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Gold nanoparticles have long been considered for use in conjunction with radiation therapy to 

enhance dose in a local tumor regions.  However, limitation in cellular accumulation remains a hindrance 

for treatments to extend to clinical levels.  Ultrasound and microbubbles have been shown to enhance the 

delivery of chemotherapies, genetic material and other molecules.  This goal of this study was to 

demonstrate, for the first time to the best of our knowledge, the increase in PEGylated gold nanoparticle 

accumulation in cells due to the addition of ultrasound and microbubbles, and survival fraction.  The 

results display approximate 3 fold increase in intracellular gold content independent of nanoparticle size, 

resulting in a 5 fold increase in cell death.  Additionally, it was shown that USMB can facilitate nuclear 

localization of gold nanoparticles with nuclear localized signals to further enhance radiation therapy.  
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Chapter 1 Introduction 

1.1  Background and Motivation  

Limitations of X-ray Radiation Therapy (XRT), such as safe dose limitations and the inability of 

ionizing radiation to distinguish between tumor tissue and healthy tissue have led the field to find 

methods to enhance the effectiveness of radiation damage.  Gold Nanoparticles, due to their high atomic 

number and biocompatibility have emerged as desirable method to achieve this radiation enhancement.  

By injecting gold nanoparticles into the vasculature or directly into the tumor region, it has been shown 

both in vivo 
1
,
2
 and in vitro 

3–6
, that gold nanoparticles can enhance the efficacy of radiation treatments. 

The use of gold nanoparticles has been unsuccessful in establishing itself in clinical practices, 

largely in part to its poor delivery into tumor regions and cancer cells.  An intensive review of 

nanoparticle delivery has shown that the average accumulation of gold nanoparticles within the tumor 

(under varying conditions) is 1% of the administered mass
6
.  While the premise of radiation enhancement 

by heavy atoms like gold is largely explored in vivo and in vitro, the poor accumulation remains a large 

obstacle for feasible treatment options
6
 
7
.  The main motivation of this research is to improve upon the 

cellular delivery of gold nanoparticles, by the use of ultrasound and microbubbles (USMB). 

Developed initially as ultrasound contrast agents, microbubbles have been shown to enhance the 

cellular delivery of fluorescent molecules
8
, chemotherapies

10–15
, as well as provide a method of gene 

transfection
9,13–16

, by transient permeabilizing of the cellular membrane 
17–23

, a process broadly referred to 

as sonoporation.  Microbubble oscillations caused by exposure to an ultrasound field can reversibly 

generate pores on cell membranes, allowing for passive diffusion of molecules from the extracellular 

matrix to the cytoplasm
18,19,22

 .  Additionally, cells exposed to ultrasound and microbubbles have 

demonstrated increased rates of endocytosis
17,24,25

 as well as increased rates of pinocytosis
26

 . 

While ultrasound and microbubbles have been used in combination with chemotherapy to 

improve treatment efficacy in vitro, in vivo and most notably in clinical trials
11

, little work has been done 
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combining the treatment with radiation and less still in combination with radioenhancers, specifically gold 

nanoparticles. This research attempts to progress the gold nanoparticle field by overcoming the natural 

limits of cellular uptake with the assistance of ultrasound and microbubbles.  Prostate cancer is an ideal 

model for this study, as current treatments include radiation therapy.  Brachytherapy is a common 

radiation treatment option which benefits more from the enhancement AuNP can provide because the 

lower energy treatment is favorable for the photoelectric effect.  Additionally, insertion of the catheters 

for brachytherapy seeds is guided by ultrasound systems, which can be used in conjunction with 

microbubbles.  
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1.2 Radiotherapy 

The international Agency of research of cancer estimates that 7.6 million deaths and over 12 

million cases arise worldwide yearly
27

.  Discoveries over a century ago, x-rays have had a clinical 

application developing the field of radiation therapy.  Now radiation therapy is used in 50% of all cancer 

cases, and it is incorporated in 40% of all curative treatments
27

. 

Radiation therapy attempts to provide a lethal dose of Ionizing radiation mainly in the form of 

external x-ray beams, typically generated from the 6-18 MV range, to affected tissues.  Typically relying 

on Compton scattering interactions, means there is a lack of target specificity as Compton scattering 

crossection is independent of target characteristics like atomic number, additionally contrast between 

tumor and healthy tissue is poor
28

.  Thus treatments are limited by the ability to reduce dose to 

surrounding tissues.  Developments of different forms of radiation therapy such as brachytherapy, proton 

therapy, as well as new techniques like Intensity- modulated radiotherapy, attempt to deliver radiation 

dose in different methods to focus on affected tissues while sparing surrounding healthy tissues. 

1.3 Radiation Sensitizers 

Improvements to radiotherapy typically aim to reduce dose to healthy tissue in the proximity to 

target regions.  Techniques like intensity modulation improve the ability to deliver Ionizing radiation in a 

focused and more precise manor, sparing unaffected healthy tissue the full dose of radiation.  

Alternatively, other avenues of research attempt to increase the effectiveness of radiation therapy itself.  

Molecules that promote direct and indirect damage to DNA such as some chemotherapeutics like 

gemcitabine, reduce the cells ability to repair damage, or those that increase the local dose delivered 

during radiotherapy can increase the overall effectiveness of radiotherapy.  Molecules that increase the 

efficacy of radiation therapy in this way are referred to as radiosensitizers, and by improving the damage 

to cancer cells in a local region, the overall dose delivered can be reduced, sparing unwanted effects from 

the surrounding tissues or the damage done by radiation can be increased without increasing the risk to 

the patients
29

.   
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Gold nanoparticles have been found to be a radiosensitizer that increases the actual dose delivered 

within a local region, by absorbing comparatively more Ionizing x-rays than tissues
30

.  Gold’s high atomic 

number of 79 increases the probability of photoelectric interactions between high energy photons and the 

gold molecule.  These interactions cause more energy to be absorbed as the ionizing radiation passes 

through the tissue, which is causes the release of electrons from the gold atoms.  These electrons can 

directly damage DNA, or can indirectly cause damage by generating free radicals. 

The phenomenon occurring when high Z materials interact with Ionizing radiation was first 

realized when Iodine was used as a contrast agent for imaging.  The higher atomic number of Iodine 

relative to common elements in tissues increases the contrast in X-ray images by absorbing more photons 

than regular tissue.  Due to the nature of Ionizing radiation, the increased absorption causes ionization by 

a release of electrons which can then interact with the tissue.  This increased the effective dose in a local 

region near the Iodine, which was circulating in the blood.  Thus, the effect was observed in circulating 

lymphocytes where an increased rate of chromosomal deformations was observed
31

.  Following this 

discovery Iodine was used to increase the efficacy of radiation therapy in mice  and in vitro in the form of 

IUdr significant effect
32

.  Problematically the amount of Iodine required to generate a significant radio 

enhancement effect has toxic side effects to patients, and the use of Iodine has been overshadowed by the 

use of more biocompatible and optimal radioenhancers. 

1.4 AuNP 

Gold nanoparticles, typically ranging from 2-100 nm in diameter have become more popular than 

iodine as a radiosensitizer due to its larger Z and biocompatibility 
33

.  The significantly greater Z allows 

for triple the photoelectric crossection in the presence of relevant energies of ionizing radiation
34

.   

 The first major attempt to demonstrate the potential for radiation enhancement by AuNP was 

done by Hainfeld et al, in 2004.  The injected mice with 2.7mg/g of gold compared to their body weight 

yielding about 0.7% gold by mass inside the tumor.  The 1 year survival was increased to 86% vs 20%
1
.  

The large amount of AuNP added displayed the biocompatibility, and the excellent results inspired the 
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field to seriously consider gold nanoparticles as a useful radiosensitizer. In this study, direct injections of 

the nanoparticles were also explored but ultimately yielded worse results due to irregular distribution of 

the nanoparticles.  The main limitations of this study, as stated by the author, was the excess amount of 

AuNP used, addressing that for clinical feasibility, a method to reduce the required gold would be 

necessary
1
.    

1.4.1 Mechanism; Size and Location Dependence  

The radiation enhancement observed when heavy metal particles are present in close proximity to 

affected cells is due to the nature of the photoelectric effect.  The photoelectric effect crossection is 

dependent upon the ratio of 
𝑍3

𝐸
, where Z is the atomic number and E is the incident photon energy.  As the 

atomic number increases, the probability of photoelectric interactions increase greatly especially at lower 

levels of ionization energy.  

