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Abstract

Enhancing cancer treatment has garnered interest for more than 50 years. En-

hancement has been considered in the evolution of treatment modalities as well as

in the potential additives at the cellular level as radio-sensitizers. These enhance-

ments all encompass the same goal: a method to spare healthy surrounding tissue

while killing the cancerous tissue. In this work Polyethylene glycol (PEG)-coated gold

nano-particles (GNPs) and super paramagnetic iron oxide nano-particles (SPIONs)

were investigated as radio-sensitizers for malignant breast (MCF7) cells irradiated by

energetic protons.

The cells were cultured in the Department of Biology’s Cell Culture Laboratory,

where they were plated onto either custom 15-well plates or standard 96-well plates 48

hours prior to irradiation. The cells were then irradiated by 3 MeV protons in the East

Carolina University Accelerator Laboratory in the Department of Physics. Twenty-

four hours prior to irradiation the cells were treated with varying concentrations of

the metallic nano-particles (NPs). Cell viability was determined using a color-metric

assay (PrestoBlue), which was conducted prior to, as well as 24 hours post irradiation.

Survival curves were determined based on the metabolic rate for each NP type and

concentration post irradiation to observe potential sensitization effects. Sensitization

effects were only observed for the PEG-coated GNPs at concentrations of 15 nM, 45

nM, and 68 nM. While each showed promise as radio sensitizers at the higher dose

ranges (>6 Gy), the 45 nM concentration showed the greatest sensitization effects

throughout the entire dose range (2-11 Gy).
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1 Introduction

Radiation is considered energy that is in transit [1]. Ionizing radiation is one of the most

common forms of radiation utilized in medical physics; it is classified as radiation that passes

through a material with a high enough energy to overcome the binding energy of the atomic

nuclei or orbital electrons. Consequently it ejects an orbital electron from the atom within

the material [2]. When the radiation interacts with the nuclei or orbital electrons, elastic,

inelastic or absorption events can occur.

When considering ionizing radiation, one can consider two classes: electromagnetic radia-

tion and particulate radiation. The distinction between the two allows one to understand the

source of the ionizing radiation, and consequently what kind of interactions may take place

along its path through the material [3].These events can impart energy to the orbital elec-

trons which create interaction that will deposit energy locally or further along the particle’s

path.

1.1 Electromagnetic Radiation

When considering types of electromagnetic radiation, we are predominately considering

γ-rays and x-rays passing through a material. γ-rays and x-rays are distinguished based on

the origin of the radiation; γ-rays are the product of nuclear decay, while x-rays are generated

via atomic interactions that accelerate electrons to high energies, bombarding them into a

target, such as gold or tungsten. The kinetic energy that is derived from this motion is

what produces the x-rays [3], and results in indirectly ionizing events. A photon is a particle

that has no mass or electrical charge that can travel at the speed of light (c). Photons are

electromagnetic radiation that are considered to be discrete energy packets when interacting

with the surrounding atoms within the materials [1]. The energies for photons are related to

equation 1; where E is the photon energy and typically measured in kiloelectron volt (keV)

or mega-electron volt (MeV), and λ is the wavelength of the electromagnetic field created



and is measured in nanometer (nm) [1].

E =
hc

λ
(1)

x-ray and γ-ray photons typically have an energy range of keV-MeV, implying they

have high energies with a short wavelength that when reacting with a medium will result

in secondary ionization events. These events are the product of the high energy photons

making contact with orbital electrons or atomic nuclei releasing an electron or causing the

creation of a electron-positron pair [1]. The three main interactions that can occur are the

Compton effect, the Photoelectric effect, and Pair production [4, 3].

The first type of interaction that can occur as a byproduct of electromagnetic radiation is

the Compton effect (Compton scattering). This interaction occurs when a photon of energy

hν, where h is Plancks constant and ν is the particle frequency, collides with a stationary

or unbound electron. Upon colliding with the electron, it is sent off at some angle θ with

some kinetic energy, while the incident photon is scattered at angle ϕ with some energy hν ′

(pictured in Figure 1.1 panel B). The kinetic energy of the electron is the difference of the

incident energy (hν) minus the new photon energy (hν ′), displaying conservation of energy

with this collision. When the electron is set in motion, it is now a fast moving electron

and can potentially collide with other atoms surrounding it, creating ionizing events and

consequently breaking chemical bonds and producing damage within a biological structure

[3, 1, 4].

The photoelectric effect (pictured in Figure 1.1, panel A) is an event that can occur when

an incident photon, of energy hν, collides with an atom within the material and its energy

is totally absorbed. When the energy is absorbed into the atom, it releases one of its orbital

electrons typically from the innermost shell of the atom, creating a photoelectron. This leaves

an outer shell electron to drop down to fill the vacancy potentially creating a characteristic

x-ray or an Auger electron [4, 1] adding a small interaction within the biological tissue.

The energy that is released in biologic material is low, roughly 0.5 keV, which means the
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energy released is absorbed locally, while higher Z materials will produce much higher energy,

resulting in energy being deposited at a greater distance [2]. The energy that is given to the

photoelectron is the difference between the initial photon energy and the binding energy of

the inner shell electron, implying that the photon energy must exceed the binding energy for

this event to occur [4]. Once the electron has been ejected, the resulting kinetic energy that

is imparted to it will be deposited near the occurrence of the event. The range the electron

will travel is dependent upon the medium and energy that is imparted to the electron. This

will potentially have a biological effect on the tissue where the event occurs.

Figure 1.1: Panel A shows the photoelectric effect, panel B shows the Compton effect and
panel C shows pair production. All three effects start with an incident photon either inter-
acting with an orbital electron (A & B) or interacting with the nucleus (C) of the atom.

The final interaction of interest is pair production (pictured in figure 1.1, panel C). Pair

production is an absorption process where a photon, with an energy greater than 1.02 MeV,

interacts with the electromagnetic field of an atomic nucleus or orbital electron and all of the

photons’ energy is absorbed. As a result of the photon energy being absorbed, a positron (e+)

and an electron (e−) are released from the atom. The rest mass of an electron is 0.511 MeV,

since two particles are produced the photon energy must exceed 1.02 MeV, leaving the kinetic

energy that is imparted to the positron and electron being hν − 1.02MeV [2]. As a result of

the released positron, annihilation radiation is created. As the positron travels through the

material, it loses its energy slowing its movement process. As the slowing positron loses its

energy it combines with a free electron in the material generating two annihilation photons,

3



sending them with an energy of 0.51 MeV in opposite directions. The probability of a pair

production occurring will increase with increasing atomic number (Z) [2].

1.2 Particle Radiation

Particulate radiation deals with atomic or subatomic particles that typically have a large

mass; a mass is considered “large” if the particle’s rest mass exceeds that of an electron [2].

The particles that we consider to be particulate radiation are protons, neutrons, α particles

and heavy charged particles [3]. With charged particles, the rate at which the particles lose

energy will be the ultimate determinant for the distance the particle will travel as well as

the amount of ionizing radiation that will be produced along that path [1]. All of these

particles will cause direct ionizing radiation, through Coulomb force interaction between the

electric field given off by the traveling particles and the electric field produced by the orbital

electron or the nuclei of the atoms within the material [2]. For heavy charged particles,

the ionization events will increase as the particles slow to a stop. The dose deposited to

the medium will increase proportionally to the ionization events creating a Bragg ionization

peak [1, 5]. This increase in dose over a short length is characteristic to particulate radiation

and key in getting more localized dose to specific tumors.

Protons: Protons are positive in nature and have a mass that is about 2,000 times that of

an electron [3]. Their large mass makes their acceleration require heavier equipment such as

a cyclotron which accelerates the protons to high energies. As protons transverse a medium,

interactions with orbital electrons or the atomic nuclei may happen through Coulomb force

interactions. These interactions can be in the form of inelastic collisions or elastic collisions.

With inelastic collisions, the proton typically interacts with an electron from the material;

the proton will lose part of its energy potentially producing ionization and/or excitation

within the atom. Elastic collisions are of minimal consequence as there is no energy loss by

the proton, and no resulting ionization effects [2].

Neutrons: Neutrons are neutrally charged and of similar mass to protons, and because
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of their neutral charge they cannot be accelerated by an electrical device. Instead, they

can be the by-product of a charged particle accelerated to high energies, or when heavy

radioactive atoms undergo fission. [3].

α-Particles: α-particles are made of the nuclei of the helium atoms; consisting of two

protons and two neutrons giving them a positive net charge. They are typically released

during the decay of naturally occurring radionuclides. For example, when Radium-226 decays

to Radon-222, an alpha particle is released [3], which can be a common source of natural

background radiation, to the general public.

Heavy Charged particles: Heavy charged particles are particles that have a rest mass

large in comparison to the mass of an electron [2]. Because of their large mass, heavy

charged particles tend to continually slow down as they move through a material, losing

small amounts of energy with numerous numbers of individual collisions. They tend to move

in a straight line, having very small deflection angles during collision as opposed to light

particles like electrons which tend to undergo large deflection angels during collisions [1].

Their mass also contributes to the particles traveling at about 10% that of the speed of

light. With this slower speed the particle tends to interact with the material it is moving

through more frequently. This leads to greater energy losses and potentially an increase of

ionization events [1]. The increase of ionization events shows a drastic increase of ionization

at the end of the particles’ track, which can be shown as a Bragg peak, similar to what

happens to a proton or an α particle at the end of its path length.

1.3 Biological Effects of Radiation

Radiobiology is the study of the biological effects that ionizing radiation can have on living

organisms and matter. Ionizing radiation occurs when the radiation has a large amount of

kinetic or quantum energy, consequently forcing an orbital electron out of the molecule or

atom; this takes about 10 eV [4]. Electromagnetic or particulate ionizing radiation can

cause biological changes within the DNA structure, directly and indirectly, depending on
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the amount of radiation or energy deposited within in the biologic material. These changes

can be split into direct ionizing and indirect ionizing events. The incident radiation directly

ionizes the molecules such as DNA of the materials, through Coulomb force interaction as

the particle moves along its path through the material in question. Indirect ionizing events

occur in two steps with the neutral, fast moving particle interacting with the biological

system/material it is traveling through, thus giving up their energy by absorption into the

material. This reaction will produce fast moving charged particles that will in turn be able

to produce damage to its surroundings [3]. Cells are composed of roughly 80% water, which

radiation may interact with and become ionized. When radiation interacts with water, free

radicals can be produced via indirect action. A free radical is a molecule that carries an

orbital electron that is unpaired which can dictate the chemical stability of the molecule.

When radiation reacts with water it can cause an ion radical (H2O
+), which is a charged

ion that has an unpaired orbital electron (free radical). This ion radical can react with

other water species within the cell and can cause a hydroxyl radical (∗OH), which is highly

reactive.

H2O
+ + H2O → H3O

+ +∗ OH (2)

The highly reactive hydroxyl radical can move a short distance within the cell, potentially

causing critical damage within the DNA structure. DNA is considered the principal target for

biological effects to occur after radiation exposure [3]. The double helix structure of the base

pairs of either adenine and guanine or thymine and cytosine can be impacted tremendously

by radiation through the release of a free radical and direct ionization events [3]. The amount

of damage caused to DNA will depend heavily on how much radiation the DNA structure is

exposed to and what kind of break the radiation has caused [3]. When radiation damage is

seen in the DNA, it is classified as a single strand break (SSB) or a double strand break (DSB)

[3]. A SSB occurs more frequently at lower amounts of radiation. Typically SSBs can be

repaired easily by the cell because the occurrence will only break one side of the double

helix structure. When the cell replicates the DNA strands it can use the remaining intact
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structure to figure out what was lost on the broken side. This creates a blue print for a fixed

strand of DNA to be reproduced. When this happens there is little biological consequence

done by the radiation. In some cases, however, with a SSB, a mutation can occur from

the strand not being able to properly repair itself. When DSBs occur, the break happens

in both strands of the double helix, typically directly opposite of one another or spaced a

couple base pairs apart. When this type of break occurs, it becomes difficult for the cell to

repair the break, potentially causing cell death, carcinogenics, or mutation [3]. These breaks

occur linearly with dose; the greater the amount of dose, the greater potential of DSBs to

occur. With DSBs, the possibility of the biological end point resulting in cell death is greater

than with the occurrences of SSBs. When cell death occurs, the cell has lost its reproductive

integrity which can be measured and displayed via a survival curve for in-vitro cells. A

survival curve (S) follows a linear-quadratic model, that has two portions of cell-killing by

radiation (equation 3). The linear part that is depicted by αD, where α typically shows

non-repairable damage. The quadratic term (βD2), where β typically depicts repairable

damage done by radiation [6, 7]. The linear portion of the model can be extrapolated from

the top of the curve which can be related directly to irreparable damage in the cell. This

will increase proportionally with an increase in dose [6]. From the linear-quadratic model, a

ratio of α and β can be determined at a particular dose, when the two comments have equal

contribution to cell death (equation 4). This is shown in equations 3 and 4, when the dose

is proportional to the square of dose.

