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ABSTRACT

Author: Pizzuti, Vincenzo J. MSCHE
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Title: The Engineering of Radioluminescent Nanoparticles as Therapeutic Agents for
Multimodal Cancer Treatment

Committee Chair: You-Yeon Won, Ph.D.

Under the guidance of cancer treatment data, this thesis emphasizes the development of
radiation-responsive nanomaterials for the effective implementation of localized, multimodal
therapy for solid tumors. Evidence from decades of treatment outcomes underscores the benefits
provided by employing multiple therapeutic agents in concert to improve prognoses for cancer
patients. As a pillar of standard care in oncology, radiation therapy (RT) is a particularly
appropriate choice as a component of combination therapies, acting as a localized tool for
achieving long-term tumor control. By combing primary RT with radio-sensitizing, polymer-
encapsulated formulations of crystalline calcium tungstate nanoparticles (CWO NPs), this work
has shown significant improvements in efficacy in in vitro and murine xenograft models of primary
human head and neck tumors as well as in spontaneous sarcoma in a clinical case study. Under X-
ray radiation, CWO NPs emit long-wavelength ultraviolet (UV-A) and visible light, a property
referred to as radioluminescence. This work focuses on utilizing these properties in combination
with encapsulant functionalization strategies to further improve therapeutic outcomes through
specific mechanistic enhancements.

Ordinarily used primarily to improve biocompatibility and colloidal stability, the
polymeric materials used to encapsulate the CWO NPs were tailored to serve distinct functions in
the overall combination therapy scheme. Approaches explored in this work include surface
functionalization of these polymers with a cancer-specific ligand, folic acid, and the incorporation
of photo-responsive/sensitizing bilirubin-polymer conjugates as an encapsulant. The predicted
outcomes of surface functionalization and photo-active encapsulation were confirmed to
significantly enhance radiotherapy efficacy. Finally, exploration of intratumoral NP distribution
after dose administration was conducted to preliminarily evaluate strategies for dose homogeneity
improvement. Mechanical agitation of the injection site somewhat improves distribution of NPs in

tumor xenografts but requires future exploration for improved understanding and implementation.
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1. INTRODUCTION

1.1  Motivation for the Enhancement of Radiation Therapy

lonizing radiation therapy, in the form of X-ray or y-ray radiation, is administered to over
half of all cancer patients in developed countries *. For certain cancer types, particularly early stage
tumors, radiation therapy is used as a primary agent to treat tumors and has led to many successes
for patients. However, this is by no means the case for all tumors; in fact, radiation therapy for
many cancers has high rates of recurrence, especially in locally advanced or recurrent cases,
leading to reduced quality of life and mortality in their patient populations. Failure rates for
radiation therapy in locally advanced cases can be as high as 30% for distant failures in head and
neck cancers 2, with equally high rates observed in several other tumor types.

For patients, the radiation therapy they receive is delivered in small dose fractions over the
course of several weeks. Therapy is administered in this format because by fractionating the total
radiation dose into small, repeated doses, normal tissues surrounding the tumor may be partially
spared from off-target toxicities that lead to treatment complications while still achieving
significant cell death in the tumor 3. This normal tissue-sparing strategy does improve patient
quality of life significantly, but it also increases the probability of tumor recurrence compared to
a single, large dose because the time delay between doses also allows cancer cells to repair and
regrow to an extent. As a result, certain cancer types are able to survive the course of radiation
therapy and live on to induce local or distant failure through tumor regrowth and/or metastasis.

For the above reasons, there has been substantial interest and research regarding how to
improve cancer patient outcomes for those treated with radiation therapy. Data over the course of

the last century has shown that, by combining radiation therapy with other treatments, like surgery
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and chemotherapy, overall cancer mortality is decreased substantially for many tumor types *. This
multimodal approach to cancer treatment has become the standard of care for patients. While
significant improvements over radiotherapy alone have been observed as a result, there is
significant room for improvement that remains, particularly with regard to high-grade adverse

events that diminish quality of life during and after treatment.

1.2 Motivation for the Study of Radiosensitizers

In light of the dose limiting toxicities of radiotherapy, a class of compounds called radio-
sensitizers has been developed to enhance the effectiveness of radiation tumor cell killing. Many
of these agents are small molecule drugs found to interact favorably with radiation therapy, and
recent advances have also been made using nanoparticles as radio-sensitizers, including some
formulations currently involved in clinical trials. Certain radio-sensitizers, such as
chemotherapeutics like paclitaxel, cause increased tumor cellular sensitivity by initiating cell cycle
arrest in more radiosensitive phases of the cell cycle (i.e. G2/M) °. While somewhat successful in
combination, these small molecule radiosensitizers tend to be systemically administered drugs
with significant off-target toxicities.

These results inspired researchers to devise alternative formulations that could potentially
mitigate normal tissue side effects, leading to a variety of novel strategies for drug delivery. More
recently, approaches have focused on using nanomaterials that interact favorably with incident X-
ray photons to emit secondary electrons, longer wavelength photons, or a combination of these to
improve tumor cell killing. Many of these nanomaterials rely on high-Z metal components that are
potentially hazardous if liberated from the particles. Some crystalline materials, such as high Z
element oxides, are less susceptible to this due to their relative chemical stability (highly oxidized

forms). One such formulation of hafnium dioxide nanoparticles, which sensitize cells through
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secondary electron emission, have even reached phase I/11 clinical testing in several cancer types,

with some success °©

. This intratumorally administered adjuvant therapy’s results provide
significant motivation for further study on the development of nanomaterial-based radiosensitizers

that can potentially improve upon the progress made to date.

1.3 Research Objectives

The proposed thesis involves two major aspects as well as one minor topic, each focused
on developing and fully characterizing potentially translatable nanoparticle-based radiosensitizers.
The first topic involved modifying the surface of a formerly developed block copolymer
encapsulated calcium tungstate nanoparticle formulation with the intention of improving
radiotherapy efficacy. Specifically, alterations were made by conjugating the ends of the
hydrophilic block domains with a cell surface receptor ligand, folic acid, whose expression is
elevated in many cancers. The impact of this change was examined experimentally to screen for
mechanism of action, safety, and efficacy in human cell culture and murine xenograft models of
head and neck squamous cell carcinoma (a solid tumor model) treated with primary X-ray therapy.
Proposed efficacy enhancement was confirmed in vitro and in vivo, and mode of action details
were successfully elucidated. In addition, translational feasibility was subsequently tested in a
canine clinical case study in which a dog with a spontaneous soft tissue sarcoma was treated with
the modified nanoparticle formulation; the results of this experiment suggested a favorable safety
profile and efficacy improvements over primary radiotherapy may exist, though further clinical
testing is needed to validate these results in a larger number of patients.

The second topic focused on the design and evaluation of a new formulation of calcium
tungstate nanoparticles encapsulated by a photosensitizing polymer conjugate to facilitate a

combination of radiation and photodynamic therapies. This was specifically accomplished via the
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synthesis of a bilirubin-conjugated poly(ethylene glycol) that was then used to encapsulate the
calcium tungstate nanoparticles. As was the case for the first topic, this new formulation was tested
in a variety of experiments in vitro and in vivo to evaluate its potential utility for
radio/photodynamic therapy (RT-PDT). These experiments confirmed the proposed efficacy
benefits of combined RT-PDT in models of human head and neck cancers. The combination of
bilirubin and calcium tungstate proved essential for the observed improvements, as bilirubin-PEG
micelles alone did not provide any additional benefits with X-ray treatment. Further
experimentation is needed to examine mode of cell death and confirm the observed efficacy
benefits.

The third minor topic was a preliminary study dedicated to examining the dose distribution
of the aforementioned nanoparticle radiosensitizers in murine tumor xenografts. Specifically, a
pilot study was conducted comparing nanoparticle formulation distribution before and after
mechanical agitation of the tumor. The aim of this study was to explore the benefits of tumor
agitation post-injection for dose homogeneity improvement. This experiment utilized X-ray
computed tomography (CT) scanning for nanoparticle detection. It was found that mechanical
agitation of the tumor site after nanoparticle injection changed the local distribution of
nanoparticles in the fluid space on the periphery of the tumor. These results further exploration to
fully understand the effect of mechanical agitation on dose distribution and its subsequent effects

on ultimate in vivo anti-tumor efficacy in combination with X-ray therapy.
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2. LITERATURE REVIEW

2.1 Radiotherapy Mechanisms and Rationale for Multimodal Treatment Strategies

Electromagnetic radiations (X- and y-rays) primarily operate by interacting with
intracellular water (and other compounds) to produce ion radical and free radical species which
subsequently diffuse to damage DNA 3. These reactive oxygen species (ROS)-induced damages
in the DNA include base damage, single-strand breaks (SSBs), and double-strand breaks (DSBs).
The most biologically relevant of these for cell death is DSBs 2. Cells attempt to repair DSBs by
two main mechanisms: non-homologous end-joining (NHEJ) and homologous recombination
repair (HRR) ’. HRR is a high-fidelity DNA repair mechanism that uses sister-chromatids as
templates for ensured high-fidelity repair and resultant sequence homology ’, whereas NHEJ is
more prone to errors in reconnection of DSB ends. Certain error rates exist for each of these repair
mechanisms and can lead to lethal chromatin aberrations 3. These lethal chromatin aberrations
induce cell death by a few potential mechanisms, most importantly through mitotic catastrophe 8.
This occurs when cells containing lethal chromatin aberrations attempt to divide during mitosis
and are prevented from completing the process due to the presence of the malformed chromosomes.

Sparsely ionizing radiations, like X-rays, act through a mechanism called the indirection
action of radiation, which means that most biochemical/biological damage relevant to cell death is
induced via ROS generated within a few nanometers of the DNA backbone inside the nucleus 2°.
Some of the incident X-ray photons may also operate via the direct action of radiation, where the
photons ionize an atom within a chemical structure and then eject a fast electron into the target
biomolecule (DNA in this case) instead of interacting with the biomolecule through the ROS

intermediate (as is the case for indirect action of radiation) °. Low linear energy transfer (LET)
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radiations like X-rays will favor the indirect action of radiation. Regardless, almost all of the
biological effects of consequence for cell death will be caused by DNA damage, primarily in the
form of DSBs, that is initiated by ROS within the cell nucleus. The modes of cell death initiated
by ionizing radiation are apoptosis, mitotic catastrophe, necrosis, senescence, and autophagy *°.

As previously mentioned, mitotic catastrophe tends to dominate tumor cell death in
response to ionizing radiations, and the second most important mechanism is apoptosis. However,
the other modes are also present to varying extents, depending on the type of cancer cells. More
radio-resistant cancer cells tend to have a diminished capacity for apoptosis (programmed cell
death); these types of cells will have significantly increased survival after a given dose of radiation
than those cancer cells that have functional apoptotic signaling pathways 3. Mutations to the protein
p53 can lead to diminished apoptotic response to cellular damage, and many cancer cell lines in
laboratory use have been examined for their p53 (wild type vs. mutated) status . The survival
difference at varying doses of X-ray between cells with a functional apoptotic signaling (p53 wild
type) pathway and those without (p53 mutants) is abundantly clear when examined using a
clonogenic cell survival assay. These assays are classical radiobiology experiments in which
cancer cells are grown at very low densities, irradiated with varying doses of X-ray, and then
grown for a period of 2 weeks to determine the number of clonogenic (actively dividing) cell
colonies that exist as a fraction of the amount growing in the plate prior to radiation.

Surgery is often combined with radiation therapy, but the role of radiotherapy in these cases
is either to be administered after surgery to help kill macroscopic and microscopic residual
cancerous tissue that was not resected or before surgery to allow for easier and more successful
surgical resection of the bulk tumor tissue °. Surgery, unfortunately, is not always a treatment

option for patients due to tumor location, potential impact on quality of life, or comorbidities that



16

prevent the patient from being placed under general anesthesia. As a result, for these cases, non-
surgical treatment options will be employed to aid primary radiotherapy in effectively controlling
tumors 214, Even in cases where surgery is possible, these other modalities are sometimes
administered as adjuvant therapies to further deter recurrence. Recurrent tumors also pose a special
treatment challenge to oncologists due to the often-acquired resistance of the cancer cells to the
prior treatments used.

Non-surgical modalities often combined with primary radiation therapy include
chemotherapeutics and immunotherapies. The purpose of combining these treatments is to increase
the probability of tumor control through preventing locoregional recurrence (either initial or
subsequent) and metastasis. In cancers with intact apoptotic signaling pathways, certain
chemotherapeutics, such as gemcitabine can complement radiation therapy by increasing the
apoptosis response to a given dose of radiation *°. Other chemotherapeutics can act independently
of these apoptotic pathways to kill cancer cells through cell cycle arrest, necrosis, or by enhancing
the probability of mitotic catastrophe in cancer cells after irradiation 6. One such example of the
latter chemotherapies is paclitaxel, which kills cancer cells on its own via cell cycle arrest; this
resultant arrest happens to pause cancer cells in a particularly radio-sensitive phase of the cell cycle,
further enhancing the cancer cell death in response to a given dose of radiation °.

Immunotherapies operate by enhancing inherent anti-tumor immunologic responses
present in the human immune system. This response can be a combination front in the form of
CD4+/CD8+ T-lymphocytes, B-lymphocytes, NK cells, and macrophages !’. These systemic
changes can help to provide a more specific response to tumor cells 8. This presumably pairs well
with the more localized, bulk tumor eradication provided by radiotherapy. There is also some

evidence that radiotherapy can induce a local immune response on its own in some circumstances
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19 These therapies are relatively new and have recently been introduced to the standard care of
oncology practice, so data regarding their use is not as widespread as those for chemotherapeutics.

A third non-surgical intervention that can be used in concert with radiation therapy is
photodynamic therapy. Photodynamic therapy (PDT) is also a relatively new cancer treatment that
operates via two types of photo-reactions: Type | and Type 1l 2°. Both reactions occur when a
photosensitizer molecule (the molecule responsible for the PDT response) is excited by an
appropriate illumination source and undergoes an internal electronic transition to either the short-
lived singlet or longer-lived triplet states. In Type | reactions, this excited sensitizer molecule
interacts with another chemical substrate (including solvent) to produce free radicals which then
proceed to create oxygenated biological products via interaction with molecular oxygen 2. In Type
Il reactions, the excited sensitizer molecule directly interacts with molecular oxygen to produce
singlet oxygen (*O2) which can then directly act to oxygenate biological substrates in the cell 2.
Which reaction dominates depends on the photosensitizer used, the concentration of the sensitizer
and molecular oxygen, and local solvent conditions. PDT tends to increase dramatically the
amount of cell death by apoptosis and necrosis because photosensitizers tend to accumulate in or
near cytoplasmic components and the reactive oxygen species generated via these two reaction
types reacts readily with certain proteins and unsaturated lipids in the cell membrane and organelle
membranes 22?2, These reactions can disrupt cell membrane/organelle membrane integrity and
result in necrotic cell death. Importantly, this mechanism can occur concurrently with ionizing
radiation events inside of the cell nucleus and complement the radiotherapy cancer cell response
by decreasing cell survival via increased necrosis. In addition, certain excitation sources for
photosensitizers that are high energy (e.g. UV-range light) not only excite the sensitizer to mediate

PDT but can also increase intracellular DNA damage through the production of pyrimidine dimers
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and 6-,4-photoproducts, and can induce crosslinking damage to other components that collectively
inhibit cellular mitotic activity 2. Some of these can even be converted to DSBs in certain
circumstances 24,

Taken together, each of these non-surgical adjuvants to radiotherapy can complement
primary radiotherapy quite well by their independent mechanisms of action or by sensitizing cells
to ionizing radiation through their mechanisms. By carefully pairing these treatments with
radiation therapy, researchers can find strategies that significantly improve patient outcomes by
decreasing tumor recurrence and metastasis. This proposed thesis details one such attempt at
improving primary radiotherapy through the development of nanoparticle radiosensitizers for

multi-modal treatment.

2.2 Solid Tumors Studied

A multitude of solid tumor types exist, each with unique challenges for treatment that
prevent positive outcomes for patients. One common subtype of solid tumor is collectively referred
to as head and neck squamous cell carcinoma (HNSCC). HNSCC tumors include tumors of the
larynx, pharynx, oral and nasal cavities, as well as those of the tongue and lips 2°. Together, these
tumors represent the 6™ most common cancer in the world 6. Due to the anatomy of the regions
afflicted by HNSCCs, complete surgical resection is often difficult or involves severe organ
function loss, especially in locally advanced stages 2’. In addition, rates of recurrence for HNSCC
after primary radiotherapy can be as high as 60% for local failure 2. Systemic chemotherapy is
often co-administered for chemo-radiotherapy for clear clinical outcome benefits afforded by
complementary modes of action (for reasons discussed previously) 2. However, significant off-
target toxicities are common and greatly diminish patient quality of life 2°. Thus, there is clear

clinical relevance and motivation in studying HNSCCs in the context of radio-sensitizer
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development because patient quality of life and even treatment outcomes could be significantly
improved through the implementation of less systemically toxic, effective radio-sensitizers. The
proposed thesis emphasizes the development of calcium tungstate nanoparticle-based
radiosensitizers to address some of these clinical needs.

Another solid tumor subtype explored in this proposed thesis is soft tissue sarcoma (STS).
STSs are often treated with radiotherapy pre- or post-surgery and this additional treatment can help
to preserve limb function; thus, STSs are an attractive area of study for nanoparticle radiosensitizer
development 8. STS patients could potentially greatly benefit from the incorporation of effective
radiosensitizers into their disease treatment by improving tumor response rates to standard

radiotherapy regimens.

