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Abstract

An in vitro study of radiation dose enhancement using gold nanorods and

plasmonic photothermal therapy

Daniel DiCenzo
Master of Science, Biomedical Physics
Ryerson University, 2016

Gold nanoparticles (GNP) have been shown to highly absorb ionizing radiation compared to
tissue. GNPs have also been shown to be high absorbers of non-ionizing radiation with a peak
absorbance at a wavelength dependent on their shape and size. This study investigated radiation
dose enhancement in PC3 cells when in the presence of gold nanorods (NR) and near infrared
light (IR). The PC3 cells were incubated with either PEGylated NRs (PNR) or anti prostate stem
cell antigen antibody with nuclear localization sequence peptide conjugated NRs (AbNR). They
were exposed to near infrared light at a wavelength of 810 nm to achieve a temperature of 42 °C
to 43 °C for 60 minutes. They were also exposed to 160 kVp x-rays. It was found that both
targeted and non-targeted GNPs when exposed to radiation and near infrared light synergistically
enhanced radiation dose. It was also found that AbNRs provide greater dose enhancement than

PNRs.
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Chapter 1: Introduction

1.1 Radiation Physics

lonizing radiation is one of the primary treatment options for patients with various types of
cancer. Radiation therapy can be applied using a variety of different sources which emit ionizing
radiation. These include external x-rays, charged particle radiation (electrons and protons) and

gamma rays from radioactive sources.

The interaction of ionizing radiation within an absorbing medium can result in an exchange of
energy from the radiation to the medium. The energy exchange can result in ionization of the
molecules in the medium. This radiation can be split into two categories, directly ionizing and
indirectly ionizing. Directly ionizing radiation is in the form of charged particles such as
electrons, protons or alpha particles.! These particles can directly transfer their energy to the
medium through ionization or excitation. Indirectly ionizing radiation is in the form of uncharged
particles and must first interact with the absorbing material to allow for the creation of charged
particles. These charged particles can then induce ionization events in the absorbing material. An
example of indirectly ionizing radiation are high energy photons which are massless packets of
energy and can undergo many types of interactions with an absorbing medium. The three main

interactions include the photoelectric effect, Compton effect and pair production.?

The photoelectric effect involves the complete absorption of a photon in an atom. This results in
the emission of a bound electron, known as a photoelectron, with a kinetic energy (Tpg). Tpg IS

related to the energy of the incident photon hv and the binding energy E,, of an electron in the



n'™ atomic orbital. It is given by Tpz = hv + E,,. With the removal of a bound electron, an
electron from the next higher orbital (n + 1) will de-excite to the lower orbital and in this

process, emit a photon known as a characteristic x-ray. The energy of this x-ray hv,,, will have

an energy given by hvg,., = Eny1 — En.

It is also possible that the emitted characteristic x-ray collides with an electron in a higher orbital
m, resulting in the absorption of the characteristic x-ray and the emission of an Auger electron

with energy Tayger = hehar + Em.2

The Compton effect occurs when the incident photon interacts with a loosely bound electron in
the absorbing atom. The result is a scattered photon and scattered electron, also known as a
Compton electron. If the photon has sufficient energy (> 2m,c?) and interacts with the nucleus
of the absorbing atom, pair production can occur. In this case, the photon is completely absorbed
in the atom and an electron-positron pair is produced. The positron (e*) will travel until it is
annihilated, where two gamma rays will be emitted. In order for pair production to occur, the
incident photon must have a minimum energy of 2m,c?, where m, is the resting mass of an

electron and c is the speed of light in a vacuum.®

1.1.1 Biological effects of radiation (Radiobiology)

When radiation interacts with living tissue it can result in direct cell death or the loss of
cell proliferation. While all components of the cell are vulnerable to the effects of radiation, it is
the damage to the DNA which is most critical. This is due to the fact that damage to the DNA
can result in the inhibition of cell replication. The most effective ways radiation can damage
DNA is by the production of single strand or double strand breaks in the DNA structure. Figure 1

shows the interaction of x-rays with a nanoparticle or tissue to produce charged particles or free



radicals which can go on to induce DNA strand breaks. These strand breaks can occur by direct
or indirect action.! If direct action occurs, the energy from the secondary ion produced may be
deposited directly to the DNA. This can result in excitation or ionization of the DNA molecule
which can lead to a strand break. Indirect action relies on the production of a free radical to
induce damage to the DNA. The production of free radicals by radiation in biological tissue is

mainly due to the radiolysis of water.*

Since tissue is comprised mostly of water (H,0), the secondary ions produced from the photon
can ionize or excite the water molecules resulting in the production of free radicals. The most
common free radical is the hydroxyl radical (OH -). The free radicals can diffuse and reach the
DNA to induce a chemical reaction.* The radical which is responsible for the most damage to the
DNA is the hydroxyl radical. Chatterjee and Holley performed Monte Carlo simulations to
determine how the hydroxyl radical and other free radicals can induce DNA damage.® One of the
main reactions is a hydrolysis reaction where the free radical combines with a hydrogen atom on
the phosphate backbone of the DNA, damaging the structure of the backbone and creating water.
This damage to the backbone can result in a single strand break (SSB) and if two SSBs occur

within 10 base pairs of one another, a double strand break may occur.*



o o Radicals

Figure 1: GNP interaction with photon to produce photoelectrons and auger electrons.
Along with the free radicals produced with the photon interaction with water, these
particles can result in single strand breaks (SSB) or double strand breaks (DSB). The
figure is replicated from Carter et. al.’

1.2 Hyperthermia

It is well known that the tumor environment can be acidic, hypoxic and nutritionally
deprived.”® The nature of these environments cause tumors to be resistant to the effects of
radiation. However, it is this same environment which makes tumors more sensitive to heating
compared to normal tissue.1%! In the past few decades, heat as treatment for tumors has been
investigated. One such method is using hyperthermia treatment to heat the tumor region to

between 41°C to 45°C for 30 min to 60 min.

The biological effects of hyperthermia have been investigated since the 1970s. Initially, studies
had investigated the cytotoxic effects of hyperthermia on mammalian cell lines. These studies
showed a relation between cell survival, heating time and temperature.>* Figure 2 shows that

cell survival decreases with increasing heating temperature and duration.*
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Figure 2: Cell survival at various temperature exposures and durations in vitro (C3H
mammalian cells). The figure is replicated from Hall et.al.!

While temperatures above 41°C showed exponential cell death increasing with heating time, the
rate of cell death was dependent on the heating temperature. Sapareto and Dewey introduced the
concept of thermal dose and the relation between the effectiveness of heating with temperature
and time. In this case, thermal dose is expressed as the time taken to achieve the same thermal
effect at 43°C.%° This is known as cumulative equivalent minutes (CEMas) and the relationship is

given by
CEMy3 = [, RT®O-43Cqy,

0.5 forT = 43°C

where t is the duration of heating (in min) and R = {0_25 forT < 43°C"



From this relationship, one can deduce that with each 1°C increase in temperature > 43°C the
time required to achieve the same thermal effect is halved. With each 1°C increase in heating
temperature below 43°C, the time required to achieve the same thermal effect is reduced to one

quarter. CEM,5 is used clinically to determine the accumulated thermal dose to the patient.'®

While it has been shown that hyperthermia has the ability to induce direct cell death, it has not
been shown to be effective as a monotherapy.!’ Instead, hyperthermia is used as an adjuvant

therapy in conjunction with radiation and/or chemotherapy.

