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Abstract 

Radiolabeled gold nanoparticles (AuNP) are emerging as a class of therapeutics for cancer due to their unique physical 

and chemical properties that differentiate them from other small or bulk materials, as well as other nanoscale 

particles. In the ideal condition their use as a radiotherapeutic agent is facilitated by preferential extravasation from 

the tumour vasculature and accumulation in the interstitial space as a result of the enhanced permeability and 

retention (EPR) effect, following systemic delivery. This delivery scenario was anticipated to reduce the accumulation 

of radiolabeled AuNP in normal tissues, thereby increasing the therapeutic ratio of tumour control to normal tissue 

complications. However, systemic delivery of AuNP has been challenged with the inability to escape phagocytic 

clearance by the reticuloendothelial system (RES) coupled with suboptimal accumulation of AuNP in the tumour. 

Furthermore, attempts at direct intratumoural delivery of radiolabeled AuNP to circumvent RES capture and increase 

tumour concentrations have encountered their own limitations such as clinical feasibility and unpredictable 

intratumoural radioactivity and dose distribution patterns. In contrast brachytherapy, the oldest form of internal 

radiotherapy, has well established methods to precisely deliver radioactive material. The use of radiolabeled AuNP in 

brachytherapy can be mutually beneficial, offering new opportunities for brachytherapy such as use of non-photon 

emitting radionuclides, potential for adjuvant therapies, and dose homogenization from AuNP redistribution in the 

tumour interstitial space. In this thesis, a delivery system for radiolabeled AuNP is developed by designing an 

implantable nanoparticle depot (NPD) compatible with traditional permanent brachytherapy techniques. The design 

of the NPD is validated in its ability to facilitate controlled release of AuNP, resulting in predictable AuNP distributions 

in breast cancer xenografts in vivo. Furthermore, micro-SPECT/CT (single-photon emission computed 

tomography/computed tomography) image based dosimetry techniques are applied to estimate the dose distribution 

surrounding NPD delivery of AuNP labeled with various electron emitting radionuclides. Finally, the efficacy and 

toxicity of lutetium-177-AuNP NPD is evaluated in two triple negative breast cancer mouse xenograft models. In 

summary, this thesis outlines the design, associated dosimetry and preclinical application of radiolabeled AuNP using 

electron emitting radionuclides, delivered by NPD and a permanent brachytherapy technique.  
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CHAPTER 1 

1 INTRODUCTION 

1.1  CANCER 

1.1.1  GLOBAL BURDEN OF CANCER  

According to the World Health Organization (WHO), cancer is one of the top 10 leading causes of death worldwide, 

accounting for 8.8 million or 15.4% of deaths globally in 2015 (2017). The Global Cancer Observatory (GLOBOCAN) 

project, a WHO initiative aimed to provide estimates on the incidence, mortality and prevalence of 27 major cancers 

in 184 countries, reported that there were 14.1 million new cases and 8.2 million cancer related deaths in 2012 (Ferlay 

et al., 2015). Lung cancer remains the most common cancer worldwide for men and women combined, with an 

incidence of 1.8 million (12.9% of all cancers) and mortality of 1.6 million (19.4% of all cancers). The most common 

cancer diagnosed in women worldwide is breast cancer (BC), accounting for 25.2% of all cancer incidences and 14.7% 

of all cancer mortalities in women. The second most common cancer diagnosed in men worldwide is prostate cancer, 

accounting for 15.0% of all cancer incidences and 6.6% of all cancer mortalities in men, and is second only to lung 

cancer (16.7% of all cancers incidences and 23.6% of all cancer related mortalities). The incidence and mortality for a 

certain cancer differs nationally, and some cancers are more prevalent than others depending on whether the region 

is more or less developed (Fig. 1.1). 

 

In Canada, cancer is the leading cause of death accounting for 30.2% of all deaths (Statistics, 2017). It has decreased 

in incidence in men but increased in incidence in women between 1988 and 2017, however cancer mortality rates 

have been declining steadily in both sexes. Prostate cancer in men (20.7%), and breast cancer in women (25.5%) are 

the predominant cancers diagnosed in Canadians. Female breast cancer incidence rates increased up until the 1990s 

due to increased availability of mammography screening and the implementation of provincial screening programs, 

however following 2004 incidence rates have stabilized. Prostate cancer incidence has been declining since 2007 by 

5.3% per year possibly owed to revised guidelines against using prostate specific antigen (PSA) screening test levels 

as an indicator of prostate cancer (Statistics, 2017).  
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Figure 1.1 Estimated global numbers of new cases (thousands) with proportions for (a) more developed and (b) less 

developed regions, both sexes combined, by Ferlay et al. Reprinted with permission. (Ferlay et al., 2015) 

 

1.1.2  BREAST CANCER 

Breast cancer is currently categorized into five molecular subtypes based on the phenotype, each with distinctive 

clinical outcomes; luminal A, luminal B, triple-negative/basal-like, human epidermal growth factor receptor 2 (HER2)-

enriched, and normal-like. The subtypes are classified based on the expression of estrogen receptors (ER), 

progesterone receptors (PR) and human epidermal growth factor receptor 1 and 2 (HER1/HER2). Luminal A breast 
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cancer is ER and/or PR positive, HER2 negative and exhibits low levels of Ki-67 protein responsible for controlling cell 

proliferation. Therefore, luminal A cancers exhibit slower growth and have the best prognosis of the subtypes. Luminal 

B breast cancer is ER and/or PR positive, can be HER1/HER2 positive or negative with high expression of Ki-67 protein, 

and thus has a faster growth rate and poorer prognosis than luminal A breast cancer. Triple-negative/basal-like breast 

cancer is ER/PR negative and HER2 negative, and has been found to be common in women with Breast Cancer 1 

(BRCA1) genetic mutations. HER2-enriched breast cancer is ER/PR negative and HER2 positive, and exhibits a faster 

growth rate than luminal cancers. Both Triple-negative/basal-like and HER2-enriched subtypes have been associated 

with poorer prognosis. Normal-like breast cancer, is similar to normal breast tissue samples and has a similar gene 

expression to adipose tissue in the breast, namely lack of ER/PR and HER2 expression (Tang and Tse, 2016). Although, 

it is now speculated that this subtype of cancer may be the result of the contamination of samples with normal breast 

tissue (Prat et al., 2015, Tang and Tse, 2016). 

 

1.1.3  TREATMENT AND MANAGEMENT OF BREAST CANCER BY RADIATION THERAPY 

The aim of all breast cancer therapies is to achieve an optimal therapeutic index such that the dose of therapeutic 

agent is sufficient to achieve control of the disease and prevent local recurrence, while ideally causing minimal or no 

toxicity to normal tissues (Fig. 1.2). Of the various types of treatments available the most common are surgery, 

radiation therapy, and systemic therapy (i.e. hormonal therapies or chemotherapies), which are used in combination 

to treat breast cancers. In radiation therapy, the current standard of treatment for cancers of the breast is external 

beam radiation therapy (EBRT). Approximately 80% of patients in a radiation oncology department are treated with 

EBRT, while the remaining 20% are treated with other radiation techniques, such as brachytherapy. This treatment 

requires the use of a linear accelerator to generate a high energy photon beam that can be manipulated in shape to 

conform to the treatment volume. Typically, multiple beam projections are used to improve the homogeneity of the 

dose and escalate the dose to the treatment site while reducing the dose to normal critical tissues in the path of the 

beam. To improve the dose conformity, EBRT techniques such as 3-dimensional conformal radiation therapy (3D-CRT) 

(Olivotto et al., 2013) and intensity modulated radiation therapy (IMRT) (Jin et al., 2013), have been developed to 

improve normal tissue sparing of the heart and ipsilateral lung. The main advantage of EBRT is that it is a non-invasive 

form of treatment and the physical duration of the treatment is short. However, treatment regiments are often every 

day lasting several weeks.  

 

An alternative form of radiation therapy is brachytherapy, which is best described as internal radiotherapy, as opposed 

to external radiation therapy. Brachytherapy utilizes sealed radioactive sources which are inserted interstitially or 

intracavitarily into the treatment site to irradiate the disease internally.  The main advantage to EBRT is that the 

treatment schedule in brachytherapy is usually accelerated and the doses delivered are highly conformal to the 

treatment volume, however the procedure is invasive. The energy of the photons used are also much lower than EBRT 
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(keV versus MeV) which has advantages for normal tissue sparing and radioprotection. Although many types of 

brachytherapy now exist (i.e. high dose rate, pulsed dose rate, interstitial, intracavitary, low dose rate), treatment of 

some breast cancers are now carried out using permanent brachytherapy (Pignol et al., 2006). Permanent 

brachytherapy is the permanent placement of short lived and short ranged photon (X-ray or γ-ray) emitting 

radionuclide sources in the treatment site. This will be described in greater detail in section 1.3. Another form of 

internal radiotherapy is radionuclide therapy. Radionuclide therapy is a more recent technique in the nuclear medicine 

domain that shares the concept of internal radiation, however it is often administered systemically as an unsealed 

source unlike brachytherapy. Radionuclide therapy, usually administered in nuclear medicine, is defined as the use of 

radiopharmaceuticals targeted to the specific characteristics of a tumour using carrier molecules. The carrier molecule 

binds to the targeted cells allowing the radionuclide to deliver tumouricidal doses at the binding site. Unlike 

conventional external radiotherapy, radionuclides emitting short ranged radiation such as alpha (α) or beta (β) 

particles are the most appropriate as radiation exposure is confined to the target cells.  

 

 

Figure 1.2 An illustration of the principle of therapeutic index adapted from Podgorsak (2005). Curve A represents the 

tumour control probability (TCP) and curve B the probability of complications or toxicity, both as a function of total 

dose (Gy). The ideal treatment delivers a dose resulting in the maximum probability of tumour control with minimal 

probability of complications, and therefore has a wide separation between curve A and B.  
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1.1.4  NEW STRATEGIES FOR BREAST CANCER TREATMENT: A BRIEF INTRODUCTION TO RADIATION 

NANOMEDICINE 

New strategies for existing therapies are continually being developed, particularly in the field of radiation 

nanomedicine. Recently electron emitting radiolabeled gold nanoparticles (AuNP) have been proposed as a novel 

permanent brachytherapy technique for application in breast cancer therapy (Yook et al., 2016a, Yook et al., 2015b). 

The aim was to improve the therapeutic index by using intratumourally (i.t.) injected epidermal growth factor receptor 

(EGFR) targeted lutetium-177 (177Lu) labeled AuNP dispersed in liquid to; (i) improve the dose homogeneity through 

small injections and peritumoural distribution of the AuNP, and (ii) use of a β emitter to increase dose conformity, 

thereby reducing exposure to normal tissues. Use of a β emitter also allows cross-firing effects which irradiates and 

kills cells not targeted by EGFR-177Lu-AuNP. However this technique is challenged with heterogeneous distribution of 

the radiolabeled AuNP resulting in a heterogeneous dose distribution that is difficult to plan for cancer treatment.  

 

1.2  IONIZING RADIATION 

1.2.1  INTERACTIONS OF PHOTONS WITH MATTER 

Ionizing radiation consists of photons or particles that have sufficient energy to liberate electrons, thereby ionizing 

the atoms or molecules in the material it transverses. Ionizing radiation is categorized into two groups: indirectly 

ionizing and directly ionizing radiation. Indirectly ionizing radiation, such as photons, can deposit energy in the 

material through a number of different interactions with the nuclei or the orbital electrons of the absorbing medium 

(Attix, 2004). The probability of a certain interaction occurring depends on the initial energy of the photon and the 

average atomic number of the absorbing medium, and is referred to as the cross section of reaction. Interactions with 

the nuclei can result in pair production or photodisintegration. Pair production can occur when the incident photon 

is near a nucleus and has an energy ≥ 1.02 MeV, which is the rest mass energy of an electron-positron pair (511 keV 

each). An electron-positron pair is created and emitted with a kinetic energy equivalent to the energy in excess of 

1.02 MeV. The positron, an antiparticle, annihilates with an electron resulting in two photons of energy 511 keV, 

emitted at approximately 180° to one another. Photodisintegration is a direct interaction of the incident photon with 

the nucleus and is also known as a photonuclear reaction. In this interaction, the photon is absorbed by the nucleus 

resulting in the emission of a single or multiple neutrons. Photodisintegration occurs at much higher incident photon 

energies and the threshold energies represent the energy required to separate a neutron from the nucleus, which is 

dependent on the absorbing material (i.e. 208Pb has a threshold energy of 7.4 MeV) (Podgorsak, 2006).   

 

There are many different types of interactions photons can have with orbital electrons and only some of which will 

result in energy transfer: Compton scattering and photoelectric effect. In Compton scattering an incident photon 

interacts with a loosely bound orbital electron resulting in the production of a Compton recoil electron and scattered 

photon that has an energy which is lower than the incident photon. The kinetic energy of the electron is determined 
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as the difference in energy between the incident photon and scattered photon, assuming that the energy required to 

separate the electron from the atom is negligible. Unlike Compton scattering, the photoelectric effect occurs between 

an incident photon and a tightly bound orbital electron. In this interaction, the photon is entirely absorbed by the 

electron resulting in its ejection with a kinetic energy equivalent to the difference in the incident photon energy and 

binding energy of the electron. The photoelectron that is ejected leaves a vacancy which is filled by an upper shell 

electron, emitting a characteristic X-ray or Auger electron (AE) as it transitions to the lower energy shell. The Compton 

recoil electron, photoelectron (PE) and AE go on to deposit their energy in the medium through different interactions. 

(Podgorsak, 2006) 

 

The interaction of photons with matter is probabilistic in nature and therefore they do not have a finite range. Instead, 

the intensity of photons (I(x)) in a material as a function of depth (x) is described by the process of attenuation, the 

progressive loss of energy from the photon beam where I0 is the initial intensity and µ is the linear attenuation 

coefficient, which is exponential for monoenergetic beams (Eq. 1.1). Therefore as great distances are approached, the 

intensity can only ever approach zero.  

 

(1.1)  𝑰(𝒙) = 𝑰𝟎𝒆
−𝝁𝒙 

 

However, electronically produced photons are not monoenergetic rather the beam is made from a spectrum of 

photon energies. The attenuation is not purely exponential for polyenergetic photons since lower energy photons are 

attenuated at shorter distances, an effect known as beam hardening. Instead the penetration of polyenergetic 

photons is described by the half value layer (HVL), the thickness of material required to reduce the intensity of the 

photons by half (Eq. 1.2). 

 

(1.2) 𝑯𝑽𝑳 =
𝟎.𝟔𝟗𝟑

𝝁
 

 

1.2.2  INTERACTIONS OF ELECTRONS WITH MATTER 

Directly ionizing radiation is comprised of charged particles, such as electrons, which transfer energy to the material 

they transverse through direct Coulomb interactions with orbital electrons or nuclei of atoms in the medium. All 

charged particles are surrounded by an electric field and are subject to the Coulomb force, the strength of which 

depends on the magnitude of the charge of particles and the separation distance between the particles. Since an 

atom is composed of a positively charged nucleus, and negatively charged orbiting electrons the outcome of the 

energy transfer will differ depending on how the traversing electron interacts with the atom. These interactions are 
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categorized into: hard collision, soft collision and radiative collision, and can be described by the size of the impact 

parameter, b, relative to the classical atomic radius, a, of the absorbing atom. The impact parameter is best described 

as the minimum separation distance as the electron passes the nuclei of the absorbed atom with atomic radius, a. A 

hard collision occurs when the impact parameter is equivalent to the atomic radius (b≈a), and a soft collision occurs 

when the impact parameter is much larger than the atomic radius (b>>a). Both hard and soft collisions are interactions 

of the incident electron with the orbital electrons of the absorber, and result in energy transfer either through 

ionization or excitation of the orbital electrons. Radiative collision occurs when the impact parameter is much smaller 

than the atomic radius (b<<a) resulting in an interaction with the nuclei of the absorber. As the electron passes 

through the Coulomb field of the nucleus, it decelerates and the energy that is loss is emitted as bremsstrahlung 

radiation, or “braking radiation”. Bremsstrahlung radiation is of great importance in radiation therapy since most 

external beam radiation are produced by decelerating electrons on a target to produce bremsstrahlung photons. For 

instance, the photons produced by a linear accelerator are bremsstrahlung photons. 

 

Unlike photons, electrons have a finite range in the material they transverse since the likelihood of Coulomb 

interactions are not probabilistic, but definite. The length that an electron travels before coming to rest is dependent 

on its mass stopping power (Stot(E)), the rate of energy loss from radiative or collisional interactions per unit path 

length, which is dependent on the atomic number, Z, of the material (Attix, 2004). The higher the average Z, the lower 

the stopping power of the electron and the lower the energy deposition in the medium over a given range. The path 

that the electron travels in a material is tortuous due to their low mass and large scattering angles, therefore their 

range in a material is typically less than their path length. The mean path length of a charged particle in an absorbing 

medium can be described by the continuous slowing down approximation (CSDA) range (Eq. 1.3), RCSDA, where Eki is 

the kinetic energy, however for electrons this value can be an overestimate of the true range by a factor of 2.  

 

(1.3) 𝑹𝑪𝑺𝑫𝑨 = ∫
𝒅𝑬

𝑺𝒕𝒐𝒕(𝑬)

𝑬𝒌𝒊
𝟎

 

 

1.2.3  RADIOBIOLOGICAL RESPONSES TO IONIZING RADIATION IN ONCOLOGY 

Ionizing radiation is an effective therapy for management of cancer and has demonstrated success in a curative role 

as well as palliative role for symptom management in radiation oncology. Most often it is recommended as an adjuvant 

to surgery, which remains the primary form of treatment for operable cancers, however it has also been demonstrated 

as a monotherapy for various cancers such as the lung, prostate and skin (Fischbach et al., 1980, Potters et al., 2004, 

Timmerman et al., 2010, Henry et al., 2010). It is widely accepted that the primary target of radiation induced cell 

killing is DNA. In a study by Warters et al. Chinese hamster ovary cells (CHO) were labeled with 125I-iododeoxyuridine 

for nuclear targeting and 125I labeled monovalent concanavalin A for plasma membrane targeting (Warters et al., 



 

1-8 

 

1978). Doses to the nucleus, plasma membrane and cytoplasm resulting in 50% cell kill, or lethal dose 50 (LD50), 

demonstrated that doses from DNA associated 125I (LD50: 45 rad/0.45 Gy) were much more toxic than doses to the 

plasma membrane (LD50: 52 krad/520 Gy) and cytoplasm (LD50: 2470 rad/24.7 Gy). Their findings revealed that the 

contributions of cytoplasmic or membrane damage to radiation-induced cell death were minimal, and that nuclear 

damage was the primary target for radiation. The mechanism of damage to the DNA may occur through direct or 

indirect action. Direct action describes the interaction of radiation with the DNA or other critical targets resulting in 

ionization or excitation events in the DNA structure, or production of secondary electrons which interacts with the 

DNA. This is predominantly seen in high linear energy transfer (LET) radiations such as α-particles which are capable 

of generating highly dense ionization events along its path. The consequence of dense ionization events to the DNA 

is the production of double strand breaks (DSB) which are considered lethal due to the cells limited mechanism of 

repair for such extensive DNA damage. In indirect action radiation interacts with other molecules present in the cell, 

primarily water, to generate free radicals which in turn damages the DNA. Free radicals result from atoms or molecules 

that have been ionized, and therefore carry an unpaired electron causing it to become highly chemically reactive. The 

free radicals are capable of diffusing short distances within the cell to reach the DNA. For instance, the production of 

the hydroxyl free radical from water requires the production of an ion radical (H2O+) through ionization of a water 

molecule, and interaction of the ion radical with another water molecule to produce a hydroxyl radical (OH∙): 

 

(1.4) 𝟐𝑯𝟐𝑶
𝑹𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏
→       𝑯𝟐𝑶

+ + 𝒆− +𝑯𝟐𝑶
∗ 

𝑯𝟐𝑶
∗ → 𝑯+ 𝑶𝑯 ∙ 

𝑯𝟐𝑶
++ 𝑯𝟐𝑶 → 𝑯𝟑𝑶

+ + 𝑶𝑯 ∙ 

 

Direct and indirect damage to DNA will result in chromosomal aberrations that vary in repairability depending on the 

frequency of damage induction (dose rate and fractionation effects), the cells capacity for repair as cancerous cells 

often carry mutated genes responsible for damage detection and repair, and the complexity of the break, single 

stranded breaks being easier to repair than double stranded breaks. If repair does not occur, the cell will initiate cell 

death pathways resulting in; apoptosis, senescence, necrosis, autophagy or mitotic catastrophe. Of the various 

mechanisms of cell death, mitotic catastrophe is the dominant process following lethal radiation induced damage to 

DNA, and is recognized when the cell undergoes several more mitotic divisions before there is a permanent loss of 

replicative potential. Micronuclei containing chromosome fragments from double stranded breaks are often formed 

and do not partake in mitosis, resulting in the progressive loss of genetic information at each division. This form of 

cell death, or loss of replicative potential, is the most important consequence of radiation induced damage in radiation 

oncology (2009).  
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1.2.4  IMPACT OF DEPTH DOSE DISTRIBUTION  

Photons are the most commonly used form of ionizing radiation in oncology for radiation therapy. They can be 

generated using an X-ray tube, a radioactive source, or a linear accelerator, to produce photons of varying energies 

allowing treatment of tissues at different depths. Photons, which have a greater penetrating depth than electrons, 

can liberate electrons deep within tissue through ionization events which then can deposit energy in the tissues 

locally. Therefore, external photon beam irradiation has become the primary standard of treatment for many forms 

of cancer due to its ability to reach deep seated tumours. In addition, photon beams can achieve high dose 

homogeneity in the target volume, however they often have poorer target conformity than charged particle therapies 

due to their longer range. Therefore multiple superimposing beams are typically used in external beam radiotherapy 

to achieve a more conformal dose distribution, and to minimize normal tissue exposure. Photon beams have a lower 

surface dose since dose deposition first requires interaction of the photons with electrons in the absorbing material, 

and thus have greater skin sparing effect (Fig. 1.3). Therefore, there is a gradual buildup in dose up to the depth of 

dose maximum, zmax, which occurs at a depth dependent on the photon beam energy. Beyond zmax the dose decreases 

exponentially due to attenuation of the photon beam as it transverses the material and by divergence of the beam at 

increasing distances, termed the inverse-square law (Podgorsak, 2006). 

 

 

Figure 1.3 Percentage depth dose (PDD) (%) as a function of depth in water (cm) for (a) electron beams of energies 6, 

9, 12, and 18 MeV, and (b) photon beams of energies 6 and 15 MV. Field size: 10x10 cm2. Source to Surface distance 

(SSD): 100 cm. Printed with permission from Radiation Oncology Physics: A Handbook for Teachers and Students, 

©IAEA, pg. 274 (2005) 

 

Electrons have a much lower penetrating range due to their mechanism of interaction with matter, and therefore 

need to be localized directly at the target site. Due to their finite range, electron therapies are more conformal in 

depth making them an excellent option for treatment of lesions that are close to critical structures, or are superficial 

A B 
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to the body. Unlike photon beams, electron beams have a much greater surface dose that builds up to zmax at a depth 

dependent on the electron beam energy. The dose buildup region is attributed to the increase in scattering angle at 

greater depths with regard to the entry direction, resulting in an increase in electron fluence. Beyond zmax, the dose 

decreases rapidly into a bremsstrahlung photon tail that is produced from the electrons interaction with mechanical 

components within the accelerator.  

 

1.3  PERMANENT BRACHYTHERAPY 

1.3.1  BRIEF HISTORY AND GENERAL BACKGROUND 

The concept of brachytherapy was first proposed by Pierre Currie who suggested, shortly after the discovery of radium 

by Marie Currie, that a small radium tube be inserted into the tumour. In 1903, Alexander Graham Bell suggested that 

a tiny fragment of radium sealed in a glass tube be inserted into the cancer site, and in 1904, Wickham and Derias 

performed the first intratumoural implantations using goose quills that had been sharpened (Devlin, 2007). Today 

permanent seed implantation (PSI) is a brachytherapy technique where sealed radioactive sources, or seeds, are 

implanted interstitially in order to treat cancerous tissues internally. It is offered as a treatment modality for a number 

of early stage localized carcinomas such as in the breast and prostate (Pignol et al., 2006, Pignol et al., 2009, Yu et al., 

1999, Nag et al., 1999). The seeds used in PSI are typically made of a hollow titanium shell enclosing a substrate 

impregnated with a low energy and short lived radioactive material emitting (X/γ) photons, and a radiopaque metal 

fiducial for imaging (Reniers et al., 2002, Meigooni et al., 2003). There are no restrictions on the size or shape of a 

brachytherapy source, however a seed is defined as cylindrical in shape and having a length, L, less than or equal to 

0.5 cm. The seeds are loaded into seeding needles or an applicator and implanted into the patient freehand or with 

the assistance of a template. Once implanted, the seeds irradiate the tissue continuously until the radioisotope is 

completely decayed and thereafter remain in the body permanently. The decayed seeds are not harmful to the patient 

nor do they typically cause any discomfort. 

 

As with many brachytherapy modalities PSI enables highly conformal treatment of a target volume at the cost of 

increased dose heterogeneity in the treated volume. This heterogeneity is attributed to the highly localized 

attenuation of low energy radiation, which is desirable for radioprotection of patients and their families, but presents 

a challenge for generating homogeneous dose distributions (King, 2002). In clinical practice different loading patterns, 

such as uniform, modified uniform, nonuniform and peripheral loading, are used to achieve the most desirable dose 

distribution while sparing critical structures, such as the urethra and chest wall in prostate and breast brachytherapy, 

respectively. In PSI brachytherapy of the prostate seeds are implanted 5 mm or 10 mm apart and >100 seeds are 

implanted (Yu et al., 1999, Crook et al., 2002, Dicker et al., 2005), while treatment of the breast utilizes uniform loading 

of seeds 10 mm apart resulting in an average of 71 seeds to treat an average volume of 35 cc (Pignol and Keller, 

2009a). The loading patterns are chosen based on the organ requiring treatment, surrounding organs at risk, and the 
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target volume. Seed and needle positions are determined using delineated ultrasound or computed tomography (CT) 

images of the target volume obtained for treatment planning.  

 

1.3.2  RADIOISTOPES IN PERMANENT BRACHYTHERAPY  

The earliest radioisotope used in interstitial brachytherapy was radium (226Ra, t1/2=1600 y, E=0.8 MeV), however today 

the selection of radioactive materials includes those emitting low energy photons that confine radiation exposure to 

the target tissue, and those with a sufficiently short half-life required for permanent implantation. Although the 

isotopes may contain other emissions, such as α or β radiation, the seeds are designed to absorb non-photon 

radiations such that the used portion of radiation fluence consists of γ and X radiation. Among the current isotopes 

used are iodine-125 (125I, t1/2=60 d, 28 keV), palladium-103 (103Pd, t1/2=17 d, 21 keV) and cesium-131 (131Cs, t1/2=9.7 d, 

29 keV) which is less frequently used (Yu et al., 1999, Sahgal and Roach, 2007, Saito et al., 2007). Gold-198 seeds 

(198Au, 2.7 d, 0.41 MeV) were also used in the past but have since been stopped due to unnecessary radiation exposure 

resulting from the higher energy photons (Porter et al., 1995).  

 

The most common isotope used for permanent implant is 125I which decays to tellurium-125 (125Te) by electron 

capture, a process by which a proton rich nucleus absorbed an orbital electron changing the proton to a neutron (refer 

to Appendix C for production and decay of radionuclides), resulting in the emission of a maximum γ radiation energy 

of 35.5 keV (6.7%), and characteristic X-rays of 27-32 keV (93.3%) from internal conversion. Although the use of 125I is 

most often seen in permanent brachytherapy of the prostate, there are several reports of its use for treatment of 

other cancers including carcinomas of the breast (Jansen et al., 2007), brain (Larson et al., 2004), liver (Martinez-

Monge et al., 1999), skull and spine (Gutin et al., 1987). However, in a study conducted by Keller et al., use of 125I (124 

Gy) was not recommended for PSI of the breast due to the increased exposure and effective dose to the patient’s 

partner (Keller et al., 2005). The HVL of 125I in Pb is 0.02 mm, and in tissue is 17 mm, suggesting that implantation of 

125I can pose a risk to critical structures or organs adjacent to the target volume, or a risk to the public in the case of 

superficial implants.  

 

Palladium-103 has recently increased in popularity due to its lower energy and therefore advantage for 

radioprotection (HVL in Pb/tissue: 0.01 mm/10 mm) and normal tissue sparing. It has a shorter half-life than 125I and 

consequently delivers a higher initial dose rate which is advantageous for treatment of more aggressive fast growing 

tumours (Porrazzo et al., 1992). Palladium-103 decays by electron capture to rhodium-103 (103Rh), resulting in the 

emission of characteristic X-rays of 20-23 keV in energy. Although 103Pd was proposed for use as an interstitial source 

as early as 1958, it was not commercially available until 1987, and is therefore not as widely used as 125I (Porrazzo et 

al., 1992). The most common application of 103Pd is for treatment of prostate cancer, although it use has also been 
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reported for treatment of breast (Pignol and Keller, 2009b), lung (Martinez-Monge et al., 2008), and pancreas cancer 

(Nori et al., 1996).  

 

 

Figure 1.4 An illustration of the various brachytherapy seeds published in the Task Group No. 43 (TG-43) report 

demonstrating the different models and the variation in internal construction. Adapted from Rivard et al. (Rivard et 

al., 2004) 

 

1.3.3  CONVENTIONAL BRACHYTHERAPY: TASK GROUP NO. 43 BASED DOSIMETRY 

The most current method of calculation for dose-rate (Ḋ(r, θ) or Ḋ(r), (cGy/h)) distributions around photon-emitting 

brachytherapy sources is outlined in the updated Task Group No. 43 (TG-43) protocol by the American Association of 

Physicists in Medicine (AAPM) (Rivard et al., 2004). The updated formalism applies dosimetric parameters (air-kerma 

strength (SK, (µGym2/h)), dose-rate constant (Λ, (cm-2)), geometry function (G(r,θ)), radial dose function (g(r)), 1D or 
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2D anisotropy function (φan(r) or F(r, θ))) that are specific to the source model, and therefore take into account 

manufacturer differences in construction and internal source design (Fig. 1.4). This was an important improvement 

from the previous calculation formalism, which was based on the apparent activity, equivalent mass of radium, 

exposure-rate constants, and tissue-attenuation coefficients, because the source construction varied between seed 

models resulting in changes to the dosimetric characteristics. For instance, the type of substrate used to absorb the 

radioactive material, the material and shape of the radio-opaque marker, and the capsules wall thickness and type of 

weld used to seal the source, will all contribute to modification of the source’s emission spectrum. There are two 

formalisms: the general two-dimensional (2D) formalism (Eq. 1.5) which applies to sources that are cylindrically 

symmetric and the general one-dimensional (1D) formalism (Eq. 1.6) which approximates the seed as an isotropic 

point source. A detailed description of the dosimetric parameters and how they are determined is outlined in the TG-

43 protocol and will not be mentioned here. The parameter, r, is the distance (cm) from the origin, or center of the 

seed, to the point of interest and θ is the angle between the vector, r, and the long axis of the source.  

 

(1.5) �̇�(𝒓, 𝜽) = 𝑺𝑲 ∙ 𝜦 ∙
𝑮𝑳(𝒓,𝜽)

𝑮𝑳(𝒓𝟎,𝜽𝟎)
∙ 𝒈𝑳(𝒓) ∙ 𝑭(𝒓, 𝜽) 

 

(1.6) �̇�(𝒓) = 𝑺𝑲 ∙ 𝜦 ∙
𝑮𝑿(𝒓,𝜽𝟎)

𝑮𝑿(𝒓𝟎,𝜽𝟎)
∙ 𝒈𝑿(𝒓) ∙ 𝝓𝒂𝒏(𝒓) 

 

In the clinic, the dose distributions around interstitially implanted seeds are calculated using radiotherapy treatment 

planning (RTP) systems that apply 1D or 2D dose formalism calculations to individual seeds, the position of which are 

delineated by CT images. The contribution of dose-rate from each seed is summed to obtain a total dose rate. The 

resultant dose distribution is then displayed in 2D, as isodose lines overlaying the original CT image. The TG-43 

calculations includes various assumptions including; lack of source-to-source shielding, water equivalence of tissues 

within 5 cm surrounding the seed, and a standardized patient scattering volume.  