2.3 Combination Radiation and Photodynamic Therapy

As discussed in section 2.1, photodynamic therapy is a non-surgical modality that utilizes
a photosensitizing molecule, oxygen, and light to effectively kill cells. Although radiation therapy
and photodynamic therapy both mechanistically operate by creating reactive oxygen species,
oftentimes their intracellular targets are distinct, also as discussed previously. Several pre-clinical
studies combining radiotherapy and photodynamic therapy have been conducted using a variety of
agents 3231 but very few clinical studies have examined this combination. Most clinical studies
involving photodynamic therapy are either single-agent therapy for shallow lesions or in
combination with surgery to improve tumor control post-resection in reachable lesions 2, with
only a few focused on using photodynamic therapy in concert with radiotherapy 3334,

The preclinical work conducted to date suggests that combined radio/photodynamic
therapy (RT-PDT) is promising for the treatment of cancer since the results have shown significant

advantages in combination. From the mechanistic discussion in Section 2.1, the data from these
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pre-clinical studies, and the limited clinical data for combined RT-PDT, it stands to reason that
this multimodal approach is a potentially successful treatment combination that could significantly
improve patient outcomes compared to single-agent primary radiotherapy. In addition, because
photodynamic therapy displays very little systemic toxicity (mainly temporary light sensitivity) 3,
RT-PDT could provide a potential alternative to chemoradiotherapy, which requires the use of
systemic chemotherapies with significant off-target toxicities. For these reasons, a portion of the
proposed thesis explores the implementation of RT-PDT using photosensitizer-conjugate
encapsulated radio-luminescent nanoparticles with the aim of providing an alternative to primary

radiotherapy and chemoradiotherapy for solid tumors.

2.4 Nanoparticle-based Radiosensitizers

A large variety of nanoparticle radio-sensitizers/enhancers have been synthesized and
characterized in recent history 37, The therapeutic enhancements afforded by these particles are
dependent upon the production of secondary emissions from the nanoparticles under ionizing
radiation. Some of the nanoparticles create these emissions via high-Z metal dopants in their cores
(e.g., SrAlL,O4:Eu?* (SAO) %), while others utilize crystalline oxide forms of these high-Z metals
(e.g., Hafnium oxide 39). Arguably the most successful of these, NBTXR3, is in/has currently
completed Phase I/11/111 clinical trials in the U.S. and in Europe for several distinct indications 84°,

Both high-Z-doped and high-Z crystalline particles developed by others have shown pre-
clinical and clinical success through a variety of mechanisms. Some utilize the emission of
secondary electrons under X-ray radiation to enhance therapeutic response #*. Others rely on the
interaction between secondary photon emissions with photosensitizers that are incorporated into
the nanoparticles to mediate X-ray-activated photodynamic therapy °8, While these formulations

have shown promise, each has challenges or limitations that can potentially limit their clinical
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translation feasibility and utility. High-Z-doped nanoparticles carry inherent toxicity risks due to
unavoidable potential liberation of free heavy metal ions, like rare earth elements, in the body after
a prolonged period, which can cause detrimental accumulation effects #2. While crystalline oxides
of high-Z elements may be less risky from this perspective, they may be limited from a therapeutic
perspective by the short mean-free pathlengths of their emitted secondary electrons **.

In an attempt to address some of these shortcomings of other nanoparticle radiosensitizers,
the proposed thesis develops polymer-encapsulated radio-luminescent calcium tungstate
nanoparticles. Calcium tungstate nanocrystals mitigate high-Z element (tungsten) liberation
because tungsten is only present in the form of WO.?". In addition, these nanoparticles can provide
potential enhancement over simpler high-Z crystalline formulations by therapeutic benefits

afforded by alterations in the materials used to encapsulate the calcium tungstate cores.
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3. FOLIC ACID-CONJUGATED RADIOLUMINESCENT CALCIUM
TUNGSTATE NANOPARTICLES AS RADIO-SENSITIZERS FOR
CANCER RADIOTHERAPY

Note: Chapter 3 is currently under review in ACS Biomaterials Science & Engineering.
Vincenzo J. Pizzuti™*, Rahul Misra™®, Jaewon Lee', Sandra E. Torregrosa-Allen*!, Melanie P.
Currie®!, Scott R. Clark™, Anish P. Patel?, Christopher R. Schorr®, Yava Jones-Hall', Michael O.
Childress®, Jeannie M. Plantenga®, Nicholas J. Rancilio®, Bennett D. Elzey*!, and You-Yeon
Won*+

"Davidson School of Chemical Engineering, *Purdue University Center for Cancer Research,
'Department of Comparative Pathobiology, * Department of Veterinary Clinical Sciences, Purdue
University, West Lafayette, Indiana 47907, United States

$These authors contributed equally to this work.

*Corresponding author

3.1 Abstract

Radiation therapy is a primary treatment modality for many forms of cancer. Normally, the highest
tolerable dose of ionizing radiation is used to treat tumors, but limitations imposed by normal
tissue complications present challenges for local tumor control. In light of this, a class of
compounds called radio-sensitizers have been developed to enhance the effectiveness of radiation.
Many of these are small molecule drugs found to interact favorably with radiation therapy, but
recent advances have been made using nanoparticles as radio-sensitizers. Herein we report the
utilization of radio-luminescent calcium tungstate nanoparticles that emit photoelectrons, UV-A,
and visible light during X-ray irradiation, acting as effective radio-sensitizers. In addition, a folic
acid-functionalized form of these nanoparticles was shown to enhance radio-sensitization in vitro
and in murine models of head and neck cancer. Folic acid-functionalized particles were found to
decrease UV-A-induced clonogenic cell survival relative to non-functionalized particles. Several

possible mechanisms were explored, and the folic acid-functionalized particles were found to
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mediate this increase in efficacy likely by activating pro-proliferative signaling through folate’s
innate mitogenic activity, leading to decreased repair of UV-A-induced DNA lesions. Finally, a
clinical case study of a canine sarcoma patient demonstrated the initial safety and feasibility of
translating these folic acid-functionalized particles into the clinic as radio-sensitizers in the

treatment of spontaneous tumors.

Keywords: radiation therapy, radio-sensitizer, folic acid, nanoparticle, head and neck cancer,
soft tissue sarcoma

TOC Graphic:

e Ray 0 Fol-RLNPs

X-Ray

cwo X/ Acid

A\ Core
Q ,ﬁ.)
~— 2 J S
,:% o= ,{%\
< s
! C '/‘“ J Ci~ PLA Hydrophobic PEG Hydrophilic

le~ (n:*/ Layer «— » Layer
N 40-60 nm
UV-A

3.2 Introduction

Head and neck squamous cell carcinoma (HNSCC) is the 6" most common cancer
worldwide*, with an overall 5-year survival rate of around 50% for all HNSCC patients*. HNSCC
has relatively high recurrence post-radiotherapy?*°, with the rate of recurrence up to 60% for local
failure and 30% for distant failure?. This is a significant problem considering that radiation therapy
is a primary treatment modality for most cases of HNSCC?*, and is especially important for non-

resectable or partially resectable tumors. To improve patient outcomes, particularly local tumor
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control, the highest tolerable doses of X-ray are administered to patients, but limitations exist due
to normal tissue complications that result from off-target dose-deposition*’. Compounds known as
radio-sensitizers are employed to overcome this barrier to improve tumor control by reducing the
dose of radiation required to achieve a given tumor cell kill*8, Many of these radio-sensitizers are
chemotherapeutic molecules that were discovered to interact favorably with radiation therapy?,
but in recent years, other systems based upon nanoparticle platforms have been explored as
potential radiotherapy enhancers®4°. Some of these have reached Phase | and Il clinical trials,
including NBTXR3 by the French company Nanobiotix*°. Many of these nanoparticle radio-
sensitizers utilize secondary electrons produced by their high-Z element components, which are
limited by their short mean free path lengths*.

As reported previously, our group has developed polymer-encapsulated, radio-luminescent
calcium tungstate nanoparticles (RLNPs) that act as radio-sensitizers through their emission of
photoelectrons, UV-A, and visible light under X-ray irradiation®t. UV-A photons differ from
secondary electrons in their mean free path length, which is orders of magnitude larger for the
photons®. UV-A and visible photons can cause cytotoxic effects through the generation of reactive
oxygen species (ROS), particularly singlet oxygen (*O.) from the excitation of endogenous
photosensitizers, such as protoporphyrin IX (PPI1X) and bilirubin, among others®. This mechanism
is the basis for photodynamic therapy (PDT), which relies on oxygen, light, and a photosensitizer
to function®®. The combination of these photodynamic effects with other types of damage initiated
by UV photons and secondary electrons affords RLNPs favorable radio-sensitization properties.
In this study, we examine the effects of an updated formulation of RLNPs with 50 nm effective
diameter post-filtration (compared to 170 nm previously) aimed at improving intratumoral

nanoparticle transport. The effects of folic acid-functionalization on RLNP radio-sensitization
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properties is also explored in detail. The RLNPs examined are comprised of calcium tungstate
(CWO) nanoparticles (NPs) encapsulated by the block copolymer PEG-PLA, and a folic acid-
functionalized form is used to produce Fol-RLNPs (10% Fol-PEG-PLA wi/w).

Folic acid has been studied extensively in cancer research. By far the most frequent use of
folic acid has been as a targeting agent in drug delivery applications, following the discovery of
the overexpression of the folic acid receptor on some cancerous cells®*°>%, In addition to their
inherent activity as an internalization facilitator for extracellular folate, folate receptors,
particularly folate receptor alpha (FR-a), have been shown to promote intracellular proliferative
signaling by upregulating STAT3 and MAPK activity®"*8, In this study, we report that, at the low
levels of functionalization (10%) used herein, folic acid-functionalization induces an enhancement
in RLNP radio-sensitization efficacy that is not attributable to enhanced nanoparticle
internalization but rather likely to the induction of pro-proliferative signaling leading to reduced
repair of lethal UV-A radiation-induced aberrations.

RLNPs and Fol-RLNPs are administered via intratumoral injection. This is unlike the
majority of therapeutic drugs used to treat cancers, which are systemically administered and can
cause significant off-target toxicities®*. Intratumoral injection is a clinically viable drug delivery
method for cancer therapies that helps to overcome this limitation because the drug is only applied
to the diseased tissue. This is particularly true in the case of HNSCC because the anatomy of the
oropharynx allows for relative ease of access to most head and neck tumors. In the case of RLNP-
mediated radio-sensitization, intratumoral injection ensures good localization of treatment because
the therapeutic effects of the particles are only activated by the external X-ray source, which is

focused on the tumor itself. In this way, the system is specific for diseased tissues and minimizes
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off-target toxicity. The viability of this delivery method is demonstrated in the murine xenograft
experiments conducted as well as in a canine clinical case study.

The safety and efficacy of RLNPs and Fol-RLNPs as radio-sensitizers for head and neck
cancer radiation therapy are evaluated in this study. Fol-RLNPs demonstrated further sensitization
enhancements compared with RLNPs, both in vitro and in vivo. Several mechanisms for this
increase in efficacy were examined as well. Pre-exposure of cancer cells to Fol-RLNPs induced
significant decrease in clonogenic cell survival after UV-A irradiation and X-ray radiation relative
to PBS and RLNP-treated cells. Several mechanisms for this Fol-RLNP-mediated increase in
efficacy were explored, including improved uptake efficiency, altered sub-lethal damage repair
kinetics, changes in intracellular photosensitizer concentrations, and decreased repair capability in
response to folate’s induction of pro-proliferative signaling via its innate mitogenic activity. The
data suggested that Fol-RLNPs enhanced efficacy relative to RLNPs is likely caused by Fol-
RLNP-initiated pro-proliferative signaling that leads to decreased repair of UV-A-induced DNA
lesions (i.e. double strand breaks). This potentially leads to diminished repair capacity for DNA
lesions and subsequent increases in lethal chromatin aberrations and clonogenic cell death.
Additionally, Fol-RLNPs combined with palliative X-ray therapy produced a significant reduction
in tumor volume in a canine patient (i.e., pet dog) with naturally-occurring soft tissue sarcoma
(STS), an interesting result considering that STS in dogs does not generally respond to X-ray

radiation to a significant extent.
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3.3 Materials and Methods

Synthesis of Calcium Tungstate Nanoparticles

CaWOg4 nanoparticles (CWO NPs) were synthesized via a microemulsion method as
previously described, with some modification®. Briefly, 10 mL of cyclohexane was mixed with 1
mL of 1-hexanol (Sigma) and 1 mmol of CTAB (Sigma), and subsequently stirred at 70° C until
transparent. Then two separate solutions were made: one with 0.2 mmol of NaxWO4 dissolved in
0.3 mL of water, and one with 0.2 mmol of CaCl; in 0.282 mL of water and 0.018 mL of 0.1 M
HCI. These aqueous solutions were then immediately added to the first solution and vigorously
stirred for 1 minute. The solution was then transferred to a Teflon-lined stainless-steel autoclave
and baked in an oven at 160 °C for 24 hr. Afterward, the autoclave was gradually cooled, and the
nanoparticles were separated and purified via centrifugation and ethanol/chloroform washes. The
final solid was dried overnight in a vacuum oven at room temperature.
Synthesis of PEG-PLA and Fol-PEG-PLA

The block copolymers were synthesized via a ring-opening polymerization of racemic
lactide with poly(ethylene glycol) (PEG) precursors, as previously described®. For poly(ethylene
glycol-block-lactic acid) (PEG-PLA), 0.45 g of monomethoxy PEG (CH3-PEG-OH, Sigma, M =
5,000 Da) and 0.45 g of racemic lactide were added to a round bottom flask, the flask was heated
to 70 °C, evacuated under vacuum for 30 minutes, purged with Argon gas, and then 22 mL of
anhydrous dichloromethane (DCM, Sigma) were added to dissolve the reactants. The reaction was
catalyzed by 1,8-diazobicyclo[5.4.0]unde-7-ene (DBU, 98%, Sigma), with 0.22 mmol dissolved
in 2 mL of DCM added directly to the reaction vessel. The reaction was run for 2 h at room
temperature and was terminated by adding 15 mg of benzoic acid (>99.5%, Sigma). The PEG-
PLA was precipitated by dropwise addition of the reaction solution to 1 L of mixed hexanes

(Thermo Fisher). The precipitate was then dried overnight in a vacuum oven.
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For the folate-functionalized PEG-PLA (Fol-PEG-PLA), synthesis was conducted as
previously described, with some significant modifications (see Supporting Information Scheme S1
for alternate reaction scheme)®?. 0.45 g of amine-terminated PEG (NH2-PEG-OH, Laysan Bio, M
= 5,000 Da) and 0.45 g of racemic lactide were added to a round bottom flask, and the same
procedure as above was used to produce NH2-PEG-PLA. This precursor then underwent
conjugation with folic acid (Sigma). In the dark, 0.04 g of folic acid underwent carboxylic acid
activation via 0.02 g N,N-dicyclohexylcarbodiimide (DCC, >99%, Sigma) and 0.01 g of N-
hydroxysuccinimide (NHS, 98%, Sigma), all dissolved in 1 mL of DMSO (Sigma). After 12 hours
of reaction at room temperature, a solution of 0.3 g NH>-PEG-PLA and 0.003 g of triethylamine
(TEA, >99.5%, Sigma) in 2 mL of dimethyl sulfoxide (DMSQO) was added to the folic acid reaction
mixture and allowed to react in the dark for 24 hours at room temperature. The reaction mixture
was then syringe filtered to remove the dicyclohexylurea (DCU) byproduct, and the filtered
solution was then dialyzed for 2 days against pure Milli-Q water with a MWCO of 1,000 Da. The
final solution was then freeze dried.

Encapsulation of CWO NPs with PEG-PLA/Fol-PEG-PLA

RLNPs and Fol-RLNPs were prepared as follows. For RLNPs, 300 mg of PEG-PLA was
dissolved in 3.9 g of N,N-dimethylformamide (DMF, Sigma), and 50 pL of a 10 mg/mL
suspension of CWO NPs in DMF was added to the vial. The vial was then sonicated and
mechanically stirred with an overhead stirrer at 10,000 rpm, and 2.1 mL of phosphate buffered
saline (PBS) was added to the vial and allowed to emulsify for 10 minutes. The resultant emulsion
was then centrifuged at 5,000 rpm for 10 min to pellet the encapsulated nanoparticles. The
supernatant was discarded, and the pellet was resuspended in PBS to the desired concentration.

