malignancies, to
intravenous administration, intra-arterial embolization (110), and nanocarrier-mediated
targeted drug delivery systems (111). Light delivery systems have ranged from natural

sunlight to laser-based endoscopic or interstitial approaches (112, 113).

Clinical examples of PDT include skin malignancies, which are often treated remarkably
effectively with PDT, with very minimal damage and long-term cosmetic effect on the
normal skin (114). Similar types of high therapeutic effect with very minimal damage is
seen across multiple other malignancies as well. This high TI is rarely seen in other local
therapies such as radiation. This has led to the use of PDT in radiation-refractory cases,
such as for salvaging esophageal, head and neck, and other types of cancers previously
treated with definitive chemoradiation (115-117). The use of PDT in these settings has
demonstrated encouragingly high complete response rates in disease resistant to
conventional therapy (118-120). Despite this, the limitations of PDT, particularly in

treating deep-seated tumors, has limited its clinical utility.

Currently, PDT is not considered standard of care for any known cancer setting. The
National Comprehensive Cancer Network (NCCN) currently recommends considering

PDT in basal cell carcinoma and cutaneous squamous cell carcinoma only when the disease
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is low-risk, superficial, and where surgery and radiotherapy is contraindicated (121, 122).
There are mentions in other settings such as for mesothelioma, where its use in combination
with surgery is considered experimental (123). A summary of the recommended use of
PDT per NCCN guidelines is presented in Table 1.1. In comparison, other local therapies
such as RFA were developed around the same time period of PDT, but have risen to front-
line standard-of-care use in cancer treatments to a much greater extent (124). Despite some
important advantages of PDT, it seems it has failed to gain widespread adoption that was
initially predicted. This again is mainly due to the key limitation of treating deep-seated

tumors within the body.
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Table 1.1 NCCN recommendations for the use of PDT in standard of care settings across

malignancies.
CANCER SITE RECOMMENDED PDT TYPE LEVEL OF
INDICATION EVIDENCE
Cutaneous basal | Low-risk, superficial 5-ALA/Photofrin  Phase III
cell carcinoma disease when with 570 nm to randomized data
surgery/radiotherapy 670 nm light against
not feasible source cryotherapy (125)
Cutaneous Precancerous lesions  Topical 5-ALA or  Phase III
squamous cell (Bowen’s disease, methyl randomized trial
carcinoma diffuse actinic aminolevulinate against
keratosis) (MAL) with red or  cryotherapy (126)
green light source
Bladder Diagnosis only 5-ALA with blue  Meta-
light to detect analysis(127)
fluorescence
Mesothelioma Alternative adjuvant  Intravenous Phase I/I1 series
therapy, not Photofrin with in conjunction
recommended over  intracavitary with IMRT (128,
radiotherapy 630nm laser 129)
Central nervous Diagnosis only — 5-ALA with blue  Phase III
system intraoperative light to detect randomized trial

Non-small cell /
small cell lung

Prostate

surgical adjunct

Alternative palliative
modality for
malignant
endobronchial
obstruction or
hemoptysis

None, warrants
further study
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fluorescence

Photofrin or
chlorin PS with
630 nm laser

Padeliporfin with
interstitial 753 nm
laser

against white-
light
microsurgery
(130)

Phase II single
arm study (131)

Phase III
randomized trial
against active
surveillance in

low-risk disease
(132)



1.4.5 The Challenges of PDT in Deep-Seated Tumors
The limitation of PDT in treating deep-seated tumors was identified as one of its greatest
weaknesses from the start. The two-step activation consists of a biochemical method of
localization of the PS to the site of disease and the spatial localization of the activating light
to the target. This has allowed PDT to be highly effective in treating cancers while sparing
normal tissue. Using advances in the understanding of the pharmacokinetics and
mechanisms of distribution of PS in the body, the second generation PS are designed for
disease selectivity by targeting up-regulated pathways in cancerous cells (80). If the tumor
is easily accessible to light irradiation, the accumulated PS can selectively be activated in
the target area of intended therapeutic effect with remarkable precision. This application is
especially evident in the theranostic application of photodynamic diagnosis (PDD), such

as for observing bladder cancer (133).

Once tumors start to become less accessible and more deep-seated, delivering the activating
light to the target becomes a major challenge. One issue is the limited depth penetrance of
the typical red wavelengths of light used by PDT, which clinically limits the treatment
effect to 0.5 cm, or less depending on the tissue. The effect of light propagation through
different body tissue also complicates the delivery of activating energy. Even within the
same tissue type, enough heterogeneity exists with differential light absorption and
scattering properties to significantly complicate light delivery. This results in light
irradiance inhomogeneities that are difficult to account for and to produce accurate light
dosimetry modeling (74, 134, 135). Furthermore, the light delivery protocol, including
fluence rate, constant versus pulsed light delivery, and total time for treatment also can

significantly affect the clinical outcomes (74, 136). The impact on clinical effect with light
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delivery is also additionally complicated in deep-seated tumors by tumoral hypoxia. With
high light fluence for activation, it is possible for PDT to easily deplete the tumors oxygen
quite rapidly and ultimately limit its overall effectiveness (41, 137, 138). In addition to
depleting the oxygen substrate, high fluence rates can also cause PS inactivation and limits
its effectiveness in a process called photobleaching (139, 140). Thus, attempting to use
PDT for deep-seated tumors starts to produce many difficulties primarily with controlling
light delivery. Attempts at light dosimetry modeling and fractionation techniques have
been undertaken (Figure 1.6), but to date, no universally accepted or practiced PDT

dosimetry standard has resulted from these efforts.
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Figure 1.6: Methods of interstitial light delivery combined with spatial and temporal
fractionation for optimal PDT effect. A Dunning R3327 rat prostate cancer model
implanted with light catheters in a standardized icosahedral catheter layout (a). This layout
was adopted for ease of light dosimetry calculation and geometric expansion to larger
tumors (b). The catheters were pulsed in a specific geometric pattern (c) to allow
fractionated therapy (d), reoxygenation of the tissues, and higher therapeutic yield. Image

adapted from Xiao et al., 2007 (136).
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Initial attempts at solving the issue of light delivery focused on catheter-based fiber optic
delivery into target tissues. The primary approach for this is via interstitial light catheters
inserted into the tumor. These light catheters attempt to homogeneously diffuse light from
a laser source directly into the target tissue (141). This method of PDT has been employed
clinically in cancer sites such as prostate, pancreas, head and neck, brain, and various sites

of metastases.

Clinical trials in these tumor groups have met with varying levels of success in phase I, II
and III settings. Azzouzi et al. have developed padaleporfin (Tookad™, Steba Biotech,
New York, USA) along with transperineal interstitial light catheter implants analogous to
prostate brachytherapy setups. They were able to demonstrate significantly improved
progression-free survival with minimal toxicity over active surveillance in low-risk
prostate cancer, which is particularly significant since traditional surgery and radiotherapy
have struggled to demonstrate benefit in low-risk disease (132, 142-145). Interstitial PDT
with meta-tetra(hydroxyphenyl)chlorine (mTHPC) (Foscan®, Biolitec Pharaceuticals Ltd.
Dublin, Ireland) has also been successfully employed as salvage therapy in a phase I/II trial
of head and neck cancers that recurred after chemoradiation (146). A 20% complete
response rate was achieved along with significant disease response in almost all patients
and some long-term survivors. Of note, no significant toxicities were encountered in most
patients, but two patients did experience significant morbidity in terms of carotid rupture
within 2 weeks of PDT due to disease invasion into the carotid and rapid response post-
treatment (146). Another phase I/Il trial with verteporfin (Visudyne™, Valeant
Pharmaceuticals, Bridgwater, USA) and MRI-guided interstitial light catheters in

unresectable pancreatic cancer was also able to generate positive results via tumor response

32



and necrosis and improved OS (147). The challenge in this study was in predicting the
diameter of necrosis created at the catheter tip, which was not repeatably energy-dependent
and appeared to depend on tissue heterogeneities in light propagation. The investigators
were ultimately limited to creating a 12mm diameter of necrosis at the catheter tip, which
limited the ability to perform PDT to the whole site of disease. For treatment of metastatic
disease, PDT can prove effective for local control and symptom relief from a metastasis.
For example, a phase I trial for pathologic vertebral compression fractures showed PDT
was safe, feasible, and produced significant pain relief when it was done alongside
kyphoplasty. This was done using the vertebroplasty needles to delivery light to the site of
disease following intravenous PS administration (148). This technique had the advantage
of not causing any short or long-term effects on the spinal cord, which would generally be
the concern had the kyphoplasty procedure been consolidated with the usual palliative

radiotherapy or SBRT.

Despite successful implementation of PDT to deep-seated cancers via interstitial light
delivery, the challenge still remains in accurately predicting light dosimetry in body tissues,
which is significantly more susceptible to tissue heterogeneity than radiation dosimetry
(149). One strategy is to use interstitial light sensing catheters to monitor the distribution
and fluence of light or the fluorescence from the activated PS itself (150-152). Doing this
can provide feedback on calculated dosimetry and real-time adjustment of light delivery to
optimize standardization and therapeutic effect, but it introduces another level of
complexity and invasiveness to the PDT workflow. Furthermore, there is no standardized
method that is universally accepted on PDT light dosimetry, with each PDT group usually

developing their own method, often with assumptions made on light dosimetry in the target
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1.4.6.1

tissues (153). This lack of light dosimetry standardization ultimately undermines the

widespread adoption of interstitial PDT, despite some promising clinical results.

Addressing Light Penetrance for PDT

Advances in PS Chemistry

A strategy to augment PDT’s effectiveness in deep seated tumors is to focus on
development of new PS. Although porphyrin derivatives are the most widely used PDT
agents, these represent an earlier generation of PS that have lower quantum yields (0.5-0.6)
of '0,. This translates into low efficiency in converting light to oxyradical species, and an
inability to effect PDT at depth due to inadequate light penetrance (154, 155). Newer
generation PS such as chlorins, bacteriochlorines, phthalocyanine, and hypocrellin based
agents are significantly more efficient than porphyrin structures at generating 'O per
photon absorbed, with quantum yields approaching 0.9 or greater (154, 155). Some are also
optimized for light absorbance at longer wavelengths approaching 800nm, which allows
the use of deeper penetrating light to 1 cm (156). Hence, even in low levels of photon
fluence resulting from increased tissue depths from light source, these PS can still result in
significant singlet oxygen yield and sufficient cytotoxicity, especially with 2 photon
excitation (2PE) and upconversion strategies. Several other agents have also been proposed
for use as a PS, but the major classes of PS that have been used or are considered for clinical
trials in human patients are limited to the ones discussed above. Figure 1.7 demonstrates
their chemical structures. They all share a common porphyrin ring derivative-based

structure, which allows the PDT electron intersystem crossing mechanism to occur.
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These agents come with newer potential issues, however, in terms of their phototoxicity
profiles in vivo and in humans (157). The pharmacokinetics of these agents can be slow to
be taken up by the tumor, there can be unintended distribution into normal body tissues,
and potentially low clearance from the body after treatment. While these PS are designed
to be nontoxic in dark conditions, they are often also activated by visible light, particularly
by sunlight, which means patients must follow special precautions to avoid skin and retinal
burns. The incidence of unintended phototoxicity can reach as high as 40% if the patient is
exposed to sunlight even for a few minutes (158). With slower clearing PS, this can leave
patients susceptible to light toxicity for weeks (159). To limit this issue of uptake and
clearance rates, a subclass of PS agents has been developed which are vascular-targeted.
The advantage of these agents is they can be administered minutes prior to therapy,
maintain a high concentration in blood and vasculature with low uptake into body tissues,
and are cleared from the body within hours (160). Vascular-targeted PDT PS such as
padeliporfin and verteporfin have even been used clinically with good success (132, 147).
These agents do, however, sacrifice direct cytotoxic damage and immune-priming
mechanisms in the tumor to focus more exclusively on the vascular effects of PDT for
efficacy. Another method to limit this unintended photoxicity and increase the tumor-
specific effect is to use nanotechnology to encapsulate PS into a nanoparticle. These are
considered third generation PS. By optimizing the nanoparticles for pharmacokinetics and
drug release characteristics, the PS’s contact and absorption into cells of normal tissue can

be limited, which also limits toxicity (161, 162).
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1.4.6.2 Advances in PDT Light Delivery Systems
Further basic science studies on proposed PS agents include those capable of activation by
Near-Infrared (NIR) light, 2PE, or ultrasound activation instead of traditional light
activation, which is summarized in Table 1.2. For NIR light-based PDT, the use of longer
wavelengths (700 nm to 1000 nm) can confer increased tissue penetrance, theoretically, as
high as 5 cm due to less absorbance and scatter (163). Several PS have been developed that
are capable of NIR PDT (164-168). The main challenge with this technique is thermal
loading that can occur with light wavelengths approaching infrared, which may cause
hyperthermic damage to normal tissue (169). This is particularly important in NIR PDT
since the longer wavelength photons often lead to lower quantum yields of singlet oxygen,
which requires higher energy inputs (up to 40 W/cm?) of light to compensate (170).
Furthermore, the accuracy of irradiating with NIR light at depth also becomes a challenge
as longer wavelength causes increased divergence and the spot size to greatly increase with
the inverse square of distance from the light source (163). The issues of accuracy and
thermal loading can be improved with two-photon PDT, where the PS is excited when it
absorbs photons of two different wavelengths of NIR light. This has the advantage of
spreading the thermal loading of each incident light beam and allows for better spatial
localization at the intersection of the two light beams (80, 171). Similarly, upconverting
nanoparticles operate by converting infrared light into visible light for activation of a
traditional PS. These have also encountered difficulties with energy input needed and the
side effect of thermal heating, with energy inputs approaching 10 W/cm? (172). However,
this heating could be advantageous at the site of disease as prior studies have shown

additive effects to conventional PDT (173, 174). An alternative PS activating strategy to
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light energy is to use sound energy from ultrasound systems similar to HIFU, in a process
termed Sono-Photodynamic Therapy (SDT). This is a relatively new technology with some
demonstrated clinical benefit in small patient trials. The ultimate safety and efficacy of
SDT compared to PDT is currently still under exploration (175). Furthermore, similar to
HIFU, SDT still may have issues with tissue density and heterogeneity and difficulty

effectively treating tumors deeper than 3 cm without more invasive techniques (176).
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Table 1.2 Summary of deep-penetrating PDT activation modalities.

MODALITY PS DEPTH OF TISSUE  DISADVANTAGES STAGE OF
PENETRANCE DEVELOPMENT
NIR Modified Upto5cm Tissue heating, Preclinical studies
second and high energy input,
third generation decreased spatial
precision
Two-photon | Nanoparticle- Upto5cm Tissue heating over Invitro / in vivo
based wider area studies
Upconverting | Nanoparticle- Upto5cm Tissue heating In vitro / early in vivo
nanoparticle based
SDT Modified Upto3cm Off target effects In vitro / early in vivo
chlorin-based from high intensity
ultrasound
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1.5.1

Potential Role for Radiotherapy in PDT

PDT is a treatment technique familiar in radiation oncology (177-181). Its advantages can
be considered complimentary to the use of radiotherapy, particularly with treating
superficial disease or radioresistant disease. Transferable knowledge and understanding of
electromagnetic and particle radiation dosimetry, as well as support from physicists, place
radiation oncologists in a good position to take a lead in advancing this technology. Light
dosimetry, photon fluence, and pulsing frequency are analogous to radiation dosimetry,
radiation dose, and fractionation, respectively. As mentioned previously, these parameters
are not only important for ensuring adequate PS activation and PDT effect, but also to
prevent unnecessarily high photon fluence that can deplete oxygen or cause
photobleaching, which can also negatively impact PDT. Beyond the parallels in technique
for PDT and radiotherapy, there are emerging roles for PDT to potentially advance the field

of radiation oncology.

Potential Synergism with Biological Effects of Radiotherapy and PDT

The use of PDT with radiotherapy in treating challenging disease cases has demonstrated
advantages in this combined approach. Radiation’s primary method of treating
malignancies is by inducing significant DNA damage to cause cell death (182). PDT’s
mechanism of killing cells is mainly through oxyradical species mediating damage of
extra-nuclear cell structures vascular effects, and immune effects as previously described.
These are complementary mechanisms of action that may lead to an effective synergism
between the two treatment modalities, without greatly increasing toxicity. The majority of

preclinical studies have demonstrated at least additive effects of radiotherapy and PDT
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(183-185). Some have even demonstrated possible synergy, with in vitro models of MCF-
7 breast cancer cell lines treated with radiation and PDT showing decreased cell viability
to a much greater extent than either treatment modality alone, even when treatment doses
were de-escalated for both modalities (186). Similar results were obtained with other PS
agents as well (187, 188). This potential synergistic effect was also seen by Nakano et al.
in treating recurrent Bowen’s disease with PDT and electron radiotherapy, where complete
response rates of 80-100% was achieved with no additional toxicity (189). Similar highly
positive results with combination radiotherapy and PDT have also seen in studies with
endobronchial tumors, sarcomas, and esophageal cancers (190-192). These results present
combination radiotherapy with PDT as a potential therapeutic strategy for increased disease

control with minimal added toxicity.

Use of Radiotherapy to Activate PDT

Methods of Radiation-activated PDT (radioPDT)

Another evolving strategy is to directly combine radiotherapy with PDT, using a process
of radiation-activated PDT (radioPDT). This process uses the X-rays delivered by
radiotherapy as the activating energy for the PS, which allows PDT to occur in deep-seated
tumors without the previously mentioned challenges with light delivery. The potential for
X-rays to effect PDT noninvasively for deep seated tumors was first shown by Chen et al.
(94). Luminescence in scintillating nanoparticles (nanoscintillators or NSC) was induced
with X-rays (scintillation) and via fluorescence resonance energy transfer (FRET) it
produced visible light locally to excited a PS for PDT effect (91, 94). Zou et al. (2014)

reported a nanocomposite system of Ce*" doped lanthanum (III) fluoride (LaF3:Ce*") and
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the photosensitizer PPIX that can be activated by X-rays to induce oxidative stress,
mitochondrial damage, and DNA fragmentation in cancer cells to kill them (93). Using
scintillating nanoparticles as an interstitial light source for photodynamic activation was
successfully demonstrated in prostate cancer cells in vitro (93). Further, there are reports
of using a CeF; nanoparticle (NP) conjugated with the photosensitizer verteporfin and
quantifying 'O, yield that demonstrated cancer cell-kill upon irradiation with X-rays
(193). Proof of concept in vivo studies have also shown promise for therapeutic efficacy
in mouse solid tumor models (21). Similar results were obtained by multiple other groups
as well (91, 94). Further studies have evolved multiple iterations of radioPDT nanoparticles
aimed at increasing therapeutic yield, optimizing the physical characteristics, and targeting
specific cellular structures (91, 93, 95, 194, 195). The field has quickly grown in the past
10 years with multiple groups now developing radioPDT agents. If successfully translated
to a clinical setting, radioPDT may provide the holy grail for both radiotherapy and PDT:
it combines the much deeper penetrance, precise targeting (radiation and drug) and
dosimetry of modern radiotherapy, with the superior tumor control capability and low

toxicity of PDT.

Challenges with radioPDT

Before successful translation to clinical practice, radioPDT still has several challenges to
overcome. One challenge is in increasing the efficiency of the radioPDT system. Early
radioPDT agents used NSC and PS with low quantum yields for visible light photons and
10,, respectively (94). The FRET efficiency is also important to optimize, as losses in

FRET conversion lowers the available energy converted from X-rays to visible light for
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PDT effect (195). Many of the proposed radioPDT agents are made from novel designs
and foreign elements that have challenges in terms of biocompatibility, in vivo toxicity,
and pharmacokinetics that need to be addressed before translational studies can be
considered. Another important question to address is the oxygen dependence that both
modalities share. In a sequential treatment approach, as done in the previously mentioned
combined radiation and PDT studies, there is an opportunity for re-oxygenation to occur.
In a radioPDT approach, where the radiation effect and PDT effect are occurring
concurrently, the opportunity for oxygen competition and consequent limitation of
treatment effect exists. The level of oxygen dependence for cytotoxicity in PDT and
radiation can be quantitatively compared by modeling the impact of gradients of oxygen
limitation on therapeutic effect (Figure 1.8). The overall magnitude of dependence can be
quantitatively compared by examining the oxygen concentration at which the 50% of the
impact on therapeutic effect is generated, or otherwise known as the half maximal rate
(1/2Kmax). PDT’s 1/2Kmax is estimated to occur at an oxygen concentration of 1% (196). In
comparison, the oxygen enhancement ratio of radiation’s 1/2Kmax is also reported to be
around 3% to 4% (Figure 1.8) (197). This is comparable to many deep-seated tumors
which have average oxygen concentration levels of well under 4% (198). Due to this
potential for hypoxia-induced deleterious effect on therapeutic yield, understanding
radioPDT’s performance under hypoxic conditions is crucial to pursing this approach

in a clinical setting.
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Figure 1.8: Comparison of the 1/2Kmax of radiotherapy (a) and PDT (b) with respect to
oxygen level. Distribution of oxygen levels in patients with prostate cancer is shown in (c).
Images adapted from Rockwell et al., 2009 (199), Moore et al., 2007 (196), and Milosevic

et al., 2012 (198), respectively.
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To date, minimal data exists on the effect of hypoxia on radioPDT. Other groups have
demonstrated the ability to synthesize non-oxygen dependent inorganic PS that rely more
on the Type I reaction pathway to function as a radioPDT agent to mitigate hypoxic effects
(200). These in vitro results have been backed up with in vivo results that demonstrated
radioPDT’s ability to work in physiologic tumor environments including hypoxia (201-
203). While more investigations are needed into the effectiveness of radioPDT in hypoxic

conditions, early results seem to suggest this may be a limitation that can be mitigated.

Utility of Nanoparticles in IGRT
Another step that may facilitate radioPDT’s translation into clinical care is the ability to

use it as a therapeutic and diagnostic (theranostic) agent. The field of theranostics has been
under development for many years, with many theranostic agents focusing on systems for
nuclear medicine imaging (204). The introduction of theranostic radioPDT agents may
hold some value in external beam radiotherapy as well, particularly with the advent of
IGRT. Some proposed PDT nanoparticles have a diagnostic capability under Computed
Tomography (CT) or Magnetic Resonance Imaging (MRI) (205-210). This offers potential
applications in IGRT if the nanoparticles can be visualized and tracked with onboard CT
imagers or MRI imaging built into a LINAC machines or other radiotherapy machines. The
nanoparticles could be tracked with the imagers to ensure adequate tumor uptake and
compensate for variations in pharmacokinetics, or it could aid the IGRT software to track
the physiologic movement of tumors based on enhancement from the nanoparticles. For
radioPDT, if the amount of nanoparticles in the tumor can be detected and quantified, this,
in combination with radiation dosimetry data, can allow the calculation of the therapeutic

yield from radioPDT. Ultimately, this can allow for better standardization of therapeutic
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effect and more personalized therapy by reducing variability between pharmacokinetics of
different patients or even the same patient over successive fractions and improving the

quality of IGRT as well as overall therapeutic effect.

Development of Nanoparticles in Cancer Therapy
Advancement in the field of nanotechnology has opened new approaches for cancer

therapy. Nanomedicines show great promise in terms of multi-functionality, targeted
delivery, improved release profile, pharmacodynamics and mitigated toxicity (211). NPs
are generally defined as particles sized from 1 nm to 1000 nm, and are generally designed
to be injected into the body for clinical benefit (212). The first use of NP clinically in cancer
therapy was liposomal based systems such as liposomal doxorubicin (Doxil®, Pfizer, New
York, USA), which achieved FDA approval in 1995 (212). The main focus of interest for
early nanoparticles such as Doxil® was to increase cancer specificity of chemotherapeutic
drugs while minimizing toxicity. In the 2000s and onwards, however, NPs were
increasingly used in other forms of cancer therapeutics such as radiosensitizers, thermal
therapy and photodynamic therapy (28, 213). Another field of research that also started to
develop for cancer nanomedicine was for improved diagnostic capability (214). As an
extension of the developments in diagnostics and therapeutics, a new direction of
“Nanotheranostics” combines therapy and diagnosis into a single NP platform (215, 216).
All of these strategies have the potential to treat and diagnose cancer disease

simultaneously at macroscopic, cellular and molecular levels.
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General Categories of Nanoparticles for Cancer Treatment/Diagnosis

NP compositions can be quite innovative and varied. They broadly fall into the categories
of lipid-based, polymer-based, viral-based, inorganic, and protein/polymer conjugates.
Lipid-based NPs (LNPs) are one of the most mature cancer nanomedicines, and include
subcategories of: solid and nanostructured LNPs that are composed of an admixture of
lipids and drug in a spherical shape, liposomes being a more sophisticated systems with an
outer lipid bilayer encapsulating drug, and vesicles being composed of a monolayer lipid
envelope (217, 218). The advantage of LNPs is their biocompatibility in the body; their
ability to conjugate to proteins, DNA, ribonucleic acid (RNA), and macromolecules for
targeting or therapeutic effect; ability to fuse to the plasma or nuclear membranes to release
its contents; and their long history of preclinical and clinical research (217). LNPs hold
some disadvantages in terms of their relatively more complicated synthesis techniques,
difficulty standardizing NP size and drug loading within the same batch, as well as batch

to batch, and difficulty loading inorganic or highly charged payloads (212, 218).

Polymeric NPs use synthetic polymers to design a wide range of NPs with multiple
properties. Some polymeric NPs are meant to emulate the properties of LNPs, such as Poly
(lactic-co-glycolic acid) (PLGA) polymers that can self-assemble into liposomal and
vesicle-like structures (218). Others can be far more sophisticated such as polymeric
nanogels that can respond to environmental stimuli of pH, temperature, light, and many
other possible factors (219, 220). Because of the wide range of possible constructs,
polymeric NPs can vary greatly in complexity of synthesis (218). They are, however,

highly tunable in their characteristics, which allows a high degree of flexibility in the
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payload they can be loaded with and remarkable control over their pharmacokinetics and

drug release profile (218).

Viral-based NPs refers to the use of specially modified viruses that are capable of
expressing specific proteins for targeting or therapeutic effect (212). These NP are elegant
in their use of a virus’ natural pathogenicity and biocompatibility along with cell-specific
recognition and cytotoxicity to produce therapeutic effect (221). Viral NPs do carry
disadvantages in terms of their ability to mutate over successive generations, potential for
biosafety concerns with off-target effects and thus far suboptimal clinical response in

clinical trials (222, 223).

Inorganic NPs, such as gold, copper, and carbon nanotube based systems, focus on
providing diagnostic qualities or as a therapeutic system in response to optical or ionizing
irradiation (212). Their therapeutic effect is often exerted through thermal heating or, in
the case of ionizing radiation, through a dose-enhancement effect mediated through the
production of Auger electrons and transfer of energy to ROS (28). Other mechanisms of
action can also include paramagnetic effects for MRI diagnostic attributes, and X-ray
attenuation for CT imaging enhancement properties (221). Inorganic NPs can also act be
conjugated to organic molecules such as proteins, small molecules, DNA/RNA, and other
macromolecules. This allows them to have enhanced targeting capability or
complementary biological activity with accompanying drugs (28). One such application is
in radioPDT agents, where inorganic compounds such as NSC can absorb ionizing energy
and fluoresce it at a longer, visible wavelength to excite drugs such as PS for PDT (see
Section 1.5.2). Inorganic NP tend to be highly stable and offer unique properties that may

not be achievable by organic-based NPs, but they can also less biocompatible in vivo and
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often cannot exert direct therapeutic effects on cancer without activation or a

accompanying drug (28).

The other possible category of NP is a hybrid form of NP that are composed of conjugates
of organic macromolecules and/or polymers and inorganic NPs. These can include
antibody-drug conjugates that can target epitopes on cancerous cells to deliver drugs
directly (212). Another conjugate system-based NP includes PS conjugated to
phospholipids to make a selectively activated NP that is inactive (through self-quenching)
when in NP form, but becomes activated when broken down inside the target cell to deliver
cancer-selective PDT effect (224). Another conjugate system is the use of cowpea mosaic
virus (CPMV) conjugated to PEG and EGFL7, a marker of neovascularization, in order to
identify and track tumor angiogenesis (225). Through combinations of different entities
into novel NP designs, a variety of attributes can be produced including multiple different

attributes within the same NP.