Incident photons that have enough energy to eject an inner shell electron, called the 

photoelectron, will leave vacancies in the electron shell of the atom.  Those vacancies are filled with 

higher energy electrons in further orbits, as they release the difference in energy between the vacancy 

shell and their current energy.  The energy released takes the form of a characteristic x-ray with a 

predictable wavelength dependent on the difference in energy between the vacancy shell and the shell the 

higher energy electron dropped from.  Alternatively, the excess energy released can be used to eject 

another electron in a further shell, called an Auger electron
35

.  This additional ejection leaves another 

vacancy in the atoms electron shell which can be filled by another outer shell electron releasing more 

excess energy to drop down in energy state.  As a result, multiple Auger electrons can be released from a 

single photoelectric event to fill the shell vacancies generated by the previous emission of Auger 

electrons.  This event is referred to as an Auger cascade 
35,36

.  These emitted electrons can directly or 

indirectly cause DNA damage, which is the mechanism that high metal atoms are radiation sensitizations. 
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Furthermore, due to the nature of the photoelectric effect and Auger Cascade, the effectiveness of 

gold nanoparticles to increase the radiation dose locally is dependent on size of the nanoparticles.  The 

incident photon can deposit a large amount of energy to the photoelectron, therefore the range of the 

photoelectron can be tens of micrometers
37,38

.  This means that the photoelectron can deposit its energy in 

a path within 200 nm from the gold nanoparticle.  The photoelectron can provide near around 50% of the 

energy released from the gold nanoparticle during a photoelectric event.  At ideal energies for radiation 

enhancement from gold nanoparticles where photoelectric effects dominate the photon interaction, near 

10-80 keV, Auger electrons contribute to near 30% of the energy release by the photoelectric event
38

.  

The remaining percentage of energy is internally absorbed by the gold nanoparticle and does not 

contribute to the radio sensitization effect.  A Monte Carlo study performed by Pignol et al, calculated the 

energy release resulting from photoelectric events in different forms (Auger electron, photoelectron, 

characteristic x-ray and internal absorption) and showed its dependence on nanoparticle size and incident 

photon energy shown in figure 1-1
39

. The internal absorption is due to the relatively low range of Auger 

electrons.  As the Auger electrons travel through the gold nanoparticles, some of the energy is absorbed 

by the gold itself.  The larger the particle, the greater the path length the electron travels and the greater 

the amount of energy is absorbed by the gold atoms.  Thus from a physical perspective, the smaller the 

gold nanoparticles, the more potential for radiosensitization assuming the same mass of gold is being 

considered
38,40

.  



7 
 

 

Figure 1-139: Graphical representation of Monte Carlo simulated energy releases for photo electric events.  Size increases from 
left to right while incident photon energy increases top to bottom.  As incident energy increases, there is less emitted energy in 
the form of Auger electrons, but there is also less probability for phot electric incidents to occur.  As the particles get larger, it is 
evident that more of the Auger electron energy becomes internally absorbed. 
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Also a consequence of the low range of Auger electrons and to a lesser extent photo electrons, is the 

radiosensitization dependence on gold nanoparticle distance to the target. Because the electrons deposit 

energy along their path, and in the case of the Auger electrons ejected due to incident photons with 

optimal energies, all their energy is typically deposited within 200nm of the gold nanoparticles
30,41

, close 

proximity to the radiation target is ideal for maximum effectiveness.  In one Monte Carlo Study it is 

estimated that the nuclear dose increases 2 fold for nanoparticles when they are in the nucleus as opposed 

to the cytoplasm
30

.  Therefore, to maximize the effect of gold nanoparticles, the particle themselves 

ideally would be internalized in the cancerous cells and localized within the nucleus.   

 

Figure 1-238: Monte Carlo simulated Dose in Gy deposited from the centre of a AuNP measured in nm, at 6 MeV excitation 
energy.  This simulation clearly depicts the extremely local dose distribution achieved from Auger electrons with significant 
decay past 200 nm, emphasizing the localization requirement for optimal radiosensitization. 
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1.4.2  AuNP Cellular Uptake 

Gold nanoparticle localization within cells is paramount for effective radiosensitization, because 

dose enhancement declines rapidly with distance from the nanoparticle.  As a result, cellular 

accumulation, has been a focus in the study for gold nanoparticle assisted radiotherapy.  Gold 

nanoparticles typically enter cells through receptor mediated endocytosis
42,43

.  Both clathrin and caveolae 

based endocytosis has been shown to be responsible for at least some of the cellular accumulation
3,44

. 

Various characteristics of the gold nanoparticles play a role in cellular accumulation.  The surface 

of the nanoparticle, both in charge and chemistry is one of those characteristics. Due to the negative 

dipole on the phosphate group at end of phospholipids that comprise the cell membrane, it has been found 

that a positive surface charges are more optimal than either negative or neutral charges for cellular 

accumulation
3
.  While beneficial on a cellular level, charged nanoparticles have been shown to have 

significantly shorter circulation time in vivo due to macrophage targeting
45

, developing a tradeoff 

between cellular uptake and having enough particles circulating to achieve an adequate amount of 

nanoparticles in the tumor region.  Consequently, it has also been shown that specific coatings on 

nanoparticles can facilitate specific cell targeting by using the overexpression of surface proteins on cell 

membranes, or other coatings can facilitate intercellular targeting
46

.  Other coatings like CTAB are 

common for gold nanorods and allows for interactions with the mitochondrial membrane. 

To further optimize localization of AuNP within the cellular environment, peptides like a nuclear 

localizing signal (NLS) can be attached to the nanoparticle surface.  This specific surface coating interacts 

with the Importin alpha and beta proteins found in the cytoplasm of cells.  Importin’s function is to act as 

a vehicle, transporting bound molecules to nuclear pores.  These nuclear pores can allow molecules with a 

maximum diameter of 30nm to enter the nucleus
47,48

.  As discussed previously, radiation sensitization is 

dependent on the proximity of the sensitizer and the target.  Since DNA is considered the primary target 

for radiation damage, nuclear localization should improve the local dose enhancement leading to even 

greater treatment efficacy.  However, for this nuclear localization to be possible the NLS signal needs to 
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interact with Importin in the cytoplasm.  The typical uptake pathways for AuNP are different types of 

nonspecific endocytosis, which leaves the nanoparticles inside endosomes and eventually lysosomes, 

restricting contact with materials in the cytoplasm.  Studies have shown that directly injecting particles 

with a nuclear localizing signal into the cytoplasm of cells will allow those particles to collect in the 

nucleus, but when those same particles are exposed to cells and enter through endocytosis, they cannot 

enter the nucleus
49

.  Further studies have determined that adding specific coatings in addition to NLS will 

allow for the particles to escape the endosomes.  Studies have shown that RGD peptides allow for nuclear 

uptake when in conjunction with NLS as shown in figure 3-1.  It is theorized that RGD peptides causes 

the endosome to disassociate, freeing the particle
49,50

.  
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Figure 1-349: Leica DMLB DIC equipped microscope images of A) HEPG2 cells B) Cells incubated with 20 nm AuNP with a NLS 
signal, C)Cells incubated with 20 nm AuNP with NLS attached to RGD. C) Cells incubated with 20 nm AuNP with NLS alongside 
RGD.  It is evident that NLS was not able to transfer AuNP to the nucleus, but required RGD peptides, the most effective of which 
was when they were placed alongside each other.    

Other important factors that contributes to nanoparticle accumulation is nanoparticle size and 

shape.  While smaller nanoparticles are ideal for radio sensitization, due to lower amounts of energy from 

Auger electrons being internally absorbed, size dependence on accumulation favours different 

characteristics.  Nanoparticles of about 50 nm have been shown to have the greatest amount of cellular 

accumulation in vitro
4
.  Smaller particles have been shown to have poor retention, often being exocytosed 

at a faster rate than larger ones
5
.  Particles larger than 50 nm also have poor cellular accumulation due to 

limitations on endosome sizes; larger endosomes are less energy favourable and occur less frequently.  In 
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the field of gold nanoparticles, the greatest consensus is that 50 nm nanoparticles, while less favourable in 

some respects, are ideal for cellular accumulation.  Gold nanoparticles are most commonly designed in 

two shapes, spheres which we have been discussing thus far, and rods.  Rods are used primarily for photo 

thermal therapy or other optically inclined modalities due to the ideal peak of absorbance.  Metal 

nanoparticles often express very specific absorbance and scattering patterns based on their size and shape, 

because of a phenomenon called Surface Plasmon Resonance
51

.  Gold nanorods in particular have a peak 

absorbance (dependent on size) within the near infrared region, which is an ideal wavelength to avoid 

common absorbers in tissue such as oxygenated and deoxygenated blood.  The increased absorbance of 

the nanorods allows for localized heating which can enhance cell death in radiation therapy as well as for 

use as optical markers for diagnostic purposes
52

.  Spherical AuNP have greater accumulation than 

nanorods and will be used in this study
4
. 