1.2.1 Hyperthermia as a radiosensitizer

A number of in vitro, in vivo and clinical studies have investigated the dose enhancing
abilities of applying hyperthermia in conjunction with radiation. These were completed using a
range of thermal and radiation doses.®?! Ryu et. al. performed an in-vitro study on the cell
survival of different cancer cell lines after receiving hyperthermia. It was found that the
enhancement of radiation by thermal therapy is largely dependent on the type of cell.?’ A clinical
trial by Algan et. al. showed that hyperthermia treatment with radiation therapy is a viable
treatment in prostate cancer, however, it did not show significant improvement in patient

survival when compared to radiation therapy alone or radiation therapy with hormone therapy.??

Heating can be delivered externally from the body with a radiofrequency phased arrays or using
high intensity focused ultrasound.?® Internalized heating methods have also been used, such as
transrectal ultrasound (TRUS) and interstitial heating by microwave or radiofrequency emitting
catheters.?1?22% Radiation enhancement with hyperthermia may be limited in part to the
limitations of the technologies used for heating. Maintenance of homogeneous and therapeutic

temperatures are critical to the success of hyperthermia as a radiosensitizer. The inability to
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achieve therapeutic temperatures in the tumor may be a result of blood flow carrying heat away
and the heterogeneous temperatures distribution may be due to non-uniform blood flow. The
inhomogeneous temperature distribution during interstitial hyperthermia can result in hot or cold
spots in the tissue with temperatures that can cause pain or pressure in the patient.’® As such,
many clinical studies using interstitial hyperthermia have been limited in achieving their

prescribed thermal dose.?>%

Thermoradiosensitization is caused by direct and indirect effects. Direct sensitization occurs by
hyperthermia’s ability to inhibit a cell’s recovery from sublethal damage caused by radiation
induced DNA strand breaks.?”?¢ Hyperthermia can also increase blood flow and as a result,
increases oxygen to the hypoxic tumor.2°-3! The increase in oxygenation of the tumor enhances
the effects of the radiation via the oxygen fixation hypothesis.'® The dependence of oxygen in
radiation treatment is due to the fixation of DNA damage which results in a greater number of
unrepaired DNA strand breaks in the cancer cells. The effectiveness of hyperthermia as a

radiosensitizer is denoted as a thermal enhancement ratio (TER), which is defined as,

TER = —24 Where D,.q4 is the radiation dose to achieve a certain cell survival using only
rad+ht

radiation and D441, IS the dose to achieve the same cell survival using radiation and
hyperthermia. The TER is dependent on the temperature reached, the duration of heating and the
interval between heat and radiation. 2% It has been shown in various cell lines that the greatest
thermal enhancement occurs when radiation is applied simultaneously with hyperthermia.?”32-3¢

This effect can be seen in Figure 3.



1.2.2 Oxygen as a radiation enhancer

Many studies have shown that the effectiveness of radiation is greater in conditions with
high oxygen concentration compared to limited or no oxygen (hypoxic). In the case of cancerous
tumors, many large tumors have hypoxic conditions due to the lack of blood flow which is a
result of the tumor’s poor vascular structure. These hypoxic conditions cause the tumors to be

more resistant to the radiation exposure.

The ability for oxygen to enhance the effects of radiation is due to the “oxygen fixation
hypothesis”. This hypothesis states that when a free radical is produced, they may be stabilized
by interacting with sulfhydryl compounds in the cell. This prevents the radicals from being
effective and inducing DNA strand breaks. When oxygen is present, the O> molecule can interact

with the free radical and “fix it” to ensure that it can remain reactive.*

This can also be applied to DNA which has lost a hydrogen atom in the deoxyribose molecule
and can undergo a single strand break. The DNA can be repaired chemically, by the interaction
of the damaged DNA with a sulfhydryl molecule. If there is oxygen present, the oxygen has the

ability to fix the DNA damage and not allow for chemical repair by the sulfhydryl molecule.

1.2.3 Hyperthermia and Radiation treatment schedule

As explained above, hyperthermia can enhance the effects of radiation when the two are
applied together. However, it should be noted that the scheduling of the hyperthermia and
radiation has a large impact on the thermal enhancement.®*** An in vivo study by Overgaard,
et. al., investigated the TER of both cancerous and healthy tissue in mice when hyperthermia and
radiation were applied either simultaneously or sequentially. The sequential treatment involved

the application of radiation either before or after hyperthermia. In this study, the time between



radiation and hyperthermia was varied. As shown in Figure 3, when hyperthermia and radiation
were applied, the TER for both healthy skin and the tumor were the highest compared to
sequential treatment. It also showed that TER dropped off as the time between treatments

increased.

This is due to both direct thermoradiosensitization and indirect sensitization. Direct sensitization
occurs due to hyperthermia’s ability to effect a cell’s recovery from radiation induced DNA
strand breaks.?® Indirect sensitization can occur due to increased blood flow resulting in

increased oxygenation to the tumor.

Figure 3 also shows that when simultaneous treatment was applied, the TER for both were the
same (TER = 2.45). When the treatment was sequential the skin resulted in less TER than the
tumor tissue. The difference is noted as the therapeutic gain factor (TGF) and is important in
ensuring that normal tissue remains as least affected as possible when the treatment is occurring.
This TGF may be due to better and quicker repair of the healthy tissue versus the cancerous
tissue after radiation or heat is applied. The poor repair of the tumor tissue may then make it

more vulnerable to the effects of the next therapy modality.?*

If one can achieve a very local dose of heat and radiation to the tumor tissue, simultaneous
treatment is recommended as it can provide the greatest TER. However, if there is a risk of
affecting the surrounding healthy tissue and providing it with too large of a dose, then sequential

treatment is recommended as the TER for healthy tissue would be less than for the tumor.