Advantages of Nanoparticle-based Therapies

The use of a NP-based cancer therapy system can afford multiple advantages, from reduced
toxicity and increased feasibility in human use to increased cancer-specific therapeutic
effect and less off-target effects. The exact benefits derived depend significantly on the
construct of the NP system and its specific attributes. NPs offer a high degree of flexibility
and the ability to “mix-and-match” different attributes together, particularly in a modular-
based NP system (212). Despite the variation, some shared common attributes exist in

cancer NPs.
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Most NP systems are designed to enhance tumor-targeting to deliver a higher therapeutic
effect while decreasing off-target toxicity. The principle mechanism employed is through
the Enhanced Permeability and Retention (EPR) effect (226). This is a passive targeting
system that takes advantage of the difference in vascular architecture between normal
tissue and cancerous tissue. One of the hallmarks of cancer is its induction of angiogenesis
in order to form neovasculature and support the tumor’s continued growth (227). This
neovasculature tends to be aberrant with larger pores compared to normal tissue
vasculature. This allows tumor neovasculature to allow entities as large as NPs to freely
pass from the blood vessel into the tumor interstitum, whereas normal tissue vasculature
would prevent this due to its smaller pore size (228). Thus, with a NP of an optimum size,
the tumor can be targeted preferentially and deliver a higher proportion of the payload to
it versus to normal tissue. Mathematical modeling, correlated with empirically studies,
have determined that the ideal size for tumor-targeting via EPR effect is approximately 100

nm (229).

Beyond size alone, other factors can help NPs target tumors preferentially; such as the
addition of surface aptamers that can actively bind to target ligands, and by evading
immune-mediated clearance thereby increasing vascular circulation time (228). Active
targeting via aptamers are particularly effective in smaller NPs (<50 nm), which tend to
have biodistribution profiles similar to proteins (229). Larger NPs closer to 100 nm tend to
have biodistribution profiles dominated by EPR effect, with little additional benefit seen
with active targeting. Further targeting benefits can be gained by decreasing its
immunogenicity via surface coating. Molecules such as PEG and other organic compounds

can decrease the rate of NP detection by the reticuloendothelial system (RES), otherwise
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known as the mononuclear phagocytic system (MPS) (230). This evasion of the immune
system augments the in vivo circulation time, which can allow more time for the NP to
accumulate in the tumor via EPR rather than be cleared by the MPS typically in the liver

and spleen (231).

NP systems are also advantageous because they can stabilize drugs that are otherwise
incompatible with physiologic conditions needed to have therapeutic effect on the cancer.
Drugs such as paclitaxel are poorly water-soluble and unstable in physiologic media, which
requires formulations in media such as Cremaphor to become a deliverable drug (232). The
formulation however, is known to cause significant side effects and even anaphylactic
reactions in patients, which limits its clinical utility (232). These issues have been
successfully mitigated with nanomedicine, where paclitaxel can be loaded into an albumin-
based NP (Abraxane®, Celgene, Summit, NJ, USA) that confers much less toxicity with

the same or better efficacy (233, 234).

Using NP systems for delivery of therapeutic effect also opens up different strategies for
drug delivery. The traditional delivery method of intravenous (IV) is the most commonly
used for NP agents, but other strategies can also be employed. Intratumoral injections (IT)
have been successfully used to deliver large doses directly to the tumor to augment the
effect of radiotherapy (235). Similarly, NP systems can be selectively administered to
target tissues via intra-arterial approaches that have demonstrated a high degree of

selectivity for the organ of interest in preclinical and clinical studies (110, 236).

Hence, with the use of nanomedicine a therapeutic agent can be developed that can
simultaneously solve issues of biocompatibility, drug stability, tumor selectivity, and

normal tissue toxicity. NPs also allow for multimodal agents that can simultaneously
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perform two different tasks, such as providing therapy and diagnostic capability — a
nanotheranostic agent. NP-based therapeutic strategies make complicated processes such

as radioPDT much more feasible in practical application.

Summary of Current Role of PDT in Deep-Seated Tumors and Radiotherapy

PDT is a treatment modality that offers great benefits to the field of oncology, but over
the last 30 years it has not significantly changed standard of care as it was expected to.
Several preclinical and clinical studies have demonstrated its ability to locally treat tumors
with rapid response and long-term control, limited short-term toxicity, and virtually no
long-term toxicity. It has even shown potential for improving therapeutic benefit in
situations where surgery and radiation struggle to, such as in low-risk prostate cancer. Its
main mechanisms involve direct cancer cell cytotoxicity from oxyradicals, but clinically
much of the therapeutic gain from PDT comes from cell-signaling, vascular infarction, and
immune response. This has contributed to a favorable TI for PDT. The main limitation of
PDT is its inability to treat deep-seated tumors effectively, which stems from challenges
with light delivery and dosimetry to deep-seated regions of the body. This is likely why

PDT has thus far failed to deliver on the initial optimism of its contribution to oncology.

Modern advances in light delivery techniques, dosimetry modeling, and PS development
has increased PDT’s capabilities in treating deep-seated tumors. Advanced interstitial
approaches and the use of interstitial catheters are showing promising results in clinical
trials. PDT has also demonstrated effectiveness in treating radiotherapy refractory disease,
such as in esophageal and head and neck tumors. Tissue light dosimetry modeling along

with light monitoring systems have also demonstrated benefit in assisting in treating deep-
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seated structures with PDT. The use of these techniques in PDT may benefit from the
expertise posed in radiation oncology, as they are analogous to the challenges and solutions

to radiation dosimetry.

The field of radiation oncology could, in turn, benefit from PDT’s ability to treat
radioresistant diseases. PDT’s mechanism of action focuses more exclusively on oxidative
damage to the cell membrane and organelles, along with the indirect cytotoxicity from cell-
signaling, vascular, and immune effects. In contrast, radiotherapy’s main mechanism of
action is through DNA damage. Given that the target structures of damage for PDT and
radiotherapy are in part different, the opportunity for complementary activity exists. This
has been seen to be at least additive if not synergistic, which has also been seen in clinical
response to combine radiotherapy and PDT. The other major benefit to radiotherapy with
PDT is that there is very limited additional toxicity, which makes it far more appealing
than traditional radiosensitizing oxygen mimetic bioreductive drugs. Some of these drugs
were even applied to PDT, with the bioreductive agents showing additive effects with PDT
and the ability to monitor PDT response (41, 237, 238). Despite these efforts, these

bioreductive agents have not been implemented widely in radiotherapy or PDT.

The ultimate benefit from PDT may be finally realized with the direct combination of the
two. The advanced ability of radiotherapy techniques to target any lesion in the body can
be combined with PDT’s biological effectiveness by using the X-ray energy to excite the
PS. This process, called radioPDT, may finally unlock the true potential of PDT. It can also
significantly advance the field of radiation oncology by providing greater therapeutic effect
to even radioresistant tumors, without additional significant toxicity. However, enthusiasm

for the radioPDT approach must be tempered until key issues of the combined modality is
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1.9

addressed. Current nanoparticles capable of radioPDT are usually of quite exotic designs
and are not readily applicable in a clinical setting due to challenges with
biocompatibility, safety, tumor-targeting, and clearance questions that still need to be

addressed.

Project Summary and Rationale

This thesis demonstrates that the use of nanotechnology, with a novel NSC to advance
radioPDT as a new paradigm in cancer therapy. Radiotherapy has evolved significantly
over the last century with many major innovations that have contributed to treating cancers
more safely and effectively. The current state-of-the-art radiotherapy systems can deliver
radiation precisely anywhere in the body using computer-aided control of dose distribution
and effective intensity modulating strategies in steering dose around critical structures. The
ease and reliability with which deep-seated tumors can be locally and non-invasively
treated by radiotherapy is unmatched. However, even with newer and more sophisticated
radiation delivery techniques under development, radiotherapy still has major limitations
in terms of long-term morbidity and radioresistant cancers. These limitations are innate to
the mechanism of action of radiotherapy itself. Despite multiple innovations over 100 years
of cancer care, radiotherapy is still predominantly dependent on DNA damage mechanisms
to treat cancer. Several radioresistance mechanisms have been identified to limit its
effectiveness (239-242). Radiosensitizers and advanced dose-escalation technology have
mitigated but not solved the issue of radioresistance and have unfortunately increased

radiotherapy toxicity (243, 244).
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In contrast, PDT is a treatment system with very low long-term toxicity profiles and very
high efficacy even in tumors refractory to surgery, chemotherapy, and/or radiotherapy. In
the emerging era of immunotherapy, PDT may also be one of the most potent forms of
local therapy to potentiate an immune response. PDT’s main clinical limitation is the lack
of ability to easily treat deep-seated tumors, due to the difficulty with delivering activating
light to the target and the lack of ability to standardize light delivery. The complementary
strengths and weaknesses of these two modalities makes the combination of the two a
rationale treatment modality to further explore for effective cancer therapy.

By shifting the mechanism from purely DNA damage to a combination of DNA damage
and PDT’s cell and organelle membrane damage, vascular damage, and immune-
priming effects, radioPDT may hold the key to greatly increasing the effect of
radiotherapy without increasing its toxicity. Here, 1 report the development and efficacy
of a novel radioPDT nanoparticle (NP) that incorporates a LaF3:Ce** NSC and PPIX PS
into a PEG-PLGA nanosphere as a nanotheranostic cancer agent. This radioPDT NP was
designed to be highly biocompatible with good biodistribution and toxicity characteristics,
while delivering high anti-tumoral effect when activated. Furthermore, the use of high Z
compounds in the design allow it to be reliably detected and tracked in vivo by CT, and aid
in IGRT. The radioPDT NP showed reliable synthesis and scalability of production, high
stability characteristics in storage and biological conditions, negligible in vitro and in vivo
toxicity profile, and good biodistribution characteristics. When activated with
radiotherapy, the radioPDT NPs were able to significantly increase the anti-cancer
cytotoxic yield in normoxic and various hypoxic in vitro conditions, which correlated with

increased singlet oxygen yield from radioPDT effect. /n vivo, the radioPDT NP was able
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to be used in combination with IGRT to induce significant tumor regressions and disease
control in NSG mice flank tumor models xenografted with PC3 human prostate cancer.
This resulted in no detectable active disease in the treated tumor and significantly
prolonged median survival of mice over radiotherapy alone. Finally, the radioPDT NP’s
utility as a diagnostic agent was demonstrated via serial CT scans of PC3 xenograft mice
models, in which the distribution of the NP over time was tracked over time based on CT
enhancement and correlated with post-mortem mass spectrometry measurements in the
tumor and normal organs. The diagnostic qualities of the radioPDT NP also aided in tumor
identification for radiation targeting and planning techniques in the delivery of IGRT.

In summary, this thesis demonstrates the characteristics, safety and anti-tumor efficacy
of a novel theranostic radioPDT NP in prostate cancer models. The significantly better
efficacy, with negligible additional toxicity over radiotherapy alone can allow the field
of radiation oncology to pursue further dose escalation strategies, better treat
radioresistant tumors, better target disease with IGRT, and lower the need for high doses
of ionizing radiation and the concomitant normal tissue toxicity it confers. This can
provide a new paradigm of advancement in radiation oncology to continue to pursue higher
cure rates with less side effects in localized disease and continue to redefine the role of

radiotherapy in therapy-resistant and metastatic disease.
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CHAPTER -2

SYNTHESIS, CHARACTERIZATION, AND
BIOCOMPATABILITY OF PEG-PLGA
NANOSPEHERES LOADED WITH
NANOSCINTILLATORS AND
PHOTOSENSITIZERS FOR RADIATION-
ACTIVATED PHOTODYNAMIC THERAPY

(RadioPDT)
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2.1

Introduction

Advancement in the field of nanotechnology has opened new approaches for cancer
therapy. Nanomedicines show great promise in terms of multi-functionality, targeted
delivery, improved release profile, pharmacodynamics, and mitigated toxicity (211).
“Nanotheranostics” combines therapy and diagnosis into a single nanoparticle platform. It
has the potential to treat and diagnose cancer disease simultaneously at the macroscopic,

cellular and molecular levels (215, 216).

The unmet promises of nanomedicine in the last 10+ years highlight the challenges in
establishing a new paradigm to supersede current standard of care, even with initially
promising results (245). The difficulty lies in balancing drug delivery, toxicity, efficacy,
and practicality. To successfully deliver on the promise of a new paradigm, a NP should
ideally demonstrate superiority in all aspects of cancer therapy (246).

Nanoparticles have also been applied to creating a radioPDT system, where a process was
developed using scintillating luminescent NPs in combination with the photosensitizer
(94). The NSC utilizes X-ray irradiation to produce a local light source for activating the
photosensitizer that enables the production of !0,. This method of locally generating light
for PDT eliminates the limitations of an external light source for activation, and may
augment the effectiveness of radiotherapy (94). Many studies have since built around this
concept. In 2014 Zou et al. reported a nanocomposite system of Ce** doped lanthanum (I11)
fluoride (LaF3:Ce*") and the photosensitizer PPIX that can be activated by X-rays to induce
oxidative stress, mitochondrial damage, and DNA fragmentation in cancer cells to kill them
(93). As further evidence of the concept, these scintillating nanoparticles have been used

as an in-situ light source for photodynamic activation in prostate cancer cells in vitro (93).
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Further, there are reports of using CeFsz NPs conjugated with the photosensitizer
verteporfin and quantifying 'O, yield that demonstrated cancer cell-kill upon irradiation
with X-rays (193). Proof of concept in vivo studies have also shown promise for

therapeutic efficacy in mouse solid tumor models (21).

The concept of using scintillating NSCs to activate a photosensitizer by X-ray excitation
therefore has the potential to provide an effective and less toxic system to treat deep-
seated tumors, such as prostate cancer. The low o/f ratio radiobiology of prostate cancer
lends itself to high doses and dose rates, but clinically the irradiation of the prostate must
be balanced with the radiation damage incurred on the rectum, bladder, and urethra.
Previous clinical trials have demonstrated radiation dose escalation confers higher levels
of local tumor control, but at the cost of higher toxicities (247). The main reason for this is
that it is still challenging to deliver increased doses to the prostate without toxicity occuring
to surrounding organs, despite advanced precision radiotherapy techniques. One of the
important limitations of the NPs currently presented in the literature are their
biocompatibility problems and feasibility in using them as clinical agents. These are
important limitations that need to be addressed before radioPDT can be advanced further
in medical therapy. Herein, I report the synthesis and full characterization of a highly
biocompatible radioPDT capable theranostic NP using poly(ethylene glycol) methyl ether-
block-poly(lactide-co-glycolide) ~ (PEG-PLGA)  nanospheres  with  LaF;:Ce*"
nanoscintillators (NSC) and PPIX photosensitizer for radioPDT of prostate cancer and

other deep-seated tumors.
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2.2

2.2.1

2.2.1.1

Materials and Methods

Poly(ethylene glycol) methyl ether-block-poly(lactide-co-glycolide) Nanospheres
Loaded with Nanoscintillators and PPIX - Preparation, Encapsulation, &

Characterization

Nanoscintillator Synthesis

The NSC were synthesized using the following protocol: the reagents lanthanum(III)
nitrate  hydrate  (La[NOs]3-xH20, 99.9%), cerium(Ill) nitrate hexahydrate
(Ce[NO3]3:6H20, 99.9%), ammonium fluoride (NH4F, 99.9%), were purchased from
Sigma-Aldrich (MO, USA). All the commercially available reagents were used as is,
without any further purification. Standard wet chemistry methods, with some modifications
were followed to synthesize the nanoscintillators (94). Cerium was doped at 10% due to
the expected optimal scintillation profile (248). 4.5 mmol La(NO3); and 0.5 mmol
Ce(NO3)3 in dry powder form was dissolved in 21 mL ultrapure Milli-Q water and was
stirred thoroughly at room temperature (21 °C) for 30 minutes until fully dissolved. This
solution was then heated with constant stirring over an oil bath maintained at 100 °C.
Atmospheric oxygen was flushed from the flask using compressed pure nitrogen gas for
15 minutes under 5 psi of positive pressure, and then the reaction flask was sealed. This
prevents the formation of undesired lanthanide oxides instead of the desired lanthanide
fluoride products. Another solution of 15 mmol NH4F dry powder dissolved in 5 mL Milli-
Q water was prepared similarly with stirring at room temperature for 30 minutes. The NH4F
solution was added dropwise using a 3-neck flask under nitrogen protection, while

maintaining 100°C and vigorously stirred. The solution immediately appeared cloudy and
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a colloidal suspension was formed. Once the addition was complete, the reaction mixture
was stirred under 100°C and nitrogen protection for another 2 hours. The resultant
translucent suspension was centrifuged at 100,000 g for 15 minutes, at which point a
translucent pellet was formed. The supernatant was decanted, the pellet resuspended in
Milli-Q water, and sonicated for 15 minutes. The centrifugation and resuspension process
were repeated twice more for a total of three washes. This removed any excess reagents
from the final suspension of NSC. The suspension was stored in water at 21°C in a stock

concentration of 30 mg/mL.

An alternate synthesis method was followed to alter the crystal lattice structure of the
synthesized NSC. The reaction process differed from the one listed above in the use of
anhydrous methanol as the reaction medium, a reaction temperature of 70°C, different
compounds of lanthanides and fluorides, and adding the lanthanides to an excess of fluoride
solution. The solution was also scaled up with proportional amounts of media and reagents
used. The reagents for the alternate synthesis method are lanthanum(III) chloride (LaCls,
99.9%), cerium(IIl) chloride (CeClz-6H20, 99.9%), and ammonium fluoride (NH4F,
99.9%), were purchased from Sigma-Aldrich (MO, USA). The synthesis was done as
follows: 45 mmol LaCl; and 5 mmol CeCls in dry powder form was dissolved in 24 mL
anhydrous methanol and was stirred thoroughly at room temperature (21°C) for 30 minutes
until fully dissolved. Another solution of 100 mmol NH4F dry powder dissolved in 180 mL
anhydrous methanol was prepared similarly with stirring at room temperature for 30
minutes. The NH4F solution was then heated with constant stirring over an oil bath
maintained at 70°C in a three-neck flask. Atmospheric oxygen was flushed from the flask

using continuous flow pure nitrogen gas under 5 psi of positive pressure from a Schlenk
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line, with the exhaust flowed through a reflux column cooled by tap water and vented
through a water trap (Figure 2.1). This step prevented the formation of undesired
lanthanide oxides instead of the lanthanide fluoride products and prevents a potential
explosion hazard with the compressed methanol vapor. The lanthanide solution was added
dropwise using a 3-neck flask under nitrogen protection, while maintaining 70° C and
vigorously stirred. The solution immediately appeared cloudy and a colloidal suspension
was formed. Once the addition was complete, the reaction mixture was stirred under 70° C
and nitrogen protection for another 2 hours. The resultant translucent suspension was
centrifuged at 100,000 g for 15 minutes, at which point a translucent pellet was formed.
The supernatant was decanted, the pellet resuspended in Milli-Q water, and sonicated for
15 minutes. The centrifugation and resuspension process were repeated twice more for a
total of three washes and stored in a concentration of 30 mg/mL at room temperature. Each
batch underwent quality assurance by Transmission Electron Microscopy (TEM) analysis
and UV-Vis characterization. Certain batches were also submitted for X-ray diffraction

(XRD) analysis for crystal structure.
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Figure 2.1 Synthesis setup for anhydrously synthesized LaF3:Ce*" NSC.
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2.2.1.2 Lab-Scale Production of NPs using Nanoprecipitation Method
For making PEG-PLGA encapsulated NSC and PPIX variants, a nanoprecipitation method
was used for the formation of the particles (249). PPIX and Poly(ethylene glycol) methyl
ether-block-poly(lactide-co-glycolide) (PEG-PLGA, average M, 5,000 for PEG and M,

7,000 for PLGA) were purchased from Sigma Aldrich (US).

Initial NP synthesis attempts used a double emulsion technique similar to Zou et al. (2014)
with modification (93). Dichloromethane (DCM) was substituted for Dimethyl sulfoxide
(DMSO) as the organic phase solvent to allow better suspension of PEG-PLGA. Synthesis
consisted of 10 mg PEG-PLGA suspended in 1 mL DCM and bath sonication for 15
minutes, followed by the addition of 0.1 mL Milli-Q water with 2% polyvinyl alcohol
(average molecular weight of 31,000) and bath sonication for 15 minutes to form an
organic/aqueous emulsion. The solution was added dropwise to 20 mL Milli-Q water
stirring vigorously at a rate of approximately 1 mL per minute with a syringe and 18-gauge
unfiltered needle. This produced unfavourable aggregation and high polydispersity (see
results) even with the omission of polyvinyl alcohol. PPIX was added to the organic phase
and NSC was added to the aqueous phase for the organic/aqueous emulsion process in an
attempt to encapsulate the NSC and PS into the PEG-PLGA (see Section 2.3.1). The final
iteration of the NP synthesis technique used acetonitrile as the organic solvent since it
stably suspended NSC, PEG-PLGA and PPIX, and the synthesis method was changed to a

single emulsion nanoprecipitation process as detailed below.

Protoporphyrin IX (1 mg per 1 mL acetonitrile), NSC (LaF3:Ce**, 1.5 mg per 1 mL
acetonitrile) and PEG-PLGA (10 mg per 1 mL acetonitrile) were dissolved in 1 mL of

acetonitrile in the synthesis of radioPDT NP. Three alternate NP conditions were also
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synthesized as control: PEG-PLGA NP consisting of only PEG-PLGA suspended in
acetonitrile to form empty nanospheres, NSC NP consisting of PEG-PLGA and NSC
suspended in acetonitrile to form NSC loaded nanospheres, and PPIX NP consisting of
PEG-PLGA and PPIX suspended in acetonitrile to form PPIX loaded nanospheres. The
acetonitrile/polymer/drug solution was incubated at room temperature on a Belly Dancer
Shaker® (IBI Scientific, Dubuque, USA) at its highest speed setting for 1 hour in the dark.
Next, the NSC-drug-polymer organic mixture was added dropwise at a rate of
approximately 1 mL per minute with a syringe and 18-gauge unfiltered needle under dark
conditions to 20 mL Milli-Q water being stirred vigorously. The ratio of solvent to water
was 1:20. The solution was left in an open container in a fume hood for 8 hours at 21 °C
with continuous stirring. The formed NP solution was collected, and the excess organic
solvent was removed by vacuum evaporation using a rotovap system under 140 mmHg
vacuum pressure and 40 °C water bath for 30 minutes. The NPs were then washed by
centrifugation (50,000 g) for 15 minutes at 21 °C three times, where the supernatant was

removed, and the pellet was re-suspended in Milli-Q water.

Quality assurance was performed on every synthesized batch via UV-Vis measurements
looking for signatures of PEG-PLGA, NSC, and PPIX after the wash procedures and
dynamic light scattering (DLS) analysis by Nanosight® LMI10-HS NTA system
(Nanosight Ltd., UK) was performed to characterize NP diameter, concentration of the raw
synthesis product, and the supernatant solution from each wash step. Additionally, sample

batches were verified by TEM.
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2.2.1.3 Scaled-up Production of the Nanoprecipitation Method

2.2.14

Using the optimized nanoprecipitation method and varying the ratio and amount of the
compounds, nanoprecipitation was scaled up. This method has been previously well
characterized and optimized by others (249). Both 15 mg of NSC stock solution (30 mg/mL
LaF;:Ce*" in water) and 2.5 mg protoporphyrin IX (from a stock solution of 5 mg/mL in
acetonitrile) was dissolved along with PEG-PLGA (100 mg dissolved in 10 mL
acetonitrile) and incubated for 1 hour in the dark. Then the NSC-drug-polymer organic
mixture was added dropwise to 100 mL Milli-Q water, under moderate stirring, using a
peristaltic pump at a rate of 1 mL per minute. The ratio of solvent to water was 1:20. The
solution was left under continuous stirring condition for 8 hours at 21°C. The excess
organic solvent was removed by vacuum evaporation, followed by washing the NPs by
centrifugation (50,000 g) for 15 minutes at 21 °C for 3 times and re-suspending in Milli-Q

distilled water.

A further scaled up procedure of 200 mg PEG-PLGA, 30 mg NSC (freeze dried solid), and

5 mg PPIX dissolved in 20 mL acetonitrile was used for synthesis for in vivo experiments.

Tangential Flow Filtration (TFF) and Particle Recovery

For large volume synthesis of NPs, Tangential Flow Filtration (TFF) was used for particle
purification and recovery. The nanoparticle suspension was purified at 1.0 bar
Transmembrane Pressure (TMP) on a TFF system (AKTA flux tangential flow filtration
system, General Electric Healthcare, USA). The NP suspension was circulated through the
TFF system using a pump back to a reservoir until it concentrated to a volume of 50 mL

and then followed by additional washes by adding Milli-Q water into the reservoir to allow
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2.2.1.5

2.2.1.6

efficient removal of free PPIX and free NSC. The process of purification started with 50mL
of the NP suspension diluted 10 times to 500 mL by adding Milli-Q water. The filtrate was
collected and again pumped back to the system for the second wash by diluting the particles
with Milli-Q water. A final volume of 50 mL was collected at the end of the last run. During
the whole purification process by TFF, the initial and final NP suspensions were collected
to measure particle recovery before and after wash by TFF. The particle recovery was

determined using Nanosight NTA (Nanosight Ltd., UK).

Dynamic Light Scattering (DLS) Analysis and Zeta-Potential

Immediately before use, the radioPDT NPs were dissolved in water to measure the
diameter, size distribution and zeta potential by dynamic light scattering (DLS) using
Brookhaven Zetasizer (Brookhaven, US). To attain the recommended attenuator settings

of 7-9, the NPs were diluted for the DLS measurement.

The size, concentration and distribution of the NPs were also determined using a Nanosight

LM10-HS NTA system (Nanosight Ltd., UK).

Encapsulation Efficacy

NPs were dispersed in water, and the unbound drug was removed via centrifugation. UV-
Vis absorbance Using Nanodrop™ 2000 (ThermoFisher, US) spectrophotometer was used
for measuring the entrapment efficiency of the unbound drug in the supernatant. To
calculate the entrapment efficiency of the PPIX dye in the NPs, the amount of dye in the
supernatant after each step of centrifugation during the synthesis of the NPs was quantified.

A standard curve was plotted using standard concentrations of dye dissolved in acetonitrile.
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2.2.1.7

2.2.1.8

2.2.19

The spectrophotometric quantification was done by measuring the absorbance at 407 nm.

The percentage of encapsulated dye was calculated using:

Y%Entrapment = [1- (free dye concentration/ Initial dye concentration)] x 100

Transmission Electron Microscopy

From the NP sample,10 uL was added on a 300-mesh copper grid coated with carbon and
were allowed to adhere for 1 minute. The excess sample was removed and a drop of 1%
(w/v) uranyl acetate was placed on the grids to negative stain the NPs. The excess negative
stain was removed, and the grids air-dried. The morphology and the elemental mapping
(Oxygen, Nitrogen, and Lanthanum) of the NPs was observed with a transmission electron
microscope (TEM) JEM-2100 HRTEM (JEOL, Japan) under an operating voltage of 200

kV, using Gatan GIF Tridium energy imaging filter and tomography in bright field mode.

UV-Vis Spectroscopy

The UV-Vis absorbance spectra of the radioPDT NPs was used to characterize the
absorbance spectra of the radioPDT NP for the purposes of measuring drug loading. This
was measured using a Nanodrop ™ 2000 (ThermoFisher, US) spectrophotometer. For this,
the NPs were dissolved in water and 1 pL of solution was placed on the stage.

Measurements were taken at an excitation wavelength (Aex) of 407 nm.

Size Exclusion Chromatography
Verification of drug loading into the PEG-PLGA NP was done using Size Exclusion
Chromatography. Seperating the synthesized NP suspension by size can very the UV-Vis
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absorbance signal actually reflects drug that is associated with the NP rather than in free
solution. The synthesized radioPDT NP were concentrated to a concentration of 1x10’
particles/mL via measurement of stock concentration by Nanosight NTA, centrifugation at
50,000 g followed by resuspension in water of the appropriate volume to achieve desired
concentrations. The final NP concentration was once again checked by Nanosight and the
UV-Vis spectra was compared to stock NP. A gel column was setup using a 10 mL syringe
with a small amount of cotton inserted into the tip, and filled with 10 g of Sephadex G-15
(GE Life Sciences, Pittsburgh, USA) obtained from Sigma-Aldrich. The Sephadex gel was
setup in a column by adding the 10 g of powder and adding up to 50 mL of Milli-Q water
added dropwise. The radioPDT NP suspension was added carefully on top of the gel so as
to not disturb the boundary layer. 1-2 mL of MilliQ water was carefully added dropwise to
the top of the column and the solution was allowed to run through the gel by gravity. The
eluate was collected at the bottom in 0.5 mL aliquots at a time.