S = e−αD−βD2

(3)

αD = βD2 → D =
α

β
(4)
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1.4 Dosimetry of charged particles

Radiation dose in a medium is defined as the energy absorbed per unit mass in the

specific medium, which will ultimately play a large role in dosimetry [8]. Stopping power for

a charged particle is defined as the rate at which the energy (E) of the charged particle is

lost per unit length (x) in a medium, (dE
dx

), typically in units of MeV/cm [4, 8]. The stopping

power can be divided into collision stopping power and radiative stopping power. For the

dosimetry of charged particles the interest is in collision stopping power, as those interactions

produce ionization and excitation events along the particles path [4]. The mass collision

stopping power, or the mass stopping power is signified as − dE
ρdx

with units of MeV cm2/g, ρ

represents density of the target medium the particles travel through. While the mass stopping

power expresses the average energy lost by the particle through all potential collisions in the

medium, this may contribute to an over estimation of the dose. To compensate for the

over estimation the restricted mass stopping power is defined as a fraction of the mass

stopping power being accounted for with energies less than a particular cutoff energy ∆, and

is represented as (−dE
dx

)∆. The restricted mass stopping power is connected to the linear

energy transfer (LET), equation 5.

LET∆(keV/µm) = (
dE

ρdx
)∆ (5)

The LET is defined as the rate at which energy is transferred to a material per unit

mass. This is of particular relevance when considering radiobology. LET and mass stopping

power go hand in hand where stopping power accounts for the particles’ energy loss, and

LET accounts for the energy transferred to the medium. [9, 8]

To consider absorbed dose from a parallel particle beam the rate of energy loss in the

collisions must be considered. The parallel beam of monoenergetic protons will be incident
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on a tissue material of thickness ∆x over an area A.

Ė = ϕ̇A(
dE

dx
)∆x (6)

Where ϕ̇ is the fluence rate of the charged particles (particles/cm2 s), (dE
dx

) is the mass

collision stopping power of the proton beam. Given the assumption the energy lost by the

particles is deposited into the medium, the dose rate to the medium can be determined by

dividing by the mass ρA∆x of the volume of the medium where ρ is the density of the tissue

medium in question.

Ḋ =
ϕ̇A(dE

dx
)∆x

ρA∆x
= ϕ

dE

ρdx
(MeV/g) (7)

This can hold true for low energy protons as long as their energy loss is not sufficient

enough to significantly change in the stopping power [4, 8].
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2 Enhancements to Radiation Treatment

The overarching goal with radiation therapy (RT) is to maximize lethal radiation doses

to tumors while minimizing dose to healthy tissues. An example of this goal in the clinical

setting is cancer treatment, where the sparing of healthy tissue and organs around the

tumorous regions is one of the main focuses. Emerging efforts to improve RT outcomes

include optimization of current modalities as well as the addition of metallic NPs to further

enhance healthy cell protection and tumor sensitization for both photon/electron beams as

well as proton beams. Most often when receiving RT, the use of a linear accelerator (linac) is

used. To mitigate dose to surrounding healthy tissue, as well as damage done along the path

of radiation for the electrons and photons, Hadron therapy has been utilized to garner more

localized dose deposition. Hadron therapy utilizes charged particles like protons or carbon

ions rather than electrons or photons to administer radiation. The first to consider utilizing

protons was Dr. Robert Wilson in 1946 [10]. For clinical application of proton therapy a

synchrotron or cyclotron will be needed rather than a linac, which is the main modality for

photons and electrons [2]. A major drawback to the synchrotron and cyclotron facilities is

the hefty cost for building and maintenance. The advantage to Hadron therapy is the shift

in how the dose is deposited along the particles path. The Bragg peak is the region where

all of the protons energy is deposited, which is shown at the end of a depth-dose curve [2].

When utilizing protons, they produce a depth dose curve far different to that of photons

and electrons. As the proton enters the body or tissue equivalent substance, the relative

dose is small and only slightly rises relative to the distance traveled by the proton. Once

the protons near the end of their path, there is a sharp increase of dose deposition and

consequently the dose falls off quickly to zero, depositing most of it energy in a small area.

The dose deposited is very localized and only spans a few centimeters [3, 2]. The desired

minimal surface dose and surrounding tissue sparing that accompanies proton irradiation

is the major reason proton beams are continually investigated. With proton therapy the



relative biological effectiveness (RBE) are similar to that of electrons, yielding a roughly 10

% increase to that of electrons/x-rays[2]. So, while the RBE and reactive oxygen species

(ROS) are slightly increased compared to photon and electron treatments, the Braggpeak and

consequent deposition of relative dose make proton therapy an interest in the betterment of

RT. A compounding factor that may enhance proton therapy is the addition of metallic nano-

particles, which can enhance the radiation through particle interactions with the protons

and the NPs [2, 3, 1, 11]. The possibility of radio-enhancement of proton beams with nano-

particles may yield lower surface doses, as well as more healthy cell survival around the

affected tumorous region.

2.1 Radiosensitizers

The National Cancer Institute defines a radiosensitizer1 as any substance that makes

tumor cells easier to kill with RT. Radiation interacts with the biological materials outer

shell electrons or the nucleus of the atom. When these interactions take place, free radicals

and fast-moving electrons can be created, which potentially create DNA damage to the sur-

rounding biologic material. Metallic NPs, more specifically high Z metallic NPs, will interact

with the ionizing radiation, creating an increase in local dose delivered in the surrounding

area of the NPs. When the metallic NPs can be localized to a specific region of interest,

they can increase the number of photoelectric events, enhancing the initial radiation and

effectively killing the tumor cells [12, 13]. The use of metallic NPs, specifically GNPs, for

sensitization has been a hot topic for the better part of the last 30 years.

There have been many studies supporting the sensitizing effects of GNPs, compounded

with x-ray or electron radiation [14, 15, 16, 17, 12], as well as some investigation, that utilize

NPs and proton therapy [18, 19, 20, 11, 21].

From ion beam experiments it has been seen that short range Auger electrons can be re-

leased from the interaction with the metallic NP and create DNA damage to the surrounding

1use from www.cancer.gov
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tissue.

2.2 Gold NPs

Gold has an atomic number, Z=79, which makes it a prime candidate to incorporate

within a tumor region. When compounded with radiation, it has shown enhancement within

the dose by way of increasing the photoelectric effect which will effectively kill more tumor

cells [1, 22, 23, 24, 25, 26, 14, 12, 27, 13, 28]. The surface chemistry additions, such as

amine or glucose capped functional groups, and size of the of the GNPs has shown to be

an important factor on how well the NPs are incorporated into the tumors regions [25, 26,

29, 18, 12, 13, 30]. Many in-vivo and in-vitro studies have been implemented to find an

optimal size and coating that will enhance cellular uptake of the GNPs. Some of the most

predominant studies that pioneered the explorations into GNPs were executed by Hainfeld

et al.; producing several papers outlining sensitization effects of GNPs on various types of

tumors in mice. In 2004, the group used mice with EMT-6 mammary carcinomas, and they

intravenously injected GNPs of an average diameter of 1.9 nm and irradiated with a single

dose of 250 kVp x-rays. They utilized 4 groups of mice, 1 group that received no treatment

of radiation nor GNPs, while another group received just GNPs and 2 groups that received

two different concentrations of GNPs but equal amount of radiation. One group received

270 mg Au/cc for 2.7g Au/kg while the other group received 135 mg Au/cc for 1.35g Au/kg,

both getting roughly 5 Gy/min. Overall, the control groups (no irradiation) saw no decrease

in tumor size, in fact, there was an increase in size and consequently died within two weeks of

the study starting. The two groups that received GNPs and x-ray irradiation saw a decrease

in tumor size and a 50% and 86% increase in long term survival, respectively [22]. In 2008,

Hainfeld et al. continued their previous study, further delving into enhancements of gold

nanoparticles by effectively loading tumors with GNPs and irradiating with an x-ray source

to find out what kind of enhancement to dose the GNPs could create [23]. It is evident that

high Z materials like gold will be enhanced by x-rays, so this study attempts to understand
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the dose enhancement factor (DEF) that GNPs can obtain in mice. The parameters were

the same as from the 2004 study outlined above. However, this time, they investigated the

percentage of GNPs within the tumor volume. They saw about 0.24 % of the tumor was

saturated with GNPs, which when irradiated with 250kVp x-rays, again yielded high survival

fractions over the course of a year for the groups that were both irradiated and injected with

GNPs. Through the study it appeared the main way the GNPs were entering the tumor

region was through the enhanced permeability and retention (ERP) effect. The authors

concluded that surface coating can potentially provide better cell uptake which could yield

higher dose enhancement and they recommended further study of these effects.

2.3 Parameters for Optimal NP Cellular Uptake

The study of NPs for drug delivery and radiation therapy enhancement has opened the

door to understanding how surface coating can influence the pharmacokinetic properties of

nanoparticles in biological systems [27, 31, 29, 28, 13, 30, 15, 32].

Coating dependence: When adding any kind of NPs into a biological system, whether

it be for drug delivery or enhancement/protection of radiation therapy, it is important to

understand how the nanoparticles will transition throughout the body. Research into this

transition has shown that, when delivering nanoparticles to specific organs or tumor sites

within the body, the size of the NPs and the surface modifications on the NPs are key ways

to optimize the nanoparticles’ path throughout the body, as well as their half-life within

the body [31, 29, 30, 33, 32]. Surface modifications consist of coating the NPs in specific

materials, such as polymers that will allow the NPs to target specific tissues or cell types.

One commonly researched polymer is polyethylene glycol (PEG), which has been deemed

to have low inherent toxicity and, when functionalized on the surface of NPs, will increase

their circulation time within the blood, making uptake within cells and tumors greater than

un-coated NPs [31, 34, 13, 35, 36]. One study done by Kommareddy et al. [34] showed that

their PEG-coated NPs had longer blood circulation times, which resulted in higher uptake in
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their target organs because of a lessened protein build up on the NPs from the PEG coating.

This was monitored over a 48 hrs period where they compared un-coated Gel NPs to coated

Gel NPs. Their focus was the deposition of NPs in the spleen, kidney, lungs and heart.

This study showed that NPs coated with PEG were more likely to have longer circulation

potentials, giving more time for organ uptake rather than just cycling through the body and

immediately being excreted [34]. A comprehensive review has been done by Bromma et. al

[30] that attests to, not only the importance of surface coating, but the size of the NPs and

the means of injections when looking into in-vivo studies of these NPs [30].

PEG is not the only coating that can be applied to GNPs to improve radio-sensitization

and cellular uptake, but glucose (Glu) capped GNPs and amine coating are also potentially

a great surface coating that can improve cellular targeting and ultimately radio-sensitization

[37, 38, 25, 27]. Roa et al. [37] showed improved sensitization with 2 Gy Cs 137 γ-rays.

The Glu-GNPs and non-functionalized GNPs were introduced into human prostate carci-

noma (MRC5 cells line) and irradiated, yielding an inhibition of cell proliferation after 24hrs

of about 26.8%. Studies done by Kong et al. [25] also showed enhancement properties of

Glu-GNPs in malignant breast cells (MCF7), finding the Glu-GNPs tended to gather in the

cytoplasm of the cell, optimizing sensitization in desired locations within the cell. Further,

the study further found that glucose caped GNPs gave the GNPs a surface potential that

glucose metabolizing cells, like MCF7 cells are more likely to be up taken. Further inves-

tigation of amine-coated PEG-GNPs was done by Grellet et al. [27], where they found the

amine coating to be an excellent addition for cellular uptake, which made it a candidate for

their radio-sensitization study. The amine surface coating makes the inherent potential of

the GNP positive and more likely to be taken in by a cell with a negative potential.

Size dependence: Several studies over the last 15 years have explored the importance

of the size of the NP and the concentration. It was concluded in a paper by Chithrani et

al. [15, 39] that concentration and size of NPs will be the ultimate determinate of radio-

sensitization of cells treated with combinations of GNPs and radiation. In the experiment
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run by Chithrani et al., size dependence with citrate modified GNPs was prime at around

50nm for Hela cells. This size dependence was further studied by Zhang et al. with PEG

coating.

Zhang et al. used PEG- coated NPs of varying sizes (5, 10, 30 and 60nm) to assess the

bio-distribution of the NPs into various organs. Mice were injected intravenously in the tail

with concentrations of 200 µg of GNP solution which yielded a dose of 4000µg/kg. There

was one control group and 4 experimental groups with 5 mice in each group. The experiment

supported the previous data that the larger NPs tend to uptake most heavily in the spleen

and liver [29]. Table 1 was shows these outcomes. For the heart and liver, the smaller NPs

of diameters between 5nm and 10 nm seemed to have the best cellular uptake. Based on the

results yielded from Zhang et al. it appears that the smaller the diameter, the more likely

for the NPs to be absorbed by various organs.

Organ 5nm 10nm 30nm 60nm

Heart 214 µg/kg 18 µg/kg 8.6 µg/kg 37 µg/kg
Liver 1797 µg/kg 2898 µg/kg 21 µg/kg 432 µg/kg

Kidney 390 µg/kg 48 µg/kg 151 µg/kg 14 µg/kg
Spleen 628 µg/kg 138 µg/kg 3363 µg/kg 721 µg/kg

Table 1: The first column is a list of the organs that were investigated, each column starts
with the diameter of the NPs that were investigated and listed below each diameter is the
concentration of NPs found in the respective organ.

2.4 GNPs irradiated with Protons

There have been observations that utilizing metallic nanoparticles paired with photons or

x-rays has yielded increased rates of radiosensitization for various cell lines [12, 33, 15, 37, 40].