Fol-RLNPs were prepared in an identical manner, with the following exceptions: the above process
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was conducted in the dark, and 10% (30 mg) of the original PEG-PLA in the formulation was
replaced with Fol-PEG-PLA. Two types of solutions were used for experiments: unfiltered
nanoparticles suspended in sterile PBS, and filtered nanoparticles suspended in sterile PBS.
Filtered solutions were passed through a 220 nm PVDF filter. Details on the size difference and
distributions of the filtered vs. unfiltered particles can be found in the Supporting Information (SI)
(characterized by dynamic light scattering (DLS)). DLS experiments were conducted at 0.025
mg/mL NP concentration.
Characterizations of Block Copolymers and Encapsulated CWO NPs

PEG-PLA and Fol-PEG-PLA structures were confirmed with *H-NMR (see Supporting
Information Figure S1). Encapsulated CWO NPs were measured via dynamic light scattering (DLS,
ZetaPALS, Brookhaven Instruments) at a 0.025 mg/mL nanoparticle concentration to find the
average hydrodynamic diameter (see Supporting Information). Detailed morphologies were
examined with high-resolution TEM using 2% uranyl acetate as a negative staining agent.
Absorbance and fluorescence spectroscopy were conducted at 0.08 mg/mL CWO NP in PBS, and
PPIX was at 20 pg/mL and 13 pg/mL for the PPIX and PPIX+ PEG-PLA CWO NP solutions,
respectively. Spectroscopy was conducted in a quartz cuvette with 1 cm path length.
Cell Culture Maintenance

HN31 cells were thawed from stocks in liquid nitrogen and brought up in T-75 culture
flasks. Cell culture media was comprised of DMEM (88% v/v), FBS (9% v/v), and supplemental
penicillin/streptomycin and mercaptoethanol (3% v/v). Subculture of cells was conducted at 70-

80% confluence.
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Cell Viability Assays

For MTT assays, HN31 cells were seeded in 96-well tissue culture plates at a density of
0.5 x 10* cells per well and incubated for 24 hours at 37.0 °C in a 5% CO- incubator prior to
exposure to CWO NPs. Cells were then treated with various concentrations of PEG-PLA-coated
and uncoated CWO NPs (0.16, 0.32, 0.63, 1.25, 2.5 and 5.0 mg CWO per mL solution) (N = 5).
After 24 hours of incubation, 10 uL of the MTT reagent was added to each well and incubated for
additional 4 hours. Resultant formazan crystals were dissolved by adding 150 pL of a 10% w/v
SDS solution to each well, and the absorbances at 570 nm were immediately measured using a
microplate reader (BIO-RAD Microplate Reader-550). The wells with no cells, i.e., containing
only the DMEM growth medium, the nanoparticles, and the MTT reagent were used as the blanks.
The wells containing cells (that had not been treated with CWO NPs) in the medium with the MTT
reagent were used as positive controls.
Clonogenic Cell Survival Assays

For clonogenic assays, HN31 cells were seeded in 60 mm culture dishes at densities 0.2 x
10% (0 Gy), 1.0 x 10 (3 Gy), 2.0 x 10° (6 Gy), and 5 x 10% (9 Gy) cells per plate and allowed to
incubate overnight. After 4 h incubation with CWO NPs, cells were exposed to various doses of
radiation with a 320 kVp X-Ray irradiator (X-RAD 320, Precision X-ray, North Branford, CT) at
a dose rate of 2 Gy/min. Irradiated cells were cultured for 14 days. Colonies were stained with
crystal violet, and those of more than 50 daughter cells in culture were counted (N = 4).
Intra/Extra-cellular PP1X Concentration Assays

For the PPIX level experiments, measurements were conducted using a fluorescence
spectrophotometer (405 nm ex./630 nm em.) on cell extracts from 2 x 10° cells per well grown in

6-well plates. After seeding the cells in the plates, cells were incubated for 24 hours. Then 0.2
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mg/mL CWO NP solutions were added (PBS only in the negative control group, 1 mM 5-
aminolevulinic acid (5-ALA) for the positive control, 0.2 mM solution for free folic acid group,
and empty 10% Fol-PEG-PLA micelles at the same polymer concentration used for RLNP and
Fol-RLNP formulations) and incubated in the dark for 4 hours. Cell culture media were then
removed and analyzed for extracellular PPIX content. Subsequently, to determine intracellular
PPIX concentrations, cells were lysed using 0.1 M NaOH solution, and were then exposed to 3-
fold (v/v) excess of DMF/isopropanol (100:1, v/v) at room temperature. Background fluorescence
was corrected for by measuring fluorescence intensity from blank solutions created in an analogous
fashion to the experimental samples, except exposure to HN31 cells/cell-tainted medium was
avoided. Signals were then normalized to total cellular protein measured via the BCA assay on
cell extracts (N = 6 per group).
CWO NP Uptake Flow Cytometry Experiments

HN31 cells were seeded into a 6-well plate at 2 x 10° cells per well and allowed to incubate
in full growth medium for 24 hours. Then cells were exposed to appropriate NP solutions at 0.2
mg/mL for 4 hours and incubated in the dark. NP solutions had PPIX co-encapsulated to act as a
fluorescent marker. After the exposure, cells were washed with PBS, removed from the plate,
pelleted, and resuspended in cold PBS (4 °C). Analysis of cells was done using a BD Fortessa LSR
SORP Cell Analyzer, with a 405 nm Violet Laser excitation and a BV605 (600-630 nm) emission
filter.
Confocal Microscopy Experiments for Intracellular NP Tracking

HN31 cells were seeded onto microscope coverslips and allowed to reach 70 — 80%
confluence, at which point they were exposed to 0.2 mg/mL NP solutions with co-encapsulated

PPIX as a fluorescent marker. After 4 hours of incubation in the dark, cells were washed three
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times with PBS and then fixed using cold methanol (4 °C). Cells were then imaged using a Zeiss
LSM 880 Upright Confocal Microscope using a 63x oil immersion lens. DIC images were taken
using a 488 nm laser, and the fluorescence images were taken using 405 nm excitation with 600 —
650 emission filter. Three images were taken of each sample type, and representative images are
displayed in the Results & Discussion section.
Sub-lethal Damage Repair Assay

HN31 cells were seeded into 6-well tissue culture treated plates at a density of 1.0 x 10°
cells per well and allowed to incubate overnight. Cells were then exposed to 0.2 mg/mL
suspensions of nanoparticle/control samples for 4 hours (PBS, RLNP, Fol-RLNP). After exposure,
appropriate plates were irradiated with a split X-ray dose of 2 + 2 = 4 Gy, separated by 0, 1, 2, 3,
4 and 5 hours between doses. As for standard clonogenic cell survival assays, the irradiated
samples were cultured for 12 — 14 days and then stained and counted (N = 3).
UV-A Clonogenic Cell Survival Assays

HN31 cells were seeded into 6-well tissue culture treated plates at 2.0 x 10 cells per well
and allowed to incubate for 24 hours at 37.0 °C in a 5% CO incubator. Then the culture medium
was removed and replaced with suspensions of saline/CWO NPs in cell culture medium. The three
treatment groups were: PBS in medium as a control, 0.2 mg/mL unfiltered RLNPs in medium, and
0.2 mg/mL unfiltered Fol-RLNPs in medium. Cells were incubated with NP suspensions for 4
hours, and then these suspensions were removed and replaced with 1.0 mL of fresh culture medium.
Subsequent UV-A exposure was conducted using a custom-built rig fit to a UV-A lamp with a
peak light output at 365 nm. UV doses of 0, 0.50, 1.5 and 2.0 J/cm? was administered to the cells,
and the culture plates were then returned to incubate for 10 days. After 10 days, fixation and

staining of cell colonies was conducted as described above (N = 3 per group).
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y-H2AX Foci Visualization by Confocal Microscopy

HN31 cells were seeded onto microscope coverslips inside the wells of a 6-well tissue
culture dish at a density of 5.0 x 10* cells/coverslip and allowed to grow to reach approximately
60% confluence under standard culture conditions. Then, culture media was removed from each
well and replaced by culture medium containing 0.2 mg/mL suspensions of RLNPs and Fol-
RLNPs (with PBS at the same volume concentration in the negative control), and the plate was
incubated in the dark for 4 hours in a cell culture incubator. Afterward, the 6-well plate was
irradiated with a dose of 2 Gy of X-rays using the same irradiator conditions as described for
clonogenic cell survival assays. The 6-well plate was then placed back into an incubator for 2
hours. At 2 hours post-irradiation, culture media was removed, and the coverslips were
individually washed 3 times using cold PBS. Then, cells were fixed using 3.7% (v/v) formaldehyde
(Thermo Fisher) in cold PBS and then permeabilized using a 0.1% (v/v) Triton X-100 solution
(Sigma) with 3x cold PBS washing steps between each. Coverslips were then subjected to
immunofluorescent staining of y-H2AX foci by subsequent addition of rabbit a-phospho-H2AX
and a-rabbit-FITC monoclonal antibodies (ThermoFisher). Coverslips were subsequently mounted
onto microscope slides using ProLong™ Diamond Antifade Mountant with DAPI (ThermoFisher)
and allowed to set overnight in the dark. The prepared microscope slides were then imaged using
a Zeiss LSM 880 Upright Confocal Microscope using a 63x oil immersion lens. Cell nuclei were
imaged using a 405 nm laser for detection of DAPI fluorescence, and y-H2AX foci were imaged
using a 488 nm laser for detection of FITC. Approximately 10 um-thick z-stacked images were
taken for at least five separate locations for each sample at approximately 190x zoom (using 200
nm thick slices). Representative 2-dimensional image slices of each were then used for visual

comparison of samples, and 3D-stacked reconstructions of each image set were analyzed to count
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the number of foci per cell nucleus. At least 20 cell nuclei were counted per group for
quantification of foci per cell nucleus. Foci counting was conducted using the ImageJ-based Fiji
application 3D Object Counter tool®3,
BALB/C Mouse Tumor Xenograft Models

Male BALB/C nude mice (7 weeks old) were housed in a pathogen-free environment
including standard cages with free access to food and water and an automatic 12 h light/dark cycle.
The mice were acclimated to the facility for 1 week prior to beginning experiments, and all animals
were cared for according to guidelines established by the American Association for Accreditation
of Laboratory Animal Care (AAALAC). Subcutaneous HNSCC xenografts were produced by
inoculation of 1.5 x 108 HN31 cells in 0.1 mL total volume of a serum free medium containing 50%
Matrigel (BD Bioscience). Intratumoral nanoparticle injection at 10 mg/cc tumor of CWO NP in
sterile PBS was conducted once tumors reached ~ 100 mm?3, approximately 7 days after inoculation,
and split into two injections on consecutive days. For this study, the following treatment groups
were used: Fol-RLNP + X-ray, RLNP + X-ray, and PBS + X-ray. Radiation treatments were
conducted the day of injection and the subsequent day (2 Gy each) for a total of 4 Gy at a dose rate
of 2 Gy/min using a 320 kVp laboratory X-ray irradiator (X-RAD 320, Precision X-ray, North
Branford, CT). Tumors were measured with digital calipers in two dimensions: length (L) and
width (W). Tumor volumes were calculated using V = (L x W?) x 7/6. N = M6 per group.
Euthanasia criteria were > 20% body weight loss or tumor volume > 2000 mm?®. Mice were
euthanized via spinal dislocation under anesthesia. Tumors were excised and weighed post-

euthanasia.
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Canine Clinical Case Study

A 10-year-old pet golden retriever was presented to the Purdue Veterinary Teaching
Hospital for the treatment of a peripheral soft tissue sarcoma. The treatment protocol for this dog
was approved by the Purdue Animal Care and Use Committee (Protocol # 1511001322). Written
informed consent for treatment was obtained from the dog’s owners, and it was enrolled in the
following treatment regimen: one half of the tumor was treated with X-ray radiation only, and the
other half was treated with an injection of Fol-RLNPs with X-ray radiation. X-ray doses were
administered to the entire tumor region such that a minimum of 95% of the dose was delivered to
95% of the planning target volume. Planning target volume was developed using computerized
radiation treatment planning software (Varian Medical Systems, Palo Alto, CA) to analyze
computerized tomography (CT) images of the dog’s tumor (GE Light Speed VCT, GE Medical
Systems, Milkwaukee, WI). A total dose of 20 Gy in 5 fractions of 4 Gy was delivered at 400
monitor units (MU) per minute on consecutive days using 6 MV photons from a linear accelerator
(Varian Clinac 6 MV Linear Accelerator, Varian Medical Systems, Palo Alto, CA). Immediately
prior to the first fraction, Fol-RLNPs, suspended in sterile PBS, were injected intratumorally in a
total volume of 3.3 mL at 10 mg/mL (Day 1). CT scans were conducted before, during and after
treatment, as were hematology, serum biochemistry, and urinalyses and biopsies for histological
analysis. Biopsies were taken using a small incision and a 6 mm punch instrument from each half
of the tumor pre-treatment (approximately 3 weeks pre-treatment), in-treatment (day 3), and post-
treatment and embedded in paraffin. Histology slides were prepared using hematoxylin and eosin

(H&E) staining. The treatment schedule is summarized in the table below:
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Pre-treatment Day 1 | Day 2 Day 3 Day 4 Day 5 Day 12
Ser.um Biochemistry/ X X
Urinalyses
Biopsy X X X
CT Imaging X X X
Fol-RLNP Injection X
4 Gy X-ray Fractions X X X X X

Statistical Analysis
For all p-values reported, p was calculated using either a two-tailed Student’s t-test or a
one-way ANOVA with the sample sizes listed in each figure caption. A p value of <0.05 was

considered significant.

3.4 Results and Discussion

Nanoparticle Characterization

Poly(ethylene glycol-block-lactic acid) (PEG-PLA) and its folic acid-functionalized form
(Fol-PEG-PLA) were used to encapsulate CaWO4 (CWO) nanoparticles (NPs) to produce radio-
luminescent nanoparticles (RLNPs) and folate-functionalized RLNPs (Fol-RLNPs), as described
in the Materials & Methods. High-resolution TEM was used to examine the morphologies of the
as-synthesized RLNPs. A representative image of filtered, encapsulated nanoparticles is shown in
Figure 3.1. The sample was negatively stained with uranyl acetate. The lightly stained, raised
regions in the image are the block copolymer domains surrounding the darker CWO nanoparticles.
The hydrodynamic diameters of the particles were measured via DLS (see Sl Figures 3.S2 and
3.S3 for DLS hydrodynamic diameter measurements and size histograms). Unfiltered particle
samples were larger (600 — 800 nm effective diameter) and tended to cluster more than filtered

particle samples (40 — 50 nm effective diameter).
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Figure 3.1. High-Resolution TEM Micrograph of Encapsulated CWO NPs. High-resolution TEM was conducted on
filtered RLNPs and FOL-RLNPs after staining with uranyl acetate, and a representative image of filtered Fol-RLNPs
is displayed above. Note: Experiment conducted with filtered particles.

Absorbance and fluorescence spectrophotometry were then used to examine the optical
properties of the nanoparticles. Figure 3.2 displays the absorbance and fluorescence spectra of
RLNPs as well as those of the photosensitizer PP1X and of RLNPs with co-encapsulated PPIX.
The PPIX measurements were conducted to examine if the emission from RLNPs was sufficient
to cause excitation of endogenous photosensitizers, such as PP1X, to produce additional reactive
oxygen species (ROS) during X-ray treatment. As seen in Figure 3.2, the emission spectrum of
RLNPs overlaps well with the absorbance spectrum of PPIX. PPIX has peak absorbance at 405
nm and peak emission at 630 nm. In Figure 3.2 (B), it is evident that a 250-nm excitation does not
produce significant fluorescence in PPIX alone but does produce fluorescence when PPIX is co-
encapsulated in RLNPs. The photons emitted from the CWO NPs are absorbed by the PPIX and
result in PPIX fluorescence emission. This confirms that the nanoparticle system can effectively

excite endogenous PPIX.
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Figure 3.2. Absorbance and Fluorescence Spectra of RLNPs. (A) Absorbance Spectra of PPIX, RLNPs, and PPIX +
RLNPs. (B) Fluorescence Spectra of PPIX, RLNPs, and PPIX + RLNPs with 250 nm excitation. Readings were taken
at 10 nm intervals. Note: Experiment conducted with unfiltered particles.

Because CWO is a scintillating material, exposure to high energy X-rays causes CWO NPs
to emit long wavelength ultraviolet (UV-A) and visible light. A measurement of the UV-A fluence
emitted from CWO NPs following irradiation was conducted at various doses of X-ray radiation.
The UV fluence was estimated by encapsulated-PP1X photobleaching measurements. Figure 3.3
shows that the UV-A fluence from the CWO NPs increases with increasing radiation dose but
begins to plateau at higher doses. This experiment confirms that RLNPs/Fol-RLNPs are in fact
radio-luminescent and provides an estimate of UV-A dosimetry. Incident UV radiation has a
penetration depth of less than 1 mm in tissue®, and this limits the possibility of delivering any
significant dose beyond tissue surfaces using standard illumination sources, preventing its utility
in treating solid tumors. RLNPs/Fol-RLNPs can potentially overcome this limitation by providing
a more even dose of UV radiation in that the dose distribution is mainly dependent on the
nanoparticle distribution within a tissue. With these properties confirmed, subsequent examination

of biological safety and efficacy of RLNPs/Fol-RLNPs was conducted.
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Figure 3.3. CWO NP Radioluminescent UV-A Fluence Measurements. Overlay: Schematic diagram of experimental
design, with a PEG corona (blue curves) surrounding PLA (red shell) with encapsulated PP1X (stars) around a CWO
NP core (gray center). (A) 320 keV X-ray irradiation photobleaching plotted with photobleaching control curve from
UV-A lamp irradiation (365 nm). Experimental details can be found in the article by Jo et al%. (B) Tabulated UV-A
fluence as a function of radiation dose. Note: Experiment conducted with unfiltered particles.

Biological Evaluation of Nanoparticles

RLNPs were designed to exhibit cytotoxic effects when exposed to external X-ray or y
radiation sources, and to be minimally toxic in the absence of such activation. MTT cell viability
assays were conducted against HN31 cells (human pharyngeal squamous cell carcinoma) to ensure
that pristine CWO NPs (“CWO NPs”) as well as PEG-PLA-encapsulated CWO NPs (“RLNPs”)
and folic acid-functionalized PEG-PLA-encapsulated CWO NPs (“Fol-RLNPs”) were minimally
toxic in the absence of external ionizing radiation. For this experiment, dilutions of the respective
nanoparticle solutions were prepared and incubated with the cells for 24 hours. The results are
displayed in Figure 3.4. For reference, in subsequent in vitro testing, a therapeutic concentration
of 0.2 mg/mL CWO NPs was generally used. Minimal losses in cell viability were observed except

at doses much higher than in vitro therapeutic levels (2.5 and 5 mg/mL) for bare CWO NPs, RLNPs,
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and Fol-RLNPs. The somewhat large standard deviations in this figure are likely attributable to

the low cell count used (5000 cells/well).
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Figure 3.4. HN31 Cell Viability with Exposure to NPs. Bare CWO NPs, RLNPs, and Fol-RLNPs exposure in HN31
cells. Viability measured by MTT assay. HN31 cells were seeded in 96-well tissue culture plates at a density of 0.5 x
10* cells per well and incubated for 24 hours. MTT cell viability assay was performed at 24 h post treatment. 0 mg/mL
represents the negative control for these experiments. All error bars represent standard deviation (N = 3). Note:
Experiment conducted using unfiltered particles.