1.4.3 AuNP Accumulation in Vivo 

Nanoparticles can be delivered to tumor tissue intravenously and through direct injection into the 

tumor tissue.  Tumor type and location limit the feasibility of directly injecting the nanomaterial, and 

studies have shown that often direct injections lead to a non-uniform distribution of the particles only 

affecting certain regions of the tumor
1
.  Thus, the ability for nanoparticles to circulate and diffuse from 

the blood vessels into affected tissues is vital, and nanoparticle size also factors into this.   Past studies 

have relied on the enhanced permeability and retention (EPR) characteristics of tumors, which is caused 

by abnormal angiogenesis generating larger gaps in endothelial tissues, to increase the delivery of 

nanoparticles, drugs and other non-targeted molecules to tumors.  From initial injection, the nanoparticles 

must traverse the circulatory system.  The first hurdle for the nanoparticles would be macrophage 

targeting which can result in a major loss in injected dose exceeding 50% within a few hours
53

.  Protein 

binding during circulation is the primary method for macrophages such as Kupffer cells from the liver to 

target nanoparticles
53

.  Larger particles are more likely to be targeted by the liver and removed from 

circulation (upper limit is 300 nm)
1,2

 as are charged particles.  Typically for in vivo studies coatings like 

such as PEG are used to protect the nanoparticles by changing the surface characteristics
54

.  While larger 
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particles are targeted by the liver, small nanoparticles are more likely to be filtered through the kidney.  

Particles smaller than 6 nm and up to 9 nm have been shown to filter out of the body rapidly due to the 

kidney
55

.  The next major hurdle is the diffusion of the nanoparticle through the endothelial layer and 

through the tumor region itself.  While the gaps are larger in the endothelial layer in tumors than healthy 

tissue, the size of the nanoparticles determine the effectiveness of crossing through endothelial gaps
56

.  

Larger particles diffuse through less readily than smaller ones.  Additionally, once the particles enter the 

tumor, they must travel through the extracellular matrix a greater distance than 100 um to enter hypoxic 

regions.  Smaller nanoparticles have been shown to diffuse more readily throughout the extracellular 

matrix as well
57

.  The overall effectiveness of in vivo accumulation in the tumor region has been 

determined to be between 10-12nm as the nanoparticles are the smallest size possible that avoids kidney 

filtration and passive diffusion into healthy tissue while maximizing the diffusive properties in tumor 

regions
2
.  Although 10-12 nm nanoparticles are ideal for in vivo tumor accumulation, the size is not ideal 

for cellular accumulation.  Additionally, while the EPR effect has been relied upon for tumor targeting, it 

has proven to generate insufficient accumulation of nanomaterials for studies to translate from in vivo 

models to clinical trials.     

A study published in Nature comparing 45 studies specifically for gold nanoparticles, varying in size, it 

was found that an average of only 1% intravenously injected gold accumulated in the tumor
6
.  The study 

goes on to suggest that even a two fold increase in accumulation would greatly improve the prospects of 

gold enhanced radiation therapy, which this study aims to demonstrate with the use of ultrasound 

stimulated microbubbles.    

1.5 Ultrasound stimulated Microbubbles 

Microbubbles are gas bubbles, usually coated with lipid or protein shells that were primarily 

designed as ultrasound contrast agents
15

.  As the name suggests, they are micrometers in diameter, usually 

ranging from 1-10 um.  The gas core provides a different medium for the sound to travel, causing 

increased scattering of ultrasound waves, increasing contrast in regions with bubbles, usually the blood 
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stream.  Additionally, the gasses used are usually rather heavy with low diffusion and the shells that coat 

the gas both improve stability
58

.  The improved stability allows the microbubbles to remain intact when 

stimulated by ultrasound, undergo oscillations.  The oscillations increase backscatter further improving 

the signal strength generated as the ultrasound wave transmits through a medium 
59

. 

1.5.1 Microbubble Activity 

Microbubbles behave differently depending on the frequency, pressure of the ultrasound field 

they are exposed to.  Primarily based on size, microbubbles have a resonance frequency in the ultrasound 

range. The close the transmitted ultrasound wave is to that resonance frequency, the more energy is 

transferred to the microbubble, although the microbubbles will still respond to other frequencies outside 

of resonance.  When microbubbles are exposed to low pressure ultrasound waves, they respond by 

oscillating to the transmitted frequency.  Microbubbles will oscillate at the frequency of the transmitted 

wave, where the high intensity peaks correspond to the compression of the bubble while the rarefaction 

results in microbubble expansion.  The extent of the expansion and contraction tend to be comparable at 

low pressures thus it has been referred to as linear oscillation or cavitation.  Under these conditions, the 

oscillating bubble is considered stable as the microbubbles do not collapse.  Linear cavitation has the 

bubbles oscillating in to the frequency of the transmitted wave, thus generating a scattered signal 

primarily at the transmitted frequency. 

As the pressure increases, bubbles display oscillating behaviors outside of the linear regime.  The 

gas filling the microbubbles can only be compressed so far, while the expansion is less limited.  The 

bubbles begin expanding greater than they contract, and as a result the oscillations become nonlinear.  

Asymmetrical behavior causes backscatter at not only the transmitted frequency, but also at higher order 

harmonics and ultra-harmonics.  Under these conditions the microbubbles can collapse from the inertia of 

the liquid.  The collapse of these microbubbles generates a shockwave leading to a large and rapid 

broadband signal
60

.  Additionally after collapse short lived bubbles are formed from the escaped gas and 

can respond to the ultrasound wave as well.  This form of oscillation is referred to as inertial or nonlinear 
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cavitation.    The nonlinear response that characterizes inertial cavitation generates scattered signals at 

higher harmonics as well as ultra-harmonics signals. 

1.5.2 Integrated Cavitation Dose 

One method of measuring and characterizing bubble activity, and the one used in this study, is 

passive cavitation detection (PCD).  By passively listening to the scattered signal from oscillating bubbles 

using a second transducer, the type and magnitude of the response to ultrasound can be ascertained.    

Changing the passively recorded signal to the frequency domain using a Fourier Transform, the strength 

of the signal across a range of frequencies can be analyzed.  A typical method of analysis is the integrated 

cavitation dose (ICD) where the area under the Fourier transform is calculated to develop insight into 

bubble behavior
61

.  The area can be analyzed in from different bounds or by an overall broadband signal 

to obtain general or more specific information about the bubble activity.  Inertial cavitation will have a 

more nonlinear responses due to the uneven expansions compared to contractions and due to the 

broadband signal emitted form bubble collapse, meaning that the area bounded across higher harmonics 

will be greater
62

.  In general, the greater the ICD the more bubble activity is occurring and the greater the 

area under higher harmonics, the more inertial cavitation present. 

1.5.3 Bioeffects of USMB 

1.5.3.1 Sonoporation 

While microbubbles are designed to enhance contrast in ultrasound images ultrasound contrast, 

when used at therapeutic ultrasound conditions, they can trigger biological effects.  When cells are within 

close proximity of microbubbles as they oscillate from exposure to an ultrasound field, the cells 

experience temporary enhancement of cellular accumulation, of both permeable and impermeable 

surrounding molecules.  This phenomenon has been broadly called sonoporation and  is a major focus of 

this study
63

. 

The mechanisms associated with USMB enhanced cellular accumulation is yet not fully 

understood.  One mechanism is the generation of transient pores on the cellular membrane based on 

observations that cells can generate openings of various sizes in the cell membrane when exposed to an 



16 
 

USMB.  The pores have been observed to be as large as 100nm under specific circumstances while still 

being repairable
21,64

.  It is possible to generate pores too large to repair, resulting in cell death.  The 

formation of pores allows membrane impermeable molecules to passively diffuse into cells.  Molecules 

like calcium ions, which have been linked to other bioeffects induced by USMB, and Propidium Iodine 

have been shown to accumulate in cells after ultrasound and microbubble treatments
22

.  These pores that 

open by USMB are repaired by the cells shortly after exposure, in the order of minutes
65

.  