Now the efforts have shifted to understand the enhancement of dose delivery by metallic NPs

embedded in various cells lines paired with protons. Monte Carlo (MC) SRIM simulations

were explored by Torrisi et al. [41], where they saw a potential increase in proton LET in

the Bragg peak region due to high concentrations of GNPs. The increase was seen in liquids
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to be about 5% and a possible increase of 6.5% in soft tissue. Further studies with Geant4

simulations have also investigated the secondary electron production from GNPs. Jeynes et

al. [42] and Martinez-Rovia et al. [43] have both seen slight increases in sensitization brought

on by GNPs though Jeynes did not find statistically significant increases as with kV x-rays,

there is still exploration to be done. The mechanism behind the potential sensitization seems

to come from the ion beam reaching the high Z material (Gold), causing short range Auger

electrons to be released. These short range Auger electrons will lead to the production of

ROS resulting in generating greater cell death through DNA damage [42]. This phenomenon

was seen to a less significant degree in the MC simulation for low energy protons (>10MeV).

Ahmad et al. [44] have now shifted their focus on MC simulations with Geant4 to assess

sensitization effects of a single GNP, to explor the enhancement effects of a “nano-film” of

GNPs. They were able to corroborate that a main cause of dose enhancement was stemming

from an increase in secondary electrons.

A review done by Lacomb et al. explores the potential of NPs and proton irradiation

[20, 19, 11, 18, 36]. It is concluded that more research into the mechanism of the proton

interactions in the Bragg peak region needs to be done, as utilizing NPs paired with proton

irradiation does have the potential to regress the tumors and increase the radiosensitization

for higher LET protons [36, 20].

One study that plays an interesting role pertaining to the proposed study is the enhance-

ments discussed in Polf et al. [18]. This group ran an in-vitro experiment utilizing DUI45

human prostate carcinoma cells, where they constructed an experiment where the cells were

treated with GNPs and irradiated with a Cobalt-60 source while the other treated cells were

irradiated with a proton beam. They aimed to compare the relative biological effectiveness

(RBE) for the surviving fraction of 50 % and 10 %. They used colonogenic assays to de-

termine the survival of the cells post irradiation, finding a 15%-20% RBE increase for GNP

treated cells over untreated cells [18], concluding that GNPs internalized in the prostate cells

increased the ionization effects when compounded with proton irradiation.
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With in-vitro experiments for the high energy protons (> 40 MeV) sensitization seems

to be observed. This has been seen both in water phantom experiments [21, 44] and in-

vitro experiments with a variety of of cell lines [20, 19, 18]. Unfortunately there have not

been many studies for low energy protons. Those that have been executed have been with

anywhere from 1 MeV to 3 MeV [36, 45], with some yielding a decrease in surviving fraction.

This was observed by Liu et al. [45], where they looked at EMT-6 cells with PEG-gold NPs

introduced and used a 3 MeV protons beam. This experiment yielded enhanced cell death,

indicating it was from increased DSBs. While Li et al. [36] used low energy protons with

an LET of 25 and 10 keV/µm paired with 5 and 10 nm GNPs. They were successful in

assessing the internalization of these NPs through TEM and confocal microscopy imaging,

confirming their uptake in the cytoplasm of the A431 cells. This group observed that the

internalization of the GNPs within the tumor cells could produce meaningful increase in the

proton dose ultimately leading to radio-sensitization effects by the GNPs.

2.5 Super Paramagnetic Iron Oxide Nano-Particles (SPIONS)

Super paramagnetic iron oxide nanoparticles (SPIONs) are said to have excellent biocom-

patibility [46, 47] and the potential to increase the efficiency of RT through the production

of photoelectrons and Auger electrons from interactions with x-rays and γ-rays[48, 49]. Be-

cause of these potential sensistization effects, in-vitro experiments have been executed to

assess the potential of SPIONs. One of the first SPION studies conducted was done by

Klein et al. [49]. This groups utilized the MCF-7 cell line and introduced two different types

of SPIONs; 0.1 mg Fe/mL of un-coated SPIONs and citrate-coated SPIONs. The irradia-

tion was done with the use of a 120 kV x-ray tube. It was observed that an enhancement

of ROS formation was present with the combination of x-ray and SPION treatments [49].

In 2017 another group looked at the potential radio-sensitization of citrate-capped SPIONs

for the MCF-7 cell line as well as MDAMB-231 (human mammary gland carcinoma) and

MDAH-2774 (human ovarian carcinoma) cell line [46]. This time irradiation was delivered
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with a 6 MV Elekta Precise linac. They concluded that the nano-particle enhancement ratio

was cell line and dose dependent, with the MCF-7 and MDAH-2774 lines observing the best

results for potential sensitization at 2 Gy [46]. Current studies investigating SPION related

potential sensitization [48, 46, 47, 50], have neglected exploration into PEG-coated SPIONs,

therefore this functionalization on the NPs would be good to investigate.

2.6 Goals of Dissertation

This research project was designed to assess the viability of metallic nanoparticles as

radiosensitizers, and more specifically the role of PEG-coated GNPs and SPIONs, paired

with varying doses of proton irradiation. We aimed to establish the LD50 (lethal dose at

50%) from survival cures for the MCF7 cell line. MFC7, is a cancerous cell line of human

breast epithelial cells[51]. The cells have a doubling time of approximately 29 hrs 2 and

were cultured and stored in the Cell Culture Laboratory in the ECU Biology Department.

The metabolic rate of the cells were assessed through use of a PrestorBlueTM Cell Viability

Assay. Radio-sensitization has been shown through the survival curves of the cells with PEG-

coated GNPs and SPIONs incorporated with a proton beam of doses ranging from 0 Gy to

10 Gy. Each of the varying doses was also assessed with several different concentrations of

PEG-coated GNPs. The use of the micro beam line in the Accelerator laboratory at ECU

will provide enhanced dosimetry, and better control of the size of beam and uniformity of

the beam. The ultimate goal was to assess if the concentrations of the GNPs and SPIONs

paired with specific doses will allow for a greater cell death than for the cells that just receive

radiation, i.e. show sensitization.

Aim 1: The first aim was to refine the existing cell irradiation experiment and narrow

down specific NPs that were used. Once the project is refined and NPs were chosen the

corresponding survival curves for the MFC7 line with relative doses ranging from 0 to 10

was assessed. This was done to understand what effects various doses from the proton beam

2found from ATCC.org under Quality control specifications for the MCF7 cell line
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had on the corresponding cell line and to determine the LD50 for the line without NPs

for this particular experimental set up. This is important in establishing a base line for

the comparison for how the cell line will change when nano-particles are added as potential

sensitizes for the MCF7 cell line.

Aim 2: The next aim was to assess potential radio-sensitization of PEG-coated GNPs

and SPIONs. This was done by investigating various concentrations of GNPs combined

with relative doses form 0 to 10. The goal was to understand what concentration and

corresponding doses will yield the optimum radio-enhancement for the MCF7 cell line.
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3 Experimental Materials and Methods

The work presented in this section was carried out for the MCF7 breast epithelial cell line

for both the PEG-coated GNPs as well as the PEG-coat SPIONs. While the concentrations

investigated for each NP type were slightly different, the methods for creating the dilutions

and treatment of the cells was identical. Two protocols were used to set up the experiments

for the custom plates and the 96-well plates. Two protocols were necessary because as the

experiment was run, logistical problems with the beam energy penetrating the custom plate

became apparent. The later sections in this chapter will further elaborate on the methods

that are outlined in the two protocols below.

Protocol for the Custom Plate:

Day one: The experiment started with the sanitation of the custom plates, first in a

70 % alcohol bath with sonication and then in a 1 molar sodium hydroxide bath. After the

second bath the plates are rinsed and assembled. Once assembled, priming media was placed

in each well and left in incubation.

Day two: The priming media was removed and the plates were allowed to dry. The

plates were then seeded with 10,000 cells per well and then placed back in incubation to

allow the cells to adhere to the surface.

Day three: The existing growth media was removed and the desired NP concentration

was placed on the cells and left in incubation for 24 hrs.

Day four: The existing growth media is removed and the presto blue (PB) assay was run

for preliminary viability of the cells. Once the PB assay is complete the cells are re-dressed

and brought down to the Accelerator Laboratory for irradiation. After exposure is complete

the plates are placed in incubation for 24 hrs.

Day five: Twenty-four hours post irradiation the final PB assay is run on the cells to

assess their viability.

Protocol for the 96-Well Plate:



Day one: The experiment started with the seeding of the 96-well plate with roughly

40,000 cells per well. Once seeded the wells were placed in incubation for roughly 24 hrs.

Day two: The desired NP concentration was achieved through serial dilution and then

placed onto the respective wells. Once the NPs were placed on the cells they were placed

back in incubation for 24 hrs.

Day three: The existing media is removed and the preliminary PB assay is run on the

cells. Once the PB assay is complete the plates are stripped of their media and taken down

to the accelerator lab for irradiation. After irradiation the cells are re-dressed with fresh

media and placed in incubation for 24 hrs.

Day four: Twenty-four hours post irradiation the final PB assay is run for the cell

viability.

3.1 Cell Culture and Storage

The MCF7 cell line was utilized throughout this experiment. It was made from a ma-

lignant adenocarcinoma, human breast epithelial cells. They were purchased form ATCC

[52, 51] and sub-cultured in the ECU Biology Cell Culture Laboratory. The MCF7 cell

line was cultured and maintained in Eagle’s Minimum Essential Medium (EME) with 10 %

Fetal Bovine Serum (FBS), 1 % Penicillin Streptomycin (Pen Strep), and 0.01 mg/mL of

Human Incumbent Insulin, this made what was referred to as the complete growth media

[52]. The excess cells that were not currently being cultured for experimental use were stored

in small cryo vials in a liquid nitrogen (LN2) vat in the cell culture laboratory. Each cryo

vial was stored with roughly 1 mL of cell suspension (cells mixed with pre-mixed freezing

media). When ready to culture for experimental use, the cells are pulled from the liquid

nitrogen. From there they are defrosted then quickly transferred into T-75 vented capped

flasks where approximately 10 mL of complete growth media was thoroughly mixed to have

an even dispersion of cells throughout the flask. The flask was then incubated in a Fisher

Scientific incubator at 37.0 ◦C with 5% CO2 for 48-72 hours or once the bottom of the T-75
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Figure 3.1: MCF7 cell line seeded in a T-75 flask, this is the typical confluency used to start
an experiment. This image was done with the Leica microscopes in the cell culture lab.

flask is at least 85 % confluent which is visually confirmed through use of a microscope like

seen in Figure 3.1. Once the flasks are at least 85 % confluent, the cells are removed from

the bottom of the flask with 0.05% Trypsin.

To subculture the T-75 flask, the existing complete growth media was removed through

use of a pipette and replaced with 5 mL of fresh 0.05% Trypsin. The Trypsin is rinsed over

the layer of cells 3-5 times, then discarded. Once the first round of Trypsin is discarded 5

mL of fresh Trypsin is used to rinse the cells once more, then removed. During each rinsing

process, the Trypsin is allowed to sit on the entire bottom for about 10 seconds. Once

the second rinsing process is complete, the Trypsin is removed leaving a thin layer on the

remaining attached cells. The flask was then put into the incubator for roughly 10 minutes

or until it is visible the cells have detached from the surface under the microscope. Upon

indication the cells are detached, 5-10 mL of complete growth media are place inside the flask

and flushed on top of the existing cells, removing them from the bottom and thoroughly re-

suspending the cells within the growth media. The cells are then ready to be re-seeded into
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T-75 flasks or counted for experimental use.

If the cells were ready for experimental use the 5 mL of cell suspension from the trypsinized

T-75 flask was placed into a 15mL conical where 100 µL was placed in a Eppendorf tube

with 400µL of 0.4% Trypan Blue solution creating a 5:1 dilution factor. A hemocytometer3

is then used to count the number of live cells, ultimately providing the number of viable

cells within the cell suspension[53]. The cell count is then divided up into the desired wells

within the plates. For the Custom plates roughly 1 × 104 cells per well were seeded while

the 96-well plates had roughly 4× 104 cells per well as they had a larger well diameter than

the custom plates.

3.2 15-Well Custom Plate

Manufactured in the ECU machine shop in the physics department, a custom Acrylic

15-well plate was made to allow the low current beam to penetrate the Mylar bottom to

reach the cells. The plate, pictured in Figure 3.2, shows the structure of the acrylic plate.

The center plate in panel A, containing 15-wells that can hold 90 µL of cell suspension. Each

well has a diameter of 4.5 mm. Roughly 1 × 104 cells are seeded into each well on a 2.5 µm

thick Mylar film that has been treated with complete growth media 24 hrs prior to seeding.

The treatment of the Mylar allows for a more conducive environment for the cells to attach

for experimental use as the Mylar is not tissue culture treated.

A black 2.0 x 5.5 mm O-ring is used to seal the Mylar to the well creating a liquid tight

seal so the cells can adhere to the Mylar. 6/32 x 3/8 inch flat Philips screws are used to

seal the top and bottom plates to the center plate. Once the plate is assembled and the

cell suspension is seeded into each well, the plates are moved in a circular motion on a flat

surface to help create even dispersion of the cells. This motion is key for the creation of a

mono-layer of cells adhered to the Mylar film. It is important to achieve a mono-layer of

cells for the purpose of uniform irradiation. Before irradiation the plates are then set in the

3the linked site provided the process for counting cells; https://www.abcam.com/protocols/counting-
cells-using-a-hemocytometer
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incubator at 37.0 ◦C and at 5% CO2 for 24 - 48 hrs.