Next, RLNPs and Fol-RLNPs were examined for their ability to induce radio-sensitization/
cytotoxic effects via a clonogenic cell survival assay against HN31 cells. An appropriate number
of cells for each dose were plated into 60 mm culture dishes and exposed to either PBS, RLNPs,
or Fol-RLNPs for 4 hours prior to 320 kVp X-ray irradiation. The results of this experiment,
displayed in Figure 3.5, indicate that both RLNPs and Fol-RLNPs produce a shift in the cell
survival curve for HN31 cells, representing enhanced cytotoxic effects. Fol-RLNPs and RLNPs
exhibited sensitizer enhancement ratios (SER) of 1.45 and 1.21 at 10% survival fraction,

respectively.
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Figure 3.5. Clonogenic HN31 Survival with NP Treatment. HN31 cells were seeded in 60-mm culture dishes at
densities of 0.2 x 10® (0 Gy), 1.0 x 10° (3 Gy), 2.0 x 10 (6 Gy), and 5.0 x 10% (9 Gy) cells per plate. After 4-hour
incubation with RLNPs or Fol-RLNPs, cells were exposed to various doses of radiation with a 320 keV X-ray
irradiator at approximately 2 Gy/min. Irradiated cells were cultured for 14 days. Colonies of more than 50 daughter
cells in culture were counted (N = 4 plates per group). Table displays the parameters for the linear quadratic model
fits (S = exp(a*D + B*D?)), where S is survival fraction, D is radiation dose, and o and P are fitted parameters) and
sensitizer enhancement ratios (SERs) at 10% survival fraction. Error bars represent standard deviations. Note:
Experiment conducted using unfiltered particles.

The UV-A light generated from Fol-RLNPs and RLNPs via X-ray excitation causes a
radiation sensitization effect in the radio-resistant cell line HN31, as evidenced by the increase in
a/p and SER values. Fol-RLNPs exhibited further improvements in radio-sensitization compared
to RLNPs.

Several possible explanations for the enhanced efficacy of Fol-RLNPs were proposed and
experimentally tested: (1) Fol-RLNPs increase endogenous photosensitizer PPIX levels resulting

in increased reactive oxygen species (ROS) production relative to RLNPs, (2) Fol-RLNPs are
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internalized by HN31 cells more readily than RLNPs, (3) Fol-RLNPs have different intracellular
fates (more favorable for PDT) once internalized compared to RLNPs, (4) Fol-RLNP exposure
alters sub-lethal damage repair (SLDR) mechanisms/kinetics and promotes an increased
accumulation of lethal chromatin aberrations compared to RLNP exposure, and (5) exposure to
Fol-RLNPs increases the effects of UV-A damage in HN31 cells compared to RLNP-treated cells,
leading to an increased number of lethal aberrations and subsequent reduction in clonogenic cell
survival. Each of these were tested independently, and the experimental results examining
proposed mechanisms (1) through (4) displayed no difference between Fol-RLNP and RLNP-
treated cells. Information regarding these results can be found in the Supporting Information
(Figures 3.54 — 3.510).

In the end, mechanism (5) was found to be the driving force for the increase in treatment
efficacy observed. Fol-RLNPs decrease clonogenic cell survival after exposure to UV-A radiation
relative to RLNP treatment. The results of this UV-A clonogenic cell survival assay are displayed

in Figure 3.6.
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Figure 3.6. UV-A Clonogenic HN31 Survival with NP Pre-Treatment. HN31 cells were seeded in 6-well culture plates
at a density of 0.2 x 108 cells per well. After 4-hour incubation with PBS, RLNPs or Fol-RLNPs, culture media were
replaced, and cells were exposed to various doses of UV-A radiation using a UV-A lamp (peak emission at 365 nm).
Irradiated cells were cultured for 14 days. Colonies of more than 50 daughter cells in culture were counted (N = 3 per
group). Error bars represent standard deviations. Data points were fitted using the linear quadratic model (S = exp(a*D
+ B*D?)), where S is survival fraction, D is radiation dose, and o and p are fitted parameters, just as for X-ray irradiation
experiments. Note: Experiment conducted using unfiltered particles.

The increased UV-A clonogenic cell death under Fol-RLNP exposure explains the majority
of the efficacy increases relative to RLNP exposed cells. One can use the relative decrease in
survival fraction at a given UV-A dose combined with the X-ray induced UV-A dosimetry data
from Figure 3.3 to predict the decrease in survival fraction of Fol-RLNP-treated relative to RLNP-
treated cells expected at each X-ray dose (a similar procedure was previously described in detail
by Jo et al.%). This analysis was completed using the data from Figures 3.3, 3.5, and 3.6 to create
a projection for the expected Fol-RLNP-treated survival curve as a function of X-ray dose and was
compared to experimental values of these survival fractions from Figure 3.5. The results are

displayed in Figure 3.7. As seen in the figure, this predictive method matches the experimentally
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observed behavior quite well. Please note that the experimental values displayed are reproduced

from Figure 3.5.
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Figure 3.7. Experimental Clonogenic Cell Survival Compared to UV-A Predicted Surival for Fol-RLNP Treated Cells.
Using the fractional reduction in clonogenic cell survival between Fol-RLNP and RLNP-treated cells after UV-A
irradiation from Figure 3.6, the expected UV-A dosimetry at each X-ray dose level from Figure 3.3, and the
experimentally observed clonogenic cell survival after X-ray irradiation for each group from Figure 3.5, the expected
survival fractions for Fol-RLNP treated cells was predicted and compared to experimentally observed values above.
This rudimentary prediction matches quite well with the observed survival fraction data. The prediction curve values
were calculated by multiplying the survival fraction of RLNP-treated cells under X-ray by the fractional decrease in
UV-A induced survival fraction for Fol-RLNPs vs. RLNPs at the UV-A dose expected for each incident X-ray dose.
The best fit curves of these predicted survival fractions compared with the experimental values were plotted above.
Fol-RLNP experimental values reproduced from Figure 3.5 here for convenience.

Why might Fol-RLNP pre-exposure sensitize cells to UV-A induced clonogenic cell death?
We propose that the pro-proliferative signaling induced by folate mitogenic activity leads to this
observed effect. UV-induced DNA lesions can be converted into double-strand breaks (DSBs),
which can be subsequently converted into lethal chromatin aberrations®, and signals promoting
cell cycle progression and proliferation may inhibit the cell’s ability to adequately repair the

induced UV damage by forcing it to undertake the repair and cell cycle progression pathways
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simultaneously®’. This then leads to a larger number of lethal chromatin aberrations at the same
UV dose for cells exposed to elevated folate levels and provides a reasonable explanation for the
Fol-RLNP enhanced efficacy. A diagrammatic summary of this proposed mechanism is displayed

in Scheme 3.1.
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Scheme 3.1. Proposed Mechanism for Fol-RLNP Mediated Increase in UV-A Sensitivity. In the proposed mechanistic diagram above, Fol-RLNPs
(labeled above) bind via folic acid to folate receptors (gray protrusions) and initiate activation of JAK as described in the text. JAK activation then
leads to subsequent activation of STAT3/ERK via phosphorylation, which initiates pro-proliferative signaling in the cancer cell nucleus. This pro-
proliferative signaling leads to somewhat diminished repair of UV-A initiated lesions in the cell, ultimately increasing cellular sensitivity to UV-A
radiation and subsequently leading to increased clonogenic cell death. This likely explains the discrepancy in UV-A induced clonogenic cell survival
between cells treated with RLNPs vs. Fol-RLNPs.

To compare the number of DSBs per cell nucleus after exposure to PBS or NP suspensions
at the same X-ray dose, an immunocytochemistry staining experiment specific for y-H2AX foci (a
DSB marker) was conducted. These nuclear foci form as the result of the rapid phosphorylation
of the histone H2AX in response to DSB formation near each lesion site®®. In Figure 3.8,
representative 2D images of each treatment group at 2 hours post-radiation (1 Gy X-rays) and
counts of foci per cell nucleus are displayed. For the foci counting, a 3D object counter program

utilizing the ImageJ-based Fiji application was employed®. From these quantification results, PBS
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and RLNP-treated cells display similar numbers of foci per nucleus at 2 hours post-irradiation,
whereas Fol-RLNP-treated cells have a significantly increased number. Recall that RLNPs and
Fol-RLNPs emit the same amount of UV-A and visible light in response to X-ray irradiation, so
differences in the number of DSBs between RLNP- and Fol-RLNP-treated cells are more likely
due to changes in cell response to X-ray/UV-A rather than alterations in dosimetry. These data
support the proposed mechanism of action because the increased number of foci (DNA lesions) at
2 hours post-irradiation indicated that Fol-RLNP-treated cells may not be as efficient in repairing
DSBs as compared to PBS or RLNP-treated cells due to the divided efforts for repair and

proliferation.
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Figure 3.8. y-H2AX Foci Visualization and Quantification 2 Hours Post-irradiation. HN31 cells were seeded in 6-
well culture plates onto gelatin-coated microscope coverslips and allowed to grow until about 60% confluence. After
4-hour incubation with PBS, RLNPs or Fol-RLNPs, cell samples were exposed to 1 Gy of X-rays at a dose rate of 2
Gy/min. At 2 hours post-irradiation, cells were fixed and permeabilized, and then immuno-stained for y-H2AX foci
as described in the Materials & Methods. Coverslips were then mounted onto microscope slides using DAPI-
containing antifade mountant. Images were taken using a Zeiss upright confocal microscope with a 63x oil-immersion
objective lens in a Z-stack at several locations on each slide with 200 nm-thick slices. Representative 2D slices for
each sample are displayed at ~ 190x. Quantification was completed using the ImageJ-based Fiji to count the number
of 3D foci present per cell nucleus. At least 20 cells were counted for each sample. Error bars represent standard
deviations. Double asterisks denote p-values of < 0.001, calculated using two-tailed student’s t-test. Notes: Experiment
conducted using unfiltered particles and each image was modified to enhance brightness by the same amount for each
sample to improve visual clarity in the text.
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Once in vitro safety, efficacy, and mechanisms were examined, the efficacy of the
nanoparticles was then evaluated in vivo in an immune-deficient murine xenograft HNSCC model
with a sub-therapeutic radiation dose (2 + 2 = 4 Gy). This experiment was conducted in BALB/C
Nude mice with HN31 subcutaneous xenografts and was divided into two separate sub-
experiments: irradiated groups at one time and un-irradiated groups from a separate time.

Figure 3.9 shows the tumor volume versus time as well as mouse survival curves for both
irradiated (top figures) as well as un-irradiated (controls, bottom figures) groups. Please note that
because these were conducted at separate times, the un-irradiated tumor growth kinetics and
therefore mouse survival may be slightly different due to small variations in tumor doubling time
and minute differences in tumor burden from mice from distinct litters. As shown in the figure,
Fol-RLNPs significantly enhanced the effect of radiation, while the effect was not significant for
non-functionalized RLNPs. Note that because mice in the PBS + X-ray group and in the RLNP +
X-ray group had to be euthanized on days 14 and 15, respectively, there is no statistically relevant
basis for comparison for the Fol-RLNP group at longer times for tumor volume plot. Of note,
tumor volume measurements overestimated tumor volume compared to tumor volumes calculated
from final tumor weights, as detailed in supplemental Figure 3.S11.

As shown in the figure, a clear difference in survival time for the groups was apparent for
mice treated with Fol-RLNP + X-rays. The difference in survival for the Fol-RLNP group (median
survival time: 40.5 days post-implantation) was significantly different from both the PBS + X-ray
only group (median survival time: 27.5 days post-implantation) and the RLNP + X-ray group
(median survival time: 28.0 days post-implantation). P-values for each combination are displayed
in the table included in Figure 9. This result suggests that the Fol-RLNP efficacy effects are also

present in vivo.
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Figure 3.9. Murine HNSCC Xenograft with NP Treatment. Subcutaneous xenografts were produced by inoculation of
1.5 x 108 HN31 cells in 0.1 mL total volume in BALB/C nude mice (day 0). Intratumoral nanoparticle injection of
100 pL of 10 mg/mL CWO NPs in sterile PBS was conducted in two portions over two days (days 4 and 5) once
tumors reached ~ 100 mm?; blank PBS was injected in the control (X-ray only) group. “Sub-therapeutic” (i.e., low-
dose) radiation treatments with 320 keV X-rays were conducted on the second day of injection (day 5) and the
subsequent day (day 6, 2 Gy each) for a total of 4 Gy. Tumors were measured with digital calipers. (TOP LEFT)
Tumor volumes for each group are displayed up to the first euthanasia event that occurred in each group. Error bars
represent standard error. (TOP RIGHT) Kaplan-Meier survival curves for each group were generated. (BOTTOM
LEFT) Tumor volume curves for un-irradiated controls (PBS, RLNP, Fol-RLNP), which are data displayed from a
separate sub-cutaneous xenograft experiment from the irradiated samples (experiments were conducted at separate
times). (BOTTOM RIGHT) Kaplan-Meier survival curves for un-irradiated controls (again, a distinct experiment from
the irradiated groups). Euthanasia criteria were > 20% body weight loss or tumor volume > 2000 mm3, The Fol-RLNP
group survival (blue dot-dashed line, right) was significantly different than the RLNP group (red dashed line) and the
X-ray control group (black solid line). P-values of survival data for the irradiated groups (top right plot) are displayed
in the table for each combination. P-values determined using one-way ANOVA. N = 6 per group for irradiated groups,
N = 8 per groups for un-irradiated controls. Note: Unfiltered particles were used for this experiment.
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Next, we examined if the mouse survival results presented in Figure 3.9 could be predicted
using in vitro clonogenic survival data shown in Figure 3.5. Using the linear-quadratic model
parameters (a and B) obtained from clonogenic assay results shown in Figure 3.5, we can predict
values of survival fraction (SF) for HN31 cells irradiated with 4 Gy in 2 fractions. In this situation,
survival fraction (SF) can be estimated as follows: SF(D =4 Gy in 2 fractions) = [SF(D =2 Gy in
single fraction)]?, assuming the time interval between radiation fractions (1 day) was sufficient for
cellular recovery from sub-lethal radiation damage®®. SFs were then determined for each treatment
group: 0.413 for PBS + X-ray, 0.2205 for RLNP + X-ray, and 0.1557 for Fol-RLNP + X-ray. For
the in vivo studies presented in Figure 3.9, HN31 xenografts were treated with X-rays when the
tumor volume reached 100 mm?3 (Vo) (containing an estimated number of approximately 1.0 x 108
cells, assuming a cell density of 10° cells per cc of tumor®®). For the mouse study, the number of
clonogenically viable cells within the tumor immediately following the second fraction of 2 Gy
radiation were calculated: 4.13 x 107 cells for PBS + X-Ray, 2.205 x 107 cells for RLNP + X-ray,
and 1.557 x 107 cells for Fol-RLNP + X-ray. From Misra, et al.%°, the doubling time (tdouble) Of
HN31 cells in mouse xenografts is approximately 5.09 days. To determine the median mouse
survival values for each treatment group, the post treatment volumes (calculated from the number
of cells surviving from above), the doubling time, and a final tumor volume of 2.0 cc (Vfinal) Were

substituted into the formula:

Vo tdouble
t ial = ln( ) X 1
survival Vfinal In(2) ( )

The results of this prediction for median mouse survival in treatment groups were 28.5
days for PBS + X-ray, 33.1 days for RLNP + X-ray, and 35.7 days for Fol-RLNP + X-ray. For
comparison, the experimental values in days post-radiation were 21.5 days for PBS + X-ray, 22

days for RLNP + X-ray, and 34.5 days for Fol-RLNP + X-ray. In general, this model predicts a
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clear increase in mouse survival for Fol-RLNP-treated mice, which was observed. This simple
model does not capture the quantitative behavior for X-ray and RLNP + X-ray treated mice
survival but does agree quite well with the predicted value for Fol-RLNP + X-ray treated mice (a
difference of 1 day).
Canine Clinical Case Study

A 10-year-old pet golden retriever was presented to the Purdue Veterinary Teaching
Hospital for the treatment of a soft tissue sarcoma (STS). A radiation treatment plan was designed
to deliver 20 Gy in 5 fractions on consecutive week-days (4 Gy per fraction) using 6 MV photons
delivered from a linear accelerator. A 3D conformal treatment plan was developed to deliver at
least 95% of the dose to 95% of the planning target volume. The treatment plan was developed
using computerized radiation treatment planning software to analyze computerized tomography
(CT) images of the dog’s tumor. Primary radiation therapy alone for canine STS does not typically
result in considerable responses for grossly measurable disease’. For this study, one side of the
tumor was injected with Fol-RLNPs at a final concentration of 3 mg CWO per cm®tumor, and the
other side of the tumor received no injection. The radiation doses were then administered to the
entire tumor. The caliper measured tumor volume on the day of treatment was 40.7 cm?, and one
month following treatment the caliper measured tumor volume had been reduced to 21.5 cm?.
Clinically significant adverse events in this case were minimal, with only the formation of a sterile
abscess with a small amount of exudative drainage. Following oral antibiotics and bandaging, the
wound healed spontaneously within 4 weeks. No clinically significant biochemical or
hematological changes were detected using standard testing for organ function (complete blood
count, serum biochemistry, and urinalysis). Figure 3.10 displays CT scans one-month pre-

treatment in (A), immediately post-injection in (B), and one-month post-treatment in (C). Table
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3.1 details the CT measurements of the tumor taken at several points during treatment. The volume
reduction reported from the CT scans here is consistent with the volume reduction measured with

calipers.

Figure 3.10. CT Images of Canine Sarcoma (A) 1-month Pre-treatment CT scan, arrow indicates tumor (B) 30-minute
Post-NP Injection CT Scan, arrow indicates Fol-RLNPs (bright, hyperattenuating regions) (C) 1-month Post-treatment
CT Scan, arrow indicates Fol-RLNPs (bright, hyperattenuating regions). For this case study, the tumor was injected
with 3.3 mL of Fol-RLNPs at 10 mg/mL suspension in PBS. Note: Unfiltered particles were used for this study.