1.2.4 Clinical Studies
A variety of clinical studies have been conducted using hyperthermia with radiation to

treat various types of cancer in different organs of the body. While these studies apply both



radiation and hyperthermia, the heating schedules and radiation treatment can vary. Overall, a
majority of these clinical studies have shown that the use of hyperthermia and radiation offers
greater complete response (CR), overall survival (OS) and disease free survival (DFS) compared

to using hyperthermia or radiation alone, 82225263741

While the results of these studies show very clearly that hyperthermia can offer radiation
enhancement, they also show that the standard methods of delivering the hyperthermia result in
heterogeneous temperature distribution and it is difficult to achieve high temperatures (> 43°C)

for long periods of time (> 60 min).%

10
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Figure 3: The effectiveness of treatment at different intervals between heat and radiation.
It can be seen that the most effective results occur when radiation is applied simultaneously
with heat. The figure is replicated from Overgaard et.al.*

1.3 Gold Nanoparticles

GNPs have been shown to enhance the effects of ionizing radiation, provide thermal
therapy to tissue and aid in the delivery of drugs to certain regions of the body. They have also
been shown to be easily produced in large quantities and can be conjugated with many different
types of ligands to allow for greater retention in the body and preferential localization inside
certain cells. While the capabilities of GNPs in cancer therapy are still being investigated, further

research is drawing them closer to their use in the clinical setting.
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1.3.1 GNPs as a radiation enhancer

It has been shown in both in vitro and in vivo studies that gold nanoparticles have to
ability to enhance the dose of radiation absorbed in tissue.*>-*® The reason for this is largely due
to the high atomic number of the gold. The accumulation of GNPs in a tumor could allow for
greater dose enhancement to the tumor. This could result in better tumor treatment, which could

necessitate less prescribed radiation dose to the patient.

When a high energy photon (x-ray) is incident on a material, the photon can undergo a variety of
interactions. These interactions include, the photoelectric effect, Compton effect and pair

production. The probability of these effects occurring depend on their attenuation coefficients.
The mass attenuation coefficient for the photoelectric effect is expressed as % and can be said to

3
have a proportionality of % « (nZW where Z is the atomic number of the absorbing material and

hv is the energy of the incident photon. While this is only an approximation, it shows the strong
dependence on the probability of the photoelectric effect occurring and incident photon energy
and the type of absorbing material. Using this relationship, one can to see that a greater number
of photoelectric events can occur in a high Z material, like gold (Z,, = 79) compared to a low Z
material, like tissue (Zssue = 7).The photoelectric effect can result in the release of a
photoelectron, characteristic x-ray or Auger electrons. The charged particles released can
proceed to cause DNA strand breaks in cancer cells, resulting in cell death. If a characteristic

x-ray is released, it can also go on to produce further interactions with the tissue.

1.3.1.1 Dependence on enhancement and energy of radiation
The energy of the incident photon (hv) can impact the probability of the photoelectric

effect occurring. Figure 4 shows that the photoelectric effect dominates at lower energies

12



(1073 — 10° MeV) in gold. At higher energies, Compton scattering is more likely to occur. The
relationship between GNP radiosensitization and photon energy can be seen in both Monte Carlo
and in vitro studies.*>>°® A Monte Carlo study by Lechtman et. al. investigated dose enhancement
of different types of GNPs using various radiation energies. This study showed that lower energy
radiation produced higher dose enhancement compared to higher energy sources.*® In vitro
studies results have confirmed that the greatest dose enhancement with kV radiation energies

compared to MV, 4651

cm'/g)

#
p

' -

3 | | | |

10° 10° 10° 10
Photon Energy (MeV)

10

Total Attanuation with Cohevent Scattering

———  Photeelectric Absorption

Figure 4: Mass attenuation coefficient indicating photon interactions in gold at photon
energies from 10 MeV to 10* MeV. This figure was acquired from the National Institute of
Standards and Technology.*?

When considering the most optimal energy for the largest dose enhancement, it can be seen that

photon energies closest to the K, L, M, peaks have the highest probability of the photoelectric

13



effect occurring. This is not the most optimal energy to choose however, as the entire energy of
the photon will be used to remove the electron from its shell with little to no energy being

transferred to the photoelectron.

Letchman’s Monte Carlo simulation also touched on this issue by investigating the range of the
photoelectrons produced due to photon interactions with GNPs.*° It was found that higher photon
energies corresponded to larger photoelectron ranges. This photoelectron range is of importance
when considering the location of GNPs to achieve greatest radiosensitization. If the electron
range is very small, one micron or less, the GNP will need to be located in a very close proximity
to the nucleus of the cell to ensure adequate DNA damage. The GNP size will also need to be
small enough to prevent internalization of the electrons into the particle.*® A higher photon
energy will correspond to a larger electron range allowing the electrons to travel across cells and

reach the cellular DNA. In this case, the location of the GNPs in the cell is of less importance.

1.3.2 Use of Gold Nanoparticles in Photothermal Therapy

Gold nanoparticles have the ability to absorb and scatter electromagnetic radiation as a
function of wavelength. The ability for GNPs to absorb or scatter this radiation depends on their
shape, size and composition.® This allows one to tune the shape and size of the GNP to absorb
radiation of a particular wavelength. In the case of using light in photothermal therapy, there is
an optical window in the wavelength range of 600 nm to 1300 nm which light can penetrate to a
reasonable extent (roughly 1.2 mm at a wavelength of 800 nm).>* Therefore one would need to

use a GNP which can absorb light at a wavelength within this range.

Gold atoms possess an atomic structure where the divide between the valence and conduction

band is minimal. This is a common trait between metals, allowing for their common use as

14



conductors.®® The electrons which exist in the conduction band are not bound to the atom and are
free to move about. If a potential were to be applied against a metal, the electrons in the

conduction band would flow in a direction and generate a current of electricity.

When a nanoparticle is irradiated with an oscillating electromagnetic field (light), the electrons in
the conduction band of the atoms will oscillate coherently with the field (see Figure 5). This
effect is known as surface plasmon resonance. The resonance between the electromagnetic field
and electrons will allow for the electrons to be displaced away from the nuclei of the atoms.
These displaced electrons will feel a restoring force from the positive nucleus due to the
Coulomb attraction.>® The electrons then transfer their energy to phonons (in picoseconds), in a
process called electron-phonon relaxation. Phonon-phonon transfer then occurs which results in

distribution of heat to the surroundings.>’

The extent to which a nanoparticle to absorb and scatter light is expressed by its extinction

Cross-section a,,; and is represented by g = Oaps + Osca-

The extinction of the light incident on a particle can be measured at various wavelengths. This
allows one to determine the wavelengths of light with maximum absorption. In the case of a
nanoparticle undergoing SPR, this would be its “surface plasmon peak™ and this peak is
dependent on the type of nanoparticle, shape and size. The wavelength of the resonance peak is
dependent on the real part of the dielectric constant of the nanoparticle.>® With a larger negative

real dielectric constant, the absorption peak red shifts.>

Many in vitro and in vivo studies have used gold nanoparticles and laser light. The majority of
these studies use a high power laser to induce a high temperature increase for a short period of

time.%-¢° In a study by Gobin et. al., it was found that targeted nanoshells (EphrinA | conjugated
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with gold nanoshells, EphA2 receptor is overexpressed in PC3 cells) were found to induce
greater thermal ablation than PEG-nanoshells.%® An in vivo study by Dickerson et. al. found that

the direct injection of gold nanorods into a mouse tumor allowed for a greater reduction in tumor

growth while requiring less GNPs to be injected and a lower laser power to be used compared to

intravenous injection.%

GNPs combined with light can also be used to induce hyperthermia in cells or in a tumor.
Hauck et. al. investigated the use of plasmonic photothermal therapy (PPTT) to induce
hyperthermia in OCI AML3 cells and found that irradiating cells with GNRs and IR light could
raise the temperature of the environment to temperatures above 41 °C and produce greater cell

death than cells exposed to IR light without GNRs. &’

Figure 5: Oscillation of the conduction band electrons against an oscillating electric field.
The figure is replicated from Kelly et.al.>®

In order to ensure successful treatment, the proliferation (growth and spread) of cancer cells
should be decreased or stopped while healthy cells remain unharmed. For this to be possible, one

must deliver a highly localized radiation and thermal dose distribution.
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It has been widely shown that heating cells to different temperatures can produce different
therapeutic effects. Very low temperatures will result in minimal cell death and proliferation,
while very high temperatures can result in cell necrosis (+47 °C).%8 Cell temperatures in the range
of 41 °C to 45 °C, for extended period of time, mainly result in cell apoptosis, also known as
programmed cell death.?3688° This temperature is commonly used in hyperthermia treatments on

tumors as it stops the proliferation of cancer cells while ensuring minimal side effects.?