The eluate was measured for UV-Vis signal on a Nanodrop 2000, specifically for
absorbance at 220 nm and 400 nm to correspond to the aborbance signature of NSC and
PPIX, respectively. The secondary absorbance peak of 220 nm for NSC was used instead

of the primary peak at 195 nm to avoid signal interference from the Sephadex gel.

2.2.1.10 Fluorescence Emission Spectroscopy
Fluorescence spectroscopy to assess for Fluorescence Resonant Energy Transfer (FRET)
was performed using a Perkin-Elmer LS-55 spectrofluorometer (Freemont, CA, US).
Measurements were done at a 1 nm spectral resolution for emission. Slit width and gain

were calibrated on a set of NPs standardized by UV-Vis absorbance and with a
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concentration of 5x10° particles/mL before acquisition. An excitation wavelength of 205
nm was used to correspond with excitation peak of NSC, and far outside the range of PPIX.
Emission scan was done from 400-800 nm to correspond with the emission wavelength
ranges of PPIX, and outside the range of NSC emission. RadioPDT NPs emission spectra

under these conditions was compared to PPIX only and NSC NP only.

2.2.1.11 X-ray Diffraction Analysis
X-ray diffraction (XRD) study to characterize the NSC crystal structure was carried out by
the University of Alberta Faculty of Environmental Earth Sciences Laboratory (Edmonton,
AB, Canada). The stock solution of NSC was lyophilized to powder form. Using a Rigaku
Geigerflex Powder X-ray diffractometer (Rigaku, Japan), the powder sample was
irradiated, and X-ray diffraction angles were measured before being analysed on JADE 9.1
software (Materials Data, Livermore, CA, USA) using International Center for Diffraction

Data and Inorganic Crystal Structure databases.

2.2.1.12 NSC Scintillation Photoluminescence Emission
To capture the Photoluminescence (PL) spectra of the NSC under X-ray irradiation, an
Ocean optics USB 4000 spectrometer (Largo, FL, USA) with a 10 um slit width, 600-line
grating, and 200 nm to 850 nm detection range was used. This was coupled with a Thorlabs
(Newton, NJ, USA) 30 m long custom 600 um multimode fibre compatible with UV-NIR
range wavelengths. A custom opaque phantom was created with phantom-grade acrylic
block, a white plastic cuvette holder that was machined by the Cross Cancer Institute

(Edmonton, AB, Canada) machine shop (Figure 2.2a). Radiation delivery was done at the
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Cross Cancer Institute using a clinical orthovoltage irradiator (Xstrahl, Camberley, Surrey,
UK) at 300 KVp energy at a dose rate of 300 Monitor Units (MU) per minute using a 30
cm focus-to-skin distance (FSD) applicator and dose was calculated for appropriate stand-
off distance, backscatter, and depth penetration (Figure 2.2d). The fiber optic cable was
run from the radiation control panel through a conduit into the radiation vault and into the
cuvette holding NSC freeze-dried powder or in concentrations ranging from 30 mg/mL to
400 mg/mL. The experiment was repeated with an Ocean optics QEPro high performance
spectrometer provided as a demo by the company. All spectroscopy data was collected as
the average of 10 second capture windows with 10 repeats. Analysis was done by first
taking the average baseline measurement spectra and subtracting it from the spectra during

irradiation using Matlab generated spectral analysis code (Mathworks, Natick, USA).

Figure 2.2: Experimental setup of the scintillation measurement experiment. The phantom

used to contain the sample measured is shown in (a). The Ocean optics USB 4000 (b) and

72



QEPro (¢) spectrometers were located outside the radiation vault near the control panel (e).
The phantom setup under the irradiator is shown in (d) with the orange line being the

multimode fiber optic cable going to the spectrometer via a conduit.
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2.2.2

2.2.2.1

Stability study of PEG-PLGA NP, NSC NP, and radioPDT NP in different media

A stock solution of each NP variant (PEG-PLGA NP, NSC NP, radioPDT NP) was
synthesized as described in Experimental Section 2.2.1. Next, NPs were added to 50%
(v/v) of Milli-Q water and PBS (pH 7.4) and the solution was divided into two sets. One
set was kept at 21 °C and the other set was kept at physiologic 37 °C for 48 hours. The
particles were measured for size using DLS at different time points. Similarly, NPs were
added to 50% (v/v) of 10% FBS supplemented DMEM, serum and plasma for 24 hours.
For calculation of PPIX release, an aliquot of the NPs was collected at pre-determined time
points and measured by UV-Vis (Nanodrop 2000, ThermoFisher Inc, USA) and Nanosight
(NanoSight LM10 NTA, AZoNano, Manchester, UK) to determine the amount of released
PPIX and NP size. NPs were centrifuged at 35,000 g for 15 mins at 25 °C and the
supernatant was collected and analyzed with a spectrophotometer at an absorbance

wavelength of 400 nm to calculate the released PPIX percentage.

Stability of NP Solution

The NPs were suspended in Milli-Q water to form a stock solution and stored at 4 °C for
up to 6 weeks. Every week the NP size distribution was calculated using DLS. In order to
determine the amount of released PPIX, the NPs were centrifuged for 15 mins and the
supernatant was analyzed in UV-Vis spectrophotometer to determine the amount of

released PPIX.
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2.23

2.23.1

2.2.3.2

Cellular Uptake of NP

Cell Culture

PC3 cells were grown in Dulbecco’s modified Eagle’s Medium (ThermoFisher Scientific,
Logan, USA) supplemented with 10% FBS and 1% antibiotics. Cultures were incubated at
37°C and 5% CO> environment. The cells were passaged regularly after reaching 80%

confluence.

Cellular Uptake

For studying the cellular uptake of the NPs, radioPDT NP were tagged with TTl1
phthalocyanine fluorescent dye (obtained from Dr. Tomas Torres, Department of Organic
Chemistry, Universidad Autonoma de Madrid, Spain) by incorporating it into the organic
phase of the nanoprecipitation procedure. This was done because previous attempts using
only the PPIX as a fluorescence agent failed to produce appreciable results due to the low
quantum yield of fluorescence for PPIX (250). TT1 allowed the NPs to be seen under
confocal fluorescent microscopy for the cellular uptake study. The cultured PC3 cells (80%
confluent) were trypsinized with 0.25% trypsin with EDTA and then re-plated in 6 well
tissue culture plates (15x10°3 cells/well) covered with a coverslip. After the cells adhered to
the coverslip, the cell media was removed. The NP treatments consisted of each well
receiving 1x10®° NP/well of empty PEG PLGA NP, NSC NP, radioPDT NP and
radioPDT+TT1 dye NP or control. The NPs were added along with media and incubated
for 24 hours at standard conditions. Simultaneously, an untreated group of cells were also
exposed to similar conditions as a control group. After 24 hours, the media was removed
and rinsed twice with PBS. A staining stock solution was prepared beforehand using 5 mL
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PBS, 40 pL of Wheat Germ agglutinin (WGA) at a concentration of 5 pg/mL and 1.6 uL.
of Hoechst 33342 nuclear stain (Sigma Aldrich, St. Louis, MO, USA), at a concentration
of 2 pg/mL. 400 uL of the staining stock solution was then added and the contents
incubated for 10 minutes, after which, the cells were fixed using 4% paraformaldehyde and
10% sucrose in PBS for 15 minutes. The solution was aspirated and the attached cells
washed twice with PBS. The coverslips were mounted face down on slides using ProLong
Gold (Invitrogen, ThermoFisher Scientific, Waltham, MA, US) mounting media and then
sealed with a coverslip to the slides for 24 hours before being imaged. Imaging was
performed by Spinning disc Confocal microscope (Carl Zeiss, US) fixed with an upright
epifluorescence microscope (647 nm solid state laser excitation, emission filter of
HQ700/50m — bandpass filter centered at 700 nm with a 50 nm bandwidth) with a
motorized Z stage controlled by Velocity software (Improvision, US). A series of images

were obtained by capturing 3D image stacks from top to bottom of the cell of interest.

Cellular Toxicity Assay

Toxicity study was performed using the radioPDT NP and its control variants of empty
PEG-PLGA NP, NSC NP, PPIX, and NSC-only. The loaded drug concentration in the NP
was standardized using UV-Vis absorbance. Dosing was done at a highest dose of 1x10"?
NP/mL and serial dilutions by 50% dilutions down to 6.25x10'® NPs/mL. PC3, DU145 and
GM38 cells grown to 80% confluency in DMEM media with 10% FBS were plated at
10,000 cells per well in a 96 well plate and left to adhere overnight. The cells were then
exposed to the nanoparticles for 48 hours before the media was exchanged. After 48 hours,

MTT colorimetric endpoint assay was performed by measuring optical density at 520 nm
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against control conditions using a FLUOstar Omega microplate reader (BMG Labtech,
Germany). Cell viability was calculated as a percentage ratio of optical density of treated
conditions to control untreated cells subtracted from empty well optical density. All

experimental conditions were analyzed in triplicates.

In vivo Acute Toxicity Study

Serial dose escalation of radioPDT NP in mice was performed using C57bl/6
immunocompetent black mice after institutional ethics approval (AUP0000053). The mice
were aged 6 to 8 weeks and housed as per institutional protocol at the University of Alberta
for immunocompetent rodents. The radioPDT NP was concentrated via ultracentrifugation
at 100,000 g for 30 minutes and resuspended in PBS. A 100 pL bolus was drawn into a 24-
gauge single use injection syringe. A mouse restraint apparatus was used to secure the
animal, as the dose was injected via the tail vein. The animal was then monitored every 12
hours via a scoring sheet for changes in behaviour such as decreased activity, degree of
socialization with littermates, pain, unkempt fur, or mottling of the skin. Additionally, the
animal’s weight was taken pre-injection, 24 hours post injection, and 48 hours post-
injection. Each dose was tested on a minimum of 2 mice. If no toxicity was observed, the
dose was doubled for the next group. If mild toxicity was observed, the dose was increased
by 50%. If significant toxicity was observed, the dose was decreased by 25%. The dose
escalation study continued until major toxicity was encountered, or the experiment was

unfeasible to continue.

The mice were euthanized after 48 hours via cervical dislocation under inhaled isoflurane

anesthetic. Post-mortem analysis was carried out with gross pathologic analysis of the
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internal organs. Following this, the lungs, heart, liver, spleen, and kidneys were harvested
for histopathologic analysis via paraffin embedding, sectioning, mounting on standard
glass slides, and staining with hematoxylin and eosin by the University of Alberta
HistoCore facility (Edmonton, AB, Canada). The slides were further analysed using a
Nikon two-photon confocal microscope with an excitation laser of 405 nm and emission
filter of 646 nm. Images were captured using a Hamamatsu 512x512 EMCCD camera
(Hamamatsu Inc., Japan) and a 20x Zeiss microscopy objective was used for image

acquisition.

Data Analysis

All calculations and statistical analysis were performed using Microsoft Excel 2016
(Microsoft, U.S). The graphs were plotted using Python software foundation version 3.6.2
and GraphPad Prism 6 (San Diego, CA, USA). Statistical significance for comparison of
NP size, and comparison of standardized mice weight was done with analysis of variance

(ANOVA) comparing multiple groups and Tukey’s multiple comparison test.

Results and Discussion

PEG-PLGA-loaded LaF3:Ce*' nanoscintillators and PPIX nanospheres: Synthesis,
encapsulation & characterization.

To induce effective radioPDT, an efficient and stable nanoscintillator (NSC) is necessary
to produce the interstitial light from X-rays. For this purpose, LaF3:Ce** NSC were
prepared using a modified wet chemistry technique in aqueous media (248, 251). Cerium

(IIT) was doped at 10%.
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The resulting nanocrystals were determined to be between 10-50 nm in size as determined
by transmission electron microscopy (TEM) (Figure 2.3a-b). UV-Visible and fluorescence
spectroscopy demonstrated the absorbance with a peak of 195nm with several minor peaks
of 205 nm, 214 nm, 234 nm and 247 nm, which are in line with previously reported values
(Figure 2.3¢) (252, 253). The fluorescence characteristics of the NSC were also observed,
with the peak at 305 nm with a significant luminescence extending to just under 450 nm
(Figure 2.3d). This appears to have reasonable overlap with the PPIX absorption spectrum,
reported at 350 nm to 450 nm (254), which indicates the potential for fluorescent resonant
energy transfer (FRET) from NSC to PPIX. The crystals demonstrate a size of 10 to 50nm,
and morphology consistent with a hexagonal crystal structure (Figure 2.4). Some
aggregation develops during sample dehydration, but the samples were well dispersed in
aqueous media. Fluorescence signal of the NSC correspond to literature values of the

compound (255, 256).
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Figure 2.3. a) 10% Ce-doped LaF; NSC crystals imaged with TEM. b) Close-up view of
the NSC with sample length and width size measurements are shown. ¢) UV-Vis
absorbance and d) Fluorescence signal of the nanoscintillators is shown, with peak at 310

nm and significant fluorescence intensity until just under 450 nm.
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X-ray diffraction (XRD) study on the nanoscintillators (NSC) was carried out by the
University of Alberta Faculty of Environmental Earth Sciences (Edmonton, AB, Canada).
The stock solution of nanoscintillators was lyophilized to powder form. Using a Rigaku
Geigerflex Powder diffractometer (Japan), the powder sample was irradiated, and X-ray
diffraction angles were measured before being analysed on JADE 9.1 software (Materials
Data, US) using ICDD and ICSD databases. Results of the analysis are shown in Figure

24.
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Figure 2.4 Top: X-ray diffraction (XRD) spectra of 10% Ce** doped LaF3 synthesized
under aqueous conditions (a) and anhydrous conditions (b). The peak positions correspond
well to database values of hexagonal crystal structure for LaF3 based compounds. Bottom:

corresponding TEM images demonstrating the crystal morphology is shown.
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The produced crystal structure was verified to be pure crystalline form with a uniform
crystal structure in long hexagonal form, as denoted by the sharp peaks (Figure 2.4a). The
attained results also closely resemble literature published crystal structure analysis (251).
The second iteration of the NSC synthesized under anhydrous conditions with methanol
produced a slightly different crystal structure, as demonstrated by the different peak
intensities on XRD and different NSC morphology on TEM (Figure 2.4b). The crystal
structure appeared to align with reference values of a short hexagonal crystal. Table 2.1
compares the dimensional values between the two crystal structures. The different crystal
structures also performed differently for absorbance and fluorescence spectra (Figure 2.5),
with the short hexagonal structure showing a shift towards 400 nm emission wavelength
with a higher relative fluorescence peak. This is more ideal for FRET transfer to PPIX,
given its 403 nm excitation peak. The improvement in fluorescence performance is
speculated to be due to the well known effects a crystal lattice structure plays and NSC size
(note the larger volume for the short hexagonal NSC in Table 2.1) on the fluorescence
performance of heavy metal fluorides (257). These changes in fluorescence are not always
easy to predict prospectively given the complex interplay between the La and Ce content,

and the lattice structure.
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Table 2.1 Comparison of crystal structure physical characteristics between aqueous and

organic phase synthesized LaF3:Ce*" NSC.

Dimensions (A) Angle (°) Volume (A3) Density (g/cm3)

TSN 4,148 4.148  7.354 90 90 120

7.185 7.185 7354 90 90 120 328.65 5.939

109.58
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Figure 2.5 Comparison of the absorbance (a) and emission (b) spectra of the short and

long hexagonal crystal structures.
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The photoluminescence (PL) emission from the NSC under irradiation was captured with
the Ocean Optics USB4000 (Figure 2.6a) and QEPro (Figure 2.6bc) spectrometers in
conditions where the cuvette was not filled (blank), filled with water, or filled with NSC
solution. The USB4000 was not able to detect a difference in PL between when the
radiation beam was off and on and generated no signal (Figure 2.6a). The QEPro was able
to detect a difference and generated a signal, but this was not a reproducible signal with
successive experiments. The difference between the two crystal structures was not
discernable with measurements from the QEPro. Therefore, the scintillation PL of the NSC
under irradiation was not established in our setup. This likely due to the low photon yield
of LaF; and CeF3 having lower yields of 2200 photons/MeV and 4000 photons/MeV,
respectively (248, 258). This level of PL usually would need a photomultiplier tube in order
to detect. The PL peak from the previous studies was at 340 nm. The scintillation PL spectra
generally aligns well with the fluorescence spectra, due to a similar process of transitions

in electron orbitals releasing photons of discreet energy and wavelengths (259).
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Figure 2.6: PL emission from the NSC under radiation. a) Shows the PL of NSC in
baseline and irradiated conditions acquired via an Ocean Optics USB 4000 spectrometer.
b) shows PL under irradiation of blank (no media), water and water containing NSC. ¢)

shows subtracted spectra of NSC from baseline water media from b).
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The synthesized NSC and commercially purchased PPIX (Sigma-Aldrich, St. Louis, MO,
USA) were then loaded into PEG-PLGA nanospheres (NP). Initial attempts as described
in section 2.2.1.2 involved the use of a double emulsion process along with DCM with
polyvinyl alcohol. This demonstrated severe aggregation issues with the NP, likely due to
the sticky PEG block polymer interacting with polyvinyl alcohol (Figure 2.7a). The
omission of polyvinyl alcohol still resulted in a relatively large sized PEG-PLGA NP at
approximately 200 nm (the target size was 100 nm) with high polydispersity, and
unconvincing images of encapsulation (Figure 2.7bc). This was thought to be due to the
double emulsion product separating the PEG-PLGA polymers from the payload to be
encapsulated in separate organic and aqueous phases. Without an opportunity to come into
close contact, the encapsulation efficiency was poor and larger NP from the pockets of
emulsion were formed and displayed large size variations likely dependent on the
homogeneity of emulsion, when dropped into aqueous phase. Switching to single emulsion
technique with acetonitrile produced more homogenous particles and demonstrated reliable

nanospheric encapsulation as detailed below.
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Figure 2.7: TEM of double emulsion process with DCM and water with PVA a) and
without PVA b) are shown for PEG-PLGA+NSC nanospheres. The size and distribution

of b) is shown in ¢) using Nansight NTA.
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Empty PEG-PLGA NP, NSC-encapsulated PEG-PLGA NP (NSC NP) and NSC with
PPIX-encapsulated PEG-PLGA NP (radioPDT NP) were prepared by single emulsion
nanoprecipitation method with a few modifications (249). The nanosphere synthesis and
encapsulation followed the principles of nanoprecipitation, where hydrophobic polymers
and payload (the agents to be encapsulated) miscible in an organic solvent are added to an
excess of aqueous phase media. In the aqueous phase, the polymer and payload are
supersaturated, which causes the payload to act as a nucleus for the polymer to condense
and precipitate around (260). This causes the formation of reproducible NPs with
encapsulated payload. Once the organic phase was added to the aqueous phase, the organic
solvent was evaporated away at 40° C to obtain the nanoparticle suspension in a stable
aqueous-only medium. Excess reagents were removed by ultracentrifugation at 50,000 g
to form a pellet of NPs, which was re-suspended in fresh aqueous medium. Dynamic Light
Scattering (DLS) and TEM measurements (Figure 2.8, top and bottom panel) confirmed
that the majority of empty PEG PLGA NP, NSC NP, and radioPDT NP were in the 90-120
nm size range, which is close to the target NP size of 100 nm. This size was chosen because
it is reported to be the ideal size for delivery via tumor vasculature in vivo, due to
preferential pharmacokinetics of distribution and preferential accumulation in the tumor by

EPR effect (226).
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Figure 2.8: TEM images showing shape and size distribution of PEG-PLGA NP when

unloaded (top-left), loaded with NSC (top-middle), and loaded with NSC and

photosensitizer (top-right). The corresponding UV-Vis spectrum for each condition is

shown (middle panel), as well as the concentration as a function of size via Dynamic light

scattering (DLS) (bottom panel). The mean size by DLS for each variant is 75, 95 and 125

nm, respectively, with a polydispersity index of < 0.3 (Table 2.2).
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The UV-Vis absorbance signal for NSC NP and radioPDT NP show the presence of NSC
absorbance and NSC with PPIX absorbance, respectively, in relation to PEG-PLGA NP
alone (Figure 2.8, middle panel). Table 2.2 demonstrates the measured zeta potential
ranged from -15 to -30 mV, indicating relatively good stability in aqueous media and in
physiologic conditions, and a low chance of binding and early clearance by immune cells
(261). The polydispersity index was <0.3 in all conditions, which indicates a narrow
distribution in size of synthesized NPs for a NP of this construct, and aids in predictability
of distribution in vivo. The physical characteristics of the NPs were maintained even when

the synthesis procedure was scaled up to produce larger batches.
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Table 2.2 Zeta potential and polydispersity measurements of the unloaded PEG-PLGA
NP, NSC NP and radioPDT NP. The zeta potential ranged from -18.22 to -26.3 mV from

fully loaded to unloaded, and the polydispersity index remained < 0.3 in all conditions.

Zeta potential Mean Diameter Polydispersity

(mv) (nm) index

PEG-PLGA NP -26.30+ 1.88 75 0.19+0.32

NSC NP -19.23+1.25 95 0.14+0.10

radioPDT NP -18.22 £ 0.66 125 0.27+0.26
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Particle loss during purification procedures is of concern, hence Tangential Flow Filtration
(TFF) was used for particle purification and washing when scaling-up NP production. This
method has been successful in purification of similar nanoparticles for biomedical uses,
without altering their size or characteristics (262-264). This allowed quick and efficient

large volume filtration to be done.

Initially, the NPs were produced on a small scale (10 mg per batch), and therefore scaling-
up of the NP production was necessary for in vivo studies. The scaled-up PEG-PLGA NP,
NSC NP, and radioPDT NP were produced at 20-fold higher quantity, which yielded
approximately 200 mg of NP for each variant. The scaled-up NPs were approximately 80-
120 nm in size, which are quite similar with the NPs produced in small scale (Figure 2.9).
In the scaled-up production, the nanoparticles were washed after synthesis using Tangential
Flow Filtration (TFF), which further improved reproducibility, speed, and efficiency of the

production procedure.

%94



Small scale
NP size

Scaled-up
NP size

Concentration (particles/mL)

Concentration (particles/mL)

1.5%10°%4

1.0x10°

5.0x107

Mean: 92.0 nm
Mode: 83.9 nm
SD:41.7nm
D10:62.1 nm
D50:75.6 nm
D90: 132.8 nm

2.3x10°

1.5%10°

7.5%107

400 600 800

Size (nm)

Mean: 83.9 nm
Mode: 77.4 nm
SD:30.2 nm
D10: 61.0 nm
D50:70.0 nm
D90: 111.8 nm

400 600 800
Size (nm)

Concentration (particles/mL)

Concentration (particles/mL)

3.0x10°

2.0x10°

4.5%10°

3.0%10°

1.5x10°

Mean: 101.6 nm
Mode: 98.9 nm
S§D:224nm
D10:77.8 nm
D50:92.9 nm
D90: 117.4 nm

200 400 600 800
Size (nm)
Mean: 111.0 nm
Mode: 105.5 nm
| SD:26.0 nm
Il D10: 82.3 nm
D50: 100.0 nm
\ D90:132.6 nm
A
s
2[;0 4(;0 St;D 8!;0
Size (nm)

Concentration (particles/mL)

Concentration (particles/mL)

2.3x10° |

Mean:108.3 nm
Mode: 97.9 nm
SD:40.1 nm
D10:76.8 nm
D50:95.1 nm
D90: 127.8 nm

400 600 800

Size (nm)

Mean: 97.2 nm
Mode: 85.7 nm
SD:32.4nm
D10: 65.2 nm
D50:80.0 nm
D90: 149.4 nm

1.5x10° |
|
7.5x107 |
\
od LN
o 200
1.5x10°
1.0x10° |
5.0x107 III
1 vt
0+ T
0 200

400 600 800
Size (nm)

Figure 2.9: Particle size measurement and statistics by Nanosight NTA for smaller scale

and scaled-up NP. A: Empty PEG-PLGA NP. B: NSC NP. C: radioPDT NP.
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Figure 2.10 shows Nanosight measurement of the particles before and after treatment with
TFF. The concentration results demonstrate there is minimal loss of NPs during
purification. The particles also retained their average size before and after TFF treatment,
and size distribution improved as contaminants were washed away. The volume of
synthesized nanoparticles that were able to be purified using TFF were between 100 to 600
mL, which greatly aids in standardizing in vitro and in vivo experiments by using the same

batch of nanoparticles for multiple subsets of an experiment.
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Figure 2.10: Particle size and concentration measurement of radioPDT NP by Nanosight

NTA. A: NP before washing with TFF. B: NP after TFF.
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The size of the radioPDT NPs were larger than empty PEG-PLGA NP, which might be due
to insertion of hydrophobic PPIX and NSC making the amphiphilic copolymer form a well
bonded structure. The encapsulation efficiency calculated showed a high PPIX entrapment

of more than 90% of the drug into the radioPDT NPs.

In this size range, the NP are subjected to EPR effect, whereby the NP preferentially
accumulate in tumors (226). Through the secretion of growth factors such as vascular
endothelial growth factor (VGEF) and others, tumors recruit rapid neovascularization to
increase vascular perfusion and support their nutrient needs for rapid growth (265). The
tumor vasculature differs from normal tissue vasculature in that it is aberrant, disorganized,
with regions of slow and reversed blood flow, and contains compromised endothelial tight
junctions that let particles as large as 600 nm pass through to the interstitial tissue (266).
Depending on the tissue type, normal vasculature’s endothelial tight junctions prevent NP
of sizes over 30 nm from extravasating in significant amounts. Tumors also experience
poor lymphatic drainage, which prevents rapid clearance of the extravasated particles
(267). The dynamic interplay between NP accumulation and clearance rate and NP
circulation time allows NP in the size range of 30 nm to 100 nm in size to preferentially

extravasate through tumor vasculature over normal tissue vasculature (266).

The NP size, polydispersity and zeta potential compare favourably against previously
reported nanocarrier delivery systems for optimal cellular uptake (268). These properties
also reportedly confer in vivo targeted delivery capabilities via EPR effect (226), which
refers to using the high tumor vascular permeability and poor lymphatic drainage to

passively accumulate NP of specific size and physical characteristics. The use of a
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PEGylated NP also reduces clearance rate by the MPS (230) and augments the in vivo
circulation time (231), allowing it an extended time for accumulation in a tumor via EPR
effect. Therefore, the use of a PEGylated polymer and optimal NP size make our NP
construct unique amongst inorganic scintillator and photosensitizer-based nanoparticle
systems (269) with potentially enhanced in vivo performance. Using the same physical
characteristics as we have demonstrated, analogous polymeric NP constructs have been
successfully used to deliver cancer chemotherapeutics, such as BIND-014, in Phase II

clinical trials by multiple cancer research groups (270, 271).

The shape and localization of the NSC within the NP was confirmed with TEM (Figure
2.8, top panel) revealing well defined core-shell structure for the empty PEG-PLGA NP,
NSC NP, and radioPDT NP. The particles were well dispersed and homogeneously
distributed. The TEM images clearly demonstrated the localization and entrapment of NSC
within the core of the nanospheres for the NSC NP, and radioPDT NP. The size of the
nanospheres was found to be around 50-70 nm for PEG-PLGA NP, 70-80 nm for NSC NP,
and 80-100 nm for radioPDT NP. These NP sizes are in a range, close to the ideal, for

bestowing EPR effect in tumors (272, 273).