Additionally, others have demonstrated that USMB treatments enhance accumulation by 

stimulating endocytosis.  Catherin based endocytosis have been shown to have increased rates for a period 

shortly after the ultrasound treatment
26

.  Additionally fluid phase uptake is also enhanced. These 

enhancements occur for around 30 to 60 minutes after treatment
20,65

. 

1.5.3.2 Radiation therapy enhancement 

Ultrasound and microbubbles, in addition to causing cells to have enhanced accumulation of 

surrounding molecules can cause other beneficial bioeffects.  In tumors, it has been shown that the 

vascular disruption caused by ultrasound stimulated microbubbles increases the efficacy of radiation 

treatments to a tumor
66

.  Evidence supports that ultrasound and microbubbles increase the expression of 

ceramide, most likely due to membrane stress
18,66,67

.  Although the mechanism is unclear, ceramide has 

been linked to cell death, particularly with vessel disruption and during ultrasound and microbubble 

treatments in tumors, it has been shown to have increased expression levels. Both Caspase9-alpha and 

caspase9-beta, which are linked to apoptosis pathways, were shown in vitro to greatly increase in 

expression after a combined ultrasound microbubble and radiation therapy treatment, but not each 

treatment separately
67–69

.    

1.5.4 Mechanism  

The way microbubbles stimulate these bioeffects is also not completely understood.  The rapid 

oscillations of the microbubbles can generate microstreaming around it.  The streaming liquid is thought 

to generate sheer stress on the membrane, which in turn  possibly triggers mechanosensors on the 
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membrane, along with by interfering with actin inside the cell, stimulating endocytosis pathways 
25

.  

Another possible mechanism could be the stress placed on the membrane by pulling and pushing from the 

expanding and contracting of the microbubbles when microbubbles are in very close proximity to the cell 

wall.  The stress too, can cause pores or stimulate endocytosis.  As ultrasound pressures increase, the 

amplitude of oscillation increases, causing more microstreaming and overall more stress in general
18

.  As 

a result, it has been observed that as pressure increases, the net accumulation of molecules increases as 

well until cells begin to lyse
19

.  

Lastly, micro jets can form when a microbubbles collapses under violent oscillations such as in 

inertial cavitation.  When microbubbles contract near a ridged surface, pressure on the bubble is uneven 

(as the ridged wall does not apply pressure while surrounding liquid does), generating a net pressure from 

the top of the bubble towards the ridged surface.  The surrounding liquid can follow the path of the net 

pressure, collapsing the bubble and generating a microjet perpendicular to the ridged surface.  It has been 

theorized that micro jets puncture the cell membrane generating pores during inertial cavitation
70

. It has 

even been suggested that reactive oxygen species generated by collapsing microbubbles can contribute to 

modulating protein channels on the cell membrane, increasing uptake
71

. Figure 1-4 demonstrates the 

various methods of enhanced accumulation.  The enhancement in cellular accumulation is thought to be 

proportional to ultrasound pressure.  This study will attempt to improve cellular accumulation of gold 

nanoparticles by utilizing the enhanced accumulation bioeffects caused by ultrasound induced 

microbubbles. 
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Figure 1-418: Potential Biological effects of stably and inertial cavitating microbubbles with regards to accumulation. (A) Stress 
on the membrane from pushing and pulling forces during microbubble oscillations can potentially generate pores, allowing for 
diffusion (B) The production of reactive oxygen species from oscillating bubbles can interact with membrane lipids disrupting 
them and can modulate ion channels. (C) Microstreaming generated by stably cavitating bubbles generates shear stress on the 
membrane triggering mechanosensores, and interfering with actin, which may lead to increased endo and exocytosis rates.  
Additionally, the calcium influx triggered by pore formation is linked to endocytosis.  

1.6 Hypothesis 

 Radiation therapy, while commonly utilized clinically to combat tumor growth, is hindered by the 

dose limitations to surrounding unaffected tissues.  Methods that increase local radiation dose, such as 

radiosensitizers like gold nanoparticles are one way to overcome radiation therapy’s inherit limitations, 

although they have their own difficulties as well.  Because AuNP radiation enhancement has a large 

dependence on Auger electrons which deposit energy within 200 nm, target proximity and nanoparticle 

size are factors that affect radiosensitization, along with total gold accumulation within a target region.  

Thus gold nanoparticle assisted radiation therapy is limited by cellular accumulation and proximity to 

DNA.  Ultrasound stimulated microbubbles are known to increase cellular accumulation of surrounding 
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molecules by improved rates of endocytosis and pore formation.  Additionally diffusion through pores 

may allow gold nanoparticles to avoid endosomal entrapment, potentially facilitating nuclear targeting of 

NLS functionalized nanoparticles. 

This study will examine whether USMB can provide greater therapeutic benefit to gold nanoparticle 

assisted radiation therapy by increasing cellular accumulation and by allowing nuclear targeting of 

functionalized nanoparticles.  The main objectives of the study are to measure cellular gold concentration 

with and without USMB, to determine whether NLS labeled nanoparticles have entered the nucleus after 

USMB treatments and if the efficacy of AUNP+XRT is improved when adding USMB by clonogenic 

assay. 
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2 Methodology 
 

2.1 Cell Culture: 

PC3 prostate cancer cells were chosen as a relevant cell line for this study.  PC3 were grown with 

Roswell Park Memorial Institute (RPMI) 1640 media supplemented with 10% Fetal Bovine Serum at 

37
0
C with 5% CO2 with passages at 70-80% confluence.  Cell passage was performed with 0.25% trypsin 

incubated with the cells for 4 minutes, followed by centrifugation at 100 g to remove excess trypsin and 

re-suspended in media.  Prior to experiments, cells were re-suspended with a cell concentration of 2 

million cells per mL. 

2.2 Definity Microbubble Activation  

Definity (Lantheus Medical Imaging, Billerica, MA, USA) microbubbles were activated once at 

room temperature by shaking using Vial-Mix (Lantheus Medical Imaging, Billerica, MA, USA).  The vial 

was inverted and was let rest for 5 min to achieve equilibrium.  The vial was vented with an 18 Gauge 

needle while 500 uL of microbubbles were extracted with another 18 gauge needle with a syringe.  The 

Definity microbubbles were diluted in a 1:1 ratio with Phosphate Buffer Saline into another syringe and 

mixed by hand.  About 50 uL of the solution was added to each sample immediately prior to treatment 

achieving a V/V ratio of 1.7%.  The stock concentration of Definity has on average 1.2 x10
10

 bubbles/mL 

ranging from 1.1-3.3 um in size. The final concentration is 2 x 10
8
 ub/mL, with an approximate bubble to 

cell ratio of 33 ub per cell within each sample. 

2.3 Ultrasound treatment: 

Ultrasound treatments were performed in a water tank with submerged transducers.  The emitting 

transducer, a 1.0 MHz (IL0202HP, Valpey Fisher Inc., Hopkinton, MA) center frequency transducer 

(diameter = 42 mm; focal length = 4.8 cm; beamwidth = 2.0 mm) was used for the treatment while a 2.25 

MHz (IL0208HP, Valpey Fisher Inc., Hopkinton, MA) center frequency transducer (diameter = 25 mm; 

focal length = 8 cm; beamwidth = 2.0 mm) was used as a passive transducer to detect microbubble 

activity during ultrasound treatments.  A volume of 3 mL of 2 million cells per mL were added in 
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suspension to a cylinder with acoustically transparent walls.  Both 9 𝜇g of AuNP of either 10 nm, 50 nm 

or 10 nm with additional NLS coating, and 1.7% V/V ratio of Definity microbubbles were added to the 

cells within the chamber.  The chamber was then submerged in a water tank for treatment.  The emitting 

transducer placed at the focal distance treated the sample at 47.5, 75 or 100 mV corresponding with 

acoustic peak negative pressures at the center of the treatment volume of 370, 570 and 770 kPa 

respectively.  The emitting transducer treated the sample with 8 cycles at 1 MHz with a pulse repetition 

frequency of 500 Hz.  The passive transducer placed at focal distance perpendicularly to the emitting 

transducer relative to the treatment chamber recorded the signal for the 30s duration.  
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Figure 2-1(Adapted From Shadab Momin): Schematic diagram of experimental set up, with transmitting transducer 
perpendicular to the passive transducer, both facing the acoustically transparent mylar chamber 

Once the sample was treated, it would be removed from the chamber and placed in a tube to 

incubate for 3 hours.  The sample would be kept in suspension by gently shaking the sample every 10 min 

for the 3 hour duration.  After incubating with the AuNP for 3 hours, the sample would be centrifuged at 
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100 g for 4 min to remove remaining AuNP.  The sample would be re-suspended again in PBS and 

centrifuged once more.    