 

1.3.4  CURRENT LIMITATIONS OF PERMANENT BRACHYTHERAPY  

The physical advantage of brachytherapy has always been the improved localized delivery of dose from the use of low 

energy photon sources. Low energy photon sources are additionally required for radioprotection purposes because 

patients return to their normal life after implantation of the radioactive sources. However, dose distributions in 

brachytherapy are inherently heterogeneous which is owed to highly localized attenuation of radiation and the 

inverse-square dose drop-off as a function distance from the source (Afsharpour et al., 2012). The consequence is 

overdosing in the planning target volume (PTV), with an average of 25.1% (range: 11.7%-46.2%) of the PTV receiving 

200% of the prescribed dose (Pignol et al., 2006). As a result as many as 20% of patients receiving permanent breast 
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seed implantation (PBSI) develop induration of the breast compared to 5% for whole breast irradiation (WBI). 

Although this has no impact on the patient’s health or quality of life, it may impact the resulting cosmesis. Permanent 

brachytherapy is currently limited to photon based radionuclides which poses radiation exposure risks to the hospital 

staff, public as well as the patient since photons do not have a finite range. In clinical practice, patients are discharged 

from the hospital only once the dose rate measured at 1 m from their body is below 0.5 mSv/h (Dauer et al., 2010). 

Another disadvantage is that use of permanent brachytherapy is limited to clinical cases where the tumour is well 

localized. This accounts for an average of 10-20% of patients requiring radiotherapy, although this percentage will 

differ based on the departments location, geography and access to resources. Many patients opt for brachytherapy 

for its convenience as most of the treatment is carried out after the patient is discharged from the hospital, and 

therefore does not require the several weeks of daily treatment characteristic of external beam radiotherapies 

(Blasko, 2000). However the procedure is invasive and requires technically trained physicians to accurately implant 

the sources to achieve the correct dosimetry. Even with correct positioning of the seeds at time of implantation, seeds 

have been reported to reposition post-implantation due to post-surgical edemas, which may cause seeds to drift to a 

different position or coalesce together as the swelling subsides, or in rare cases enter blood vasculature and travel to 

the lungs (Kono et al., 2010). To address these limitations, opportunities for radioisotope therapy as a novel form of 

brachytherapy has been investigated, particularly in the field of radiation nanomedicine (Yook et al., 2016a). Use of 

nanoparticles to deliver radiation therapy has been expected to reduce dose heterogeneities through the transport 

of radioactive nanoparticles through the tissue and eventual smoothing of the dose distribution. AuNP can also be 

labeled with a variety of different radionuclides, expanding the types of emissions (i.e. α, β+/-) and energies available 

for treatment. The potential role of radiation nanomedicine in permanent brachytherapy will be discussed in greater 

detail in the following section.  

 

1.4  GOLD NANOPARTICLES  

1.4.1  GOLD NANOPARTICLES IN MEDICINE 

The use of gold as a therapeutic agent dates back thousands of years by various cultures including the Chinese and 

Egyptians, who ingested gold as a drug to cure various ailments or to increase longevity (Abraham, 2008). However it 

was not until 1857 that the first scientific report of colloidal gold, aqueous gold nanoparticles (AuNP), was published 

by Michael Faraday. Today AuNP are defined as particles with dimensions in the nanometer scale, 1-100 nm, 

composed of elemental gold (A=79). AuNP are most commonly made by reduction of Au(III) salts in a reducing agent, 

such as trisodium citrate, which acts as a stabilizing agent by preventing aggregation of the particles. Use of AuNP 

have been proposed in many medical applications including therapeutic and diagnostic applications due to their 

unique physical and chemical properties. These properties include optical absorption and scattering, biocompatibility, 

modifiable surface chemistry and labeling capacity, high surface to volume ratio, and differential biological uptake in 

tumours. In addition, the synthesis of AuNP is relatively uncomplicated and can be made in a variety of shapes, the 

most common being gold nanospehere, nanorods, nanoshells and nanocages, each of which have been designed for 
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unique applications (Dreaden et al., 2012). For the purpose of this thesis, references to AuNP will refer to gold 

nanospheres unless otherwise stated.  

 

Currently, the only approved and proven application of gold as a therapeutic agent is in the form of gold colloids for 

the treatment of rheumatoid arthritis (RA). The first successful clinical application was documented by Abraham et al. 

in 1997, which reported a significant decrease in tenderness and swelling of the joints following oral administration 

of colloidal Au with no clinical evidence of toxicity in the patients (Abraham and Himmel, 1997). This served as a major 

achievement for the use of colloidal gold in therapy as the previous use of aurothiolates, or gold salts, for RA were 

found to be toxic causing hematologic abnormalities and pulmonary damage in patients (Abraham, 2008). More 

recently, Paciotti et al. reported the use of intravenously administered colloidal gold with surface bound tumour 

necrosis factor (PT-cAu-TNF) for treatment of colon cancer in mice, which demonstrated significant anti-tumour 

effects while being less toxic than administration of TNF alone (Paciotti et al., 2004). The agent now named 

Aurimmune (CyImmune Sciences), consisting of 27 nm AuNP coated with recombinant human tumour necrosis factor 

alpha (TNF-α) and polyethylene glycol (PEG), is under clinical trial for treatment of various advanced or metastatic 

cancers in patients, such as melanoma, pancreatic, ovarian and breast cancers (Giasuddin et al., 2012, Kim et al., 

2010b).  

 

1.4.2  CHARACTERISTICS OF GOLD NANOPARTICLES  

1.4.2.1 OPTICAL PROPERTIES 

The first report of the unique optical properties of gold nanoparticles was in 1857 by Michael Faraday, who described 

that the color of the aqueous colloidal gold solution was dependent on the particle size after observing the solution 

change from red to blue following precipitation of the AuNP (Abraham, 2008). Since then, our understanding of the 

optical properties of AuNP have advanced tremendously allowing for the development of many diagnostic and 

therapeutic applications. For instance, the dominating optical property of AuNP is their enhanced surface plasmon 

resonance (SPR), which is the collective oscillation of conduction electrons at the gold surface in the presence of an 

incident electromagnetic field, occurring at the resonant optical frequency or light wavelength (near 520 nm), that 

allows them to be strong absorbers and scatterers of visible light. The deep-red color of AuNP in water is attributed 

to this effect. Smaller AuNP (9 nm) are known to have a surface plasmon band (SPB) shifted slightly towards shorter 

wavelength (517 nm), while larger AuNP (99 nm) are shifted towards longer wavelengths (575 nm) (Daniel and Astruc, 

2004). The SPB is also dependent on the particles shape, temperature and medium in which the AuNP are suspended. 

The ability of AuNP to interact with light has been fundamental to the use of AuNP in biomedical imaging, and now 

includes imaging techniques such as resonance scattering and two-photon luminescence confocal microscopy, which 

allow visualization of AuNP markers inside or on the surface of a cell. The most common method of bio-imaging using 

AuNP is dark field microscopy which relies on the resonance scattering of light laterally incident on sample containing 
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AuNP markers. The imaging capability of AuNP is owed to the intensity of SPR upon excitation with light, which results 

in an absorption and scattering cross section that is much greater than their geometric size (Hu et al., 2008). The AuNP 

are also more robust than conventional fluorescent probes used in dark field microscopy as they are not subject to 

photobleaching and can produce a stronger and more stable signal (Ueno et al., 2010). However, for many of these 

imaging techniques to be useful diagnostically, the AuNP must be conjugated with antibodies or other ligands to 

facilitate preferential binding to cell-surface proteins or receptors.  

 

1.4.2.2 SURFACE CHEMISTRY 

The ability to functionalize the surface of AuNP is of great importance as many of their proposed applications require 

their further modification. For instance, to exploit the optical properties of AuNP for biomedical imaging, the AuNP 

surface is bound with ligands to provide specific binding to a target which can then be imaged through excitation of 

the AuNP at the SPR wavelength of 520 nm. Modification of the AuNP surface is achieved by reaction with functional 

groups on the ligands such as thiols, phosphines and amines which have a high affinity for the AuNP surface. The most 

common of the functional groups is thiol (-SH group) which binds to the gold surface through coordinate covalent 

bonding, when a single atom contributes the shared pair of electrons instead of one from each atom (covalent 

bonding) (Hakkinen, 2012). The functional groups are used as an anchor for other moieties, such as ligands, proteins, 

antibodies and drugs, enabling AuNP to be applied towards a wide range of applications. For instance, the modification 

of AuNP surface with thiol-ending polyethylene glycol (PEG-SH) has been demonstrated to improve the stability of 

AuNP in vivo and decrease uptake by the reticular endothelial system (RES), a branch of the immune system that 

recognizes and captures foreign material in the blood which is then sequestered by the liver and spleen (Manson et 

al., 2011). Other modifications that change the net charge of the AuNP will impact the ability for cellular uptake which 

is important for the delivery of many therapeutic agents. Studies have demonstrated that cationic nanoparticles are 

more efficiently internalized than anionic nanoparticles due to the negatively charged cellular membrane, even if they 

are not functionalized with antibodies to facilitate endocytosis (Kim et al., 2010a). In addition to the easily modifiable 

surface, AuNP have high surface to volume ratio, which allows them to be ideal carriers as large quantities of material 

can be bound to their surface.  

 

1.4.2.3 BIOCOMPATIBILITY, TOXICITY AND CLEARANCE 

Elemental gold has been accepted as a biologically inert metal and as such has been used for implants in medicine 

such as for reconstruction of the middle ear, treatment of facial palsy, and various types of prostheses (Demann et 

al., 2005). However, it has been argued that colloidal metallic gold is not biologically inert. To date research on the 

toxicity of gold nanoparticles have generated conflicting results due to the wide range of experimental conditions 

such as the nanoparticles size, shape, charge, surface modifications, concentration, as well as the method of 

evaluating toxicity such as cytotoxicity, blood pharmacokinetics, kinetics of elimination, animal weight and behavioral 



 

1-17 

 

changes, organ function, or mortality. Cytotoxicity has been investigated in a number of different cell lines with a 

variety of surface functionalized AuNP. The conclusion of these studies are that an unmodified AuNP core greater 

than 2 nm in size is biologically inert, however AuNP below 2 nm in size are chemically reactive and can result in 

significant cytotoxicity by inducing oxidative stress and mitochondrial damage (Pan et al., 2009). Therefore it is 

suggested that AuNP used in medical applications be greater than 10 nm in size to reduce surface reactivity. The form 

and stability of surface modifications can also induce toxicity. Capping agents such as citrate, in the production of gold 

nanospheres, or hexadecylcetyltrimethylammonium bromide (CTAB), in the production of gold nanorods, are used as 

stabilizing agents. Citrate stabilized AuNP have not been found to be toxic, however free CTAB can be desorbed from 

the gold nanorod surface and is toxic (Ray et al., 2009). This demonstrates one of the challenges associated with 

evaluating cytotoxicity as the effects may be the result of free ligands or other modifying agents dissociated from the 

AuNP and not the AuNP itself.  

 

The in vivo toxicity has been studied mainly as part of larger studies demonstrating the clinical potential of therapeutic 

nanoparticles, and therefore have generated varying conclusions due to differences in experimental conditions. In 

general, the level of toxicity depends on the route of administration, the most common being intravenous (i.v.), and 

the type of AuNP being studied (i.e. size, shape, labeled therapeutic agent) as the biodistribution and 

pharmacokinetics are influenced by these factors. A study by Chen et al. investigated the in vivo toxicity of citrate 

capped AuNP of varying sizes delivered intravenously and found that intermediate sizes of AuNP (8, 12, 17, 37 nm) 

induced toxicity in the form of fur colour change, weight loss, and lower median survival in mice, while small (3, 5 nm) 

and large (50, 100 nm) AuNP were well tolerated at the amounts delivered (Chen et al., 2009). Although the 

mechanism causing toxicity is not well understood, the study attributed it to accumulation of the AuNP in the liver 

and spleen resulting from adsorption of blood proteins onto the AuNP and recognition by the RES system. Another 

study by De Jong et al. demonstrated the size dependent tissue biodistribution of AuNP where smaller AuNP (10 nm) 

were more widely distributed in organs throughout the mouse body (i.e. liver, spleen, testis, lung, brain), while larger 

AuNP (250 nm) were limited to the liver and spleen (De Jong et al., 2008).  

 

Clearance of AuNP from organs and their route of excretion from the body has also been demonstrated to be size 

dependent. Smaller AuNP (<5 nm) are capable of crossing filtration barriers in the kidney and can therefore be 

excreted into the urine. AuNP larger than 5 nm would be expected to be cleared from the liver via the hepatobiliary 

pathway, which involves endocytosis of the AuNP by hepatic cells, followed by enzymatic digestion of the cells, 

transfer into the bile and excretion from the body as fecal matter (Zhang et al., 2016b). This pathway depends strongly 

on the AuNP’s interaction with hepatocytes which is influenced by the AuNP size, shape, charge and surface chemistry. 

Studies have reported that this process of excretion can be slow, requiring many months or longer (Sadauskas et al., 

2009) and may therefore result in genetic changes and chronic toxicity to the liver (Balasubramanian et al., 2010). The 

alternate clearance pathway of AuNP >5 nm is by the RES, also known as the mononuclear phagocyte system (MPS), 
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where AuNP are removed from the blood by circulating phagocytic cells (i.e. Kupffer cells, splenic red pulp, 

machophages) and are sequestered in the liver and spleen. Once phagocytosed the AuNP remain in the cell to be 

decomposed, however since AuNP cannot be degraded by intracellular processes, the AuNP remains in the cell in the 

organ until it dies and is phagocytosed by other cells in the organ. The result is a bioaccumulation of AuNP in the liver 

and spleen, which can last over six months and lead to chronic toxicity (Balasubramanian et al., 2010). Despite these 

findings, many studies are still pursuing the systemic administration of functionalized AuNP as a therapeutic agent 

due to its other unique properties. It may be possible to minimize the accumulation of AuNP in the liver and spleen 

with proper optimization of the AuNP size, charge and surface modification, although more research in this field is 

required.  

 

1.4.3  POTENTIAL APPLICATIONS OF GOLD NANOPARTICLES IN CANCER THERAPY 

1.4.3.1 RADIATION ENHANCEMENT  

Many studies have investigated the use of AuNP as enhancers for radiation therapy because the high atomic (Z) 

number of gold increases the photoelectric absorption of photons (Chithrani et al., 2010, Cui et al., 2017, 

Chattopadhyay et al., 2010). These studies have demonstrated preclinically that the presence of gold in the target 

volume during radiation treatment can result in significant dose enhancements and improve survival of tumour 

bearing mice. In a preclinical study, Hainfeld et al. demonstrated improved survival in vivo in mice bearing EMT-6 

mammary tumours injected intravenously with 1.9 nm AuNP (Hainfeld et al., 2004). The one year survival was 20% 

with x-rays alone and 86% with AuNP enhanced radiation, using 250 kVp x-ray, although there is some controversy 

regarding the high concentrations of AuNP administered and whether that would be translatable to clinical practice. 

Similar results have been demonstrated in vitro by Rahman et al. on bovine aortic endothelial cells treated with photon 

and electron beams at various energies, and different concentrations of 1.9 nm AuNPs (Rahman et al., 2009). Dose 

enhancement factors (DEF) from 2.7 to 24.6 were recorded depending on the combination of AuNP concentration 

and radiation type. In the case of the DEF of 24.6, high concentrations of AuNP (1 mM) combined with 80 kVp energy 

X-rays were used to generate the dose enhancement effect. 

 

There are several Monte Carlo-based dosimetry estimation studies that show significant dose enhancement from 

photoelectric absorption and subsequent release of lethal photoelectric products such as Auger electrons and 

photoelectrons (Cho et al., 2009). These studies have reported that there are greater advantages to using lower 

energy photon sources, such as 103Pd, for dose enhancement rather than the high energy photons from EBRT. The 

Monte Carlo modeling study conducted by Lechtman et al. demonstrated radiosensitization using gold nanoparticles 

as a function of  photon energy (Lechtman et al., 2011). The amount of photoelectric absorption was simulated for 

various clinical photon sources used in radiation therapy (6 MV, 192Ir, 300 kVp, 169Yb, 125I, 103Pd) and a 103 times 

increase was observed for 103Pd in comparison to 6 MV. Additionally, Lechtman et al. states that the use of ~6 mg of 
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30 nm AuNP per gram of tumour can double the prescribed dose (Lechtman et al., 2011). A study conducted by Jones 

et al. compared similar clinical photon sources (6 MV, 192Ir, 50 kVp, 169Yb, 125I, 103Pd) (Jones et al., 2010). The results 

suggest that in order for radiation enhancement to be effective there must be adequate AuNP accumulation in the 

target volume which may be difficult to achieve in vivo in tumours. Radiosensitization is further enhanced when 

nanoparticles are internalized by target cells (Chithrani et al., 2010). 

 

1.4.3.2 PHOTOTHERMAL THERAPY 

As mentioned earlier AuNP have unique optical properties that allow them to absorb light, and if the light occurs in 

the near-infrared (NIR) region (700-900 nm) it can be converted to heat energy. This has led to the development of 

photothermal therapies (PTT) that utilize AuNP exposed to NIR lasers, which are capable of greater penetration in 

tissues before significant attenuation, as photosensitizers for treatment of cancer (Huang et al., 2008). With proper 

localization of the AuNP in the target site, thermal exposure producing local hyperthermia can result in cell death 

through irreversible damage to the cell membrane and protein denaturation (Riley and Day, 2017). Rapid heating of 

the AuNP may also result in formation of vapor bubbles that create highly localized damage to adjacent cells. The use 

of lasers allows the light to be focused at the treatment site which reduces damage to surrounding normal tissues. 

Focusing of the laser can be further improved through the use of fibre-optic waveguides inserted into the treatment 

site in interstitial laser hyperthermia. Due to the highly localized nature of gold nanoparticle mediated hyperthermia, 

researchers are exploring its use in combination with other therapeutic approaches to target metastasis or tumour 

lesions located beyond the irradiated site. For instance, in vivo studies have demonstrated successful therapy using 

AuNP induced hyperthermia in conjunction with radiation therapy, and have reported reductions in radiation doses 

required to achieve tumour control (Hainfeld et al., 2014).  The overall success of PTT using AuNP as a monotherapy 

hinges on several factors. The SPB of AuNP occurs around 520 nm which makes them inefficient in the NIR range, 

however studies have demonstrated that aggregates of AuNP, which often form at the cell surface or once 

internalized, are very efficient and can reduce the laser intensity required by 20 times compared to PTT without AuNP 

(Huang et al., 2007). Therefore, aggregation of the AuNP is often desired. Sufficient accumulation of AuNP in the 

tumour is also necessary which can potentially be achieved by conjugation of AuNP to antibodies of markers 

overexpressed in tumour cells (El-Sayed et al., 2006). Lastly adequate delivery of radiation to the tumour, which may 

be located at depths beyond the penetration range (5-10 mm) of the laser, is required for generation of thermal 

effects.  

 

1.4.3.3 DRUG DELIVERY AND TARGETING 

AuNP have been demonstrated to passively accumulate in tumours by the enhanced permeability and retention (EPR) 

effect when delivered intravenously. In the EPR effect, nanoparticles are able to accumulate in tumours in greater 

quantities than in normal tissues as a result of defective tumour vascular physiology, elevated levels of vascular 
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permeability factors and substandard lymphatic drainage (Maeda et al., 2000). Studies have found AuNP accumulation 

ranging from to <1% to 7% injected dose per gram (ID/g) of tumour, depending on the AuNP size and surface 

modifications (Arnida et al., 2011, Zhang et al., 2009). The ability of AuNP to differentially accumulate in the tumour 

coupled with the high surface to volume ratio and modifiability of the AuNP surface, has triggered investigations on 

the use of AuNP in drug delivery systems. The advantage of using AuNP bound drugs as compared to free drugs is the 

potential to reduce toxicity while improving solubility, stability, biodistribution and pharmacokinetics (Ghosh et al., 

2008). Conjugation of AuNP with antitumour agents such as tamoxifen and paclitaxel have been proposed for 

treatment of breast cancers (Dreaden et al., 2009, Gibson et al., 2007). Dreaden et al. demonstrated that drug 

transport is improved when bound to AuNP due to cellular uptake of AuNP which results in increased drug potency at 

the disease site as compared to free drugs (Dreaden et al., 2009). The ability to functionalize AuNP surfaces also 

provides opportunities for combined and targeted therapies. For instance, photothermal therapy using AuNP can be 

extended to photodynamic therapy through functionalization of the AuNP surface with photosensitizers, which inflict 

additional damage to tumour cells by photochemical generation of free radical species, and peptides or antibodies 

for cell targeting (Liu et al., 2010). The use of surface modifications with various targeting moieties have been 

demonstrated in AuNP which aims to provide specific targeting for certain tumour types and increase local AuNP 

concentrations (Kumar et al., 2013, Kumar et al., 2012). For instance, breast cancers with overexpression of HER2 

have been effectively targeted and treated with trastuzumab (Herceptin) clinically, and could theoretically serve as a 

targeting agent for AuNP. Chattopadhyay et al. reported the biodistribution of trastuzumab labeled AuNP and found 

that the targeted AuNP improved internalization in HER2 positive tumour cells, but decreased tumour uptake due to 

rapid clearance from the blood following intravenous injection (Chattopadhyay et al., 2012a). Prolonging the blood 

circulation time to allow time for tumour uptake remains a challenge in targeted AuNP therapies, and studies have 

investigated surface modifications such as PEG to preserve their binding affinity while in blood (Paciotti et al., 2006).  

 

1.4.3.4 RADIATION NANOMEDICINE AND RADIONUCLIDES 

Advancements in surface modifiers containing chelators with the capacity to bind radionuclides have led to the 

development of radiolabeled AuNP as a vehicle for radiation delivery (“radiation nanomedicine”). Chelators, such as 

DOTA (1,4,7,10-tetraazacyclododecane- 1,4,7,10-tetraacetic acid) and EDTA (ethylenediaminetetraacetic acid), are 

agents that form multiple coordinate covalent bonds with a metal ion, including radiometals. Currently the 

radionuclides investigated for use in radiation nanomedicine include lutetium-177 (177Lu, t1/2=6.7 d, βmax=0.498 MeV, 

γ=0.208 MeV/0.113 MeV) (Yook et al., 2016a), indium-111 (111In, t1/2=2.8 d, γ=0.171 MeV/0.245 MeV) (Ehlerding and 

Cai, 2016, Cai et al., 2017), yttrium-90 (90Y, t1/2=2.8 d, βmax=2.28 MeV) (Lai et al., 2017), rhenium-188 (188Re, t1/2=16.9 

h, βmax=2.12 MeV/1.96 MeV, γ=0.155 MeV) (Cao et al., 2004), and technetium-99m (99mTc, t1/2=6.0 h, AE=0.9 keV, 

IC=15.4 keV, γ=0.14 MeV) (Jimenez-Mancilla et al., 2013), which are also already used clinically in nuclear medicine 

(refer to Appendix C for production and decay of radionuclides:  177Lu, 111In and 90Y). These radionuclides typically have 

relatively short half-lives and short range emissions, such as beta particles and Auger electrons (AE), which deliver 
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highly localized dose to tissues in their immediate vicinity. Theoretically, binding of radionuclides to AuNP which have 

high surface to volume ratios could potentially increase the proportion of radioactivity accumulated in the tumour, 

facilitate cellular internalization of the radionuclide, and provide opportunities for targeting or adjuvant therapies by 

dual labeling the AuNP surface. Yook et al. reported the use of 177Lu-labeled AuNP which were radiolabeled utilizing 

DOTA-PEG-lipoic acid which incorporated a DOTA chelator to complex 177Lu and a thiol functional group for 

attachment to the AuNP, for treatment of locally advanced breast cancer (LABC) in vitro (Yook et al., 2015b) and in 

vivo in a xenograft mouse model (Yook et al., 2016a). The in vitro study compared the cytotoxicity of non-targeted 

177Lu-labeled AuNP and epidermal growth factor receptor (EGFR) targeted 177Lu-panitumumab-AuNP in several BC 

cells expressing various levels of EGFR, and revealed reduced cell survival in BC with higher EGFR densities when 

treated with EGFR targeted 177Lu-panitumumab-AuNP. The latter study compared the biodistribution and treatment 

efficacy of non-targeted 177Lu-labeled AuNP and EGFR targeted 177Lu-panitumumab-AuNP following intratumoural 

injection of the AuNP in suspension. However, the study demonstrated equivalent long term tumour retention, 

tumour growth arrest, and prolonged survival in mice treated with both targeted 177Lu-AuNP and untargeted 177Lu-

AuNP. Jiménez-Mancilla et al. reported the use of dual 99mTc/177Lu-labeled and gastrin-releasing peptide receptor 

(GRP-r) targeted AuNP (99mTc/177Lu-AuNP-Tat-BN) for simultaneous radiotherapy and thermal ablation of prostate 

cancer in vitro (Jimenez-Mancilla et al., 2013). Following incubation of PC3 prostate cancer cells with 99mTc/177Lu-

AuNP-Tat-BN, cell proliferation was significantly inhibited in comparison to PC3 cells incubated without AuNP (99mTc-

Tat-BN) and without GRP-r targeting (99mTc/177Lu-AuNP) due to cellular internalization of the AuNP, allowing  IC and 

AE inflicted damage on the cell nuclei from 99mTc and β-particle crossfire from 177Lu.  

 

1.4.4  ROUTES OF ADMINISTRATION OF RADIOLABELED AUNP AND ASSOCIATED CHALLENGES  

1.4.4.1 INTRAVENOUS INJECTION OF RADIOLABELED AUNP IN SUSPENSION  

One of the most appealing phenomenon of AuNP is their ability to differentially accumulate in tumours as a result of 

the enhanced permeability and retention (EPR) effect. However there are key issues regarding the dependence of 

nanoparticle delivery via the EPR effect such as; the insufficient accumulation of AuNP to produce a meaningful 

therapeutic effect, interference from immune cells, and the heterogeneity of EPR between and within tumours 

(Prabhakar et al., 2013, Maeda, 2012). For instance, passive targeting methods have resulted in low proportions of 

AuNP accumulation in the tumour due to capture by the RES and subsequent entrapment in the liver and spleen, 

combined with poor elimination of AuNPs from these organs (Balasubramanian et al., 2010, Chattopadhyay et al., 

2012a). This limits the therapeutic potential of the AuNPs, in addition to increasing toxicity to healthy tissues. To 

increase accumulation in tumours AuNPs have been coated with various polymers such as PEG, which has allowed 

them to persist in circulation longer by preventing RES recognition, or modified with various polymers and targeting 

ligands to potentially improve retention of the gold in the tumour and encourage cellular uptake (Chattopadhyay et 

al., 2010). However, biodistribution results from intravenously administered surface-functionalized AuNP studies still 
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report significantly greater accumulation of AuNP in the liver and spleen in comparison to the tumour (~10 fold less 

AuNP) (Khlebtsov and Dykman, 2011). For instance, the in vivo study conducted by Chattopadhyay et al. reported that 

~22% ID/g (% of injected dose/gram of tissue) of the injected HER2 targeted AuNP were sequestered by the liver and 

spleen, with only 1-2% accumulating in the tumour, after 48 hours. An additional challenge is that intravenously 

injected AuNP are not uniformly distributed within the tumour but rather are found in clusters near the tumour 

vasculature, and would therefore result in under dosing to regions of the tumour that are poorly vascularized 

(Diagaradjane et al., 2008, Hainfeld et al., 2004). These studies have found that the penetration of AuNP is limited to 

the vascular rich regions in the tumour, mainly in the peripheries. Therefore, infiltration of nanoparticles is largely 

dependent on tumour physiology, such as vascularity, stromal content, blood and interstitial pressure, which varies 

widely between individuals and even in different regions within the same tumour (Steichen et al., 2013).  

 

1.4.4.2 INTRATUMOURAL INJECTION OF RADIOLABELED AUNP IN SUSPENSION  

An alternative method to circumvent poor transport of AuNP in tumours from intravenous injections is direct 

intratumoural (i.t.) administration. The advantage of i.t. injection of AuNP in suspension is that AuNP delivery and 

distribution is not dependent on the EPR effect, high concentrations of AuNP in the tumour can be achieved, AuNP 

do not need complicated surface modifications to evade capture by the RES, and normal tissues are spared. 

Intratumoural administration has been demonstrated through single and multiple injections in vivo resulting in 

significant increase of AuNP concentrations in the tumour and reduction in the RES organs (Chattopadhyay et al., 

2012a, Yook et al., 2016a, Ehlerding and Cai, 2016). For instance, the in vivo study conducted by Chattopadhyay et al. 

reported 30% ID/g accumulation in the tumour and 3.4% in the liver and spleen at 48 hours, following multiple i.t. 

injections of HER2 targeted 111In-AuNP (Chattopadhyay et al., 2012a). In a study by Shukla et al., 198AuNP-

epigallocatechin-gallate (EGCg) was delivered via single i.t. injection into prostate cancer xenografts and over 70% ID 

was retained in the tumour at 24 h p. i. (Shukla et al., 2012). At 42 days p.i. 37% ID remained in the tumour, which 

resulted in effective tumour growth control, while liver accumulation was at 2.5 % ID.  

 

Although pre-clinical studies on i.t. delivered radiolabeled AuNP have been successful in controlling tumour growth, 

i.t. administration is clinically impractical as multiple, precisely placed injections of radiolabeled AuNP would be 

required to deliver an even dose distribution in larger tumours. Additionally, the AuNP redistribute from the injection 

site randomly resulting in irregular dose distributions. This was demonstrated through micro-SPECT/CT imaging of i.t. 

injected 177Lu-AuNP for treatment of LABC human breast cancer xenografts in mice in the in vivo study by Yook et al. 

(Fig. 1.5). Figure 1.5 illustrates representative 2-dimensional image-based radioactivity (right) and dose (left) 

distributions obtained from single i.t. injections into BC xenografts. The radioactivity distribution from targeted and 

non-targeted 177Lu-AuNP display several regions containing high 177Lu-AuNP concentration. These high radioactivity 

regions are not predetermined but receive a higher dose. Clinically, this will be problematic as the dose distribution 
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would depend on the unpredictable redistribution of radiolabeled AuNP within the tumour, and therefore be difficult 

to account for during treatment planning which has a direct impact on therapeutic response (Ehlerding and Cai, 2016).  

 

 

 

Figure 1.5 Representative dose (left) and radioactivity (right) distributions at 48 h post intratumoural injection of 

targeted (top) and non-targeted (bottom) 177Lu-AuNP in BC tumour bearing mice. The boundary of the tumours are 

outside of the 6.0 mm by 6.0 mm region of interest. Note the heterogeneous distribution of radioactivity and dose 

regardless of the presence of targeting. Originally published in JNM by Yook et al. (Yook et al., 2016a) 

 

1.4.5  GOLD NANOPARTICLES AND PERMANENT BRACHYTHERAPY 

The heterogeneous dispersal of radiolabeled AuNP from i.v. and i.t. injections has revealed that a method for 

controlled delivery is necessary in order to adapt to more complex clinical scenarios where multiple injections of AuNP 

will be required for the treatment of larger tumours. To improve the feasibility of radiolabeled AuNP in future clinical 

studies I propose here in this thesis the use of implantable materials that are capable of slow release of AuNP, either 
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through their porosity or physical degradation, to be delivered by brachytherapy. The potential advantage of 

radiolabeled AuNP delivery using brachytherapy as to i.v. or i.t. injections of AuNP in suspension are; precise 

placement of the AuNP containing implants, controlled release of AuNP, predictable redistribution of AuNP in the 

tumour and therefore predictable dose distributions, and enhanced normal tissue sparing. Currently, the use of 

brachytherapy has been proposed only for delivery of AuNP for radiation enhancement and for other drug loaded 

nanoparticles (Sinha et al., 2015, Kumar et al., 2015). These studies have suggested combining nanoparticles into 

brachytherapy “spacers” that will facilitate their slow release after implantation. For instance, Kumar et al. described 

the design of poly (lactic-co-glycolic) acid (PLGA) brachytherapy seed spacers capable of releasing drug loaded silica 

nanoparticles through degradation of the spacers.  