1.3.3 GNP localization
To ensure adequate heat distribution and optimal dose enhancement by radiation, the
distribution of GNPs in a tumor is critical. Sufficient distribution of GNPs is also one of the most

challenging steps in the treatment process.

In vivo studies have shown that there are two popular methods to insert GNPs into a tumor.
These are a) intravenous injection (V) and b) intratumoral (direct) injection. By injecting
through 1V, one must rely on the GNPs travelling through the circulatory system and settling into
the tumor. In order for GNPs to enter a tumor via blood vessels, they must take advantage of the
unique properties of a tumor. Tumors are known to possess a leaky and disorganized vasculature,
which allows GNPs to enter and remain in the tumor. This effect is known as enhanced
permeability and retention (EPR). While the GNPs are in the tumor region, they may be uptaken

into the tumor cells via receptor mediated endocytosis.”

GNPs can also be directly injected into the tumor site, completely bypassing the blood system.
This can allow for a greater number of GNPs reaching the tumor site with less GNPs travelling
to other organs of the body, mainly the liver and spleen. An in vivo study by

Chattopadhyay et. al. compared the uptake and retention of GNPs in various organs (including
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tumors) using either targeted or non-targeted GNPs delivered by IV or direct injection.’ It was
found that targeted GNPs delivered to the tumor by direct injection offered the greatest tumor

uptake.

1.3.3.1 Uptake into cells

The benefit of targeting GNPs into a cell is the increased probability of the charged
particles produced interacting with the DNA of the cell. When a photon interacts with a GNP, it
has a greater probability of undergoing a photoelectric or Compton event compared to tissue.
The charged particle that is released will have an energy and average range of travel that is
related to the energy of the incident photon. High energy photons will produce secondary
particles with a larger range than lower energy photons. A Monte Carlo study by Leung et. al.
determined the average range of secondary particles produced in GNPs using various photon
energies. Photons with little energy (50 kVp and 250 kVp) produced charged particles with an
average range of 2.71 um and 25.7 um respectively in 50 nm GNPs. This is much smaller than
the average range of 1070 um using 6 MV radiation. If a GNP is targeted to allow for increased
uptake into the cell and its nucleus, it provides a greater opportunity for the low range secondary
electrons to produce more SSB and DSBs in the cell’s DNA. Due to the smaller electron range, a
targeted GNP will produce a larger dose enhancement when low energy radiation is used
compared to high energy. However, targeted GNPs may also provide greater dose enhancement
compared to non-targeted GNPs when using higher energy sources where the average charged
particle range is greater than the diameter of the cell. This is due to the fact that there is still the
chance that low range charges particles could be produced. Furthermore, the Auger electrons
have a smaller range of roughly 2 um and the presence of GNPs in the nucleus could allow the

Auger electrons to reach the DNA and induce damage.*°
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Chithrani et. al. assessed the uptake of different sized GNPs in various cancer cell lines. The
uptake of the GNPs was due to receptor mediated endocytosis (RME)." In this study RME relied
on the adsorption of serum proteins on the nanoparticle. These serum proteins could then interact
with receptors on the cell surface and allow for uptake to occur.”? This study also showed that
GNP uptake was size and shape dependent. The greatest uptake of GNPs in the cells studied
were spherical and 50 nm in size. It was found that nanoparticles with greater aspect ratio

(length to width ratio) had a reduction in cellular uptake.”

Another important factor in nanoparticle uptake is the type of coating on the nanoparticle (if
any). A number of studies have quantified GNP uptake into different cell types using a variety of
proteins, antibodies, peptides and small molecules. The inclusion of these molecules on the
surface of the nanoparticle are important to ensure optimal uptake and retention of the GNPs in
the tumor.”*">7* The use of a particular targeting ligand can be used to enhance the interaction
with an overexpressed receptor on a particular type of cell.” One could also coat the nanoparticle
to produce a positively charged surface which has been shown to increase cell membrane

interaction and uptake.’®

1.3.3.1.1 Antibodies

Antibodies are an ideal choice to use for nanoparticle targeting as they offer high selectivity and
binding affinity. A large contributing factor for this is due to a single antibody molecule
possessing two binding sites, increasing the probability of cell membrane interaction. A

drawback to this is its cost and potential adverse effects.”

The prostate stem cell antigen (PSCA) antibody has been shown to be overexpressed in prostate

cancer and marginally expressed in healthy cells.”” The PSCA antibody is a
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glycosyl phoshatidylinsitol anchored glycoprotein, indicating that it is anchored to the cell
membrane of prostate cancer cells.” By attaching an anti-PSCA antibody to a gold nanoparticle,
greater interaction of the nanoparticle with the cell membrane could occur. This could then lead

to enhanced nanoparticle uptake in cancer cells and limited uptake in healthy cells.

A study by Wei and Gao used a single chain anti-PSCA antibody for prostate cancer targeting
with magnetic nanoparticles.’® The uptake into PC3 cells was enhanced when the nanoparticles
were conjugated with anti-PSCA antibody compared to plain nanoparticles. Similar results were

seen in a study done by Gao in 2012.”°

1.3.3.2 Uptake into tumors

Small tumors can rely on a blood supply from the surrounding healthy tissue to provide
essential oxygen and nutrients. A larger tumor will require its own vasculature system to provide
blood to the interior regions of the tumor. The structure of a tumor is very heterogeneous when
compared to healthy tissues. This unorganized vasculature creates areas which are both oxygen
deprived (hypoxic) and nutritionally deprived. 8 A lack of oxygen present in the cells makes
them more resistant to the effects of radiation due to oxygen’s ability to fixate the DNA damage

that has been produced by the radiation.