2.4 Integrated Cavitation Dose (ICD): 

The passive transducer recorded the echoed response from the microbubbles in the chamber in 50 

𝜇s sections every 2 ms.  The acquired data corresponded to 15 000 separate sections.  A Fast Fourier 

transform was applied to all 15 000 signals to convert to a frequency domain.  The Power Spectrum was 

converted from the Fourier transforms and the area was calculated 500 kHz centred around 1, 2, 3 and 4 

MHz then added together, and all 15 000 harmonic areas were summed.  The background signal was 

integrated in the same manor and subtracted from the integrated values to obtain ICD 

 

Figure 2-2: Arbitrary Amplitude vs. Frequency of a single 8 cycle ultrasound pulse with a peak negative pressure of 770 kPa, 
recorded at 15 seconds during treatment.  The signal was transformed with a Fast Fourier Transform (FFT) to obtain the figure 
above.  The Fourier Transform was then integrated and added with the bounds of 500 kHz centered at 1, 2 3 and 4 MHz (black 
rectangles).  The values obtained across each of the 15 000 signals in a 30 s treatment were added to obtain a total ICD 
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2.5 Gold Nanoparticle Mass Quantification 

Gold quantification was performed with ICP AES at the University of Toronto Analest lab.  Prior 

to measurement each sample was treated with 1 mL of aqua regia at a 4:1 ratio of HCL and HNO3 for 1-2 

hours while in a hot water bath at about 100
o
C.  Once the sample cells were dissolved it was forced 

through a 0.22 𝜇m filter and diluted with distilled water.  It was then measured using the ICP AES. 

2.6 Radiation therapy 

Cells were treated at the same conditions as the ultrasound treatment, except that only a peak 

negative pressure of 770 kPa was used and an ultrasound alone sample was added.  After treatment and 3 

hours of incubation, excess gold was removed by centrifugation.  From each sample 1 million cells were 

plated into a well on a 6 well plate and were allowed to settle on the bottom for 1-2 hours.  The cells were 

then irradiated with 2 Gy of 225 kVp ionizing radiation by XRAD at STTARR lab, removed from the 

well with 0.25% trypsin and plated for colonies at concentrations of 100 or 300 cells for untreated and 

treated respectively. 

2.7 Clonogenic assay 

After treatment with 2 Gy of XRT, survival fraction was measured using clonogenic assay.  Cells 

were plated in 6 well plates and incubated 14 days.  The cells were then stained with 1% Methylene blue 

and colonies greater than 50 cells were counted.  Average clonogenic viability (Vc) represented as a 

survival fraction was determine from a population set n=12. 

2.8 Data Analysis 

2 way Anova was used to determine statistical significance within and between the different types of 

AuNP, for accumulation and viability.  Multiple comparison tests were used to determine the P values 

between sets, where P<0.05 was considered significant.  R squared values were obtained to assess the 

linear correlation between ICD values and cellular accumulation.  Synergism was determined using the 

Bliss criteria, where additive survival fractions (Va) were determined by multiplying survival fractions of 

two effects were compared to the Vc.  The combined treatment was considered synergistic when Vc was 

lower than Va.  
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3 Results 
 This study demonstrated the notion that USMB enhances AuNP uptake in PC3 prostate cancer 

cells, resulting in enhanced radiosensitivity.  In addition, the results indicate a positive relation between 

cellular uptake and bubble activity, with the most significant increases occurring past the inertial 

cavitation threshold according to ICD.  Furthermore, when comparing accumulation of different AuNP 

sizes, the optimal size is 50 nm in all conditions, also showing greater improvement at 370 kPa.  The 

combined treatment of USMB and AuNP has shown to improve the accumulation of AuNP by up to 3 

fold and synergistically improve XRT with all particles, with optimal results occurring with 10 nm NLS 

nanoparticles treated at 770 kPa combined with XRT showing above a 5 fold increase in treatment 

efficacy when compared to XRT alone. 

3.1 USMB enhanced uptake of Gold nanoparticles  

The enhancement of radiation therapy by AuNP is dependent on the internalized AuNP 

concentration.  The ability of USMB to enhance accumulation of AuNP of various sizes into cells was 

assessed through quantification of AuNP mass accumulation within cells at varying ultrasound pressures 

(370, 570 and 770 kPa) in order to ascertain optimal conditions and nanoparticle type.  Cells exposed to 9 

mg/kg of PEGylated gold nanoparticles with sizes of 10 nm, 50 nm and 10nm with a NLS were treated 

with 1 MHz ultrasound 30s at pressures of 370 kPa, 570 kPa or 770 kPa.  Figure 3-1shows the uptake in 

mg per cell across all ultrasound conditions for each nanoparticle type. 
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Figure 3-1: Mass of AuNP per cell in mg vs. Acoustic Pressure.  Mass of PEGylated AuNP measured by ICP-AES for 50 nm, 10 nm 
and 10 nm with NLS.  Ultrasound treatments were done with a 8 cycle, 1 MHz wave repeating every 2 ms for a total duration of 
30s. 

Figure 3-1 displays a positive correlation between AuNP uptake and pressure for all the different 

types of nanoparticles, with the greatest increase in uptake for all particles occurring at 770 kPa, all of 

which were statistically relevant (P value<0.0001). When combined with USMB with a pressure of 370 

kPa, the cellular accumulation of 50 nm AuNP increases greatly from 3.64 ∗ 10−11mg/cell to 6.69 ∗

10−11mg/cell, nearly a 2 fold increase in accumulation, while notably, 10 nm only increased from 

2.25 ∗ 10−11 to 3.47 ∗ 10−11mg/cell.  For the 50nm particles, the uptake increased in the presence of 

USMB at all pressure conditions (P value < 0.0001) but did not show a significant deference between 370 

and 570 kPa (P=0.9964).      

The 10nm AuNP showed no statistical difference between untreated and 370 kPa (P=0.3706), and 

between 370 kPa and 570 kPa (P=0.8016), although on average there was an increase with ultrasound 

pressure.  The 10nm with NLS did see statistical difference between untreated and 370 kPa (P=0.0244) 

but not between 370 and 570 kPa (P=0.8959).  It was apparent however that 770 kPa treatments had 

statistically more AuNP per cell for both 10 nm and 10 nm NLS particles, with a maximum uptake of 
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8.18 ∗ 10−11mg/cell and 7.41 ∗ 10−11mg/cell respectively. Between the 10 nm and 10 nm NLS 

nanoparticles, while on average the addition of NLS lowered accumulation slightly, there were no 

significant statistical differences between them in all conditions (P>0.05), suggesting that size is a far 

greater contributor than the NLS signal for accumulation.  Between the 10nm particles with and without 

NLS and the 50nm particles, the 50 nm particles showed greater uptake in all conditions, with maximum 

cellular accumulation of 1.05 ∗ 10−10, 8.18 ∗ 10−11 and 7.41 ∗ 10−11𝑚𝑔/𝑐𝑒𝑙𝑙  for 50 nm, 10 nm and 10 

nm NLS respectively; occurring at 770 kPa in all instances. 
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Figure 3-2: Normalized Mass of AuNP per cell vs. Acoustic Pressure.  Mass of PEGylated AuNP measured by ICP-AES for 50 nm, 
10 nm and 10 nm with NLS.  Mass values were normalized to USMB negative samples (set to 100%) per repetition prior to 
averaging.  Ultrasound treatments were done with a 8 cycle, 1 MHz wave repeating every 2 ms for a total duration of 30s. 

  

Figure 3-2 displays the accumulation of AuNP mass normalized to each type of AuNP in the 

absence of USMB. We see that USMB can increase cellular accumulation of all the tested AuNP at most 

by approximately 3 fold (333%, 311% and 299% for 10 nm with NLS, 10 nm and 50 nm respectively) at 

pressures of 770 kPa.  The largest difference between the AuNP types occurs when treating at 370 kPa, 

where the 50 nm AuNP achieve an improvement to 183%, statistically higher than the improvement to 10 
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nm AuNP of 126% (P=0.005).  Comparing the relative accumulated mass of all the nanoparticle types we 

find that there is no significant statistical difference between the nanoparticles at conditions exceeding 

370 kPa (P>0.05).   