 

The use of radiolabeled AuNP can offer certain opportunities and improvements to permanent brachytherapy such 

as; dose enhancement from photoelectric absorption of AuNP, opportunity for adjuvant therapies from dual labeling 

(Yook et al., 2015b), the use of radionuclides with different emission types (β, AE, IC, α, etc.) (Jimenez-Mancilla et al., 

2013, Ehlerding and Cai, 2016, Shukla et al., 2012), dose homogenization through the physical redistribution of 

radioactivity, and the natural elimination from the body following treatment. In the study conducted by Cho et al. the 

macroscopic dose enhancements from commonly used brachytherapy sources (125I, 169Yb, and 192Ir) were simulated 

using Monte Carlo assuming a homogeneous distribution of AuNP in the treatment volume, and dose enhancements 

of >40% were reported depending on the dose of AuNP and radioisotope (Cho et al., 2009). However, there are very 

limited studies that have demonstrate the distribution of the AuNP over time, or their behaviour after implantation 

in detail. Additionally, there are no studies to date that use permanent brachytherapy techniques to deliver 

radiolabeled AuNP as a radiotherapeutic agent. 

 

1.4.6  DOSIMETRY TECHNIQUES  FOR RADIOLABELED AUNP: MIRD AND IMAGE BASED MONTE CARLO 

The dosimetry techniques surrounding AuNP reported to date utilize either Monte Carlo simulations or organ level 

Snyder values, or S values, analogous to those used in nuclear medicine. Monte Carlo software such as Monte Carlo 

N-Particle Transport Code (MCNP), Geometry and Tracking (GEANT) Monte Carlo Code, or Electron Gamma Shower 

(EGSnrc), are designed to track particle transport and energy deposition in a virtual geometric space using source and 

target data specified by the user. Since all of the source and target information are inputted by the user, such as 

radionuclide decay probabilities and energy, emission types, material composition and density, and source and target 

dimensions, Monte Carlo based dosimetry is extremely versatile for investigating dose deposition for a wide range of 

scenarios provided there is sufficient time and computational power. In radionuclide therapy organ level S values 

(mGy/MBq∙s), which describes the mean absorbed dose to the whole organ per unit of cumulative activity, are used 

to calculate the dose using software based on Medical Internal Radionuclide Dose (MIRD) formalism, such as Organ 

Level Internal Dose Assessment/Exponential Modeling (OLINDA/EXM) (Stabin, 1996, Stabin et al., 2005). The S values 
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used in programs such as OLINDA/EXM are pre-calculated by Monte Carlo simulation in phantoms that represent the 

average male or female body and assumes that the radioactivity is uniformly distributed throughout the target organs 

(Grimes and Celler, 2014). The dose, D(rT,TD), to an organ, rT, is determined by calculating the product of cumulative 

radioactivity, Ã(rS, TD), or time-integrated activity over the lifetime of the radionuclide, where TD represents the total 

time during which the disintegrations take place, occurring within itself and all source organs, rS, with their 

corresponding S value, S(rT ← rS), and taking the sum of the dose from all contributing organs (Eq. 1.11 ) 

 

(1.7) 𝑫(𝒓𝑻, 𝑻𝑫) = ∑ �̃�(𝒓𝑺, 𝑻𝑫)𝑺(𝒓𝑻 ← 𝒓𝑺)𝒓𝑺
 

 

The resulting dose is an estimate based on the assumption of uniform radioactivity distributions within the organ. In 

actuality, however, there are nonuniformities in the radioactivity distribution that occur temporally and spatially 

which leads to nonuniformities in the tissue absorbed dose. To improve visualization of regional sub-organ dose 

distribution studies have developed voxel based dosimetry techniques which are applied to SPECT or positron 

emission tomography (PET) images that can quantify and localize radioactivity with high spatial resolution (Full width 

at half maximum (FWHM) = 5-25 mm) (Jackson et al., 2013, Berenato et al., 2016). The temporal variations in 

radioactivity can be overcome through quantitative serial imaging therefore enabling mapping of dose distributions 

within organs. This image based technique for mapping dose distribution is ideal for radiolabeled AuNP which have 

nonuniform spatial distributions, change temporally, utilizing shorter range emitters, are highly localized within the 

tumour, and therefore require the high spatial resolution offered by SPECT or PET imaging. In this technique voxel 

dose kernels, a 3-dimensional (3D) space divided into millimeter to submillimeter sized cubic voxels containing S 

values, are generated from Monte Carlo simulations and convolved with 3D activity distributions to determine the 

imparted absorbed dose (Reiner et al., 2009, Lanconelli et al., 2012). A number of studies have published voxel-level 

S values including Amato et al. (32P, 90Y, 99mTc, 177Lu, 131I, 153Sm, 186Re, and 188Re) using the GEANT4 Monte Carlo code 

(Amato et al., 2013), and Lanconelli et al. (89Sr, 90Y, 131I, 153Sm, 177Lu, 186Re, and 188Re) using EGSnrc Monte Carlo code 

for 13 different voxel sizes (Lanconelli et al., 2012). However, the only study to date that has applied this method of 

dosimetry for radiolabeled AuNP was reported by Yook et al. who used micro-SPECT/CT imaging to determine the 

spatial distribution of i.t. injected 177Lu-AuNP in a LABC xenograft model (Yook et al., 2016a).  

 

1.5  HYPOTHESIS  

The hybrid approach of brachytherapy using a nanoparticle depot (NPD) for delivery of radiolabeled nanoparticles can 

improve local concentrations, systemic control and reduce intrasubject distribution of radiation, thereby improving 

the therapeutic ratio. Furthermore, the NPD can enhance radiation distribution in the tumour as compared to 

conventional brachytherapy seeds which over-localizes dose.  
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1.6  AIMS 

The objective of this research is to develop a novel delivery system for radiolabeled AuNP compatible with permanent 

brachytherapy technique for treatment of BC. The specific aims were: 

 

1. To construct a biocompatible nanoparticle depot (NPD) capable of controlled release of AuNP in vivo and is 

implantable using permanent brachytherapy technique, and evaluate the intratumoural distribution of AuNP 

following implantation in a human BC xenograft mouse model. 

2. To evaluate and compare the intratumoural dose distribution in simulation using voxel based dosimetry and 

MCNP Monte Carlo software for radiolabeled AuNP NPD and conventional sealed seeds using electron 

emitting radionuclides (111In, 177Lu, and 90Y).  To evaluate and compare the intratumoural dose distribution 

in vivo using micro-SPECT/CT imaging for NPD and i.t. injection of radiolabeled AuNP. 

3.  To evaluate the in vivo efficacy and toxicity of 177Lu-AuNP delivered via a NPD implanted into two different 

human BC xenograft mouse models (MDA-MB-231 and MDA-MB-468), and using two different sizes of AuNP 

(5 nm and 15 nm). 

 

The research described in this thesis is an extension of the current nanoparticle based radiation therapies being 

studied, with the aim to improve peritumoural AuNP distribution, dose homogeneity, administration and clinical 

translation of nanomedicines. The significance of this work is in its potential to deliver therapeutic nanoparticles 

through controlled release from eluting biocompatible hydrogels, implanted using existing permanent brachytherapy 

techniques. In combining radionuclide nanomedicine with brachytherapy the limitations of permanent brachytherapy 

and AuNP delivery will be addressed.  
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CHAPTER 2 

2 DEPOT SYSTEM FOR CONTROLLED RELEASE OF GOLD 

NANOPARTICLES  

 
Adapted from: Priscilla Lai, Eli Letchman, Shahram Mashouf, Jean-Philippe Pignol, Raymond M. 
Reilly (2016). Depot system for controlled release of gold nanoparticles with precise intratumoural 
placement by permanent brachytherapy seed implantation (PSI) techniques. Int J Pharm, 515, 729-
739 

 

2.1  ABSTRACT 

We report the design of a NPD system for local delivery of AuNP that facilitates their controlled release and is 

implantable into tumours by permanent seed implantation (PSI) brachytherapy techniques. Various sizes (5, 15, 30, 

and 50 nm) of PEG coated AuNP and concentrations (6%, 8%, and 10% w/v) of calcium alginate used to form the NPD 

were studied. AuNP release rate, diffusion characteristics and spatial distribution were characterized in a tissue 

equivalent phantom model, and in a breast cancer tumour xenograft model and compared to a Fickian diffusion 

computational model, to identify the optimal NPD composition. In phantoms, 5 nm and 15 nm AuNP were released 

more rapidly than 30 nm or 50 nm AuNP but when implanted into tumour xenografts, AuNP exhibited slower release 

from NPD. Controlled prolonged release of AuNP was observed in tumour tissue over durations which were 

dependent on AuNP size. Maximum release and distribution in tumours was achieved using 5 nm AuNP incorporated 

into NPD. These results demonstrate the potential for the NPD as an effective local delivery system for AuNP-based 

therapies.  

 

2.2  INTRODUCTION  

Gold nanoparticles are receiving considerable attention for delivery of chemotherapeutic drugs (Liang et al., 2014), 

radionuclides (Yook et al., 2016a, Vilchis-Juarez et al., 2014) and photosensitizing drugs (Zhang et al., 2015) to tumours 

for cancer treatment. Furthermore, their ability to convert light to heat has led to interest in their application for 

photothermal therapy (Pekkanen et al., 2014, Liu et al., 2016, Bao et al., 2016) and their conversion of X-rays to more 

radiobiologically effective Auger and photoelectrons has generated interest in their use as sensitizers for radiation 

treatment of cancer (Chattopadhyay et al., 2013, Hainfeld et al., 2004, Huang et al., 2011). In almost all studies, AuNP 

were administered systemically by i.v. injection, based on extravasation of AuNP into tumours and their retention by 

the EPR effect (England et al., 2015). In some studies, AuNP were surface-modified with targeting ligands such as 

monoclonal antibodies or peptides to promote active uptake into tumours (Llevot and Astruc, 2012). Nonetheless, 

there remain significant challenges to the effective delivery of AuNP to tumours after i.v. injection, since they are 
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avidly recognized by the MPS which causes sequestration by the liver and spleen (Zhang et al., 2016a). Surface coating 

of AuNP with PEG chains minimizes MPS recognition and reduces liver and spleen uptake (Arnida et al., 2011). 

However, conjugation to targeting ligands may enhance MPS recognition resulting in diminished tumour uptake. For 

example, Chattopadhyay et al. previously reported that 30 nm diameter 111In-labeled AuNP modified with 

trastuzumab to target subcutaneous (s.c.) HER2-positive MDA-MB-361 human BC xenografts in athymic mice 

exhibited 2-fold greater spleen uptake after i.v. injection than unmodified 111In-AuNP [19.2 vs. 10.0 percent injected 

dose/g (% ID/g)] and tumour uptake was reduced compared to unmodified 111In-AuNP by 2-fold (1.2 vs. 2.2% ID/g) 

(Chattopadhyay et al., 2012b). A recent article reviewed the delivery to tumours of a variety of nanoparticles including 

AuNP, by analysing data from 117 publications and concluded that a median of <1% of systemically administered 

nanoparticles were taken up by tumours in mouse xenograft models (Wilhelm et al., 2016). 

 

One strategy to overcome these limitations of i.v. injected AuNP may be i.t. injection, particularly for tumours that are 

readily accessible, such as early stage BC which is confined mainly to the breast. We found that i.t. injected and 

trastuzumab-modified 111In-AuNP yielded 25-fold higher tumour radioactivity (29.6% ID/g) than  i.v. injected 111In-

AuNP and 10-fold lower spleen uptake (1.8% ID/g) and 1.7-fold lower liver accumulation (1.6% ID/g) (Chattopadhyay 

et al., 2012b). More recently, Yook et al. reported that very high tumour concentrations (>200% ID/g) were achieved 

for i.t. injected panitumumab-modified 177Lu-labeled AuNP. These 177Lu-AuNP deposited high radiation doses in s.c 

EGFR-positive MDA-MB-468 human BC xenografts (>30 Gy) in athymic mice with which arrested tumour growth (Yook 

et al., 2016a). Moreover, the retention of 177Lu-AuNP in tumours minimized redistribution to normal organs resulting 

in low radiation doses (<1 Gy) that caused no normal tissue toxicity. These results are very promising for maximizing 

the radiotherapeutic effects of 177Lu-AuNP on tumours while minimizing their effects on normal tissues. However, a 

practical obstacle to advancing this approach to human studies is the feasibility in precisely positioning AuNP in 

tumours by i.t. injection to obtain predictable radioactivity distribution and dose deposition, especially since patient 

tumours are much larger than the mouse tumour xenografts previously studied. Treatment of tumours in patients 

would require multiple i.t. injections that need to be spatially distributed with high accuracy in order to minimize 

regional heterogeneities in the radiation doses deposited in the tumour.  

 

To address this challenge, we report here the design of a novel NPD system composed of a porous calcium alginate 

reservoir into which AuNP may be loaded, and which enables their controlled local release and diffusion in tumour 

tissues. The NPD were designed to have the same dimensions as brachytherapy seeds that are routinely used in 

patients for local radiation treatment of tumours, so that they can be precisely positioned into a tumour using the 

pre-loaded needle technique used for PSI (Hepel and Wazer, 2012). PSI brachytherapy techniques involve careful 

insertion of multiple radioactive seeds that are preloaded into seeding needles and guided into the tissue using a 

template system to assure precise placement. The template allows selection of the insertion depth in tissue and the 

distance between adjacent seeds such that seed positioning is accurate to within a few millimeters (Pignol and Keller, 

2009b, Morton et al., 2016). Adapting the PSI technique for intra-tumoural placement of 177Lu-AuNP would render 
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the approach practical for tumour treatment in BC patients. Moreover, the approach could potentially be extended 

to local treatment of other cancers for which brachytherapy is currently used (e.g. prostate cancer) (Nicolae et al., 

2016). We studied the release of AuNP from the NPD as a function of calcium alginate concentration and AuNP size 

using an in vitro tissue-equivalent phantom model, by modeling the release by Fick’s diffusion law, and experimentally 

in vivo in a BC tumour xenograft mouse model with the NPD inserted by PSI techniques (Fig. 2.1). To our knowledge, 

this report is the first to describe local delivery of AuNP in a tumour using a NPD system inserted by PSI techniques. 

 

 

Figure 2.1 Conceptual illustration of NPD design and implantation. (a) The NPD is loaded with PEGylated AuNP and 

release of AuNP from the NPD occurs following implantation. A comparison of the dimensions of a NPD with those of 

a conventional titanium shell permanent brachytherapy seed is also shown. (b) The NPD is loaded in an 18 G seeding 

needle and deposited into a tissue-equivalent phantom or tumour xenograft in an athymic mouse using the template 

as a positioning guide. Once implanted, the NPD released AuNP into the surrounding phantom matrix or tumour 

tissue.  

 

2.3  MATERIAL AND METHODS 

2.3.1  GOLD NANOPARTICLE PEGYLATION 

AuNP (5, 15, 30 and 50 nm; Ted Pella Inc., Redding, CA, USA) were PEGylated for 24 h at 4°C by incubation with 0.235g 

of mercaptopolyethylene glycol monomethyl ether (MeO-PEG-SH) (2 kDa; IRIS BioTech, Marktredwitz, Germany) in 

double distilled water (d.d. H2O) per 500 mL of AuNP stock solution. The mean diameter and coefficient of variation 

(%) of the AuNP prior to PEGylation were 5.3 nm (≤15%), 14.4 nm (≤8%), 31.2 nm (≤8%) and 49.1 nm (≤8%) for 5, 15, 

30 and 50 nm AuNP respectively. PEGylated AuNP were concentrated by ultracentrifugation (Eppendorf Centrifuge 
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5804 R, Hamburg, Germany) at 5,000  g for 30 min and 15,000  g for 60-120 min at 4˚C. The final AuNP 

concentration was measured by UV-Vis absorption at 525 nm (Nanodrop 2000, Thermo Scientific, Wilmington, DE, 

USA) by reference to a calibration curve.  

 

2.3.2  NPD FORMATION AND INCORPORATION OF AUNP 

Very low viscosity (VLV <20 mPa) ultrapure medical grade sodium alginate (Pronova NovaMatrix, Sandvika, Norway) 

was used to form the NPD. Alginate gels were first prepared by combining sodium alginate powder (6%, 8% and 10% 

w/v) with 0.5% NaCl aqueous solution. Gels were allowed to stabilize for 24 h before highly concentrated AuNP (~25-

80 mg of AuNP/mL depending on AuNP size) in d.d. H2O were added to the mixture to a final concentration of 0.2 mg 

of AuNP/5μL of gel. The AuNP/alginate solution was gently mixed using a vortex mixer for 1 min, then centrifuged for 

7 min at a 1500  g to collect any beading on the side of the vial during mixing. The AuNP/alginate gel mixture was 

injected into custom molds constructed from a block of polyacrylamide with cylindrical openings having the same 

dimensions as a conventional brachytherapy seed (0.8 mm diameter × 4 mm length). The molds were entirely 

submerged in a cross-linking solution of 10% calcium chloride in d.d. H2O for 45 min then the NPD was removed from 

the mold using a trocar. A comparison of the NPD with a conventional brachytherapy seed is shown in Fig. 2.1a. To 

ensure the AuNP incorporated into the NPD were not aggregated as a result of the calcium alginate crosslinking 

process, NPD were submerged in d.d. H2O. The UV-Vis absorbance spectrum of AuNP released from the NPD was 

obtained using the Nanodrop 2000 instrument. The peak absorption wavelength (max) in the spectrum was compared 

to that of stock AuNP.   

 

2.3.3  TISSUE-EQUIVALENT PHANTOM MODEL 

Tissue-equivalent phantoms were made from 0.4% w/v ultrapure grade agarose (Bio-Rad Laboratories, Hercules, CA, 

USA) dispersed in a solution containing 10% Tris-Borate EDTA buffer (Sigma-Aldrich, St. Louis, MO, USA) and d.d. H2O, 

which mimics the microstructure of soft tissues (Chen et al., 2002). Implantation into phantoms was carried out using 

a modified template device (Fig. 2.1b), designed and constructed by the Medical Physics Machine Shop (Sunnybrook 

Health Sciences Centre, Toronto, ON, Canada). The template was mounted to a stage to allow for finer template 

positioning. An 18 G seeding needle (Eckert & Ziegler, Oxford, CT, USA) was manually loaded with the NPD and the 

template was used to stabilize the needle during insertion. Phantoms were implanted with NPD composed of 6%, 8% 

or 10% (w/v) calcium alginate and incorporating 5, 15, 30 or 50 nm AuNP. 

 

2.3.4  TUMOUR XENOGRAFT MOUSE MODEL  

MDA-MB-231 human BC cells (ATCC, Manassas, VA, USA) were cultured at 37 °C in 5% CO2 in RPMI-1640 medium 

(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% penicillin/streptomycin and 10% fetal bovine serum. 
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Female severe combined immunodeficient (SCID) mice (Charles River Laboratories, Boston, MA, USA) were inoculated 

s.c. in the right hind leg with 2 × 106cells in 50µl of Mg+/Ca+ Dulbecco’s Phosphate Buffered Saline (DPBS) using a 27 

G needle. Tumours were permitted to grow to a diameter of 9 mm and were then implanted with NPD composed of 

6% (w/v) calcium alginate and incorporating 5, 15, or 30 nm AuNP. During implantation, mice were anesthetized with 

2% oxygen ventilated isoflurane. Mice were restrained on the stage and the needles positioned under ultrasound 

guidance (Sonix RP, Ultrasonix, Richmond, BC, Canada) such that the length of the NPD ran parallel to the leg and the 

NPD was centered in the tumour (Fig. 2.2). Only one NPD was implanted per tumour. Animals were sacrificed at 7 

days post implantation and the tumours harvested and imaged by micro-CT. The Animal Use Protocol for this study 

was approved by the Sunnybrook Research Institute Animal Care Committee (SRI ACC) in accordance with the 

Canadian Council on Animal Care (CCAC) Guidelines. 

 

 

Figure 2.2 An image of the experimental setup and ultrasound guided implantation. (a) The seeding needle is centered 

at the tumour using the adjustable template shown in (b), while the mouse is restrained on the template stage. 

Ultrasound images collected (c) pre-implantation, (d) during implantation to verify positioning, and (e) post-

implantation. The implanted NPD is indicated in panels (d) and (e) by the white arrow. 

 

2.3.5  IMAGING OF AUNP RELEASE AND DISTRIBUTION 

Release of AuNP from the NPD was analyzed by micro-CT (μCT100; Scanco Medical Bruttisellen, Switzerland). Images 

were acquired at 45 kVp (0.5 mm Al filtration), 200 μA, using a 20.5 mm field diameter and 20 μm × 20 μm × 20 μm 
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voxel size. Gray level values (GLV) were extracted from micro-CT DICOM images using MicroView GEHC (General 

Electric Health Care, Buckinghamshirem United Kingdom). GLV for various gold concentrations were collected using 

micro-CT scans of a calibration phantom containing water, air and known concentrations of AuNP in water. The GLV 

for the background (water) was subtracted and the results were used to generate a gold radiodensity curve of GLV 

values vs. AuNP concentrations (mg/mL). The gold concentrations within and surrounding the NPD were determined 

after subtracting the background GLV for the phantom. Release of AuNP from the NPD was analyzed using MATLAB 

(Mathworks, Natick, MA, USA). Images were imported into MATLAB and the total NPD volume decomposed into bins 

of GLV that corresponded to concentrations of gold. The mass of gold remaining after the allotted time, was 

determined by multiplying the number of voxels per bin, assuming 8×10-9 mL/voxel, by the corresponding AuNP 

concentration. The AuNP rate of release was calculated by dividing the mass of released AuNP by the amount of time 

elapsed at the time of imaging. Note that analysis of the release rate was derived only from AuNP retained within the 

volume of the NPD. The distribution of AuNP in the phantom was determined by measuring the diffused AuNP as a 

function of distance from the surface of the NPD. A combination of thresholding and manual contouring on ImageJ 

software (National Institutes of Health, Bethesda, Maryland, USA) was used to contour the NPD and successive regions 

of interest (ROI) ‘rings’ were created up to 2 cm radially from the NPD surface (see Results Fig. 2.4b). The average GLV 

was measured and converted to AuNP concentration as previously described.  

 

Release of AuNP into tumour tissue was calculated as the ratio of the average GLV in the tumour to the average GLV 

in the NPD. This was done to avoid misinterpretation of AuNP in tumours from differences in GLV arising from inter-

tumour variability. The average GLV was measured using manual thresholding and the Isosurface-to-ROI function in 

MicroView. As the AuNP concentrations reach equilibrium with the surrounding tumour tissue, the ratio approaches 

unity.  

 

Tumour specimens were fixed immediately after imaging for 3 days at 4˚C using Carnoy’s solution (95% ethanol, 5% 

acetic acid) to preserve the alginate gel and tissue. The samples were embedded into paraffin blocks and sectioned 

(5 µm thickness) and stained with silver enhancer staining (SES) (Silver Enhancer Kit, Sigma Aldrich) according to the 

manufacturer’s instructions. Tumour sections were counterstained with Mayer’s Hemotoxylin (Sigma-Aldrich). 

Tumour AuNP diffusion was calculated by manual contouring of the tumour section and measuring the percent 

positive staining in the contoured region using Imagescope (Leica Microsystems Inc., Concord, ON, Canada).  

 

2.3.6  FICKIAN MODELING OF AUNP DIFFUSION AND SPATIAL DISTRIBUTION  

Diffusion of AuNP (5, 15, 30 and 50 nm) from the NPD into the phantom was also predicted from experimentally 

derived diffusion coefficients, Di (cm2/s), to assess the validity of computational models for assessing nanoparticle 

distribution. The measured diffusion coefficients were used to calculate the root mean square displacement and the 

change in AuNP distribution over time. In this model, a tunnel with dimensions 20 mm × 5 mm × 3 mm (L × W × H) 
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was constructed using polyacrylamide. The tunnel was filled with tissue-equivalent medium, then submerged in a well 

of AuNP solution (Kim et al., 2010a). Diffusion of AuNP occurred from the exposed ends of the tunnel towards the 

center. Images of AuNP diffusion into the tunnel of length L = 2l, taking advantage of their red color, were collected 

using a digital camera (Canon PowerShot SD1400 IS Digital ELPH, Canon Inc. Tokyo, Japan), and the intensity profile 

along the length L, of the tunnel was extracted from the digital images using ImageJ software. The data was fitted to 

Fick’s diffusion model (2.1).  

 

(2.1) 
𝝏𝒄

𝝏𝒕
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The solution used for this model in terms of concentration was developed by Crank et al. to give the mass of penetrant 

in the tunnel, Mt, as a function of time, t, compared to the saturation mass, M∞ (2.2) (Crank, 1975, Comyn, 1985). 

Using this model the diffusion coefficients were determined from the slope of the line, m, when Mt/M∞ vs. t1/2 was 

plotted. 
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The spatial distribution of AuNP was calculated using the experimentally derived diffusion coefficients. The radial 

distance traveled, or root mean square displacement, ‹r2›, was calculated to determine the boundary of infiltration 

(2.3). 

 

(2.3) 〈𝒓𝟐〉 = 𝟔𝑫𝒕 + 𝑪 

 

Estimations of AuNP diffusion were modeled for different times after implantation, and assumed uniform radial 

diffusion from the NPD. The distribution of AuNP was modeled using MATLAB’s pdepe function to solve (2.1). In this 

model, the distribution is dependent on the release rates of AuNP from the NPD (from Section 2.3.5), the experimental 

diffusion coefficients for different AuNP sizes, and the duration of AuNP release. The initial conditions and boundary 

conditions assumes that at t=0, the concentration of AuNP outside the NPD is zero (c(x, 0)=0), the decrease in the 

initial concentration of the NPD is linear (c0-(release rate)*t), and that the concentration and flux at the outer 

boundary of the volume is zero (c(xmax, t)=0, δc/δx=0).  

 

2.3.7  STATISTICAL ANALYSIS  

Significance was determined using an unpaired t-test with unequal variances (P<0.05).  
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2.4  RESULTS 

2.4.1  UV-VIS SPECTROSCOPY 

The max expected for non-aggregated AuNP is 520 ± 10 nm depending on size (Amendola and Meneghetti, 2009). A 

shift towards longer wavelengths, or a shoulder in the spectrum is indicative of AuNP aggregation or shape anisotropy 

(Shankar et al., 2003). The absorption bands from released AuNP are compared to those for the stock AuNP in Table 

1. The results indicate that the AuNP did not aggregate as a result of incorporation into the calcium alginate NPD. 

Absence of aggregation was also indicated by the lack of a shoulder in the spectrum compared to the stock AuNP 

spectrum (Fig. 2.3).  

 

 

Figure 2.3 The UV-visible absorption spectrum for stock and NPD released AuNP. The normalized absorption, as a 

function of wavelength (nm), is plotted for 15 nm PEGylated stock AuNP (solid line) and AuNP released from a NPD 

composed of 6% w/v calcium alginate (dashed line).  

 

Table 2.1 Absorption bands (max) for stock AuNP and AuNP released from a nanoparticle depot (NPD). NPD were 

composed of 6% w/v calcium alginate. 

AuNP size (nm) Stock AuNP max (nm)  Released AuNP max (nm) 

5 514.5 ± 0.2 516.0 ± 0.3 
15 520.4 ± 0.2 520.8 ± 0.1 
30 528.3 ± 0.1 527.5 ± 0.1 
50 529.5 ± 0.5 527.0 ± 1.0 

. 
 

2.4.2  AUNP RELEASE IN A TISSUE-EQUIVALENT PHANTOM 

Micro-CT was used to image the release of AuNP at different times from NPD composed of 6%, 8% or 10% w/v calcium 

alginate and incorporating 5, 15, 30 or 50 nm AuNP (9.5×1010-9.5×1013 nanoparticles depending on AuNP size) 
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inserted into a tissue-equivalent phantom (Fig. 2.4a). The released AuNP concentration (mg/mL) was determined 

based on background corrected GLV with reference to a calibration curve (Fig. 2.4c). Representative micro-CT images 

of 30 nm AuNP in a NPD composed of different concentrations of calcium alginate with the GLV segmented by 

intensity (color scale) reveal differences in release rates at 7 days after insertion into the phantom (Fig. 2.4d). The 

release rates for each concentration of calcium alginate and AuNP size determined from the retention of AuNP within 

the NPD are compared in Fig. 2.5.  

 

 

 

Figure 2.4 Evaluation of AuNP release from the NPD. (a) Micro-CT cross-sectional image of a 10% (w/v) calcium alginate 

NPD containing 30 nm AuNP at 7 days post implantation in a tissue-equivalent phantom. (b) A transverse cross-section 

of a 30 nm NPD illustrating region of interest (ROI) segmentation for measurement of diffused AuNP as a function of 

radial distance from the NPD. (c) A radiodensity curve obtained from scans of a calibration phantom containing air, 

water and increasing concentrations of AuNP, used to convert GLV to AuNP concentrations (mg/mL). (d) Cross 

sectional images of NPD (10%, 8% and 6% w/v calcium alginate) incorporating 30 nm AuNP at 7 days post implantation, 

after segmenting the GLV into radiodensity bins. The regions within the NPD containing different concentrations of 

AuNP are indicated by the color scale, where 100% represents the initial concentration (36.6 mg/mL). Note the 

difference in color between the control and 10%, 8% and 6% w/v calcium alginate NPD at 7 days. Difference between 

the use of 10%, 8% and 6% w/v calcium alginate appear minor.  
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Figure 2.5 AuNP release rates (mg/day) for 6%, 8% or 10% w/v calcium alginate NPD for (a) 5 nm, (b) 15 nm, (c) 30 

nm, or (d) 50 nm AuNP. Values shown represent the mean ± SEM (n=3) release rate (mg/day  10-3). Significant 

differences are indicated by the asterisks. Note the different y-axis scale for panel (a). The number of AuNP released 

at 3 days post implantation is also shown in (e) for the combinations of AuNP sizes and calcium alginate 

concentrations. Note the logarithmic y-axis scale. Significant differences (P<0.05) are indicated by asterisks.  

 

NPD composed of lower concentrations of calcium alginate and smaller sized AuNP exhibited higher release rates (Fig. 

2.5 a-d). The highest rate of release of gold was found for 5 nm AuNP incorporated into NPD with no significant 

differences between 6%, 8% or 10% w/v calcium alginate compositions (744 ± 41 ×10-3 vs. 743 ± 41 ×10-3 vs. 740 ± 41 

×10-3 mg/day). The NPD with the lowest release rates were those incorporating 50 nm AuNP (1.1 ± 2.7 ×10-3 mg/day 

to 1.3 ± 2.1 ×10-3 mg/day) which were not influenced by the calcium alginate concentration. Some significant 

differences were found for 15 nm AuNP incorporated into 6% vs. 8% and 6% vs. 10% w/v calcium alginate NPD. There 

were no significant differences between the release rates caused by varying the alginate concentration in NPD 

incorporating 30 nm AuNP. The initial number of AuNP loaded into the NPD were: 5 nm (9.5×1013 particles), 15 nm 

(3.5×1012 particles), 30 nm (4.4×1011 particles) and 50 nm (9.5×1010 particles). Based on the total number of AuNP 

released at 3 d (Fig. 2.5d), approximately 100%, 98%, 7% or 3.3% release of the total AuNP loaded into the NPD were 

released over this time period for 5 nm, 15 nm, 30 nm or 50 nm AuNP, irrespective of the alginate composition. These 

results indicated that AuNP release was controlled mainly by particle size. 