One concern is the potential of contamination because the plates are re-usable. To deal

with potential contamination, the plates are first soaked in 70% alcohol with sonication for

30 minutes. This is done to knock any potential contamination out of all crevices of the

custom plates. Once the alcohol/sonication bath is complete the plates are rinsed and put

into a bath of 1 molar solution of sodium hydroxide for 45-65 minutes. They are then rinsed

several times with sterilized deionized water and set to dry for 10-15 minutes in a hood

before the assembly occurs.

Figure 3.2: This figure displays the parts to the cell culture plates that were made specifically
for this experiment. Figure A shows the center plate where the Mylar film will be placed on
the top and bottom with o-rings securing the Mylar in place, Figure B is the top and bottom
plate that will compress the o-ring making it leak proof, and then the top and bottom plate
will be screwed in to maintain the seal.

3.3 96-Well Corning Plate

To understand if the cells were receiving the proper dose on the custom well plates,

the same experiment was also run on 96-well plates to assure proper dose deposition was

happening. These plates were sterile, flat bottom 96-well plates that have been tissue culture

treated for optimal set up to generate a mono-layer of cells. Of the 96-wells only 24 were

seeded, with roughly 40,000 cells per well. The configuration is displayed in Figure 3.3. The

blue wells are the wells that were seeded with cells while the white wells remained empty.

This configuration was chosen to allow no single exposure to overlap, i.e. there is at least
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one skipped well between each sample assuring single exposure to the cells in the blue wells.

The set up also allowed for less use of the mechanical stage (section 4.5) by utilizing the

symmetry of the 96-well plates, ultimately cutting down on how long the plates are out of

incubation. When irradiating the plates each set of plates will have 1-2 control plates that

are subjected to the same environmental changes as the irradiated plates to account for any

in air contamination or death that would happen. It is important to note that the 96-well

plates were brought down to the accelerator lab with no media on the cells for irradiation.

This means time is of the essence as cells that are left without media for too long will tend

to die as they are in an inhospitable environment. The process of seeding started with the

counting of the cells from the T-75 flask outlined in section 3.1, and ultimately concluded

with each well having roughly 45,000 cells per well. This cell count allowed for a roughly

80% confluency on the bottom.

Figure 3.3: This figure shows how the 96-well plate is seeded for irradiation. The blue filled
circles are the wells that are seeded while the white circles remain empty.
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3.4 Type of NPs and their Incorporation

There were two types of NPs utilized for the experiment; PEG-coated GNPs and PEG-

coated SPIONs. Both NP types were spherical in shape, and coated with PEG to help

enhance compatibility and cellular uptake.

The PEG-coated GNPs were purchased from Sigma-Aldrich in 1 mL vials of 136 nM

concentrations suspended in water. Their diameter was averaged to be 15 nm, but ranged

from 13-17 nm. This particular size was chosen from the literature implying PEG-coated

GNPs yield sensitization effects best between the 5-30 nm range [29, 30, 39]. The GNPs were

functionalized with amine and a PEG coating with a molecular weight of 5000 which helps

prevent aggregation of the GNPs [54, 33]. While the GNPs themselves have a molecular

weight of 18.02 g/mol [55].

The PEG-coated SPIONs, were also purchased form Sigma-Aldrich in 10 mL vials of

high concentrations by a collaborating lab at ECU. The average diameter size of the SPIONs

ranged from 28-32 nm [56], giving them an average diameter of 30 nm. From the 10 mL

vials the SPIONs were coated with PEG on the Brody School of Medicine Campus in the

Beltran-Huarac Lab and placed into 1 mL vials of 5 µg/mL, which gave a concentration of

21,600 nM to start.

For both NP types a serial dilution was run from their respective starting concentra-

tions. For consistency’s sake the dilutions were mirrored, but because of the higher starting

concentration of the SPIONs (21,600 nM), larger concentrations were explored. For the

GNPs, their starting concentration was 136 nM per 1 mL vial, the concentrations explored

were 34 nM for the custom plate experiments and 68, 45, and 15 nM for the 96-well plate

experiments. While the SPIONs starting concentration was 21,600 nM, which allowed for

concentrations of 136, 45, and 15 nM to be tested.

The serial dilution for each NP type is pictured in the Figures 3.4 and 3.5, showing

how to get the exact concentrations. Equation 5 below was utilized to find each of the
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concentrations.

M1V1 = M2V2 (8)

Where M1 is the starting concentration (nM) and V1 is the starting volume of solution

(mL), and M2 is the final concentration (nM) and V2 is the final volume of the solution

(mL). For each NP type a portion of the starting concentration was taken and diluted with

the complete growth media of the MCF7 cell line and placed into the first conical labeled

A. For the PEG-coated GNPs this meant a first concentration of 68 nM suspended in 4 mL

of media. While the PEG-coated SPIONs had a final volume of 19 mL with a concentration

of 136 nM. The next conical labeled B will hold the second largest concentration; 45 nM

for both the GNPs and SPIONs, with a final volume of 2 and 18.5 mL respectively. This

was done by taking a portion of larger concentration from conical A, and then diluting with

complete growth media. The smallest concentration was made in the conical labeled C by

taking a fraction of the 45 nM concentration from conical B and then diluting it with a

specific amount of growth media (shown in Figures 3.4 and 3.5). Once the dilutions are

complete the 3 conicals are used to distribute 100 µL of the NPs solution to the desired

wells. This was done by removing the existing media over the cells and replacing with the

100 µL solution of the desired concentration. Once the NP solution has been placed on the

wells, they are placed back in incubation for roughly 24 hrs, to allow the NPs to integrate

into the mono-layer of cells on the base of the plate [39, 57]
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Figure 3.4: This figure shows the serial dilution used to obtain the PEG-coated GNP con-
centrations.
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Figure 3.5: This figure shows the serial dilution used to obtain the PEG-coated SPION
concentrations.

3.5 2MV Tandem Pelletron Accelerator

Figure 3.6: Schematic of the ECU 2MV Electrostatic Pelletron Accelerator
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The ECU Accelerator Laboratory houses a 2MV Tandem Electrostatic Pelletron Ac-

celerator that was commissioned by the National Electrostatic Corporation (NEC), model

6SDH-2. The accelerator being a 2 MV tandem particle accelerator, means when conditioned

to its maximum energy for hydrogen ions, it has the potential to get to energies as high as 4

MeV. The 4 MeV is possible, as the charge on the terminal roughly translates as MeV=q ∗2,

where q is the charge. For the purpose of this experiment a 1.482 MV beam that translates

to a 3 MeV proton beam was used.

In Figure 3.6, the accelerator is broken up into 3 major sections. The first is the source

side, which encompasses everything from the cesium ion sputter source to the first Faraday

Cup (FC); the source cup. This section is where the beam will be initially generated. The

second and third major sections are separated by a high voltage terminal where the major

production of the accelerated ion beam occurs. The second section is referred to as the

low energy (LE) side. The LE side extends from the inflection magnet to the high voltage

terminal. Downstream of the high voltage terminal is the third major section referred to

as the high energy (HE) side. The HE side extends from the high voltage terminal to

the switching/analyzing magnet [58]. The purpose of the FCs is monitoring the current

of the beam, manipulating its shape, and blocking the beam. Each cup has an “in” and

“out” position. When the FC is in the “in” position it is able to read out the current on

the software at the control station while simultaneously blocking the beam from traveling

farther down the accelerator beam tube. When the beam is in the center of the FC it will

read out its maximum current; this current can be found by shaping and focusing the beam

through the lenses and magnets that are before each respective cup. When the maximum

current is measured it implies the beam is aligned perfectly in the center of the accelerator

beam tube. This center alignment allows better fine tuning of the beam shape and size for

experimental use.

30



3.6 Generating a Beam

To start the process of generating an ion beam the cesium sputter ion source (Figure

3.5), needs to be warmed up to roughly 120 degrees Celsius, (but can be maintained at a

higher or lower temperature, as needed for other experiments). As the oven temperature

increases, positively charged cesium ion (Cs+) vapor is produced. It is important to note that

the Cs+ vapor is an excellent electron donor and will play a key role in the creation of the

proton beam for this experiment. The Cs+ are drawn toward the negatively charged cathode

comprised of titanium hydride (TiH). When the Cs+ interact with the electric field of the

TiH, atoms will be sputtered off the cathode and the Cs+ will donate an electron and create

negative hydrogen ions (H−), thus starting the initial process of making a proton beam. The

H− are drawn down toward the terminal where they are bent toward the accelerator beam

tube. The beam is then steered and focused by the Einzel lens and Electrostatic Steers

toward the accelerator tank on the LE side of the tank [58, 59].

In order to produce the desired energy for the experiment and start the first of the two

acceleration processes, the NEC software was used to turn on the pellet chains located on

the HE side of the accelerator. The pellet chains, are made up of alternating metallic and

insulating connections. These chains are what will effectively “dump” energy onto the high

voltage terminal [60]. The high voltage terminal is positively charged attracting the H−,

where they will enter the “stripper” in the center of the high voltage terminal. While in the

“stripper” the H− are exposed to nitrogen gas (N2). The N2 will strip the H− of its electrons,

converting them into protons (H+), thus creating the proton beam. H+ are repelled by the

positively charged high voltage terminal, generating the second acceleration process which

moves the ions from a charge state of +n to a final energy of (n+1) eV [58] providing twice

the initial energy of the beam.

As the particles are accelerated out of the tank and through the accelerator beam tube,

there are a series of lenses and magnets in place to focus and steer the beam. The first

thing the beam encounters when exiting the accelerator tank, is the HE FC (Figure 3.6)
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As previously discussed the FC can be used as a beam blocker, but more importantly it

can be used to focus the beam down the center of the accelerator beam tube, by finding

the maximum current on the cup. Once current is maximized on the HE FC the analyzing

magnet, through a momentum selection process, bends the protons 15 degrees into the L15

beam line.

3.7 Accelerator Beam Line L15

The L15 beam line also known as the micro beam line, was utilized for the cell irradiation

experiment. The line was designed with features to be able to collimate via the slits (pictured

in Figure 3.7) to adjust the beam down to micrometer diameters. The line is fit with several

features to optimize the functionality of the line. The first important feature on the line is

the NEC fast valve. This is located right after the switching magnetic, and with the pressure

sensor located at the end of the line near the Havar metal alloy exit window (Pictured in

Figure 3.7). The Havar exit window is only 0.001 cm thick and if perforated it would flood the

line with air, bringing the pressure (10−8 torr) up to atmosphere almost instantly, causing

catastrophic damage to the accelerator. As a preventative measure, the pressure sensor

would be tripped, slamming the fast valve shut, effectively cutting the L15 line off from the

rest of the accelerator.

The next feature on the beam line are the slits. These slits are used to collimate the beam

and, can also be used to minimize the beam current, which is critical for this experiment.

The first of the two FCs are next on the line. The first Faraday cup is attached to the line by

a cross conflat piece, and used to measure the current of the beam. This FC is also utilized

to monitor any fluctuation in the beam current throughout the experiment. On the bottom

of the cross piece is the turbo molecular pump and below that attached by a foreline is a

rough pump. The turbo pump and rough pump are what brings the L15 line down to the

desired pressure (roughly 3 × 10−8 torr). The Faraday cup above both pumps, when placed

in the center of the line in the “in” position reads out the current. This current is what is key
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to generating exposure times for specific doses and will be further explored in the following

dosimetry section. After the FC, are a set of x and y magnetic steers. These steers function

to move the beam left/ right and up/ down. Downstream to the magnetic steers, is a beam

profile monitor (BPM). The BPM is hooked up to an oscilloscope stationed at the control

desk. The BPM allows for beam shape and uniformity to be monitored. Finally, after the

BPM there is one last, important Faraday cup right before the Havar exit window. While

this cup is not used to measure current, it is programmed via LabView to block the beam

at programmed intervals to receive the desired exposure time to the cells lined up with the

exit window (Figure 3.8)

Figure 3.7: Schematic of the L15 Micro Beam line in the ECU Accelerator Laboratory.

At the end of the line, is the Havar exit window, 17mm away from the exit window is

the mechanical stage, which had two different holders that can be mounted on it. One to

hold either the custom or 96-well plate and another with a cerium-doped yttrium aluminum

garnet (YAG) crystal inserted within the center of a custom plate (Figure 3.8). The crystal

is lined up by way of a New England affiliated technologies (NEAT) stage. This stage is

motorized allowing precise use of the full plate whether it be the custom or 96-well plate.

Behind the YAG crystal is a camera lined up and feeding a live image to the beam line

computer. The beam will be steered down the L15 line by use of the switching magnet.
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Where it will be spread out to achieve a uniform beam by using the quadrapole magnet

(Figure 3.6), by adjusting the strength and balance settings. Uniformity of the beam can be

assessed first by lining the beam up on the YAG crystal. When the beam is aligned on the

crystal it will illuminate the crystal, allowing the camera to pick up a visual of the beam and

its intensity. The camera (Figure 3.8) is used to image the beam. The images taken by the

camera are used to measure the uniformity of the beam (Figure 3.8 top right and bottom

right panels) and to the measure the beam size via ImageJ software.