The next objective was to determine if the cavitation activity associated with USMB treatment 

was related to cellular accumulation of AuNPs.  Bubble activity was quantified using Integrated 

Cavitation Dose, or ICD as described in the methods, measured using a passive cavitation detection 

system.  Figure 3-3 displays ICD across the pressures used.  ICD is measured in arbitrary units as the 

passives signal’s magnitude is dependent on experimental setup, and as such is used for comparison 

across ultrasound conditions only. 
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Figure 3-3: ICD vs. Pressure (kPa) for ultrasound treatments with cells at 370, 570, and 770 kPa.  Samples were treated with 8 

cycles of 1 MHz ultrasound repeating every 2 ms for 30s.  The ICD values were obtained via passive cavitation detection, 

integrating under the power spectrum at 500 kHz range under 1-4th harmonics and adding them. This was done for all 15 000 
pulses and added together.  
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From figure 3-3, it is evident that ICD values increase with pressure suggesting greater bubble 

activity at higher pressures.  ICD went from 0.82 ∗ 106 to 1.77 ∗ 106 from 370 kPa to 570 kPa. But from 

570 kPa to 770 kPa, we see a much larger increase in ICD, going from 1.77 ∗ 106 to 5.30 ∗ 106, 

suggesting a significant change in bubble activity at 770 kPa. The relationship between bubble activity 

and cellular accumulation shown in figure 3-4 compares the AuNP cellular accumulation in mass, to the 

ICD (summed across 1
st
 – 4

th
 harmonics and across 30 s of treatment).  As ICD increased, the cellular 

accumulation increased in a linear fashion.  The R squared values of 0.97, 0.80, and 0.93 for 10 nm, 50 

nm, and 10 nm with NLS respectively suggest that there is a direct positive correlation between ICD and 

cellular accumulation.
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Figure 3-4: Mass of AuNP per cell in mg vs. ICD (arbitrary units).  Mass of PEGylated AuNP measured by ICP-AES for 50 nm, 10 
nm and 10 nm with NLS.  Ultrasound treatments were done with a 8 cycle, 1 MHz wave repeating every 2 ms for a total duration 
of 30s.  ICD values were calculated by integrating with a range of 500 kHz centred on the 1st to 4th harmonics and adding them.  
This was done for all 15 000 pulses and added together. 

 

3.2 Viability: 

While AuNP accumulation is improved by USMB due to enhanced microbubble activity, the 

improvement to XRT needs to be considered.  The next objective of this study was to determine if USMB 
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enhances radiation therapy of AuNP+XRT and if so, which type of nanoparticle improves XRT efficacy 

the greatest and how it might relate to accumulation.  By using clonogenic assay to determine survival 

fractions (Vc) after XRT under different conditions, it is possible to determine the degree enhanced 

accumulation of Gold nanoparticles benefits radiation therapy and whether or not USMB has a synergistic 

effect in conjunction with AuNP and XRT.  Cells exposed to 9 mg/kg of PEGylated AuNP with sizes of 

10 nm, 50 nm and 10nm with NLS were treated for with 1 MHz ultrasound for 30s at 770 kPa because it 

showed optimal accumulation with all nanoparticles out of the conditions tested in this study.  After 3 

hours of incubation, excess AuNP were removed then cells were irradiated with 2 Gy at a potential of 225 

kVp and plated for clonogenic assays.  Figure 3-5 shows the survival fraction normalized to the untreated 

control for the cells alone, and cells incubated with the different nanoparticles treated with USMB, with 

XRT and both USMB and XRT .  

 

Figure 3-5: Survival fraction of Pc3 cells at different conditions.  9 mg/kg of AuNP were added for each of the AuNP samples 

regardless of size while the ultrasound conditions that were used were for the appropriate samples was 770 kPa.  The radiation 
treatments used for the radiation positive samples was 2 Gy treated at 225 KeV. 
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From figure 3-5, we can see that for all types of nanoparticles, the greatest reduction in viability 

occurred when combining USMB and XRT, with average survival values of 0.22, 0.20, and 0.11 for 50 

nm, 10 nm, and 10 nm with NLS respectively.  On average 10 nm with NLS improved efficacy the most, 

greater than 5 fold when combined with USMB and XRT, although there was no statistical difference 

between the different nanoparticles when combined with USMB and XRT (P>0.05).  For all AuNP types 

used, it was found in figure 3-5 that the resulting decrease in cell viability from AuNP+USMB+XRT was 

synergistic when compared to XRT and USMB+AuNP alone with the Bliss calculated additive survival 

fraction (Va) for XRT and USMB+AuNP as 0.40, 0.39 and 0.41 compared to 0.22, 0.20 and 0.11 for 50 

nm, 10 nm and 10 nm with NLS respectively.  Additionally, USMB + AuNP + XRT showed statistically 

lower results than AuNP + XRT alone for all three nanoparticle types, 0.43, 0.35, 0.34 compared to 0.22, 

0.20 and 0.11 for 50 nm, 10 nm and 10 nm NLS respectively (P<0.0001). 

USMB treatments without radiation showed a statistically different viability than relevant 

controls, both with and without AuNP (P<0.0001).  USMB treatments with AuNP showed on average 

more death than without gold but there was no statistical difference (P>0.05).  The addition of USMB 

without radiation reduced survival fraction by about 20% with and without AuNP.  It is also worth 

mentioning that USMB combined with AuNP of all types did not synergistically improve cell death, 

comparing Va of 0.74, 0.71, and 0.77, with the Vc of 0.71, 0.69 and 0.72 for 50 nm, 10 nm and 10 nm 

with NLS respectively.  Additionally, there was no statistical difference between cell viability of USMB + 

AuNP of different nanoparticles (P>0.05).  When combining USMB + XRT there is a decrease in 

viability as compared to either USMB alone or XRT alone.  By the Bliss criteria, the Va was found to be 

0.46 for USMB+XRT, while the resulting Vc was measured as 0.35, showing synergism. 

Comparing different AuNP effect on viability we can see that all nanoparticle types have minimal 

impact on cell survival at this concentration, with Vc of 0.91, 0.88 and 0.95 for 50 nm, 10 nm and 10 nm 

NLS respectively.  Between each nanoparticle type there is no variation in survivability with no relevant 

statistical difference (P>0.05).  When comparing AuNP + XRT, there is synergism for all nanoparticle 
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types when compared to XRT alone, with Va of 0.50, 0.49 and 0.53 compared with Vc of 0.43, 0.35 and 

0.34 for 50 nm, 10 nm and 10 nm NLS respectively.  While there is no statistical difference between 

AuNP +XRT with each type of nanoparticle, it appears that on average the 10 nm particles show larger 

improvements to XRT efficacy, with 10 nm and 10 nm NLS nearly identical. 

Lastly comparing USMB + AuNP + XRT for the different AuNP types, no statistical difference 

was observed.  Although, unlike the AuNP + XRT treatments, it appears that on average 10 nm with NLS 

has shown a greater reduction to viability, Vc = 0.11 when compared to 10 nm, Vc=0.20 and 50 nm 

Vc=0.22. 

Figure 3-6 compares the average of AuNP accumulation to average viability of each type of 

AuNP  + XRT, with and without USMB.  It is apparent that, although 50 nm AuNP have the greatest 

accumulation both with and without USMB when compared to 10 nm and 10 nm NLS, it does not reduce 

survival fraction more.  Also, figure 3-6 displays the similarity between 10 nm and 10 nm NLS without 

ultrasound treatments, having similar uptake and viability measurements.  Interestingly, when combined 

with USMB, 10 nm NLS particles seem enhance radiation better than 10 nm despite having slightly lower 

accumulation, although the values aren’t statistically significant. 
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Figure 3-6: Clonogenic Viability measured in survival fraction vs. Mass of AuNP per cell in mg. 9 mg/kg of AuNP were added 

for each of the AuNP samples regardless of size while the ultrasound conditions that were used were for the appropriate samples 

was 770 kPa.  The radiation treatments used for the radiation positive samples was 2 Gy treated at 225 KeV.  ICP AES was used 

to measure AuNP content. 

The last objective in this study was to determine if the greater radiation enhancement found in 

USMB + 10 nm with NLS AuNP + XRT was due to localization of the nanoparticles in the nucleus with 

USMB vs, without USMB.  Figure 3-7 shows the images taken by a cytoviva hyperspectral camera with 

relevant reflectance spectral data of cells without the presence of AuNP, with 10 nm NLS with and 

without USMB.   
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Figure 3-7: Hyperspectral image of A) PC3 cells alone B) PC3 cells incubated with 10 nm with NLS AuNP C) PC3 cells incubated 
with 10 nm with NLS AuNP treated with 8 cycles of 1 MHz 770 kPa ultrasound in the presence of microbubbles.  Cells are stained 
with Hoechst to dye the nucleus, apparent as blue in the image.  Images are taken at 100x magnification.  D) Represents a 
typical reflectance spectra comparing Intensity (arbitrary units) at different wavelengths for individual pixels obtained from the 
cytoviva system.  The white line is a spectra from AuNP with a high intensity peak with a peak near 670 nm, the red represents a 
bright part of a cell nucleus (peak about 600 nm), green represents the cytoplasm while blue is the background.  The red circles 
indicate regions AuNP clusters determined by reflectance spectra. 