 

2.4.3  AUNP SPATIAL DISTRIBUTION IN A TISSUE-EQUIVALENT PHANTOM 

The diffusion of AuNP from the NPD into a tissue-equivalent phantom was modeled by Fick’s diffusion law. To measure 

the diffusion coefficients, Di, a series of images were obtained at various times with a digital camera of AuNP diffusing 

into a gel tunnel (Fig. 2.6a). Diffusion occurred inward from the ends of the tunnel, towards the center. Using Fick’s 
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diffusion law (Fig. 2.6b), the Di (Table 2) were determined by extracting Mt/M∞ from the intensity profiles for different 

AuNP sizes in the tissue-equivalent gels (Fig. 2.6c). The results indicate that Di decreases with increasing AuNP size. 

 

 

Figure 2.6 Overview of Fickian diffusion model. (a) Diffusion of AuNP into a tunnel in a tissue-equivalent gel phantom 

following submerging the tunnel in a well of AuNP solution. Digital images were obtained of the AuNP diffusing into 

the tunnel at various times. The color intensity profile of the tunnel at each time point was extracted using ImageJ 

software. (b) The intensity profile for Fickian diffusion modeling of 5 nm AuNP in a tissue-equivalent phantom, 

comparing normalized intensity vs. position (x-axis) along the tunnel at various times. The intensities were normalized 

to the maximum intensity. (c) The corresponding plot of Mt/M∞ vs. t1/2 for 5 nm AuNP (r=0.97). Mt is the mass of 

sorbed penetrant in the tunnel as a function of time (secs), t, compared to the saturation mass, M∞. The diffusion 

coefficients (Table 2.2) were determined from the slope of the line using equation 2.3. 

 

Table 2.2 Diffusion coefficients [Di (cm2/s)] for AuNP in a tissue equivalent phantom at 20°C.  

AuNP size (nm) Di (cm2/s) 

5 nm 3.29 × 10-7 
15 nm 3.13 × 10-7 
30 nm 0.616 × 10-7 
50 nm 0.0445 × 10-7 
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NPD inserted into the tissue-equivalent phantom are shown at days 1 and 7 after implantation. Released AuNP (red 

color) diffused into the phantom matrix are visualized surrounding the NPD at day 7. The radial distance of diffused 

AuNP released from the NPD was determined using Di to approximate the boundary of AuNP infiltration into the 

phantom (Fig. 2.7b). Since conventional brachytherapy seeds are implanted into tissues about 1 cm apart, the 

minimum distance required for AuNP from two adjacent seeds to diffuse and occupy the space between two seeds is 

5 mm. For the NPD incorporating 50 nm AuNP, the time for released particles to bridge this distance was very long 

(95 days) and not feasible, whereas smaller AuNP (5 nm and 15 nm) diffused to this radial distance in 3 days and 7 

days, respectively (Fig. 2.7c) which are compatible with use of the NPD as delivery systems for AuNP. With sufficient 

time, AuNP diffused up to 4 cm from the surface of the NPD (Fig. 2.7b). 

 

 

Figure 2.7 (a) Images of a NPD composed of 6%, 8%, and 10% w/v calcium alginate and incorporating 30 nm AuNP at 

day 1 and day 7 after implantation into a tissue-equivalent phantom. AuNP released from the NPD and diffused into 

the phantom matrix are evident by the red color surrounding the NPD at day 7. (b) The radial distance (cm) diffused 

by AuNP released from the NPD as a function of time (days) for 5 nm, 15 nm, 30 nm or 50 nm AuNP. (c) An illustration 

comparing the duration of time, Δt, required by AuNP of different sizes to diffuse half the distance (5 mm) between 

two adjacent NPD placed 1 cm apart. 
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The concentrations of AuNP diffused from the surface of the NPD in the phantom were determined by micro-CT image 

analysis using the average GLV to estimate gold concentrations in selected ROI (Fig. 2.4b) with reference to a 

radiodensity curve (Fig. 2.4b). These were compared to those calculated numerically by solving the Fickian diffusion 

model with the pdepe function in MATLAB using the experimentally-determined release rates and diffusion 

coefficients. The experimental and modeled results are shown in Figure 2.8. The concentration distribution of AuNP 

is represented in 1-dimension as a function of radial distance, where x=0 is the surface of the NPD. The times for which 

concentration profiles were analysed were 3 h for 5 nm, 45 h for 15 nm, and 7 days for 30 nm and 50 nm AuNP. While 

the 50 nm AuNP distributions were modeled correctly by Fick’s diffusion law, there were some differences between 

modeled and experimental distributions for 5 nm, 15 nm, and 30 nm AuNP. This was most evident for the 5 nm AuNP 

for which Fick’s law greatly under-predicts diffusion. The results suggest that computational modeling of diffusion 

may not be sufficient to predict the distribution of AuNP released from the NPD in a tissue-equivalent phantom, 

especially for small AuNP.  

 

 

Figure 2.8 The concentration distribution of AuNP represented in 1-dimension as a function of radial distance. The 

experimentally determined distribution of AuNP measured by micro-CT (red vertical line filled curve) released from a 

6% w/v calcium alginate NPD, expressed in AuNP concentration (mg/mL) at selected time points as a function of 

distance (cm) from the surface of the NPD (x=0) for AuNP sizes of (a) 5 nm, (b) 15 nm, (c) 30 nm, and (d) 50 nm. The 
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distribution modeled by Fick’s law (blue solid filled curve) is shown for comparison using a reverse y-axis. Note that 

the only AuNP size where the experimental concentration distribution is well represented by the Fickian model is 50 

nm.  

 

2.4.4  AUNP RELEASE AND DIFFUSION IN A TUMOUR XENOGRAFT MODEL 

NPD made from 6% (w/v) calcium alginate and incorporating 5 nm, 15 nm or 30 nm AuNP were implanted using the 

PSI technique into s.c. MDA-MB-231 human BC tumour xenografts in SCID mice (Fig. 2.2). The tumours were excised 

and imaged ex vivo using a micro-CT at 7 days post-implantation (Fig. 2.9a). AuNP release rates (Fig. 2.9b) were 

determined as described in section 3.2. The release rates in the tumour followed the same trend as in the phantoms, 

with 5 nm AuNP demonstrating the most rapid release followed by 15 nm and 30 nm AuNP. However, AuNP release 

from the NPD implanted into tumours occurred much slower than in the phantom model (64.3 times, 7.0 times and 

2.6 times slower for 5 nm, 15 nm and 30 nm AuNP, respectively). The percentage of AuNP release for each 

concentration of calcium alginate and AuNP size determined from the retention of AuNP within the NPD when 

implanted into phantoms and into tumours are compared in Figure 2.10. The uptake ratio of AuNP in the tumours, 

calculated as the ratio of the average GLV in the tumour to the average GLV in the NPD, were 1.0 ± 0.0, 0.65 ± 0.03, 

and 0.353 ± 0.003 for 5 nm, 15 nm and 30 nm respectively. An uptake ratio of 1.0 indicates that the average AuNP 

concentrations in the nandepot and surrounding tumour tissue are equivalent and have reached equilibrium with 

maximal AuNP release. Thus, concentrations of AuNP in the NPD and tumour tissue equilibrated more rapidly for 5 

nm AuNP than 15 nm or 30 nm AuNP. Silver enhancer staining (SES) was used to assess the local regional distribution 

of AuNP in the tumour. The distributions of AuNP in representative tumours are shown in Figure 2.9c for 5 nm, 15 nm 

or 30 nm AuNP incorporated into a 6% calcium alginate NPD. Based on the staining observed, there was 

heterogeneous intratumoural distribution of AuNP, unlike that found in the phantom model. The percent positive 

staining in tumour sections is summarized in Figure 2.9d. Tumours implanted with a NPD incorporating 5 nm AuNP 

demonstrated the highest percentage of staining and most homogeneous staining, although not all of the tumour 

area was occupied by AuNP.  
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Figure 2.9 AuNP release and distribution in vivo. (a) Micro-CT cross sectional image of a tumour implanted with a NPD 

incorporating 5 nm, 15 nm or 30 nm AuNP (left to right). For sections with the NPD incorporating 15 nm or 30 nm 

AuNP the NPD was visualized as a bright radiodense focus due to retention of the AuNP, whereas due to release of 

the 5 nm AuNP, the NPD is not observed. (b) The release rate of AuNP (mg/day) for each AuNP size. (c) Silver enhancer 

staining (SES, brown color) of sections from tumours implanted with a NPD incorporating 5 nm, 15 nm or 30 nm AuNP 

(left to right). (d) Percent of tumour section exhibiting positive staining by SES. Error bars represent the standard 

deviation. Note the difference in AuNP distribution, as indicated by staining in (c), in tumours implanted with 5 nm, 

15 nm and 30 nm AuNP.  
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Figure 2.10 Percentage of AuNP released in a phantom and in vivo. (a) Percentage of AuNP release for NPD composed 

of 6%, 8% or 10% w/v calcium alginate for 5 nm, 15 nm, 30 nm, and 50 nm AuNP at 7 d post implantation in a tissue 

equivalent phantom. (b) Percentage of AuNP release for 6% w/v calcium alginate NPD for 5 nm, 15 nm, and 30 nm 

AuNP at 7 d post implantation in a tumour xenograft in a mouse. The error bars represent the standard deviation and 

significance is denoted by the asterisks (P<0.05). Note that there were no observable differences between 6%, 8% or 

10% w/v calcium alginate composition, indicating that AuNP size is the main determinant influencing AuNP release.  

 

2.5  DISCUSSION  

We report here for the first time, the design and evaluation of a NPD system that provides controlled local release of 

AuNP and permits precise implantation into a tumour by adapting existing clinically used PSI brachytherapy 

techniques. NPD were constructed from different concentrations of calcium alginate (6%, 8% or 10% w/v) and 

incorporated a wide range of AuNP sizes (5 nm, 15 nm, 30 nm or 50 nm). The release of AuNP from the NPD and their 

local diffusion was studied in a tissue-equivalent phantom by micro-CT and modeled by Fick’s diffusion law, as well as 

examined experimentally in a human BC tumour xenograft mouse model following implantation by PSI techniques. 

The results of the phantom study revealed that the calcium alginate concentration used to construct the NPD was not 

a major factor influencing AuNP release, but release was highly dependent on AuNP size. The highest release rates 

were noted for 5 nm and 15 nm AuNP and very slow release rates were found for 30 nm and 50 nm AuNP (Figs. 2.5 

and 2.7). These results suggest that the microstructure of the NPD may be similar at all concentrations of calcium 

alginate studied. No previous reports have examined the release of AuNP from a calcium alginate matrix, but the 

release rate of other encapsulated materials is dependent on the matrix porosity and molecular weight of the 

materials (Huguet and Dellacherie, 1996). The pore size for matrices formed of 3-7% w/v calcium alginate has been 

reported to range from 12-16 nm (Klein et al., 1983). The slow release of 30 nm and 50 nm AuNP from the NPD in our 

study which were composed of 6-10% w/v calcium alginate, suggests that the pore size may be similar, permitting 

rapid release of 5 nm or 15 nm AuNP, but restricting the release of larger sized AuNP. It may be possible to further 

modify the release of 5 nm and 15 nm AuNP by decreasing the concentration of calcium alginate, which has been 
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demonstrated in other studies increase the pore-length and number of pores available (Cheetham et al., 1979) while 

maintaining the pore diameter (Hannoun and Stephanopoulos, 1986). 

 

In addition to release rate, an important consideration is the diffusion and spatial distribution of AuNP released from 

the NPD. In the tissue-equivalent phantom, modeling of AuNP diffusion revealed a major decrease in gold 

concentrations at distances >0.5 cm from the NPD for all sizes of AuNP (Fig. 2.8). Nonetheless, the 5 nm AuNP diffused 

the greatest distance, while 30 nm and 50 nm AuNP exhibited only minor diffusion from the surface of the NPD. These 

results are similar to those reported by Sinha et al., who created a theoretical model to study the intratumoural 

distribution of AuNP delivered by PLGA brachytherapy spacers following implantation into a tumour (Sinha et al., 

2015). PLGA spacers are intended to be implanted during PSI brachytherapy, similar in concept to NPD, to facilitate 

release of AuNP but with the aim of providing enhancement for external beam radiation therapy. They showed that 

10 nm AuNP diffused less than 5 mm from the PLGA spacer at 1 day or 5 days after implantation. Nonetheless, they 

predicted sufficient gold concentrations at 5 mm to achieve at least 20% dose-enhancement.  

 

Modeling is often the primary approach to achieve an understanding of AuNP distribution in a tumour (Kim et al., 

2013) but it oversimplifies the complexity of the diffusion process. We compared the modeled AuNP distribution to 

the experimental AuNP distribution measured by micro-CT in a tissue-equivalent phantom (Fig. 2.8). The experimental 

distribution showed a decrease in AuNP concentration with increasing distance as predicted by Fick’s diffusion law, 

but the distribution displayed some major differences, especially for 5 nm AuNP (Fig. 2.8a), and there were some 

heterogeneities noted by the non-smooth distribution of the 15 nm AuNP (Fig. 2.8b) suggesting that there are added 

complexities in AuNP transport that were not accounted for in the diffusion model. The tissue-equivalent phantom 

used in this study is a well-established surrogate for examining the diffusion of drugs and nanoparticles in human 

tissues (Chen et al., 2002, Salloum et al., 2008) but our results suggest that further evaluation in an in vivo tumour 

model is warranted to fully understand the spatial distribution of AuNP.  

 

The intra-tumoural transport of AuNP is expected to vary depending on the physiological and morphological 

characteristics of the tumour and surrounding stroma (Netti et al., 2000). These may affect the percolation of AuNP 

within the tumour interstitial space. The results from the in vivo study conducted here revealed 2.6-64.4 fold slower 

release rates for AuNP in a tumour compared to the tissue-equivalent phantom as well as some heterogeneities in 

AuNP distribution around the NPD visualized by SES, especially for 5 nm AuNP (Fig. 2.9). These heterogeneities reflect 

the complexity of tumour tissue and how transport of AuNP may not be accurately modeled by simple diffusion. In 

fact, several studies investigating systemic administration of nanoparticles suggest that the main mechanism of 

particle transport is convection from interstitial fluid flow, which is highly dependent on the interstitial fluid pressure 

(IFP) (Stapleton and Milosevic, 2013, Stapleton et al., 2013, Eikenes et al., 2005). In addition, heterogeneities in IFP 

have been found in tumours, contributing to non-uniform nanoparticle distribution (Stapleton et al., 2015). Sykes et 
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al. demonstrated that parameters such as extracellular matrix content, vascularity, and cell density, all affect AuNP 

transport into tumours following systemic administration, and they proposed that the properties of AuNP, in particular 

their size should be tailored to the tumour physiology to optimize their transport (Sykes et al., 2016). The NPD 

described here provides an opportunity to study the effect of AuNP characteristics and tumour physiology on the local 

diffusion of AuNP in vivo in a tumour xenograft mouse model, following implantation by PSI techniques.  

 

Based on the more rapid (Fig. 2.5) and complete release of 5 nm AuNP (Fig. 2.10) and greater and more homogeneous 

diffusion of these particles from the NPD surface (Fig. 2.8), we believe that this size of AuNP would be most feasible 

for local intratumoural delivery with the NPD system. Since the calcium alginate concentrations did not influence the 

release characteristics of AuNP from the NPD, concentrations ranging from 6% to 10% w/v are suitable for 

constructing the NPD. All of these concentrations provided sufficient stiffness for the NPD to be implanted into a 

phantom or tumour by PSI techniques. Our previous studies of panitumumab-modified 177Lu-AuNP injected i.t. for 

local treatment of tumours (Yook et al., 2016a) employed 30 nm AuNP. However, it should be possible to decrease 

the size of these 177Lu-AuNP for incorporation into the NPD, since Jiménez-Mancilla et al. radiolabeled 5 nm AuNP 

conjugated to bombesin peptides with 99mTc or 177Lu (Jimenez-Mancilla et al., 2013). The time required for 5 nm AuNP 

to traverse the distance between two NPD placed 1 cm apart (3.2 days; Fig. 2.7c) to maximize homogeneity in tissue 

diffusion is compatible with the physical half-life of 177Lu (6.6 days). Implantation of multiple NPD into tumours in 

patients combined with local release of 177Lu-AuNP will minimize any heterogeneities in radiation dose deposition 

 

2.6  CONCLUSION 

We conclude that a NPD system composed of 6% to 10% calcium alginate and incorporating 5 nm AuNP provides the 

most rapid release and diffusion of AuNP in a tissue-equivalent phantom in vitro or in vivo in a human BC tumour 

xenograft model. Modeling of the release and diffusion of AuNP using Fick’s diffusion law did not accurately predict 

the diffusion of AuNP from the NPD in a tissue-equivalent phantom and did not predict heterogeneities observed 

experimentally in the phantom or in a tumour. The precise intratumoural placement of the NPD using clinically used 

PSI techniques should enable advancement of local treatment of tumours with 177Lu-labeled AuNP provided that the 

size of these AuNP is decreased to 5 nm. The NPD system should be widely applicable to local tumour treatment using 

other AuNP-based therapeutic agents. 
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CHAPTER 3 

3 MONTE CARLO SIMULATION OF RADIATION TRANSPORT 
AND DOSE DEPOSITION FROM GOLD NANOPARTICLES 
LABELED WITH 111IN, 177LU OR 90Y  

 

Adapted from: Priscilla Lai, Zhongli Cai, Jean-Philippe Pignol, Eli Lechtman, Shahram Mashouf, Yijie 
Lu, Mitchell A. Winnik, David A. Jaffray, Raymond M. Reilly. (2017) Monte Carlo simulation of 
radiation transport and dose deposition from locally released gold nanoparticles labeled with 111In, 
177Lu or 90Y incorporated into tissue implantable depots. Phys Med Biol, 62, 8581-8599. 

 

3.1  ABSTRACT 

Permanent seed implantation brachytherapy is a highly conformal form of radiation therapy but is challenged with 

dose inhomogeneity due to its utilization of low energy radiation sources. Gold nanoparticles conjugated with electron 

emitting radionuclides have recently been developed as a novel form of brachytherapy and can aid in homogenizing 

dose through physical distribution of radiolabeled AuNP when injected i.t. in suspension. However, the distribution is 

unpredictable and precise placement of many injections would be difficult. Previously, we reported the design of a 

NPD that can be implanted using PSI techniques and which facilitates controlled release of AuNP. We report here the 

3D dose distribution resulting from a NPD incorporating AuNP labeled with electron emitters (90Y, 177Lu, 111In) of 

different energies using Monte Carlo based voxel level dosimetry. The MCNP5 Monte Carlo radiation transport code 

was used to assess differences in dose distribution from simulated NPD and conventional brachytherapy sources, 

positioned in breast tissue simulating material. We further compare these dose distributions in mice bearing 

subcutaneous human breast cancer xenografts implanted with 177Lu labeled AuNP (177Lu-AuNP) in a NPD, or injected 

i.t. with 177Lu-AuNP in suspension. The radioactivity distributions were derived from registered SPECT/CT images and 

time-dependent dose was estimated. Results demonstrated that the dose distribution from NPD reduced the 

maximum dose 3-fold when compared to conventional seeds. For simulated NPD, as well as NPD implanted in vivo, 

90Y delivered the most homogeneous dose distribution. The tumour radioactivity in mice i.t. injected with 177Lu-AuNP 

redistributed while radioactivity in the NPD remained confined to the implant site. The dose distribution from 

radiolabeled AuNP NPD were predictable and concentric in contrast to i.t. injected radiolabeled AuNP, which provided 

irregular and temporally variant dose distributions. The use of NPD may serve as an intermediate between PSI and 

radiation delivered by radiolabeled AuNP by providing a controlled method to improve delivery of prescribed doses 

as well as homogenize dose from low penetrating electron sources.  
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3.2  INTRODUCTION 

Radiation treatment of BC is important for preventing progression of early stage disease and recurrence (Early Breast 

Cancer Trialists' Collaborative et al., 2011). Although the current standard of care for breast radiotherapy is external 

beam radiation, brachytherapy has proven to be an effective alternative with nearly equivalent long term survival 

rates (Strnad et al., 2016, Smith et al., 2012, Pignol et al., 2015) and the added benefit of convenience due to the 

accelerated treatment time (Smith et al., 2009). Permanent brachytherapy sources, or seeds, conventionally 

comprises low energy photon emitting radioisotopes encapsulated in titanium housing. The resulting dose distribution 

is highly conformal allowing dose escalation while maintaining normal tissue sparing. However, dose conformity 

allowed by the localized attenuation of photons inherently results in regions of high dose particularly for tissues in 

close proximity to the seed, which is disadvantageous if the exposed tissues involve critical structures.  

 

An innovative approach that has been proposed to extend current BC brachytherapy is the use of radiolabeled AuNP 

that can be deposited locally in tissues. In this proposed treatment, radiolabeled AuNP in suspension are i.t. injected. 

Radiotherapeutic AuNP may improve the therapeutic window of brachytherapy (tumour control ratio to normal tissue 

toxicity) by allowing the use of more conformal radiations (i.e. electrons, α particles) as well as provide opportunities 

to exploit individual cancer phenotypes by AuNP surface modifications with targeting ligands (Ehlerding and Cai, 2016, 

Vilchis-Juarez et al., 2014, Yook et al., 2015b). In addition, due to the ability of radiolabeled AuNP to migrate through 

tissue, the dose distribution from brachytherapy can be homogenized by lowering high dose regions. There is 

considerable preclinical evidence that supports local i.t. administration of radiolabeled AuNP as a novel form of cancer 

treatment (Yook et al., 2016a, Ehlerding and Cai, 2016, Vilchis-Juarez et al., 2014). In a recent study by Yook et al. 

single i.t. injections of EGFR targeted 177Lu-AuNP (4-5 MBq) were administered in mice bearing MDA-MB-468 s.c. 

tumours dramatically decreasing tumour growth by 30-fold compared to controls (Yook et al., 2016a). However, this 

study also showed heterogeneous intratumoural distribution of i.t. injected 177Lu-AuNP resulting in large variation in 

dose deposition, revealing that a method for precise placement and controlled intratumoural delivery of radiolabeled 

AuNP is necessary to minimize these heterogeneities and improve clinical applicability (Yook et al., 2016a). Clinical 

treatment of human tumours, which are much larger, would require multiple injections of radiolabeled AuNP that 

may distribute unpredictably. This would not be feasible during dose planning and could have an impact on 

therapeutic response if some tumour regions receive lower than the prescribed dose (Ehlerding and Cai, 2016). To 

improve the feasibility of brachytherapy treatment of tumours using radiolabeled AuNP, we recently reported the 

design of a NPD into which AuNP can be incorporated and which can be precisely positioned using PSI techniques, 

where the NPD enables slow release of AuNP into the surrounding tumour (Lai et al., 2016). These NPD formed from 

calcium alginate have dimensions and shape similar to conventional permanent brachytherapy seeds and were used 

to incorporate AuNP of various sizes (5, 15, 30 and 50 nm). In tissue equivalent phantoms and in vivo in tumour 

xenografts in mice, these NPD demonstrated highly localized and concentric distributions of AuNP. In the context of 

dosimetry, the NPD provides a way to spatially design and administer prescription doses of radiolabeled AuNP, 
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allowing for the precision of conventional brachytherapy while offering the potential advantage of homogenizing dose 

through local diffusion of radioactivity.  

 

There are two components that influence the dose deposition from NPD: the distribution of nanoparticles through 

tissue, and the transport of radiation from the nanoparticles. The first objective of the present study was to compare 

differences in dose distributions between simulated single NPD and conventional brachytherapy seeds, and multi 

NPD/seed arrays that replicate clinical seed loading approaches in brachytherapy, resulting from AuNP redistribution. 

The second objective was to compare electron emitters of varying energies and penetration range (90Y: 0.93 MeV 

(mean, β-), 1.1 cm penetration range, 177Lu: 0.13 MeV (mean, β-), 0.17 cm penetration range, and 111In: 0.18 MeV 

(mean, internal conversion electron), 0.93 keV (mean, Auger electron), 0.06 cm penetration range) using Monte Carlo 

generated voxel dose kernels (VDK) and previously modeled distributions of AuNP released from the NPD (Lai et al., 

2016). Three dimensional dosimetry was also performed on radioactivity distributions derived from SPECT images of 

mice bearing s.c. MDA-MB-231 human breast cancer xenografts implanted i.t. with a single NPD incorporating 177Lu-

AuNP, or directly injected i.t. with 177Lu-AuNP. This is the first time that the dose distribution from radiolabeled AuNP 

released locally from a NPD has been modeled using Monte Carlo methods and image-based biodistribution data from 

in vivo mouse tumour xenograft models.  

 

3.3  MATERIALS AND METHODS 

3.3.1  CONSTRUCTION OF 1 77LU-AUNP AND NPD 

177Lu-AuNP were constructed by coating 15 nm AuNP (Ted Pella, Redding, CA) with a diblock copolymer containing a 

polyethylene glycol (PEG; 2 kDa) block and a block of polyglutamide with 8 pendant 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA) chelators for complexing 177Lu and 4 terminal lipoic acid (LA) groups [PEG-

pGlu(DOTA)8-LA4] that permitted multithiol conjugation to the AuNP surface (Yook et al., 2016b). PEG-pGlu(DOTA)8-

LA4 (3 µg) was labeled by incubation with 10 MBq of 177LuCl3 (PerkinElmer, Akron, OH) in 1 mL of 1 M sodium acetate 

buffer (pH 5.5) at 80˚C for 30 mins. PEG-pGlu(DOTA)8-LA4-177Lu was then linked to AuNP (1 mL, 1.40 × 1012 particles) 

by incubation at 60˚C with gentle shaking for 1 h in low binding microcentrifuge tubes (Axygen Scentific, Union City, 

CA). 177Lu-AuNP were purified from unconjugated PEG-pGlu(DOTA)8-LA4-177Lu by ultracentrifugation at 15,000  g for 

45 min at 4˚C, carefully removing the supernatant and resuspending in 1 mL of d.d. H2O. This procedure was repeated 

twice. NPD that incorporated 177Lu-AuNP were formed as previously reported using very low viscosity (VLV <20  mPa) 

ultrapure medical grade sodium alginate (Pronova™ NovaMatrix, Sandvika, Norway) with high guluronate (G) residue 

content, crosslinked in 10% calcium chloride in d.d. H2O (Lai et al., 2016). The final radioactivity contained in each 

NPD, incorporating 0.12 mg (3.52×1015 particles) of 177Lu-AuNP, was 2-3 MBq. The PEGylation density of 177Lu-AuNP 

was approximately 57 PEG-pGlu(DOTA)8-LA4-177Lu per AuNP and was determined as previously reported by Yook et 

alet al (Yook et al., 2016b).  
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3.3.2  ANIMAL MODEL  

The MDA-MB-231 human breast adenocarcinoma cell line (ATCC, Manassas, VA) was cultured at 37 °C in 5% CO2 in 

DMEM supplemented with 5% penicillin/streptomycin antibiotics and 10% fetal bovine serum (Gibco-Invitrogen, 

Carlsbad, CA). Approximately 2 × 106 cells suspended in 50 µL of PBS were injected s.c. into the right flank of female 

CB-17 scid mice (Charles River Laboratories, Boston, MA) using a 1 mL syringe fitted with a 27 gauge (27G) needle. 

Tumour xenografts were permitted to grow to a diameter of 10 mm prior to implantation of a single NPD incorporating 

177Lu-AuNP or direct i.t. injection of 177Lu-AuNP. NPD implantation into the tumours was carried out as previously 

reported using a template mounted stage (Lai et al., 2016). During implantation and i.t. injection, mice were 

anesthetized using 2% oxygen ventilated isoflurane. For i.t. injection, 177Lu-AuNP (2-3 MBq, 3.52 × 1015 particles) 

suspended in 50 µL of d.d. H2O were injected using a 28G½” 1 mL insulin syringe. Injections were carried out slowly 

and pressure placed on the injection site to reduce backflow. Mice requiring NPD implantation were restrained on the 

template mounted stage (see (Lai et al., 2016) for details). Briefly, an 18G seeding needle (Eckert & Ziegler. Oxford, 

CT) was manually loaded with a single NPD and the template was used to stabilize the needle during NPD insertion. 

Seeding needles were positioned such that the length of the NPD ran parallel to the leg, and the NPD was centered in 

the tumour. Only one NPD was implanted per tumour. All animal studies were conducted in compliance with Canadian 

Council on Animal Care (CCAC) regulations and were performed under a protocol approved by the Animal Care 

Committee at the University Health Network (AUP #2780). 

 

3.3.3  SMALL ANIMAL SPECT/CT IMAGING  

Mice bearing s.c. MDA-MB-231 tumour xenografts were imaged using a small animal SPECT/CT (NanoSPECT 

tomograph; Bioscan, Washington, DC) at 1, 24, 48 h and 7 d post implantation of the NPD incorporating 177Lu-AuNP 

or post i.t. injection of 177Lu-AuNP. The acquisition time was increased from 150 s/projection at 1 h p.i. to 309 

s/projection at 7 d p.i. to compensate for radionuclide decay. SPECT images were collected using a 0.3 mm × 0.3 mm 

× 0.3 mm voxel size (82 projections, 10% energy window at 208 keV/113 keV/57 keV, 4 subsets (per each detector), 

OSEM reconstruction, no attenuation correction, and noise suppression). Cone-beam CT images were collected using 

a 0.2 mm × 0.2 mm × 0.2 mm voxel size (45 kVp, 126 projections (1 s/projection), Fast Cone Beam FBP reconstruction, 

FBP filter was Shepp-Logan with 50% cutoff frequency). The SPECT and CT (DICOM) images were registered using 

InvivoScope software (Bioscan). The SPECT images between each time point were registered using a combination of 

manual and automatic rigid registration methods on Inveon Research Workplace software (Siemens Healthcare 

GmbH, Henkestraße, Germany). The linearity of radioactivity measurement by volume-of-interest (VOI) analysis of the 

SPECT images was verified by examining the number of counts detected in the VOI and the known radioactivity of 

177Lu. This was achieved by imaging serial dilutions of 177Lu in 0.5 mL Eppendorf tubes containing 30 µL of a solution 

of known amounts of radioactivity under the same conditions, over a wide range that included the radioactivity used 

in the experiments.  
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3.3.4  MONTE CARLO SIMULATION 

The transport and energy deposition of radionuclide emissions was simulated using Monte Carlo N-Particle software 

(MCNP 5, Los Alamos National Security, New Mexico) and voxel based geometry methods. The ITS (Integrated TIGER 

Series) energy indexing mode (DCBN 18 card = 1) was used. The accuracy of MCNP calculations using ITS mode has 

been demonstrated in a number of other studies (Chibani and Li, 2002, Reynaert et al., 2002). The continuous-slowing-

down-approximation (CSDA) range, denoted here by RCSDA, is the average path length travelled by the electrons. Three 

radionuclides were chosen to represent long-range (90Y, RCSDA=1.1 cm), mid-range (177Lu, RCSDA=0.17 cm) and short-

range (111In, RCSDA=0.06 cm) electron emitters, however all radiation types (photons, β, Auger electron (AE), and 

internal conversion electron (IE)) were considered for each radionuclide. A detailed summary of the emission spectra 

for 90Y, 177Lu, and 111In is included in the Supplemental Material (Table B 1). The radiation spectra for these 

radionuclides were obtained from Medical Internal Radiation Dose (MIRD) Radionuclide Data (Eckerman and Endo, 

2008). VDK were calculated as the sum of the contributions from each radiation type, weighted by the abundance of 

each radiation type emitted per decay.  