Elemental mapping of the samples (Figure 2.11) was carried out to confirm the entrapment
of NSC and PPIX within the PEG-PLGA nanospheres. Empty PEG-PLGA NP showed no
signal of lanthanum or nitrogen, confirming the absence of LaF3:Ce*" NSC or PPIX. For
NSC NP, there was a strong lanthanum signal indicating the presence of LaF3:Ce*" NSC
but no nitrogen due to absence of PPIX. Similarly, for radioPDT NP there was a strong

lanthanum signal indicating the presence of LaFs:Ce*" NSC and some increase in nitrogen
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due to presence of PPIX. A weak oxygen signal was observed in all three NP conditions,
which corresponds to the oxygen present in PEG-PLGA; weak signal coming from the
uranyl acetate stain that was used for negative staining of these samples was also seen. The
results of elemental mapping confirmed encapsulation with the NSC and the PPIX into the

PEG-PLGA NP.
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Figure 2.11: High resolution TEM (HRTEM) images and elemental mapping of the

PEG-PLGA NP
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various NP conditions. PEG-PLGA NP (top row) with no lanthanum and nitrogen signal.
NSC encapsulated PEG-PLGA NP (NSC NP, middle row) shows strong lanthanum signal
from NSC, and no nitrogen signal. PPIX with NSC encapsulated PEG-PLGA NP
(radioPDT NP, bottom row) shows strong lanthanum signal from NSC and nitrogen signal

from PPIX.
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Further evidence of encapsulation was demonstrated via size exclusion chromatography.
The radioPDT NP was concentrated to 1 x 107 particles/mL and 1 mL of this solution was
loaded into a Sephedex G-15 gel column (Figure 2.12). Twenty millilitres of ultrapure
water was added drop-wise to run the radioPDT NP through the column, with the UV-Vis
spectra of the eluent measured every 0.5 mL, measuring for absorbance at 400 nm
(representing PPIX) and 220 nm (representing NSC). The experiment was also run with 1
mL of 100 uM of PPIX (equivalent concentration of PPIX in the NPs). A sharp, detectable
rise in both 400 nm and 220 nm was noted at 1.5 mL consistently, and quickly fell to
undetectable levels by 2.5 mL of elution. No peak was detectable for the PPIX only
solution, but a constant low level of 400 nm signal was noted. This indicates that the PPIX
and NSC were clearing discretely at a certain size range and simultaneously. This is likely
due to the two agents being at least associated, if not encapsulated, by the PEG-PLGA
nanospheres. It also indicates the NPs have a relatively homogenous size distribution since

they are eluted between 1.0 mL and 2.5 mL with a narrow and sharp peak.
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Figure 2.12: Size exclusion chromatography in a gel column of the radioPDT NP (top)
and comparable PPIX solution (bottom) demonstrating UV-Vis absorbance at 400 nm and

220 nm.
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Energy transfer within the radioPDT NP via FRET appeared feasible based on emission
spectra of NSC (Figure 2.3d and 2.Sb) and absorption spectra of PPIX. This was
demonstrated using fluorescence spectroscopy (Figure 2.13). The excitation wavelength
used was 205 nm: a secondary absorption peak of the NSC (seen in Figure 2.3¢), and far
shorter wavelength than the Soret band of PPIX (403 nm). The control conditions of NSC
NP and PPIX drug failed to produce PPIX’s emission peak at 620 nm (254). The complete
radioPDT NP loaded with NSC and PPIX demonstrated the emission peak of PPIX (Figure
2.24). This is a result of transfer of the incident 205 nm excitation laser to the NSC, and
energy from the NSC’s fluorescence being absorbed by the PPIX and causing secondary

fluorescence of the PPIX via FRET energy transfer.
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Figure 2.13: Fluorescence spectroscopy with 205 nm excitation. Spectra of NSC NP when
excited close to the absorbance maxima of NSC (203 nm). A fluorescence peak at 620 nm
(PPIX emission maxima) is apparent only in the functional radioPDT NP with both NSC
and PPIX encapsulated. PPIX absorbance maximum (403 nm) is not within range of the
excitation energy of 205 nm, and thus the 620 nm emission peak is not seen without the

NSC component.
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2.3.2 Stability in Physiologic Conditions (PBS, DMEM, FBS, and Human Plasma at 21°C

and 37°C)

Determining stability in different media is an important parameter for nanoparticle
development, since it is crucial for allowing the interaction of NPs when it is under
physiological condition. Under storage conditions of distilled water at 4 °C, the NPs
maintained their integrity in terms of size and retention of encapsulated agents for 4 weeks.
For assessment of stability in diagnostic and therapeutic scenarios, all the particles (PEG-
PLGA NP, NSC NP, and radioPDT NP) were tested in distilled water and phosphate-
buffered saline (PBS) at pH 7.4 at both 21 °C and 37 °C (Figure 2.14) for 48 hours. In
these aqueous media, the NPs appeared to be stable by size for at least 24 hours and started
to significantly increase in size at 48 hours. Note, the increased initial size of radioPDT NP
was due to a batch-to-batch variation in NP synthesis but produced the same results and
trend in size over time. Repeat tests did not show an influence of the initial starting size on

the stability of the NP.
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Figure 2.14: Average nanoparticle size of PEG-PLGA NP, NSC NP, and radioPDT NSC
NP is shown in distilled water (top panel) and in Phosphate-Buffered Saline (PBS, bottom
panel) at pH=7.4. Stability is shown at 21 °C (A) and 37 °C (B) over time periods of 0, 24,
and 48 hours. Size of NP was measured using Nanosight NTA® (Nanosight Ltd., Malvern,

UK), and change is size was compared to baseline (0 hour). ****p<0.0001
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The stability of the NPs in more physiologic conditions, including media containing typical
protein products found in the human circulatory system, was assessed using human blood-
derived plasma and serum. Stability was assessed by monitoring for changes in size using
Nanosight NTA® (Nanosight Ltd., Malvern, UK). It was noted that the NP immediately
increased significantly in size to about 200 nm within 6 minutes. The native media also
measured about 200 nm at baseline, which may be representative of the size of protein and
its aggregates, such as albumin (274). Alternatively, the NP size may have changed after
addition to media because of protein interaction with the NP outershell and formation of a
protein corona (274). The radioPDT NPs were stable with no significant change in size
until 24 hours in plasma, and serum, after which the particle size significantly increased in
plasma and was trending towards a significant increase in serum (Figure 2.15). This was
also reflected in the Control media-only condition, which can indicate aggregation of the
protein and macromolecules within the media. The alternative explaination for the NP

change may include the protein corona causing aggregation or possible osmotic swelling

(274).
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Figure 2.15: Particle size of PEG-PLGA NP, NSC NP, and radioPDT NP measured by

Nanosight NTA® for 24 hours at 37 °C in A) in human plasma and B) in human serum.

The baseline (0 hour) NP size were measured prior to addition of the media, whereas the

baseline (0 hour) Control was the native media alone. The NP conditions were significantly

smaller than Control at baseline but was not significantly different between 0.1 to 4 hours.

There was no appreciable size change between 0.1 to 4 hours in Control or NP conditions

as well. At 24 hours, Control and all NP conditions significantly increased in size

(compared to 0.1 to 4 hours) for plasma. The size of Control and NP conditions were

trending towards an increase in size at 24 hours for serum media, but was only significant

for NSC NP. *p<0.05, ****p<0.0001
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Characterizing the nanoparticle (NP) stability in cell media conditions was important to
determine treatment times and performance for in vitro experiments. NP size was used as
an indicator of nanoparticle stability at different time points. The cell media used was
Dubelcco’s Modified Eagle’s Medium (DMEM) cell medium supplemented with 10%
Fetal Bovine Serum (FBS). From Figure 2.16, it is evident that the NPs are stable up to 8
hours with minor size changes, after which point there was a significant increase in size of

the particles. This is likely due to degradation and aggregation of the particles.
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Figure 2.16: Average nanoparticle size of PEG-PLGA NP, NSC NP, and radioPDT NP
in DMEM+10% FBS from 0 hour to 24 hours at 37 °C. Changes in size of the NPs were
monitored with Nanosight NTA® (Nanosight Ltd., Malvern, UK). Changes in size were

assessed against the baseline (0 hour) size. ****p<0.0001
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To determine the rate of PPIX release from the NP in a physiological environment, which
play a crucial role to predict in vitro and in vivo behaviour, the radioPDT NPs were
incubated in PBS for 72 hours at room temperature and 37 °C. To check the PPIX release
in serum conditions, the radioPDT NPs were incubated for 24 hours at 37 °C in DMEM

supplemented with 10% FBS.

An initial burst release of around 4% of PPIX was observed after 1 hour of incubation. The
release kinetics for radioPDT NP in PBS indicated good stability, with only approximately
10% release at 24 hours (Figure 2.17). In contrast, the release of PPIX in 10% FBS
supplemented DMEM at 37°C was stable for up to 8 hours with 10% release (Figure 2.17).
The abrupt release of the PPIX initially can be due to the release of molecules loosely
attached to the NP surface. The PPIX molecules maintained in the PEG-PLGA inner core
matrix showed a slower release up to 24 hours in PBS medium. In contrast, in DMEM with
10% FBS medium the radioPDT NPs were stable for up to 8 hours, after which the NPs
started to break down and showed burst release characteristics. The increased rate of
release in DMEM may be due to PPIX’s higher solubility in this medium compared to pure
aqueous media due to the presence of FBS. The changes in PPIX release and measured NP
size in PBS and in serum conditions may also indicate that some molecules present in
serum, such as hormones, enzymes, and/or proteins, are replacing the loaded PPIX and

triggering their dissociation from the NP into the medium.
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Figure 2.17: Time-dependent release profile of PPIX (measured by UV-Vis absorbance at
400 nm against standardized values) from radioPDT NPs in PBS (left) medium at 21°C
and 37 °C for 72 hours. The release kinetics in cell media of 10% FBS supplemented

DMEM medium at 21 °C over 24 hours is shown on the right.
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A long-term stability study observed the shelf-life of radioPDT NP in ultrapure Milli-Q
water solution. Stability was assessed by particle size and PPIX release. The radioPDT NP
was stored in Milli-Q grade water at 4 °C. The radioPDT NP solution showed no release
of the PPIX and no significant change in the PDI or size for up to 4 weeks, after which
point a more rapid release was observed. Therefore, the radioPDT NPs were found to be

stable for 4 weeks at 4 °C before NP disintegration and aggregation occurs (Figure 2.18).
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Figure 2.18: Stability and Release study of radioPDT NP over 6 weeks in distilled water
at4 °C, as demonstrated by size as measured by Nanosight NTA® (Nanosight Ltd., Malvern,
UK) (left) and percentage of loaded PPIX released as measured by UV-Vis absorbance at
400 nm (right). NP size changes were assessed by comparing against baseline (0 hour)

measurements for the respective NP. ****p<(.0001
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These results show our various NP constructs have a high degree of stability for up to 24
hours. The long duration of stability can prevent early burst-release and rapid accumulation
in vital organs, such as the liver (275). NP stability is also important for the
pharmacokinetic distribution since particles in this size range tend to peak in tumor uptake

relative to other tissues within the first 24 hours (276).

Nanoparticle Toxicity, Uptake and Confocal Imaging in vitro

The safety profile of the radioPDT NP and its constituent parts was assessed in vitro with
MTT colorimetric proliferation-assay. Cells treated with serial dose escalations for 48
hours did not reveal any significant cytotoxicity over baseline conditions in PC3 and
DU145 human prostate cancer cell lines as well as GM38 human skin fibroblast cell lines

(Figure 2.19(i)).
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Figure 2.19: (i): in vitro cytotoxicity of radioPDT NP and its constituents are shown in
prostate cancer lines PC3 (top) and DU145 (middle), and skin fibroblast line GM38
(bottom). Viability was assessed using MTT colorimetric assay after treating cells with
concentrations up to 1x10'> NP/mL (or equivalent constituent dose) for 48 hours. (ii):
Cellular uptake and localization study in PC3 cells. Images were taken after 24 hours, after
incubation with (A) PC3 untreated cells (B) PEG-PLGA NP treated PC3 cells (1x108
NP/mL) (C) NSC NP treated PC3 cells (1x10®* NP/mL) (D) radioPDT NP treated PC3 cells
(1x10® NP/mL) (E) radioPDT NP with TT1 fluorescent dye (used as a tag for confocal
fluorescence microscopy) NP treated PC3 cells (1x10® NP/mL) (F) Z-stack of
radioPDT+dye NP treated PC3 cells (10* NP/mL) (right panel). Images demonstrate the

NP with TT1 dye are internalized by the cells into the cytoplasm.
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The cellular uptake and localization of the radioPDT NP were visualized within PC3 cells,
the intended initial target cells for the radioPDT treatment, by fluorescent confocal
microscopy for up to 24 hours of incubation (Figure 2.19, right panel). The radioPDT
NPs were tagged with TT-1 fluorescent dye. The z-stack image confirmed that the NPs
were localised intracellularly after 24 hours of incubation. The location of fluorescent
signal from the dye in the NPs indicated that they were taken inside the cell and were not

on the surface of the cell.

In vivo Acute Toxicity Assays

Acute in vivo toxicity of the radioPDT NP was determined using serial dose escalation
experiments in immune-competent C57bl/6 mice model. RadioPDT NPs were
administered intravenous (IV) via the tail vein. After each dose, the mice were monitored
for weight or behavioural changes for 48 hours prior to euthanization for histopathology
analysis. The starting dose was 7.5x10'2 NP/mL (50 mg/kg) and, if no significant weight
or behavioural changes were observed, the dose was serially doubled to a maximum final
dose of 1000 mg/kg. A dose beyond 1000 mg/kg was not pursued due to difficulty in
keeping the radioPDT NP suspended in solution for injection. No observable change in
behaviour the mice nor significant weight loss was measured after administration of the
NPs at any dosage concentration (Figure 2.20, right panel). On histopathologic analysis,
no evidence of toxicity was seen on gross pathology, and microscopy revealed no signs of
acute toxicity in the lung, liver, spleen, or kidney (Figure 2.20, left panel). Confocal
fluorescent microscopy was used to examine PPIX photosensitizer (400 nm excitation,

>600 nm emission) uptake in the organs of mice receiving the two highest NP-injected
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doses. Of the organs examined, the spleen showed the highest intensity of signal, followed
by the liver, and lungs (Figure 2.20, middle panel). No signal was seen in the kidneys,
which is consistent with MPS clearance of the NPs. Fluorescence was observed to be
mostly around the vessels, with discrete points of signal that appeared to be trailing away
from the regional vessel tissue area. This was thought to represent uptake and clearance of
the NP by macrophages that migrated away and again consistent with NP clearance through
the MPS. Diminished fluorescent activity was seen in the lower NP dose groups and no

fluorescence was observed in the control mice (Figure 2.21).
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Figure 2.20: On the left, hematoxylin and eosin stain of organ histology of mice
administered with the highest dose (1000 mg/kg) is shown on the left, and fluorescent
confocal imaging of NP accumulation (using PPIX fluorescence signal, white) from the
same dosage group, is shown in the middle panel. C57bl/6 mice weight shown as a

surrogate of toxicity in control group and the four highest dose NP groups on the right
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Figure 2.21: Organ fluorescence comparison on confocal imaging of mice injected with
1000 mg/kg and 500 mg/kg of radioPDT NP after 48 hours. More white=higher
fluorescence signal. Kidney (left) did not show any visible difference between the two dose
levels but liver (middle) and spleen (right) displayed appreciably greater fluorescence

signal.
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The in vivo toxicity profile is very low for the fully active anti-cancer NPs. The toxicity
profile is most comparable to inactive PEGylated drug delivery vehicle only (277). This

allows for flexibility in dosing and raises the potential TI for our radioPDT NP.

Summary of Synthesis, Characterization and Toxicity Studies
We successfully developed a novel luminescent NP system for radiation-activated

photodynamic therapy (radioPDT) nanoparticle-based system. This potential theranostic
tool combines the spatial penetration and localization of radiotherapy with the tumor-
killing efficacy of photodynamic therapy. This can lead to potentially superior treatment
of deep-seated tumors. Our unique system is comprised of three key components:
nanoscintillators for luminescence under X-ray radiation, protoporphyrin IX as

photosensitizers for PDT effect, and biodegradable PEG-PLGA nanospheres as carriers.

NSC of a homogenous size was synthesized using a wet chemistry technique under a
nitrogen-protected environment. The use of a drop-wise synthesis produced small NP in
the size range of 10 nm to 30 nm with relatively homogenous morphology and size
distribution. The use of aqueous versus organic medium to synthesize the NSC, as well as
different synthesis temperatures, allowed control over the crystalline lattice of the NSC,
and allowed control over its luminescence spectra and magnitude. Through iterations in the
synthesis process, a single emulsion nanodrop technique was arrived at as the best method
of encapsulating the NSC and commercially bought PPIX into a PEG-PLGA nanocarrier,
which was verified through TEM with bright field and elemental analysis, size exclusion
chromatography, DLS, and UV-Vis absorbance spectroscopy. The synthesis procedure was
easily scalable to large batch productions to allow in vivo studies with multiple animals

while maintaining the same physical characteristics.
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The NP was found to be highly stable in biological conditions for up to 24 hours, with no
significant change in size or release of payload. It produced no discernable toxicity in vitro
across multiple human cell lines. The radioPDT NPs were able to accumulate within the
cytosol of PC3 prostate cancer cells. /n vivo acute toxicity dose escalation study did not
reach a dose limiting toxicity, and the study was terminated at 1000 mg/kg due mainly to
difficulty suspending the NP in solution at such high concentrations. Biodistribution
analysis via post-mortem organ examination under fluorescence confocal microscopy
revealed accumulation and clearance of the NP mainly in the liver and spleen after 48

hours, which is consistent with clearance by the MPS system.

This novel radioPDT system was designed to meet the biomedical requirements for clinical
utility and allows simultaneous targeting and therapy of cancer. The NPs showed high
loading capacity, high stability, scalability, and biocompatibility as a cancer therapeutic
agent. In vivo studies demonstrated uptake of the NPs in major organs but with no signs of
toxicity as confirmed by physiological markers of animal health and histopathologic

analysis.

Though other radioPDT systems have been developed and described (244, 278, 279), our
radioPDT NP system uniquely balances toxicity and efficacy, making it suitable for clinical
translation. The characteristics demonstrated here make it an ideal radioPDT system to
carry forward into development and further experimentation for treating deep-seated

tumors.
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CHAPTER -3

RADIATION-ACTIVATED
PHOTODYNAMIC THERAPY
(radioPDT) NANOPARTICLES IN
TREATING HYPOXIC CANCERS IN
VITRO AND DEEP-SEATED TUMORS

INVIVO
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3.1

Introduction

RT is an important modality in cancer management along with surgical and drug therapies,
and has been crucial in improving cancer survival rates in Canada (280, 281). RT is highly
effective and is used to treat approximately 50% of cancer patients during their disease
course and is used in 40% of curative treatments (282). Mechanistically, ionizing rays
damage genetic material, which causes cells to undergo apoptosis, necrosis, senescence, or
autophagy (283). Modern RT has evolved with sophisticated cell survival modeling with
the linear-quadratic model, customized dose and fractionation schemes, and newer
technology that can deliver highly focused doses of radiotherapy as reviewed above (284).
However, toxicity remains the main limitation of RT. This is especially concerning for
deep seated tumors, where significant radiation dose and consequent toxicity to
surrounding normal tissues is inevitable. For example, prostate cancer’s deep-seated nature
leads to 20% of men experiencing significant RT related toxicity such as bowel, urinary,

and/or sexual dysfunction (285, 286).

Despite the toxicity conferred by prostate radiotherapy, dose-escalation still confers further
disease control benefit. Multiple dose-escalation studies have been pursued which show
benefit to higher radiation doses (287). In terms of conventional fractionation, the current
standard of 78 Gy in 39 fractions to treat high risk prostate cancer appears to be the limit
mainly due a sharp rise in long-term toxicity (288). Studies that have pursued further dose
escalation to as high as 86.5 Gy continue to show significant disease control benefit at the
cost of significantly increased risk of toxicity (289-291). Similarly, dose escalation with

brachytherapy boost after external beam in high-tier intermediate and high risk prostate
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cancer has also demonstrated superior disease free survival to standard of care 78 Gy
external beam radiotherapy in a Phase IlI trial, but has received limited adoption in standard
clinical practice due to significantly increased serious long-term toxicity risk (292-294).
Emerging evidence for SBRT of the prostate has also demonstrated the potential for good
disease control but at the risk of greater radiation-induced toxicities (295). Similar evidence
for lack of sufficient TI to warrant dose escalation in radiotherapy exist in other cancer
sites (296-300). Newer radiation technologies offer the potential for more precise
radiotherapy, but precision beyond current standard of care techniques has not yet
manifested into more effective or safer treatment. Therefore, there is a need for novel

methods of augmenting radiotherapy’s TIL.

Contemporary radiosensitizers are either biologic agents to augment radiation efficacy or
radiation dose enhancers that increase dose deposition at the target. The utility of
chemotherapeutic agents as radiosensitizers have been established for many years, and
routinely provides a modest benefit, typically with 5 to 10% disease-free or survival
benefit, at the expense of significantly increased toxicity (301-305). Newer epidermal
growth factor receptor (EGFR) targeted radiosensitizers potentially offer the same
therapeutic gain for less toxicity, but have been failing to demonstrate better survival
benefit (306). Multiple biologic radiosensitizers have been advanced to augment
radiotherapy, but despite decades of development their toxicity concerns limit adoption
into standard practice in radiotherapy (307). Conversely, high Z nanoparticles like gold
NPs that aim to increase local radiation dose have been relatively safe to use in a clinical
setting but have not shown significant therapeutic effect (308, 309). To effectively augment

radiotherapy for treatment of cancer, it seems an agent with practically negligible off-target
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3.2

3.2.1

toxicity with significantly increased therapeutic efficacy needs to be developed in order to

achieve a sufficiently high TI and gain traction in clinical use.

Here, I describe the use of a novel radioPDT NP with negligible toxicity in its inactive
form, but once activated by radiotherapy it can significantly increase anti-tumor therapeutic
effect. This was assessed by the ability to generate singlet oxygen via the radioPDT effect
with the activating energy from radiation beams and significantly increasing tumor cell
cytotoxicity in normoxic and hypoxic conditions. The effect of radiation and NP dose-
dependency was evaluated, particularly for susceptibility to hypoxia in severe hypoxic
conditions at low NP and radiotherapy doses. In vivo studies with immunodeficient mice
xenografted with PC3 tumors was assessed for response to radioPDT treatment over
radiation alone, via tracking tumor growth after treatment and survival differences over
radiotherapy alone. These experiments were used to investigate the potential of our
radioPDT NP (patent# WO/2019/241891) in augmenting the therapeutic effect of

radiotherapy without increasing toxicity.

Materials and Methods

Cell lines and culture

A stock of human PC3 prostate cancer cell line obtained from Dr. R.B. Moore (University
of Alberta) was grown in four passages and frozen in liquid nitrogen storage. All
experiments were performed on cells cultured from within three passages from this stock
batch. Cell cultures were maintained with RPMI 1640 medium supplemented with 10%

fetal bovine serum (FBS) with 2 mM L-glutamine, 100 U/mL penicillin, 100 U/mL
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3.2.2

streptomycin. Cells were cultured in incubators at 37 °C with 5% CO; content and 100%

humidity. Cells were grown to 50% to 80% confluency before use in experimentation.

Design of a Hypoxia Chamber

A hypoxia chamber with predictable radiation dosimetry, light dosimetry, ease of
transport/handling to the radiation vault and lab experimentation areas, and the ability to
test multiple conditions needed to be developed for this study. In consultation with the
Cross Cancer Institute (Edmonton, AB, Canada) machine shop, a radiotherapy phantom-
grade clear acrylic air-tight chamber was developed with Stevens (Brampton, ON, Canada)
3-way high flow stop cocks to control airflow through two ports (inflow and outflow) and
custom milled mounting surface for Corning® (Corning, NY, USA) or equivalent brand
96 well plate with no airgap to the bottom of the plate surface (Figure 3.1). The clear
acrylic was verified to be transparent to 400 to 800 nm light via a spectrometer and light
meter. The walls and floor of the hypoxia chamber were painted with matte black paint to
avoid ambient light scatter. A port was bored into the side of the hypoxia chamber to fit a
O gas sensor (Vernier Software & Technology, Beaverton, OR, USA) sealed with two
rubber O-rings. An acrylic lid with a silicon gasket and thumb screws was then affixed on

top to form an air-tight seal.
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Figure 3.1: Hypoxia chambers developed to produce hypoxic atmospheric conditions for
experimentation. The first version (left) included a O gas sensor port directly into the side
of the chamber, whereas the second version (right) moved the O, gas sensor to a separate
chamber (seen below the chamber on the leff) mounted serially in line with the exhaust

port of the hypoxia chamber.
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The two air flow ports were connected to compressed gas source of N> and room air. The
inflow port was connected to a pure compressed nitrogen source and compressed room air
source 3-way stop cock. The incoming air was humidifed by a water chamber and
regulators were used to control airflow pressures to balance the gas mixture. An outflow
port was run through a water trap to prevent backflow (Figure 3.2). An oxygen gas probe
(Vernier Software and Technology, Beaverton, OR, USA) connected to a laptop was used
to monitor the chamber’s ambient oxygenation and the desired oxygen concentration was
reached by balancing inflow gas mixtures via the previously mentioned pressure regulators.
Cells plated in a 96 well plate were placed into the chamber and sealed with the lid. Once
steady state oxygen concentration was measured by the Oz probe, the flow was maintained
for 15 minutes to equilibrate with the cell media before the stopcocks were used to fully
seal the chamber. The chambers were validated to hold a prescribed hypoxic condition for
at least 24 hours by submerging the sealed chamber into water and assessing for leakage
of water into the chamber or air observed to be escaping from the chamber. Additionally,
the chamber was purged with pure N2 gas and leakage of atmospheric oxygen back into

the chamber was measured using the oxygen probe.
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Figure 3.2: Schematic diagram of setup of the hypoxia chamber. Objects in the image are

not to scale.
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3.2.3

After the oxygen level in the chamber was allowed to equilibrate with the media in the
wells, the cells were treated with irradiation from a light source or X-ray source. As the
effect of oxygen availability on PDT is relevant during the active PDT process, and PDT
consumes oxygen on the sub-microsecond time scale, prolonged periods of hypoxia were
not needed to assess hypoxia’s impact on radioPDT. Therefore, immediately after the
treatment was complete, the chamber was unsealed to prevent confounding effects of long-

term hypoxia (310-312).

Validation of novel radioPDT NP against light only PDT

The light PDT experiments were carried out with a monochromatic 20 Watt LED black
flood light (HouLight, China) 402 nm light source (the Soret band of the PPIX PS for
maximum excitation) that was measured for uniform illumination and wavelength fidelity
with an Ocean optics (Largo, FL, USA) USB 4000 spectrophotometer and a Thorlabs

(Newton, NJ, USA) PM100D light meter (Figure 3.3).
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Figure 3.3: Experimental setup for light PDT. The 403 nm LED UV lamp (HouLight,
China) has a standoff distance from the bottom of the wells such that inhomogeneity in
light irradiation was reduced to less than 10% from the maximum on center. The oxygen
probe was mounted directly into the chamber and sealed with two rubber O-rings. A gas
inlet port and outlet port allowed custom gas mixtures of room air and pure N> to be

introduced to form the desired hypoxic conditions.

134



At a standoff distance of 4 cm from the bottom of the cell culture wells (where the cells
exist in a monolayer), the light intensity was measured using a light meter to quantify light

irradiation dose, and homogeneity was measured at <10% difference from center of the

field to field-edge.

Cells were plated into 96 well plates at a cell density of 5,000 cells per well with 100 puL.
media and left to grow overnight. A standardized batch of NSC, radioPDT NP, and 50 uM
PPIX was synthesized as described in Section 2.2.1.2 and assessed for NP concentration
and payload content via DLS by Nanosight NTA and UV-Vis absorbance by Nanodrop™
2000, respectively. The NP concentrations were prepared into treatment aliquots in cell
culture media solution on the day of experiment. Dosing was done at a highest dose of
1x10'> NP/mL and serial dilutions by 50% dilutions down to 6.25x10'® NPs/mL for the

radioPDT NP, 50 uM to 3.12 pM for PPIX, and 15 mg/mL to 0.9 mg/mL for NSC.