Figure 3.8: The four panel image shows the YAG crystal in the top right and bottom left.
When the beam hits the crystal the camera will show the beam spot (top left) and ImageJ
was used to create a surface plot of what the beam spot looks like (top and bottom left).

The beam is measured to roughly 5 mm, which is the diameter of the 96-well plate and

roughly 0.5 mm larger than the custom plate, and uniformity is achieved within the limits of

this experimental design. The current is monitored and doses achievable for that experiment
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can then be assessed.

3.8 Cell Irradiation and Dosimetry

As previously outlined, the MCF7 cell line was irradiated on the L15 beam line by a

3 MeV proton beam. In order to estimate the dosimetry, several parameters needed to be

explored based off the experimental set ups. First the energy lost at the Havar exit window

needed to be understood, along with the distance the beam travels through air and, what

materials the beam must penetrate to irradiate the cells, i.e. the Mylar and layer of cells

for the custom plate experiments and just air for the 96-well plates. To start the dosimetry

calculations, the first step is to determine the mass stopping power ( dE
ρdx

) [4] of the 3 MeV

proton beam. This is done by utilizing The Stopping and Range of Ions in matter (SRIM)

and Transport of ions in Matter (TRIM). This code allowed input of a material at various

beam energies to achieve the materials mass stopping power as well as simulate the ions

trajectory and energy deposition [61]. Once the mass stopping power is determined the LET

of the Havar foil was determined through equation 6, where dE
ρdx

is the mass stopping power

from the SRIM code (MeVcm2/mg) and ρ is the density of the Havar foil (mg/cm3). The

LET for the beam in air as well as through the Mylar and cells needed to be found using

the same process. These numbers were found for the custom plate experiment as well as the

air and cells for the 96-well plates as the distances the beam will travel in air were different.

All of these values are displayed in tables 2 and 3. Once the LET was found the energy

loss of the beam through all of the materials can be found by subtracting the starting beam

energy (3Mev) from the individual energy losses (equation 7). Next the energy at the cells

was found (Eremaining), it was used to find the mass stopping power, giving the variables

needed to find the dose rate (Ḋ, equation 8). Finally the fluence rate (ϕ̇), was found using

equation 9. Fluence rate is current (I) dependent, which is the current produced in the L15

beam line measured by the first FC. Once the dose rate was calculated the exposure time was

calculated, using the desired dose (D) divided by the dose rate. It is important to note that
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the exposure times were current dependent; if a high exposure rate is desired (> 3 seconds),

a low current (typically < 7 nA) was needed to explore a wide range of doses.

The calculations for doses that were used experimentally were obtained through the

numbers calculated from SRIM and the beam current, which would typically reflect a unit

of Gray (Gy). however as they were obtained from a theoretical energy loss and not verified

experimentally they are described as a “relative dose” with no dimension. This notation will

be carried on throughout the results and discussion sections.

LET =
dE

ρdx
× ρ (9)

Eremaining = E0 − Eloss → Eloss = LET × d (10)

Ḋ = ϕ̇(
dE

ρdx
) (11)

ϕ̇ =
I

AQ
(12)

Material LET (MeV
cm

) Density ( mg
cm3 ) Thickness (cm)

Havar 547.95 8.3 × 103 0.001
Air 0.1645 1.63 2.4

Mylar 0.1417 1.40 × 103 0.00025
Cells 170.04 1090 0.0025

Table 2: Shows the materials and their respective LET, density and thicknesses for the
custom plate experiments.
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Material LET (MeV
mm

) Density ( mg
cm3 ) Thickness (mm)

Havar 53.950 8300 0.01
Air 0.019 1.21 17

Cells 61.991 1.09 0.0025

Table 3: Shows the materials and their respective LET, density and thickness for the 96-well
plate experiments

3.9 Cell Viability

In order to quantify cell survival, a cell viability assay is run. The cell viability was

related to the metabolic rate of the cells via a PrestoBlueTM assay, which was purchased

form Thermo Fisher Scientific. The PrestoBlue solution is made of a resazurin-based reagent

that will interact with the viable cells to produce a color change based on the metabolic rate

of the cells [62]. This color-metric assay was chosen for its ease in experimentation, as well

as the cell viability after the assay, allowing this assay to be run multiple times on the same

set of cells, as opposed to an endpoint assay like MTT [62].

The assay began by taking the PrestoBlueTM viability reagent and mixing it with the

complete growth media of the MCF7 cell line (described in section 4.1). It was a 1:10

ratio, 90% complete growth media to 10% PrestoBlue solution. This mixture was mixed the

morning it was utilized. The morning of irradiation, the existing growth media in each well

was removed and the cells were rinsed with PBS then 100 µL (for the 96-well plates) and 90

µL (for custom plates) of the PrestoBlue mixture was placed over the cells. It is important

to note that this assay is sensitive to light and was preformed in a semi-dark lab and the

plates were covered with foil to protect the PrestoBlue solution from degrading. Once the

mixture is placed on all of the plates, they were incubated for 2hrs. The time is determined

based off of linearity testing. The more confluent the wells are the less time is needed in the

incubator. Highly populated wells will tend to saturate after 3 hrs for the MCF7 cell line

and using a linearity test can help understand at what time frame this can occur for specific

cell densities.
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Following the 2 hr incubation period, the PrestoBlue mixture was removed from the cells

and placed into a fresh 96-well plate along with a control column of complete growth media

as see in Figure 3.9, and stored in the incubator until all the plates had been irradiated.

Once all of the plates have been stripped of their PrestoBlue mixture, the custom plates

were then replaced with fresh complete growth media and their plates assembled. While the

96-well plates were left with no media. Both were then transported to the accelerator lab

for irradiation (as covered in sections 3.5 & 3.6). As mentioned before, post irradiation the

plates are dressed (96-well plates) and placed back in incubation. At that point the plates

with the PrestoBlue mixture were taken to the Thermo Scientific Multiskan FC plate reader

to measure the absorbance levels at 570 nm and 620 nm [63, 64]. The color change of the

PrestoBlue reagent will depend on the number of viable cells, the more fuchsia the color,

the more densely populated the well is with viable cells. When evaluating the absorbance

number, a control well was used to correct for background noise; the control (C) is the

complete growth media that is used in the assay. To analyze the data the difference between

the two absorbance values for each plate were taken into account (570 nm - 620 nm). This

processes of cell viability was also run 24 hrs post irradiation. This was done to have a pre

(t0) and post (t1) set of data to compare to ultimately find surviving fractions. The control

absorbance values needed to be averaged across each plate for that run, this average was

then be subtracted out of each pre (t0) and post (t1) values. Once the control data was

accounted for each t0 absorbance value for each trial were then averaged, likewise for t1,

this left 2 variations of t1av, the irradiated (t′1av) for each specific dose and NP concentration

and non-irradiated (t1av) for each NP concentration and vice versa for the t0av. Once the

two were distinguished, the fold was found, which resulted in a comparison of the average

absorbance before and after irradiation (equations 13 and 14)[64].

F = t1av/t0av (13)
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F ′ = t′1av/t0av (14)

The two-fold numbers represented the comparison of the irradiated wells (equation 13,

F’) and the non-irradiated wells (equation 10, F). To normalize the irradiated cells, F’ was

divided by F. This provided a surviving percentage of cells from the experiment. Once the

surviving percentage was achieved, the percentage was plotted against the relative doses to

get the survival curve. The survival percentages were examined graphically and used to

quantify the sensitization enhancement ratio (SER)(equation 15). Where the subscript D of

equation 15 is the dose for that fraction and C is the concentration for that same dose.

SER =
SurvivingfractionD

SurvivingfractionD,C

(15)

Figure 3.9: The image shows the color change achieved after 2hrs of 90 µL of a 1:10 Presto-
Blue to complete growth media ratio. From right to left reflects the highest cell count per
well (100,000 cells) to the lowest count 10,000 cells per well.

3.10 SRIM and TRIM Applications

The SRIM code as previously stated in section 4.6 is a powerful tool that will allow the

user to obtain a particular ion’s projected range, and stopping power (Figure 3.11) through

a pre-determined material in the compound dictionary. Figure 3.10 shows an example of

Hydrogen ions passing through a target material (Havar), at various energies and what the
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particular stopping power the ion would yield based off the target material [61]. These

numbers were key in the dosimetry as covered in section 4.6. Another feature of the SRIM

applications is the TRIM code, which is a Monte Carlo simulation that allows the input

of a particular ion at a specific energy and simulates the ion’s trajectory through whatever

desired materials (Figure 3.11). This simulation was key to projecting how the proton beam

should move through various experimental setups and how the beam deposited its energy.

The first use of SRIM in this experiment was to project the energy loss in each material

the proton beam would travel through. This aided in the exposure time calculations to the

cells in air (96-well plates) and with the custom plates. Both indicated there would be energy

left over to irradiate the cells, which was ultimately used to estimate the dosimetry for this

experiment. The next step was to simulate these phenomena utilizing TRIM. The figures that

can be derived from the Monte Carlo simulations show the proton beams projected path and

expected energy loss as the beam travels through the various materials for both experimental

set ups. The SRIM and TRIM interfaces both are equipped with a vast pre-made materials

list. For this experiment both were used in the assessment of the experimental set up and

well as to trouble-shoot inconsistencies in the experimental results. When initially using

SRIM calculated energy loss implied both set ups would have energy deposited to the mono-

layer of cells. Because of that both experimental set ups were tested and will be discussed

in in their respective results sections in Chapter 4.
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Figure 3.10: This figure shows the output of the SRIM software and what kind of information
can be generated.
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Figure 3.11: This figure shows the interface for inputting the layers needed to test an exper-
imental set up.

3.11 Statistical Analysis

For the statistical analysis the significance between the non-treated cells to the treated

cells was analyzed through the use of R Studio version 4.0.5. The data was compiled into

an excel spread sheet, where R could run comparisons between the non-treated cells for

each relative dose to each concentration of NPs for that same relative dose. These data

were assessed for normality using a Shapiro-Wilk Normality Test [65]. This test assumes a

normal distribution of data, with an analyzed p-value of 0.05 or less resulting in rejection of

the null hypothesis and data being considered not normally distributed. Most of the data

sets were determined to be normally distributed, however there were 5 sets that were not

normally distributed, a Wilcox test was run to obtain the p-value for statistical significance
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(p < 0.05). For the data that was normally distributed, a Student’s t-test was used. In

order to use that particular t-test, it needed to be stated if the variances between the two

samples were equal or unequal, so a variance test between each compared set was done.

Once that was determined each set of data for each relative dose could be compared and

tested for significance. The data set was accepted as statistically significant if the decrease

in surviving fraction yielded a p-value less than 0.05.
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4 Results For MCF7

4.1 Standard Curve Testing

Linearity, also known as standard curve testing, is an important starting base when using

prestoBlue. Through the linearity testing done for the MCF7 cell line, 4 standard curves

were made at 4 different time intervals to find the optimal incubation time (Figure 4.1).

Utilizing the prestoBlue reagent, and complete growth media for the MCF7 cell line, the

two are plated and then run through a 96-well plate reader and analyzed as described in the

Cell Viability section, 3.9. The time frames examined included: 0.75 hrs, 1.5 hrs, 2 hrs and

3.5 hrs. The plates were examined colorimetrically by a plate reader to assess meaningful

color change (indigo to fuchsia), and when saturation became apparent on the wells as seen

in Figure 4.2 on the bottom right panel.

For the in-air 96-well plate experiments, roughly 40,000 cells per well were seeded to

achieve the desired confluency within the 96-well plates. With that in mind the linearity

plates were seeded with 7 different columns of 120,000, 96,000, 78,000, 60,000, 48,000, 36,000

and finally 12,000 cells per well. The plates were seeded and incubated identically to the

plates for the irradiation experiment. Figure 4.1 shows the color change for each plate after

their respective incubation period. The top left panel was pictured and run after 0.75 hrs

in incubation, top right was 1.5 hrs, bottom left, 2 hrs and bottom right, 3.5 hrs. It can be

noted that on all of the plates the fifth column from the left is the column was seeded with

48,000 cells per well, while the sixth column that was seeded with roughly 35,000 cell per

well. The experimental count fell in between the two making them the columns of interest.

For the first two time frames 45 minutes and 1.5 hrs, none of the wells produced saturation,

which can be seen in Figure 4.1. When the color starts to saturate the standard curves

will no longer produce a linear trend. In Figure 4.2 it can be seen that the 0.75 hrs and

1.5 hr time frames both produce a relative linear trend for all cell counts. At the 2 hr

time frame (top left panel), it can be seen that the trend starts out linear and transitions



into exponential growth, showing that the cell counts above 48,000 cells per well have been

left in incubation too long, rendering absorbance values above 48,000 cells inconclusive and

excluded as a possible time frame for this experiment. This trend is also observed at the

3.5 hr mark after 36,000 cells per well. These results helped guide the experiment to a 2

hr incubation time for the experimental cell count as it yielded meaningful color change

visually, but also did not indicate saturation on the standard curve.

Figure 4.1: The four panels represent the color change at different time intervals, A is at
time interval 0.75 hrs, B is 1.5 hrs, C is 2 hrs and D is 3.5 hrs. They are all seeded with the
same number of cells the left column having around 120,000 cells and the far right having
around 12,000 cells.
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Figure 4.2: The absorbance values at 550 nm and 620 nm and are graphed against the
number of cells per well. Panel A is the 2 hr time frame, B is the 0.75 hrs, C is the 3.5 hrs
and D is the 1.5 hrs.