When considering gold nanoparticles and their role in dose enhancement to a tumor, the tumor
vascular structure can be both beneficial and a hindrance. While the disorganized and leaky
vasculature of the tumor allows for retention of gold nanoparticles in the tumor site alone, the
lack of vessels in some parts of the tumor, especially the center, may prevent GNPs from

reaching all parts of the tumor. &°
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The delivery of GNPs to the tumor is a large hurdle when investigating the clinical ability for
these particles to be used in cancer treatment. In vivo studies have investigated the delivery of
GNPs to a tumor by either intravenous or intratumoral injection. Intravenous injection relies on
the passive transport of GNPs into the tumor site is due to the enhanced permeability and
retention effect which is due to the poor vascular structure of the tumor.8-82 Goodman et.al
studied the penetration and distribution of different sized GNPs in a multicellular spheroid. It
was found that large GNPs (100 nm to 200 nm) did not distribute well in the spheroid and settled
around the periphery. Increased distribution into the center of the tumor was seen in the smaller
20 nm and 40 nm GNPs. Finally, it was found that the addition of collagenase treatment
increased the distribution of the GNPs into the center of the tumor. 8 Uniform distribution of

GNPs in the tumor site is very important to ensure consistent and localized dose to the tumor.

Intratumoral injection has been shown to deliver more GNPs to the tumor compared to
intravenous injection.®® A study by Chattopadhyay et. al., showed that intratumoral injection of
targeted nanoparticles allowed for the greatest GNP delivery to the tumor compared to non-
targeted or intravenous delivery. The enhanced delivery of GNPs to the tumor using direct

injection can be seen in Figure 6.”
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Figure 6: Distribution of GNPs in mice using targeted (T) or non-targeted (NT) GNPs
through intravenous or intratumoral injection. The location of the tumor is on the right leg
of the mouse. The white regions indicate areas of high GNP localization. It can be seen that
the direct injection of either targeted or non-targeted GNPs allow for greater delivery to
the tumor. The figure is replicated from Chattopadhyay et.al.”

1.3.3.3 GNP Removal and Stealth Characteristics

Gold nanoparticles that have been delivered to the body can be quickly taken up and
removed by the reticuloendothelial system (RES) and are largely deposited in the liver and
spleen.”818485 particles with a hydrophobic surface are taken up in greater numbers than those
with a hydrophilic surface. This is due to the hydrophilic particles interacting less with
macrophages responsible with their removal. Poly-ethylene Glycol (PEG) coated nanoparticles
are popular in animal studies as they have greater circulation time in the bloodstream compared

to non-PEG nanoparticles. A study by Niidome et. al. found that PEG GNRs had nearly 50% of
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the injected dose in the blood after 30 minutes, compared to less than 5% for non-PEG GNRs.%
By allowing greater circulation time, more GNPs can enter the tumor by EPR. The downside of a
PEG coating on the GNP is the reduction in uptake into the cell due to limited cell membrane

interaction.8

1.4 Studies using hyperthermia, GNPs and radiation together.

As stated previously, numerous studies have been completed which assessed the
effectiveness of these treatment methods in conjunction with one another. However, few studies
have been performed which use all three treatment methods together. One study which
investigated hyperthermia with GNPs and radiation was conducted by Hainfeld et. al.8” Hainfeld
found that by using these three treatment methods together in vivo the percentage of mice which
survived more than 250 days was 71% compared to using other treatments (0% to 30% survival).
The effectiveness of the triple treatment method also allowed Hainfeld to apply a reduced

radiation dose to the mice, due to dose enhancement from GNPs and hyperthermia.

While this study showed that using all three treatments together can provide a synergistic dose
enhancement, there remain a number of elements which need to be investigated. These include
quantifying dose enhancement with prostate cancer. Finally, Hainfeld’s study heated the tumor
region to 48 °C for 5 min. The temperature is very high compared to hyperthermia temperatures
used clinically of 41 °C to 43 °C. Furthermore, a high temperature of 48 °C may have included a

reduction in blood flow to the tumor which could have decreased the radiation enhancement.

Another study by Buckway et. al. intravenously injected gold nanorods conjugated with
Yttrium-90 into mice and exposed the mouse tumors to IR light. This study found that the

combination of GNRs, radiation and IR light significantly reduced tumor growth.® Similar
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results were also seen in a study by Diagaradjane who used IR light (exposed for 20 min), gold

nanoshells and a 10 Gy dose of 125 kVp xrays.%®

While the studies above have shown that the use of GNPs, IR and XRAY's together are an
effective therapy, they did not aim for a heating time of 60 min, commonly seen in clinical
studies, but opted for heating the tumor for only 10 min to 20 min. This study’s goal was to
replicate hyperthermia treatments seen clinically which aim for a temperature of 42.5 °C to 43 °C

for 60 min.

This in vitro study also allows for analysis of a greater number of conditions to determine the
most optimal treatment using NRs, XRAYs and IR. A variety of different IR and XRAY
schedules were completed, with different times in between the delivery of IR and XRAYS.
Furthermore, the use of targeted (AbNR) and non-targeted (PNR) nanorods were compared on
how effective they were at dose enhancement. The AbNRs are conjugated to allow for
preferential uptake into prostate cancer cells and the addition of NLS peptides allow for uptake
into the cell’s nucleus. The variety of conditions employed in this study allowed us to see the

most optimal treatment to provide.
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Chapter 2: Methods

Figure 7 illustrates the experimental setup to assess the dose enhancement when using

nanorods, near infrared light and radiation.

Luxfron temperature

probe

Plexiglas shelf
Level 7

x-ray beam \

X-ray source

Well plates
(containing cells
in media)

Hole
AN IR beam
Faxitron radiation unit ————|
- N
Diomed-60 laser
— —

«— door

Figure 7: Experimental set up to deliver simultaneous radiation and IR light to the PC3

cells.

The tests that were conducted are listed in Table 1.
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Table 1: List of experiments completed. AbNR and PNR refer to targeted and non-targeted
NRs respectively. IR refers to the delivery of 810nm light. XRAYn refers to the delivery of

x-rays, where n is the time the x-rays were applied relative to when IR treatment was

applied.

Treatment Method XRAY Dose (Gy) Trials
AbNR/XRAY /IR 2,4,8 3
AbNR/XRAY +4/IR 2,4,8 3
AbNR/XRAY +60/IR 2,4,8 3
AbNR/XRAY +120/IR 2,4,8 3
AbNR/XRAY 60/ IR 2,4,8 3
AbNR/XRAY .120/IR 2,4,8 3
AbNR/IR 0 3
AbNR/XRAY 2,4,8 3
AbNR 0 3
PNR/XRAY /IR 2,4,8 3
PNR/XRAY +4/IR 2,4,8 3
PNR/ IR 0 3
PNR/XRAY 2,4,8 3
PNR 0 3
XRAY /IR 2,4,8 3
IR 0 3
XRAY 2,4,8 3
No Treatment 0 3

Figure 8 shows a timeline of when XRAY's were applied with respect to IR for different

treatments. The subscript in XRAY indicates the time in between the delivery of XRAYs and IR.
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Figure 8: Timeline showing the delivery of XRAY's with respect to IR. The subscript values
indicate the amount of time in between the cell’s exposure to XRAYs and IR. A negative
subscript indicates that XRAY's were given before IR and a positive subscript indicates that
XRAYs were given after IR. The exception to this is XRAYo which indicates that the cells
were exposed to XRAYs in the middle of IR treatment.