Using the hyperspectral data measured by the cytoviva microscope, it is possible to determine the 

presence and location of metal nanoparticles within cells.  The system measures the reflectance in a field 

of view which allows the use of AuNP’s unique spectra from Surface Plasmon Resonance (SPR) to 
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visualize and identify the particles. Figure 3-7 B shows 10 nm NLS particles clustered within the 

cytoplasm, indicated within the red circle.  The hyperspectral data displays peak reflectance around 670 

nm with high intensity, consistent to what would be seen for metal nanoparticles.  As shown by figure 3-7 

D, the comparative spectra from the cell is different with a broader overall peak, which is closer to 600 

nm.  The USMB + 10 nm NLS sample also has a cluster of nanoparticles, with hyperspectral data similar 

to what is expected, with a specific peak near 670 nm.  Qualitative observation of cell nuclei stained with 

Hoechst, represented by the blue hue, appears to indicate that there are some NLS nanoparticles 

overlapping with the nucleus when exposed to USMB and AuNP as opposed to AuNP alone, where the 

nanoparticles may be restricted to the cytoplasm.    
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4 Discussion 
The results of this study demonstrate the synergistic effect of USMB in conjunction with PEGylated 

AuNP and XRT, with optimal results observed when using acoustic conditions that stimulate inertial 

cavitation and when using 10 nm AuNP with NLS.  The combined treatment yielded greater than 5 fold 

reduction in viability in comparison to XRT alone, and over a 3 fold reduction in viability when compared 

to 10 nm AuNP with NLS treated with XRT without USMB.  Additionally, the results yielded 

improvements in AuNP accumulation around 3 fold at inertial acoustic parameters for all three AuNP 

types.  The results link for the first time to our knowledge, improvement in XRT efficacy with increased 

cellular accumulation of AuNP caused by USMB.  This study has also demonstrated that USMB can 

possibly further improve the AuNP radiation enhancement by potentially facilitating nuclear localization. 

4.1 USMB enhanced accumulation of AuNP 

Limiting the clinical usefulness for AuNP combined with radiotherapy is the poor accumulation of 

AuNP within tumors.  Additionally, the proximity of the nanoparticles to radiation sensitive targets, in 

most scenarios DNA, is important to obtain maximum improvements.  Thus cellular accumulation 

becomes important.  USMB has shown to increase the accumulation of molecules such as FITC
8
 and 

Doxorubicin
72

 among others, and for the first time to best of our knowledge AuNP accumulation has been 

measured directly through ICP AES when in combination with USMB.  From our measurements, it is 

evident that 50 nm AuNP have the optimal accumulation both with and without the presence of USMB.  

It has been demonstrated that 50 nm AuNP have optimal cellular accumulation
4
 due to favourable 

endocytosis rates, while smaller AuNP experience more exocytosis.  The findings by Chithrani et al, 

compared extensively the effect of AuNP size on accumulation, finding that 50 nm AuNP nearly tripled 

in accumulation as compared to 10 nm
4
.  While the treatments were conducted using constant 

concentration of AuNP for the various sizes as opposed to mass of gold like in this study, the established 

trend where 50 nm AuNP are optimal for cellular accumulation is still applicable.  
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When combined with USMB at 370 kPa, it is also evident that 50 nm AuNP showed the greater 

improvement in accumulation compared to 10 nm AuNP, nearly achieving a 2 fold increase from the 

untreated, statistically larger than the 10 nm AuNP which increased by about 30%.  USMB has been 

shown to increase accumulation by both pore formation and enhanced endocytosis of various kinds, 

depending on the ultrasound parameters
24

.  At low pressures generally understood to be below the inertial 

cavitation threshold, endocytosis is thought to be the largest factor in sonoporation
24,73

 as shown by 

Deireppe et al.  When treating cells exposed to SYTOX Green (a fluorescent molecule, 600 Da) with 200 

kPa, they found the fluorescence intensity increased by 2.5 fold compared to when cells under the same 

conditions, had inhibited clathrin mediated endocytosis
24

. Due to the greater rate of endocytosis of 50 nm 

AuNP, further stimulating endocytosis would most likely have a greater impact on accumulation for 50 

nm opposed to 10 nm which was observed at 370 kPa. 

As pressures increased to 570 and 770 kPa, there was no change in relative uptake of 50 nm to both 

kinds of 10 nm AuNP, with maximum effect occurring at 770 kPa, with about a 3 fold increase for all 

particles.  As pressures approach inertial cavitation regimes, pores begin to form allowing molecules to 

diffuse through the cellular membrane, the size of the pore increases with pressure
21,64

.  As pressure hits 

inertial cavitation ranges, smaller molecules tend to diffuse more in cells
8
. Studies comparing the uptake 

of FITC of various sizes found that different mechanisms enhanced accumulation based on size.  When 

comparing 4.4, 70 and 500 kDa FITC, Meijering et al found that when inhibiting endocytosis, 500 kDa 

FITC did not enter cells while the 70 kDa reduced in concentration and there was little impact on 4.4 Da 

FITC
17

.  Additionally, a study done by De Cock et al, found that acoustic pressure positively correlated 

with uptake due to pore formation of FITC
19

.  These findings support our results, as at higher pressure, the 

relative accumulation of 10 nm AuNPs of both types improved to be comparable to 50 nm, most likely 

due to the creation of, and diffusion through, membrane pores.  Another study comparing FITC of 

different sizes, found that 10 kDa and 2 MDa molecules both experienced similar enhancements in 

accumulation when exposed to USMB
8
.  Without the inhibition of specific uptake pathways, both sizes of 
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molecules, similar in size to the AuNP used in this study, were affected by USMB, further supporting the 

enhanced uptake seen for both sizes of AuNP.  Therefore it is evident USMB greatly improves the 

cellular accumulation of AuNP of sizes between 10-50 nm by what is most likely a combination of 

endocytosis and pore formation.  Additionally, there is no statistical difference (P>0.05) between 

accumulation 10 nm with and without NLS, both in value and trend, suggesting that size is a far greater 

contributor than the NLS signal for accumulation. 

Biological effects of USMB have been linked with the magnitude and accumulative response of 

microbubbles to the acoustic field.  The overall greatest bioeffects typically occur when microbubbles are 

undergoing inertial cavitation.  ICD is a method for determining the overall bubble activity over treatment 

duration, and was used in this study to relate bubble behavior to AuNP accumulation.  As acoustic 

pressure increased, ICD, measured in arbitrary units, increased.  ICD increased the most dramatically 

from 570 kPa to 770 kPa. This great increase in ICD suggests that between 570 kPa and 770 kPa there is 

a fundamental change in bubble activity.  Demonstrated in a previous study, it has been determined that 

inertial cavitation threshold for this experimental design is at 620 kPa, showing great increases in bubble 

activity after that pressure threshold which supports the massive increase at 770 kPa 
74

.  In inertial 

cavitation, bubbles collapse generating a high magnitude broadband acoustic signal
61

 such as was seen at 

770 kPa.  Thus, it is reasonable to suggest that the greatest increase in cellular accumulation of AuNP 

which is observed at 770 kPa is due to the change in bubble behavior to the inertial regime.  Moreover, 

when comparing accumulation with ICD we see a linear trend between cellular accumulation of AuNP of 

all types.  Previous work done by this group has demonstrated that the accumulation of both FITC
70

 and 

cisplatin
75

 are proportional to ICD, supporting the results found in this study for AuNP between 10-50 

nm.  Thus it can be inferred that the increase in accumulation observed in AuNP due to USMB is directly 

proportional to bubble activity measured by ICD.     
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4.2 AuNP+USMB+XRT Survival fraction 

Radiation therapy of 225 kVp at a dose of 2 Gy, experienced a large improvement to treatment 

efficacy with the presence of AuNP and USMB at ultrasound conditions of 770 kPa.  These acoustic 

setting were found to be optimal in regards to cellular accumulation of the AuNP and thus were chosen 

for this part of the study.  For all AuNP types used, it was found that the resulting decrease in cell 

viability from AuNP+USMB+XRT was synergistic when compared to XRT and USMB+AuNP alone.  