 

The cubic voxel geometry used for simulation was comprised of voxel sizes of 0.3×0.3×0.3 mm3, or 0.3 mm voxel edge 

length (VEL) for our application, and 3.0×3.0×3.0 mm3, or 3 mm VEL for validation of the Monte Carlo model by 

comparison to S values published by Bolch et al. (90Y) in MIRD pamphlet no. 17 and by Lanconelli et alet al (90Y and 

177Lu) (Lanconelli et al., 2012, Bolch et al., 1999). Note that the 111In VDK was not compared with these methods due 

to a lack of published data. For the 0.3 mm VEL geometry, the VDK were calculated out to distances such that the 

range of the kernel would contain over 99.9% of the energy deposition by the source (1.1 cm). The 3 mm VEL dose 

kernels were depicted up to distances of 2.6 cm from the source for comparison with published data (Lanconelli et 

al., 2012, Bolch et al., 1999). The source voxel (coordinates (i, j, k) = (0, 0, 0)), modelled as isotropic, was homogenously 

distributed with 90Y, 177Lu, or 111In. The region inside of the cubic geometry was filled with breast tissue (BT) material 

(ρ=1.02 g/cm3) (ICRU, 1989). The region outside of the cubic geometry was a larger cube of BT centered at the origin, 

sufficient to allow for particle backscatter. A total of 100 million particles were tracked and the energy deposition 

(MeV) in each voxel per particle was tallied. The S values were determined by converting the energy deposition per 

particle (MeV/particle) in each voxel to mGy/MBq∙s. Relative statistical errors (RSE) as low as 0.01% were achieved 

and the mean RSE was 8.25% for the 0.3 mm VEL kernels, and 11.4% for the 3 mm VEL kernels. For electron energies 

below 1 keV energy cut-off, the energy deposition was assumed to occur entirely within the source voxel. 

 

Additionally, for MCNP calculations using 0.3 mm VEL, a material composition of 0.3% gold (Au) and 99.7% BT (ICRU) 

(Au + BT) (1.077 g/cm3) was used in place of BT alone to simulate the potential effects of the presence of the Au on 

radiation transport and dose deposition. The percentage of Au used was selected from the concentration of AuNP in 

the NPD (37.5 mg AuNP/mL, equivalent to 0.3% Au) and represents a maximum effect scenario in which these high 

concentrations of AuNP are located in every voxel. Practically, the concentrations of AuNP will vary based on the 
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location of the voxel relative to the NPD due to release and tissue diffusion of AuNP. Our previous study demonstrated 

that tissue concentrations of AuNP were much lower than in the NPD, decreasing to 0.03% Au, or 10% of the NPD 

concentration, at 0.1 cm from the NPD surface. Every voxel (Sr) (mGy/MBq∙s) in each kernel was normalized to the 

corresponding source voxel (S0) (mGy/MBq∙s), and averaged with other voxels with the same source-to-voxel distance 

(r). The relative difference (RD) was calculated using the formula 100×(Sr,Au+BT - Sr,BT)/Sr,BT, where Sr,Au+BT is the voxel 

value at distance r, in the Au + BT kernel and Sr,BT is the corresponding voxel value in the BT kernel. 

 

3.3.5  NPD AND CONVENTIONAL  SEED SIMULATION 

To study the temporal dependence of dose distribution from transport of AuNP released from the NPD, a 21×21×21 

array (6.3×6.3×6.3 mm3 volume) was created containing a simulated NPD at the center with dimensions of 2×2×13 

voxels (0.6×0.6×3.9 mm3) using MATLAB (Mathworks, Natick, MA). The spatial distribution of radioactivity inside and 

around the NPD at various times (0, 14, 28, 42, and 56 h) was simulated using our previously published AuNP 

concentration profiles (Lai et al., 2016). One-dimensional AuNP concentration profiles (mg/mL of AuNP per unit 

distance) were converted to discretized radioactivity spatial distributions by assuming isotropic AuNP distribution and 

pre-defined specific activities of AuNP for 90Y (14.9 MBq/mg AuNP), 177Lu (20.8 MBq/mg AuNP), and 111In (209.5 

MBq/mg). These corresponded to 1.8, 2.5, and 25.1 MBq for 90Y, 177Lu, and 111In, respectively, incorporated into the 

NPD. These initial radioactivity values were chosen such that the average integral dose delivered by each radionuclide 

in the simulated volumes would be the same (120 Gy). A conventional seed was also simulated using the same activity 

of 90Y and dimensions of the NPD, but all radioactivity remained within the dimensions of the seed at all time points. 

The spatial distribution of dose rate at each time point was determined by convolving the VDK with the radioactivity 

spatial distributions, and was plotted in one dimension (dose-rate vs. distance). The total dose delivered to each voxel 

was calculated by integrating the dose rate (Gy/s) in each voxel as a function of time, t, from t=0 to t=56 h using the 

trapezoidal rule, and then integrating from t=56h to t=∞, assuming only radioactive decay.  

 

A multi-NPD and multi–seed array was also created with four NPD/seeds spaced 4.5 mm apart (center-to-center) in a 

square formation, to simulate the radioactivity and dose distributions from multiple sources. The total dose deposited 

was calculated, as described above, by convolving the radioactivity distributions with the voxel dose kernel. The total 

volume was 9.6×9.6×9.6 mm3. A 2D dose map was then generated from the center axial slice (Z=11). Cumulative dose 

volume histograms (DVH), which indicate the fraction of voxels, or volume fraction (0-1.0), receiving a specific 

absorbed dose, were created for each simulated volume.  

 

3.3.6  DOSE DISTRIBUTIONS IN TUMOURS 

To predict the in vivo dose distribution in a tumour, a 6.3×6.3×6.3 mm volume of interest (VOI) corresponding to a 

21×21×21 array was selected using MATLAB from SPECT images of tumours in mice which had been injected i.t. with 
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177Lu-AuNP or implanted with NPD containing 177Lu-AuNP. The measured counts in each voxel were converted to 

radioactivity (MBq) by applying a conversion factor determined from dividing the simulated radioactivity from section 

2.6 (1.8, 2.5, and 25.1 MBq for 90Y, 177Lu, and 111In, respectively) by the sum of the counts in the VOI. To calculate the 

dose rate distribution, the radioactivity array was convolved by the VDK determined from MCNP5. The images of the 

dose rate distributions were generated from the center axial slice (Z=11) using MATLAB. The model assumed 

homogeneous tissue density throughout the tumour, and uniform radioactivity distribution within the voxels. Since 

the VOI length (6.3 mm) is smaller than the kernel length (11 mm), which was surrounded by BT allowing for 

backscatter, the assumption is that the boundary of the tumour is well beyond the edge of the VOI to allow for the 

same backscatter. Dose rate volume histograms (DrVH), which indicate the fraction of voxels in the VOI exposed to a 

specific dose rate, were created for each radionuclide in the simulation and are included in the Supplemental 

Materials (Appendix B). The total dose was calculated by integrating the dose rate (Gy/s) in each voxel as a function 

of time, t, from t=0 to t=7 d using the trapezoidal rule, and then integrating from t=7 d to t=∞, assuming that the dose 

rate in the voxel changed only due to radioactive decay. 

 

3.3.7  STATISTICAL ANALYSIS   

Results were expressed as mean ± standard deviation (SD; n = 3-4) and tested for statistical significance using one-

way ANOVA (P<0.05), or a paired t-test (P<0.05) using Prism 6.01 (Graphpad, San Diego, CA) software.  

 

3.4  RESULTS 

3.4.1  SMALL ANIMAL SPECT/CT IMAGING  

SPECT/CT images of mice obtained at 1, 24, and 48 h and 7 d post implantation of the NPD incorporating 177Lu-AuNP 

or post i.t. injection of 177Lu-AuNP are shown in Figure 3.1. At 1 h, the tumour radioactivity in mice injected i.t. with 

177Lu-AuNP appeared to be distributed over a slightly larger volume while 177Lu-AuNP incorporated into the NPD 

remained confined to the depot implant site. However, the radioactivity signal intensity in the tumour in mice 

implanted with the NPD or injected i.t. decreased with time. Since the images were normalized to the initial signal 

intensity immediately after implantation of the NPD or i.t. injection of 177Lu-AuNP, by acquiring subsequent images 

over an appropriately increased time to compensate for radioactive decay, we interpret these changes in signal 

intensity as re-distribution of 177Lu within the tumour or to other organs.  Within the range of radioactivity tested (0-

37.5 MBq) and under the specified imaging parameters (Section 3.3.3), the number of counts in the VOI analysis of 

the SPECT images increased linearly with radioactivity (Fig. 3.2). The conversion factor between counts and 

radioactivity was 159±10 cps/MBq.  
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Figure 3.1 SPECT/CT images of the right flank of representative mice bearing MDA-MB-231 tumour xenografts (white 

arrow). Images were collected at 1 h, 24 h, 48 h and 7 d following i.t. injection of 177Lu-AuNP or 177Lu-AuNP 

incorporated into a NPD and then implanted i.t. Intensity bar indicates radioactivity. Images at later time points were 

normalized to the 1 h images to correct for radioactive decay. Note the difference in 177Lu emission patterns from the 

NPD and i.t. injections, with the i.t. injected 177Lu-AuNP demonstrating greater distribution heterogeneity. 
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Figure 3.2 Linearity of measurement of radioactivity. VOI analysis of SPECT images by calibration of the counts per 

second (CPS) detected per unit of 177Lu radioactivity (MBq). Serial dilutions of 177Lu were imaged under the same 

conditions as the in vivo experiments, over a radioactivity range that included the amounts used in these experiments. 

The log-log plot results in an inflection in the curve at radioactivity <1 MBq but the relationship between CPS and 

radioactivity was linear (R2=0.99). 
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3.4.2  MONTE CARLO SIMULATION AND VALIDATION 

The normalized VDK (Sr/S0) for 90Y, 177Lu, and 111In, generated using 100% BT vs. 0.3% Au/99.7% BT for 0.3 mm VEL as 

a function of distance from the source are shown in Figure 3.3. The shape of the dose kernel plots without Au were 

coincident with those with the addition of Au, with slight divergences observed for 90Y at increasing distances from 

the source (Fig. 3.3a). For 177Lu (Fig. 3.3b) and 111In (Fig. 3.3c), both dose kernel curves calculated from BT alone and 

BT + Au were in good accordance and demonstrated a steep decrease due to primary electron energy loss up to the 

CSDA range (0.17 cm for 177Lu, and 0.06 cm for 111In), the maximum projected range of the electrons. Beyond the 

CSDA range, the contributions to dose deposition in voxels were from primary photons (γ-rays and X-rays) and 

secondary photons (bremsstrahlung X-rays). The CSDA range of 90Y is 1.1 cm which is at the upper limit of the kernel 

range, therefore the photon-only portion of the kernel is not included in our calculations. However, 90Y primary 

photons only contribute to 0.15% of all emissions and the kernel range of 1.1 cm captures over 99.99% of the energy 

deposition.  

 

The relative difference, or RD, as a function of distance from the source voxel, r, calculated using 100*(Sr,Au+BT - 

Sr,BT)/Sr,BT, between  Sr,BT (for BT alone) vs. Sr,Au+BT (0.3% Au/99.7% BT) are shown in Figure 3.3d. For all curves, the 

difference in the kernel calculated in 0.3% Au/99.7% BT was +3.5% to +5.5% compared to BT at the source voxel. The 

RD decreased to a minimum (-85.9%, -37.3%, and -14.5% for 90Y, 177Lu, and 111In respectively) at distances approaching 

the CSDA range. The greatest RD was observed for 90Y at the CSDA range but at distances where the modeled high 

concentration of Au was relevant (<0.1 cm), based on our previous study (Lai et al., 2016), the RD was only 5.3 ± 0.2%. 

Thus, the absence of Au in the calculations resulted in an underestimation of dose deposition from 0-0.04 cm and 

overestimation at distances >0.04 cm, thus having a greater impact on the doses from 177Lu and 111In.   
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Figure 3.3 Voxel dose kernels (VDK) with 0.3 mm edge length. VDK, containing normalized S values plotted as a 

function of distance (cm), were generated from a source voxel (0, 0, 0) containing homogeneously distributed (a) 90Y, 

(b) 177Lu, and (c) 111In. VDK were calculated for ICRU breast tissue (BT) only and for a homogeneous medium containing 

99.7% BT and 0.3% Au. (d) A comparison between VDK from the two media is made for each radionuclide and shown 

as the relative difference (RD) as a function of distance. Note that the RD at the distances where the high Au 

concentrations would be relevant is low (<5%).  

 

To validate the dose estimates provided by the MCNP model, the VDK with 3 mm voxel edge length were compared 

to published S values by Bolch et al. for 90Y (Bolch et al., 1999), and Lanconelli et al. for 90Y and 177Lu (Lanconelli et al., 

2012). The VDK curves reported for 90Y (Fig. 3.4a) and 177Lu (Fig. 3.4b) were in good agreement with those from our 

MCNP simulation.  While our dose kernel curves were almost indistinguishable with those obtained by Lanconelli et 

alet al, small divergences were observed for the 90Y curves at distances beyond the CSDA range, particularly from 1-2 

cm when compared to the curves generated by Bolch et al. A comparison of the calculated S values for the source 

voxel (0, 0, 0) and voxel position (5, 5, 5) for 90Y and 177Lu, with the corresponding voxels published by Lanconelli et al. 

is summarized in Table 1. An additional comparison of S values was made with and without contributions from Auger 

electrons (AE) and internal conversion electrons (IC) to allow for a more direct comparison between models because 

the dose kernels calculated by Lanconelli et al. did not include AE and IC emissions in their spectrum. The S values 
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generated in our study when contributions from these particles were omitted were closer to the published S values 

for 177Lu (RD = 1.4%) than when they were included (RD = 10.4%), since AE and IC contributed to 33.2% of the total 

number of emissions per decay. However, due to their ultrashort range (maximum RCSDA = 0.091 cm), omission of 

these electrons did not affect the S values at 2.6 cm (voxel (5, 5, 5). Similarly, no difference in S values were observed 

for the 90Y source voxel (0, 0, 0), as AE and IC only contribute 0.14% of the total emissions.  

 

 

Figure 3.4 Validation of voxel dose kernels (VDK) with 3 mm edge length. VDK, containing normalized S values plotted 

as a function of distance (cm), were generated from a source voxel (0, 0, 0) containing homogeneously distributed (a) 
90Y and (b) 177Lu. The normalized kernels for 90Y are compared with those reported by Lanconelli et al. (Lanconelli et 

al., 2012) and Bolch et al. (Bolch et al., 1999) while those for 177Lu were compared only to Lanconelli et al. Note the 

good agreement between the current study VDK and those published by Lanconelli et al. 

 

Table 3.1 S values (mGy/MBq∙s) at voxel locations (0, 0, 0) and (5, 5, 5), calculated in the current study and compared 

to those from Lanconelli et al. (Lanconelli et al., 2012). S values for the current study were also calculated without AE 

and IC emission contributions, which were omitted in the Lanconelli study, to allow for a direct comparison. The 

relative difference (RD) between the S values shown were calculated relative to values published by Lanconelli et al.  

Position  (0, 0, 0)   (5, 5, 5)  

 Current study  
S values  
(mGy/MBq∙s) 

Lanconelli et al. 
S values 
(mGy/MBq∙s) 

RDa 
(%) 

Current study  
S values 
(mGy/MBq∙s) 

Lanconelli et al. 
S values 
(mGy/MBq∙s) 

RDa 
(%) 

90Y 1.58 ± 0.0002  
1.59 

0.64 2.98 (±0.3) ×10-7  
3.22×10-7 

7.45 
90Y(-) AE/IC

a 1.58 ± 0.0001 0.64 2.98 (±0.3) ×10-7 7.45 
177Lu 7.65 (±0.0008) ×10-1  

6.93×10-1 
10.38 2.39 (±0.05) ×10-6  

2.28×10-6 
4.82 

177Lu(-) AE/IC
a 6.83 (±0.0008) ×10-1 1.44 2.39 (±0.05) ×10-6 4.82 

a Auger electron (AE), internal conversion electron (IE), and relative difference (RD). 
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3.4.3  NPD SIMULATION 

A simulated NPD containing radiolabeled AuNP, which permits local diffusion of radioactivity due to release of the 

nanoparticles, was created using MATLAB to illustrate the temporal diffusion-dependent dose distributions. The 

discrete radioactivity (kBq) and dose rate (mGy/s) as a function of voxel positions (mm) are illustrated for the NPD 

incorporating AuNP labeled with 90Y, 177Lu or 111In (Fig. 3.5) at several time points (0, 14, 28, 42, and 56 h). In Figure 

3.5a-c, the change between NPD radioactivity profiles at each time point is the result of both diffusion of released 

radiolabeled AuNP as well as radioactive decay. The release of AuNP from the NPD and their diffusion, simulated using 

our previously published AuNP concentration profiles (Lai et al., 2016), is noted by the horizontal spread of 

radioactivity at the periphery (located at positions 3.0 and 3.3 mm). The distribution of radioactivity has direct impact 

on the dose rate distribution, which is presented as a function of voxel position (mm) in Figure 3.5d-f, at the same 

time points. The total dose deposited within and around the NPD, calculated by integrating the dose rate in each voxel 

as a function of time (t = 0∞), is shown in the dose maps in Figure 3.5e and 3.5f respectively. Note the difference 

in the scale resulting from the different initial radioactivity. The discrete radioactivity, dose rate and total dose 

deposited for a conventional seed containing non-diffusing 90Y is shown in Figure 3.6. A comparison of the dose maps 

in Figure 3.5g, for 90Y-AuNP in a NPD, and Figure 3.6c, for 90Y in a conventional seed, demonstrates a 3-fold decrease 

in maximum dose for the NPD.  
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Figure 3.5 1D radioactivity and dose rate distributions and 2 D dose distributions. Profiles of radioactivity (kBq) as a 

function of voxel position (mm) for NPD incorporating (a) 90Y-AuNP, (b) 177Lu-AuNP, or (c) 111In-AuNP. Discrete dose 

rate (mGy/s) as a function of voxel position (mm) for (d) 90Y-AuNP, (e) 177Lu-AuNP, and (f) 111In-AuNP. Dose map (Gy) 

for NPD containing (g) 90Y-AuNP, (h) 177Lu-AuNP, and (i) 111In-AuNP generated from a cross section (slice z=11) of the 

3-dimensional dose distributions. Note the difference in the dose intensity scales. Note the difference in maximum 

dose between (g), (h), and (i).  
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Figure 3.6 Radioactivity and dose distributions from a conventional sealed source incorporating 90Y. (a) Profiles of 

radioactivity (kBq) as a function of voxel position (mm), (b) Discrete dose rate (mGy/s) as a function of voxel position 

(mm), and (c) corresponding dose map (Gy) generated from a cross section (slice z=11) of the 3-dimensional dose 

distribution for a conventional non-diffusive seed incorporating 90Y. Note the difference in maximum dose (c) between 

the conventional seed and the NPD (Fig. 3.5g). 

 

A volume containing 4 NPD or conventional seeds spaced 4.5 mm apart (center-to-center) in a square formation was 

simulated to replicate multiple placements of radioactive sources which would be required for patient treatment. The 

dose maps for the multiple NPD are shown in Figure 3.7 and for the conventional seeds are shown in Figure B 1 in the 

Supplemental material (Appendix B). For NPD containing AuNP labeled with 1.8 MBq of 90Y (Fig. 3.7a), 2.5 MBq of 

177Lu (Fig. 3.7b), and 25.1 MBq of 111In (Fig. 3.7c) respectively, the corresponding maximum doses located at the NPD 

were 2,100 Gy, 6,800 Gy and 9,300 Gy. The maximum doses for the conventional seeds containing the same activities 

of 90Y, 177Lu, and 111In were a factor of 2.8 (5,900 Gy), 3.4 (23,000 Gy) and 2.7 (25,000 Gy) higher than the NPD. The 

respective minimum doses at the VOI periphery for the NPD were 21.8 Gy, 0.12 Gy, and 2.2×10-3 Gy, versus 44.8 Gy, 

0.19 Gy and 3.4×10-3 Gy for the conventional seeds. Evaluation of the DVH (Fig. 3.8) also demonstrates that use of the 

NPD delivers a more homogeneous dose, with larger volumes receiving higher doses than with conventional seeds. A 

comparison of the radionuclides revealed that 80-90% of the volume fraction treated with 177Lu containing sources 

(NPD or seed), and 87-95% of the volume fraction treated with 111In containing sources received an absorbed dose of 

0 ± 0.005% of the maximum dose (0 ± 0.34 Gy and 0 ± 0.46 Gy, respectively). Concerning 90Y, none of the volume 

received doses between 0 ± 0.005% of the maximum dose.  
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Figure 3.7 Dose maps of 4 NPD spaced 4.5 mm apart (center-to-center) in a square formation. The NPD contained 

AuNP labeled with either (a) 90Y, (b) 177Lu, or (c) 111In. Dose maps were generated from axial cross sections (slice z=11) 

of the 3-dimentional dose distributions. Note the difference in the dose intensity scales.  
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Figure 3.8 Histogram of dose distribution within VOI. The volume fraction is plotted as a function of the fraction of 

maximum dose. The curves correspond to the dose distributions of 90Y, 177Lu, and 111In-labeled AuNP incorporated 

into 4 NPD or the same radionuclides in conventional seeds. 

 

3.4.4  DOSE RATE AND DOSE DISTRIBUTIONS FROM SPECT IMAGES 

The dose rate distributions for 90Y, 177Lu, and 111In were calculated using the radioactivity distribution measured in 

representative SPECT images of 177Lu-AuNP incorporated into a NPD inserted i.t. or 177Lu-AuNP directly injected i.t. 

(Fig. B 2). The dose rates were calculated by convolving the radioactivity distributions derived from SPECT images with 

the corresponding VDK obtained from MCNP simulations (Fig. 3.3). For the dose rate distribution results of NPD and 

i.t. injected radiolabeled AuNP, see the Supplemental materials (Appendix B).  
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The dose distributions (Fig. 3.9) were obtained by registering the SPECT images of an implanted NPD incorporating 

177Lu-AuNP at various times to determine the cumulative radioactivity distribution, and convolving a VOI with the 

various VDK. Similar to the simulated NPD, use of 90Y resulted in greater penetration and a more homogenous 

distribution of dose (max: 3600 Gy, min: 7.0 Gy) when compared to 177Lu (max: 11000 Gy, min: 0.06 Gy), and 111In 

(max: 14000 Gy, min: 9.8×10-4 Gy). The corresponding DVH for Figure 3.9 is shown in Figure 3.10. Examination of the 

DVH supports these findings as 88.5% of the volume fraction received an absorbed dose of 0 ± 0.005% of the maximum 

dose (0 ± 0.55 Gy) for the volume containing an NPD incorporating 177Lu-AuNP, and 90.3% of the volume fraction 

received an absorbed dose of 0 ± 0.005% of the maximum dose (0 ± 0.73 Gy) for the volume containing an NPD 

incorporating 111In-AuNP. However for the NPD incorporating 90Y-AuNP, none of the volume fraction received no 

absorbed dose (0 ± 0.005% of the maximum dose or 0 ± 0.18 Gy).  

 

 

Figure 3.9 2D in vivo dose distributions. Dose distributions of (a) 90Y-, (b) 177Lu-, and (c) 111In-labeled AuNP incorporated 

into a NPD and implanted i.t. into breast cancer xenografts in mice. Dose distributions were generated using 

cumulative radioactivity distributions determined from registered SPECT images of a tumour implanted with a NPD 

incorporating 177Lu-AuNP obtained at 1 h, 24 h, 48 h, and 7 d, and convolving with 90Y, 177Lu or 111In VDK generated 

from MCNP5. The dose distributions shown are representative slices of the calculated 3D dose distribution. Note the 

difference in the dose intensity scales.  
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Figure 3.10 Histogram of dose distribution within VOI. The volume fraction is plotted as a function of the fraction of 

maximum dose. The curves correspond to the dose distributions of 90Y-, 177Lu-, and 111In-AuNP incorporated into a 

NPD and implanted i.t. into a human breast cancer xenograft in a mouse.  

 

3.5  DISCUSSION 

In this study, we demonstrate for the first time the dose distribution, determined using MCNP5, from radiolabeled 

AuNP delivered using a novel nanoparticle depot (NPD) system as an intermediate between conventional 

brachytherapy seeds and i.t. injections of suspended radiolabeled AuNP. The resultant dose distribution was 

comparably more uniform than direct i.t. injection of radiolabeled AuNP and delivered a lower maximum dose than 

conventional seeds suggesting that NPD may offer a solution to tissue overdose in permanent brachytherapy. In our 

comparison of electron emitters of varying energies and tissue penetrating ranges (90Y, 177Lu, and 111In), the modelled 

dose distributions from radiolabeled AuNP revealed that higher energy electron emitters (90Y) are capable of partially 

compensating for heterogeneities in radioactivity distribution. These findings were consistent for dose distributions 

from simulated arrangements consisting of a single NPD implanted into tissue or an array of 4 NPD used to simulate 

the larger radiation field of patient tumours. The in vivo dose distributions calculated from SPECT images (Fig. 3.9) of 

tumours implanted with a single NPD incorporating 177Lu-AuNP were comparable to the dose distributions predicted 

by the simulated NPD (Fig. 3.5g-i), and supported the use of a higher energy electron emitter, 90Y.  

The MCNP simulations compared the energy deposition in a cubic volume containing BT and 0.3% Au+ 99.7% BT 

material from a source voxel containing homogeneously distributed radionuclides (Fig. 3.3). The percentage of Au 

used was selected to represent a maximum effect scenario in which the high concentrations of AuNP within the NPD 

were also located in all other voxels. However, our previous study (Lai et al., 2016) demonstrated that tissue 

concentrations of AuNP were much lower than in the NPD, decreasing to 0.03% Au at 0.1 cm from the NPD surface. 

The percent difference in energy deposition (Fig. 3.3d) between the two materials as a function of distance 

demonstrated that in regions where the Au concentrations were high (0.3%) there was an underestimation of dose 
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by 3.5%-5.5% in the immediate vicinity of the radioactivity source. The lower dose deposition in the Au+BT material 

is attributed to the dependence of electron collisional stopping power on the atomic number, Z, of the material (Attix, 

2004). The higher the average Z, the lower the collisional stopping power of the electron and the lower the energy 

deposition in the medium over a given range. Subsequent calculations performed in this study were conducted using 

VDK from BT only, which were justified by the fact that only a small portion of the voxels contained 0.3% Au and that 

the discrepancy in dose deposition would decrease greatly as the Au concentration decreased.  

 

AuNP are expected to have an additional local effect by absorbing photons and electrons and converting them into a 

more localized cascade of low energy electrons capable of increased biological damaged, which may have important 

therapeutic consequences. The contributions to dose enhancement at the cellular level has been investigated by 

Lechtman et al., Mcmahon et al., and Brown et al., and will be incorporated into the current model in future work 

(Lechtman et al., 2011, Brown and Currell, 2017, McMahon et al., 2011). However, their work demonstrates an 

overarching need for more detailed Monte Carlo simulation models at higher spatial resolution, to elucidate the 

impact of AuNP radioenhancement on cellular biophysical functions (Nikjoo et al., 2016). Other Monte Carlo track 

structure codes, such as KURBUC for biophysical modelling (Nikjoo et al., 1998), PENELOPE (Lechtman et al., 2011), 

and Geant4 (Sakata et al., 2016, Bernal et al., 2015) amongst many others which have been reviewed by Nikjoo et al. 

(Nikjoo et al., 2006) and Zygmanski and Sajo. (Zygmanski and Sajo, 2016) are useful for low energy emitters, Auger 

cascade transport simulations, and self-absorbed fraction calculations for different types of nanoparticles.  

 

The MCNP model was validated by comparing the VDK obtained from the current study to those published by 

Lanconelli et al. and Bolch et al. (Fig. 3.4). The percentage difference between Lanconelli et al. and the current study 

for 90Y and 177Lu, were lower for the source voxel dose (0, 0, 0) (0.64% and 1.44% respectively) and higher at 2.6 cm 

(5, 5, 5) (7.45% and 4.82% respectively) when AE and IC were omitted to allow for a more direct comparison between 

models because the dose kernels calculated by Lanconelli et al. did not include AE and IC emissions. In addition, the 

discrepancy in S values between Lanconelli et al. and the current study may be attributed to the use of soft tissue 

(ρ=1.04 g/cm3) from Cristy and Eckermann (Cristy and Eckerman, 1987a) as compared to BT (ρ=1.02 g/cm3) from ICRU-

44 (ICRU, 1989) in our study. The VDK from Bolch et al. were generated using the EGS4 Monte Carlo code. The 

discrepancy in the VDK at 1-2 cm has been documented in other studies (Reiner et al., 2009, Lanconelli et al., 2012) 

but the effect on dose distribution should be minimal since the contribution to dose beyond 1.1 cm is <0.001%.  

 

The use of diffusible AuNP released from the NPD may be advantageous compared to conventional sources in 

permanent seed brachytherapy, which commonly deliver unnecessarily high local doses to tissues adjacent to the 

seed (Ravi et al., 2011). During treatment planning, conventional seeds are arranged in 3D to deliver 100% of the 

prescription dose to the entire clinical target volume. For instance, in the study by Ravi et al., 90 Gy was delivered to 

patients receiving PSI of the breast with 97% target volume coverage at 100% of the prescription dose. However, 61% 

of the target volume received 150% of the prescription dose and 15% of the target volume received 200% of the 
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prescription dose, demonstrating that significant volumes of tissue received well beyond the prescribed doses. In the 

present study, we demonstrated a 3-fold decrease in the maximum dose compared to a conventional seed 

incorporating the same radionuclide and radioactivity, which is attributed to the release of radiolabeled AuNP from 

the NPD over the course of treatment. There is an additional advantage to using NPD when these regions of overdose 

are near critical structures, such as the skin or chest wall for breast cancers (Lin et al., 2008), and ureter and rectum 

for prostate cancers (Zelefsky et al., 2003), which will improve normal tissue sparing.  

 

Three different electron emitting radionuclides (90Y, 177Lu, and 111In) were used in the NPD simulations to determine 

the influence of electron range combined with radioactivity distributions on dose delivery. The radioactivity profiles 

from a single simulated NPD (Fig. 3.5) incorporating 90Y-AuNP resulted in lower absorbed dose to tissue in close 

proximity to the NPD in comparison to 177Lu, and 111In, and a higher absorbed dose at further distances due to greater 

penetration of the higher energy electrons. Similarly, simulation of 4 NPD implants (Fig. 3.7) positioned 4.5 mm apart 

demonstrated that the use of the longer range electron emitter, 90Y, delivered more homogenous dose distribution, 

as indicated by the DVH (Fig. 3.8). Although it is possible to decrease the implantation distance between NPD to 

improve the dose homogeneity when using 177Lu, and 111In, smaller distances will become clinically impractical for 

larger treatment volumes due to the number of NPD that may be required to minimize dose heterogeneities. For 

instance, in PSI brachytherapy of the prostate, seeds are implanted 5 mm or 10 mm apart depending on the loading 

approach (uniform, peripheral, modified uniform/peripheral), and typically >100 seeds are implanted (Dicker et al., 

2005, Yu et al., 1999, Crook et al., 2002). Permanent brachytherapy in the breast uses the uniform loading approach 

requiring that seeds are placed 10 mm apart, center-to-center, resulting in a median of 71 seeds (33-102 seeds) to 

cover a median volume of 35 cc (14.7-66.6 cc) (Pignol and Keller, 2009a). 