2.1 Invitro cell model

An in vitro cell model was used to assess cell survival when exposed to all conditions seen
in table 1. A PC3 cell line was cultured in RPMI-1640 culture media supplemented with 10%
fetal bovine serum (FBS) and 5% penicillin/streptomycin antibiotic. The cells were incubated in
a 37 °C incubator at 5% COz. In order to prepare the cells for treatment, they were washed with
Phosphate Buffered Saline (PBS) and trypsonized from their culture flask and transferred to 12
well plates at a concentration of 1 x 10> cells/mL with 0.5 mL of media. The cells were exposed

to NR, XRAY and IR at various combinations seen in Table 1.

2.2 Gold nanoparticles

Gold nanorods (NR), 41nm in length and 11nm in diameter, conjugated with polyethylene
glycol (PEG) and suspended in PBS with a concentration of 6.3 x 1013 NR/mL were used
(Nanopartz™, Inc., Loveland, CO, USA). This size was chosen as it is optically tuned for
maximum absorption of the 810nm laser light. This wavelength was chosen as it was the
wavelength of the available Diomed-60 laser and it offers deeper penetration into tissue than

other wavelengths.>* The GNRs were added to the cell suspension into a well in a 12 well plate
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at a concentration of 2.0 x 10** NR/mL (GNR molar concentration of 3.3 x 10~ nM, gold

concentration of 7.0 x 10* nM) and incubated for 16 hours before treatment.

Two types of NRs were used in this study. The first NRs were untargeted polyethylene glycol
coated nanorods (PNR). The second were targeted NRs (AbNR) which are conjugated with both
PSCA antibodies as well as NLS peptides. These Ab ligands can allow for increased uptake of
NRs into the PC3 cells and the NLS peptides can allow for NR uptake into the cell’s nucleus.*>

The dose enhancement between the use of PNRs and AbNRs were compared to one another.

2.3 Radiation treatment
For conditions which required radiation, the cells in the 12 well plate were placed in a
radiation unit (Faxitron X-ray Corporation, Lincolnshire, IL, USA) and irradiated using160 kVp

x-rays at a dose rate of 2Gy/min. Radiation was given at a dose of 2 Gy, 4 Gy and 8 Gy.

2.4 Hyperthermia treatment

The cell+NR+media solution was exposed to 810nm laser light by a continuous wave
Diomed-60 therapeutic laser (Diomed Ltd., Cambridge, UK) at an intensity of 0.42-0.57 W/cm?.
The power of the laser was modulated to achieve a temperature of 42°C to 43°C for 60 minutes.
A flat tip fiber optic laser fiber, core diameter of 900 pum was used to deliver the light to the
sample. The tip of the fiber was placed 13 cm away from the bottom of the 12 well plate. The
temperature of the dish was monitored by a Luxtron probe using the Luxtron FOT lab kit

(LumaSense, Technologies Inc., Santa Clara, CA, USA).

2.5 Clonogenic Assay
Following each test, cell viability was quantified using a colony forming assay. Post

treatment, the cells were washed with PBS, trypsonized and centrifuged. The cells were then
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diluted and seeded onto a 60 mm culture dish and incubated for 7 to 10 days to form colonies.
The cells were then stained with Methylene blue and manually counted with an optical
microscope. Each experiment was completed three times and the colony assay was done in

triplicate.

2.6 Statistics and Data Analysis

c

Cell survival S was calculated by S = , Where C is the number of colonies counted,

control

L is the number of cell seeded and E o1 IS the plating efficiency of the untreated control. PE is

. C . .
given by Eqopirol = —22290  where Ceonirop IS the number of colonies counted of the control and

control

Lcontro1 1S the number of cells seeded of the control. Survival fraction SF was plotted for

radiation doses of 0 Gy, 2 Gy, 4 Gy and 8 Gy and was fit using the linear quadratic model

SF(D) = 32 = o=@+ pD?) N \where S(D) is the survival at dose D, S(0) is the survival at
5(0)

0 Gy and aand g are fitting parameters. The data was fit using nonlinear regression, where the «
and B parameters were determined along with their 95% confidence intervals and standard error.
These parameters were used to compute the dose required to achieve 10% cell survival and the
dose enhancement factor. The survival fractions plotted were expressed as the mean + SEM.
Where SEM is the standard error of the mean. The error for dose enhancement was determined

through propagation of error of the 95% confidence intervals of the a and 8 parameters.

The synergy of combining NRs with XRAYs and IR was evaluated using the Bliss independence
criterion.®® The projected additive cell survival was determined by multiplying the cell survival
when treatments were completed separately. The combined treatment of NR/XRAY/IR was

considered synergistic if the cell survival was lower than the projected additive cell survival.
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An F-test was used to determine if the curves are statistically different from one another with a

p-value less than 0.05 indicating a statistically significant result.

Dose enhancement factors were calculated by dividing the dose Dy, to achieve 10% cell survival

using a treatment, Tr, by the dose to achieve 10% cell survival using radiation alone D,,4. Dose

enhancement factor for 10% cell survival DEF; e, is represented as DEF; 4o, = %. If DEF o,
Tr

is greater than 1, then treatment Tr can be said to be more effective at cell killing than using only

radiation.
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Chapter 3: Results

The combination of NR and IR was found to produce temperatures between 42.5 °C and
43 °C for 60 minutes. This GNP heat treatment was found to produce a synergistic enhancement
of cell death when combined with radiation. The synergistic enhancement of radiation dose was

found to be greater when using AbNRs compared to PNRs.

3.1 PNRswith IR and 160kVp radiation

Figure 9 shows a linear quadratic survival plot of cell survival fraction at varying doses of
radiation. It can be seen that the combination of PNRs, radiation and IR light produced higher
cell death compared to PNRs with radiation or radiation by itself. The dose enhancement ratios
for PNR/XRAY, PNR/XRAY /IR and PNR/XRAY +4/IR were 1.17 + 0.20, 1.34 + 0.18 and
1.35 + 0.18 respectively. While the simultaneous delivery of PNR/XRAY/IR provided the larger
dose enhancement, the sequential (4 min) combination of PNR/XRAY/IR was not found to be
statistically distinguishable from simultaneous. This indicates that the delivery of
PNR/XRAY/IR simultaneously does not offer statistically greater dose enhancement than
PNR/XRAY/IR applied sequentially where radiation and IR light are applied minutes between
one another. All curves were found to be statistically different (p < 0.05), with the exception of

PNR/XRAY4/IR and PNR/XRAY/IR.
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Figure 9: Cell survival fraction using XRAY (:k), PNR/XRAY (&), PNR/XRAY+/IR(V)
and PNR/XRAY/IR (&).