Cytotoxicity with activated NP under 10 J/cm? (dose rate = 21.1 W/cm?) light activation
and radiation activation was measured using Alamar blue assay. The radioPDT NP, NSC,
and PPIX were used to treat PC3 cells in a 96 well plate 4 hours prior to light activation
and left overnight until media was exchanged on the next day. Alamar blue dye (10% v/v)
was added 72 hours post-treatment, and the fluorescence was measured with a FLUOstar
Omega plate reader with excitation wavelength of 485 nm and emission wavelength of 520
nm. Cell viability was calculated as a ratio percentage of the treated cell’s fluorescence
versus control cells. Experiment was done at 20% oxygen (room air) and 1% oxygen

conditions. All experimental conditions were analyzed in triplicate.
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3.2.4 Radiotherapy Delivery in vitro

Radiation experiments were carried out in accordance to Xstrahl’s (Camberley, Surrey,
UK) standard operating procedure, with the radiation dose correctly calculated in
collaboration with the Department of Medical Physics (Cross Cancer Institute). Figure 3.4
shows the experimental setup in use. The Xstrahl 300 orthovoltage machine (Camberley,
Surrey, UK) was used with machine’s applicator N (10 cm x 15 cm, 50 cm? FSD), 300
KVp filter, a standoff distance of 2.5 cm to the meniscus of the media in the 96 well plate,
depth of penetration of 1 cm to the bottom of the well, and back-scatter factor of 0 cm since
the acrylic of the chamber is isodense to the cell media with no air gap. The MU to deliver

per desired radiation dose was calculated as follows:

Dose rate (MU/minute) = Adjusted dose rate (ADR) x Percent Depth Dose (PDD) x

standoff

Where PDD is the percent of radiation dose deposited at the reference point of the bottom

of the wells, where the cells would be adhered to in a monolayer.
MU = Dose / Dose rate

ADR was obtained for the specific energy and applicator from the standardized values
provided by Medical Physics’ calibration and quality assurance measurements (Cross

Cancer Institute, Edmonton, AB, Canada).
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Figure 3.4. Experimental setup of in vitro irradiation conditions using an Xstrahl 300

clinical irradiator (Camberley, Surrey, UK) and an in-house developed hypoxia chamber.
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3.2.5 Singlet Oxygen Yield Studies of radioPDT NP in Normoxic and Hypoxic Conditions
Singlet oxygen yield was measured using a commercially available probe kit: Singlet
Oxygen Sensor Green (SOSG, Invitrogen, ThermoFisher Scientific, Waltham, MA, US).
100 pL of control (1x PBS), NSC NP, PPIX NP, and radioPDT NP in PBS were plated into
a white 96 well fluorescence plate (Corning®, Corning, NY, USA) at a concentration of
5x10'"' NP/mL. SOSG probe was prepared by dissolving the dry powder in 330 pL of
anhydrous methanol to make 500 uM SOSG. The SOSG solution was then added to PBS
(pH 7.4) to make 20 uM concentration of SOSG. 100 pL of the SOSG probe was added to
each well to make a final concentration of 10 uM. The experimental setup was verified
using conditions described and documented previously (193). Briefly, a 5 uM PPIX and
dilutions of SOSG probe of 15 uM, 10 uM, 5 uM and 2.5 uM were irradiated with a 690
nm (a commonly used Q band absorption wavelength of PPIX) diode laser (Optical Fiber
Systems Inc., New Ipswich, NH, USA) in standardized NP concentration and irradiation

was used to select the SOSG concentration that gave the best signal to noise ratio.

Under dark conditions, the well was irradiated using the experimental method described in
Section 3.2.4. The predetermined amounts of PPIX in PBS buffered solution was exposed
to varying fluence of light with the gain in SOSG probe fluorescence measured as a
surrogate for 'O; yield. The SOSG fluorescence was measured using a FLUOstar Omega
plate reader (BMG Labtech, Ortenberg, Germany) with an excitation wavelength of 485
nm and emission wavelength of 520 nm. Measurements were taken immediately prior to

and after treatment with radiation.

The experiment was repeated for different radiation doses at 2, 4, 6 and 8 Gy, in oxygen

conditions ranging from 20%, 10%, 5% and 1%. All measurements were done in triplicate
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3.2.6.1

and repeated at least three times. Analysis of singlet oxygen yield was done by comparing
baseline SOSG fluorescence with post-treatment fluorescence reading. The resulting gain

in SOSG signal was expressed as a ratio of post-treatment/pre-treatment value per well.

In vitro Cytotoxicity under Normoxic and Hypoxic Conditions for Radiotherapy

Alone, radioPDT, NSC NP, PPIX NP, and PEG-PLGA NP

Colorimetric Assay and Clonogenic Assay Cytotoxicity Studies

Cytotoxicity experiment with radiation activation of the NP was carried out similar to
Section 3.2.3. Experiments were done at doses ranging from control (0 Gy) to 8 Gy of
radiation at oxygen concentrations ranging from 1% to 20%. These findings were
correlated with sample colony forming assays performed with the assistance of Dr. Baht.
The starting plating density was determined by irradiating different cell densities ranging
from 250 cells/well to 50 cells/well in radiation doses of 0, 2, 4, 6 and 8 Gy in 24 well
plates. The cells were initially irradiated in 96 well plates at radiation doses of 0, 2, 4, 6
and 8 Gy in the hypoxia chamber at oxygen levels of 1%, 5%, 10%, and 20% in duplicates.

Figure 3.5 shows the different conditions tested for cytotoxicity.
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Figure 3.5:

Permutations of cytotoxicity assay assessing at different radiation doses,

oxygen levels, NP types, and 5 NP concentrations ranging from 1x10° NP/mL to 6.25x10!°

NP/mL. Purple: PEG-PLGA NP; Blue: NSC NP; Red: PPIX NP; Green: radioPDT NP.
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Each plate contained 4 replicates of each NP treatment condition. After irradiation, the
cells were incubated overnight and one replicate from each NP treatment condition was
trypsinized and plated at the appropriate density as determined above into a 24 well plate.
The plates were incubated for three weeks with cell media changed three times per week

before being stained by crystal violet and the colonies formed counted.

Live/Dead Flow Cytometry Assay

Further cytotoxicity analysis was assessed by live/dead flow cytometry assay (313-317).
The assay was first calibrated with propidium iodide (PI) and 4',6-diamidino-2-
phenylindole (DAPI) stains. The rationale of this assay is that Pl and DAPI are fluorescent
stains that are ineffective at passing through live cell membranes in viable cells. In late
apoptotic and dead cells, the cell membrane loses integrity and allows these stains to pass
through. PI is a DNA intercalator that increases in fluorescence after binding to the DNA
structure found in cell nuclei (318). DAPI binds to the minor groove of adenine-thymine
rich segments of DNA and also becomes more fluorescent (317). Both are effective dyes
at staining dead and dying cells and are amenable for use in evaluation and quantification
of dead cells by live/dead flow cytometry. The calibration assay was done with PC3 cells
plated in triplicates in 5 plates. The plates were irradiated at a dose level of 0, 2, 4, 6 and 8
Gy. Then the cells were grown for another 72 hours in the plate with the media was
exchanged with phenol red-free RPMI as to not interfere with the flow cytometry reading.
The cells were transferred to a nonadherent 96 well plate with the same media to preserve
the dead cells in suspension. The DAPI stain was added at a final concentration of 1 pg/mL

within 1 hour of the plate being analyzed, and the PI stain at a final concentration of 2
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ug/mL was added ideally within 20 minutes of being read.

An LSR-Fortessa X-20 cell analyzer and BD FacsDiva™ software (BD Biosciences, San
Jose, USA) with an automated plate reader attachment was used to perform flow cytometry.
The DAPI signal was excited using a 488 nm excitation laser and the PI signal was excited
using a 633 nm laser. Forward and side scatter was measured. Analysis was done using
FlowJo© v10.4 (BD Life Sciences, San Jose, USA). The cells were gated on the forward
and side scatter acquisition to include the population of PC3 cells as well as dead cells or
fragments of dead cells. From there, the control (unirradiated) plates were gated for
fluorescence versus forward scatter of the live/dead marker to show between 0% to 1%
dead cells. This same gating was used for all other irradiated cells from the same oxygen
concentration to determine additional cell death beyond the control condition. The dead
cell population was expressed as percentage of the total cell population in the well. The

live/dead flow cytometry assay was calibrated using cells irradiated at 0, 4 and 8 Gy doses.

Cytotoxicity of the radioPDT NP under control and irradiated conditions was assessed as
described in the first paragraph of Section 3.2.6.1 except with the use of the live/dead flow

cytometry assay instead of colorimetric and clonogenic assays.

In vivo Comparison of the Effect of radioPDT NP with a 4-arm Study Investigating
Control, radioPDT NP, Radiotherapy, and Combination radioPDT with
Radiotherapy

PC3 Prostate Cancer Xenograft Mice Flank Tumor Mice Model

Male NOD-scid IL2Rgamma™! (NSG) mice were obtained from Dr. L.Postovit
(University of Alberta) breeding colony located on campus. Mice were obtained between
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4 to 6 weeks old and transferred to the Cross Cancer Institute animal vivarium with an
institutionally defined quarantine period. The mice were lightly anesthetized with 2-4%
inhaled isoflurane gas and injected subcutaneously into the flank with 100 uL. PBS
containing 3,000,000 PC3 prostate cancer cells grown to 80% confluency in cell culture.
The tumors were grown to a size of 500 mm?® as measured by calipers with the formula:
Volume=L*W*H*n/6. The typical time to reach this size was 6 weeks post-injection. After
reaching the target tumor size, experiments were started, and the tumor volume was tracked
every 2 to 3 days. The mice were tracked for behavioural changes, weight loss of greater
than 10%, fur loss, skin ulceration, and infection. Maximum allowable tumor size per
protocol was 1200 mm?®. If the maximum tumor size was reached or the animal displayed
significant signs of suffering, the animal was euthanized. Post-mortem analysis consisted
of necropsy and harvesting of heart, lungs, liver, spleen, kidneys, tumor, left quadriceps

muscle, and any visible tumor metastases.

In vivo Treatment with NP
The mice lightly anesthetized 2-4% inhaled isoflurane gas and were treated with radioPDT

NP at dose of 400 mg/kg via IT injection of NP suspended in 50 uL. PBS injection. Multiple
(>10) injections were done per IT injection starting from the center and fanning out
radially. The mice were left to recover overnight before experiments were conducted the

next day. A parallel control group was injected with 50 uL PBS IT.

Radiotherapy with the Small Animal Irradiator
Radiation was delivered to the mice flank tumors in an IGRT fashion using the Xstrahl

SARRP and Muriplan/Murislice software (Xstrahl Medical & Life Sciences, Camberley,
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UK) located in the Cross Cancer Institute animal vivarium. The animals was maintained
under anesthesia with continuous flow inhaled isoflurane gas at a concentration 1-2.5%
and a flow rate of 0.5 L per minute. The animals were positioned on the contralateral flank
(decubitus) from the tumor to facilitate tangential targeting to maximally spare normal

tissue irradiation (Figure 3.6).
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Figure 3.6: Setup of animal on SARRP system for irradiation. The mouse was positioned
on the flank contralateral to the tumor thereby raising the tumor above the plane of most

of the animal’s body allowing targeting with tangential beams.
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The animals were imaged using the SARRP’s onboard Cone Beam Computed CT (CBCT)
that was used to plan the tumor radiotherapy. The radiation volume was contoured to
include the tumor using the Xstrahl Muriplan software. Treatment was delivered using a 1-
2 isocenter forward planning multi-beam unmodulated technique. In general, a three-field
technique parallel-opposed tangent beams with single orthogonal beam balanced at a beam
weight at 40%, 40% and 20%, respectively was used. Muriplan was used to generate
isodose curves and dose-volume histogram (DVH) for the prescription dose. Care was
taken to ensure the 100% isodose line covered the whole target of tumor volume and at
least 95% of the tumor volume was covered with the prescribed dose. Hotspot was limited
to 110%. Maximum dose as evaluated by isodose distribution curves was limited to <2 Gy
to all normal structures, and <1 Gy to the bowels and kidneys as these are the most

radiosensitive organs within the radiation field.

A calibration pilot experiment was done to arrive at a dose of 6 Gy single fraction that
would significantly reduce tumor volume to about half of the starting volume within 10
days, but still allow the tumor to regrow and progress. This was done to ensure the
radiotherapy delivered significantly delayed tumor progression but did not ablate or cure
the tumor. This allowed any additional treatment effect of adding radioPDT NP to be
realized and measurable. It also allowed non-traditional radiobiological effects, such as
significant acute vascular injury, sphingomyelinase-mediated ceramide production, cell
membrane disruption, and increases in TGF-3; mitogen-activating protein kinase (MAPK);
EGFR; and other cell signalling factors to be minimized in order to assess the radioPDT

effect without confounding effects of ablative dose radiotherapy (319-325).
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3.2.7.4 Assessment of radioPDT Effect in vivo
A four-arm comparative study was done consisting of: control (Arm I), radiotherapy only
(Arm II), radioPDT NP only (Arm III) and radiotherapy and radioPDT NP combined (Arm
IV) (Figure 3.7). PC3 xenografted NSG mice were treated with NP or control as described
in Section 3.2.7.2. The animals in Arm II and IV were treated the next day 6 Gy in a single
fraction treatment as described in Section 3.2.7.3. The animals were then monitored over
the next 60 days with tumor measurements taken every 2-3 days and the animal’s weight,
behaviour, and skin monitored for signs of distress, toxicity, and ulceration/infection,
respectively. The animals were euthanized if they displayed any signs of significant
morbidity or the tumor reached a size of 1200 mm?. Primary endpoint for the experiment
was tumor response as measured by tumor volume changes over time, and secondary
endpoints were for OS, evidence of metastatic disease, and signs of significant toxicity. If
the animals were alive at the end of the 60-day monitoring period, a post-treatment PET

scan was performed, and the animals were euthanized for post-mortem analysis.

147



NSG Mice
£’ PC3 (Human prostate cancer)

F

Primary luimndf

N

Control @ @ ®+@
Arm1l  Arm Il Arm Il Arm |V

Figure 3.7: Study design of the in vivo radioPDT treatment study on PC3 flank tumor
xenograft mice (N=4 per treatment group). The mice were littermates obtained from the
same breeding colony. All mice were injected in the flank with standardized amount of

PC3 cells and allowed to grow to the same tumor volume before experiments were started.
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Acute Response to Treatment by ['*F]FLT-PET Scan

As an indicator of early response to radiotherapy, there have been preclinical and clinical
studies using radiolabelled fluorothymidine (FLT) with !8F in a positron emission
tomography (PET) scan to assess for FLT avidity pre and post treatment (326). This is
theorized to be a marker of DNA synthesis in highly proliferative cells, as the FLT is
phosphorylated by upregulated thymidine kinase 1 (TK1) activity after passively entering
the cell and remains trapped intracellularly, limiting its clearance from the body (327-330).
The use of ['F]JFLT-PET scan is thought to be an early marker of tumor response and

correlate with eventual tumor regression or progression.

["F]FLT radiotracer was produced by the Cross Cancer Institute cyclotron by the
technicians of Dr Frank Wuest’s lab (University of Alberta). Animals were anesthetized
with 1-4% isoflurane gas and IV injected in the tail-vein with 5 Megabecquerel (MBq) of
radiotracer. The mice were allowed to recover 1 hour before being reanesthetized and
maintained under anesthesia for PET scanning on a Siemens Inveon pre-clinical PET and
microCT scanner (Siemens, Germany). A 15 minute static whole animal scan protocol was
used to image the mice. After PET scanning, the animals were awoken and allowed to
recover. Images were analyzed using a Region of interest Visualization, Evaluation, and
Image Registration (ROVER) software package (ABX GmbH, Radeberg, Germany)

assessing for standardized uptake value (SUV) mean.

End of Study Assessment of Residual Disease with ["*FIFDG-PET/CT scan
To assess for evidence of residual disease at the end of the follow-up period, a '*F tagged

fluorodeoxyglucose (['*FJFDG) PET scan was used to assess for evidence of residual
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tumor activity and look for evidence of metastatic disease. ['*F]JFDG-PET/CT scans are
routinely used in clinical and preclinical settings to look for evidence of increase glucose
metabolic activity. In cancer cells, this is mediated through the Warburg effect, which leads
to preferential uptake of glucose and glucose analogs (331). ['®F]FDG that enters the cell
is phosphorylated by hexokinase and is sequestered in the cell, slowing its rate of clearance
from cancerous tissue (332). A PET scanner was then be used to observe regions of

increased FDG avidity that correlates with cancerous tissue.

Mice that were still alive after the 60 day follow-up period were anesthetized and injected
with 5 MBq of ['®F]FDG similar to Section 3.2.7.5. The animals were also CT scanned in
the same session using the micro-CT component of the Siemens Inveon pre-clinical

scanner. The mice were then sacrificed and areas of disease were assessed on necropsy.

Statistics

All calculations and statistical analysis were performed using Microsoft Excel 2016
(Microsoft, U.S) and GraphPad Prism 6 (USA). The graphs were plotted using GraphPad
Prism 6 (USA) and FlowJo (USA). Significance for singlet oxygen yield, cytotoxic yield,
and tumor response was done with analysis of variance (ANOVA) comparing multiple
groups and Tukey’s multiple comparison test. Dose-response relationship of oxygenation
to cytotoxic yield with radioPDT was analyzed using a sigmoidal curve fit and assessing
for IC50 value. Survival analysis was done by Mantel-Cox long-rank test comparing

different arms to each other. All analyses use an p=0.05 as the threshold for significance.
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Results and Discussion

Validation with Traditional Light PDT

To assess baseline PDT performance of the radioPDT NP, the cytotoxic effect was
measured against a positive control of the commonly used PS PPIX at 50 uM, and NSC as
control to assess for confounding toxicity effects of the scintillator. Viability of the cells
was assessed by Alamar blue 72 hours post-irradiation with the 403 nm light source. Cells
were maintained in dark conditions other than during PDT treatment with the light source.
The experiment was done over different concentrations of drug to assess for dose-response
effects, and in normoxic (20% oxygen) and hypoxic (1% oxygen) conditions to assess for

dependence on availability of environmental oxygen.

The radioPDT NP were capable of significant PDT effect under traditional light irradiation.
Cells demonstrated comparable PDT effect to PPIX alone (Figure 3.8b-c). Under 10 J/cm?
irradiation with UV light (403 nm), which is within range of the absorbance maxima of the
PPIX PS, the cell viability dropped to 15-20% compared to control conditions, with much
of the dose-effect seen at 2.5x10'! NP/mL. The PPIX content of the radioPDT NP was
much higher than with aqueously dissolved PPIX used as the positive control in this
experiment. There was no effect seen by illuminating the NSC impacting cell viability in
treated versus untreated conditions (Figure 3.8a-c). The effect of hypoxia appeared to
decrease the cytotoxicity of the radioPDT NP, particularly at lower concentrations of
1.25x10" NP/mL (Figure 3.8¢c). Similar effects were not produced in PPIX, although this
may reflect limitations in sensitivity of the assay and the magnitude of decrease in cell

viability was quite a bit lower with PPIX alone than with radioPDT NP. A comparison of
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the effect of 20% versus 1% oxygen concentration on PDT effect with PPIX and radioPDT

is showin in Figure 3.8d).

152



a) Control (unirradiated)

100 - -+ PPIX
- - NSC
S 754 % radioPDT NP
>
= 50
o]

8
> 254
0 T T
0 5.0x10" 1.0x10'2
Concentration (NP/mL)
b) PDT (20% O,)

100 3 °
S 751
> Y
= 501
)

.‘_ﬂ ok k K
> 25- Kk ok ok
0 T T
0 5.0x10"" 1.0x10"?
Concentration (NP/mL)
c) PDT (1% 0,)

100 A
= 754,
>
E 50 * ko
<)

o
> 25- Kk okk
0 T T
0 5.0x10"" 1.0x10"?
Concentration (NP/mL)
d) UVA light

100
- PPIX (20% O,)

-+ PPIX (1% 02)
radioPDT NP (20% 02)
- radioPDT NP (1% 02)

Viability (%)
N [3,] ~
3.1 o 3]

0 T T
0 5.0x10" 1.0x10 "2

Concentration (NP/mL)

Figure 3.8: PDT effect of radioPDT NP compared to 50 uM PPIX and NSC alone in
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control (unilluminated), (a) 10 J/cm? in normoxia, (b) and 10 J/cm? in hypoxia (c)
conditions. Comparison of the PPIX and radioPDT NP in normoxic and hypoxic conditions
shows significantly less cytotoxicity in hypoxic condition at lower concentrations of

radioPDT NP (d).
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3.3.2 Singlet Oxygen Yield of radioPDT in Normoxic and Hypoxic Conditions
To determine the mechanism of enhanced cell-kill, a correlative singlet oxygen yield study
was performed to investigate the activity of PDT effect, since singlet oxygen is main
cytotoxic effector of photosensitizers such as PPIX (333). The impact of radiation dose and
hypoxia on singlet oxygen yield from the radioPDT effect was measured using the
commercially available singlet oxygen sensor SOSG kit (Thermofisher, Waltham, USA).
This is a green fluorescent probe that undergoes endoperoxidation when exposed to singlet
oxygen, which greatly increases its fluorescence signal (334). The probe is considered
highly specific for singlet oxygen over other ROS species, and its use in radioPDT has

been validated in other studies (195).

To choose the appropriate concentration of SOSG for use in our radioPDT system, a
calibration experiment was performed using dilutions of SOSG from 15 uM to 2.5 uM.
The SOSG fluorescence was measured at baseline and after 1, 2, and 3 minutes of exposure
to a 690 nm diode laser source (Figure 3.9). The time points were used to generate a linear
regression line and the slope was used to evaluate the SOSG probe’s performance at each
given concentration. The 10 pM SOSG concentration was found to have the highest slope
and therefore best gain in signal for a given increase in singlet oxygen. Therefore, 10 uM

was the concentration used in further experiments.
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Figure 3.9: Measurement of SOSG increase after exposure to a 630 nm laser source in a
solution of 5 uM PPIX. Different concentrations of SOSG were assessed over 3 laser

exposure times to generate a linear regression line. The equation for the linear regression

line is shown in the legend.
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Further singlet oxygen yield studies were done with radiotherapy as the activation source,
ranging in dose from 2 Gy to 8 Gy. Oxygen availability was controlled using the hypoxia
chamber with oxygen concentrations ranging from 20% (room air) to 1%. The oxygen level
was controlled to within +0.5% with the aid of the O2 gas probe and adjusting gas mixing
ratios. The PEG-PLGA NP, NSC NP, PPIX NP, and radioPDT NP were loaded in a
concentration of 5x10'' NP/mL with their payloads standardized using UV-Vis
spectroscopy. Figure 3.10 shows the resulting radiation dose-response curve per NP in
gradients of hypoxia. There is a statistically significant difference in general dose response
seen only in the radioPDT NP, indicating relationship between radiation energy and
transfer to singlet oxygen yield. The radioPDT NP also had a significantly greater
therapeutic yield (p<0.05) across all oxygen conditions at radiation doses of 6 Gy and 8
Gy. The other NP conditions do not show evidence of yielding singlet oxygen in response
to radiotherapy, and no statistically significant difference was observed. Only the radioPDT
NP is capable of using FRET to transfer radiation energy to the PS in order to undergo a

Type Il reaction and produce singlet oxygen.
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Figure 3.10: Singlet oxygen yield in response to radiation for the PEG-PLGA NP, NSC
NP, PPIX NP, and radioPDT NP in varying hypoxic conditions. The NP were standardized
to a concentration of 5x10'! NP/mL with the NSC and PS loaded content standardized via
UV-Vis absorbance measurements. Singlet oxygen yield is expressed as a ratio of SOSG
probe signal pre-treatment and post-treatment. SOSG gain was significantly higher

(p<0.05) in radioPDT NP treatment across all oxygen conditions at radiation doses greater

than 4 Gy.
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When the radioPDT NP’s singlet oxygen yield was compared across different oxygen
condition, all showed a similar dose-response curve to radiotherapy (Figure 3.11). No
statistical difference between the SOSG yield in different oxygen conditions was seen,
although the 20% and 10% oxygen groups were systematically higher than the 1% and 5%
conditions. This may represent potential competition between oxyradical formation due to
ionizing radiation and Type I reaction of the PS occurring simultaneously. Generally, the
impact of hypoxia as low as 5% decreases the effectiveness of the PDT effect by 50%
(196). This is seen in the singlet oxygen yield curve in Figure 3.11, where the singlet
oxygen yield is about half in 5% oxygen condition as it is at 10% oxygenation. Beyond this
5% to 10% region, further oxygen concentration changes at highly hypoxic 1% and oxygen

abundant 20% conditions did not manifest in large changes in SOSG signal (Figure 3.11).
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Figure 3.11: Comparison of singlet oxygen yield as measured by gain in signal of SOSG
probe (expressed as a ratio from pre-treatment fluorescent intensity) in radioPDT NP
irradiated with 2 Gy, 4 Gy, 6 Gy and 8 Gy under different oxygen concentrations. When
compared to the highest oxygen concentration (20%), the oxygen limited conditions

generated significantly lower singlet oxygen yield. ***p<0.01, ****p<0.0001
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3.3.3

3.3.3.1

In vitro Cytotoxicity of radioPDT at Varying Radiotherapy Doses in Gradients of
Hypoxic Conditions

To understand the performance of the radioPDT NP system in treating cancer under
oxygen-limited conditions, a hypoxia chamber was used to control and induce hypoxic
environments while the PC3 prostate cancer cells were treated with the NP and radiated.
The NP used in each condition was standardized for concentration and for NP and drug

concentration loaded.

Colorimetric Viability Assay with Alamar Blue

To assess for cell viability as a function of cell metabolic activity and consequent reducing
potential, Alamar Blue was used. The cells were plated in 96 well plates and treated with
either NSC NP, PPIX NP, or radioPDT NP in concentrations ranging from 1x10'> NP/mL
to 1.25x10'° NP/mL. PEG-PLGA NP was omitted as it appears to perform the same as
control PBS and NSC NP. The cells were then subjected to radiotherapy (2 Gy to 8 Gy)

under different levels of oxygen using the hypoxia chamber (20% to 1% O»).

There was a significant decrease in cell viability detected in the radioPDT treatment
groups, particularly at higher doses of NP and radiation (Figure 3.12). NSC NP and PPIX
NP performed the same as control in all conditions, where no significant difference in
viability was noted over control conditions regardless of NP dose. At 2 Gy, no significant
difference in viability was also noted for radioPDT NP, although there appeared to be a
trend towards decreased cell viability at the highest NP dose (Figure 3.12a-b).
Progressively lower cell viability was noted as radiation dose was increased for the

radioPDT NP group, where at NP doses above 5x10' NP/mL cell viability decreased by
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approximately 25% at 4 Gy, 50% at 6 Gy, and 75% at 8 Gy. Note these decreases in cell
viability are relative to the cells under the same radiation condition and represent an
additive loss in cell survival over the impact of radiation alone. Hypoxic conditions of 1%
appeared to manifest in a smaller change in cell viability over baseline in the lower NP
concentrations, although this effect was only significant in the 6 Gy group with NP
concentrations between 6x10'NP/mL and 2x10' NP/mL (p<0.01). At NP concentrations
above 5x10'! NP/mL, the effect of hypoxia did not significantly diminish the radioPDT’s
effect in decreasing cell viability. This appears to indicate that the radioPDT NP are capable
of enhancing radiation’s effect on treating PC3 cells in vitro, have more activity with
increasing doses of radiotherapy and with higher concentrations of NP, and are able to

significantly decrease cell viability.
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Figure 3.12: PC3 cell viability study using Alamar blue assay on cells treated with varying



concentrations of NSC NP, PPIX NP, or radioPDT NP. 2 Gy to 8 Gy of radiation was
delivered under normoxic condition (a,c,e and g) and acute hypoxic condition of 1% O
(b,d,f and h). Cell viability was standardized to the effect of the hypoxia and radiation dose

alone. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.3.3.2

The lower relative yield in cytotoxic response under radiotherapy compared to light is
likely due to the much higher amount of energy deposited with UV light irradiation (Figure
3.8) compared to X-ray irradiation (Figure 3.12), where a significant amount of energy is
absorbed by the media and cells. The single-step direct activation of PPIX under UV-
irradiation and lack of energy loss in FRET also contribute to a higher magnitude of
response in traditional PDT versus radioPDT. Despite this, radioPDT holds a potential
advantage over traditional PDT in clinical scenarios since its’ use of X-rays to activate the
PS can easily effect cytotoxicity on much deeper structures, and radioPDT is able to
produce a 50% improvement in cytotoxicity even at low palliative radiation doses and
fractionation. Hence, the addition of radioPDT to radiotherapy may be very useful for

cancer treatment.