Table 3.1. Computerized Tomography (CT) Tumor Measurements

Date Cranial-Caudal Dorsal-Ventral Medial-Lateral Sum Diameter CT\(/:;IS:]J:;\ted
1 Month Pre-treatment 3.96 cm 4.47 cm 2.13cm 10.56 cm 22.40 cc
30 Min. Post-injection 5.45 cm 4.00 cm 3.05cm 12.50 cm 33.31 cc
1 Month Post-treatment 3.50cm 4.24 cm 2.54 cm 10.28 cm 16.78 cc

Histology slides from the canine tumor were prepared using hematoxylin and eosin (H&E)
staining for pre- and post-treatment biopsies. Images taken of these slides were examined and
sample images are displayed in Figure 3.11. The pre-treatment biopsy (taken approximately 3
weeks prior to treatment) indicated a soft-tissue sarcoma derived primarily from malignant
peripheral nerve sheath tissue. In-treatment biopsies from the Fol-RLNP injection side as well as
the un-injected side (taken on day 3 of treatment) displayed no visible neoplasia. These sections
exhibited variably sized regions of inflamed adipose tissue, connective tissue, and muscle tissue.

In the treatment slides, aggregates of the injected particles created dark regions in the images.
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While there was no visible neoplastic tissue, it is likely that this was due to the location from where
the biopsy sample was taken. The deeper tissue underlying biopsy tissue likely still contained
neoplastic regions. The inflammation in the biopsies consisted primarily of neutrophils, with a
smaller number of lymphocytes, plasma cells, and macrophages. The presence of immune cells is
indicative that the combination of Fol-RLNPs and X-ray therapy is effective in inducing a
significant inflammatory response even with a low-dose, palliative radiation treatment plan. The
similarity between the injected and un-injected sides is likely due to the induced immune response
producing anti-tumor effects throughout the entire tumor.

The animal patient involved in this study was returned by the owners for euthanasia and

subsequent necropsy for humane reasons at approximately 19 months post-treatment.
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Figure 3.11. Histopathology of Sarcoma Biopsies Pre-/Post-treatment (A) Pre-treatment H&E slide. (B) Pre-treatment
H&E slide (2" location). (C) In-treatment (Fol-RLNP injection side). (D) In-treatment (un-injected side). Panels (A)
and (B) indicate soft tissue sarcoma of nerve sheath tissue origin. Panels (C) displays mesenchymal tissue judged to
be fibrosis. The mesenchymal tissue was markedly inflamed, and variably sized (pinpoint or 8 to 15-micron diameter)
black-pigmented material was scattered or clumped within the mesenchymal tissue (likely nanoparticle clusters).
Weakly birefringent, irregularly shaped to round, yellow to clear crystals were also scattered or clumped within the
tissue. Panel (D) displays a tissue section comprised of markedly inflamed adipose tissue and muscle, infiltrated and
dissected by bands of inflamed granulation tissue with no tumor identified. “Inflamed” refers to the presence of
neutrophils and/or lymphocytes and plasma cells. Scale bar in each image is 100 um. Note: Unfiltered particles were
used for this study.

Taken together, these experiments demonstrate that RLNPs and Fol-RLNPs exhibit radio-
sensitization properties in vitro, but Fol-RLNPs significantly outperform both X-ray therapy alone
and RLNPs + X-rays in murine cancer models. The cause of the increase in radio-sensitizer
efficacy for Fol-RLNPs is likely due to pro-proliferative signaling initiated by folate’s inherent
mitogenic activity that leads to increased UV-A cell sensitivity, possibly due to decreased repair

of UV-A induced DNA lesions like double strand breaks. From the data in these experiments, it is
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evident that Fol-RLNPs combined with X-ray radiation can act as effective radio-sensitizers and
clearly outperform RLNPs.

Fol-RLNPs exhibit useful radio-sensitizer properties in a variety of contexts, including a
spontaneous tumor in a canine patient. The canine clinical case study demonstrated that Fol-
RLNPs could play a potential role in the treatment of spontaneous tumors, particularly those which
are normally considered radio-resistant. However, because this case study involved only one
patient, further examination in a larger patient population is necessary to confirm this observation.
Ultimate translation of Fol-RLNPs would require a significantly larger patient population to
demonstrate efficacy and safety in a statistically significant manner.

Nonetheless, Fol-RLNPs could possibly be used to sensitize tumors such that they could
receive lower total radiation doses or be used to improve tumor control probability at a given
radiation dose. Importantly, these radio-sensitization effects are only present in the tumor tissue
because of the intra-tumoral delivery of the particles in addition to their propensity to stay within
the tumor tissue post-injection. Overall, Fol-RLNPs are effective radio-sensitizers that warrant
further investigation into their viability for clinical use. Future studies will include optimization of
Fol-RLNPs using murine cancer models and an expanded canine clinical trial in multiple dogs

with spontaneous tumors.

3.5 Conclusions

This study demonstrates that RLNPs and Fol-RLNPs function as radio-sensitizers when
combined with X-ray radiation therapy of head and neck cancer cells. Fol-RLNPs exhibit enhanced
efficacy compared to RLNPs in cell culture and animal models by increasing cancer cell sensitivity
to UV-A radiation. Several mechanisms were explored for this Fol-RLNP-mediated increase in

efficacy, including improved uptake efficiency, altered sub-lethal damage repair Kinetics, changes
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in intracellular photosensitizer concentrations, and decreased repair capability in response to
folate’s induction of pro-proliferative signaling via its innate mitogenic activity. The data
suggested that Fol-RLNPs enhanced efficacy relative to RLNPs is likely caused by Fol-RLNP-
initiated pro-proliferative signaling that leads to decreased repair of UV-A-induced DNA lesions
(i.e. double strand breaks). Fol-RLNP-treated cells must split efforts between DNA lesion repair
and amplification of proliferative signaling, potentially leading to diminished repair capacity for
DNA lesions and subsequent increases in lethal chromatin aberrations and clonogenic cell death.
A mouse head and neck cancer xenograft experiment confirmed that the efficacy improvements of
Fol-RLNPs over RLNPs are present in vivo. The canine clinical study described herein suggests
that Fol-RLNPs may function as effective radio-sensitizers in spontaneous animal tumors as well,
but further clinical study is needed to confirm these observations. Together, these experimental
results indicate that Fol-RLNPs have potential to be used as a radio-sensitizer for radiation therapy,
but further exploration is required and warranted to optimize their radio-sensitization properties
and confirm their safety and efficacy for potential clinical translation.
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4.1 Abstract

Photodynamic therapy (PDT) has shown potential as a cancer treatment modality, but its
clinical application is limited due to its visible light activation since light cannot penetrate tissues
well. Additionally, combination therapies utilizing PDT and radiotherapy have shown clinical
promise in several cancers but are limited again by light penetration and the need for selective
photosensitization of the treatment area. Herein we report the development of bilirubin-
photodynamic nanoparticles (BR-PDNPs). BR-PDNPs are a novel formulation of PEGylated
bilirubin micelles encapsulating CaWO4 nanoparticles. These particles are capable of activating
PDT via X-ray irradiation within deep tissues due to the radio-luminescent properties of their
CaWO4 nanoparticle cores. BR-PDNPs facilitate a combination of photodynamic and radiation
therapy and represent a new application of previously developed PEG-bilirubin conjugates. When
irradiated by X-rays, BR-PDNPs emit UV-A and visible light from their CaWO4 cores which
excites bilirubin and leads to the production of singlet oxygen. BR-PDNPs exhibit improvements
over X-ray therapy alone in in vitro and in murine xenograft models of head and neck cancer. The
data presented in this study suggest that BR-PDNPs are a promising agent for facilitating combined

radio-photodynamic therapy in deep tissue tumors.
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4.2 Introduction

Bilirubin (BR) is a downstream product of heme catabolism in mammals™. Free heme
groups from degraded hemoglobin are metabolized to remove them from systemic circulation and
subsequently are converted into BR. As previously reported, BR is capable of photosensitizing
cells to light, making them more susceptible to damage and death from light exposure’. This
photo-activity is due to the production of reactive oxygen species (ROS) when BR is exposed to
UV-A and visible-spectrum wavelengths of light, predominantly singlet oxygen (*O2)”. This
singlet oxygen exerts the majority of the therapeutic effects in photodynamic therapy’.

Photodynamic therapy (PDT) is a relatively new modality for cancer treatment that has
clinical potential”’®. PDT relies on oxygen, light, and a photosensitizer to function®.
Photosensitizers are compounds that produce cytotoxic ROS when exposed to specific
wavelengths of light, but are otherwise pharmacologically inactive’’. Because of this activation
pathway, PDT typically displays low systemic toxicity and minimal acquired resistance’®. One
major limitation of PDT is that it cannot treat tumors deeper than the surface level because of the

short penetration depths of light in tissue’®. Thus, only tumors of the skin or surface linings of the
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esophagus, lung, or bladder can be treated®®®!, To address this issue, we report a novel bilirubin-
PEG encapsulated CaWO4 (CWO) nanoparticle system (bilirubin-photodynamic nanoparticles,
BR-PDNPs) that acts as an X-ray inducible PDT platform. Because X-ray photons have much
better penetration depths into tissue, they can overcome the limitations of visible light. Thus, this
system could be used to treat locally advanced primary or recurrent lesions anywhere within the
body. Additionally, because the platform is X-ray activated, the system acts as a combination
radiotherapy and photodynamic therapy, a combination that has shown promising results338283,

One disease that could benefit from radiotherapy and PDT combination is head and neck
squamous cell carcinoma (HNSCC). HNSCC is the 6™ most common cancer worldwide*, and the
overall 5-year survival rate is around 50% for all HNSCC patients**. It has relatively high incidence
of recurrence post-radiotherapy?*°, with the rate of recurrence up to 60% for local failure and 30%
for distant failure?. This is an issue considering that radiation therapy is a primary treatment
modality for most cases of HNSCC*. The combination of PDT and radiation therapy could
potentially show improved clinical responses in patients with HNSCC since the two therapies
operate through separate ROS generation mechanisms®, but this strategy is still limited in that
PDT is only an option for tumors on surfaces of the nose, mouth, and throat. The BR-PDNPs
overcome this because their X-ray activation allows the system to be actuated even below the
surfaces of tissues, allowing for radiation therapy and PDT combinations in large or deep-seated
tumors.

Typically, drugs used to treat cancers are systemically administered, causing off-target
toxicities®®*. Intratumoral injection is a clinically viable drug delivery method for cancer therapies
that helps to overcome this limitation because the drug is only applied to the diseased tissue. In the

case of BR-PDNPs, intratumoral injection ensures good localization of treatment since the
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therapeutic effects are only activated by the external X-ray source, which is focused on the tumor
itself. In this way, this system is specific for diseased tissues and minimizes off-target toxicity.
The novel BR-PDNP system described in this report consists of a CawO4 nanoparticle
(CWO NP) core encapsulated by a poly(ethylene glycol)-bilirubin conjugate micelles (PEG-BR
micelles). When conjugated to PEG, bilirubin can intramolecularly hydrogen bond, creating a
hydrophobic domain that drives the assembly of micelles in aqueous medium®. When exposed to
UV-A/blue wavelengths of light, bilirubin undergoes rearrangement that disrupts the extensive
intramolecular hydrogen bonding network, thus eliminating its hydrophobicity. This loss of
hydrophobic character ultimately causes the PEG-BR micelles to dissociate®®. Previous work has
been conducted by Jon and coworkers using PEG-BR micelles, taking advantage of these photo-
activatable properties, with a focus on their use for controlled release of drugs and diagnostic use
potential®®®’, In BR-PDNPs, we have devised a new application for PEG-BR when combined with
the radio-luminescent properties of CWO NPs. BR-PDNPs employ the previously described
dissociation of PEG-BR micelles in addition to bilirubin’s innate photo-sensitizing capabilities to
facilitate the activation of combined PDT and radiation therapy. In vitro efficacy testing
demonstrated clear therapeutic enhancements in combining BR-PDNPs with X-ray radiotherapy.
Furthermore, a head and neck cancer xenograft experiment in mice suggested that these combined
radio/photodynamic therapy enhancements are present in vivo, but further study is needed to
confirm these results. BR-PDNPs represent a novel tool for combining radiation and photodynamic
therapies for solid tumors, and further optimization of the formulation and efficacy validation in

other tumor models are warranted to examine their ultimate translational viability.
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4.3 Materials and Methods

Synthesis and Characterization of PEGylated bilirubin (PEG-BR)

The poly(ethylene glycol)-bilirubin (PEG-BR) polymer-conjugate was synthesized as
previously described, with some modification®. Briefly, 0.5 mmol of bilirubin (BR) and 0.5 mmol
of N,N'-dicyclohexylcarbodiimide (DCC) with 0.5 mmol of N-hyrdoxysuccinimide (NHS) were
dissolved in 5 mL of dimethyl sulfoxide (DMSO) and allowed to stir for 10 minutes at room
temperature. Then, 0.2 mmol of HO-PEG2000-NH: (Laysan Bio) and 150 pL of triethylamine
(TEA) was added to the mixture and allowed to stir for 4 hours at room temperature under a
nitrogen or argon atmosphere (synthesis vessel covered to protect it from light). Then 45 mL of
methanol was added to the reaction vessel to precipitate free bilirubin (unconjugated BR). The
mixture was then centrifuged at 5,000 rpm for 10 minutes, and the supernatant was removed for
processing while the precipitate was discarded. The supernatant was then syringe filtered using a
450 nm PTFE filter to remove residual free BR and was then placed under vacuum to concentrate
the mixture. The mixture was then dialyzed against Milli-Q filtered water for 2 days using a
regenerated cellulose membrane with a MWCO of 1 kDa. The resultant suspension was then
Iyophilized, and the powder analyzed using *H-NMR. For NMR characterization, 5 mg of as-
synthesized PEG-BR was dissolved in deuterated DMSO (DMSO-d6) and the spectrum acquired
on a Bruker DRX-500 machine.

Formulation of PEG-BR Micelles and PEG-BR Photodynamic Nanoparticles (BR-PDNPs)

For PEG-BR micelles, 10 mg of PEG-BR was dissolved in chloroform and subsequently
dried under argon or nitrogen gas and then allowed to dry under vacuum for 4 hours. Then, 10 mL
of phosphate buffered saline (PBS) was added to the dried PEG-BR and then sonicated for 5

minutes.
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For PEG-BR photodynamic nanoparticles (BR-PDNPs), 30 mg of PEG-BR was dissolved
in 3.9 g of N,N-dimethylformamide (DMF). Then 50 puL of 10 mg/mL calcium tungstate
nanoparticles (synthesized as described previously®) was added to the solution, the vial was placed
in a sonication bath and an overhead disperser was placed into the mixture and set to rotate at
10,000 rpm. After the initiation of stirring, 2.1 mL of PBS was added to the suspension and allowed
to mix for 5 minutes. The resultant solution was removed from the setup and centrifuged for 10
minutes at 5,000 rpm. The supernatant was removed, and the pellet resuspended in PBS with an
amount corresponding to the desired final concentration. This mixture was then vortexed for 30
seconds to complete the resuspension. These particles were then filtered using a 450 nm PTFE
syringe filter.

NP Size Characterizations

Transmission electron microscopy (TEM) was conducted on BR-PDNPs to visualize the
as formulated particles. Images were taken using a Tecnai T20 instrument using 2% uranyl formate
as a negative staining agent.

Hydrodynamic size measurements were conducted using dynamic light scattering (DLS).
For DLS preparation, BR-PDNPs were diluted to a concentration of 0.25 mg/mL (based on CaWOg,
CWO) and filtered as described above. N = 3 separate batches were prepared and measured.

UV Dissociation Characterization of PEG-BR PDNPs

A UV-A lamp (peak emission at 365 nm) was used to illuminate BR-PDNPs formulated
as described above at a final concentration of 0.1 mg/mL (based on CWO) for a total UV fluence
of 0.56 Jlcm? (or 1.12 Jlcm? for the sample exposed to two subsequent doses). DLS size
measurements were conducted immediately after formulation, after one UV dose, and after two

UV doses (N = 2 separate experiments).
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Singlet Oxygen Production Quantification

Singlet Oxygen Sensor Green (SOSG, ThermoFisher) was dissolved into a methanol stock
solution at a concentration of 5 mM. Then, aqueous dilutions of SOSG to a concentration of 10
uM and CWO NPs/BR-PDNPs to a concentration of 0.1 mg/mL (based on CWO NP concentration)
were loaded into the wells of a 96 well plate. Two separate sets of samples were prepared for
irradiated groups (to measure singlet oxygen production under X-ray) and unirradiated groups (to
measure background fluorescence signals as negative controls). Irradiated samples were dosed
with 2, 3, or 6 Gy of X-ray at a dose rate of 2 Gy/min (320 kV XRAD-320, Precision X-ray). Both
sets of samples were kept protected from all other illumination sources until time of fluorescence
measurement. Sample wells in irradiated and unirradiated plates were read using a Bio-RAD
Microplate Reader-550 using 500 nm excitation and 525 nm emission endpoints. N = 4 per group.
MTT Cell Viability Assay

HN31 cells were seeded in a 96-well tissue culture plate at a density of 0.5 x 10* cells per
well and incubated for 24 hours at 37.0 °C in a 5% COz incubator prior to exposure to CWO NPs.
Cells were then treated with various concentrations of PEG-BR<??>-coated and uncoated CWO
NPs (0.1, 0.2, 0.5, 1.0 and 2.0 mg CWO per mL solution) (N = 4). After 24 hours of incubation,
10 puL of the MTT reagent (Sigma) was added to each well and incubated for additional 4 hours.
Resultant formazan crystals were dissolved by first removing all liquid in each well and then
adding 150 pL of DMSO (Sigma) to each well. The absorbances at 570 nm and 630 nm (for
background subtraction) were immediately measured using a microplate reader (BIO-RAD
Microplate Reader-550). The wells containing cells (that had not been treated with CWO NPs) in

the medium with the MTT reagent were used as controls for 100% viability reference.
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Clonogenic Cell Survival Assays

The clonogenic cell survival assay was conducted as previously described®®. Briefly, HN31
cells (courtesy of Dr. Jeffrey N. Myers at MD Anderson Cancer Center) were used as a cellular
model for head and neck squamous cell carcinoma. HN31 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and
0.1% L-glutamine (Gibco Life Technologies) (as recommended by American Type Culture
Collection (ATCC)) in a humidified incubator with 5% CO; at 37.0 °C. HN31 cells were grown
in a T-25 cell culture flask until they reached ~ 80% confluence. After this, the growth medium
was removed, and the adherent cells were washed with PBS (Gibco Life Technologies). Cells were
then detached from the plates by treatment with TrypLE™ Express (1x) solution for 4 — 6 minutes
at 37.0 °C. Detached cells, suspended in growth medium/TrypLE Express mixture, were
centrifuged at 300x g for 5 minutes at room temperature. The cell pellet was resuspended in a
minimal amount of growth medium (2 — 3 mL), and the cells were counted using a hemocytometer.