3.2 ADbNRs with IR and 160kVp XRAYSs

Figure 10 displays cell survival curves using XRAYs, AbNR/XRAYs and
AbNR/XRAY +4/IR and AbNR/XRAY¢/IR. The use of AbNRs with radiation produced a DEF of
1.45 which is greater than PNRs used with radiation. The dose enhancement ratios for
AbNR/XRAY /IR and AbNR/XRAY +4/IR were 1.72 + 0.26 and 1.70 + 0.26 respectively. All
curves were found to be statistically different from one another (p < 0.05), with the exception

of AbBNR/XRAY +4/IR and AbNR/XRAYd/IR.
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Figure 10: Cell survival curves displaying XRAY alone (), ADNR/XRAY (&),
AbNR/XRAY+4/IR (¥) and AbNR/XRAYd/IR (@).

Figure 11 shows cell survival in treatments that did not involve radiation S(0). It can be seen that
alone, neither treatment offers substantial cell death. In the case of NRs alone, the low cell death
indicates that the NRs are not cytotoxic to the cells. It can also be seen that heating using IR and
either PNRs or AbNRs provided similar cell survival. The cell survival for treatments involving

no radiation S(0) were used to normalize the linear quadratic dose curves.
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Figure 11: Cell survival for treatments which did not involve radiation.

3.3 Scheduling of GNPs, radiation and IR light

When the time between the application of IR light and radiation was increased to one or
two hours, there was a noticable decrease in radiation enhancement. Figure 12 displays the
decrease in surviving fraction when increasing the time between the application of radiation and
IR light with AbNRs. It was also found that the surviving fraction was slightly lower for
sequential treatment when AbNR and IR was given before radiation compared to radiation being

given before AbNR and IR. However, this was not found to be statisically significant.
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Figure 12: Cell survival curves for ADNR/XRAY -120/IR (), AbDNR/XRAY +120/IR (),
AbNR/XRAY -60/IR (A),AbNR/XRAY +60/IR (&), ADNR/XRAY+4/IR (V) and
ADBNR/XRAY/IR ().

3.4 Synergism

Figures 13 and 14 display the projected additive curves using untargeted and targeted NRs
respectively. These curves were produced by calculating the additive survival fraction for
radiation doses of 0, 2, 4 and 8 Gy using the Bliss criterion.®* Since this study employs three
types of treatments: GNPs, radiation and IR light, there are a number of potential additive
survival curves to compare with the experimental results. The experimental cell survival curves

for both PNRs and AbNRs show lower surviving fraction than the projected additive curves and
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are statistically different from one another p < 0.05. This larger cell death means that the

simultaneous delivery of NR/XRAY/IR provides synergistic cell death.

SF

10_3 a 1 | | | | 1 | 1
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Figure 13: Survival curves comparing experimental results and curves which act
additively. The curves PNR/IR + XRAY(A), PNR/XRAY + IR (), PNR + XRAY/IR (4)
and PNR + XRAY + IR (&) are statistically different from the experimental curves
PNR/XRAY4/IR (¥) and PNR/XRAYJ/IR (4A). (p < 0.05).
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Figure 14: Survival curves comparing experimental results and curves which act
additively. The curves AbDNR/IR + XRAY (A), AbDNR/XRAY + IR (),

ADbNR + XRAY/IR (4+) and AbNR + XRAY + IR (4A) are statistically different from the
experimental curves AbDNR/XRAY+/IR (¥) and AbNR/XRAY/IR (A) (p < 0.05).

3.5 Dose enhancement factors

Figure 15 displays dose enhancement factors for all combination treatments with radiation as
seen in table 1. The use of targeted AbNRs had higher dose enhancement compared to the
untargeted PNRs. It can also be seen that the addition of IR to NRs and XRAY increases dose
enhancement. The highest dose enhancement is seen with the simultaneous application of

ADbNRs, XRAYs and IR light.
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Figure 15: DEFs for various treatments.
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Chapter 4: Discussion

The combination of targeted gold nanoparticles and near-infrared light has shown to
produce a synergistic enhancement of radiation dose in PC3 prostate cancer cells. There are two
synergies which act when all three treatments are combined. The first synergy is the increased
production of charged particles due to the high probability of radiation interacting with GNPs.
The second is the surface plasmon resonance induced hyperthermia when GNPs are combined
with IR light. Hyperthermia has been shown to produce a synergistic radiation dose

enhancement in vitro, due to the inhibition of DNA double strand break repair.?®

The greatest dose enhancement ratio was found with the use of targeted gold nanoparticles,
which produced a DEF of 1.45 and 1.72 for AbNR/XRAY and AbNR/XRAY /IR respectively.
These DEF values were greater than those produced by PNRs which produced DEF values of
1.17 and 1.27 respectively. The reason for the greater DEF when using AbNRs is most likely due
to increased uptake of the AbNRs into the cell and the cell’s nucleus allowing for the low range
electrons to reach the cell’s DNA and induce strand breaks. Low energy electrons emitted from a
GNP that is not inside a cell’s nucleus may not have enough range to reach the DNA to induce

damage.
4.1 GNP radiation enhancement

4.1.1 Comparison of DEF using GNPs and Radiation
Many studies which analyze DEF using GNPs and radiation compare the dose required to
achieve 10% cell survival using radiation alone and GNPs combined with radiation.*3#6:9 The

ratio of these two doses corresponded to the dose enhancement factor. A study by

39



Chithrani et. al. showed that a high DEF of 1.66 was achieved in HeLa cells using bare GNPs at
a concentration of 7 x 10° GNP/mL." Other studies have investigated GNP DEF with various
other cells lines. These studies indicate that some cell lines respond better to GNPs with radiation
than others. Jain et. al. compared DEF using breast cancer and prostate cancer cell lines.>! It was
found that prostate cancer cells had DEFs of 0.97-1.08 while breast cancer cells had a DEF of
1.41. A study using 30nm PEG GNPs in PC3 cells with 300kVp radiation achieved a DEF of
1.15.% This low dose enhancement is most likely due to the decreased uptake of GNPs into the
cell due to the PEG coating. A study by Arnida et. al. has shown that PEG GNPs have reduced
uptake into the cell compared to plain GNPs.2® This may be due to the inhibition of the GNP

interacting with the cell membrane and allowing for receptor mediated endocytosis.