 

 An alternate solution is to improve the release characteristics and tissue diffusion rate of radiolabeled AuNP 

incorporated into the NPD, by decreasing their size (Lai et al., 2016) such that a larger proportion of the dose is 

delivered further from the NPD. In a previous study we demonstrated that smaller AuNP (5 nm, 15 nm) were released 

more completely and had improved distribution in MDA-MB-231 tumour xenografts in mice than larger AuNP (30 nm, 

50 nm), which were mostly retained by the NPD, resulting in much more localized intratumoural distribution. For 

example, 5 nm AuNP demonstrated nearly complete release within 3 days and diffused up to several millimeters from 

the NPD (< 5mm) (Lai et al., 2016). The improved diffusion properties of smaller (5 nm) AuNP may help to address the 

heterogeneities in dose distribution observed in the current study using 30 nm AuNP. This represents a major 

advantage of using radiolabeled AuNP incorporated into the NPD as opposed to conventional brachytherapy seeds, 

in that the AuNP may be designed to be released by the NPD at different rates and exhibit different diffusion distances 

within the tissue to minimize dose heterogeneities.  

 

To verify the results from simulated NPD, three dimensional dosimetry was performed using radioactivity distributions 

determined from registered SPECT images of mice bearing s.c. MDA-MB-231 breast cancer xenografts implanted with 
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a NPD incorporating 177Lu-AuNP. The observed dose distribution (Fig. 3.9) and DVH (Fig. 3.10) were in agreement with 

those from the simulated NPD, with 90Y delivering the most homogenous dose distribution. To increase the 

therapeutic efficacy of 111In-AuNP or 177Lu-AuNP, the dose distribution could be made more homogeneous by using 

smaller nanoparticles to improve the dispersal of AuNP released from the NPD in tissue, as previously discussed (Lai 

et al., 2016). This may also further reduce the maximum dose and alleviate the dose burden to overdosed tissues. The 

comparison of the therapeutic efficacy of various sizes of radiolabeled AuNP will be included in future work and will 

build on the dosimetry models developed in the current study.  

Fitting of the radioactivity vs. time curve to obtain the cumulative radioactivity introduces additional error in the final 

absorbed dose estimates from radiolabeled AuNP due to the inherent inaccuracies of the trapezoidal rule and the 

need to assume physical decay as the only factor causing decreased radioactivity from the final SPECT image, since 

redistribution of the radiolabeled AuNP from the tumour may also occur as previously demonstrated by i.t. injection 

studies (Yook et al., 2016a). There are additional factors that influence the accuracy of dose rate distributions 

calculated in this study. Firstly, the use of SPECT imaging for quantifying spatial distributions of radioactivity adds a 

source of error since the radioactivity is averaged over the voxel volume which is limited by the spatial resolution of 

the system. It is accepted that SPECT image quality presents the largest source of error in radioactivity quantification 

and many studies have focused on improving the accuracy of SPECT reconstruction techniques to aid in 3D dosimetry 

(Dewaraja et al., 2005, Pacilio et al., 2015, Ljungberg et al., 2002). Secondly, our study employed the low abundance 

-emissions from 177Lu to quantify radioactivity distributions on SPECT images, but 177Lu is also a β- emitter, and in the 

present study we estimated that i.t. implantation of a NPD incorporating 2.5 MBq of 177Lu-AuNP deposits a dose of 

~120 Gy in the tumour volume. It has been demonstrated by Stapleton et al. that the effects of radiation influences 

the transport of nanoparticles in tissue (Stapleton et al., 2017). Further investigation on the subject of the effects of 

radiation on nanoparticle transport are required to understand this potential source of error. 

 

3.6  CONCLUSION  

Use of the NPD may provide an opportunity to homogenize dose by lowering dose to tissues adjacent to the sources 

that are commonly overdosed in conventional brachytherapy, as well as allow the use of electron emitters with 

different energies and ranges to deposit doses at different distances from the NPD. Comparison of electron emitters 

with varying penetrating ranges incorporated into a NPD implanted into a tumour xenograft in mice revealed that the 

higher energy electron emitter, 90Y, delivered a more homogenous tumour dose distribution than the lower energy 

electron emitters, 177Lu and 111In, and could compensate for heterogeneities in radioactivity distribution. Dose 

modelling of simulated multiple NPD implantation predicted that the dose distribution from 177Lu and 111In would be 

suboptimal as large volumes would receive no dose at 4.5 mm implantation distances and closer distances may be 

impractical clinically. However, the properties of radiolabeled AuNP, particularly size may be optimized to provide 

more rapid and complete release from the NPD as well as greater diffusion within tissues (Lai et al., 2016), which may 

address dose heterogeneity. The dose rate distribution in vivo from a NPD incorporating radiolabeled AuNP and 
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implanted into a tumour xenograft in a mouse remained concentric around the NPD, while i.t. injected radiolabeled 

AuNP resulted in irregularly shaped dose rate distributions that were spatially variant with time. Thus, NPD are 

clinically more feasible than i.t. administration as a brachytherapy because they provide a more predictable dose 

distribution. Despite the challenges, the high doses delivered locally by radiolabeled AuNP incorporated into a NPD 

and the potential to further design this system to minimize dose heterogeneities warrants further investigation of 

NPD as a solution to improving brachytherapy strategies for cancer treatment.  
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CHAPTER 4 
4 EFFECTIVENESS AND TOXICITY OF 177LU-LABELED GOLD 

NANOPARTICLES DELIVERED VIA A NANOPARTICLE DEPOT 
FOR TREATMENT OF HUMAN BREAST CANCER 
XENOGRAFTS IN MICE  

 

Priscilla Lai, Zhongli Cai, Jean-Philippe Pignol, David A. Jaffray, Raymond M. Reilly. Submitted to 
Journal of Brachytherapy.  
 

4.1  ABSTRACT 

Radiolabeled gold nanoparticles (AuNP) have recently been proposed as a novel form of permanent brachytherapy 

with the aim of homogenizing dose distribution through local AuNP redistribution after intratumoral deposition. The 

objective of this work was to evaluate the dose homogeneity, therapeutic efficacy and normal tissue toxicity of 177Lu 

labeled AuNP, delivered using a nanoparticle depot (NPD) implanted by permanent brachytherapy techniques, for 

treatment of subcutaneous (s.c.) breast cancer xenografts in mice. Five nm and 15 nm 177Lu-AuNP NPD were 

constructed and implanted into radiation-resistant MDA-MB-231 or radiation-sensitive MDA-MB-468 tumor bearing 

mice. Small animal SPECT/CT imaging was conducted and image-based dose distributions were calculated using 

previously reported Monte Carlo methods. Tumor growth and body weight were monitored (15-78 days) before 

animals were euthanized and the organs and blood collected for biodistribution. Tumor and organ doses were 

calculated using OLINDA and organ based S-values. Treatment with 5 nm and 15 nm 177Lu-AuNP NPD resulted in 

significant tumor growth delay in MDA-MB-231 or MDA-MB-468 breast cancer xenografts as compared to PEGylated 

AuNP NPD and untreated control. There were no normal tissue toxicities as indicated by no decreases in body weight. 

Dose distributions from the 5 nm 177Lu-AuNP NPD were more homogeneous than 15 nm 177Lu-AuNP NPD, but 

radioactivity retention in the tumors were similar. Tumor radioactivity for the 5 nm and 15 nm 177Lu-AuNP NPD 

treatment group at 1 day was 71-73 %IA/tumor, and decreased by 3-15% at 15 days to 60-71 %IA/tumor. Normal 

tissue uptake was highest in the liver (2.1±2 %IA/organ) for the animals treated with 15 nm 177Lu-AuNP NPD and in 

the kidney (0.4±0.1 %IA/organ) for animals treated with 5 nm 177Lu-AuNP NPD. Treatment using 177Lu-AuNP NPD was 

highly effective for arresting the growth of MDA-MB-468 tumors in mice, but was less effective for inhibiting the 

growth of MDA-MB-231 tumors at the amounts of radioactivity administered. Overall, this study demonstrates that 

radiolabeled AuNP delivered using an NPD can successfully treat tumours with minimal exposure to normal tissues, 

and reduced dose heterogeneities particularly when using 5 nm AuNP. 
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4.2  INTRODUCTION 

Permanent seed brachytherapy represents one of the most conformal radiation delivery techniques available, 

allowing dose escalation to the target tumor volume while sparing normal tissues (Nag et al., 2001). However, 

brachytherapy seeds often use low energy photon sources (e.g. 103Pd; 21 keV or 125I; 28 keV) that result in 

heterogeneous dose distributions, and concern for high doses deposited in normal tissues adjacent to the seed. 

Brachytherapy has been employed for local treatment of several cancers (Huang et al., 2009, Pignol et al., 2015) 

including breast cancer (BC) where it has been studied as an adjuvant therapy for early stage BC after lumpectomy 

(Pignol et al., 2015). Pignol et al., treated women who received breast conserving surgery (BCS) with adjuvant 

permanent breast seed implant (PBSI) brachytherapy using palladium-103 seeds (Pignol et al., 2006). The seeds, 

measuring 0.8 mm in diameter and 4 mm in length, were implanted into the breast using a template guided system 

and seeding needles, and were spaced 1 cm apart according to treatment plans generated to achieve the best dose 

coverage (90 Gy to the treatment volume). However, some women developed telangiectasia, a painless late effect of 

radiation damage from implants near the skin that manifests as dilated vasculature in the skin, but may be physically 

disfiguring and psychologically distressing for patients (Pignol et al., 2015). Therefore, although permanent 

brachytherapy is advantageous for highly localized dose deposition in tumors, heterogeneity arising from high dose 

regions near the seed makes any slight misplacement of seeds near critical structures undesirable. Conversely, 

conventional external beam radiation therapy (EBRT), the current gold standard for treatment of BC, delivers a more 

homogeneous dose distribution (dose homogeneity index, DHI=0.8-0.95 with 1 being perfectly homogeneous), when 

compared to permanent brachytherapy (DHI=0.4) (Patel et al., 2007, Keller et al., 2012, Bovi et al., 2007), but has 

poorer tissue sparing resulting in higher exposure to organs at risk (OAR) such as the heart, lungs and skin (Lettmaier 

et al., 2011). Therefore the ideal radiotherapy would have the dose homogeneity of EBRT and conformity of 

brachytherapy, although to date none such therapy exists.An alternative strategy being explored by our group to 

address the limitations of dose heterogeneities in conventional permanent brachytherapy relies on the use 

radiolabeled gold nanoparticles (AuNP) delivered in suspension by direct intratumoral (i.t.) injection (“radiation 

nanomedicine”). This approach homogenizes the dose through local diffusion of radiolabeled AuNP, from the 

intratumoral site of injection, thereby leveling high and low dose regions. In addition, radiolabeled AuNP enable the 

delivery of a variety of radionuclides that can be electron, photon, and possibly α-emitting, extending the type and 

range of radiation energies and relative biological effectiveness used in brachytherapy. Preclinical studies in mice with 

s.c. human BC xenografts have shown promising results with Auger electron emitting 111In or -particle emitting 177Lu 

labeled AuNP (Yook et al., 2016a, Cai et al., 2016, Cai et al., 2017). Yook et al. demonstrated tumor growth arrest up 

to 90 days with no normal tissue toxicities from 177Lu-AuNP after delivering 22 Gy from 30 nm 177Lu-AuNP to s.c. MDA-

MB-468 human BC tumors in mice (Yook et al., 2016a). However, direct injection of radiolabeled AuNP is difficult to 

implement clinically in patients, due to larger treatment volumes which would require multiple injections with 

unpredictable dose distributions from injected radiolabeled AuNP in suspension due to variable intratumoral 

transport (Yook et al., 2016a, Lai et al., 2017). To address these practical limitations, we recently reported the design 

of a nanoparticle depot (NPD) into which radiolabeled AuNP are incorporated and released locally following tissue 
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insertion using permanent brachytherapy seed implantation (PSI) techniques (Lai et al., 2016). The NPD allowed 

precise placement and controlled release of 15 nm radiolabeled AuNP in s.c. MDA-MB-231 human BC xenografts in 

NOD/SCID mice, and resulted in a predictable concentric dose distribution (Lai et al., 2016). Monte Carlo simulations 

of the NPD dose distribution determined from radioactivity distributions obtained by SPECT imaging of 177Lu-AuNP 

incorporated into a NPD and implanted into a tumor in vivo demonstrated a 3-fold decrease in the maximum dose as 

compared to a conventional sealed source of the same radioactivity. This reduction in maximum dose was 

accompanied by a negligible change to the minimum dose, indicating improved dose homogeneity. A more 

homogenous dose from brachytherapy has been associated with a lower risk of late toxicities and improved cosmetic 

outcome (Kramer et al., 1999). A comparison was also made between moderate energy -particle emitting 177Lu 

(mean β- energy = 0.13 MeV; 0.17 cm penetration range), low energy Auger and internal conversion (IC) electron 

emitting 111In (mean Auger electron energy = 0.93 keV and IC electron energy = 0.18 MeV, 0.06 cm penetration range) 

and high energy β--particle emitting 90Y (mean β- energy = 0.93 MeV, 1.1 cm penetration range). These comparisons 

revealed that the use of a longer range electron emitting radionuclide such as 90Y, or moderate range electron-emitter 

such as 177Lu coupled with smaller AuNP (i.e. 5 nm) which we found exhibited enhanced local release from the NPD 

and greater dispersal within the tumor, would improve the dose distribution (Lai et al., 2016).  

 

The current work examines the effectiveness and toxicity of 177Lu-AuNP delivered via a NPD implanted into two human 

BC xenograft mouse models (MDA-MB-231 and MDA-MB-468), and uses two sizes of AuNP (5 nm and 15 nm). MDA-

MB-231 and MDA-MB-468 cell lines were chosen to represent BC xenografts with lower and higher radiosensitivity, 

respectively (Cai et al., 2008, Yook et al., 2015b). Three dimensional dosimetry was performed using image derived 

SPECT images of mice bearing s.c. MDA-MB-231 xenografts to verify correct NPD implantation and to determine if 5 

nm 177Lu-AuNP resulted in a more homogeneous dose distribution then 15 nm 177Lu-AuNP (Lai et al., 2017). Tumor 

growth was monitored and general toxicity was assessed by monitoring body weight. Similar to direct i.t. 

administration of radiolabeled AuNP, the NPD may allow migration of some AuNP released from the NPD site in the 

tumor to re-distribute to other organs resulting in normal tissue exposure. Therefore, tissue biodistribution studies 

were performed to evaluate the extent of 177Lu-AuNP redistribution and its effect on the absorbed doses to normal 

organ doses. To our knowledge, our report is the first to describe brachytherapy of human BC tumor xenografts in 

mice using radiolabeled AuNP incorporated into a NPD. 

 

4.3  MATERIAL AND METHODS 

4.3.1  PREPARATION OF 1 7 7LU-AUNP AND NPD  

177Lu-AuNP were synthesized as reported (Yook et al., 2015a, Lai et al., 2017). Briefly, a diblock copolymer with a 

polyethylene glycol (PEG) (2 kDa) block, and a block of polyglutamide with 8 pendant 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA) chelators and 4 terminal lipoic acid (LA) groups [PEG-pGlu(DOTA)8-LA4] was 
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synthesized (Yook et al., 2015b). PEG-pGlu(DOTA)8-LA4 (3 µg) was radiolabeled by incubation with 177LuCl3 (7-25 MBq) 

s. 177Lu-AuNP were constructed by 

incubating PEG-pGlu(DOTA)8-LA4-177Lu with 5 nm (1.9 mL) or 15 nm (1 mL) AuNP (Ted Pella; 5.0 ×1013 or 1.4 ×1012 

particles/mL, respectively) at 60˚C on a shaker for 1 h in low binding microcentrifuge tubes (Axygen). Unlabeled 5 nm 

or 15 nm PEGylated AuNP were constructed by incubation with PEG-pGlu(DOTA)8-LA4. Radiolabeled and PEGylated 

AuNP were rinsed twice by suspending in d.d. H2O, then recovered by ultracentrifugation at 15,000  g for 1 h (5 nm) 

or 45 min (15 nm) at 4˚C. NPD were constructed as reported (Lai et al., 2016) using very low viscosity (VLV <20 mPa) 

ultrapure sodium alginate (Pronova™, NovaMatrix) reconstituted in 0.5% NaCl for 45 min (6% w/v) to form a gel, then 

mixing with radiolabeled AuNP to a final concentration of 0.12 mg of AuNP/3 µL of gel (9.5 × 1013 5 nm size and 3.5 × 

1012 15 nm size). The resulting AuNP-gel mixture was injected into molds that produced NPD with dimensions similar 

to a conventional brachytherapy seed (0.8 mm × 4 mm). The alginate NPD were crosslinked in 10% CaCl2 in d.d. H2O.  

 

4.3.2  CELL CULTURE AND TUMOUR XENOGRAFT MOUSE MODELS 

MDA-MB-468 and MDA-MB-231 human BC cells (ATCC, Manassas, VA, USA), which exhibit greater and lower 

sensitivity in vitro to -radiation respectively (Cai et al., 2008), were cultured at 37 °C in 5% CO2 in DMEM 

supplemented with 5% penicillin/streptomycin and 10% fetal bovine serum (FBS, Gibco-Invitrogen). MDA-MB-468 or 

MDA-MB-231 cells were recovered by trypsinization and 2 × 106 cells were suspended in 50 µL of sterile PBS and 

injected subcutaneously (s.c.) into the right flank of female non-obese diabetic severe combined immunodeficient 

(NOD/SCID) mice (Charles River). Tumors were allowed to grow to a diameter of 8 mm prior to NPD implantation.  

 

4.3.3  BRACHYTHERAPY AND NORMAL TISSUE TOXICITY ASSESSMENT 

Mice bearing MDA-MB-231 xenografts were randomized into treatment groups (n=7) as follows: (i) untreated (ii) 

PEGylated AuNP, (iii) 15 nm 177Lu-AuNP (8.5 MBq), and (iv) 5 nm 177Lu-AuNP (15 MBq). All AuNP were delivered via 

implantation of a NPD. Similarly, mice bearing MDA-MB-468 xenografts were randomized into these treatment groups 

(n=7) with the exception that 5 nm 177Lu-AuNP (15 MBq) were not studied. The radioactivity dose for treatment was 

based on our report of local treatment of MDA-MB-468 tumors (6 mm diameter) in mice with 177Lu-AuNP but scaled 

for the larger tumor size (8 mm diameter) in the current study (0.04 MBq/mm3) (Yook et al., 2016a). NPD implantation 

into the tumors was carried out under anesthesia (isoflurane in 2% O2) as reported using a template mounted stage 

and an 18G seeding needle (Eckert & Ziegler BEBIG, Inc. Oxford, CT) (Lai et al., 2016). Only one NPD was implanted 

per tumor. Mice bearing MDA-MB-468 xenografts were monitored for tumor growth for 71 days or until the tumor 

size reached the humane endpoint (>15 mm) as specified by the animal care protocol, when they were euthanized. 

The survival of mice bearing MDA-MB-468 xenografts were followed for 78 days. Mice bearing MDA-MB-231 

xenografts were monitored for 14 days due to their more rapid growth rate, then euthanized for blood collection and 

hematology analysis, when tumor size in most mice was nearing the humane endpoint. The tumor volume (V) was 

measured every 3-7 days by two independent observers using calipers and calculated as V = (length×width2)/2. The 

tumor growth index (TGI) was calculated by dividing the tumor volume at each time point by the initial tumor volume 
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prior to treatment. Body weight was monitored and the body weight index (BWI) was calculated by dividing the body 

weight at the measured time point by the initial body weight, in order to assess the general toxicity of the treatment. 

At the 14 days end-point for mice with MDA-MB-231 tumors, blood from control and 177Lu-AuNP treated mice were 

collected by cardiac puncture and a complete blood cell (CBC) count was obtained using a Hemavet 950FS analyzer 

(DRE Scientific Ltd., Oxford, CT, USA). Hematology analysis included white blood cell (WBC), red blood cell (RBC), and 

platelet (PLT) counts, and hematocrit (Hct) and haemoglobin (Hb). Serum alanine aminotransferase (ALT) and 

creatinine (Cr) were also measured at this time point using Infinity Creatinine and Infinity ALT/GPT clinical chemistry 

kits (Fisher Diagnostics, Middletown, VA, USA). 

 

4.3.4  SPECT/CT IMAGING AND TUMOUR DOSIMETRY 

Mice with s.c. MDA-MB-231 tumors administered 15 nm or 5 nm 177Lu-AuNP were imaged using a microSPECT/CT 

tomograph (NanoSPECT, Bioscan) at 1, 24, 48 h and 7 days post implantation of the NPD to verify the location of the 

implant and estimate the dose distribution. The acquisition time was increased from 150 s/projection at 1 h p.i. to 

309 s/projection at 7 days p.i. to compensate for radioactive decay and obtain images with comparable intensities. 

SPECT images were collected using a 0.3×0.3×0.3 mm3 voxel size and cone-beam CT images were collected using a 

0.2×0.2×0.2 mm3 voxel size. SPECT and CT images were co-registered using InvivoScope software (Bioscan) and SPECT 

images were registered temporally using manual and automated rigid registration techniques on Inveon Research 

Workplace software (Siemens). Dose distributions were determined by voxel based convolution dose kernel methods 

using Monte Carlo N-Particle software (MCNP 5, Los Alamos National Security) (Lai et al., 2017). A voxel dose kernel 

(VDK) for 177Lu, comprising of voxel level S-values, was created using a cubic geometry and voxel sizes of 0.3×0.3×0.3 

mm3. A 6.3×6.3×6.3 mm3 volume of interest (VOI) corresponding to a 21×21×21 array was selected using MATLAB 

(Mathworks) from each SPECT image to obtain a 3D radioactivity distribution at each time point. Each radioactivity 

distribution was convolved by the VDK and each voxel of the distribution integrated over all of the time points to 

infinity to obtain the final dose distribution. The radiation spectrum for 177Lu was obtained from Medical Internal 

Radiation Dose (MIRD) radionuclide data (Eckerman and Endo, 2008) and breast tissue composition (ρ = 1.02 g cm−3) 

was from the International Commission on Radiation Units & Measurements (ICRU) (ICRU, 1989).  

 

4.3.5  BIODISTRIBUTION AND NORMAL ORGAN DOSIMETRY  

Mice bearing MDA-MB-231 xenografts (n=4) were implanted with a NPD containing 3.0 MBq of 177Lu-AuNP (9.5 × 1013 

particles for 5 nm size and 3.5 × 1012 particles for 15 nm size). At 1, 3, 8, and 14 days post-implantation, the mice were 

sacrificed and the tumor, samples of blood and normal tissues were collected and the radioactivity (CPM) in each 

measured in a γ-counter (Wizard Model 1480, PerkinElmer) and converted to Bq by applying a conversion factor (0.19 

Bq/CPM). Tissue radioactivity concentrations were expressed as percent administered radioactivity per gram of tissue 

(%IA/g) which was corrected for radioactive decay for evaluation of biodistribution. For organ dosimetry, the 

%IA/organ was obtained by multiplying the %IA/g results from biodistribution measurements (at 1, 3, 8, and 14 days) 
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by the standard organ weights for mice (Bitar et al., 2007). The average tumor weight (g) from the biodistribution 

study was used to estimate the tumor volume for dosimetry, assuming a density of 1 g/cm3. The cumulative 

radioactivity (ÃS = Bq  s) for each source organ was determined by calculating the area under the radioactivity vs. 

time curve between 0-7 days using the Trapezoidal Rule, incorporating radioactive decay for each of the values. The 

cumulative radioactivity from 7 days to infinity (Bq  s) was calculated by dividing the final radioactivity at 7 days (Bq) 

by the decay constant for 177Lu (1.2×10-6 s-1), thus assuming further elimination only by physical decay. The absorbed 

dose to target normal organs was calculated using the MIRD formalism by multiplying the cumulative radioactivity in 

each source organ by the corresponding S-value for mice, obtained from Bitar et al. (Bitar et al., 2007). The dose 

deposited in the tumor was calculated using OLINDA/EXM software (Vanderbilt University) and a sphere model (8 mm 

diameter) to generate an S-value for a tumor with assumed density of 1 g/cm3. All animal studies were conducted in 

compliance with Canadian Council on Animal Care (CCAC) guidelines and were performed under a protocol approved 

by the Animal Care Committee at the University Health Network (AUP # 2780.9). 

 

4.3.6  STATISTICAL ANALYSIS   

Results were expressed as mean ± standard deviation (SD) and tested for statistical significance (P<0.05) using two 

way ANOVA, paired t-tests, and Mantel-Cox test using Prism 6.01 (Graphpad) software.  

 

 

4.4  RESULTS 

4.4.1  BRACHYTHERAPY AND NORMAL TISSUE TOXICITY 

The TGI was monitored for mice with MDA-MB-231 or MDA-MB-468 tumors treated with 15 nm 177Lu-AuNP (8.5 MBq, 

3.52×1012 particles) or 15 nm PEGylated AuNP, or for mice with MDA-MB-231 tumors treated with 5 nm 177Lu-AuNP 

(15 MBq, 9.52×1013 particles) only. All AuNP were incorporated into a NPD. TGI was compared to the untreated control 

group or mice treated with unlabeled PEGylated AuNP (Fig. 4.1). The TGI curve for mice treated with PEGylated AuNP 

was not significantly different than the TGI curve for untreated control mice (P=0.8) for both MDA-MB-468 (Fig. 4.1a) 

and MDA-MB-231 tumors (Fig. 4.1b). Treatment with 15 nm 177Lu-AuNP resulted in tumor growth arrest for the MDA-

MB-468 tumors and tumor growth inhibition for MDA-MB-231 tumors, when compared to the final TGI time points 

for untreated mice (P=0.7 and P=0.002, respectively) or mice treated with PEGylated AuNP (P=0.02 and P=0.02, 

respectively). The tumor growth inhibitory effect of 15 nm 177Lu-AuNP was greater in mice with more radiation 

sensitive MDA-MB-468 tumors, resulting in tumor growth arrest with minimal regrowth up to 71 days compared to 

the PEGylated AuNP treated group. At 71 days, the mean TGI in mice with MDA-MB-468 tumors treated with 15 nm 

77Lu-AuNP (TGI=1.5±1.3) was 3.2 fold significantly lower than in mice treated with PEGylated AuNP (TGI=4.8±1.3) 

(P<0.02). At 43 days, when the untreated control mice reached the humane tumor size endpoint, the mean TGI in 

mice treated with 15 nm 177Lu-AuNP (TGI=1.4±0.9) was 1.6-fold significantly lower than for untreated control mice 
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(TGI=2.2±0.5; P<0.0001). For mice with MDA-MB-231 tumors, the growth inhibition at 14 days for tumors treated 

with 15 nm 177Lu-AuNP resulted in a mean TGI (TGI=2.8±0.09) that was 1.3 fold significantly lower than untreated 

mice (TGI=3.7±1.0; P=0.02) or mice treated with PEGylated AuNP (TGI=3.8±1.0; P=0.002). Groups of mice with MDA-

MB-231 tumors were treated with 5 nm 177Lu-AuNP (15 MBq). These mice exhibited a mean TGI (TGI=2.4±0.2) that 

was 1.6-fold significantly lower than untreated mice (P<0.0001) or mice with MDA-MB-231 tumors treated with 

PEGylated AuNP (P<0.0001). The TGI in MDA-MB-231 tumor bearing mice were not statistically different for 15 nm 

177Lu-AuNP (8.5 MBq) and 5 nm 177Lu-AuNP (15 MBq) treated groups, despite the higher administered radioactivity in 

the 5 nm 177Lu-AuNP group (P=0.4). At 14 days, the tumor size in mice bearing MDA-MB-231 xenografts reached the 

humane endpoint (>15 mm diameter) as specified by the animal care protocol and these mice were euthanized, so 

monitoring of tumor growth beyond this time point was not possible.  

 

177Lu-AuNP at the amounts administered (15 MBq, 9.5 × 1013 particles for 5 nm size and 8.5 MBq, 3.5 × 1012 particles 

for the 15 nm size) were not generally toxic as indicated by no body weight loss in treated mice compared to mice 

treated with PEGylated AuNP or untreated mice (Fig. 1c,d). The mean BWI at 71 days in MDA-MB-468 tumor bearing 

mice treated with 15 nm 177Lu-AuNP (BWI=1.0±0.02) was not significantly different than mice treated with PEGylated-

AuNP (BWI=1.1±0.003; P=0.6). The mean BWI for untreated mice (BWI=1.0±0.02) with MDA-MB-468 tumors at 43 

days when these tumors reached the human tumor size endpoint, was not significantly different than mice treated 

with the 15 nm 177Lu-AuNP (BWI=1.0±0.07; P=0.6) or PEGylated-AuNP (BWI=1.1±0.06; P=0.9). The mean BWI at 14 

days in mice with MDA-MB-231 tumors treated with 15 nm 177Lu-AuNP (BWI=1.1±0.05) was not significantly different 

than control untreated mice (BWI=1.0±0.03; P=0.7) or mice receiving PEGylated AuNP (BWI=1.1±0.03; P=0.7) (Fig. 

1d). The absence of toxicity was confirmed in hematology, kidney and liver function results from blood collected at 

14 days post implantation, for mice bearing MDA-MB-231 xenografts and treated with 8.5 MBq of 15 nm 177Lu-AuNP 

NPD or 15 MBq of 5 nm 177Lu-AuNP NPD as compared to the unlabeled PEGylated AuNP NPD and untreated control 

groups (Table 4.1). There were no significant differences in RBC, Hb, Hct, PLT, Cr and ALT between the 5 nm or 15 nm 

177Lu-AuNP treated groups or between mice treated with 177Lu-AuNP and mice receiving unlabeled PEGylated AuNP 

or control untreated mice, although WBC results were inconclusive. Kaplan-Meier curves were plotted to compare 

the survival of mice with MDA-MB-468 tumors treated with 177Lu-AuNP and PEGylated-AuNP to untreated mice (Fig. 

4.2). MDA-MB-468 tumor bearing mice receiving 15 nm 177Lu-AuNP NPD had a significantly prolonged median survival 

of 73 days when compared to untreated mice for mice (34 days) (P=0.02) and a non-significantly trend towards 

increased survival compared to mice treated with PEGylated AuNP NPD (49 days) (P=0.09). At 78 days, there were 3/7 

mice treated with 15 nm 177Lu-AuNP surviving while there were 0 mice surviving that were treated with PEGylated 

AuNP or untreated mice. Complete regression of the tumor was observed in 1/7 mice treated with 177Lu-AuNP. Long 

term survival analysis was not performed on mice bearing MDA-MB-231 tumors due to the rapid rate of tumor growth 

resulting in animals reaching endpoint by 14 days, and the requirement for euthanization at 14 days for blood 

collection and hematology analysis.  
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Figure 4.1 Tumour growth and body weight indices as a function of time. Tumour growth index (TGI) vs. time (days) 

for NOD/SCID mice (n=7) bearing s.c. (a) MDA-MB-468 or (b) MDA-MB231 human BC xenografts treated with a NPD 

incorporating 15 nm 177Lu-AuNP (8.5 MBq, 3.52×1012 particles), 15 nm PEGylated AuNP or in mice receiving no 

treatment. Groups of mice with MDA-MB-231 xenografts were also treated with 5 nm 177Lu-AuNP (15 MBq, 9.52×1013 

particles). Body weight index (BWI) for mice with (c) MDA-MB-468 or (d) MDA-MB-231 tumours receiving these 

treatments. Note the tumor growth arrest in MDA-MB-468 tumor bearing animals treated with 15 nm 177Lu-AuNP (a). 

 

Table 4.1 Hematology and serum creatinine (Cr) and alanine aminotransferase (ALT) at 14 days post treatment with a 

NPD incorporating 177Lu-AuNP in mice with s.c. MDA-MB-231 human breast cancer xenografts. Values are normalized 

with respect to the untreated control and errors (±) represent standard deviations. 