Cells were then seeded into 6-well plates at densities varying with planned radiation dose,
as follows: 0.2 x 103 cells/well for 0 Gy, 0.8 x 10° cells/well for 3 Gy, 1.6 x 10° cells/well for 6
Gy, and 5.0 x 10° cells/well for 9 Gy. Three experimental groups were tested with N = 3
wells/group: PBS-treated + X-ray, PEG-BR Micelles + X-ray, and BR-PDNPs + X-ray. PEG-BR
micelles were diluted in growth medium to a concentration of 0.2 mg/mL (based on polymer
concentration), BR-PDNPs were diluted in growth medium to 0.2 mg/mL (based on CWO
concentration), and PBS was added to an equivalent volume fraction as the experimental groups
in growth medium. These prepared doses were added to their respective wells and allowed to
incubate at 37.0 °C with the cells for 4 hours and the plates were then exposed to the appropriate

dose of X-ray radiation at a dose rate of 2 Gy/minute (320 kV XRAD-320, Precision X-ray).
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Irradiated cells were cultured for 14 days. Colonies resulting from radio-resistant cells were stained
with Crystal Violet. Colonies of more than 50 daughter cells in culture were counted (N = 3).
Results were compared with un-irradiated controls to calculate survival fraction.
Murine HN31 Xenograft Efficacy Evaluation

Female Nod rag gamma (NRG) mice (8 weeks old) were housed in a pathogen-free
environment including standard cages with free access to food and water and an automatic 12 h
light/dark cycle. The mice were acclimated to the facility for 1 week prior to beginning
experiments, and all animals were cared for according to guidelines established by the American
Association for Accreditation of Laboratory Animal Care (AAALAC). Subcutaneous HNSCC
xenografts were produced by inoculation of 1.5 x 108 HN31 cells in 0.1 mL total volume of a
serum free medium containing 50% Matrigel (BD Bioscience). Intratumoral nanoparticle injection
at 10 mg/cc tumor of CWO NP in sterile PBS was conducted once tumors reached ~ 100 mm?,
approximately 6 days after inoculation, and split into two equal injections on consecutive days.
For this study, the following treatment groups were used: BR-PDNP + X-ray, CWO NP + X-ray,
and PBS + X-ray; BR-PDNP, CWO NP, and PBS. Radiation treatments were conducted the second
day of injection and the subsequent day (2 Gy each) for a total of 4 Gy at a dose rate of 2 Gy/min
using a 320 kVp laboratory X-ray irradiator (X-RAD 320, Precision X-ray, North Branford, CT).
Tumors were measured with digital calipers in three dimensions: length (L), width (W), and height
(H). Tumor volumes were calculated using V = (L x W x H) x 7/6. N = 8 per group. Euthanasia
criteria were > 20% body weight loss or tumor volume > 2000 mm?®. Mice were euthanized via
spinal dislocation under anesthesia. Tumors were excised and weighed post euthanasia. All major
organs (brain, heart, lungs, kidneys, spleen, liver) and tumors were excised and placed in 10%

neutral-buffered formalin phosphate. Representative animal organs from each treated group were
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then embedded in paraffin, sectioned, stained with standard H&E staining, and digitized with a

brightfield digital microscope camera at a zoom of 20x.

4.4 Results and Discussion

Bilirubin photodynamic nanoparticles (BR-PDNPs) are thought to potentiate photodynamic
therapy under X-ray irradiation through distinct steps. X-ray exposure causes CawWO4 (CWO)
nanoparticles at the core of the BR-PDNPs to emit UV-A and blue light, as described previously®.
This UV-A/blue light is absorbed by the bilirubin in PEG-BR, and the absorption disrupts
intramolecular hydrogen bonds that cause bilirubin to act as a hydrophobic molecule. The
disruption of this network causes the PEG-BR micelles encapsulating the CWO nanoparticle to
dissociate, leading to free BR-PEG chains and bare CWO nanoparticles in suspension. After this
dissociation, CWO will continue emitting UV-A/blue light, which will interact with the bilirubin
in the liberated PEG-BR chains. Excited bilirubin in the liberated chains can interact with
intracellular molecular oxygen, and reactive oxygen species (ROS) are produced, predominantly
singlet oxygen (*02). Singlet oxygen effects combined with X-ray cellular damage can potentially
improve the efficacy of X-ray treatments for cancers. This mechanism is outlined below in Figure

4.1.
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Figure 4.1 Schematic Overview of BR-PDNP Mechanism of Action. The top of the figure is a schematic diagram for
the mechanism of BR-PDNPs. The structure of the PEG-BR conjugate is displayed on the lower portion of the figure.

Synthesis and Characterization of BR-PDNPs

PEG-BR was synthesized from an amine-PEG precursor. The product was then purified,
and the resultant compound was characterized via *H-NMR to confirm the structure of the product.
The H-NMR spectrum of the as-synthesized PEG-BR product is displayed in Supplemental
Material in Figure 4.S1. PEG-BR was then used to encapsulate CaWO4 nanoparticles (CWO NPs)
as described in the Materials and Methods. PEG-BR-encapsulated CWO NPs (BR-PDNPs) were

then visualized using TEM with 2% uranyl formate as a negative stain. A representative image of

filtered BR-PDNPs is shown in Figure 4.2.
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Figure 4.2. TEM Micrograph of BR-PDNPs. Filtered BR-PDNPs in PBS suspension were air-dried onto a TEM grid
and negatively stained with 2% uranyl formate. Several images of the particles were taken, and a representative image
is displayed above. As is visible in the micrograph, filtered BR-PDNPs are predominantly comprised of small clusters
of CWO NPs (dark particles) encapsulated by PEG-BR (lighter gray region surrounding particle cluster). Scale bar =
50 nm.

The sizes of PEG-BR micelles and BR-PDNPs were characterized via dynamic light
scattering (DLS). These results are consistent with the idea that PEG-BR micelles effectively
encapsulate CWO nanoparticles. Note that the unfiltered BR-PDNPs effective diameter was larger
likely due to large agglomerates of un-encapsulated CWO that may have been present in the

sample before filtration. The results of the DLS size measurements are shown in Figure 4.3.
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Figure 4.3. DLS Size Data for PEG-BR Micelles and BR-PDNPs. PEG-BR micelles and BR-PDNPs were suspended
at 0.2 mg/mL concentration in PBS (mass of polymer and CWO for micelles and PDNPs, respectively) and analyzed
using DLS at room temperature. Filtered sample passed through 450 nm PTFE syringe filter, as described in the
methods. Effective diameters represent average values and error bars represent standard deviation (N = 3).

DLS size measurements of filtered BR-PDNPs were conducted before and after exposure
to UV-A radiation from a lamp to confirm that UV-A exposure can cause dissociation of the PEG-
BR micelles encapsulating the CWO nanoparticles. As seen in Figure 4.4, UV-A exposure leads
to an increase in effective diameter for the BR-PDNP sample, and the size increased again after a
subsequent UV-A dose. The increase in the effective diameter in this sample is caused by the
agglomeration of bare CWO nanoparticles that are exposed when the PEG-BR micelles dissociate.

This data supports the proposed mechanism of action of BR-PDNPs.
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Figure 4.4. DLS Size Data for UV-exposed BR-PDNPs. A UV-A lamp (peak emission at 365 nm) was used to
illuminate BR-PDNPs at a concentration of 0.1 mg/mL (based on CWO) for a UV fluence of 0.56 J/cm? or 1.12 J/cm?.
DLS size measurements were conducted immediately after formulation, after one UV dose, and after two UV doses.
(Top) The increase in effective diameter is indicative of PEG-BR micelle dissociation and release of bare CWO NPs,
which then aggregate in suspension to increase the number of large particles and thus increase the effective diameter
of all particles in the sample. Error bars represent standard deviation (from N = 2 separate batches). (Bottom) This
trend can be seen in the representative histograms presented. As UV exposure dose increases, an increasing number
of larger aggregates are observed via DLS number-weighted size histogram output. Note: Experiment conducted using
filtered particles.

To further explore the mechanism of BR-PDNPs, an experiment was conducted to quantify
and compare the generation of singlet oxygen (*O), a specific type of reactive oxygen species
produced via a type Il photosensitizer reaction with molecular oxygen®. Relative amounts of
Singlet Oxygen Sensor Green (SOSG) fluorescence were compared for PBS, CWO NPs, and BR-
PDNPs after X-ray radiation at several doses. The results of this experiment are displayed in Figure
4.5. The data from the plot suggest that BR-PDNPs efficiently generate singlet oxygen in response
to X-ray irradiation and do so at an elevated level when compared to PBS or CWO NPs in

combination with X-rays.
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Figure 4.5. Singlet Oxygen Production Quantification. Singlet Oxygen Sensor Green (SOSG) was diluted in MilliQ
water to a concentration of 10 uM in the wells of a 96-well plate containing suspensions of PBS, CWO NPs, and BR-
PDNPs at a concentration of 0.2 mg/mL (based on saline or CWO NP concentration). Two separate sets of samples
were prepared for irradiated groups (to measure singlet oxygen production under X-ray) and unirradiated groups (to
measure background fluorescence signals as negative controls). Irradiated samples were dosed with 0, 3, or 6 Gy of
X-ray at a dose rate of 2 Gy/min. Both sets of samples were kept protected from all other illumination sources until
time of fluorescence measurement. Sample wells in irradiated and unirradiated plates were read using 500 nm
excitation and 525 nm emission endpoints. N = 4 per group for irradiated samples and N=3 per group for unirradiated

samples. Single asterisks denote p < 0.05 and double asterisks denote p < 0.01 as calculated using student’s t-test.
Note: Experiment conducted with unfiltered nanoparticles.

Biological Evaluation of BR-PDNPs

The proposed mechanism for BR-PDNPs relies on the idea that the nanoparticles are only
activated when illuminated. It then follows that once BR-PDNPs are intratumorally injected, only
X-ray radiation should be capable of activating the therapeutic effects of the particles. By
preventing unwanted activation of NPs, this system is designed to mitigate off-target toxicity. To
examine the extent to which BR-PDNPs are cytotoxic in the “dark” (i.e., un-irradiated), an MTT
cell viability assay was conducted at various concentrations and compared to un-encapsulated

CWO NPs. The results of this experiment are displayed in Figure 4.6. As seen in the figure, cell
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viability remains high until reaching a concentration about an order of magnitude higher than used
for therapeutic cell culture treatments (0.1 — 0.2 mg/mL vs. 1.0 mg/mL). This supports the idea

that BR-PDNPs are minimally toxic at standard treatment concentrations.
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Figure 4.6. Cell Viability with Exposure to BR-PDNPs. Cell viability measured by MTT assay with exposure to BR-
PDNPs at displayed concentrations (based on CWO NP). HN31 cells were seeded in 96-well tissue culture plates at a
density of 1.0 x 10* cells per well and incubated for 24 hours. MTT cell viability assay was performed at 24 h post
treatment. 0 mg/mL represents the negative control for these experiments. All error bars represent standard deviation
(N = 4). Note: Experiment conducted using unfiltered particles.

Next, a series of clonogenic cell survival assays were conducted to examine and compare
the efficacy of X-ray radiation alone versus X-ray radiation in combination with PEG-BR micelles,
CWO NPs, and BR-PDNPs. As shown in Figures 4.7 and 4.8, a clear increase in cell killing
efficacy was observed with BR-PDNPs + X-ray relative to all other treatment groups. PEG-BR
micelles + X-ray did not produce any increased efficacy compared to X-ray alone, and CWO NPs
+ X-ray did show enhanced efficacy, as previously observed®, but this improvement was not as
large as that for BR-PDNPs. The sensitizer enhancement ratio (SER) values at 10% cell survival
for CWO NPs and BR-PDNPs were 1.15 and 1.40, respectively. In addition, the o/f value

increased for CWO NPs and BR-PDNPs, but this value was also higher for BR-PDNPs (please
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note that the exact value of o/p in each experiment will fluctuate naturally, but in general the
relative changes in values between treatment groups in each experiment should hold consistent
from study to study). These results indicate that CWO NPs alone do not photosensitize cells as
significantly as BR-PDNPs, and BR-PEG-encapsulation is essential for CWO NPs to mediate
photodynamic therapy. These results support the proposed mechanism of action of BR-PDNPs and

provided motivation for further study in vivo.
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Figure 4.7. BR-PDNP Initial Clonogenic Cell Survival Assay. HN31 cells were seeded in 6 well plates at 0.2 x 102 (0
Gy), 0.8 x 10° (3 Gy), 1.6 x 10° (6 Gy), and 5.0 x 10% (9 Gy) in triplicate for each treatment group. Cells were incubated
with PBS, PEG-BR micelles (0.2 mg/mL PEG-BR), and BR-PDNPs (0.2 mg/mL CWO nanoparticle) for 4 hours prior
to X-ray irradiation. Irradiations were performed at 2 Gy/min using a 320 kV X-ray irradiator. Colonies of greater
than 50 cells were counted to calculate survival fraction (N = 3). Error bars represent standard deviations. Table
displays the parameters for the linear quadratic model fits (S = exp(a*D + p*D?)), where S is survival fraction, D is
radiation dose, and a and [ are fitted parameters) and sensitizer enhancement ratios (SERs) at 10% survival fraction.
Note: Experiment conducted using unfiltered particles.
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Figure 4.8. CWO NP Comparison Clonogenic Cell Survival Assay. HN31 cells were seeded in 6 well plates at 0.2 x
10® (0 Gy), 0.8 x 10° (3 Gy), 1.6 x 10% (6 Gy), and 5.0 x 10 (9 Gy) in triplicate for each treatment group. Cells were
incubated with PBS, CWO NPs (0.2 mg/mL CWO nanoparticle), and BR-PDNPs (0.2 mg/mL CWO nanoparticle) for
4 hours prior to X-ray irradiation. Irradiations were performed at 2 Gy/min using a 320 kV X-ray irradiator. Colonies
of greater than 50 cells were counted to calculate survival fraction (N = 3). Error bars represent standard deviations.
Table displays the parameters for the linear quadratic model fits (S = exp(a*D + B*D?)), where S is survival fraction,
D is radiation dose, and a and [ are fitted parameters) and sensitizer enhancement ratios (SERs) at 10% survival
fraction. Note: Experiment conducted using unfiltered particles.

Cell culture experiments screening for safety and efficacy of BR-PDNPs provided ample
motivation for further study in animal models of head and neck cancer, as mentioned previously.
To explore if BR-PDNPs exhibited similar efficacy enhancement in vivo, an HN31 xenograft study
in Nod rag gamma (NRG) mice was conducted. For this experiment, 8 mice per treatment group
had subcutaneous xenografts of HN31 cells generated, with 6 total treatment groups examined:

PBS, CWO NPs, and BR-PDNPs + X-ray. Mice received intratumoral injections of 10 mg/mL



76

(based on CWO NP concentration) or PBS split into two equal doses on days 6 and 7 of the study.
Total X-ray dose used was 4 Gy split over two consecutive fractions (2 + 2 Gy on days 7 and 8).
Mouse tumor volumes for each treatment group over time are displayed in Figure 4.9, plotted up
to the first euthanasia event for each treatment group. On day 20, the PBS + X-ray and BR-PDNP

+ X-ray groups were sufficiently separated to reach statistical significance (p < 0.1).

2000 L 1 L 1 N 1 N 1 N 1
{—=—PBS

1800 1 —e— cwo NP i
1600 J BR-PDNP
PBS + X-ray

1400 1|—e— cWO NP + X-ray B
BR-PDNP + X-ray I

Tumor Volume (mm?)
o
o
o
1 N

0 5 10 15 20 25 30
Days Post-Cell Implantation

Figure 4.9. Murine HNSCC Xenograft with NP Treatment. Subcutaneous xenografts were produced by inoculation of
1.5 x 10% HN31 cells in 0.1 mL total volume in Nod rag gamma (NRG) mice (day 0). Intratumoral nanoparticle
injection of 100 puL of 10 mg/mL CWO NPs in sterile PBS was conducted in two portions over two days (days 6 and
7, see arrow on graph for first injection) once tumors reached ~ 100 mm?; blank PBS was injected in the control (PBS
+ X-ray only) group. “Sub-therapeutic” (i.e., low-dose) radiation treatments with 320 keV X-rays were conducted on
the second day of injection (day 7) and the subsequent day (day 8, 2 Gy each) for a total dose of 4 Gy. Tumors were
measured with digital calipers. Tumor volumes for each group are displayed up to the first euthanasia event that
occurred in each group. Error bars represent standard error. Asterisk denotes p < 0.1 using two-tailed student’s t-test
between PBS X-ray and BR-PDNP + X-ray groups on day 21 (the only point of significant difference, brackets
highlight groups being compared). Euthanasia criteria were > 20% body weight loss or tumor volume > 2000 mm?3, N
= 8 per treatment group. Note: Unfiltered particles were used for this experiment.