4.2 Custom Plate Survival Curve and Sensitization Effects

The custom plate experiment was the first iteration of this experiment to be executed on

the micro-beam line. The custom plates were set up one at a time on the mechanical stage

at a distance of 24 mm from the Havar exit window. Figure 4.3 shows the survival of the

MCF7 cell line before the addition of any NPs. This is an important plot to determine the

MCF7 cells baseline reaction to the 3 MeV proton beam. it is important to reiterate that the

doses were not experimentally confirmed. They were determined through the use of SRIM

LET data (as discussed in section 3.8), yielding a dose in Gray (Gy). Because they were

only theoretically calculated the doses presented throughout are referred to as relative doses

rather than “dose” with no dimension as opposed to the standard Gy. As seen in Figure

4.3 the surviving fractions for relative doses between 1.2 and 10 had surviving fractions of

65% or higher. It can be seen that for lower relative doses, i.e. below 6, the surviving
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fraction did not follow the linear trend as well as for the higher relative doses. Typically,

when irradiating cells, the more dose applied to the cells, the greater the cell death observed,

which is demonstrated in our results [3]. However, our results deviated from the established

literature in that the survival rates were much greater than anticipated. This experiment

was re-designed from looking at the sensitization effects of Cerium Oxide NPs, and survival

curves for this particular cell line. With those previous experiments an LD50 for the MCF7

cell line was found between 35-55 cGy [66, 67], while the LD50 that can be extrapolated

from this current data set would be over 15. This large disparity implies the dose received

is much lower than originally thought.

While gathering the initial survival curve (Figure 4.3), treatment with PEG-coated GNPs

at the concentration of 34 nM was tested at the relative doses of 4, 5, and 6 (Figure 4.4).

There is evidence from Figure 4.4 that the 34 nM indicated some potential to increase cell

death. The relative dose of 4, showed the greatest difference in surviving fraction with a

surviving fraction with no NPs survival observed to be 74% while the 34 nM concentration

added dropped the surviving fraction to 63%. This difference produced an SER of about 1.2

± 0.4. While the SER for the relative dose at 3 and 5 were 1.05 ± 0.05 and 1.1 ± 0.2 respec-

tively indicating a small level of potential sensitization by being above 1. But still having

uncharacteristically high surviving fractions prompting the use of TRIM to understand if the

dosimetry was off. The TRIM simulation served as an additional way to determine where

the beam energy was being deposited.

47



Figure 4.3: The scatter plot shows the survival curve for the MCF7 cell line on the custom
15-well plates for a range of relative doses from 1.2-10. The equation of the line of best fit
was y = −0.03x + 0.94 which produced an R2 value of 0.86.
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Figure 4.4: The bar plot showed the surviving fractions of No NP concentration (dark blue)
to the 34 nM concentration (light blue) for relative doses 3, 4, and 5.

Figure 4.5 shows the particle trajectory made from the TRIM software [61]. It shows the

particles path through the Havar exit window, followed by 24 mm of air and finally to the

Mylar film which was the top and bottom of the custom wells. What is seen in Figure 4.5

and 4.6 is that some of the particles are losing energy in the Havar, which was expected, but

the majority of the protons are stopping at the Mylar surface and depositing all their energy

in the Mylar and not on the mono-layer of cells. Because the majority of the energy is lost

to the Mylar film and not the mono-lay of cells, the survival potentially produced would be

skewed higher than anticipated, which is what was seen in Figure 4.5 and 4.6.
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Figure 4.5: This figure was made through use of the TRIM simulation and shows the proton
beams trajectory through the Havar exit window, through 24 mm of air and then through
the Mylar on the Custom plates.

Figure 4.6: This figure shows the proton beam’s energy loss through the Havar exit window,
through 24 mm of air and then through the Mylar on the Custom plates. This graph was
made based off of Figure 4.5 using the TRIM software.

Because of the inconsistent results to the previous iterations of experiment an experimen-
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tal re-design was needed. For that reason TRIM was used to explore different variations of

this experimental set-up to fine-tune the set-up.This was done by changing the experiment

from the custom plates to an in air experiment with 96-well plates, as well as decreasing the

distance the beam traveled in air. This was similar to the original design [66, 67].

4.3 96-Well Plate Survival Curve Results

The 96-well plate experiment was altered from the custom plate experiment to have more

accurate deposition of dose on the MCF7 cell line. Figure 4.7 shows the TRIM simulation

of the beam’s trajectory through the Havar exit window, through 17 mm of air and finally

to the mono-layer of cells. Compared to Figure 4.5, it is evident that the protons are no

longer stopping short of the mono-layer of cells, and depositing the bulk of the energy as

intended. Figure 4.8 also shows where the potential energy loss would happen along the

beams trajectory. The first noticeable amount, was being lost to the Havar exit window.

The rest of the energy loss is happening at the cell layer, implying placing the 96-well plates

closer to the exit window, places the cells within the Bragg peak region of the proton beam;

and maximized the potential dose deposition. Now that the simulation supported the new

experimental set-up new survival curves were produced, and concentrations of 68 nM, 45nM,

and 15 nM were tested for sensitization effects over a relative dose range between 2 and 11.

Figure 4.9 shows the scatter plot of the MCF7 cell line for relative doses ranging from

2 to 11. It can be seen that the surviving fraction is much lower than what was presented

in Figure 4.3. Using the prestoBlue assay, the surviving fractions were constructed and

from these curves the 50% survival can be determined from the fit line and compared as

the treatment of NPs are added to the cell line. With this particular cell line the custom

plate experiment produced 50% survival at a relative dose of 16.45, while Figure 4.9 shows

50% survival at a relative dose of 4.66. This while not as low as what was found with the

previous iteration of the experiment [67, 66], is much more realistic than what was found in

the custom plate experiments. And implies the changes done based off the TRIM simulations

51



enhanced the relative dose to the mono-layer of cells.

Figure 4.7: This figure shows the proton beams trajectory through the Havar exit window,
through 17 mm of air and then to the cells. the ion beams trajectory seems to end right at
the layer of cells.

Figure 4.8: This figure shows where the energy loss is projected to happen for the 3 MeV
proton beam. First loss is happening in the Havar exit window, which was expected based
off the SRIM, the rest of the energy is seen to be lost in the cell layer.
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Figure 4.9: This scatter plot shows the surviving fraction of the MCF7 cell (45,000 cells per
well) line when irradiated with a 3 MeV proton beam at varying exposure times. The red
vertical line represents the LD50 line, which is resting at a relative dose of about 3.1.

4.4 96-Well Plate PEG-coated GNP Sensitization Results

Figure 4.10 shows how all three treated MCF7 cell survival curves compare with the

non-treated MCF7 cell line (purple dashed line). The trend lines for the 3 concentrations

at lower relative doses tended to yield a surviving fraction greater than the control data

(No NPs). However at relative doses greater than about 4 the surviving fractions tended to

be less than the control group. With the 15 nM concentration trend line tending to follow

the closest to the control group. Figure 4.10 shows that as GNP-concentrations treatments

increased they were observed to have a lower surviving fraction compared to the No NP

treatment trend line, demonstrating a potential radiosensitization effect. With each of these

trend lines the surviving fraction at 50% was extrapolated using the equation of the lines

determined by the line of best fit presented. For the No NP trend line the equation was

approximately y = −0.056x + 0.761. For the 15 nM trend line the equation was estimated
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Figure 4.10: This scatter plot shows the surviving fraction of the MCF7 cell with all three
concentrations (15, 45, and 68 nM) of PEG-coated GNPs when irradiated with a 3 MeV
proton beam at varying relative doses. The R2 values for the No NP, 15 nM, 45 nM, and 68
nM were 0.75, 0.86, 0.80, and 0.73 respectively.

to be y = −0.071x+ 0.837. The 45 nM trend line was estimated to be y = −0.072x+ 0.757,

while the 68 nM trend line was estimated to be y = −0.071 + 0.784. As mentioned in the

last section, the LD50 for the MCF7 No NP treatment wells was around a relative dose of

4.66. If the NP concentrations indicated sensitization the LD50 would potentially come in

lower than the No-NP treated cells. From figure 4.10 the LD50 for the 15 nM concentration

was slightly higher around 4.73 while the 45 nM and the 68 nM were extrapolated to be

relative doses of 3.56 which translated into a 26.72 % difference in survival and 3.99 which

translated into a 15.4% difference in survival respectively to the control data.
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Figure 4.11 shows the direct comparison of the surviving fractions for the No NP wells

compared to the 15 nM treated wells across the full range of relative doses, it is observed

that at the relative doses of 9 and 10, are the only relative doses that indicated some kind of

decrease in survival compared to the No-NP treated cells. The surviving fraction for relative

dose 9 starts at about 33% (No NPs) and drops to 22% with the introduction of the 15 nM

PEG-coated GNPs, which is a substantial drop. In table 4 the p-values are displayed, for

this experiment statistical significance was marked at p < 0.05, at relative dose 9 the p-value

is 0.0354, indicating statistical significance in the surviving fraction from from NO treated

cell compared to treated cells. This particular relative dose also corresponded to SER value

of 1.5±0.3 (table 4) which showed signs of decent sensitization with the SER >1. While

similarly at relative dose 10 the surviving fraction starts at 26% and drops to about 19%

yielding an SER of 1.3±0.2. While the drop in surviving fraction is not as substantial of a

drop as at relative dose 9, it had a p-value equal to 0.0433, indicating statistical significance.

This was not the case for any of the other relative doses, instead what seemed to happen

was either an increase in survival or no change at all in survival. This increase can be seen

reflected in Figure 4.11, at relative doses 4, 5, 6, and 8 where No-NP treated cells had a

lower surviving fraction than the NP treated cells. At relative doses 3 and 7; there was no

change in surviving fraction between the treated and No-NP treated cells surviving fractions

around 50% at relative dose 3 and 27% at relative dose 7. The SER values (listed in table 4)

were calculated to equal 1 for relative doses 3 and 7, and < 1 for the 4, 5, 6, and 8 relative

dose treatments. The p-values for all relative doses except 9 and 10 reflected in table 4 show

no statistical significance which matches the visualization of Figure 4.11.
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Figure 4.11: The scatter plot shows the difference in surviving fraction for the wells treated
with 15 nM PEG-coated GNPs (pink dots) which yield an R2 value of 0.86 against the wells
not treated with any NPs (cyan dots) which yield an R2 value of 0.75.

Relative Dose 3 4 5 6 7 8 9 10

p-value 0.9854 0.4707 0.6719 0.5632 0.3179 0.9489 0.0354 0.0433

SER±Uncertainty 1.0±0.1 0.9±0.1 0.9±0.1 0.9±0.1 1.0±0.2 0.9±0.3 1.5±0.3 1.3±0.2

Table 4: This table shows the determined p-values for the 15 nM concentration for PEG-
coated GNPs, statistical significance is seen at p < 0.05. It also shows the SER ± uncertainty
for each relative dose

Figure 4.12 compares cells treated with the 45 nM PEG-coated GNPs compared to the

well that had no-NP treatment cells from relative doses 3 to 11. In Figure 4.12 it is observed

that all the relative doses, expect for 6, the 45 nM treatments had lower surviving fractions

than the untreated cells. The relative doses above 6 tended to have the largest difference
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between survival fractions, where relative dose 7 showed the No-NP treated cell survival at

27% compared to the treated cells surviving fraction of 18%. This yielded an SER of 1.4±0.4

(table 5) and a p-value of 0.333 implying no statistical significance even though there was

a substantial drop in percentage and SER > 1. At relative dose 8 the surviving fractions

went from 31% to 19%, with an SER vale of also 1.4±0.4, with a p-value of 0.043 showing a

statistically significant effect. The relative doses 9, 10 and 11 showed the largest decreases

in survival in treated cells compared to No-NP treated cells,dropping from 33% to 9%, 26%

to 10% and 25% to 6%, respectively. In table 5 their reflective p-values were calculated

to be well below 0.05 implying a high level of statistical significance. These survival drops

can also be seen at the lower dose ranges, where relative doses 3, 4, and 5 decreased from

50% to 44%, 44% to 32% and 35% to 24% respectively in the treated cells compared to

the No-NP treated cells. All three of the lower end relative doses showed survival decreases

compared to their No-treated counterpart, in table 5 relative doses 4, 5, 8, 9, 10, and 11

show statistically significance effects. The 45 nM treatment SER values in table 5, were all

greater than 1, with the exception of relative dose 6 where the SER is equal to one. The

highest SER values are observed at relative dose 11, where the SER is 3.8±1.8 and relative

dose 9 observed to have an SER of 3.7±1.4. Relative dose 10 was also greater than 2 with

an SER at 2.5±0.2 all implying potential sensitization effects for those relative doses and

particular nM concentrations.
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Figure 4.12: The scatter plot shows the difference in surviving fraction for the wells treated
with 45 nM PEG-coated GNPs (pink dots) which yield an R2 value of 0.80 against the
wells not treated with any NPs (cyan dots) which yield an R2 value of 0.75. The error bars
represent the uncertainty within the calculated surviving fractions.
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Relative Dose p-value SER±Uncertainty
3 0.305 1.3±0.2
4 0.015 1.4±0.2
5 0.023 1.4±0.3
6 0.580 1.0±0.2
7 0.333 1.4±0.4
8 0.043 1.4±0.4
9 1.62×10−7 3.7±1.4
10 6.16×10−6 2.5±0.2
11 9.32×10−5 3.8±1.8

Table 5: This table shows the determined p-values for the 45 nM concentration for PEG-
coated GNPs, statistical significance is seen at p < 0.05. The SER±Uncertainty is also listed
for comparison.