4.1.2 Dependence of DEF and GNP Localization in the Cell

The higher dose enhancement seen with the use of AbNRs compared to PNRs is most
likely due to the increased uptake of AbNRs into the cells and the cell’s nucleus. A study by
Ling et. al. showed that magnetic nanoparticles conjugated with Anti-PSCA antibodies allowed
for approximately two times more nanoparticle uptake into PC3 cells compared to PEGylated
nanoparticles.’® An in vitro study by Yang et. al. showed that the combination of GNPs with
NLS peptides allowed for a roughly 4-fold decrease in cell survival compared to GNPs without
NLS peptides.®® It has also been widely shown that PEGylated GNPs have significantly less
uptake into cells compared to plain or targeted GNPs. 8% A major drawback to the clinical
potential of GNPs is the inability to deliver an adequate amount of GNPs to the tumor, to provide
a therapeutic effect.®® The increased uptake of targeted GNPs into cancer cells could allow for

more DNA double and single strand breaks.
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4.2 Hyperthermia

Hyperthermia has been shown clinically to provide greater tumor control when combined
with radiation versus using radiation alone.?1:2>26374% This was also shown in various in vitro and
in vivo studies.?”® Ryu et. al. investigated the use of hyperthermia in prostate cancer cells
(PC3 and DU-145) and found that prostate cancer cells were more sensitive to heat than other
cells lines.?’ While hyperthermia has the ability to induce cell death via apoptosis, that alone is
not sufficient to provide enough cell death to allow for tumor control. | found that hyperthermia
induced by PNR/IR and AbNR/IR resulted in 81.11% and 80.90% cell survival respectively.
However, when hyperthermia was combined with radiation, a synergistic enhancement was seen.
Ryu showed that by combining hyperthermia (41 °C for 120 min) and **’Cs, a thermal
enhancement ratio (TER) of 1.4 could be achieved.?® This synergistic enhancement of radiation
dose is due to the lack of repair of DNA strand breaks. When a cell is exposed to radiation, there
are a number of DNA single and double strand breaks. If this cell is also exposed to

hyperthermia, inhibition of repair of the sublethal damage caused by the radiation can occur.?®

4.3  Production of Heat using GNPs and IR light

The most common methods to raise the temperature of tissue to achieve hyperthermia is
through the use of RF or microwave radiation.?® On the other hand the use of GNPs with IR light
provides the ability to apply conformal heating. Gold nanorods are an optimal choice for use in
thermal therapy with IR light. This is due to their peak absorption in the IR range. The GNRs are
able to absorb the IR light and emit the energy as heat.>*® This will result in local heating only
in areas where GNRs are present, resulting in minimal heating to tissue without GNRs. Their

radiation enhancing capabilities furthers the dose enhancing effect that they can provide.
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4.4 Hyperthermia and radiation scheduling vs dose enhancement

This study and others by Overgaard have shown that by applying hyperthermia and
radiation together simultaneously provides greater dose enhancement than by applying them
sequentially. These studies also show that as the time between the application of hyperthermia

and radiation increases, the dose enhancement decreases.

If radiation is delivered and followed by hyperthermia a few hours later, there is a greater
opportunity for the sublethal damage caused by the radiation to be repaired.! In the case where
hyperthermia is applied a few hours before radiation, it is possible that the inhibition of DNA
repair caused by hyperthermia will not be as prominent compared to the simultaneous delivery of
both modalities. While it was found that radiation applied in the middle of heat treatment
provided the greatest dose enhancement, it was not significantly different than dose enhancement

when radiation immediately followed heating.

The larger dose enhancement seen in simultaneous heating and radiation compared to sequential
is much more pronounced in vivo than in vitro. This is most likely due to the increase in blood
flow and oxygenation of the hypoxic tumors. The radiation enhancement offered by oxygen can
only act for a brief period of time. If the heating is stopped and the tissue is allowed to cool, there
may be a reduction in blood flow and lower enhancement from oxygen. This was not seen in this

study as all samples had the same access to oxygen and none were in hypoxic conditions.

Even though it has been shown biologically that simultaneous hyperthermia and radiation
provides the highest dose enhancement, it may be difficult to apply clinically, especially for deep
seated tumors. In the case of prostate cancer, one would need to place the heating equipment

interstitially which may not be appealing due to the invasive nature of the procedure.
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4.5 GNP location in the tumor

Gold nanoparticles have been shown to be quite effective at the cellular level in vitro.
While these studies are essential in investigating the initial impact of a treatment modality on the
cell, their effectiveness may not correlate when moving to more complex systems such as
animals or humans. The largest uncertainty in research involving GNPs today is their ability to
be delivered to the tumor in a high enough concentration while limiting GNP retention in other
organs of the body such as the kidney, spleen and liver. In vivo studies have investigated the
distribution of GNPs inside a body.?18> A study by Chattopadhyay et.al. showed that a large
portion of the GNPs that are delivered by IV end up in the spleen, liver and kidney 48 hours after
injection. Only 2.23% of the injected dose ended up in the tumor.”* An alternative to the
intravenous injection of GNPs, where one relies on enhanced permeability and retention brought
upon by the disorganized and leaky vasculature of the tumor, is the use of a direct injection of
GNPs into the tumor. Chattopadhyay et.al. found that directly injecting GNPs that are conjugated
with a targeting antibody could allow for the greatest GNP uptake into the tumor versus
intravenous injection or non-targeted GNPs. Directly injecting targeted GNPs allowed for 30%
of the injected dose to reach the tumor versus approximately 1% using intravenous.’* By directly
injecting the GNPs into the tumor, there is less likely a chance that the GNPs can be carried
away to other organs. Furthermore, by conjugating the GNPs with targeting ligands, there is a
greater probability that the GNPs can be uptaken into the cells in the tumor further retaining

them and allowing for greater radiation dose enhancement.
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Chapter 5: Conclusions and Future

Work

5.1 Conclusions

It has been shown that the delivery of x-rays, near infrared light and gold nanorods
provides synergistic radiation enhancement provided that the delivery of x-rays and near infrared
light are delivered simultaneously together or immediately after one another. As the time
between the delivery of x-rays and IR increases, the radiation enhancement decreases. It has also
been shown that gold nanorods conjugated with anti-PSCA antibodies + NLS peptides had
higher radiation enhancement compared to PEGylated gold nanorods. This is likely due to the

increased uptake of AbNRs into the cell and the cell’s nucleus compared to PNRs.

5.2 Clinical Potential and Future work

The clinical potential of combining NRs with x-rays and IR would be most practical as a
salvage therapy for previously failed radiation treatment. The combination treatment could allow
for effective treatment of the recurrent tumor with less prescribed radiation dose. This could
result in fewer side effects from the radiation treatment. The most practical way to deliver this
treatment is with the use of high dose rate (HDR) brachytherapy. HDR uses an Ir-192 sources
which emits an average energy of 380 keV. This source is interstitially inserted into the patient’s
prostate to deliver a conformal and high dose to the prostate. Since 1r-192 is delivered to the
prostate interstitially, the NRs could also be directly injected into the tumor to ensure optimal

delivery of NRs. The IR could also be inserted interstitially using the same method as inserting
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the Ir-192 sources. This could allow for less time between the delivery of radiation and heating.
A phase 1 clinical study by Prionas et. al. provided simultaneous hyperthermia and HDR
radiation treatment. The interstitial hyperthermia was delivered via microwave radiation. A
benefit of using this treatment with HDR brachytherapy is the possibility of using the same entry

points into the prostate for heating as for the delivery of the Ir-192 sources.?

Moving forward with this project, more work is needed to assess dose enhancement using a
higher energy source. In this case, the only practical radiation source that was available had a
maximum energy of 160keV. In order to realistically assess the clinical potential of this
treatment, an Ir-192 source should be used. Cell uptake analysis must also be completed to

evaluate how effective the targeted AbNRs are at cell uptake compared to the untargeted PNRs.
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