Figure 4.10 displays the mouse survival over time for each treatment group. As seen in
Figure 4.10, the median survival times for BR-PDNP + X-ray, CWO NP + X-ray, and PBS + X-

ray groups were 35, 33, and 33 days post-cell implantation, respectively. One-way ANOVA testing
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was conducted to determine if a significant difference in group survival existed. Each irradiated

treatment group (the + X-ray groups) was independently tested against its respective un-irradiated

controls, and each was found to be significantly different within their pair except for CWO NP *

X-ray. However, when the irradiated groups were compared with each other, none of the groups

were significantly different from each other, though BR-PDNPs + X-ray was somewhat close to

reaching a p-value of less than 0.1 (p = 0.186). The results of ANOVA testing are displayed in the

table below Figure 4.10.
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Time (Days Post-Cell Implantation)
PBS CWO NP | BR-PDNP PBS + X-ray CWO NP + X-ray BR-PDNP + X-ray
PBS - 0.82145 0.55834 0.02496 0.12085 0.00324
CWO NP - - 0.77754 0.04015 0.16559 0.00492
BR-PDNP - - - 0.02600 0.16506 0.00309
PBS + X-ray - - - - 0.70098 0.18556
CWO NP + X-ray - - - - - 0.13590

Figure 4.10. Murine HNSCC Xenograft with NP Treatment. Kaplan-Meier survival curves were generated for the mice
from the study detailed in Figure 7. Euthanasia criteria were > 20% body weight loss or tumor volume > 2000 mm§,
N = 8 per treatment group. Table displays p-values for pairs of treatment groups calculated using one-way ANOVA.
Note: Unfiltered particles were used for this experiment.
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We hypothesize that the lack of significant difference between irradiated group survival
times (and of most of the irradiated tumor volumes, for that matter) is due to the limited number
of radiation fractions administered to treat the mice (2 fractions of 2 Gy = 4 Gy total). At low doses
of radiation (i.e., 2 Gy), the difference in survival fraction between PBS, CWO NP, and BR-PDNP-
treated cells is small (see Figure 4.8). Thus, over the course of a typical radiotherapy prescription
of 25 — 30 fractions of 2 Gy, a clear difference in tumor cell death would presumably emerge. In
this mouse study, however, with only 2 fractions of radiation, the difference in cell death in vivo
may not have been large enough to manifest in significant survival benefits. In addition,
nanoparticle dose distribution was likely not perfectly homogenous throughout the tumor, leading
to enhanced cell killing in some but not all of the tumor volume. Nonetheless, the tumor growth
suppression and increased median survival time for BR-PDNP-treated mice relative to other
treatment groups are encouraging results. These data suggest that the radio-sensitization effects
afforded by the combination of PDT with primary RT observed in vitro are also present in vivo.

Further study is warranted to confirm BR-PDNP-mediated RT-PDT efficacy in animal models.

4.5 Conclusions

Taken together, this study provides ample data that suggest BR-PDNPs are a novel
formulation that can mediate combined radio/photodynamic therapy in solid tumors. The results
demonstrate the new use of PEG-BR micelles as an encapsulant for CaWO4 nanoparticles. BR-
PDNPs emit UV-A and visible light under X-ray that causes dissociation of their bilirubin-PEG
encapsulant, allowing for the continued excitation of the now-free bilirubin by the UV-Alvisible
light. This key step initiates the photodynamic therapy response by producing reactive oxygen
species like singlet oxygen which complement the lethal effects of X-rays to enhance cancer cell

death. In vitro efficacy testing demonstrated clear therapeutic enhancements in combining BR-
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PDNPs with X-ray radiotherapy. Furthermore, a head and neck cancer xenograft experiment in
mice suggested that these combined radio/photodynamic therapy enhancements are present in vivo,
but further study is needed to confirm these results. BR-PDNPs represent a novel tool for
combining radiation and photodynamic therapies for solid tumors, and further optimization and

efficacy validation are warranted to examine their ultimate translational viability.
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5.1 Abstract

Nanoparticle radiosensitizers are increasingly being investigated for their potential role as
an adjuvant to primary radiotherapy of solid tumors. Promising efficacy results in a variety of
animal models of cancer have been observed with these formulations, some of which are
administered via intratumoral injection. This injection strategy improves localization of the
administered dose within the tumor compartment, but little study has been conducted to examine
methods to improve nanoparticle distributions within solid tumors after direct injection. In attempt
to gain some insight, we conducted a pilot study on a mouse bearing a head and neck cancer
xenograft to explore the effects of mechanical agitation on nanoparticle dose homogeneity using
computed tomography (CT) scanning. Preliminary results indicate small improvements in dose
distribution near the injection site after agitation, but global nanoparticle distribution is not
markedly improved on the timescale observed. Further study is needed to clarify the mechanisms
underlying nanoparticle transport and to optimize intratumoral administration protocols for better

dose homogeneity that could potentially improve the ultimate therapeutic efficacy.
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5.2 Introduction

Recently, nanoparticle-based radiosensitizers have been studied increasingly for
incorporation into standard of care radiation therapy as an adjuvant treatment for cancer patients
9192 Several unique and promising formulations have shown positive results in cell culture and
animal cancer models 34, One such formulation has reached Phase II/11l clinical trials, the
hafnium oxide formulation (NBTXR3) by the French nanomedicine company Nanobiotix °.

An important route of administration for these formulations is intratumoral injection. This
technique can help to ensure localization of formulations within the tumor compartment and
represents a viable delivery strategy for some solid tumors. However, little study has been
dedicated to studying nanoparticle dose homogeneity after intratumoral injection. Several prior
studies have examined tumoral transport and dose distribution of nanoparticles that have been
systemically administered intravenously °-%. This prior work has found nanoparticle
physicochemical properties and administration strategies that improve dose accumulation in the
tumor compartment from systemic circulation, but such attention has been lacking for the
intratumoral administration route (likely due to its less widespread use).

In an attempt to examine strategies for improving dose distribution of nanoparticle
radiosensitizers in solid tumors, we conducted a pilot study exploring the potential role of
mechanical agitation of the tumor after injection to improve nanoparticle homogeneity. Utilizing
radio-luminescent calcium tungstate nanoparticles (RLNPs) previously developed in our
laboratory %°, the role of sonic frequency mechanical agitation of the tumor after nanoparticle
injection was explored. Nanoparticles were detected using X-ray computed tomography (CT)
scanning and were scanned at various time points before and after mechanical agitation of the

tumor.
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At the end of this pilot study, it was found that mechanical agitation of the tumor near the
site of nanoparticle injection leads to locally slightly improved dose distribution within the
peripheral fluid compartment surrounding the solid tumor lobes. This improvement seems to be
driven by the movement of nanoparticles suspended in the excess liquid introduced from the
injection in response to the agitation. Only marginal improvements in homogeneity near the
injection site were observed, and minimal improvements in bulk tumor tissue penetration were
found over the brief timescales observed in this study. More investigation is warranted under a
variety of non-agitated and agitated conditions at various agitation “doses,” as well as comparison
with ultrasonic tumor agitation to better understand the behavior observed and to devise optimized

strategies for intratumoral administration of nanoparticle radiosensitizers.

5.3 Materials and Methods

Calcium Tungstate Nanoparticle Formulation and Characterization

Nanocrystalline calcium tungstate were synthesize via a microemulsion autoclave reaction
as previously described 8. The block copolymers used for encapsulation were synthesized via a
ring-opening polymerization of racemic lactide with poly(ethylene glycol) (PEG) precursors, as
previously described24. For poly(ethylene glycol-block-lactic acid) (PEG-PLA), 0.45 g of
monomethoxy PEG (CH3-PEG-OH, Sigma, Mn = 5,000 Da) and 0.45 g of racemic lactide were
added to a round bottom flask, the flask was heated to 70 °C, evacuated under vacuum for 30
minutes, purged with Argon gas, and then 22 mL of anhydrous dichloromethane (DCM, Sigma)
were added to dissolve the reactants. The reaction was catalyzed by 1,8-diazobicyclo[5.4.0]unde-
7-ene (DBU, 98%, Sigma), with 0.22 mmol dissolved in 2 mL of DCM added directly to the
reaction vessel. The reaction was run for 2 h at room temperature and was terminated by adding

15 mg of benzoic acid (>99.5%, Sigma). The PEG-PLA was precipitated by dropwise addition of
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the reaction solution to 1 L of mixed hexanes (Thermo Fisher). The precipitate was then dried
overnight in a vacuum oven.

Encapsulated RLNPs were prepared as follows. 300 mg of PEG-PLA was dissolved in 3.9
g of N,N-dimethylformamide (DMF, Sigma), and 50 pL of a 10 mg/mL suspension of CWO NPs
in DMF was added to the vial. The vial was then sonicated and mechanically stirred with an
overhead stirrer at 10,000 rpm, and 2.1 mL of phosphate buffered saline (PBS) was added to the
vial and allowed to emulsify for 10 minutes. The resultant emulsion was then centrifuged at 5,000
rpm for 10 min to pellet the encapsulated nanoparticles. The supernatant was discarded, and the
pellet was resuspended in PBS to the desired concentration. Filtered solutions were passed through
a 220 nm PVDF filter. Details on the size difference and distributions of the filtered vs. unfiltered
particles can be found in the Supporting Information (SI) (characterized by dynamic light
scattering (DLS)). DLS experiments were conducted at 0.025 mg/mL NP concentration.
Mouse HN31 Xenograft Experiment
HN31 cells were implanted subcutaneously into the right flank of a male Rag 1 knockout mouse
at a cell density of 1.2 x 10° cells in a 50%/50% mixture of Matrigel and PBS (v/v). Tumor volume
was measured three times per week using digital calipers. Tumor volume was allowed to reach
300 mm?, at which point a 100 uL injection of 10 mg/mL RLNPs (PEG-PLA encapsulated calcium
tungstate nanoparticles) was administered intratumorally. Immediately following injection, the
mouse was placed under isoflurane anesthesia and aligned inside of a micro-computed tomography
(CT) scanner (Perkin Elmer Quantum GX microCT, Waltham, MA). A CT scan was then taken
with a voxel size of approximately 90 um on edge. After scan completion, the mouse was kept
under anesthetic and a custom-built mechanical agitator head was used to repeatedly agitate the

surface of the tumor near the site of injection for a period of 1 minute. The mechanical agitator
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was constructed from a retrofitted electric toothbrush motor, in which a stainless-steel plate was
attached to the toothbrush rotor head using an epoxy glue (a schematic and image of the device
can be found in the Results and Discussion section). The mouse was then immediately re-aligned
in the CT scanner and re-scanned. This process was then repeated once more. After this initial set
of injection/scans (Day 1), a follow up scan was taken on Day 3 without any additional

administration of mechanical agitation. The mouse was then sacrificed due to humane criteria.

5.4 Results and Discussion

As described in the Materials and Methods section, a mouse bearing a human head and
neck cancer tumor xenograft was injected with PEG-PLA encapsulated radio-luminescent calcium
tungstate nanoparticles (RLNPs). The mouse was subsequently scanned using X-ray computed
tomography (CT) to track the distribution of the RLNPs (which act as CT contrast agents) at
various time points before and after mechanical agitation using a custom-built mechanical
agitation device. This device was created by retrofitting an electric toothbrush rotor head with a
small stainless-steel plate attached via an epoxy glue. In Figure 5.1, a schematic view and actual

image of the device are displayed for convenience.
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Figure 5.1. Mechanical Agitation Device and Schematic of Implementation. The image on the left of the figure features
the modified electric toothbrush rotor with stainless steel plate attached. In the schematic on the right, a simple diagram
lays out the experimental implementation of mechanical agitation, in which nanoparticles (RLNPs, small gray circles)
are administered via intratumoral injection and later agitated by the device such that the metal plate just makes contact
with the surface of the tumor.

CT scans of the mouse tumor were conducted at three distinct time points: immediate post-
RLNP injection, post-agitation (two “doses” of one-minute agitation), and two days post-agitation.
Some representative 2D images at the same axial location are displayed in Figure 5.2. As seen in
this figure, there is a difference in RLNP distribution at the same axial (spinal) depth for each of
the time points. Between pre- and post-agitated samples (Figures 5.2 (A) and (B)), a noticeable
difference in contrast pattern is observed, but this change is minor when compared with the two-
day post-agitation (Figure 5.2 (C)). The main reason for this large discrepancy is the appreciable
change in tumor volume that occurred in the two day period, which significantly shifted the

distribution of RLNPs surrounding the tumor.
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Figure 5.2. CT Images of RLNP-injected Xenografts. Axial slices of acquired CT scans are displayed at approximately
the same axial (spinal) location. White arrow is pointing at the bulk tumor mass and orange arrow is highlighting an
area of high nanoparticle (RLNP) concentration. (A) Immediate post-injection scan. (B) Immediate post-agitation scan.
(C) Two-days post-agitation scan. High-zoom version of the (A) - (C) are displayed in (D) - (F), respectively. Orange
circle in (F) is surrounding contrast from a bone structure, not RLNPs. Tumor xenograft was at approximately 300
mm?3 at time of injection, and mechanical agitation was completed using the described apparatus for two “doses” of
one minute in duration.

Next, 3D reconstructions and heat-maps of RLNP concentrations within the tumor at each
time point were examined in order to determine if the noticeable changes resulting from agitation
seen in the 2D images in Figure 5.2 were also different in three dimensions. This reconstruction
was accomplished using Image]’s 3D reconstruction tool for image stacks. The resultant 3D
figures and heatmaps are displayed in Figure 5.3.

As seen in the figure, the changes in RLNP distribution occurred after agitation in the 3D
images and occurred to a greater extent in the two-day post-agitation case. From these
reconstructions, it seems that the bulk of the RLNPs remain in the interstitial fluid compartment
surrounding each lobe of the tumor and do not penetrate the dense tumor tissue to an easily
visualized level of contrast (which is proportional to concentration). What this implies is that,
during agitation, the changes in distribution may be attributable to the excess fluid in the tumor

compartment from the injection volume itself. RLNPs injected in this fluid medium that are still
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suspended at the time of mechanical agitation will be redistributed in this fluid compartment. In
the two-days post-agitation case, the particles may diffuse readily within this fluid compartment
to surround the lobes of the tumor more evenly but may have difficulty entering the dense tissue

at the core of the lobes because of strong intracellular connections creating a more tortuous path

and a positive pressure gradient that must be overcome.

Figure 5.3. 3D Reconstructed CT Images of RLNP-injected Xenografts. 2D CT image stacks were reconstructed using
ImageJ to create representative images above. (A) Zero-degree view of 3D reconstruction for immediate post-injection.
(B) Zero-degree view of 3D reconstruction for immediate post-agitation. (C) Zero-degree view of 3D reconstruction
for two-day post-agitation. (D) - (F) display the views from 180-degree vantage point of the reconstructions displayed
in (A) — (C). Images (G) — (L) display heat maps generated from 3D reconstructions in (A) — (F), respectively.
Embedded within each image is a calibration bar for heat map intensities displayed within.

From these data, it was confirmed that mechanical agitation of the tumor near the injection

site improved RLNP-distribution, but mainly in the fluid compartment surrounding the lobes of

the tumor. For subsequent analysis, only pre- and post-agitation scans (and not two-day post-



88

agitation scans) were included because of the large change in tumor volume between those time
points. Subsequent study should include an un-agitated control for comparison at these later time
points. To analyze the visual information a little further, zoomed 3D reconstructions of the tumor
volume were created for pre- and post-agitation scans, and a 2D cross section near the injection
site was extracted and analyzed to produce a histograms of each image’s gray value intensities.
This mean was a y-value average that was plotted as a function of x-axis distance for the images
seen in Figures 5.4 (C) and (D). The resultant histograms are displayed in Figure 5.4 (E), and the
mean values and standard deviations are included in the table in Figure 5.4 (F). From these data, a
clear drop in standard deviation of gray value intensities occurs in the post-agitation case,
suggesting that the maxima and minima in concentration are somewhat reduced to provide a more
evenly distributed concentration in the fluid compartment near the site of injection. Final, tumor-
wide radial distribution functions were calculated for gray intensity values in each voxel of the
tumor volume for pre- and post-agitation samples. These results are plotted in Figure 5.4 (G). As
seen in the plots, small differences do exist between the pre- and post-agitation samples, but the
differences are not large enough to claim any significant changes on a global (tumor-wide) scale
in RLNP distribution in 3D. What this suggests is that the changes in distribution near the injection
site are localized effects that occur within the interstitial fluid compartment surrounding the tumor
during agitation, but minimal changes occur on a tumor-wide scale due to lack of RLNP-

penetration into the bulk dense tumor tissue lobe cores.
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Figure 5.4. Analyzing 3D Reconstructed CT Images of RLNP-injected Xenografts. (A) High-zoom heat map of zero-
degree 3D reconstruction (viewed from left to right) for immediate post-injection timepoint (pre-agitation). (B) High-
zoom heat map of zero-degree 3D reconstruction (viewed from left to right) for immediate post-agitation. (C) and (D)
are 2D cross-sections zoomed around the major nanoparticle clusters displayed in (A) and (B). (E) is a histogram of
mean gray values as a function of distance along the x-axis of the images in (C) and (D), averaged over all y-axis
values for each x-axis point. The mean and standard deviation of each of these is presented in the table in (F). In plot
(G), the tumor-wide radial distribution function was calculated for pre- and post-agitated CT image stacks. The two-
day post-agitation scan was not included because the tumor volume changed appreciably during that time and could
not be directly compared to the other samples.
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Taken together, these data suggest that mechanical agitation of the tumor site after
nanoparticle administration can provide small improvements in the nanoparticle dose distribution
in the fluid compartment surrounding the tumor lobes. However, significant transport limitations
exist in the form of positive pressure gradients and minimal inter-cellular space in the high-density
tumor tissue that prevent nanoparticles from entering deeper into the tumor core on short time
scales. Given the relative ease of agitation “dose” administration, it may be worthwhile to examine
the effects of larger numbers of repeated agitation on ultimate nanoparticle distribution (both
within the periphery of the tumor near the injection site and globally). Further experimentation
under various other treatment conditions, including ultrasonic agitation and increased mechanical
agitation “doses” should be conducted to provide a better understanding of the results within this
study and to optimize the dose administration protocol for nanoparticle-based radiosensitizers in

future efficacy studies.