Clonogenic Assay Demonstrating Impact on Cell Survival with the radioPDT Effect
The cells from Section 3.3.3.1 were subjected to cell survival via clonogenic assay from
the same cohort of treatment for correlative analysis. Cells were lifted from the 96 well
plate in which they received the NP and radiotherapy treatment and transferred to a 24 well
plate and grown for colony forming units (CFU). The CFUs were counted and along with

the plating density a surviving fraction analysis was calculated.

The clonogenic assay in this setting was difficult to perform, however, due to the limited
number of cells available to plate, the small well sizes of the 24 well plate, and the wide
disparity in cell survival between radiation doses and especially between radioPDT versus
control conditions (Figure 3.13). However, the clonogenic assays appeared to qualitatively

support the findings of the viability assay. CFUs were significantly diminished even with
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lower radiation doses of 4 Gy with increasing concentration of radioPDT NP. This effect

was not seen with increasing concentrations of the other NP (Figure 3.13).
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Control (no NP)

6.13x10%0 NP/mL

1.25x10% NP/mL

Figure 3.13: CFUs of cells treated with 4 Gy (left plate) and 8 Gy (right plate)
radiotherapy with different concentrations of PEG-PLGA NP, NSC NP, PPIX NP, and
radioPDT NP. Only the radioPDT NP group displayed diminished colony formation with
increasing concentration of NP. The 8 Gy plate (right) did not demonstrate any CFUs in
any condition due to insufficient cell plating density. This was due to challenges in finding
the appropriate cell density for control (0 Gy) to the highest radiation dose (8 Gy) while

also accommodating for the added toxicity from the radioPDT NP.
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3.3.3.3 Live/dead Flow Cytometry to Demonstrate Acute Cell Death from radioPDT
For a potential better assessment of cell death to confirm cytotoxicity, a live/dead flow
cytometry assay was performed with radioPDT NP and radiation on PC3 cells. Assessing
the cell clonogenicity indicates a cancer cell’s ability to continue to proliferate, and cells
that are alive but senescent in particular are not considered viable. Newer evidence suggests
senescent cells still play a role in promoting growth through cytokine signaling, and also
may provide a mechanism to resist genotoxic cell damage and promote survival (335, 336).
The live/dead assay was done through flow cytometry acquisition to allow for high
throughput assessment. Cell death was assessed at 72 hours since in the presence of PDT

effect early cell death by this time point is expected.

Initial studies were focused on comparing PI against DAPI for sensitivity in detecting
radiation-induced cell death. Cells were radiated at 0 Gy, 4 Gy and 8 Gy and assessed after
72 hours. Figure 3.14 demonstrates that DAPI was more linear and reproducible in
detecting early radiation-induced cell death than PI. Additionally, PI was more troublesome
to work with since it is a cytotoxic dye that starts inducing cell death within 20 minutes of
addition. DAPI did not induce cell death for several hours, which made it easier to work
with when sampling multiple wells and plates. Therefore, DAPI was used for additional

live/dead assays studies with radioPDT NP.
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Figure 3.14: Live/dead assay comparison between PI and DAPI after control (0 Gy), 4 Gy
and 8 Gy of radiation (n=10 per group). The cell distribution and gating for live vs dead
cells is shown in the top 3 rows for 0, 4, and 8 Gy, respectively. Both assays were able to
detect significantly increased dead cell population compared to control. PI was less
consistent at detecting cell death and was confounded by time it took to for a plate to be
read by the flow cytometer. Typical times to read one plate was 30 to 40 minutes, and it
was noted that in 20 minutes PI would detect increased cytotoxicity regardless of the
treatment condition. No such effect was noted with DAPIL *p<0.05, **p<0.01,

**%p<0.001, ****p<0.0001.
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Using DAPI as the fluorescent marker of dead cells, the cytotoxicity study for radioPDT
NP effect was repeated as described in Section 3.3.3. Gating was set per oxygen condition
to account for differences in cell distribution seen on flow cytometry (Figure 3.15). Under
these conditions, radioPDT effect appeared to generate significantly higher cytotoxicity
(p<0.001) (Figure 3.16). The cytotoxicity appeared to be NP dose-dependent, particularly
at radiation doses between 2 to 6 Gy. Beyond 6 Gy is when nontraditional radiobiological
effects such as cell membrane injury, sphingomyelinase activity, cytokine signaling, and
ceramide production are known to be more active, which may contribute additionally to
the cytotoxicity of radiation alone and the predominantly genotoxic cell-kill at doses below
6 Gy per fraction (319-325). This may decrease the advantage in cytotoxicity of radioPDT
at higher dose per fractions, but the therapeutic yield of radioPDT is still quite high even

at 8 Gy dose per fraction (Figure 3.16).
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Figure 3.15: Flow cytometry acquisitions of PC3 cells treated in normoxia (20% O») and
hypoxia (1% O2). The cell population was selected to include the PC3 cells and the products
of dead cells to include for analysis. The gates for DAPI signal were set per oxygen
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concentration for the entire analysis to account for cell permeability changes with hypoxia,

and the time difference between analysis of successive batches of plates.
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Figure 3.16: Dose response relationship of cell death to radiation dose at varying
concentrations of radioPDT NP and in a gradient of hypoxic conditions, as measured by
DAPI-based live/dead flow cytometry. The main effect comparison of radioPDT NP to
radiation alone was significant at all radiation dose and NP concentrations except for in 1%
hypoxia with NP concentrations of 1.25x10!°NP/mL. When analyzed for therapeutic effect
per NP concentration and radiation dose, oxygen levels of 5% and less failed to produce
significant therapeutic benefit for NP concentrations of 1.25x10!°NP/mL in radiation doses
below 8 Gy. At 1% hypoxia, NP concentration of 1.25x10'° NP/mL failed to produce
significant additional therapeutic effect over radiation at all doses, and of 2.5x10'° NP/mL
concentration only produced additional therapeutic effect above 6 Gy. All other treatment
conditions produced significant differences in treatment effect in favour of radioPDT.

p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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In normoxia (20% O3) the cytotoxicity of radiation alone was 39%, whereas at the highest
dose of radioPDT NP the cytotoxicity of radiation with radioPDT was 82% (p<0.0001).
However, the same NP and radiation dose did decrease in cytotoxic yield under hypoxic
conditions, with 1% hypoxia demonstrating a cytotoxic yield of 16% for radiation alone
and 35% with radioPDT (p<0.0001). At lower radiation doses, the radioPDT advantage is
diminished with 2 Gy showing a cytotoxic yield of 37% for radioPDT and 16% for
radiation alone in normoxia (20% O2) and decreasing to 25% for radioPDT and 5% for
radiation alone in 1% oxygen (p<0.0001). Though the magnitude of cytotoxicity drops with
radioPDT as it does for radiation alone and in hypoxic conditions, radioPDT still manages
to produce a strongly significant improvement in therapeutic effect dependent on NP dose,
radiation dose, and oxygen conditions. In 1% oxygen the lowest concentrations of NP
(1.25x10'° NP/mL) failed to produce a significant therapeutic improvement, but NP doses

higher than this continued to produce superior therapeutic effect to radiation alone.

The dose-response relationship to radioPDT NP concentration seems to be greatest at a
dose of 4 Gy. Figure 3.18 shows the relationship between radioPDT effect against oxygen
concentration. There appears to be a threshold amount of oxygen of 5% needed before the
PDT effect becomes more dependent on the concentration of oxygen. Additionally, there
is a saturation seen around 10 to 20% oxygen, beyond which additional oxygen does not
seem to confer more cytotoxicity. The saturation cytotoxicity level appears to shift up as
the NP concentration is increased. This seems to suggest that in highly hypoxic
environments the radioPDT effect is limited by the substrate of oxygen, but as the oxygen
level is increased the NP concentration may become the limiting factor. In addition, even

when in an oxygen-limited environment there is still cell killing seen, which most likely
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represents the toxicity of predominantly radiotherapy in this condition (Figure 3.16, 1%
condition). At 8 Gy the curve’s minima shifts up, which may be a sign that additional

cytotoxic processes beyond purely genotoxic mechanisms are becoming prevalent.
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Figure 3.18: Cell-kill at 4 Gy of radiotherapy as a function of oxygen concentration for
varying doses of radioPDT NP. The data was fit with a sinusoidal curve to assess for
dependence on oxygen level for therapeutic effect. Cytotoxicity appearing to be rate-
limited by oxygen in highly hypoxic conditions but becoming more NP concentration

limited in oxygen conditions beyond 10%.
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3.3.4 Invivo assessment on anti-tumor therapy of radioPDT
To further assess the radioPDT effect in physiologic tumor conditions, a xenograft mice
model of human prostate tumor (PC3) was used. PC3 was selected because it is
representative of high risk prostate cancer, which currently represents a challenge to treat
with radiotherapy without undue toxicity (292-294). The tumor was grown as a flank model
as opposed to an orthotopic prostate tumor model to make delivery of high-quality
radiotherapy more feasible, and to also allow regular tracking of tumor size by calipers. A
4-arm study was designed to assess the effect of radioPDT against the NP alone, radiation
alone, and untreated control. The experiment was done as a single drug dose and single

radiation fraction to reduce complexity and possibility for error and confounders.

The NP dose was selected based on similar NP designs that show a time to preferential
distribution to the tumor by about 24 hours in similar mouse flank model tumors (337,
338). Further in-house studies using CT imaging also showed accumulation within the
tumor occurred by 24 hours, after which point the NP started to distribute into other organs

(see Chapter 4).

The radiation dose was selected based on the need to deliver sufficient radiation dose to
induce a detectable tumor response and delay its growth, but not as high as to induce
permanently arrested tumor growth or introduce nongenotoxic mechanisms of cell injury
seen with higher radiation dose-fractionations. The starting tumor size was 500 mm?. This
can be roughly estimated to contain 5x10® PC3 cells. The surviving fraction of PC3 at 6
Gy radiotherapy in vitro is about 10% (339). This could be used to make an estimate of
about 500 clonogens remaining in the tumor that could still proliferate, which would be

sufficient for the tumor to regrow (after initially showing response) and progress after the
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single fraction radiotherapy was completed. A pilot experiment was conducted with this
radiation dose and appeared to show significant tumor response, but the tumor was able to
regrow and progress within 2 weeks (Figure 3.19). Note, the tumors were initially over-
treated to about 7.4 Gy over a sizeable region due to hotspots that developed on the
periphery of the tumor from the two-field tangents-only approach. The radiotherapy

treatment setup was modified to a three-field technique to mitigate the build up of a hotspot.
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Figure 3.19: Pilot radiotherapy experiment with PC3 flank tumor-implanted NSG mice
treated with single fraction 6 Gy radiotherapy via SARRP. Actual delivered dose was as
high as 7.4 Gy due to large isodose hotspots that developed by using a 2 field tangent
technique. The tumor showed good response for a two week period before starting to

show signs of regrowth. (n=2)
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3.3.4.1 Radiotherapy Delivery
Radiation was delivered to the flank model tumor using the SARRP system. All animals to
be treated were maintained under anesthesia and the tumor positioned above the plane of
the animal. A CBCT was acquired and used for radiation planning. Compared to the
control-treated mice, the mice treated with radioPDT NP were noted to have CT detected
enhancement within the tumor (Figure 3.20). This is likely due to the high Z lanthanides
contained in the NSC of the radioPDT NP, which act as a CT contrast agent. The high Z
atoms interact to a much greater extent with the incident low KV energy (60KVp in the
SARRP) photons than the hydrocarbon-based tissues found in the visceral organs and
tumor. This translates to increased attenuation noted by the X-ray detector, and becomes
reconstructed as a high Hounsfield Unit (HU) region of the animal (340-344). The presence
of this enhancement was noted to aid in image-guided planning and helped deliver higher

quality radiation.
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Figure 3.20: CBCT image acquisition of mice 24 hours after IT injected radioPDT NP
demonstrating tumoral contrast enhancement compared to control (PBS). The region of
tumor is highlighted by the dashed red line. Enhancement is evidenced by the increased
attenuation (white signal) seen in the tumor of the radioPDT targeted tumor (bottom) than
the control animal. Some minor enhancement is also seen in other visceral organs in the

radioPDT NP, which suggests NP distribution systemically as well.
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Treatment planning as carried out using Muriplan® (Xstrahl, Camberley, Surrey, UK). The

clinical target volume (CTV) was defined as the tumor volume that was contoured from

the CBCT images. The animal remained anesthetized in treatment position from the CBCT,

during the treatment planning phase, and for radiation dose delivery. No PTV was added

consequently, but a 5 mm margin to field edge was added. The dosimetry of the treatment

was calculated on Muriplan with isodoses produced and a DVH graph. The dose to adjacent

normal tissue was under 2 Gy and care was taken to limit dose to internal organs and small

bowel to <1 Gy. The beams were positioned to limit dose to the spinal cord, which received

<1 Gy. Treatment was delivered via a 3 field technique per isocenter, with the isocenter

placed at the tumor center and 2 tangent beams used along with an orthogonal beam

(Figure 3.21). In elongated tumors, a two isocenter technique was used to adequately target

the entire tumor (Figure 3.22). The field edges were overlapped at the 50% isodose region

and Muriplan was used to calculate total dose delivered. 6 Gy radiotherapy was delivered

to at least 90% of the CTV with hotspots limited to <110% of prescription dose (Figure

3.19-3.20).
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Figure 3.21: Isodose curves and DVH of a 3-field single isocenter planning technique on

SARRP. The DVH graph (bottom panel) shows dose characteristics delivered to the
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contoured tumor volume. The isodoses are shown in the top panel with axial (top left),

coronal (bottom left) and sagittal (bottom right) views. For the isodose curves, dark

red = 100%, red = 95%, green = 80%, aqua = 60% and blue = 20%.
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Figure 3.22: Isodose curves and DVH of a 6-field two isocenter planning technique on

189



SARRP. The DVH graph (bottom panel) shows dose characteristics delivered to the

contoured tumor volume. Refer to Figure 3.20, bottom panel for a full scale view of the

animal. The isodoses are shown in the top panel with axial (top left), coronal (bottom left)

and sagittal (bottom right) views. For the isodose curves, dark red = 100%, red = 95%,

green = 80%, aqua = 60% and blue = 20%.
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Potential for confounding dose delivery was theorized to exist due to the high Z NSC being
present in the radioPDT NP, and the use of 220 KVp irradiation energy. To further assess
for this, the theoretical dose enhancement from the lanthanum and fluorine content (Z=57
and Z=9, respectively) was calculated. Cerium content was assumed as lanthanum and
calculated as such since the difference in Z value (Z=58 and Z=57 for cerium and
lanthanum, respectively) made a negligible difference in dose enhancement. To assess for
this, standardized concentrations of NSC were CBCT-scanned on the SARRP, in order to
obtain a HU to NSC concentration curve (Figure 3.23). This allowed quantifying the
volume concentration of NSCs from the enhancement seen on CBCT (Figure 3.21) for the

mice treated with NP by straight line fit to the experimentally derived relationship:

(#HU + 1960HU)
786.6—1Y

LaF(conc.)

LaF(conc.) = -100%
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Figure 3.23: HU to LaF3:Ce*" NSC concentration as measured by CBCT scan on the
SARRP system. The concentration was acquired by standardized concentrations via
inductive coupled plasma mass spectrometry (ICP-MS). The NSC was dispersed in water,

which was used to standardize the measurements across concentrations.
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With the assistance of Dr. Jans and Dr. Warkentin (Medical Physics, Cross Cancer
Institute) the radiation dose enhancement factor was calculated using previously

established methods (345-350). Briefly, the now-known NSC concentration was used to

calculate mass-energy absorption coefficients, Ben\ for the enhanced tissue regions,

enh

assuming that the remainder of a given volume consisted of tumor tissue, well-

approximated by the density of water:

Hen Hen
= Wwater Wi— + Wiar Wi —
' P i) water : P/ ar

Where the wy, 4¢e and wy s are the weight-fractions of water and the NSC in a given voxel

Hen
p

enh

as derived from the %-age concentration of LaF and the sums extend over the atomic

constituents of each compound by weight, w;, multiplied by that constituent’s tabulated

mass energy absorption coefficient % .

i
At any given voxel the dose enhancement factorf,,,;, relative to water is then given by the

ratio of enhanced mass energy absorption coefficients to that of water:

Hen

D
fenn = ’uﬁ—enh

’D water

Since this calculation is photon-energy dependent, care was taken to account for the energy

spectrum of SARRP irradiator at the energy used in these experiments (keV). The value of

the dose enhancement factor f,,, depends linearly on the observed enhancement (LaF
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mass content) and can be graphed as a cumulative histogram derived from the voxels in a

given enhancement region.

Regions of Interest (ROI) drawn around the enhanced portions of tumors were evaluated
for the 4 mice irradiations in the NP + radiotherapy group, which are shown, together with
their dose enhancement DVH, in Figure 3.24. The average dose enhancement across the
whole tumor was calculated to be 10% (6.6 Gy) with the fraction of tumor receiving more
than 15% dose enhancement (6.9 Gy) being less than 1% of the tumor volume. The D95
(dose to 95% of the volume) was still 6 Gy in all four mice. In comparison to other NP
systems designed for dose enhancement, such as gold NP, our radioPDT NP has a
comparatively low Z value (79 versus 57 to 58, respectively) and the molar fraction of high
Z atoms in our NP is much lower due to our NP system being loaded by 10-15% NSC
(351). The size of 100 nm for our NP is also not optimal for radiation dose-enhancement
effect, since this impacts NP clustering and lowers the dose distributed to surrounding
water and body tissue (349, 351). This suggests that the dose enhancement effect is not a

significant factor with our radioPDT NP system.
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Figure 3.24: Dose enhancement factor of high Z NP elements (lanthanum cerium and fluoride)
in radioPDT NP + radiation treated mice (n=4). The average dose enhancement was 10% over
normal dose deposition in the tumoral tissue. The volume of tumor receiving over 15% dose

enhancement was less than 1% in all mice.
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3.3.4.2 Early Assessment of Tumor Response to radioPDT via ['*F|FLT-PET Scan
As an indicator of early response to treatment, the animals were scanned with ['*F]FLT-
PET scan 4 days after completing treatment with radiotherapy and/or radioPDT NP.
["®F]JFLT uptake is considered analogous to ki67 as a proliferation marker. There is some

preclinical evidence to suggest ['*F]FLT uptake can also be used to predict for response

based on the level of uptake (326).

The mice from all 4 arms of the study were scanned on day 4 post-treatment. A static
whole-body scan was done for 15 minutes. The SUV value was standardized to whole body
levels using ROI Visualization, Evaluationg and Image Registration (ROVER™) software
(ABX GmbH, Germany). Figure 3.25 shows the distribution uptake of ['*F]FLT tracer
expressed as a heat map of SUVean value, and quantitative SUVean value in the flank
tumor. A significant drop in SUV value was noted in the tumors from the radiated mice
compared to the non-radiated mice. No significant difference was seen with the addition of
NP in the radiated mice, and neither was there a difference in tumor uptake in non-
irradiated mice. The NP treated mice also trended to a higher SUVean tumor value than

the control mice, but this was not significantly different.
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Figure 3.25: Treatment response to control (A), NP injection only (B), radiotherapy only
(C), and radiotherapy with radioPDT NP are shown via ['*F]FLT-PET scans 4 days post-
treatment. 5 MBq of ['®F]FLT was injected and a static whole-body scan was taken 60
minutes post-injection (p.i.). N=4 per group. A significant difference with the addition of
radiotherapy is seen in the control injected group (A vs B) and the NP injected group (C
vs D) in terms of SUVmean value (p=0.029 and p=0.03). No significant difference was seen

between A vs C and B vs D (p=0.5092 and p=0.0696).

198



3.34.3

The lack of response as assessed by ['®F]FLT in mice from Arm IV was surprising as this
was not concordant with long-term tumor response and survival analysis. This may be
because ['®F]FLT has shown mixed results as a good predictive marker in preclinical and
clinical studies (352, 353). Other issues with ['*F]JFLT may stem from the correct analysis
technique to interpret the results (354). The sensitivity of measuring thymidine uptake may
also not be a sensitive enough marker to provide good resolution of response (355).
Therefore, the results from the ['®F]FLT-PET scan in this study was not considered as
strongly indicative of the tumor’s true response to radioPDT. The higher ['*F]FLT uptake
in both irradiated and unirradiated NP groups may indicate confounding processes that may
also be thymidine consuming, such as a reactive inflammation and clonal expansion of
monocytes and neutrophils as part of the innate immune response. This was not able to be
further assessed as the animals and tumors needed to be kept alive in order to investigate

the other primary endpoints.

Tumor Response and Survival Analysis for radioPDT Treated Mice

The tumors were tracked after treatment via serial measurements by calipers every 2 to 3
days. The animals were also assessed for tumor size, evidence of metastatic disease, and
signs of distress that would require euthanization. None of the animals needed additional
treatments for infection, skin ulceration, or other symptoms related to treatment or disease.
Mice that were still alive after 60 days were euthanized. Post-mortem analysis by necropsy
was performed on all animals.

The mice tumors treated with NP only did not significantly differ in growth rate or survival

compared to untreated control mice (Figure 3.26a-b). The radiation-only group had a
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tumor response peaking at day 10 post-radiotherapy with a 18% reduction in tumor size,
before it started to progress (p=0.39). Survival was improved to a median overall survival
(mOS) of 36 days versus 15 days for the control group. The NP and radiation treated group
(inducing a radioPDT effect) showed a significantly quicker response by day 4 compared
to radiotherapy, with a tumor reduction of 54% compared to pre-treatment size (p=0.0375).
The radioPDT treated tumors were also significantly smaller than the radiation only treated
tumors, measuring 46% smaller (p=0.0084). The radioPDT treated tumors also showed a
pattern of durable response with no trend towards regrowth over the follow-up period. Two
mice euthanized at day 55 due to infected and necrotic tumors, and another mouse was

euthanized at day 56 due to a symptomatic ipsilateral axillary lymph node metastasis.
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Figure 3.26: PC3 flank tumor xenograft mice were treated with NP injection, radiotherapy,

or NP and radiotherapy and followed for tumor response (a) and overall survival (b)

compared to control. The unirradiated mice had tumors progress at a similar rate and did

not survive longer than 21 days (p=ns). The radiotherapy group induced a delay in growth

compared to control (p<0.0001) and median survival was extended to 36 days from 15 days
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(p<0.0001). In comparison radioPDT showed a highly significant improvement in tumor

response (p=0.0084) with increased overall survival to 56.5 days from 36 days (p=0.010).
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Fifty percent (n=2) of the animals in the radioPDT NP + radiotherapy group were still alive
at the end of the 60 day follow-up period. The mice were analyzed by ['*F]JFDG-PET/CT
on day 61 to assess for evidence of tumor metabolic activity and to assess for evidence of
metastatic disease. Figure 3.27 demonstrates minimal to no residual activity and residual
flank tumors on the two remaining animals. One mouse did demonstrate evidence of
axillary and lymph node metastasis, which was confirmed on post-mortem analysis
(Figure 3.27a). The other mouse demonstrated FDG avidity in the humerus and spine,
which was suspicious for potentially metastatic disease not appreciable on the CT
component (Figure 3.27b). Histopathologic analysis, however, revealed no evidence of
metastatic tumor cells were visible in these regions of abnormal FDG avidity (Figure 3.28).
These sites of FDG avidity may alternatively correspond to an increase in glucose uptake
by muscle activation (twitching/shivering) of the biceps/triceps muscles in adjacent to the

humerus, and paraspinal muscles adjacent to the spine.
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Figure 3.27: ["®F]FDG-PET/CT of animals treated with radioPDT after 60 days post-

treatment. Minimal to no FDG avidity (a: SUVnax=1.25, b: SUVmax=0.93) remains in the

tumor of the animals, which appear atrophic and scarred with granulation tissue on post-
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mortem analysis (a-b, bottom right insets). a) demonstrates FDG avid lesions in the liver
(SUVmax 1.05) and ipsilateral axillary lymph node region (SUVmax 1.65), which on post-
mortem analysis revealed macrometastatic disease (top left and right inset). Regions of
increased FDG avidity in the humerus and spine were seen in (b), but no disease was found
on post-mortem analysis. Two of four mice demonstrated evidence of axillary or more
distant metastatic disease. One mouse demonstrated FDG avidity. No other regions of

metastatic disease were identified.
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Figure 3.28: Post-mortem analysis of FDG avid areas suspected to be metastatic disease.

The cortex, osseous body of the bone tissue and surrounding soft tissue in these areas did

not show any evidence of metastatic tumor deposits..
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The two mice euthanized prior to the study end period did not receive PET scans. Their
post-mortem analysis demonstrates a necrotic and infected tumor in one animal, and a
scarred down tumor similar to the other two animals shown in Figure 3.29. Macroscopic
and microscopic comparison of the tumors from all 4 arms show a highly cellular tumor
with diffusely infiltrative and proliferative PC3 cells in the control group, with many
regions of mitosis evident (Figure 3.29a, first row). The NP treated tumors show similar
high cellularity and diffusely infiltrative PC3 pattern, with some cells near the periphery of
the tumor showing some pigmentation from PPIX-encapsulated NP (Figure 3.29a, second
row). This likely represents areas of original tumor tissue at the time of injection, which
have now migrated out to the periphery as the tumor grew. The radiation group
demonstrated increased fibrosis with collagen fiber formation and scar tissue architecture
(Figure 3.29a, third row). There is still however active PC3 cells visible. The radiotherapy
and NP treated group shows decreased cellularity, mainly quiescent cells with mainly
condensed nuclei (Figure 3.29¢, fourth row). Large areas of cells that have taken up PPIX
dye remain in the interior of the tumor, which indicates they have not been pushed to the
periphery by new tumor growth. A macroscopic comparison of the tumors from the 4 arms
are shown for reference (Figure 3.29a, fifth row). The lack of highly FDG avid lesions
on the two remaining living animals along side the lack of active disease on macroscopic
and microscopic post-mortem analysis of the tumors in all the radioPDT treated mice

suggests these tumors were treated to the point of durable disease control.
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Figure 3.29: Post-mortem analysis of macroscopic and histopathologic tumor specimens

from all arms of in vivo study. a): Control group shows highly cellular and proliferative
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PC3 cells, with central necrosis also seen (left image). NP injected group shows similar
high cellularity and active PC3 cells, with some cells showing some staining with PPIX
dye from the radioPDT NP at the periphery of the tumor (red arrow). Radiotherapy (RT)
group shows more abundant collagen fibers and scar tissue formation along side active PC3
cells. Radiotherapy with NP (RT+NP) shows reduced cellularity and some cells they may
appear to be PC3 cells but have condensed nuclei and reduced nuclear to cytoplasmic ratio,
less mitotic activity, and pigmentation likely representing PPIX-encapsulated NP taken up
by quiescent cells (red arrow). b): comparison of post-mortem tumors of control (far left),
NP (middle left), RT (middle right) and RT+NP (far right). Some central necrosis is seen
on the control tumor. The NP-injected tumor shows remnant of PPIX dye on the periphery
of the tumor. The RT-treated tumor shows decreased vascularity and was adherent to the
skin on excision (see superior border of tumor). The RT+NP-treated tumor was harder in
texture, flat, and adherent to the skin (covering the tumor surface) with some central

granulation tissue (crusting) noted.
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3.4

Summary of in vitro and in vivo Therapeutic Efficacy Studies of radioPDT

The potential for radioPDT effect from the novel NP system was seen in the studies
presented in this chapter. The NP design provided an effective way to augment
radiotherapy with minimal added normal tissue toxicity. The additional effect of radioPDT
was partially oxygen dependent but was still able to add significant anti-cancer therapeutic
effect in hypoxic conditions as low as 1%. In vivo studies validated the radioPDT’s ability
to add significant therapeutic effect to low doses of radiation.

Singlet oxygen yield was assessed with SOSG probe, as a demonstration of radioPDT
effect occurring. Singlet oxygen yield was found to be dose-dependent on radiotherapy
dose and NP dose used. Hypoxic conditions did limit ultimate yield of singlet oxygen, and
higher doses of radiotherapy were required to yield significant quantities.