MDA-MB-231 Untreated 
Control 

15 nm 177Lu-AuNP  15 nm PEGylated AuNP  5 nm 177Lu-AuNP  

WBC  1 1±1.5 0.8±0.5 1±1 
RBC  1.00±0.03 1.0±0.1 0.93±0.08 0.86±0.06 
Hb  1.00±0.03 1.00±0.09 0.95±0.07 0.85±0.05 
Hct  1.00±0.04 1.0±0.2 0.91±0.08 0.86±0.06 
PLT  1.0±0.6 0.6±0.9 0.2±2 1.0±0.6 
Cr  1.0±0.5 1.3±0.4 1.3±0.4 0.9±0.5 
ALT  1.0±0.3 0.8±0.9 0.8±0.3 1.0±0.2 

*White blood cell (WBC), red blood cell (RBC), hemoglobin (Hb), Hematocrit (Hct), platelet (PLT), creatinine (Cr), and alanine aminotransferase 

(ALT). 
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Figure 4.2 Percentage survival of treated animals as a function of time. Kaplan-Meier survival curves for mice (n=7) 

with s.c. MDA-MB-468 human breast cancer xenografts treated with a NPD incorporating 15 nm 177Lu-AuNP (8.5 MBq, 

3.52×1012 particles), unlabeled PEGylated AuNP or untreated mice. The median survival of mice treated with 15 nm 
177Lu-AuNP NPD was 73 d as compared to 49 d for unlabeled PEGylated AuNP (P=0.09) and 34 d for untreated control 

(P=0.02). 

 

4.4.2  SPECT/CT IMAGING AND TUMOUR DOSIMETRY 

SPECT/CT images (Fig. 4.3) revealed that radioactivity remained mainly in the NPD, but a greater amount was retained 

in the NPD incorporating 15 nm 177Lu-AuNP than the NPD with 5 nm 177Lu-AuNP at 7 d, suggesting greater release of 

5 nm 177Lu-AuNP from the NPD. This was confirmed by comparing the maximum doses [Gy per Bq administered 

(Gy/Bq)] delivered for the tumor dose distributions (Fig. 4.4) which revealed 1.7 fold greater dose for the 15 nm 177Lu-

AuNP NPD (maximum dose of 4.4 × 10-3 Gy/Bq) as compared to the 5 nm 177Lu-AuNP NPD (maximum dose of 2.6 × 10-

3 Gy/Bq). The one-dimensional dose profiles, along the x-axis intersecting the NPD center, in Gy/Bq as a function of x-

position (mm) are shown in Fig. 4.3 (left panel) and illustrate the higher maximum dose for the NPD incorporating 15 

nm 177Lu-AuNP. When plotted on a logarithmic scale (Fig. 4.3; right panel), the dose at 3 mm from the NPD, near the 

tumor periphery is 10-fold greater for the NPD incorporating the 5 nm 177Lu-AuNP than for the NPD incorporating 15 

nm 177Lu-AuNP. However, although the dose profiles demonstrate differences in intratumoral dose distributions, the 

overall tumor retention of radioactivity for both 15 nm and 5 nm 177Lu-AuNP in the NPD were similar as shown in the 

biodistribution results.  
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Figure 4.3 SPECT/CT image (left) at 7 days post-implantation and representative cross sectional maps of the dose 

distribution (right) in Gy per Bq administered (Gy/Bq) of a NPD incorporating 2.5 MBq of 15 nm 177Lu-AuNP (top 

images) or 2.5 MBq of 5 nm 177Lu-AuNP (bottom images) into a MDA-MB-468 human breast cancer xenograft in a 

NOD/SCID mouse. The representative z-slice chosen for the dose maps contains the maximum Gy/Bq in the tumour 

volume (5 nm: z=15, 15 nm: z=6). Note the difference in maximum dose (Gy/Bq) between dose distributions from 15 

nm (top, right) and 5 nm (bottom, right) 177Lu-AuNP. 

 

 

 

Figure 4.4 A one-dimensional dose profile intersecting the tumour and NPD at the location of maximum dose, in Gy 

per Bq administered (Gy/Bq) as a function of x-position (mm), plotted on a linear scale (left) and logarithmic scale 

(right), of the implanted 15 nm 177Lu-AuNP NPD (solid line) and 5 nm 177Lu-AuNP NPD (dashed line). Note the 2-fold 

difference in maximum dose (Gy/Bq) at x-position 3.3 mm between 15 nm and 5 nm 177Lu-AuNP NPD, and 10-fold 

difference in peripheral dose (Gy/Bq) at x-position 0.3/6.3 mm.  
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4.4.3  BIODISTRIBUTION AND NORMAL ORGAN DOSIMETRY 

Biodistribution studies (Fig. 4.5) revealed that the majority of radioactivity remained in the tumor up 15 days post 

implantation, with only minimal redistribution to other organs at 1 day post implantation for both 5 nm and 15 nm 

177Lu-AuNP NPD. For the 15 nm 177Lu-AuNP treatment group tumor radioactivity at 1 day was 71±12 %IA/tumor and 

44±4 %IA/g, which decreased by 15% and 25%, respectively at 15 days to 60±6 %IA/tumor (P<0.0001) and 33±7 %IA/g 

(P<0.0001). The liver had the highest normal organ uptake of radioactivity for mice receiving 15 nm 177Lu-AuNP, with 

2.1±2 %IA/organ and 2.2±2 %IA/g at 1 day post-implantation of the NPD. However liver radioactivity decreased to 

0.2±0.1 %IA/organ and 0.16±0.1 %IA/g at 15 days. Kidney radioactivity was 0.3±0.2 %IA/organ and 1.0±0.6 %IA/g at 1 

day which decreased to 0.033±0.007%IA/organ and 0.12±0.02 %IA/g, respectively, at 15 days. For the 5 nm 177Lu-

AuNP NPD treatment group, radioactivity in the tumor at 1 day was 73±7 %IA/tumor and 363±76 %IA/g, which 

decreased at 15 days to 71±1 %IA/organ and 51±15 %IA/g (P<0.0001), respectively. In contrast to mice receiving 15 

nm 177Lu-AuNP, the kidneys had the highest normal tissue uptake in mice receiving 5 nm 177Lu-AuNP with 0.4±0.1 

%IA/organ and 1.8±0.4 %IA/g at 1 day, which decreased to 0.11±0.02 %IA/organ and 0.39±0.04 %IA/g at 15 days. In 

contrast, the liver uptake at 1 day was very low with 0.6±0.3 %IA/organ and 0.5±0.2 %IA/g, which decreased to 

0.03±0.01 %IA/organ and 0.03±0.01 %IA/g at 15 days. 

 

The absorbed dose per unit administered radioactivity (Gy/Bq) to normal organs were calculated using S-values for 

mice from Bitar et al. (Bitar et al., 2007), and the doses absorbed by the tumor were calculated using OLINDA/EXM 

(Ver. 1.0) software (Stabin et al., 2005). These doses are summarized in Table 4.2. For mice treated with the 15 nm 

177Lu-AuNP incorporated into the NPD the absorbed dose to the tumor was 1.7±0.6 ×10-6 Gy/Bq and the highest 

normal organ doses were absorbed by the liver 0.17±0.06 ×10-6 Gy/Bq, followed by the kidneys ((0.07± 0.01) ×10-8 

Gy/Bq). For the amount of radioactivity administered using the 15 nm 177Lu-AuNP NPD (8.5 MBq), the absorbed dose 

(Gy) to the tumor was 14±5 Gy, to the liver was 1.4±0.5 Gy, and to the kidneys was 0.6±0.1 Gy. The absorbed dose to 

the tumor was 2.5±0.9 ×10-6 Gy/Bq in mice treated with 5 nm 177Lu-AuNP and the highest normal organ doses were 

absorbed by the kidneys (0.20±0.01 ×10-6 Gy/Bq), followed by the liver (0.020±0.003 ×10-8 Gy/Bq). For the amount of 

radioactivity administered using the 5 nm 177Lu-AuNP NPD (15 MBq), the absorbed dose (Gy) to the tumor was 38±14 

Gy, to the kidneys was 3.1±0.2 Gy, and to the liver was 0.30±0.05 Gy. The average absorbed dose to the whole body 

was 8.5±0.3 ×10-10 Gy/Bq and 2.7±0.3 ×10-10 Gy/Bq, for the 15 nm 177Lu-AuNP and 5 nm 177Lu-AuNP treatment groups, 

respectively. A comparison of normalized organ doses (Gy/Bq) between mice treated with 15 nm or 5 nm 177Lu-AuNP 

NPD revealed significant differences (P<0.05) between the absorbed doses delivered to the kidneys, liver, lungs, 

pancreas, spleen and stomach, but not to the tumor.  
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Figure 4.5 Biodistribution (%IA/organ) of 177Lu-AuNP in selected organs up to 15 days post implantation of a NPD 

incorporating (a) 15 nm 177Lu-AuNP or (b) 5 nm 177Lu-AuNP. The corresponding %IA/g values for the tumour and 

normal tissues are shown in panels (c) and (d). Note the high accumulation of 15 nm and 5 nm 177Lu-AuNP in the 

tumors. Note also the low normal tissue accumulation of 15 nm 177Lu-AuNP in the liver, and 5 nm 177Lu-AuNP in the 

kidneys.  
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Table 4.2 Organ doses in Gy per Bq administered (Gy/Bq) from biodistribution of 5 nm and 15 nm 177Lu-AuNP NPD 

treated animals, determined using organ S-values obtained from Bitar et al. 

 

 Absorbed dose (Gy/Bq) 
Tissue 5 nm 177Lu-AuNP NPD 15 nm 177Lu-AuNP NPD 

Bladder  (10±2) ×10-11 (2±1) ×10-10 
Brain * (6.0±0.7) ×10-12 (2.3±0.9) ×10-11 
Carcass * (2.8±0.3) ×10-10 (8±3) ×10-10 
Colon  (9±1) ×10-9 (2±1) ×10-8 
Fat (1.35±0.09) ×10-9 (9±4) ×10-10 
Heart  (2.0±0.2) ×10-9 (3±1) ×10-9 
Kidney (L)*  (0.21±0.01) ×10-6 (7±1) ×10-8 
Kidney (R)*  (0.20±0.01) ×10-6 (7±1) ×10-8 
Liver * (2.0±0.3) ×10-8 (0.17±0.06) ×10-6 
Lungs * (5.9±0.8) ×10-9 (1.8±0.6) ×10-8 
Marrow (L)  (1.2±0.1) ×10-11 (3±1) ×10-11 
Marrow (R)  (1.3±0.1) ×10-11 (3±1) ×10-11 
Ovary (L)  (5.9±0.7) ×10-10 (8±5) ×10-10 
Ovary (R)  (2.1±0.2) ×10-10 (3±1) ×10-10 
Pancreas * (1.2±0.2) ×10-8 (7±2) ×10-9 
Skull * (6.9±0.8) ×10-12 (2±1) ×10-11 
Small Intestines  (7±1) ×10-9 (2±1) ×10-8 
Spinal cord * (5.8±0.5) ×10-11 (1.4±0.6) ×10-10 
Spleen * (10±2) ×10-9 (4±2) ×10-8 
Stomach wall * (9±2) ×10-9 (4±2) ×10-8 
Stomach contents * (8±1) ×10-9 (3±2) ×10-8 
Stomach * (1±0.1) ×10-8 (4±2) ×10-8 
Thyroid * (8±1) ×10-12 (3±1) ×10-11 
Uterus (1.4±0.2) ×10-10 (3±2) ×10-10 
Vertebrae * (7.9±0.7) ×10-11 (1.7±0.7) ×10-10 
Tumour (2.6±0.9) ×10-6 (1.7±0.6) ×10-6 

(*) Indicating significant differences between the absorbed dose (Gy/Bq) to the organs from 5 nm and 15 

nm 177Lu-AuNP NPD. 

 

 

4.5  DISCUSSION 

In this study, we investigated for the first time the effectiveness of 177Lu-AuNP delivered via an implantable NPD 

system for inhibiting the growth of human BC xenografts in NOD/SCID mice. The NPD system is composed of a porous 

biodegradable calcium alginate seed which has dimensions similar to a permanent brachytherapy seed into which 

177Lu-AuNP are incorporated. The retention of 177Lu-AuNP in the NPD combined with the 2 mm maximum range of 

the -particles emitted by 177Lu produced a conformal radiation field resulting in tumor growth arrest in NOD/SCID 

mice with s.c. MDA-MB-468 xenografts and moderate inhibition of the growth of MDA-MB-231 tumors in NOD/SCID 

mice (Fig. 4.1a,b). Treatment with unlabeled PEGylated AuNP did not inhibit tumor growth which was not significantly 

different than in the untreated control (Fig. 4.1a,b). These results confirm the findings of our previous study in which 
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we achieved strong tumor growth inhibition in athymic mice with s.c. MDA-MB-468 xenografts directly injected 

intratumorally (i.t.) with 177Lu-AuNP (Yook et al., 2016a). However, delivery of 177Lu-AuNP via a NPD is more clinically 

translatable than direct i.t. injection since it allows PSI techniques to be applied, which permits scaling to larger tumors 

in BC patients and precise placement of the NPD incorporating the 177Lu-AuNP to deliver the prescribed dose and 

minimize dose heterogeneities. 

 

Tumor xenografts were established by s.c. inoculation of MDA-MB-468 or MDA-MB-231 human BC cells that have 

higher and lower sensitivity in vitro to γ-radiation, respectively (Cai et al., 2008). MDA-MB-231 were less responsive 

than MDA-MB-468 tumors to treatment with a NPD incorporating 177Lu-AuNP (Fig. 4.1). Tumor growth was arrested 

and survival prolonged in mice with MDA-MB-468 tumors implanted with a NPD incorporating 15 nm 177Lu-AuNP (8.5 

MBq; 3.5  1012 particles; Fig. 4.1a) while growth was only moderately inhibited in mice with MDA-MB-231 tumors 

treated with a NPD containing 5 nm 177Lu-AuNP (15 MBq; 9.5 × 1013 particles) or 15 nm 177Lu-AuNP (8.5 MBq; Fig. 

4.1b). There were no significant differences in tumor growth inhibition in mice with MDA-MB-231 tumors treated with 

a NPD incorporating 5 nm or 15 nm 177Lu-AuNP, despite the 2-fold higher administered amount of radioactivity for 

the 5 nm 177Lu-AuNP. The absorbed dose delivered to MDA-MB-231 tumors implanted with a NPD with 5 nm 177Lu-

AuNP (15 MBq) was >2-fold higher (38 Gy vs. 15 Gy; Table 4.2) than deposited in MDA-MB-468 tumors treated with a 

NPD with 15 nm 177Lu-AuNP (8.5 MBq), but the growth of MDA-MB-231 tumors was inhibited while MDA-MB-468 

tumors were growth-arrested. This illustrates the differential radiation insensitivity of these two tumors. Due to the 

rapid growth of MDA-MB-231 tumors, mice were monitored for 14 days after treatment with 177Lu-AuNP, while mice 

with MDA-MB-468 tumors were monitored for 78 days. Our results agree with those previously reported by our group 

which demonstrated that MDA-MB-468 xenografts were growth-arrested for >90 days after i.t. injection of 177Lu-AuNP 

(4.5 MBq; 6 × 1011 particles) and all mice survived up to 120 days (Yook et al., 2016a). In our previous study, we did 

not evaluate the tumor growth inhibitory effects of 177Lu-AuNP on MDA-MB-231 tumors, but in vitro clonogenic 

survival (CS) assays at 14 d post treatment revealed a 6-fold lower sensitivity of MDA-MB-231 cells compared to MDA-

MB-468 cells to non-targeted 177Lu-AuNP incubated for 16 h (CS = 51.6  12.7% vs. 8.4  3.3%) (Yook et al., 2015a). 

This difference in radiosensitivity between BC types have been speculated to arise from differences in gene expression 

for proteins responsible for regulation of cell cycle, DNA damage and repair such as BRCA1 and p53 (Yoshikawa et al., 

2000). However, a study by Haldar et al. demonstrated that the p53 expression levels were the same between MDA-

MB-231 and MDA-MB-468 BC (Haldar et al., 1994). Radiation resistance in MDA-MB-231 cells may be mediated by 

increased expression of Bcl-2 and Bcl-xL anti-apoptotic proteins (Li et al., 2012), or by overexpression of the distal-less 

homeobox2 (DLX2) transcription factor which has been found to increase the CS in vitro of MDA-MB-231 cells exposed 

to -radiation (Choi et al., 2016).  

 

It may be possible to improve the response of MDA-MB-231 tumors, and other radiation resistant BC to 177Lu-AuNP, 

by administration of higher radioactivity amounts, which should be feasible due to the highly conformal radiation field 
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delivered by -particles emitted by 177Lu (maximum range = 2 mm) which limit normal tissue exposure. We found no 

significant decrease in BWI in mice treated with a NPD incorporating 15 nm 177Lu-AuNP (8.5 MBq; 3.5 × 1012 particles) 

or 5 nm 177Lu-AuNP (15 MBq; 9.5 × 1013 particles) compared to mice receiving a NPD with unlabeled PEGylated AuNP 

or normal saline treated control mice (Fig. 1c,d), indicating no general normal organ toxicity. No normal tissue 

toxicities were observed in the MDA-MB-231 tumor bearing animals according to normalized changes in blood cell 

count or increases in serum Cr and ATL as compared to the control animals. These results are consistent with the 

hematology and serum biochemistry results reported by Yook et al. collected 15 d.p.i. following i.t. injection of 30 nm 

177Lu-AuNP (Yook et al., 2016a), as well as the serum Cr results reported by Vilchis-Juarez et al. which found no 

statistical differences between the treated and untreated control groups (Vilchis-Juarez et al., 2014). Lack of observed 

tissue toxicities correspond to the low activities measure from the biodistribution study, and low normal organ doses 

which were below tolerance doses. Moreover, in our previous study, we found no significant decrease in BWI, 

complete blood cell counts (CBC) or increases in serum alanine aminotransferase (ALT) or creatinine (Cr) indicative of 

liver or kidney toxicity at 15 days post i.t. injection of up to 4.5 MBq (6 × 1011 particles) of 30 nm 177Lu-AuNP (Yook et 

al., 2016a). Nonetheless, it is possible that BC patients may experience some local radiation-induced toxicities from 

implantation of a NPD incorporating 177Lu-AuNP such as erythema or telangiectasia as has been previously reported 

for PSI brachytherapy (Pignol et al., 2015) 

 

The absence of significant normal tissue toxicity is likely due to retention of 177Lu-AuNP at the intratumoral 

implantation site of the NPD which results in low accumulation in normal organs (Fig. 4.5) and low absorbed doses in 

these organs (Table 4.2). 177Lu-AuNP (5 or 15 nm) incorporated into a NPD exhibited lower uptake of radioactivity in 

the liver and spleen compared to our previous study of directly i.t. injected 30 nm 177Lu-AuNP (Yook et al., 2016a), but 

there was increased kidney uptake. Liver radioactivity after implantation of a NPD incorporating 15 nm or 5 nm 177Lu-

AuNP ranged from 2.2-2.5% IA/g and 0.2-0.5% IA/g, respectively (Fig. 4.5) from 1-3 days post-implantation compared 

to 8.5  4.3 %IA/g at 2 days post-i.t. injection of 30 nm 177Lu-AuNP (Yook et al., 2016a). Spleen uptake was lower for 

15 nm 177Lu-AuNP implanted into a tumor via the NPD (0.7-1.4% IA/g from 1-3 days; Fig. 4.5) compared to i.t. injected 

30 nm 177Lu-AuNP (5.4  4.1% IA/g at 2 days) but not for 5 nm 177Lu-AuNP (0.3-0.2% IA/g from 1-3 days) (Yook et al., 

2016a). Kidney uptake was higher for both the 15 nm and 5 nm 177Lu-AuNP (0.9-1.0%IA/g and 1.8-2.6%IA/g, 

respectively from 1-3 days) compared to i.t. injected 30 nm 177Lu-AuNP (<1% IA/g at 48 h) (Yook et al., 2016a). There 

was higher kidney uptake in mice implanted with a NPD incorporating 5 nm 177Lu-AuNP than 15 nm 177Lu-AuNP, 

consistent with excretion of smaller AuNP by the kidneys with larger AuNP sequestered by the liver and spleen 

(Perrault et al., 2009). 

 

The placement of the NPD was verified by SPECT/CT and dose maps were constructed to assess the intratumoral dose 

distribution based on Monte Carlo techniques (Lai et al., 2017). The dose distributions remained concentric around 

the NPD for both 5 nm and 15 nm 177Lu-AuNP, but the NPD with 5 nm 177Lu-AuNP had greater release of radioactivity 
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as previously reported (Lai et al., 2016). The consequence of greater release of 5 nm 177Lu-AuNP from the NPD was a 

maximum dose 1.7-fold lower compared to a NPD incorporating 15 nm 177Lu-AuNP. The dose (Gy/Bq) at the 

peripheries of the irradiated volume was also 10 fold higher for the NPD with 5 nm 177Lu-AuNP than the 15 nm 177Lu-

AuNP. The intratumoral diffusion of 177Lu-AuNP released from the NPD provides an advantage compared to 

conventional permanent brachytherapy seeds, since it may allow selection of a particular sized AuNP to achieve the 

desired radiation transport. Moreover, a more energetic and longer range -emitter such as 90Y (E = 2.2 MeV; 

maximum range = 10-12 mm) may be selected to provide greater depth of radiation penetration within the tumor 

than achieved by the lower energy and shorter range -particles emitted by 177Lu (E=0.6-0.7 MeV; maximum range 

= 2 mm) (Lai et al., 2017). The total absorbed doses in the tumor per Bq administered (Gy/Bq) were 1.7 × 10-6 Gy/Bq 

(15 ± 5 Gy) for a NPD incorporating 15 nm 177Lu-AuNP (8.5 MBq; 3.5 × 1012 particles) and 2.5 × 10-6 Gy/Bq (38 ± 13 Gy) 

for a NPD containing 5 nm 177Lu-AuNP (15 MBq; 9.5 × 1013 particles). These doses were similar to those deposited by 

direct i.t injection of 30 nm 177Lu-AuNP (4.5 MBq; 6 × 1011 particles) in mice with MDA-MB-468 xenografts (22 Gy) 

(Yook et al., 2016a). A comparable dose (38 Gy) was deposited in C6 glioma xenografts in mice by i.t. injection of 177Lu-

AuNP (4 administrations of 2 MBq) (Vilchis-Juarez et al., 2014). These doses were lower than those typically prescribed 

for EBRT (50 Gy) of the breast and those prescribed to patients receiving permanent seed brachytherapy (90 Gy using 

103Pd or 124 Gy using 125I) (Keller et al., 2005). However, the dose delivered is dependent on the amount of 

radiolabeled AuNP incorporated into the NPD and the radiation properties (e.g. -particle energy, abundance and 

physical half-life) of the radionuclide. Keller et al. employed the time dose fractionation (TDF) formulation to 

determine equivalent doses of 103Pd and 125I which accounts for differences in dose rate, dependent on the rate of 

decay, and continuous dosing as to the conventional fractionation schedule of 2 Gy per day. Using the TDF 

formulation, we estimate that the required prescription dose for treatment of a BC patient following lumpectomy and 

using 177Lu would be 71 Gy. If we assume an average of 71 NPD (Section 1.3) is required to adequately cover the 

treatment volume and the dose from 1 NPD delivers 1.7×10-6 Gy/Bq (Section 4.4.3), a specific activity of 0.59 

MBq/3.52×1015 AuNP (1.67×10-10 Bq/AuNP) would be required. The 177LuCl3 used in our experiments was obtained 

from Perkin Elmer, with a specific activity of 20 Ci/mg (2.15×10-10 Bq/177Lu atom) at production. Assuming 57 PEG-

pGlu(DOTA)8-LA4 per AuNP (Section 3.3) and 8 DOTA available for chelation to 177Lu per PEG-pGlu(DOTA)8-LA4, the 

highest achievable specific activity is 9.80×10-5 Bq/AuNP, which is 5×105 times greater than the specific activity 

required to deliver 71 Gy to the treatment volume in a patient (1.67×10-10 Bq/AuNP). An even higher AuNP specific 

activity (5.03×10-4 Bq/AuNP) can be achieved using 177LuCl3 obtained from ITG (Isotope Technologies Garching/Bruce 

Power, Garching, Germany), which has a specific activity of 103 Ci/mg at time of production.  

 

Normal organ doses from a NPD incorporating 177Lu-AuNP were very low (Table 4.2). The highest dose to the kidneys 

(3.1 ± 0.2 Gy, 2.0 × 10-7 Gy/Bq) was associated with a NPD incorporating 5 nm 177Lu-AuNP (15 MBq; 9.5 × 1013 particles) 

while the highest dose to the liver (1.4 ± 0.5 Gy, 1.7 × 10-7 Gy/Bq) was deposited with a NPD containing 15 nm 177Lu-

AuNP (8.5 MBq; 3.5 × 1012 particles). These doses are higher than those previously reported for direct i.t. injection of 

30 nm 177Lu-AuNP (4.5 MBq; 6 × 1011 particles) which were 0.12 ± 0.05 Gy and 0.82 ± 0.49 Gy, due to the higher 
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administered radioactivity (Yook et al., 2016a). However, the normalized dose per amount of radioactivity (Bq) for 

direct i.t. injection of 30 nm 177Lu-AuNP were similar for the liver (1.8 × 10-7 Gy/Bq), and over 10 times lower for the 

kidneys (2.7 × 10-8 Gy/Bq). Vilchis-Juarez et al., reported a dose of ~0.75 Gy to the kidneys and ~0.8-0.9 Gy to the liver 

following i.t. injection of 8 MBq 177Lu-AuNP (20 nm AuNP) (Vilchis-Juarez et al., 2014). In humans the tolerance dose 

(TD; Gy) resulting in 5% complication rates over 5 years (TD5/5) to the kidneys is 21.7 Gy from radionuclide therapy or 

23 Gy for EBRT (Meredith et al., 2008). Similarly, the TD resulting in mild or no toxicity to the liver is 24 Gy for 90Y-, 

≤31 Gy for 131I-, and 1.5 Gy for 186Re-based therapies, while the TD5/5 for EBRT is 30 Gy. The whole body doses to the 

mouse from NPD implantation incorporating 5 nm or 15 nm 177Lu-AuNP were very low, at 0.0041 ± 0.0005 Gy (0.28 ± 

0.03 mGy/MBq) and 0.007 ± 0.003 Gy (0.8 ± 0.4 mGy/MBq), respectively. The whole body dose limit generally 

accepted in humans is 2 Gy for radionuclide therapies to avoid radiation toxicity to the bone marrow (Forrer et al., 

2009). However, extrapolation of these normal organ doses from mouse to humans is limited by the close proximity 

of organs in the mouse relative to each other, resulting in significant crossfire effects which may not occur in humans. 

Therefore, it is possible that whole body doses in humans would be even lower. Studies in humans will therefore be 

required to determine the normal organ dosimetry for patients with BC treated with a NPD incorporating 177Lu-AuNP.  

 

4.6  CONCLUSION 

Treatment with 5 nm and 15 nm 177Lu-AuNP NPD provided high tumor retention of radioactivity resulting in significant 

tumor growth inhibition as compared to the untreated control and unlabeled PEGylated AuNP groups, with no 

measurable differences in normal tissue toxicity as indicated by BWI. Lack of observable toxicities were consistent 

with the low doses delivered to the liver (1.4 Gy) and kidneys (3.1 Gy) using the NPD system. Mice bearing MDA-MB-

468 tumors demonstrated enhanced tumor control, defined here as inhibition of tumor growth, with a 1.6-3.2 fold 

decrease in TGI, as compared to mice bearing MDA-MB-231 tumors, with a 1.3-1.6 fold decreased in TGI. Therefore, 

the use of the NPD system is clinically promising for treatment of BC as it can deliver therapeutically relevant doses 

while homogenizing the dose by releasing AuNP. Use of the NPD system also provides opportunities to use 

radionuclides with different radiation types (i.e. α particles) and energies that may not be suitable for i.v. 

administration or traditional brachytherapy. 
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CHAPTER 5 

5 SUMMARY AND FUTURE DIRECTIONS 

5.1  SUMMARY OF FINDINGS 

The objective of this thesis was to design, characterize, and validate the use of NPD for the delivery of AuNP labeled 

with e- emitters, via a permanent brachytherapy technique for internal radiotherapy of localized breast cancers. In 

Chapter 2 a NPD was developed using sodium alginate, a biodegradable and biocompatible polymer used commonly 

in pharmaceutics, to facilitate controlled release of AuNP following implantation using permanent brachytherapy 

technique. NPD were constructed from various sizes of PEGylated AuNP (5 nm, 15 nm, 30 nm, and 50 nm) and 

concentrations of calcium alginate (6%, 8% and 10% w/v), in similar dimensions to conventional permanent 

brachytherapy seeds and implanted into tissue equivalent phantoms. NPD constructed from 6% w/v calcium alginate 

and 5 nm, 15 nm and 30 nm PEGylated AuNP were also implanted into MDA-MB-231 breast cancer xenografts. The 

rate of AuNP release from the NPD and AuNP spatial distributions were characterized in a phantom and in vivo in 

human BC xenografts using micro-CT imaging and silver-enhancement staining, and then compared to a Fickian 

diffusion model. Results from the phantom study revealed that the rates of AuNP release from the NPD were largely 

dependent on the AuNP size with no significant differences resulting from calcium alginate concentration. At 3 d p.i., 

the percentage of released for 5 nm, 15 nm, 30 nm, and 50 nm AuNP regardless of calcium alginate concentration 

were approximately 100%, 98%, 7% and 3.3% respectively. The high percentage of 5 nm and 15 nm AuNP released 

was in agreement with studies conducted by others (Klein et al., 1983, Cheetham et al., 1979) stating the pore sizes 

of 3-7% w/v calcium alginate ranges from 12-16 nm, and changes in concentration affects only the pore length and 

number of pores available. The spatial distribution of AuNP were concentric around the NPD, particularly for the 5 nm 

and 15 nm AuNP, which reached a radial distance of 5 mm from the NPD at 3 d and 7 d respectively. A comparison of 

the spatial distribution determined from the Fickian diffusion model to those obtained experimentally from the 

phantom study and in vivo revealed that the Fickian diffusion model greatly under predicts AuNP transport. In 

actuality, studies are suggesting that the main mechanism of particle transport in tumours is convection resulting 

from interstitial fluid flow (IFF) governed by interstitial fluid pressure (IFP) (Stapleton et al., 2013, Stapleton and 

Milosevic, 2013). Furthermore, the release and transport of AuNP in vivo was less accelerated (2.6-64.4 fold slower) 

and more heterogeneous than found in the phantom, likely as a results of the physiological and morphological 

complexities present in the tumour (Sykes et al., 2016), including heterogeneities in IFP (Stapleton et al., 2015). 

However, the implications of this work is that 5 nm and 15 nm AuNP, and any of the concentrations of calcium alginate 

investigated (6%-10% w/v), would be appropriate for NPD construction. The research conducted in Chapter 2 provides 

the groundwork for AuNP delivery using implantable depots, and additionally demonstrates the potential for NPD 

application in PSI brachytherapy. This work is significant in that it introduces a more clinically feasible avenue for local 

AuNP delivery that circumvents RES capture and dependence on EPR from systemically delivered AuNP, and provides 
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precision and predictability for interstitial delivery of AuNP that was lacking in i.t. administration of AuNP in suspension 

(Yook et al., 2016a).  