The last concentration for the PEG-coated GNPs that was measured was 68 nM (Figure

4.13). The 68 nM concentration treatments showed sensitization effects at low relative doses

(3-6) the surviving fraction observed for the treated cells compared to the No-NP treated

wells. Drops in survival for relative doses 3, 4, 5, and 6 in treated compared to No-NP

treated cells were 50% to 44%, 44% to 36%, 35% and 36% to 31%. A similar drop was seen

in the the higher relative doses (9 and 10) going from 33% to 19% and 26% to 5%. Relative

doses 7 and 8 had a surviving fraction that was observed to be larger for the cells treated

with 68 nM of PEG-coated GNPS. The significance of these drops in survival are shown in

Table 6, where the calculated p-values are displayed. Significant p-values were obtained for

relative doses 5, and 9. The rest of the decreases in survival were not classified as significant

(p > 0.05). The greatest difference in surviving fraction was observed at relative dose 10,

yielding the highest SER value, 5.2± 4.1 (table 6). However with a p-value of 0.0844 this

effect was not considered statistically significant. It is worth noting that the uncertainty for

relative dose 10 for that particular SER value was very large in comparison to the calculated

SER value which likely contributes to it not yielding a statistically significant difference. The

SER values presented in table 6 for the 68 nM concentration did typically produce values

> 1, with the exception of relative doses 7 and 8 with SER values of 0.8. The rest of the

relative doses SER values ranged between 1.1 to 1.7.
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Figure 4.13: The scatter plot shows the difference in surviving fraction for the wells treated
with 68 nM PEG-coated GNPs (pink dots) which yeild an R2 value of 0.73, against the
wells not treated with any NPs (cyan dots) which yield an R2 value of 0.75. The error bars
represent the uncertainty within the calculated surviving fractions.

Relative Dose 3 4 5 6 7 8 9 10

p-value 0.4506 0.1395 0.0453 0.2235 0.6247 0.4848 0.0070 0.0844

SER±Uncertainty 1.1±0.4 1.2±0.1 1.4±0.3 1.1±0.5 0.8±0.1 0.8±0.2 1.7±0.4 5.2±4.1

Table 6: This table shows the determined p-values for the 68 nM concentration for PEG-
coated GNPs, statistical significance is seen at p < 0.05. The SER±Uncertainty is also listed
for comparison.

45 nM and 68 nM GNP treatments both showed large decreases in the No-NP treated

compared to treated surviving fractions, the 45 nM and 68 nM treatments were compared

to examine if there were any meaningful differences between the two concentrations(Figure
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4.14). The anticipation was that the 68 nM would yield a greater difference across the

relative doses, but that was not the case. Only at relative doses 6 and 10 did the 68 nM

concentration produce a lower surviving fraction than the 45 nM, with an observed difference

of 32% to 36% and 5% to 10% respectively. At all other relative doses the surviving fraction

was the same (3) or 45 nM was smaller (4, 5, 7, 8, and 9). Although only at relative doses

7, 8, and 9 was the difference large and the uncertainty bars did not over lap at all other

relative doses there was overlap in the uncertainties. Further it is interesting to note the

68 nM concentration did not follow as dose dependent a trend as the 45 nM concentration

did. That can be observed with the fist three relative doses (3, 4, and 5) steadily decreasing

then, increasing to higher surviving fractions in the mid relative dose ranges (6, 7, and 8)

and then dropping similar to the 45 nM concentration for the two highest relative doses.

Figure 4.14: Comparative of the 45 nM (light blue bars) and the 68 nM (dark blue bars)
concentration. The error bars represents the uncertainty for that given surviving fraction.
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Relative Dose 3 4 5 6 7 8 9 10
p-value 0.9654 0.5646 0.8214 0.5529 0.05562 0.1549 0.06616 0.4359

Table 7: This table shows the determined p-values for the 45 nM compared to the 68 nM
concentrations for PEG-coated GNPs, statistical significance is seen at p < 0.05.

Figure 4.15: This figure shows the effects the concentrations may have on the surviving
fractions for relative doses 3 and 4. The error bars represent the standard deviation of the
sample pool for each concentration.

62



Figure 4.16: This figure shows the effects of the concentration may have on the surviving
fraction for relative doses 9 and 10.

Figures 4.15 and 4.16 show the low and high dose results for the various concentrations

compared to the controls. In Figure 4.15 low relative doses 3 and 4 are shown for no treatment

as well as NP treatment of 15 nM, 45 nM, and 68 nM. For both the relative doses of 3 and 4 the

concentration do not seem to have much influence on the surviving fraction. The uncertainty

bars are made up of the standard deviation for each respective sample pool. The standard

deviation of each sample was transformed into the standard error. Once standard error was

obtained the surviving fractions and respective standard errors were used to calculate the

uncertainty for each concentration. For the lower relative doses in Figure 4.15, it can be seen

in tables 4, 5, and 6 there is no statistically significant difference in the surviving fractions.

This implies at the lower dose range that the concentration did not influence the surviving

fraction. However at the higher relative dose ranges, like shown in Figure 4.16 (relative doses

9 and 10), the concentration did seem to have some influence on the surviving fraction. It

can be seen that typically the higher the concentration of PEG-coated GNPs the lower the

surviving fraction. This can be seen particularly for relative dose 10 (Figure 4.16, right),

where the higher the concentration the low lower the surviving fraction. The statistical
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significance is also supported in tables 4, 5, and 6, where there was a p-value less than 0.05

for each concentration when compared to the control group. For relative dose 9 the results

were a little less consistent as the surviving fraction at a concentration of 68 nM was higher

than the surviving fraction at the 45 nM concentration, but all three concentrations yielded

statistical significance compared to the control group (tables 4, 5, and 6).

4.5 96-Well Plate Sensitization Effects for PEG-coated SPIONs

For the PEG-coated SPIONs, concentrations of 136 nM, 45 nM, and 15 nM were ex-

perimentally tested through the 96-well plate in air configuration. Figure 4.17 shows the

comparison of the No-NP treated cells to the 15 nM treated cells at relative doses of 3, 5,

7, and 9. A small drop in survival for relative doses 3 and 5 can be seen in the figure, with

respective cell survival drops, 47% to 37% and 44% to 29% in No-NP treated and treated

cells. The significance of the differences are displayed in table 8, and while relative doses 3

and 5 show a drop in survival their p-value are above the significance level. At the higher

relative dose ranges, 7 and 9, opposite trends of increases in cell survival in treated cell were

observed. The cells treated with 15 nM PEG-coated SPIONs had their survival fractions

increase from 29% to 55% (7) and 31% to 37% (9). These changes at each relative dose

are also depicted in table 8, with SER values. For relative dose 3 and 5 the SER values

were > 1, (1.1 ± 0.1 and 1.3 ± 0.3), but as previously stated for the higher relative doses

the surviving fractions increased with the introduction of the NPs yielding SER values < 1

for both 7 and 9 (0.5 ± 0.2 and 0.9 ± 0.2). The only relative dose that showed signs of a

significant difference was the survival increase in survival at 7.
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Figure 4.17: This bar graph represents the 15 nM PEG-coated SPIONs compared to the
No-NP treated cell at relative doses 3, 5, 7, and 9. The error bars represent the uncertainty
for the surviving fraction.

Relative Dose 3 5 7 9
p-value 0.5153 0.7561 0.1.55×10−5 0.4041

SER±Uncertainty 1.1±0.1 1.3±0.3 0.5±0.2 0.9±0.2

Table 8: This table shows the determined p-values for the 15 nM concentration for PEG-
coated SPIONs, statistical significance is seen at p < 0.05. The SER±Uncertainty is also
listed for comparison.

The results comparing 45 nM PEG-coated SPIONs treated cells to no-NP treated cells

are shown in Figure 4.18. It can be observed that over most of the relative doses (3, 7, and

9) the surviving fraction of the treated cells were higher than the non-treated cells. The

surviving fraction for the non-treated cells was anticipated to be higher than the treated

cells, but that was only the case at relative dose 5. Because of the higher surviving fractions

for the NP treated cells the SER values at relative doses 3, 7, and 9 were < 1 (table 9).

In table 9 the calculated p-value for statistical significance are displayed. The only relative

dose yielding any significance was 7 which indicated significance in the increase of survival,
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not decrease.

Figure 4.18: This bar graph represents the 45 nM PEG-coated SPIONs compared to the
non-treated cell at relative doses 3, 5, 7, and 9. The error bars represent the uncertainty for
the surviving fraction.

Relative Dose 3 5 7 9
p-value 0.4831 0.6027 0.0256 0.1603

SER±Uncertainty 1.0±0.1 1.1±0.4 0.6±0.3 0.9±0.1

Table 9: This table shows the determined p-values for the 45 nM concentration for PEG-
coated SPIONs, statistical significance is seen at p < 0.05. The SER±Uncertainty is also
listed for comparison

Figure 4.19 shows the difference between the No-NP treated cells compared to the 136 nM

SPION NP treated cells. For each relative dose the surviving fractions are compared. With

the surviving fraction at relative dose 3 for No-NP treated cells compared to the treated cells

was 47% to 39%. At relative dose 5 the surviving fraction of No-NP treated cells compared

to treated was 36% to 27%. For relative dose 7 an increase in the surviving fraction was

29% for non-treated cell and 36% for cells treated. At relative dose 9 the surviving fraction

for No-NP treated cells compared to treated cells was 31% to 20%. These differences are
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also reflected at SER values in table 10, where the SER value compares the two percentages

and when > 1 implies sensitization is happening. For relative dose 3 the SER was 1.2 ±

0.2, for 5 it was 1.4±0.1, for 7 it was 0.8±0.4 and finally for 9 it was 1.5±0.3. The 136 nM

concentration can be seen as the concentration that yielded the highest SER values across

the tested relative dose range, with only one relative dose below one, 7. Although the 136

nM SPION treatment trends appeared to decrease in survival fractions across all relative

doses except 7, no associated p-values yielded statistically significant differences compared

to No-NP treated cell (table 10).

Figure 4.19: This bar graph represents the 136 nM PEG-coated SPIONs compared to the
non treated cell at relative doses 3, 5, 7, and 9. The error bars represent the uncertainty for
the surviving fraction.

Relative Dose 3 5 7 9
p-value 0.7505 0.2766 0.2812 0.2217

SER±Uncertainty 1.2±0.2 1.4±0.4 0.8±0.4 1.5±0.3

Table 10: This table shows the determined p-values for the 136 nM concentration for PEG-
coated SPIONs, statistical significance is seen at p < 0.05. The SER±Uncertainty is also
listed for comparison
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5 Discussion

While the literature provides indication that high MeV proton beams (>40 MeV) when

paired with GNPs have the potential to produce radio-sensitization [44, 20, 19, 18, 21]. The

low proton energy range is still unclear. Some studies indicate enhancement in the SER and

substantial decrease in surviving fractions with as little as 1.3 and 3 MeV [36, 45]. Others

have observed with 3 MeV protons inconclusive results [42]. These inconsistencies are further

reason why this study is important, to help enhance the understanding of low energy protons

paired with metallic NPs.

5.1 PEG-coated GNP Discussion

With a realistic survival curve constructed based on the 3 MeV proton beam for the MCF7

cell line, a serial dilution was used to test 3 different PEG-coated GNP concentrations, 68

nM, 45 nM, and 15 nM. The prediction was: the greater the concentration of GNPs the

greater the potential sensitization effects [39]. This did not exactly hold true for all of the

concentrations. The 45 nM concentration yielded the best sensitization results across the

board of relative doses, with the 68 nM having a slightly better sensitization effect at relative

dose of 10, as seen in Figures 4.14 and 4.16 and tables 4, 5, and 6, which shows all of the

SER results.

For sensitization effects it was important to not only look at the differences in surviving

fractions and their calculated p-values but to also transform those surviving fractions into

SER values. As previously discussed the sensitization enhancement ratio is a way to compare

the surviving fraction of cells with a particular dose to that same dose but with a specific

concentration of NPs. An SER value > 1 indicates that there was a positive sensitization

effect happening at a particular dose with a specific concentration. The most dominate

increased SER factors, shown in table 5, occurred with the 45 nM concentrations particularly

at the higher relative dose ranges (9, 10, and 11) with each of these differences yielding a



p-value well below 0.05, indicating high statistical significance. There was an observed drop

in surviving fraction that was apparent for each concentration (15 nM, 45 nM, and 68 nM).

The most inconsistent results for the PEG-coated GNPs came from the 15 nM concen-

tration, with relative doses 9 and 10 being the only to yield an SER value > 1 (table 4).