5.5 Conclusions

Preliminary data from this CT scan pilot study suggest that mechanical agitation of the
tumor site post-injections helps to improve dose distribution of encapsulated nanoparticles within
the tumor periphery near the site of injection, but these effects are mainly local in nature. Overall
tumor penetration is not improved on the short time scale between pre- and post-mechanical
agitation CT scans; however, longer term behavior is not known at this time. The implications of
this experiment are important because dose homogeneity of the nanoparticle radiosensitizers
studied herein likely affects their ultimate biological efficacy. These data are very preliminary in
nature, and thus similar, controlled experiments with a larger number of animals should be
conducted in order to further understand the observed effects of mechanical agitation and optimize

nanoparticle dose administration protocols. In addition, further testing should be conducted
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comparing the biological efficacy of the nanoparticles under X-ray radiotherapy under different
agitation conditions to determine definitively to what extent nanoparticle homogeneity affects

cancer treatment outcomes.
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6. CONCLUSIONS

The proposed thesis had three distinct research goals set out for experimentation. First, this work
explored the effects of folic acid-surface functionalization on block copolymer encapsulated radio-
luminescent calcium tungstate nanoparticles. As detailed in Chapter 3 of this document, these
surface functionalized nanoparticles were found to significantly increase therapeutic efficacy when
compared to X-ray radiotherapy alone or in combination with non-functionalized nanoparticles in
cell culture and murine xenograft models of human head and neck cancer solid tumors. Initial
translational feasibility and safety was also explored in a canine clinical case study (a soft tissue
sarcoma patient) combining the folic acid-functionalized nanoparticles with palliative
radiotherapy, and overall results were promising. In addition, folic acid-functionalization of the
nanoparticles was found to enhance efficacy by increasing cellular sensitivity to ultraviolet
radiation emissions from the nanoparticles.

The second goal of this work was to explore the combination of the radio-luminescent
calcium tungstate nanoparticles with photo-responsive bilirubin-polymer conjugates as an
encapsulant, described in Chapter 4. These bilirubin-encapsulated nanoparticles enhanced the
efficacy of X-ray radiotherapy alone and in combination with bare calcium tungstate nanoparticles
by facilitating a combination of radiation and photodynamic therapies. These results were observed
in cell culture and murine xenograft models of human head and neck cancer.

The third, minor aim of this thesis was to preliminarily examine the effects of mechanical
agitation on radio-luminescent nanoparticle distribution in solid tumors, tracked using X-ray
computed tomography and described in Chapter 5. Sonic frequency mechanical agitation was
found to provide small improvements in nanoparticle homogeneity in the fluid compartment

surrounding the lobes of the tumor but had limited effect on tumor penetration in the dense lobes.
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Overall, this work emphasizes two advances in the development of nanoparticle-based
radiosensitizers, each operating through separate modes of action. Both strategies offer promising
efficacy enhancements when combined with primary radiotherapy and represent potential

candidates for adjuvant modalities to be used in treating primary or recurrent solid tumors.
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APPENDIX A. SUPPLEMENTARY INFORMATION FOR CHAPTER 3
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Scheme 3.S 1. Synthetic Pathway for Fol-PEG-PLA from NH2-PEG-OH. This novel pathway eliminated one reaction
and one purification step from the original protocol®®, allowing for easier synthesis and reduced cost and losses.



—
—
A o}
a
o b .0
/+/\\u// *\//’\\O ﬂ““ -
a n m
c
— —

CDCl,

80

70

10

b a c
g e
0 8. 8.0 75 7.0 6.5 6.0 s 50 4 40 3.5 3.0 25 20 15 1.0 0.
1 {ppm}
v -
B o A4 _/(- — lss
a
o ~ /\/{/\/0 \]\/\U b _© ﬂ\ H =0
H a n m |75
HO o
NH € ]
4 d
o e les
d — leo
e NH
f lss
g ‘ Sy H:0 Lo
N = Las
|” DMSO

I
o N MH_ | ac
|30
|25
|20
15
F1o

ks

——-—-———-——-——-L—-————.J-—»—-—II'~' JJ s, b a LL. u_aa._r\/‘}cw\-l\___.._ Lo

E
f d e 3 —— [

T T T T T T T T T T T T T T
95 90 85 80 75 70 &5 &0 5.5 50 45 40 a5 3.0 25
1 (ppm}

95

Figure 3.S 1. *H-NMR Spectrum of Synthesized Polymers. (A) Structure of PEG-PLA was confirmed via proton NMR,
and the M, of the polymerized PLA chain was estimated from integration to be 5,040 Da. (B) Structure of Fol-PEG-
PLA was confirmed via proton NMR, and the M, of the polymerized PLA chain was estimated from integration to be
4,850 Da. GPC results (not displayed) found that the polydispersity of PEG-PLA was 1.14 and Fol-PEG-PLA was

1.21.
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Figure 3.S 2. DLS Measurements of RLNPs and Fol-RLNPs. (Top) Unfiltered nanoparticle DLS results. (Bottom)
Filtered nanoparticle DLS results. Mean effective diameters for RLNPs and Fol-RLNPs, produced as described in the
Materials & Methods. Error bars represent standard deviation. Unfiltered samples were left as prepared, and filtered
samples were passed through a 200 nm PVDF syringe filter before analysis by DLS. For DLS runs, unfiltered particles
were diluted ten-fold in PBS, and filtered particles were analyzed immediately after filtration without dilution. Table
summarizes polydispersity values reported by DLS analysis (with standard deviations). N = 3.
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Figure 3.S 3. Representative Lognormal DLS Size Distributions of RLNPs and Fol-RLNPs. (Top Left) Unfiltered
RLNP DLS lognormal particle size distribution. (Top Right) Unfiltered Fol-RLNP DLS lognormal particle size
distribution. (Bottom Left) Filtered RLNP DLS lognormal particle size distribution. (Bottom Right) Filtered Fol-
RLNP DLS lognormal particle size distribution. Filtered samples were passed through a 200 nm PVDF syringe filter
before analysis by DLS. Unfiltered particles were diluted ten-fold in PBS, and filtered particles were analyzed
immediately after filtration without dilution. Each plot is a representative example taken from one of the N = 3 samples
displayed in Figure 3.S2.

Supplemental Material for Mechanism of Action Examintation

Hypothesis (1) from the main text was tested by exposing HN31 cells to Fol-RLNPs with
varying folate densities, RLNPs, free folic acid, and negative and positive controls (PBS and 5-
aminolevulinic acid, respectively) for 4 hours and subsequently measuring intracellular and
extracellular PPIX levels. PP1X was chosen as a target molecule because, as mentioned in the main

text, it is an endogenous photosensitizer with the ability to produce ROS upon excitation from a
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UV/blue light source. Although folic acid is not known to induce photosensitization of cancer cells,
the haem/iron metabolic pathways do interact with the folic acid pathway via two proteins:
SLC46A1 and ferritin®. Folic acid competes with exogenous iron sources for transcellular
transport via SLC46A1%. High levels of ferritin upregulate folate-specific enzymes®®°, so the
converse relationship with high folic acid levels could potentially increase ferritin levels, leading
to reduced free iron and decreased conversion of PP1X to haem. Examination to determine if folic
acid functionalization would induce changes in PPIX levels in the cells was warranted since PP1X
is the immediate metabolic precursor to haem?*0-10%,

The resultant PPIX levels are displayed in Figure 3.S4. Only the positive control (5-ALA)
showed significant enhancement in PPIX levels compared to the negative control. These data
suggested that the increase in efficacy from Fol-RLNPs compared to RLNPs was not due to

increases in PPIX levels initiated by Fol-RLNPs.
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Figure 3.S 4. Intracellular PPIX Levels in Response to NP Exposure. Intracellular and extracellular PP1X levels in
HN31 cells with exposure to PBS (“-*“ neg. control), 5-ALA (“+” pos. control,1 mM), RLNPs (“RLNP”), free folic
acid (“F.A.”, 0.2 mM), 10% Fol-PEG-PLA Micelles (“10% M”, empty micelles without CWO NPs and 10% of PEG
chains by weight functionalized with folic acid), 10% Fol-RLNP (“10% NP”, standard Fol-RLNPs with 10% by
weight of PEG chains functionalized with folic acid), 25% Fol-RLNP (“25% NP”, 25% by weight of PEG chains
functionalized with folic acid), and 60% Fol-RLNPs (“60% NP”, 60% by weight of PEG chains functionalized with
folic acid) (all CWO samples were at a concentration of 0.2 mg/mL) for 4 hours. Measurements were conducted using
a fluorescence spectrophotometer (405 nm ex./630 nm em.) on cell extracts (intracellular) or used cell culture media
(extracellular) from 2.0 x 105 cells per well. Signals were normalized to total cellular protein measured via the BCA
assay. Raw measurement values of fluorescence for extracellular samples were corrected for background fluorescence
from materials present in the culture medium, and these measurements are displayed in supplemental Figure S5. All
error bars represent standard deviations. *Only the positive control was significantly different compared to negative
control in each case, indicated by p < 0.05 compared with the negative control within each run using two-tailed
Student’s t-test (N = 6). Note: Experiment conducted with unfiltered particles.
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Figure 3.S 5. Raw PPIX Measurements for Extracellular PPIX Data. Displayed are the raw signals for the extracellular
PPIX measurements alongside their background signals for fluorescence at 630 nm with 405 nm excitation. Error bars
represent standard deviations. Note that the background signals are within error of the measurements for all except
the positive control, which is why Fig. 3.54 displays extracellular PPIX levels that are slightly below zero. N = 6.

Hypothesis (2) was tested using flow cytometry experiments that were conducted with
HN31 cells exposed to Fol-RLNPs and RLNPs loaded with co-encapsulated PPIX as a fluorescent
marker. After a 4-hour incubation with the NPs, cells were analyzed for fluorescence at 630 nm
(using 405 nm excitation). Figure 3.S6 displays the histogram results of this experiment. The
calculated uptake efficiencies were 84.6% and 81.3% for RLNPs and Fol-RLNPs, respectively.
This indicates that RLNPs and Fol-RLNPs are taken up equally well and suggests that the increases
in efficacy in the Fol-RLNP treatment group compared to the RLNP treated group is not due to

increased cell uptake/internalization.
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Figure 3.S 6. Uptake of Nanoparticles by HN31 Cells. HN31 Cells were exposed to RLNPs and Fol-RLNPs with co-
encapsulated PPIX as a fluorophore for uptake measurement at a CWO concentration of 0.2 mg/mL. Cells were
incubated with NPs for 4 hours, washed, and removed from the wells. Cells were then analyzed using flow cytometry
using standard techniques with 405 nm excitation and 630 nm emission measurements. The resultant histogram of cell
count versus fluorescence intensity is displayed above. Overall uptake efficiencies were 84.6% and 81.3% for RLNPs
and Fol-RLNPs, respectively. Note: Experiment conducted with filtered particles.

To test hypothesis (3), a confocal imaging experiment was conducted in HN31 cells. Here,
the cells were cultured directly on microscope cover slips until they reached around 70 — 80%
confluence, at which point they were exposed to Fol-RLNPs and RLNPs loaded with co-
encapsulated PPIX (as a fluorescent tracker of the NPs) for 4 hours. Afterward, the cells were
washed 3 times with PBS and fixed using cold methanol. The cover slips were then mounted onto
slides and imaged using DIC with a 488 nm laser and for fluorescence at 630 nm using 405 nm
laser excitation. The images obtained are displayed in Figure 3.S7. Inspection of the images reveals
no immediate discernable difference between Fol-RLNP and RLNP treated groups. FFT
transformations were performed and analyzed for average intensities, and the groups were not
significantly different (see Figure 3.S8). Additionally, an average pixel intensity measurement for
the cell nuclei in each group was conducted and found that there was no difference in the pixel

intensities found within the nuclei of each cell (see Figure 3.59). From this analysis, it is reasonable
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to state that there was no difference observed in the intracellular trafficking of Fol-RLNPs
compared to RLNPs, and therefore is likely not the reason for the increase in efficacy observed for

Fol-RLNPs.

DIC PPIX Merge

Figure 3.S 7. Confocal Images of Labeled RLNPs and Fol-RLNPs in HN31 Cells. (Top) HN31 cells exposed to PPIX-
labeled Fol-RLNPs. (Bottom) HN31 cells exposed to PPIX-labelled RLNPs. Scale bars = 20 um. Cells were cultured
directly on microscope coverslips until reaching approximately 80% confluence. Cells were then incubated with
labelled nanoparticle solutions at a CWO concentration of 0.2 mg/mL for 4 hours in the dark. Cells were washed three
times with PBS and fixed with cold methanol and then mounted onto microscope slides and imaged using a Zeiss
LSM 880 Upright Confocal at 63x using an oil immersion lens. DIC images were taken using a 488 nm laser, and
PPIX images were taken using a 405 nm laser with a 600 — 650 nm emission filter. For PP1X images for both samples,
contrast was enhanced by the same amount to improve visibility. Note: Filtered particles were used for this experiment.
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Figure 3.S 8. FFT of Confocal PPIX Channel Images from Figure 3.S 7. (Upper Left) FFT of RLNP confocal PPIX
channel image. (Upper Right) FFT of Fol-RLNP confocal PPIX channel image. (Lower Left) Histogram results of
FFT of RLNP sample. (Lower Right) Histogram results of FFT of Fol-RLNP sample. ImageJ was used to conduct
FFT of each image. Then histograms were generated for each sample. No significant difference is apparent from the
FFT histograms.



104

Area Mean Std. Dev.
(pixels?) (A.U) (A.U)
RLNP 83099 11.822 22.304
Fol-
RLNP 54803 12.796 21.722

Figure 3.S 9. Intra-nuclear PPIX Intensities. (Top) RLNP sample (Bottom) Fol-RLNP sample. In ImageJ, boundaries
were manually drawn and mean pixel intensities were measured. The values are displayed in the table below the
images above. Areas represent total area of all 10 nuclei analyzed for each sample and are measured in square pixels.
The mean and standard deviation values are measured in arbitrary units of pixel intensity. No clear difference in intra-

nuclear intensities were observed.
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Hypothesis (4) was examined by performing a classical radiobiological assay comparing
sub-lethal damage repair (SLDR) in HN31 cells treated with Fol-RLNPs, RLNPs, and PBS and
subsequently irradiated with a split X-ray dose at various time intervals. The goal of this
experiment was to determine if there was a substantial difference in SLDR kinetics or maximal
repair for cells in each of the treatment groups, indicated by clonogenic survival of HN31 cells in
each treatment category. The results are displayed in Figure 3.510. As seen in the figure, the curve
for each of the treatment groups is shifted from the others, consistent with the initial clonogenic
efficacy data found in Figure 3.5 in the main text. However, the shapes of the curves (SLDR
kinetics) and increase in survival (SLD maximal repair) observed indicated that there is little or no
difference in SLDR for the treatment groups. From this, we concluded that SLDR differences

could not explain the difference in efficacy between Fol-RLNP- and RLNP-treated cells.
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Figure 3.S 10. Sub-lethal Damage Repair Measured by Clonogenic HN31 Survival after Split Dose X-ray. HN31 cells
were seeded in 6-well culture dishes at a density of 1.0 x 10° per well. After 4-hour incubation with PBS, RLNPs or
Fol-RLNPs, cells were exposed to 2 doses of 2 Gy X-ray radiation separated by various times with a 320 keV X-ray
irradiator at approximately 2 Gy/min. Irradiated cells were cultured for 14 days. Colonies of more than 50 daughter
cells in culture were counted (N = 3 wells per group). Error bars represent standard deviations. Note: Experiment
conducted using unfiltered particles.
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Figure 3.S 11. Measured Tumor Volume vs. Weight-calculated Volume in Mouse Study. In the mouse study reported,
tumor volumes were measured with digital calipers for length (L) and width (W) in two dimensions. Volume was
calculated as V = (L X W?) x n/6. For tumor volume estimations from tumor weight, a density of 1.05 g/cc was used.
Details of tumor volume calculations for the mouse study displayed in Figure 9 of the main text. The two-dimensional
tumor measurements (with the assumption of ellipsoidal symmetry) overestimated the tumor volume considerably
compared to weight-based estimates. The reason for this is the asymmetry of the tumors involved in these experiments.
Some mice in the studies formed blisters on the tumor xenografts, which burst before euthanasia, and contributed to
the discrepancy in tumor volume estimates due to the introduction of asymmetry caused by the apparent “larger”
volume from the blister liquid.
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APPENDIX B. SUPPLEMENTAL INFORMATION FOR CHAPTER 4

BR_PEG_081718.1.fid
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Figure 4.S 1. 'H-NMR Spectrum of PEG-BR. As-synthesized PEG-BR was dissolved in DMSO-d6 (5 mg/mL) and
'H-NMR spectrum acquired. Note: peak at 2.5 ppm is DMSO-d6 and peak at 3.25 ppm is residual water. Spectrum
confirms PEG and bilirubin molecules are present in final structure.
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