Radiation sensitization and treatment enhancement is proportional to mass of gold as shown by Hainfeld 

et al.  When comparing the survival of mice after radiation treatments, it was found that administering 

1.35g/kg of AuNP prior to treatments resulted in an increase in yearlong survival from 20% to 50%.  

Additionally, when doubling the AuNP concentration, it was found that survival increased to 86%
34

.  

Furthermore, another in vivo study by Zhang et al, measured tumor volume reduction using AuNP and 

XRT.  Comparing AuNP of different sizes, it was found that 12.1 nm AuNP had optimal delivery into the 

tumor region compared to larger (targeted by macrophages and accumulated in liver) or smaller (excreted 

through the kidney) and as a results, achieved tumor volume reduction while the AuNP of other sizes, 

while better than XRT alone, saw increases in tumor volume
2
.  Therefore, it is evident that the synergism 

we see when combining USMB+AuNP+XRT is likely a result of the approximately 3 fold increase in 

cellular accumulation of the AuNP observed when treated with USMB at 770 kPa.    

Additionally, USMB has been shown to synergistically improve cell death in tumors when 

combined with XRT by the production of ceramide, which is linked to vascular disruption resulting in 

reduced tumor volumes when combining USMB+XRT than XRT alone in vivo
66

.  In this study performed 

by Atala et al, cell viability within PC3 tumors was reduced 10 fold when comparing USMB+XRT and 

XRT alone.   

When comparing the survival fraction of 50 nm and 10 nm AuNP, it is evident that the 

significantly larger cellular accumulation, both with and without USMB, of 50 nm AuNP does not show 

greater treatment efficacy than the 10 nm AuNP.  Comparing the survival fraction of AuNP+XRT of 50 
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nm and 10 nm, with and without USMB, we observed no statistical difference between the two sizes 

(P>0.05).  At first glance this seems counterintuitive since there is 30% and 50% more intercellular gold 

content for 50 nm AuNP compared to 10 nm with and without USMB respectively.  One explanation 

might be that the larger AuNP experienced more internal absorption of energy during photo electric 

events.  Due to the nature of low ionization energy interactions with gold, several Auger electrons are 

produced per event which deposit energy in a local region near the AuNP.  However, the larger the 

AuNP, the more likely that the energy is deposited internally, as the Auger electrons need to travel further 

within the particle to escape. A Monte Carlo study performed by Pignol et al, simulated the energy 

deposited from single photoelectric events for different sizes of AuNP and radiation energies.  As particle 

size increased, there was more energy per photo electric event that was absorbed internally by the gold, 

mostly coming in the form of Auger electrons failing to escape.  This was especially true at low ionizing 

energy levels, such as what was used in this study, with more than 50% reduction of the energy from 

Auger electrons between 100 nm AuNP and 5 nm
39

.  Another potential explanation for 50 nm AuNP 

showing less death than 10 nm could be due to the experimental method.  Because the same mass of gold 

per mL of cell solution was used, as opposed to the same concentration which is typically seen in these 

types of studies
4
, the number of AuNP is drastically different between 50 and 10 nm (approximately 40 

and 5000 50 nm and 10 nm AuNP per cell respectively).  Since both the accumulation measurements 

were taken on average, it may have been more probable for cells exposed to 50 nm AuNP to have uneven 

distributions, as there are far fewer particles available to interact per cell.  This could result in some cells 

with large amounts of AuNP and others with none which ICP would not be able to differentiate. When 

exposed to XRT, there could be less overall improvement in this scenario, where excess gold within a 

single cell may not translate to overall cell death across a population.  

Comparing survival fraction of XRT treatments between AuNP with and without NLS, we found 

no statistical differences both in the presence and absence of USMB.  This is supported by the statistically 

indifferent accumulation between both types of particles.  However, a noteworthy realization is that 
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AuNP with NLS appear to reduce survival fraction in conjunction with USMB, but not without.  Further 

work should be done to determine if this trend holds any significance. 

 Nuclear localizing signals are designed to allow attached molecules to interact with Importin 

proteins, so they can be carried through nuclear pores
47,48

.  Theoretically this would mean that AuNP with 

this signal would enhance radiation further than without it, as closer proximity to DNA should improve 

damage
49,50,76

. One Monte Carlo study done by Cai et al, compared the required number of AuNP to 

double the dose dependent on location for 30 nm AuNP.  It was found in all models used (single cell, 

monolayer and 3D) that it required less AuNP to double the dose at all energies, with a difference of 25 to 

100 AuNP for nuclear and cytoplasmic localization respectively, at a 100 keV and a monolayer model
76

.  

The problem when adding NLS to AuNP is that the method of cellular delivery, endocytosis, leaves the 

particle within endosomes and unable to interact with the required proteins for nuclear transport. Thus it 

has been shown that without a method of escaping endosomal entrapment, like an additional peptide, 

there will be no nuclear targeting
45

.  In case of this study no such peptide was added, meaning that on its 

own, the 10 nm with NLS would not enter the nucleus.  Using the Cytoviva hyperspectral camera, it was 

possible to ascertain the location of AuNP within cells using their unique reflectance from Surface 

Plasmon Resonance.  In the obtained images, it appears that NLS on its own did not allow the AuNP to 

enter the nucleus, but with USMB it appears that it was possible.  The mechanism that potentially caused 

this to occur might be pore formation.  At inertial cavitation regimes, it is possible to generate pores large 

enough to allow 10 nm AuNP to diffuse through the membrane, without ever becoming entrapped in the 

endosomal pathway
17

.  This would allow the AuNP with NLS to enter cells and interact with the Importin 

proteins, transporting them into the nucleus, resulting in a reduction in the observed survival fraction 

supported by Cai et al’s Monte Carlo study.  Further examination should be considered to better 

understand if USMB can improve the localization of NLS labeled AuNPs, to determine if this can be used 

to further benefit XRT. 
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4.3 Limitations and Future Work 

In this study, a cell suspension model was used to allow for passive cavitation detection, but it does 

not ideally model the adherent properties of the PC3 cell line. Although previous studies have used this 

design, the result of treating in suspension may alter accumulation results potentially due to different cell 

endocytosis behaviors when in suspension. 

Future work for will include methods to further increase the cellular accumulation of AuNP when 

exposed to USMB, like the use of an antidepressant known as Desipramine
26

.  Additionally, accumulation 

results will be measured with the use of nanobubbles instead of microbubbles.  Lastly, the treatment will 

be applied to mice in vivo to better understand USMB’s effect on the distribution of molecules from 

vasculature to tumor regions.  

5 Conclusion  
The combined treatment of PEGylated AuNP, ultrasound stimulated microbubbles and XRT has 

shown to be synergistic in PC3 prostate cancer cells this study.  With a minimum survival fraction of 0.11 

for USMB+10 nm AuNP with NLS+XRT compared to 0.56 for XRT alone, we have seen greater than a 5 

fold increase in treatment efficacy.  The synergistic improvement has been linked to enhanced 

accumulation caused by the exposure of cells to USMB.  By measuring the accumulation of AuNP of 50 

nm, 10 nm and 10 nm with NLS with ICP AES, it was discovered that accumulation of AuNP was 

proportional to peak negative pressure, with a maximum accumulation occurring at 770 kPa.  While 50 

nm AuNP showing higher magnitudes of intercellular accumulation for all conditions, all 3 types of 

AuNP increased in relative accumulation by about 3 fold with USMB at optimal acoustic parameters 

compared to untreated samples.  Increasing ultrasound peak negative pressure resulted in increasing 

bubble activity measured by ICD, with the greatest change to bubble activity occurring past the inertial 

cavitation threshold.  Comparing accumulation to ICD showed a linear relationship, suggesting a direct 

correlation between bubble activity and accumulation.  Additionally, it was shown that although 50 nm 

AuNP have the highest accumulation, it did not outperform smaller nanoparticles, with comparable 
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survival fractions.  USMB also potentially demonstrated the ability to facilitate nuclear localization, 

which may explain the apparent reduction in survival fraction of 10 nm with NLS compared to 10 nm for 

USMB+AuNP+XRT treatments.  USMB alone also displayed synergism when combined with XRT, 

further cementing its viability for use in radiation enhancement strategies.  Overall, this study 

demonstrated the significance of combining USMB with AuNP+XRT by increasing cellular accumulation 

of 10 and 50 nm AuNP in proportion to bubble activity and by synergistically enhancing XRT.              
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