In vitro cytotoxicity was demonstrated via colorimetric viability assay and live/dead flow
cytometry. Viability assay showed the additional cytotoxicity on PC3 cells was once again
dependent on radiation dose and NP dose. Gradients of hypoxia also limited the additional
effect from radioPDT. Live/dead assay yielded significant cytotoxicity ranging from 80%
in normoxia to 25% in 1% hypoxia at a high NP and radiation dose. Lower NP and radiation
doses also yielded significant cytotoxicity, but the magnitude of effect could be diminished
by introducing hypoxic conditions. The 1/2Kmax of oxygen’s effect on radioPDT was
estimated to be about 5%. At low oxygen concentrations, the radioPDT effect appeared to
be oxygen-limited, with different NP doses not yielding a dose-response. At higher oxygen
concentrations, the radioPDT effect appears to switch to a NP-limited effect and increasing

NP dose produced proportionally higher cytotoxic effect.

210



In vivo assessment of radioPDT NP demonstrated superior therapeutic effect to
radiotherapy alone. The effect of the NP alone was no different than control, indicating the
NP design with PPIX and LaF;:Ce’*" is not an active agent without stimulating energy.
With low doses of radiotherapy, the NP was able to yield significant cytotoxic effect of the
PC3 tumor and induced a strong and durable tumor response. The tumor appeared inactive
for up to 60 days. This resulted in significantly longer survival for mice treated with
radioPDT. The post-study analysis showed 2 of 4 mice developed metastatic disease
despite superior local control. One mouse succumbed to post-treatment infection of the
tumor. One mouse appeared to have an inactive tumor with no evidence of metastatic
disease confirmed.

The oxygen-dependent effect in hypoxic conditions indicates molecular oxygen is the rate-
limiting mechanism for the Type I reaction and singlet oxygen generation. The radioPDT
effect still yields a lower, but significant, additional in cytotoxicity even in hypoxic
conditions. This may be due to a greater proportion of Type II reaction occurring, which
mainly uses water as a substrate. In physiologic hypoxia conditions with the in vivo PC3
flank tumor model, radioPDT yielded a robust anti-tumor response with minimal additional
toxicity. This is likely due to the PDT effects on vasculature also contributing to direct
tumor cell cytotoxicity. The evidence of metastatic disease indicates the radioPDT effect
was able to control disease locally but the third component of the PDT mechanism, the
immune priming effect, was not present in the immune-deficient NSG mice model used.
Regardless, a potential cure was obtained on one of four mice treated, with no evidence of

active disease found.
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Taken together, these results show the therapeutic benefit of our novel radioPDT NP
system. Even with a palliative dose of 6 Gy single fraction radiotherapy, which is even
lower than the commonly-used 8 Gy single fraction regime clinically (356-358), durable
long-term local control was obtained with minimal additional toxicity. This shows the
potential of our radioPDT NP as a candidate for concurrent administration with
radiotherapy, which could lead to greater therapeutic effect at lower radiation doses and

resultant long-term radiation side effects.
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4.1

Introduction

The use of theranostic agents in treatment of cancer can lead to superior treatment options
for patients. Multiple clinically used theranostic agents have greatly contributed to precise
treatment delivery and monitoring. The most commonly used agents in clinical cancer
management are a radionuclide-based systems such as iodine-131 treatment for thyroid
cancer and lutetium-177 and yttrium-90 based peptide analogues for neuroendocrine
tumors (359, 360). These radionuclide systems allow imaging prior to treatment to predict
efficacy and during treatment to monitor for successful delivery. Radionuclide-based
agents continue to represent the majority of clinical trials in cancer care that investigate

theranostic approaches (361).

Other lesser-known forms of theranostic agents have also been used in clinical treatment
of cancer. PDT falls into this category as well, since the fluorescent properties of the PS
can provide some diagnostic utility. The use of PS-based agents can be used as a cancer-
specific fluorescent imaging dye to guide surgical resection of brain tumors, detection of
colonic dysplastic and cancerous lesions, diagnose clinically invisible mucosal lesions in
head-and-neck cancers, and see and treat lung and early bladder neoplasia (362-365). There
are also preclinical studies that use the PS’s diagnostic and therapeutic capabilities
simultaneously and demonstrate the superiority of using PDT agents in a theranostic

approach (366, 367).

Another class of theranostic agents in development are nanotheranostics, which use
nanoparticle-based systems that can act therapeutically and diagnostically. The use of

nanotheranostics is appealing in cancer care because it can build on a large body of
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preclinical work within nanomedicine that has shown the safety, pharmacokinetics, and
efficacy of multiple nanoparticle platforms (368). In general, they use a nanoparticle
system loaded with a therapeutic agent and a diagnostic agent that can simultaneously
provide both functions in managing the cancer. The ability to “watch” the drug and its
therapeutic action in the body can allow for real-time adjustment in drug dosing, predictive
capabilities of treatment effect, monitoring for off-target effects and potential toxicities,
and personalizing the cancer therapy to the individual’s body and disease. Several
nanotheranostic agents have been proposed in the use of cancer treatment and are

undergoing development in preclinical studies (369-371).

Contemporary radiotherapy treatment also heavily integrates diagnostics into the radiation
treatment delivery system, in a process called Image-Guided Radiotherapy (IGRT). The
use of IGRT leads to improved accuracy, decreased treatment volumes, decreased toxicity
to surrounding normal organs, and higher quality radiotherapy (372-374). IGRT is also
crucial to delivering modern RT techniques such as SRS and SBRT. Many recent
innovations in radiotherapy involve improvements in the image-guided component of
IGRT. As newer modalities of IGRT emerge, such as LINACs with onboard MRI scanners
(MR-LINAC), we are approaching the new frontier of real-time image-guided delivery of
radiotherapy (375). The ability to “see what you are treating” is becoming an integral part
of modern radiotherapy and has contributed to its evolution into a higher precision

modality.

Further contributions to IGRT can come in the form of nanotheranostic agents that can
simultaneously augment the real-time imaging during radiotherapy as well as the efficacy

of treatment. Development of such agents for IGRT have mainly been with heavy-metal
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4.2

4.2.1

radiation dose enhancers that are also contrast enhancers on CT or MRI (376, 377). Herein,
I report the use of a novel radioPDT NP and its diagnostic characteristics that could

contribute towards a new theranostic approach in IGRT.

Materials and Methods

Calibration of CT contrast enhancement

The use of heavy metals in the scintillators lends itself to high attenuation of kilovolt range
x-rays, due to the dominant x-ray attenuation modality being photoelectric effect (378).
Attenuation from photoelectric effect is proportional to the cube of the atomic number.
Lanthanum and cerium’s atomic numbers are 57 and 58, respectively, which would predict
that it would perform slightly better than iodine (atomic number: 53); a commonly used

clinical contrast agent (341).

To test this, a mouse analog (phantom) was fashioned out of a 50 mL falcon tube
(Millipore, US) filled with 30 mL of Agarose gel (ThermoFisher, US) and solidified at 37
°C. The male needle attachment tip of a ImL insulin syringe (ThermoFisher, US) was
pushed through the end of the falcon tube prior to adding the agarose gel. The syringe tip
was then used to draw the NSC suspension into the syringe of the solution to be analysed.
CT scans were acquired on a Siemens Inveon pre-clinical microCT scanner (Siemens,
Germany) at 60 KVp energy, and 400 mAs exposure. Image analysis was done using

ImageJ software (NIH, US).
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In vivo Chorioallantoic Model (CAM) X-ray Imaging

The NSC’s ability to perform as a contrast agent in an in vivo system was assessed in a
pilot study on Chorioallanotic Membrane (CAM) chicken embryo model. A tumor was
implanted into the CAM using HT1080 human fibrosarcoma tumor cells as previously
described (379-381). Once the tumor reached 1 cm diameter, the CAM was X-ray imaged
using a Bruker Biospin In vivo Xtreme Imaging System (Bruker Biospin, Ettlingen,
Germany) at 45 KVp and 300 pA. Images were obtained serially at baseline and every 2
minutes post-injection IV. The tumor was monitored for evidence of enhancement on the
X-ray image. The images were qualitatively compared for evidence of tumoral

enhancement.

RadioPDT NP Distribution Studies in PC3 Flank-tumor Mice Models by Serial CT

Imaging

More detailed assessment of the radioPDT NP system was assessed using a PC3 flank
tumor-bearing NSG mouse model. The tumors were grown to a size of 500 mm? prior to
experimentation. The animals were anesthetized with an induction 3-4% inhaled isoflurane
followed by maintenance on 1-3% inhaled isoflurane. A Siemens Inveon pre-clinical
microCT scanner (Siemens, Erlangen, Germany) was used to acquire CT images at 60 KVp
energy, 400 mA exposure, and 260 axial slices (slice thickness of 0.4 mm, and X and Y
resolution of 0.411 mm) per mouse. The mice were serially scanned across multiple
timepoints and were recovered from anesthesia between scans. Images were reconstructed
on the Siemens imaging platform and exported as DICOM files to ARIA Eclipse Planning

System version 13.6 (Varian Medical Systems, Palo Alto, USA).
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NSC NPs were synthesized as described previously in Section 2.2.1, using the long
hexagonal NSC formulation and a single dose injection at a concentration of 500 mg/kg IV
was done via tail vein (n=4) and IT (n=2). The IV injected mice were imaged at baseline
pre-injection, 4 hours, 24 hours, and 48 hours post-injection. The IT injected mice
additionally had timepoints of 10 minutes and 1 hour post injection. The tumor and liver
were contoured using ARIA Eclipse radiation planning software (Varian, Palo Alto, USA)
and the average HU value was obtained from the whole volume. After the 48 hour scan, a
post-mortem analysis was performed and the liver and tumor were excised and analysed
by inductive coupled plasma mass spectrometry (ICP-MS) using previously described
techniques (382, 383). The tissue was immersed in an equal weight of 50% HNO3 and
sonicated with a probe sonicator (Fisherbrand™ Model 505, Thermo Fisher Scientific,
Waltham, USA) for 15 minutes. The sample was left to dissolve fully over a one-week
period. Analysis was carried out using a Perkin Elmer ELAN 6000 ICP-MS (Waltham,

MA, USA).

The study was repeated with radioPDT NP synthesized as described in Section 2.2.1 with
short-hexagonal NSC crystal structure formulation. The mice were injected IV via tail-vein
with 500 mg/kg of NP and serially imaged as described above. The left lung, left kidney,
liver, tumor, spleen, and left quadricep were contoured on ARIA Eclipse software and
average HU value ascertained from the whole volume. After the 48 hour scan a post-
mortem analysis was performed on the left lung, left kidney, left quadricep, liver, spleen,

tumor and these organs were excised for ICP-MS analysis.
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Statistics

All calculations and statistical analysis were performed using Microsoft Excel 2016
(Microsoft, Redmond, USA) and GraphPad Prism 6 (San Diego, USA). A linear regression
line was fit to the data values of the NSC calibration curve in order to obtain a HU/mg/mL
value. Tumor uptake of NP and enhancement assessment was done with analysis of
variance (ANOVA) comparing multiple groups and Tukey’s multiple comparison test. All

analyses used p=0.05 as the threshold for significance.

Results and Discussion

Comparison of NSC CT Contrast Enhancement and Efficiency with a Clinically
used Contrast Agent (Omnipaque 300®, GE Healthcare)

The diagnostic capability of the drug was tested using small-animal phantom model from
body-tissue equivalent agarose gel around a 1 mL syringe, which is analogous to the size
and blood content of a mouse model. The preferred imaging modality for radiation
targeting and dosimetry is CT, as this is the most commonly used on-board image-targeting
system in modern radiation delivery machines (384). The phantom was loaded with
samples of control (water), NSC NPs, or clinical standard iodine-based CT contrast agent
of Omnipaque 300® (GE Healthcare, Chicago, USA). CT scans were acquired with an
animal model microCT scanner (Siemens Inveon, Erlangen, Germany).

Initial studies compared the performance of the different crystal structures of LaF3:Ce*".
Figure 4.1 (bottom right) shows an axial slide of the mouse phantom loaded with water,
NSC, and Omnipaque 300®. Using the scanning software’s built in HU region-of-interest

measurement tool, the average HU over a standardized slice in the scan frame was attained
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for each condition. The experiment was repeated in dilutions of positive control
(omnipaque), NSC concentrations, and negative control (water). The resultant values are
plotted for HU vs concentration to demonstrate the efficiency of the agent in acting as a
contrast agent. The contrast efficiency was quantified using the slope of the linear

regression of plotted data points.
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Figure 4.1: On the left, the graph shows contrast efficiency of NSC (short hexagonal
structure) compared to clinical CT constrast agent of Omnipaque 300®. Scans were
acquired at 60 KVp energy on a flat-panel based preclinical micro CT scanner. From the
slope, the contrast efficiency of Omnipaque 300® is 46 HU/mg/ml versus contrast
efficiency of NSC which is 62 HU/mg/mL. On the right, the mouse CT phantom is shown
(top), and an axial cross-section of the CT phantom is shown when filled with water (A),

omnipaque (B), and NSC (C) at a concentration of 5 mg/mL.
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The NSC showed appreciable CT contrast efficiency and was close to the clinical standard
of Omnipaque with a value of 62 HU/mg/mL vs 46 HU/mg/mL, respectively (Figure 4.1,
left). This contrast efficiency compares favourably against other reported iodine-based
PEGylated micelles that function only as contrast agents (385). The contrast efficiency of
NSC appears even slightly higher than Omnipaque. The use of heavy metals as scintillators
lends itself to high attenuation of kilovolt range x-rays, due to the dominant x-ray
attenuation modality being photoelectric effect (378). Attenuation from photoelectric effect
is proportional to the cube of the atomic number. Lanthanum and cerium’s atomic numbers
are 57 and 58, respectively, which would predict that it would perform slightly better than
iodine (atomic number: 53); a commonly used clinical contrast agent (341).

The short and long hexagonal formulations were shown to have different fluorescent
characteristics (Section 2.3.1). They were also observed to have similar density but
different volume per crystal, which would predict for a higher weight per crystal (Table
2.1). This would suggest a given concentration of NP would have a higher amount of NSC
atoms and therefore, higher Z atoms to interact and undergo photoelectric effect. To
investigate this, the attenuation efficient of the two NSC crystal structures were compared.
Figure 4.2 demonstrates their contrast enhancement efficiency of the two NSC crystal
structures. The contrast efficency of the long hexagonal crystal structure is about 10 times
lower, with a value of 6.2 HU/mg/mL compared with 62 HU/mg/mL for the short
hexagonal structure. From Table 2.1, the short hexagonal crystal structure has about three
times the volume for the same density as the long hexagonal structure, which translates to
about 3 times more mass and atoms. This would greatly increase the photon stopping power

of incident low KV X-rays. However, the effect is not linear, as NP use as an X-ray
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attenuator is susceptible to NP clustering effects in tissue and solution (349, 351, 386-388).
Factors affecting X-ray absorption include the NSC size, clustering, cross-sectional area,
and concentration. With gold NP, clustering of the NP into 90 or more cluster units tend to
decrease the X-ray attenuation. Due to the PEG-PLGA encapsulation, the NSC in our
radioPDT NP system do not tend to cluster closely, with no more than about 3 to 5 NSC
per NP (Figure 2.11). This increases the cross-sectional area of the NSC to incident X-rays
and may non-linearly raise the attenuation to a much greater extent that predicted by the

just the increase in atoms alone.
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Figure 4.2: Comparison of X-ray attenuation efficiency of short hexagonal and long
hexagonal crystal latter structures of NSC. The attenuation efficiency of short hexagonal
NSC was found to be 62 HU/mg/mL upon fitting a linear regression curve to the data
points. The attenuation efficiency of long hexagonal NSC was 6.2 HU/mg/mL in

comparison.
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4.3.2 Proof-of-Concept X-ray Diagnostic Imaging Studies in Chorioallontoic Membrane

(CAM) Models Implanted with HT1080 Tumors

To assess if the NSC could provide meaningful contrast-enhancement under x-ray imaging
in an in vivo system, a CAM model implanted with a HT1080 fibrosarcoma tumor was
employed. These are known to be highly vascular tumors that recruit vasculature from the
CAM (389). The tumors were grown for 5 days to reach a 1 cm diameter before pursuing
imaging studies with a baseline and follow-up X-ray of the CAM tumor. Baseline X-ray
image did not demonstrate any appreciable contrast enhancement of the tumor. The CAM
was then injected IV with 100 puL of contrast agent. After injection with the positive control
of 1% Omnipaque 300® (GE Healthcare) or NSC, the CAM was imaged 10 minutes later

to assess for signs of contrast enhancement.

The CAM model was able to successfully demonstrate accumulation of Omnipaque® in
the tumor and in peri-tumoral neoangiogenesis (Figure 4.3a). When injected with 3mg/mL
NSC a similar enhancement pattern into the tumor and peri-tumoral neoangiogenesis was
also seen. This indicated the NSC could have potential as a diagnostic agent under in vivo

conditions.
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Baseline 10 minutes

Figure 4.3: Comparison of Omnipaque ® (GE Healthcare) and NSC (long hexagonal
structure) in producing contrast enhancement in a CAM tumor model. The CAM models
were implanted with HT1080 cell line tumors that were grown to a diameter of about 1 cm
before being imaged (see Ref. images). a) The CAM was implanted with two tumors (light
blue circles) at baseline (preinjection), with the right tumor showing evidence of
peritumoral neoangiogenesis. X-ray imaging did not clearly visualize the tumor or
hemorrhage. 10 minutes post-1V injection of Omnipaque® produced contrast enhancement
and clearly distinguishable tumors as well as highlighting the area of neoangiogenesis. b)

Similar findings were also seen in with CAM tumor models with IV injection of NSC.
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4.3.3 Invivo CT Detection and Biodistribution Studies of radioPDT NP in Flank Tumor-

bearing Mice

Further assessment of the NSC’s ability to act as a CT contrast agent was carried out using
PC3 prostate cancer flank tumor models grown in NSG mice. The tumors were grown to a
size of 500 mm® before commencing experiments. The animals were imaged with a
microCT scanner (Siemens, Germany) prior to injection of NP and then serially imaged at
4 hours, 24 hours, and 48 hours. Based on similar NP in vivo biodistribution studies, the
NP was expected to start accumulating first in the liver and other large organs at 4 hours,
then peak in accumulation in the tumor around 24 hours, followed by clearing from the
tumor at 48 hours (390, 391). The first set of experiments were conducted injecting mice
with long hexagonal-based NSC NP IV and IT (Figure 4.4). When tracking the changes in
HU in the liver and tumor, there was a significant rise in liver enhancement by about 30
HU seen (p=0.0189) but no difference was seen in the tumor’s HU levels post-injection.
The IT treated group showed a rise in the tumor and liver HU, but no significant difference
was detected, although this may be limited by the sample size (n=2). This indicates the
NSC NP can act as a contrast agent, but the long hexagonal crystal structure may not have

the contrast efficiency to demonstrate uptake into the tumor.
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Figure 4.4: Comparison of IV and IT administered long hexagonal NSC NP in PC3
flank tumor-bearing mice. IV injected mice (n=4) showed a significant increase in liver
HU from 53.1 HU pre-injection to 76.4 HU, 76.4 HU, and 76.0 HU at 4 hours, 24 hours,
and 48 hours post-injection (p=0.0158), which indicates uptake of the NP. The tumor
did not show any statistically significant difference. The IT treated mice showed a rise

in the liver and tumor but no statistically significant difference (n=2).
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Upon viewing the images of the IT treated mice, it is clear that there is a region of strong
contrast enhancement where the NP were injected into the tumor (Figure 4.5, bottom
row). This region also showed redistribution through the tumor over time as well. Some of
the mice in the IV administered group also showed evidence of enhancement in the tumor
(Figure 4.5, top row). However, this effect was not consistently replicated across the other
IV injected mice. This seems to suggest the contrast efficiency of the long hexagonal NSC
was not high enough to act as an effective method of tracking NP distribution into the

tumor.
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Figure 4.5: Serial CT images showing distribution of enhancement through the mice
treated with long hexagonal NSC NP IV or IT. Top row: Maximum Intensity Projection
(MIP) image of an IV injected mouse showing enhancement (blue) of HU > 70 in the flank
tumor (green) and liver (yellow) over time, with corresponding whole tumor and whole
liver HU quantification shown to the right. Bottom row: A bright spot of enhancement
(red arrow) is seen in the IT treated mice in the tumor 10 minutes post injection, which

seems to distribute through the tumor with time and disperse.
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To improve on these results, short hexagonal NSC were used to synthesize radioPDT NP
to treat the next group of mice with and assess enhancement response on serial CT scans.
A similar experimental design to above was followed. All mice were injected with
radioPDT NP IV prior to imaging with CT. Strongly significant rise in the liver HU
measurements were seen from baseline (51.9 HU) to a 26.0 HU increase at 4 hours (77.9
HU, p=0.0006), 27.9 HU increase at 24 hours (79.8 HU, p=0.0001) and 30.8 HU increase
at 48 hours (82.8 HU, p=0.0002). In comparison to the long hexagonal NSC in Figure 4.4,
the IV injected mice reached a value of 36.9 HU at 24 hours, representing a statistically
significant rise of 6.9 HU from baseline (p=0.0462), which indicates more contrast
enhancement was occurring with the short hexagonal crystal lattice. Significant increases
were also seen in the kidney and spleen as well (Figure 4.6). The increased CT attenuation
performance of the short hexagonal NSC was once again likely not due to intrinsic
properties of the crystal lattice but more of a function of increased number of atoms per

NSC due to a larger internal volume, leading to higher contrast efficiency per NSC.
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Figure 4.6: Measurement of CT enhancement in flank-tumor bearing mice after IV
administration of radioPDT NP using short hexagonal NSC formulation. Serial CT scans
were taken pre-injection of NP and 4 hours, 24 hours, and 48 hours post-injection. The
average HU intensity of select organs were measured and compared pre and post-injection.
The liver had an increase in CT enhancement from 51.9 HU pre-injection to 77.9 HU
(p=0.0006), 79.8 HU (p=0.0001) and 82.8 HU (p=0.0002) at 4 hours, 24 hours, and 48
hours post-injection. The spleen had an increase in CT enhancement from 54.4 HU pre-
injection to 101.8 HU (p=0.0005), 97.0 HU (p=0.0027) and 97.5 HU (p=0.0006) at 4 hours,
24 hours, and 48 hours post-injection. The kidney had an increase in CT enhancement from
36.6 HU pre-injection to 50.8 HU (p=0.0005), 49.4 HU (p=0.0027) and 47.8 HU
(p=0.0737) at 4 hours, 24 hours, and 48 hours post-injection. The tumor had an increase in
CT enhancement from 30.2 HU pre-injection to 32.6 HU (p=0.4072), 36.9 HU (p=0.0462)
and 32.3 HU (p=0.5411) at 4 hours, 24 hours, and 48 hours post-injection. No significant
changes in HU were seen for the quadricep muscle or lung (not shown).
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Assessment of the spleen also showed a strongly significant increase in HU post-injection
(Figure 4.6). The magnitude of CT enhancement was by about 45 HU, which indicates the
majority of the NP was sequestered in the spleen and liver. This would be in keeping with
clearance of the polymeric NPs through the MPS system, which is seen with similar
polymeric NPs (390, 392, 393). The use of a PEGylated coating our NP system helps
decrease the rate of clearance by MPS and allow more time in circulation and distribution
to the target tumor, but MPS still remains the dominant mechanism for NP clearance from
the body. The kidney also showed a significantly increased uptake at the earlier time points
(approximately 15 HU increase over baseline, Figure 4.6), which may be an indication of
its highly vascular nature and blood flow carrying the NP through the kidney. Previous
assessment with fluorescent microscopy did not demonstrate appreciable uptake into the
kidney interstitium (Figure 2.21).

The muscle and lung tissue did not demonstrate significant increase in HU with injection
of radioPDT NP, with average HU values remaining at 32.3 = 2.0 HU and -347 + 28 HU,
respectively. The relative HU values of these organs at the 48-hour time point also
corresponds to post-mortem ICP-MS analysis for the La content from the NSC (Table 4.1).
Of note, detectable levels of NSC were seen in the lungs as well even though contrast
enhancement was not seen. Lung vasculature is a well-known organ system in the MPS
clearance of NP, but the heterogeneity in the lung tissue along with respiratory motion
during CT acquisition causes too much variability in lung HU measurement to detect
increase in HU signal from enhancement. Analysis of the HU changes over time showed a
significant HU increase at the 48 hour time point for liver, spleen, and kidney. When the

NSC content in these organs was measured by ICP-MS it appears to show the ppm values

234



do not linearly scale with the additional HU measured by CT. This is again likely a
demonstration of non-linear x-ray attenuation characteristics of NP content-to-
enhancement in body tissues, due to dependence on additional characteristics such as NP

clustering and cross-section to incoming X-ray in these different-sized organs.
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Table 4.1 Comparison of crystal structure physical characteristics between aqueous and

organic phase synthesized LaF3:Ce** NSC.

Kidney Lung Muscle Spleen Tumor Liver

0.46 +0.16 1.31+1.70 0.04+0.03 82.2+350 0.13+0.05 72.5+14.0
(ppm)
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The quantitative enhancement was also correlated with enhancement seen qualitatively on
ARIA Eclipse CT viewing software (Figure 4.7). At 4 hours post injection, there is marked
enhancement seen in the liver and some small regions of increase in enhancement in the
tumor. At the 24 hour mark the liver is homogenously enhanced, and the tumor shows
heterogenous enhancement throughout. By 48 hours the liver continues to have increase
CT enhancement, and the tumor appears to start losing enhancement at some of the
periphery. The superior aspect of the tumor (Figure 4.7, red arrow) appears to show a
relatively greater extent of contrast increase and decrease over time, potentially indicating
the NP is able to extravasate into interstitium and leave from this portion of the tumor at a
faster pharmacokinetic rate than others. This highlights the aberrant vasculature within the

tumor and the inhomogeneous uptake and clearance of therapeutic agents from tumors.
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Baseline 4 hour 24 hour 48 hour

Figure 4.7: Coronal section of a mouse demonstrating CT contrast enhancement at serial
scans post-injection with radioPDT NP with short hexagonal NSC structure. The Baseline
image shows no enhancement in the liver (yellow outline) and tumor (red outline). At the
4-hour timepoint, marked increase in contrast is seen in the liver and tumor, particularly in
the superior portion of the tumor compared to baseline (red arrow). At 24 hours, the liver
appears homogenously enhanced, and more CT contrast is seen in the tumor again. By 48

hours, the superior portion of the tumor starts to lose contrast enhancement (red arrow).
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4.4

Summary of Diagnostic Capability in vivo

This study demonstrates feasibility in using our novel therapeutic NP designed for
radioPDT to be detected on diagnostic imaging, which allows it to act as a potential
nanotheranostic in combination with IGRT. The benefits of nanotheranostics have been
theorized and studied in the preclinical setting for more than a decade. Theranostic NPs
allow monitoring of treatment efficacy, detection of potential off-target effects, and better
standardization of treatments. Modern radiotherapy’s high dependence on IGRT to provide
diagnostic information and guide therapy is one of the most common examples of using
diagnostic imaging to improve cancer treatment. The utility of our radioPDT NP in
improving therapeutic effect has been demonstrated in Chapter 3. Its utility in combination
with CT imaging as well to provide contrast enhancement, allowing detection of tumor and
normal structures can add to its therapeutic potential.

The NP has demonstrated a high contrast efficiency, which can exceed standard clinically
used contrast agents under ideal conditions. The diagnostic properties can be tuned using
the nanocrystal lattice structure, in order to improve contrast efficiency. Imaging studies in
a CAM model as well as in PC3 flank tumor-bearing mice model have demonstrated its
ability to act as an in vivo CT contrast agent. With optimization of the NSC, the radioPDT
NP was able to generate significant contrast enhancement in the tumor and normal
structures. This can be used even as a surrogate marker of biodistribution and correlated
with NP quantification by mass spectrometry. The tissue enhancement generated by the
NP was sufficient to aid in defining target and organs-at-risk with a clinical radiation

planning system.
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The contrast enhancement capability of the radioPDT NP was ultimately significant but a
small magnitude of increase in enhancement at the tumor. Other diagnostic agents have
achieved better results in providing diagnostic quality information (394). However, the aim
of our radioPDT NP is not to provide high quality diagnostic information, but to be
detectable by onboard imagers in radiation machines. Improvements can be made with
further refinements in NSC used, and possibly co-loading with high efficiency imaging
contrast agents such as iohexol. The advantages of these types of modifications must be
balanced with potential detrimental effects on the radioPDT NP’s main goal of therapeutic
effect.