Only relative dose 9 was statistically significant with a p-value at 0.0354. The suspicion was

for the MCF7 cell line the 15 nM concentration was too low to produce observable sensi-

tization effects. There was a level of uncertainty if there was a significant amount of NPs

that integrated into the cells. In fact, the 15 nM concentration was the only concentration

for the PEG-coated GNPs that had an increased LD50 from the original cell line which was

4.66. The 15 nM concentration produced an LD50 at a relative dose of about 4.73. There

was an observed percent increase of 1.53%, further solidifying that the 15 nM concentration

for this particular cell line was inconsistent and would need further testing that confirmed

a meaningful cellular uptake of GNPs. There is also the possibility of error occurring ex-

perimentally. For this experiment the low doses were hard to achieve, the exposure times to

anything less than a relative dose of 5 were calculated to be around 2.5-3.5 seconds. Because

these exposure times are so low, the likelihood of an incomplete exposure is possible. While

the exposure time is monitored in a consistent manner between experiments, the beam sta-

bility is not always the same. With the low doses having such fast exposure times, that could

yield inconsistent results and could possibly be why the trends do not fall as linearly as the

higher doses do.

The results for the 68 nM concentration, while not completely consistent, but did yield

more meaningful sensitization effects than the 15 nM concentration.The largest decrease

in surviving fractions for the 68 nM cells came from relative doses 5 and 9. There was a

noticeable drop in surviving fractions for both going from 35% to 25% and 33% to 20%

respectively. These decreases gave p-values of 0.0453 and 0.007, where the relative dose of

5 shows statistical significance and the relative dose 9 shows high significance, implying if

concentrations of 68 nM were to be further studied dose ranges between 5 and 9 would likely
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yield a high level of sensitization. Especially with the SER value for 9 was calculated to be

3.7±1.4, one of the largest SER values of this experiment.

As for the 45 nM concentration it would be worth noting the decrease in LD50 and the

surviving fractions across the relative dose ranges provided the most promise; the LD50 was

observed to have a 26.72 % decrease, as opposed to the observed LD50 for 68 nM, observed to

have a 15.4 % decrease from the LD50 for the No-NP treated cells. There were consistently

lower surviving fractions across the relative dose range with the exception of relative dose

6, where there was no indication of drop in surviving fraction. However, the significant

drops in surviving fraction was most statistically significant at relative doses 9, 10 and 11.

There was statistical significance seen at dose 4, 5, and 8 as well, but not as prevalent at

the higher relative doses. This overall decrease across the relative doses implies that for

the MCF7 cell line paired with proton irradiation the 45 nM concentration may provide

most optimal effects. When comparing the sensitization effects seen at the 45 nM and 68

nM concentration greater drop in surviving fraction happened more often with the 45 nM

concentrations especially at relative doses 7, 8, and 9. While none of the differences yield

a p-value less than 0.05 at relative doses 7 and 9 get close being 0.06 and 0.07 respectively.

These results demonstrated that 45 nM GNP treatments yielded better sensitization effects

compared to 68 nM, but more work is required to definitively make that claim. These results

reflect 3 different experiments, and if more were to be performed it is likely the statistical

significance could be more evident between which concentration would be more optimal.

When experimenting with biological material there are manypossible sources of error and

inconsistencies that needed to be accounted for. With the culturing of cells, contamination

can always happen. For this experiment great care was taken to account for cell death

outside of irradiation, having several control plates that move through the environmental

changes that the irradiated plates do. Because the cells are open to air, there were some

wells that obtained contamination. The wells were monitored via a microscope to monitor

morphology of the cells during each stage of the experiment. Their media color was also
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monitor and if changes were apparent the wells would be marked for further evaluation, if

contamination was evident the well would be pulled from the sample.

5.2 PEG-coated SPIONs Discussion

The PEG-coated SPIONs were compared at relative doses 3, 5, 7, and 9 for concentrations

of 136 nM, 45 nM and 15 nM, the results were mostly inconclusive. These data sets were

graphically and numerically analyzed for each concentration and while lower relative doses 3

and 5 typically showing a decrease in surviving fraction, none of it was statistically significant.

The only statistical significance that was observed happened at relative dose 7 for the 15 and

45 nM concentrations, with increases in survival, rather than predicted decreases in survival.

This overall increase in surviving fractions with PEG-coated SPION treatment implies the

potential for radio protector rather than enhancer. More work is required to definitively

state this, but it is an interesting potential effect of SPIONs. The SPION data was run over

the course of 3 experiments, it would be worthwhile to run this experiment a couple times at

this relative dose range to see if results can be consistently replicated, especially with the 15

nM and 136 nM concentrations as those two did yield some decrease in surviving fraction,

even though it was not statistically significant.

The lab has a non-cancerous breast cell line, that could be a prime candidate to test the

potential protector effects PEG-coated SPIONs may have.

5.3 Future Directions

The enhancements brought to this experiment was just the starting point. For further

studies, it would be interesting to use the non-malignant breast cell line paired with the

SPIONs and assess their potential as radio protectors. With the increased survival seen with

the MCF7 line, it would be worthwhile to see if similar observations can be made with the

non-malignant cells. Another starting place to mitigate the potential of cell death because of

the exposure to air, the construction of a custom plate could be revisited. The Mylar for the
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custom plate can be thinner, but more notably the exit window material can be revisited to

find a metal that the beam would lose less energy to. The current Havar exit window is 10µm

thick, and Havar foil as thin as 2.5 µm can be commercially purchased for experimental use.

With the help of the TRIM simulations different material can be explored.

While the PEG-coated GNPs showed greater cell death implying dose enhancement, it

would be a good next step to incorporate an additional metric for cell NP uptake. Based

on the literature it is known the PEG-coating and size make the NPs prime candidates to

be up-taken into the cells[38, 39, 35], but it would be great to visually see where and better

characterize projected concentrations of how many NPs are uptaken into the cell [36]. Along

with locating and counting how many NPs make it into the cells, it would be interesting to

learn how to run a biological assay on analyzing the DNA damage that is ensuing from the

protons and the consequent secondary interactions from the protons interacting with NPs.

That would present a more conclusive mechanism to understand how and why cell damage

is actually taking place.

The final future direction that is already in place is fine-tuned dosimetric analysis. With

as low of a proton energy as this experiment has, it is difficult to confirm the dosimetry

that has been projected based off of SRIM. In an attempt to find the Bragg peak for the

proton beam, it was found that without use of Gafchromic film there cannot be a real

dose confirmation. With the SRIM and TRIM analysis we have a decent projection of the

dosimetry but it is not verified experimentally, which may be possible by exploring non-

symmetric EBT2 film.
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A Appendix

A.1 Accelerator Repair

In July of 2021 the accelerator was brought up to atmosphere for an 8 month fix. Prior
to bringing the accelerator tank up to air, the vacuum on the HE side of the accelerator
beam line tube was at risk of coming above 1×10−5 torr. If this pressure was reached, the
accelerator preforms an automatic shut down, suspending further use of the accelerator. The
pressure in the HE side, should remain around 1 ×10−7 torr while idle and around 1×10−6

torr while in use. In July of 2021 it was reported to be around 5.7×10−6 torr which was
problematic.

When generating beam, the pressure in the HE side naturally rises based on the intro-
duction of the N2 stripper gas. This potential rise in pressure would likely result in the
automatic shutdown feature being activated.This necessitated a shutdown on July 8th 2021,
and an 8 month troubleshooting process to identify and correct the cause of the elevated
pressure issue. The elevated pressure on the HE side indicated there was a leak happening
in the accelerator beam line tube within the tank of the accelerator pictured in Figure 1.1.
The center accelerator beam tube is comprised of metal and ceramic ultra high vacuum con-
nections. The suspicion was that one of these connections had worn with time and started
a small slow leak. That gave the indication of where to start testing for the leak. [58].

Figure 1.1: Shows the state of the accelerator when brought up to air. In each panel there is
evidence of a black substance on the surfaces, which was caused by a failure in the terminal
chain pulley bearing.

In order to start the diagnostic process, one of the first things that needed to happen was
to roll the accelerator beam tube out of the tank, which is pictured in figure 1.1. To start
this process, several steps needed to be executed. Initially, the lab needed to be organized
and a special space needed to be designated for all of the materials that were to be taken
apart. This was done to prevent loss or confusion of where the part came from. Once a space
was cleared the insulating gas, Sulfur Hexafloride (SF6) gas needed to be pumped out of the
tank and stored in appropriate containers in the lab. Post storing the FS6 the accelerator
beam tube needed to remain under vacuum. It is blocked on the low energy bellows with
a conflat fixture that is sealed with a copper gasket to prevent any leakage. Once the low
energy side was capped off, the high energy bellows were also sealed off in a similar fashion.



This allowed the accelerator tank to be rolled out from the rest of the beam line tubes. It
is important to note that in order to cap off the section of the accelerator beam tube that
needs to be checked, the turbo and rough pump systems attached on the LE and HE side
of the accelerator needed to be powered down and let up to air to remove the tank. If this
is not done the conflat connectors will not come apart and the accelerator tank will not be
able to be rolled out. Once the HE and LE sides of the tank were sealed off the removable
tracks to move the tank were placed down. This allowed the tank to be slowly pushed out
away from the beam line on either side of the bellows attachments. Once the tank is rolled
out the 1 1/2” bolts that sealed the tank together on the HE side were removed and the
accelerator beam tube was separated from the tank as pictured in figure 1.2, and the trouble
shooting began.

Figure 1.2: Shows the panel of the accelerator tank on the HE side that had to be removed
to separate the tank from the beam line tube.

As discussed the only indication of a problem was elevated HE pressure. This indicated
a leak was occurring in the accelerator beam tube, but the location was unclear. The HE
side of the accelerator covers roughly 1.5 m of beam line made up of ceramic and metal
connections. Over time the metal and ceramic connections can start to leak, which will
increase the beam line pressure. The best way to determine a leak in a vacuum system is
to introduce a gas or alcohol into the vicinity of the leak and monitor the pressure read out
for a spike. When alcohol or a gas like helium (He) is introduced into a vacuum system, it
creates a subtle spike in the overall pressure when leaked into the system. When the leak
is not identifiable with alcohol the next best thing is to use a Helium leak detector. The
He leak detector (pictured in Figure 1.3) is a device that will connect to a section of beam
line that is meant to be held under vacuum. It is fit with a rough and turbo pump through
KF flanges, and can be connected to the section of beam line that may have a leak. The
pump system helps maintain and monitor the pressure in the section in question. A He
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tank is also required to pin point the leak. The left panel of Figure 1.3 shows the interface
of the detector while the right shows a zoomed out view with the rough pump connected.
When running the detector it can be set to a vacuum threshold via the knob on the front
panel. When the pressure is exceeded because the He infiltrated the vacuum system, it will
sound an alarm, indicating the location of the leak. It is important to note that this is a
slow process, and needs just a small amount of He, because of that the He tank is fitted
with a fine needle nose nozzle with a valve on it to slowly filter small spurts of He from the
tank. The needle nose fitting helped to prevent He exposure to large portions of the HE side,
which would make identifying the leak locations difficult. The needle nose fitting allowed
small amounts of He to be released at each individual metal-ceramic connection and then
the system was monitored for subsequent spikes in pressure. This systematic method was
meticulously applied throughout the HE section until the leak was located and subsequently
sealed.

Figure 1.3: The helium detector, this device is fitted with both a rough pump and turbo
pump to pull low vacuum for any device it is connected to. The left panel shows the control
interface for the detector, and the right panel gives a full view of the detector.

In order to seal the leak a special paint/glue like substance called Glyptal4 was purchased.
Glyptal is a red paint-like substance used primarily to seal the internal surfaces of an engine
block. Next the task was to insert the sealant all around the connection to assure the leak
would not occur again. To apply this material a clean oil free surface was needed. This
meant a thorough cleaning of the outer layer of the beam line and surrounding surfaces of
the accelerator needed to happen. This was done with special clothes that do not leave
behind any residue. Once the surfaces of the beam line tube were cleaned the lab engineer
utilized a pressurized needle nose syringe loaded with Glyptal. The syringe, shown in figure
1.4, steadily pumped out the Glyptal into the metal to ceramic connection to reinforce the

4The web site for purchasing and information about the product; http://www.glyptal.com/
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leak, recreating a vacuum tight seal. This was left to dry and the next day the He detector
was used again to confirm the seal was holding.

Once the leak was assessed and sealed the process of reconstruction could begin. This
started with a final cleaning/wipe down of the accelerator tank, and the exoskeleton pictured
in Figure 1.1. The pellet chains also needed to be removed and cleaned of any existing soot.
Once cleaned the pellet chains are placed back onto the accelerator, where they are run from
the high voltage terminal to the ground end of the accelerator (Figure 1.1 top panel on the
left). Once the chains were re-strung they needed to be run/assessed to ensure appropriate
tightening and oriented such that no collisions within would occur during rotation. Upon
successful rotation, the accelerator was ready for one final cleaning, the accelerator was
re-assembled and brought down to vacuum.

Once the appropriate vacuum was achieved, the conditioning process was started. The
accelerator is powered, and beam is generated with the Cs+ and the operating voltage is
slowly brought up to 2 MV, the highest operating voltage. This process is known as condi-
tioning the accelerator. Conditioning was a slow process because as the accelerator was up to
atmospheric pressure, particulates and gas were absorbed to the surfaces and when a voltage
is applied the materials can become ionized. This can cause micro-discharges to occur in
vacuum which in turn limits the voltage [58]. Thus, the voltage had to be increased slowly to
allow the particulates and and gas to burn off. This process was repeated slowly for a couple
of weeks until the maximum operational voltage was reached, implying the accelerator was
ready for experimental use again.

Figure 1.4: Each panel depicts the introduction/placement of the Glyptal paint which was
used to seal the leak on the HE line.
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