Due to its contrast enhancement capabilities, the NP may be able to be detected by onboard
CBCT imagers on modern LINACs. This can allow direct visualization of the NP
distribution to correct for pharmacokinetic variances, which is an important issue in cancer
therapeutics (395-398). The CT enhancement effect can also aid in identifying targets and
organs-at-risk to match with the planned radiotherapy treatment for each fraction. It can
also aid in adaptive planning and tumor-tracking algorithms by providing the contrast
needed for machine-learning algorithms to precisely guide radiotherapy delivery (399-
401). The use of nanotheranostics such as our radioPDT agent that can synergize with
traditional radiotherapy with better tumor-targeting and tumor-treatment may lead to

significant advances in this commonly used modality of cancer care.
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CHAPTER -5

DISCUSSION AND FUTURE

DIRECTIONS
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5.1

Summary of key findings

This thesis presents a novel biodegradable polymeric NP developed with the intent to
address unmet needs within radiotherapy and cancer care today. The novel NP was
developed by combining a LaF3:Ce*" NSC possessing x-ray scintillating and attenuating
properties with the most widely used clinical PS, PPIX, and encapsulating it into a
biodegradable FDA-approved PEG-PLGA polymeric nanocarrier with a proven safety
record in Phase II clinical trials (271, 402). The goal was to use radioPDT in a NP system
that has an excellent safety profile and provided superior therapeutic efficacy than
radiotherapy alone. This would produce a high TI treatment strategy and create a new
paradigm within radiation oncology to treat cancers.

The unique method of NSC preparation using drop-wise synthesis in aqueous and
anhydrous conditions have produced two variants of NSC with characteristics that are
suitable for use in a theranostic setting. Co-encapsulating the NSC with PPIX into a PEG-
PLGA nanosphere was accomplished with a modified nanoprecipitation technique. The
synthesis procedure produces NP of favourable size and physical characteristics, high
stability in physiologic environments, and negligible toxicity of the NP and its constituent
parts in-vitro and in-vivo. The NP also exhibited no burst-release characteristics, high
encapsulation efficiency, and allowed the radioPDT system to stay intact in vivo for up to
24 hours before releasing the encapsulants and breaking down.

The radioPDT NP also demonstrated superior therapeutic efficacy to radiation alone in-
vitro and in-vivo. The NP construct was able to demonstrate FRET as a method of
transferring energy from a radiation beam to a PS to activate PDT. This decouples the PDT

process from the need for direct visible light, which is often difficult or impossible to
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deliver to a deep-seated tumor. radioPDT’s use of x-ray as the activating energy, combined
with modern radiotherapy’s ability to target cancer anywhere in the body, allows PDT to
be effectively used to treat deep-seated tumors. The radioPDT NP showed the ability to
generate singlet oxygen even in hypoxic conditions, which is often present in deep-seated
tumors (403, 404). This manifested in the radioPDT NP’s ability to generate significant
cytotoxicity with PC3 human prostate cancer cells through multiple cytotoxic assays,
including colorimetric viability, clonogenic, and live/dead flow cytometry assays in
hypoxia levels as low as 1%. Although transient and chronic hypoxic states of 1% and
lower can exist in vivo, many deep-seated tumors measured in patients are within the range
of 0.5% to 10% (198, 404-407). The cytotoxic yield of radioPDT NP was found to be
oxygen-limited in hypoxic conditions of 5% and lower. Even in hypoxia levels of 1%,
however, significant therapeutic yield could still be maintained with enough radiation
and NP dose. This suggests that radioPDT can act in oxygen-independent pathways as
well, such as the Type II PDT reaction. The therapeutic yield was maintained with in vivo
investigations of PC3 flank tumor-bearing NSG mice, where mice treated with a sub-
curative radiation dose of 6 Gy in a single fraction were able to achieve durable long-term
control, which rendered 50% of the mice with no identifiable cancerous lesions, and led to
almost doubling mOS compared to radiotherapy alone.

The NSC’s x-ray attenuation properties were also investigated for potential use in
diagnostic imaging, in order to endow the radioPDT NP with theranostic capabilities.
Depending on the crystal lattice structure, the LaF3:Ce’* NSC was able to exhibit
appreciable to excellent x-ray attenuation characteristics, which allowed it to generate

significant enhancement under CT imaging. Its performance as an enhancing agent was
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tested in vivo with a CAM tumor model and a PC3 tumor-bearing mouse model. With the
short hexagonal crystal lattice structure, LaF3:Ce*" NSC encapsulated into radioPDT NP
was able to generate significant CT contrast of normal tissues and the tumor. The
enhancement was also able to be used as a surrogate marker for NP biodistribution, which
can allow personalized therapy via NP dose and scheduling adjustments to account for
variances in pharmacokinetics. It can also aid in increasing the precision of radiotherapy

by acting as a liquid fiducial marker for IGRT-targeting.

The report in this thesis of the development and validation of a novel radioPDT NP, as well
as the number of significant findings in radioPDT’s effectiveness in hypoxia and potential
therapeutic benefit in a well designed system, may serve as the starting point for future
preclinical and clinical studies to significantly advance the field of radiotherapy. By
leveraging the benefits of PDT and radiotherapy together, while simultaneously addressing
each modality’s weaknesses, radioPDT may open up a new class of therapy within
radiation oncology. It differs from traditional radiosensitizers in that it does not augment
the ionizing and genotoxic effects of radiotherapy, but instead adds the additional and
potentially synergistic mechanism of PDT. RadioPDT also adds a new mechanism of
tumor selectivity beyond just the spatial and radiobiological selection of traditional
radiotherapy, by also taking advantage of nanotheranostics to selectively deliver the NP to
the target and reduce off-target effects. These findings significantly advance the field of
radioPDT with a new standard of safety and efficacy set, as well as contributed a novel
radioPDT NP that can potentially be taken forward into clinical trials to introduce this new

therapeutic paradigm into cancer care.
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5.2

Optimization of radioPDT Effect through Dose and Fractionation

This thesis reports encouraging results with the use of radioPDT in a single dose and
fraction scheme for the administration of NP and radiotherapy. However, to be clinically
applicable it would be first important to understand the impact of fractionated radiotherapy
and NP administration. Radiotherapy is typically fractionated treatment with generally 2
Gy per fraction over multiple sessions. The main reason for this is to induce a biological
advantage to healthy normal tissues over cancerous tissues, thereby limiting the damage
done by radiotherapy to normal tissue in the pursuit of clearing cancerous tissue from the
radiation field. This would be an important limitation to address with further research.
Hence, future studies in combining radioPDT into the radiotherapy treatment approach will
need to investigate the optimal dosing scheme for the NP to maintain high tumoral levels
of NP and low normal tissue levels during radiation sessions. The effect of low doses per
fractionation, in the 2 Gy to 4 Gy range, also diminishes the activity of radioPDT,
particularly in hypoxia. This loss of radioPDT effect can be mitigated, however, if
treatment is to occur over multiple fractions. The early responding nature of PDT-treated
tumors combined with the IGRT and adaptive planning to shrinking tumors may actually
decrease the normal tissue impact while maintaining high therapeutic efficacy to the tumor.
The oxygenation of the tumor is also expected to dynamically change in response to
radioPDT, even over a timescale of 3 days. This is due to the induction of vascular
infarction by the PDT effect and subsequent creation of a potentially hypoxic condition.
The distribution of NP through the tumor can also be affected by the vascular collapse,

which can further complicate the radioPDT effect in a fractionated scheme. These effects
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need to be investigated with further preclinical studies to understand the tumor’s response

to fractionated radioPDT treatments.

Conversely, radioPDT may synergize well with modern hypofractionated radiotherapy
techniques. The use of hypofractionated and ultra-hypofractionated regimens in the form
of stereotactic radiotherapy are on the rise and are bringing some of the most important
new advances to the field of radiotherapy (408-411). With the advent of SBRT and SRS,
radiotherapy’s role and impact on traditionally radioresistant and minimal burden
metastatic disease are being dramatically revised (412-418). The success in using high dose
per fraction radiotherapy has necessitated new fundamental research into radiobiology that
can more accurately model the effects of stereotactic radiation, since the linear quadratic
model has proven inadequate at such high doses (244, 419-421). Investigations presented
in Chapter 3 show that as radiation dose per fraction transitions between 6 to 8 Gy, which
is generally considered the boundary between ultra-hypofractionation and non-traditional
radiobiological effects, the additive effect of radioPDT tends to be unproportionally
augmented, even in hypoxic conditions. There exists a possibility that large dose per
fractions, such as what is increasingly being used in modern radiotherapy, may be
advantageous for radioPDT. Further investigations alongside hypofractionated

radiotherapy may open new directions of optimizing therapeutic effect.

The effect of the Immune System on radioPDT
PDT’s induction of ICD through mechanisms reviewed in Chapter 1 are one of the three
main mechanisms through which it induces and maintains durable oncologic control.

Although the individual effects of radiotherapy and PDT individually on the immune
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system is understood, their effect in combination has not been explored. Some of the
immune-priming mechanism is shared with radiotherapy and PDT, but key differences do
exist.

Radiotherapy and PDT both have the potential of generating abscopal effects in isolation
via systemic spread of T cells and B cells sensitized to tumor neoantigens. Both rely on
DAMP-mediated APC activity leading to recruitment and activation of effector T cells
(Tefr,) and both cause chemokine and chemotaxic release to promote T cell infiltration and
inflammation (63, 89, 104). One of the key differences with PDT is it has a much larger
component of innate immune response causing high degree of tumor inflammation, which
tips the balance of immune-priming and immune-dampening more towards the former.
ROS damage to tumor cells favours necrosis and a high load of DAMPs from the cytosol
being directly spilled into the environment. This induces strong cytokine/chemokine
activation for the innate immune response and produces many neoantigens for the adaptive
immune response. Radiotherapy’s cytotoxicity is primarily genotoxic damage and cell
death from this, along with DAMP presentation and cGAS-STING activation, does not
produce as profound an innate immune response and inflammation (90, 422). This is
evident in inflammation/necrosis seen in clinical PDT versus radiotherapy (105). Hence,
the immune response to radioPDT may take advantage of PDT’s strong immune-activating
abilities, and both radiotherapy and PDT effects may also synergistically promote ICD
through their shared immune system effects. This may hold the answer for a multimodal
therapy that can reliably prime a strong immune response in combination with

immunotherapy agents, without significantly raising toxicity.
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5.4

In the in vivo studies presented in Chapter 3 of this thesis, radioPDT treated mice appeared
to have very good local control even in immune-deficient mice. Fifty percent of the mice
did progress with disease, but these progressions were mainly at the site of metastatic
disease rather than local disease. The effects of the immune system were intentionally
omitted in this thesis in order to understand the radioPDT NP’s performance and the effect
of hypoxia with minimal confounders, but the importance of the immune response in
radiation and PDT does mean this is an important limitation of our current findings.
Therefore, the next evolution of in-vivo studies into radioPDT should involve immune-
competent tumor models for the investigation of the immune system’s contribution to the
radioPDT effect. Radiotherapy’s use in converting tumors unresponsive to conventional
immunotherapy into responsive tumors have thus far met with mixed response (423-425).
Thus, radioPDT’s use in augmenting the effectiveness of immunotherapy may be an

important direction of investigation to explore.

Next Generation radioPDT Agents

Another potential evolution for radioPDT is the incorporation of newer scintillator and PS
technology, as well as more advanced nanocarrier systems. Several advances in PS
generations have led to newer contrast agents with higher quantum yields than PPIX (426).
Agents such as hypocrellins and pthalocyanine-based PS have significantly improved
cytotoxic effects through more efficient PDT processes (427). A key factor appears to be
the optimization of the triplet-state PS system and enhancing its transfer of energy to

molecular oxygen in the Type II reaction. Newer generation PS are also influenced to a
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lesser extent by hypoxic condition than porphyrin derivatives, which can help improve
radioPDT’s efficacy in hypoxic conditions.

Several new scintillators may also augment the FRET efficiency in a radioPDT system.
Advances in NSC are mainly driven by the X-ray detector industry where high efficiency
scintillators are important in developing more sensitive radiation detectors (428).
Perskovite-based NSC technology, which share similarities with high efficiency solar cells,
can generate up to 21,000 photons/MeV, or nearly 100 times more luminescence for the
same X-ray energy input as LaF3:Ce*". Many of these newer NSC and PS agents do have
issues of toxicity that need to be considered, since they often consist of toxic heavy metal
or organic components. Further development in this area though may yield newer agents
with similar safety to LaF3:Ce®" and PPIX but with greater efficacy. Another evolution
would be agents that are able to combine the NSC and PS function into one and directly
transfer X-ray energy into producing singlet oxygen, which reduces FRET inefficiencies
and increases singlet oxygen yield for a given amount of radiation energy absorbed (429,
430). For example, quantum dot (QD) conjugated porphyrin structures can exhibit a FRET
efficiency nearing 100% for radioPDT (431). Challenges with biocompatibility,
pharmacokinetics, clearance, and toxicity in using these agents in vivo will be one of the
major challenges to overcome to reduce these novel radioPDT agents into a clinically
applicable system.

Alternatively, more traditional PS systems could be modified for higher effect by
targeting more critical structures of the cell, such as the nucleus, where much lower
singlet oxygen yield is needed to cause cell death (432). With the lower levels of incident

light energy needed to inflict cell death, these PS may even be able to take advantage of
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5.5

the Chervenkov light from high energy radiation beams as the activating source for PDT
effect (432, 433). This is a fairly new approach to radioPDT, however, and more research

needs to be done on its feasibility and ultimate efficacy.

The other area of development is in the nanocarrier that can be used to target the
cancerous tissue. The current strategy employed by our radioPDT NP is a passive targeting
system using the EPR effect. For NP in the size range of 100 nm, EPR effect alone appears
to be just as effective as active targeting with aptamers designed to recognize cancer-
specific markers (434). A move to smaller NP size may increase its ability to perfuse into
cancerous tissue and more thoroughly treat areas of disease but would also increase its
extravasation into normal tissue and cause off-target effects. A smaller NP with active
targeting via aptamers may help mitigate this. Additionally, a NP designed for radioPDT
actually requires different characteristics than traditional nanomedicines, which typically
aim to deliver chemotherapeutics in a controlled and sustained release preferentially at the
site of tumor. For radioPDT, release of the NSC and PS would be disadvantageous as it
would increase the distance between these two agents and decrease the ability to transfer
energy via FRET due to luminescence intensity decreasing by the inverse-square of
distance. Thus, further development of nanocarrier systems will have to be specifically

tailored towards radioPDT agents in order to optimize past our polymeric design.

RadioPDT in Clinical Translation
Once fully optimized, the next major challenge for radioPDT is successful translation into
clinical practice. Cancer drugs have notoriously been difficult to successfully translate to

standard of care therapies, with about 95% of drugs failing to pass all stages of clinical
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trials (435). In particular, one of the challenges with a radioPDT agent is this is a relatively
new class of radiotherapy-drug combination, with about 10 years of develop since the first
publication. The mechanism and best approach for preclinical and clinical application is
still being discovered, with some debate that exists in the field. Feasibility of radioPDT
process in terms of X-ray energy absorption at clinically used X-ray energy levels
(typically MV range radiation energy), fluorescence efficiency of the NSC and FRET
efficiency are all highly debated (436). Before clinical translation can be attempted, further
preclinical studies will need to be done to further understand its mechanism of therapeutic
effect and limitations in terms of minimum drug needed for radioPDT effect and minimum
X-ray absorption required for activation.

Beyond challenges in preclinical development, an equally important factor is identifying
the correct area of cancer care to integrate a radioPDT therapeutic strategy. Once the TI
of the radioPDT system is optimized, its best chance of clinical translation will come from
addressing an unmet need within radiotherapy. This will likely be one of two scenarios: a
cancer type that is difficult to treat successfully with radiotherapy, such as primary
radiotherapy for locally advanced lung cancer, or a cancer type that is difficult to treat
successfully without undue toxicity, such as prostate cancer. Other situations where
radioPDT can be quite beneficial is in recurrent radioresistant cancers, where reirradiation
at full dose risks morbid normal tissue toxicity with a lower likely hood of achieving tumor
control.

Another area of radiotherapy use that can greatly benefit from PDT is in emergency
radiotherapy treatments of spinal cord compressions. Up to 5% of cancer patients

experience a spinal cord compression, where a tumor invades in the spinal canal and
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compresses the spinal cord, cuts off blood supply and causes ischemia and neuronal death
within the cord (437-439). This results in a transverse myelitis at the level of cord
compression and loss of sensory/motor function and bowel/bladder function, which can be
quite debilitating and predicts for early mortality (439). Surgical decompressions are often
not feasible due to the morbidity of surgery and patient comorbidities, which leaves
steroids and emergency radiotherapy to shrink the tumor as rapidly as possible to take the
pressure off the spinal cord, and hopefully reverse the symptoms. It can take many weeks
for radiotherapy to have its peak decompressive effects on the compressing tumor, and has
an overall return-of-function rate of 30-60% (440). Furthermore, about 40% of patients
recur with a cord compression within a previously treated radiation field, which makes it
difficult to deliver more radiation dose to this site without morbid normal tissue toxicity
(440). As demonstrated in Chapter 3, radioPDT can have a faster time to tumor
cytotoxicity and response by decrease in size than radiation alone. Perhaps in the scenario
of a cord compression, using radioPDT could lead to faster decompression of the spinal
cord and potentially higher success rates, while also using a lower dose of radiotherapy for
the same therapeutic effect and thus allowing retreatments with less concern about normal
tissue toxicity.

The theranostic capability within the radioPDT NP discussed in this thesis also contributes
towards better integration into a clinical treatment context. Modern radiotherapy is heavily
dependent on IGRT, which provides a convenient way of imaging the NP prior to treatment
with radiotherapy. This potentially allows for the monitoring of the NP delivery and
accumulation in the target, which can help standardize the NP dose and therapeutic effect

between each fraction of radiotherapy. It can also allow for a more standardized therapeutic
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delivery from one patient to another, which eliminates issues of differences in
pharmacokinetics and tumor uptake characteristics. Furthermore, if the amount of NP could
be quantified for each treatment using onboard imaging during IGRT, then the therapeutic
yield from radioPDT can be calculated if the scintillation and FRET efficiency is known.

The design, characterization and therapeutic and diagnostic studies presented in this thesis
were done in a manner that focuses on addressing some of the challenges in clinical
translation. This has led to the development of a novel radioPDT NP that is capable of
addressing the major questions of biocompatibility, in vivo distribution and tumor-
targeting, diagnostic capability, and therapeutic potential in various radiation doses and in
hypoxic conditions. By leveraging clinical experience and knowledge in radiotherapy, a
forward planned approach can be adopted to further preclinical studies in radioPDT and
may help pre-empt crucial issues that need to be answered for successful clinical translation

in the future.
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APPENDIX

7.1 Synthesis and Characterization of PEG-PLGA Encapsulated CoreNaFGdY4 and

ShellGd-CoreNaFGdY4 Upconverting Nanoparticles

Contributions
Dr. Michael Kumke (University of Potsdam, Potsdam, Germany) contributed NaFGdY 4-
based up-converting nanoparticles for use in this project. Ahasanur Rahman
(undergraduate summer student whom I supervised) presented this project in Department
of Biochemistry’s summer student day as part of the fulfillment towards his summer
studentship in the lab. Dr. Keith Wahowicz (Medical Physics, Cross Cancer Institute)
performed the MRI scans with a Philips 3T MRI/MRS scanner (Philips Healthcare,

Andover, USA).
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The use of Up-Converting Nanoparticles (UCNP) in diagnosis via localization of
fluorescence signal has been previously reported in preclinical applications (257, 441,
442). NaFY4 based UCNPs have the ability to be co-doped with many other metallic
elements to achieve particular luminescent properties. One such element that is commonly
used is gadolinium (Gd), which is also a commonly used element in MRI contrast agents.
This is due to Gd’s high magnetic moment (443). The large magnetic moment has led to
the development of clinical MRI contrast agents such as gadobutrol, or Gadovist 1.0 (Bayer
AG, Leverkusin, Germany). The use of Gd in a NP construct such as in UCNPs may confer
similar MRI contrast enhancing properties. The large magnetic moment of the UCNP can
cause local disturbances in magnetic field lines in an MRI magnet. The disturbances can
result in perturbation of relaxivity in adjacent protons when subjected to an electromagnetic
pulse. The change in relaxivity can be acquired by the MRI detectors and interpreted as
contrast enhancement.

Incorporating a magnetic moment in NP may allow dual-modality imaging with
upconverting luminescence and MRI imaging. The challenge with UCNPs such as NaYF4
based agents is biocompatibility. Here, we report an attempt at encapsulating two NaYF4
constructs, CoreNaFGdY4 and ShellGd-CoreNaFGdY s, into a PEG-PLGA nanosphere for
the purpose of increasing biocompatibility.

The UNCP NP agents were synthesized similar to the synthesis of NSC NP described in
Chapter 2. The synthesized NP (called core NP for CoreNaFGdY4 and core-shell NP for
ShellGd-CoreNaFGdY4) appeared to be successfully encapsulated by UV-Vis
spectroscopy and TEM, and demonstrated fair stability by size and zeta potential for core

NP, but sub-ideal stability for core-shell NP (Figure Al.1, A1.2 and A1.3). The size
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distribution of by Nanosight NTA appeared to be more homogenous for core NP than core-

shell NP.
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Figure A1.1: Characterization of core NP and core-shell NP by Nanosight NTA and UV-
Vis spectroscopy. The core NP appeared to have a lower polydispersity with a mean
hydrodynamic diameter of 147+4nm while the core-shell had two peaks of NP size with a
mean hydrodynamic diameter of 1517 nm. The UV-Vis spectra appeared similar between
the two NP with a peak at 195nm, which likely represents the PEG-PLGA content, and a

broad region of absorbance between 200 to 300nm.
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Figure A1.2: core NP and core-shell NP size and zeta potential over time as an assessment
of stability. Size was measured at serial timepoints by DLS. The NP appeared stable for

about 48 hours in 4°C and 37°C before experiencing changes in size and zeta potential.
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Figure A1l.3: CoreNaFGdYs4 shown on the left and PEG-PLGA encapsulated

CoreNaFGdY4 NP shown on the right.
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Cytotoxicity assays revealed these NP were still relatively cytotoxic to NKC normal kidney
cell line and PC3 prostate cancer cell line, despite the use of a PEG-PLGA coating (Figure
Al.4). Assessment of their MRI performance did show appreciable contrast particularly in
T1 sequence compared to Gadovist (Figure A1.5).

The toxicity assessment was done via MTT assay similar to as described in Chapter 2.
NKC normal kidney cancer cell line was used as an analogue to toxic effects towards
normal tissue, and PC3 prostate cancer cell line was used to represent toxicity towards a
highly proliferative human cell line. The results were compared against Gadovist and
doxorubicin. Figure A1.4 demonstrates the toxicity of the core NP and core-shell NP was
still significantly higher than Gadovist (p<0.01) and not statistically different than
doxorubicin for both cell lines. This indicates that the encapsulation with PEG-PLGA was
not enough to mitigate the toxicity risk of these NP. The highest concentration of the NPs
and Gadovist was sent for ICP-MS to quantify the Gd content. Despite Gadovist having
the highest Gd content by about 35 times, its still had a lower toxicity profile than the
UCNPs. This indicates the toxicity of these NP stem from a source other than the Gd

content.
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Figure A1.4: MTT toxicity assay of core NP and core-shell NP compared with Gadovist

and Doxorubicin. The bar graph depicts the concentrations of each agent shown in the

table, with increasing concentration going from left to right on the bar graph.
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In comparing the relaxivity of the core and core-shell NP against Gadovist in a Philips 3T
MRI, no appreciable relaxivity was seen on T1 (Figure A1.5). On T2, there was a change

in relaxivity seen for core NP, but this was not statistically significant compared to water.
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Figure A1.5: Relaxivity of core NP and core-shell NP compared to Gadovist in T1 and T2

sequences. No statistically significant difference was seen between the core and core-shell

NP from baseline of no relaxivity (equivalent to water).
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7.2

Taken together, these results suggest CoreNaFGdYs and ShellGd-CoreNaFGdY4 can be
successfully encapsulated in a PEG-PLGA polymer, but this did not successfully mitigate
the toxicity of the UCNPs, which still had a toxicity profile comparable to doxorubicin.
Furthermore, the relaxivity profile did not suggest any appreciable contrast existed in T1,
and T2 there was a slight amount of relaxivity difference seen with the core NP variant,
this was not statistically significant. The lack of relaxivity likely comes from the aggregate
magnetic moment of the UCNP may not be very large, despite the atoms of Gd individually
having large magnetic moments. The toxicity profile suggests other methods of
nanoparticle encapsulation may be more successful in making the UCNPs more

biologically compatible.

Synthesis and Assessment of lohexol Encapsulated PEG-PLGA NP for in vivo
Diagnostic Performance

To assess the capability of the PEG-PLGA NP platform to support further diagnostic
capabilities than seen in Chapter 4, a variant of the NP was created in an attempt to
encapsulate iohexol. A commonly used CT contrast agent, iohexol (Omnipaque®, GE
Healthcare, USA) is considered a standard-of-care contrast agent used in diagnostic
scans. While iohexol is usually well-tolerated, the incidence rate of iohexol-related
nephrotoxicity is well known (444, 445). In an attempt to reduce the toxicity risk of
iohexol, modify its biodistribution profile to preferentially target tumors via EPR effect,
and tag the PEG-PLGA NP system for imaging-based biodistribution studies, a iohexol
encapsulated NP (iohexol NP) was created. An encapsulation procedure similar to NSC

NP in Chapter 2 was followed. 10mg of iohexol dry powder was dissolved in 10mL
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acetonitrile along with 100mg of PEG-PLGA. Nanoprecipitation was done as described
previously. Considerable difficulty was encountered due to aggregation during the
nanoprecipitation process. The majority of the drug appeared to be lost during the
encapsulation attempt in the washing of the media after synthesis (see Figure A2.1 a and
b). Nanosight NTA also showed multiple sizes and populations of NPs created, with the

dominant population being about 105nm (Figure A2.1¢).
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Figure A2.1: Characterization of iohexol encapsulated PEG-PLGA NP by UV-Vis

absorbance spectra and Nanosight NTA. The reagent solution (a) appeared to have a high

content of iohexol and PEG-PLGA, but by the end of the synthesis and washing steps, a

significant amount of product was lost as evidenced by the drop in absorbance signal (b).

The NPs also exhibited poor uniformity with multiple sub populations created during

synthesis (c).
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The NP were concentrated and administered IV to PC3 flank tumor-bearing NSG mice,
similar to as described in Chapter 4. No signs of significant contrast enhancement were
seen in the mice tested (Figure A2.2a). There was, however, a statistically non-significant
rise seen in the liver and tumor across the cohort of mice imaged (N=3). Attempts at

visualizing the enhancement within the tumor were unsuccessful (Figure A2.2c¢).
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Figure A2.2: CT assessment of PC3 flank tumor-bearing NSG mice injected with iohexol
NP. No significant difference in enhancement, quantified as a significant rise in HU in the
tumor and liver, was seen over time (a). Visual and quantitative analysis of a mouse imaged
by CT also failed to show any signs of enhancement in the tumor (b). Note, b) was imaged

on a different CT protocol in an attempt to boost sensitivity.
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The lack of enhancement on CT with the iohexol NP further confirms that successful
encapsulation of a significant amount of the iohexol was not achieved. This may be because
the previously described nanoprecipitation technique may not be ideal for iohexol, as it is
a strongly hydrophilic molecule. Given the core of the PEG-PLGA is a hydrophobic
environment, this may not be suitable for ideal encapsulation conditions. A switch to a
single or double emulsion technique would likely be needed to increase encapsulation
efficiency.

The other factor that impacts CT contrast enhancement performance is iohexol is usually a
freely dissolved compound that is injected into the body tissue and diffusely distributes
through tissues. This leads to the compound having a high cross-section to incident X-ray
beams used for imaging. Sequestering iohexol in NPs can lower its cross-section to the

imaging X-ray beams, and decrease its ability to attenuate the beam.
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