 

The advantages of using the NPD for delivery of radiolabeled AuNP, compared to i.t. delivery of AuNP in suspension 

or as a conventional sealed source, was demonstrated by Monte Carlo computational dose simulations and 

experimentally in Chapter 3. The objective of this chapter was to evaluate the dose distribution surrounding the NPD 

resulting from spatially distributed radiolabeled AuNP in the tumour and the transport of radiation from the AuNP 

using image-based methods. In Chapter 2, NPD constructed from 15 nm AuNP were found to be suitable for 

implantation in vivo. Here, 15 nm AuNP were radiolabeled with 177Lu, a β- emitter with a mean energy of 0.13 MeV 

and penetration range of 0.17 cm, by chelation with DOTA bound to a PEG block and terminal lipoic acid (LA) groups 

for AuNP surface conjugation. The 177Lu-AuNP were then injected intratumourally in a suspension of d.d.H2O or 

incorporated into NPD and implanted into MDA-MB-231 human BC xenografts. Images of the tumour were acquired 

using micro-SPECT/CT at various times (1 h, 24 h, 48 h, and 7 d) post implantation and registered to determine the 

cumulative activity delivered to each voxel comprising the tumour. The dose and dose rate distributions were 

calculated by means of the convolution method using Monte Carlo (MCNP5) generated voxel dose kernels (VDK) 

containing S values for 177Lu, 90Y, and 111In, which were validated by comparison with other published S values (Bolch 

et al., 1999, Lanconelli et al., 2012). Dose rate distributions surrounding the NPD were found to be consistently 

concentric while i.t. injected radiolabeled AuNP were irregularly distributed and varying temporally. To replicate the 

scenario where multiple NPD would be implanted, such as in larger human tumours, an array of 4 NPD spaced 4.5 mm 

apart containing 177Lu-AuNP, 90Y-AuNP, and 111In-AuNP was simulated and the dose distributions calculated in the 

same previous manner. The DVH results demonstrated that the short penetration range of 177Lu-AuNP and 111In-AuNP 

emissions is unable to compensate for the low amount of AuNP redistribution, resulting in large fractions of the 

tumour volume receiving no dose (88.5% for 177Lu-AuNP and 90.3% for 111In-AuNP). However, use of 90Y-AuNP, a β- 

emitter with a mean energy of 0.93 MeV and penetration range of 1.1 cm, resulted in greater dose coverage and a 

more homogeneous dose distribution. A comparison to conventional sealed sources was also made to demonstrate 

effects of dose sparing to tissues immediately adjacent to the seed, which is commonly overdosed in permanent 

brachytherapy, from use of the NPD. A 3-fold decrease in maximum dose, attributed to the release of radiolabeled 

AuNP during the course of treatment, was determined through the simulations. This demonstrates an additional 

advantage to using NPD, particularly in clinical scenarios where seeds are implanted in close proximity to critical 

structures such as the skin or chest wall in breast cancer. The research presented in Chapter 3 has several implications; 

the use of NPD is more clinically feasible than i.t. injections of radiolabeled AuNP in suspension, greater distribution 

of AuNP is required to compensate for shorter range emitters such as 177Lu and 111In, however longer range emitters 

such as 90Y are more appropriate for the current NPD design, and the clinical application of NPD in PSI brachytherapy 

can potentially reduce localized overdosing, or “hotspots”, by up to 3-fold.  
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The work from previous chapters have demonstrated that smaller AuNP are more readily released from the NPD, have 

greater penetration range in a tumour, and therefore may have superior reduction in “hotspots”. In Chapter 4, 5 nm 

and 15 nm 177Lu-AuNP were implanted into two different human BC xenograft models (MDA-MB-231 and MDA-MB-

468) exhibiting low and high radiosensitivities (Cai et al., 2008) and the dosimetry, toxicity and treatment efficacy 

evaluated. Micro-SPECT/CT images of the tumours were acquired at various times post implantation (1 h, 24 h, 48 h, 

and 7 d) and registered, and the 3D dose distribution determined using the convolution method and VDK reported in 

Chapter 3. The SPECT images at 7 d.p.i. revealed greater release of 5 nm 177Lu-AuNP and a decrease in maximum dose, 

centered at the NPD, by 1.7-fold in comparison to 15 nm 177Lu-AuNP. The dose at the tumour periphery from 5 nm 

177Lu-AuNP, 3 mm from the NPD, was also 10-fold greater than 15 nm 177Lu-AuNP. However the total percentage of 

radioactivity retained in the tumours using 5 nm and 15 nm 177Lu-AuNP NPD were similar, as indicated by the 

biodistribution studies, demonstrating dose homogenization from use of 5 nm 177Lu-AuNP NPD and no loss of 

radioactivity accounting for the differences in maximum dose and dose at the periphery. The organ level dose 

calculations (Stabin et al., 2005, Bitar et al., 2007) from the biodistribution studies also revealed low normal tissue 

exposures, with the highest absorbed dose measured in the liver ((0.17±0.06) ×10-6 Gy/Bq) followed by the kidneys 

((0.07± 0.01) ×10-8 Gy/Bq) in animals treated with 15 nm 177Lu-AuNP NPD, and the kidneys ((0.20± 0.01) ×10-6 Gy/Bq) 

followed by the liver ((0.020±0.003) ×10-8 Gy/Bq) in animals treated with 5 nm 177Lu-AuNP NPD. The doses per unit 

radioactivity delivered to the liver and kidneys were very low in comparison to those delivered to the tumours 

((1.7±0.6) ×10-6 Gy/Bq for 15 nm 177Lu-AuNP NPD, and (2.5±0.9) ×10-6 Gy/Bq for 5 nm 177Lu-AuNP NPD) and were in 

agreement with the lack of toxicity measured by BWI and in the hematology, ALT and serum Cr tests. Evaluation of 

TGI from 15 nm 177Lu-AuNP NPD treated animals revealed tumour growth arrest up to 71 d for the MDA-MB-468 

tumours and tumour growth inhibition for the MDA-MB-231 tumours resulting in a TGI 1.3-fold lower than untreated 

tumours. MDA-MB-231 tumours treated with 5 nm 177Lu-AuNP NPD exhibited similar response with TGI 1.6-fold lower 

than untreated tumours, and no statistical differences were found between 15 nm 177Lu-AuNP NPD and 5 nm 177Lu-

AuNP NPD treated groups. Therefore the research in Chapter 4 demonstrates proof of principle for application of 

radiolabeled AuNP NPD delivery by PSI brachytherapy, which has the potential to treat localized tumours without 

measurable toxicities to normal tissues, particularly to the liver and kidneys. Dose distributions with improved 

homogeneity can also be delivered with the use of smaller AuNP (5 nm) provided there is sufficient retention of 

radioactivity in the tumour and the exposure to organs at risk, such as the kidneys, are within tissue tolerance limits. 

In addition, the work here demonstrates the difference in treatment response from two human BC cells lines 

corroborating that the “one-size-fit-all” approach to cancer treatment is not effective for all patients. Instead, further 

research to demonstrate that treatment with radiolabeled AuNP NPD can support adjuvant therapies by conjugating 

to the AuNP surface, such as panitumumab monoclonal antibody therapy (Yook et al., 2015b), in order to targeting 

more radioresistant cancers is warranted. 
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Therefore in response to the specific aims outlined in Chapter 1, the conclusions of the research presented in this 

thesis are: 

 

1. Controlled release and distribution of AuNP can be achieved using NPD as demonstrated in a tissue 

equivalent phantom and in vivo, however release and redistribution rates were highly dependent on the 

AuNP size and implantation media, with tumour tissue exhibiting slower release, and were less dependent 

on the calcium alginate concentration. The use of 5 nm AuNP resulted in the most homogeneous distribution, 

however heterogeneities in AuNP distribution were still observed experimentally in phantom and in vivo. The 

intratumoural distribution and heterogeneities were not successfully represented using the Fickian diffusion 

model, which ignores key components of particle transport in tissue such as convection from interstitial fluid 

flow. However the use of the NPD allowed for precise intratumoural delivery of AuNP and was compatible 

with permanent seed implantation brachytherapy.  

2. Simulations of the dose distribution from an NPD demonstrated a reduction in maximum dose located at the 

“hotspots” by 3-fold when compared to conventional sealed seeds. An evaluation of electron emitting 

radionuclides (111In, 177Lu, and 90Y) revealed that 90Y-AuNP resulted in the most homogenous dose 

distribution both in simulation and in vivo, and could compensate for heterogeneities in radioactivity 

distribution. The intratumoural dose distribution for the 177Lu-AuNP NPD were predictable and concentric, 

as compared to i.t. injections of 177Lu-AuNP in suspension, which were irregular and redistributed outside 

the tumour quicker. Therefore our results suggest that NPD are clinically more feasible than i.t. 

administration of radiolabeled AuNP.  

3. Treatment with 5 nm and 15 nm 177Lu-AuNP NPD resulted in significant tumour growth inhibition with no 

normal tissue toxicity which was consistent with the high retention of radioactivity and dose delivered to the 

tumour (1.7-2.6 Gy/MBq) and low doses delivered to the liver (0.02-0.17 Gy/MBq) and kidneys (0.07-0.2 

Gy/MBq). Use of the 5 nm 177Lu-AuNP reduced the maximum dose by 1.7-fold and resulted in higher dose to 

the kidneys, while use of 15 nm 177Lu-AuNP resulted in higher dose to the liver, which was consistent with 

elimination pathways for nanoparticles of that size range. Mice bearing MDA-MB-468 tumours demonstrated 

enhanced tumour control in comparison to mice bearing MDA-MB-231 tumours, with 1.6-3.2 fold decrease 

versus 1.3-1.6 fold decrease in TGI.  

 

These findings demonstrate the feasibility of the NPD for delivery of radiolabeled gold nanoparticles, and lays the 

foundation for exploration of other nanoparticle types and surface modifications in future works. However, there are 

various caveats that must be noted in the presented research such as; the use of an animal xenograft model as 

opposed to an orthotopic or large animal model, the limited study of two BC cell lines, the implantation of a single 

NPD, and the simulated activity and dose distributions for 111In and 90Y using 177Lu-AuNP distributions, to name a few. 

These limitations and assumptions should be addressed in future work.  
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5.2  FUTURE DIRECTIONS 

5.2.1  NPD DESIGN IMPROVEMENT 

The research presented in this thesis provides the framework for a novel form of nanoparticle delivery that utilizes 

existing PSI brachytherapy technique. There are various avenues that can be explored to improve on the design of 

radiolabeled AuNP NPD presented here such as;  

Further optimization of AuNP size and NPD calcium alginate composition to manipulate the amount of AuNP 

available for redistribution. The results from Chapter 2 demonstrated that smaller AuNP (5 nm) were capable 

of penetrating the tumour to a greater degree than larger AuNP (15 nm, 30 nm, and 50 nm), however results 

from Chapter 4 revealed that much of the radioactivity was still retained within the NPD during the time period 

that the majority of the dose is delivered. To improve dose homogeneity, greater initial release of radioactivity 

can be achieved through the use of smaller AuNP, which will make more AuNP available for intratumoural 

redistribution in the earlier days post implantation. The caveat to using smaller AuNP is their greater potential 

to intravasate into tumour vasculature and redistribute elsewhere in the body. It would be reasonable to 

expect that the biodistribution of smaller AuNP (<5 nm) would be similar to the biodisitribution from 5 nm 

AuNP (Fig. 4.5b,d), but the %IA/g or %IA/organ would be greater at earlier time points, and therefore doses to 

certain normal tissues would be higher. An alternative to using smaller AuNP would be to alter the degradation 

rate of the calcium alginate hydrogel by using partially oxidized alginate to make the release of AuNP partially 

dependent on the degradation reaction (Lee and Mooney, 2012). The construction of the NPD outlined in 

Chapter 2 used the most stable form of alginate containing high guluronate content to ensure release of AuNP 

was not influenced by degradation.  

Adjusting the surface charge of the AuNP to augment the rate and degree of intratumoural penetration. In 

Chapter 2, silver enhancement stained sections of PEGylated AuNP NPD implanted into tumour (Fig. 2.9) 

demonstrated 5 nm AuNP to have superior tumour penetration than larger AuNP (15 nm, 30 nm, and 50 nm). 

This was confirmed in Chapter 4 where the use of 5 nm 177Lu-AuNP NPD resulted in a 10 fold higher dose than 

15 nm 177Lu-AuNP NPD at only 3 mm from the implant site (Fig. 4.4). However, the dose distributions generated 

in Chapter 4 revealed that greater and more rapid penetration of radiolabeled AuNP is required to achieve a 

homogeneous dose and avoid underdosing when using shorter range electron emitters such as 177Lu. 

Therefore it would be prudent to investigate the impact of AuNP surface charge on intratumoural penetration. 

The zeta potential, or net surface charge, of an unmodified AuNP ranges from -30 to -40 eV, and research 

shows that negatively charged nanoparticles are capable of redistributing throughout the bulk of the tumour 

more rapidly, where positively charged nanoparticles are more readily internalized (Davis et al., 2008, He et 

al., 2010, Kim et al., 2010a). Tuning of the zeta potential has been accomplished by conjugating cationic 

materials, such as ammonium, or anion materials, such as carboxylate, to the AuNP surface (Goodman et al., 

2004).  
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Investigating other biocompatible and biodegradable materials, such as PLGA, that are more robust and have 

greater rigidity for NPD construction. The formulation of the NPD outlined in this thesis utilizes very-low-

viscosity high guluronate content alginate for its structural stability to form the NPD matrix and entrap AuNP. 

Alginate has been well-documented for use in various biomedical applications such as in tissue engineering 

and regeneration, wound dressing, cell culture, oral drug delivery, and as depot for tissue localized delivery of 

drugs and proteins (Lee and Mooney, 2012). The popularity of alginate is owed to its biocompatibility, low 

toxicity, commercial availability, ease of gelation, and ability to maintain a physiologically moist environment. 

However, there are limitations regarding the use of alginate for this application including its relatively soft 

construction compared to conventional brachytherapy sources, and its maintained moisture which poses a 

handling and contamination risk with regards to radiation safety. An alternative would be the use of PLGA, a 

synthetic biodegradable and biocompatible polymer that has greater mechanical strength and relies on 

degradation for release of encapsulated materials (Makadia and Siegel, 2011, Jain, 2000). Historically, PLGA 

has been used clinically to construct bioresorbable surgical devices such as sutures, however recently they 

have been investigated for fabrication of drug delivery devices and as scaffolds for tissue engineering. 

Theoretically, PLGA would be an appropriate surrogate for alginate if AuNP, which are water soluble, can be 

successfully incorporated into a PLGA matrix, which is hydrolyzed in the presence of water. Techniques, such 

as a double emulsion process, or water-in-oil-in-water emulsion methods used for encapsulating water-soluble 

drugs (i.e. peptides, proteins, vaccines) can be applied. In a similar manner to alginate hydrogels, the 

degradation rate and therefore the release of AuNP can be controlled by polymer composition, with higher 

glycolic acid proportion resulting in higher degradation rates (Makadia and Siegel, 2011).  

 

5.2.2  SIMULATION OF CLINICAL SCENARIO USING MULTIPLE NPD 

The work covered in this thesis has been limited to the implantation of single NPD in vivo due to the restraint set by 

tumour size, and a maximum of 4 NPD in simulation. Further investigation on the use of multiple NPD is required to 

evaluate clinical feasibility. As mentioned in Chapter 1, an average of 70 brachytherapy seeds are implanted in the 

treatment of BC and >100 seeds are typically implanted for the treatment of prostate cancer, both using different 

loading patterns to achieve an optimal dose coverage and tissue sparing. To investigate the impact of the NPD on 

dose coverage in a larger target volume, a preliminary study on the influence of NPD implantation distance on 

maximum (Dmax) and minimum (Dmin) dose from 177Lu-AuNP, 90Y-AuNP, and 111In-AuNP NPD was explored and 

compared to conventional sealed sources (CSS) containing the same radionuclides. A 4 by 4 array totaling 16 NPD or 

16 CSS was simulated with varying implantation distances, d (0.2-1.1 cm in 0.03 cm increments) (Fig. 5.1), and the 3D 

dose distribution estimated by convolution with Monte Carlo generated VDK from Chapter 3.  
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Figure 5.1 Illustration of 4 by 4 array of 16 NPD or 16 CSS, simulated with implantation distance, d, ranging from 0.2-

1.1 cm with 0.03 cm increments, encompassing the planning target volume (PTV).  

 

Dose volume histograms were generated to determine the proportion of the normalized target volume that was 

receiving a certain dose (Gy/Bq) for each implantation distance. Lastly, the dose homogeneity index (DHI) was 

calculated using Equation 5.1, where V100 and V150 are the relative volumes of the PTV receiving at least 100% and 

150% of the prescribed dose, respectively. The DHI parameter is commonly used in interstitial brachytherapy to assess 

the volume of tissue that is overdosed relative to the treated volume (Wu et al., 1988).  

 

(5.1) 𝑫𝑯𝑰 =
𝑽𝟏𝟎𝟎−𝑽𝟏𝟓𝟎

𝑽𝟏𝟎𝟎
 

 

5.2.2.1 INFLUENCE OF NPD DISTANCE ON MINIMUM AND MAXIMUM DOSE 

Figure 5.2 displays representative 111In-AuNP NPD and 111In CSS arrangements with implantation distances of 1.1 cm. 

Note the difference in maximum dose between 111In-AuNP NPD (4.25×10-5 Gy/Bq) and 111In CSS (8.25×10-5 Gy/Bq), 

demonstrating a 1.9-fold decrease in maximum dose resulting from release of 111In-AuNP from the NPD. In Figure 5.3, 

the maximum and minimum doses (Gy/Bq) are plotted as a function of implantation distance, d. There were no 

observable differences between minimum dose (Fig. 5.3a, b, c) from the NPD and CSS at implantation distances 

beyond 0.27 cm, although both Dmin from the NPD and CSS decreased with increasing implantation distance for all 

radionuclides. This decreasing trend in Dmin at greater implantation distances fails for 111In CSS at d>0.75 cm, likely as 

a result of under sampling from the extremely small amounts of radiation the voxels were receiving at greater 

implantation distances due to the limited penetration range of 111In, and lack of AuNP distribution. Note that this is 

not present in the 111In-AuNP NPD Dmin curve, suggesting the redistribution of 111In-AuNP results in consistent radiation 

exposure even at greater implantation distances. Recall the mean emission energies and penetration ranges of the 

radionuclides, 90Y: 0.93 MeV (β-), 1.1 cm penetration range, 177Lu: 0.13 MeV (β-), 0.17 cm penetration range, and 111In: 

0.18 MeV (IC electron), 0.93 keV (AE), 0.06 cm penetration range. At small implantation distances (<0.27 cm), 
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particularly for shorter range emitters (177Lu and 111In), the minimum dose when using radiolabeled AuNP NPD was 

greater due to AuNP redistribution. The shorter the range of the emitter, the greater the impact of implantation 

distance on Dmin. For instance, at the implantation distance of 0.2 cm the increase in Dmin resulting from the use of the 

NPD for 90Y was 1.09-fold, while the increase in Dmin for 177Lu and 111In was 9.4-fold and 385-fold, respectively. In 

contrast, the maximum dose (Fig. 5.3d, e, f) resulting from the use of the NPD was consistently 2.1-fold and 1.9-fold 

less than the CSS for 177Lu and 111In, respectively, while Dmax ranged from 1.4-fold to 1.5-fold less than the CSS at 

increasing implantation distances for 90Y. The increase in Dmin and decrease in Dmax from use of the NPD indicates 

homogenization of dose. The impact of the NPD implantation distance on Dmin and Dmax is greater at smaller 

implantation distances particularly for short range emitters where dose heterogeneity is inherently greater. However, 

there is a significant reduction in Dmax regardless of the implantation distance for all radionuclides. This reduction in 

“hotspots” is clinically impactful for permanent implants near critical structures such as the urethra for treatment of 

the prostate.  

 

 

Figure 5.2  Representative 4 by 4 array of 111In-AuNP NPD (left) and 111In CSS (right) with 1.1 cm implantation distance. 

Note the 2-fold lower maximum dose (Gy/Bq) in the NPD dose distribution in comparison to the CSS.  
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Figure 5.3 Minimum and maximum dose vs. implantation distance. Minimum dose (Gy/Bq) plotted on a logarithmic 

scale as a function of distance (cm), d, for (a) 90Y, (b) 177Lu, and (c) 111In radiolabeled AuNP NPD and CSS. Maximum 

dose (Gy/Bq) plotted on a logarithmic scale as a function of distance (cm), d, for (d) 90Y, (e) 177Lu, and (f) 111In 

radiolabeled AuNP NPD and CSS.  

 

5.2.2.2 HISTOGRAM OF DOSE DISTRIBUTION IN NPD AND CSS  

Dose volume histograms were generated for 90Y-AuNP, 177Lu-AuNP, and 111In-AuNP NPD and 90Y, 177Lu, 111In CSS, as 

shown in Figure 5.4, where each line represents a different implantation distance. The dashed blue line represents an 

implantation distance of 0.2 cm and the dashed red line represents an implantation distance of 1.1 cm. The histogram 

of the dose distribution can be interpreted as the proportion of volume, or relative volume (RV), that is receiving a 

certain dose (Gy/bq). For instance in Figure 5.4a in reference to the dashed blue line (implantation distance of 0.2 

cm), 15% of the volume is receiving a dose of 0.0012 Gy/Bq. The corresponding red line (implantation distance of 1.1 

cm) indicates that 75% of the volume is receiving 0 Gy/Bq. The ideal histogram would be a vertical line at the 

prescription dose indicating that every portion of the target volume is receiving the same prescribed dose. This is 

never observed in clinical practice but the histogram is still used as an indicator of dose homogeneity and coverage. 

A comparison of the radiolabeled AuNP NPD dose distribution histogram with the corresponding CSS dose distribution 

histogram, particularly for 177Lu and 111In, revealed that at closer implantation distances use of the NPD resulted in 

smaller volumes receiving no dose (RV<0.1) while large volumes were still receiving no dose using the CSS (RV>0.7). 

However, these results suggest that greater distribution of AuNP is required when treating with 177Lu and 111In in order 

to achieve a homogeneous dose distribution, as indicated by the wide range of doses delivered to the volume. 

Implantation distances of 0.2 cm is also clinically impractical. For volumes implanted with 90Y-AuNP NPD and 90Y CSS, 

the ideal implantation distance would be ~0.75 cm. At this distance the dose distribution is the narrowest, and up to 
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70% of the RV would receive the same dose (0.0002 Gy/Bq). The amount of radioactivity could then be scaled 

appropriately to deliver the proper prescription dose.  

 

 

Figure 5.4 Histograms of dose distributions at various implantation distances. The relative volume (RV) plotted against 

dose (Gy/Bq) for (a) 90Y, (b) 177Lu, and (c) 111In radiolabeled AuNP NPD and (d) 90Y, (e) 177Lu, and (f) 111In CSS. The 

various lines represent the different implantation distances. The dashed red line represents the furthest implantation 

distance (1.1 cm) while the dashed blue line represents the closest implantation distance (0.2 cm).  

 

5.2.2.3 DOSE HOMOGENEITY INDEX AS A FUNCTION OF IMPLANTATION DISTANCE 

The mean high dose volumes V150 and V300, which show the proportion of the PTV receiving 150% and 300% of the 

prescribed dose, are dosimetric parameters commonly used in brachytherapy and are often used to indicate the level 

of dose uniformity. Here, the parameters V150, V300 and DHI are plotted as a function of implantation distance (Fig. 

5.5). Since the goal of brachytherapy treatments is to deliver 100% of the prescribed dose to the entire PTV, the 

minimum dose (Gy/Bq) determined from the simulation (Fig. 5.3) was set as the prescription dose. Therefore, V150 

and V300 were volumes receiving 150% or 300% of the minimum dose. The ideal treatment plan in brachytherapy 

delivers a uniform dose (DHI=1) where the entire PTV receives 100% of the prescription dose, and 0% of the PTV 

receives anything more than 100%. Clinically this is never the case given the nature of dose deposition from internal 

sources, which decreases rapidly at increasing distances. Therefore the optimal implantation distance of NPD should 

aim for a DHI of 1, and V150 and V300 of 0 on the normalized index. From Figure 5.5, the DHI is maximum at 0.33-

0.48 cm for 90Y-AuNP NPD (DHI=0.30), and 0.84-0.87 cm for 177Lu-AuNP NPD (DHI=0.59). The DHI curve for 111In-AuNP 

NPD was more irregular but had a maximum at 0.6 cm (DHI=0.23). Although these results seem to conflict with those 
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from Chapter 3, which found that large proportions of the target volume were receiving effectively no dose given an 

implantation distance of 4.5 mm, the implanted activity from the study was fixed (90Y: 1.8 MBq, 177Lu: 2.5 MBq, and 

111In: 25.1 MBq) resulting in very low minimum doses. Here, the minimum dose (Gy/Bq) has been scaled such that it 

is equivalent to the prescription dose. The DHI reported in clinical studies on permanent brachytherapy of the prostate 

using 103Pd and 125I have ranged from 0.3 to 0.5 (Wang et al., 2006, Van Gellekom et al., 2005, Williams et al., 2004). 

The DHI for 111In-AuNP NPD is lower than the lowest DHI clinically reported, which was expected given its ultra-short 

penetration range. However, the DHI from 90Y-AuNP NPD and 177Lu-AuNP NPD when implanted at optimal separation 

distances are within the clinically acceptable ranges.  

 

 

Figure 5.5 Dosimetric parameters V150, V300 and DHI plotted as a function of implantation distance (cm) for (a) 90Y-

AuNP, (b) 177Lu-AuNP, and (c) 111In-AuNP NPD. 

 

There are other metrics for quantitative analysis of implant quality in permanent brachytherapy. One of the 

advantages of using electron emitting radionuclides is their finite range in tissue, and abrupt decrease in tissue dose 

deposition. This impacts the dose coverage by improving radiation conformity, which can be interpreted as the 

amount of the target volume that is in the irradiated volume. This can be quantified using the conformal or conformity 

index (CI) of which there are a few variations such as Equation 5.2 and 5.3. In the CI defined by 5.2, PTVref is the volume 

of the PTV receiving 100% or more of the prescribed dose, VPTV is the volume of the PTV, and Vref is the total volume 

that is treated with 100% or more of the prescribed dose (Wang et al., 2006). In the CI defined by 5.3, VPTV is the 

planning target volume and V95% is the volume enclosed by the 95% isodose (Knoos et al., 1998). Of these two 

equations, Equation 5.2 would more accurately describe the conformity of a treatment since Equation 5.3 does not 

take into account whether the volume receiving 95% of the prescribed dose actually coincides with the PTV. A CI equal 

to 1 is considered an ideal dose coverage, while a CI >1 indicates that the treated volume exceeds the target volume 

resulting in irradiation of healthy tissues. However, a CI<1 is typically observed in clinical practice. In general, 

interstitial brachytherapy is understood to be more conformal than external radiation treatments due to its tissue 

sparing quality. Conformity indices of 0.5 to 0.6 have been reported in PSI brachytherapy of the prostate (Wang et al., 

2006), 0.9 for interstitial brachytherapy of the cervix (Sharma et al., 2013), and 0.7 for HDR interstitial brachytherapy 



 

5-94 

 

of the breast (Zourari et al., 2015). In whole breast external radiotherapy, CI of 1.4 have been reported (Petrova et al., 

2017), while the CI from 3D-CRT of the breast and prostate are reported around 0.5-0.6 (Knoos et al., 1998) similar to 

the CI from PSI brachytherapy.  

 

(5.2) 𝑪𝑰 = (
𝑷𝑻𝑽𝒓𝒆𝒇

𝑽𝑷𝑻𝑽
) × (

𝑷𝑻𝑽𝒓𝒆𝒇

𝑽𝒓𝒆𝒇
) 

(5.3) 𝑪𝑰 =
𝑽𝑷𝑻𝑽

𝑽𝟗𝟓%
 

 

Other dosimetric parameters include D90 and D100, which are the doses that cover 90% and 100% of the target 

volume, respectively and the dose non-uniformity ratio, DNR, which is determined as 1-DHI.  

 

5.2.3  90Y-AUNP NPD FOR TREATMENT OF BREAST CANCER  

In Chapter 3, Monte Carlo simulations of radiolabeled AuNP NPD containing electron emitting radionuclides (111In, 

177Lu, and 90Y) revealed the necessity for radionuclides with longer penetrating range emissions, such as 90Y, for the 

given NPD formulation (15 nm, 6% w/v calcium alginate). This would allow the NPD to be implanted at distances from 

each other that were clinically comparable (>4.5 mm) to PSI brachytherapy while ensuring tissues between the NPD 

were receiving sufficient dose. Additionally, results from Chapter 4 demonstrated further homogenization of dose 

distribution through the use of 5 nm AuNP, which reduced the maximum dose by 1.7-fold and increased tumour 

peripheral dose, 3mm from the NPD, by 10-fold. Therefore it would be impactful to explore a formulation of NPD that 

utilized smaller sized AuNP such as 5 nm, and longer range β- emitter such as 90Y, and investigate the dose distribution 

surrounding single or arrays of implanted 5 nm 90Y-AuNP NPD. This could be achieved through computational 

simulations as conducted in Chapter 3, using the VDK and convolution method. A more homogeneous radioactivity 

distribution and a higher energy (0.93 MeV), longer range (1.1 cm) emitter may increase the implantation distance 

between NPD and allow the use of fewer NPD thereby minimizing the invasiveness of the procedure. A study on 

treatment response and toxicity should also be conducted as the higher energy β- particle may be more detrimental 

to normal tissues, particularly the liver and kidneys, if there is sufficient uptake of radioactivity in these tissues. 

However, the challenge with using a mouse model for toxicity studies is that the range of the β- particle relative to the 

size of the organs is large enough to result in organ cross-fire, such that tissues neighboring those where 90Y-AuNP 

may accumulate, like the liver and kidneys, will also receive radiation exposure. This could result in inaccurately 

predicting the toxicity in humans in which these tissues are remote from the source of the 90Y-AuNP NPD. Therefore, 

in vivo studies should ideally be conducted in larger animals using orthotopic models.  
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5.2.4  OTHER BIOMEDICAL APPLICATIONS, ADJUVANT THERAPIES AND APPLICATION IN OTHER 

TYPES OF CANCER  

There are exciting research opportunities to expand on the therapeutic applications for NPD nanoparticle delivery. 

Depending on the clinical application, it may be possible to adjust the NPD formula and AuNP surface modifications. 

AuNP can be multifunctionalized to bind to biological targets present in cancers for targeted therapy, or act as delivery 

vehicles for drugs, proteins, or DNA (Tiwari et al., 2011). For instance, Yook et al. conjugated panitumumab to 177Lu-

AuNP to target EGFR overexpression in triple negative breast cancers, and found better retention of the targeted 

177Lu-AuNP in the tumours as compared to the non-targeted 177Lu-AuNP following i.t. administration (Yook et al., 

2015b, Yook et al., 2016a). Targeted 177Lu-AuNP also resulted in greater internalization of the particles in the cells in 

vitro allowing improved localization of radioactivity to the cell nucleus. The outcome was a significant decrease in CS 

demonstrating greater radiobiological effectiveness of targeted 177Lu-AuNP. In a study by Kim et al., an AuNP gene 

delivery system was developed to deliver nucleic acids into the nucleus of tumour cells to modulate the gene 

expression (Kim et al., 2011). Mice bearing LoVo human colon cancer xenografts were i.t. injected with AuNP-αRNA I-

AS MCL-1 resulting in increased expression of cell death-inducing protein MCL-1S, reduced expression of cell survival 

promoting protein MCL-1L, and overall tumour growth inhibition. In both these studies, application of the NPD for 

delivery of their functionalized AuNP would improve the precision of AuNP placement and the retention of the 

therapeutic agent within the tumour.  

There are also opportunities for adjuvant therapies by exploiting the characteristics of AuNP such as their; (1) 

Radiation enhancing qualities: their interaction with radiation and high atomic number resulting in generation of 

locally damaging photoelectric products, and (2) Hyperthermic qualities: their interaction with excitation sources 

(near-infrared light, radiowaves, alternating magnetic fields) that allow them to absorb incident energy and convert it 

to heat. Although there are no studies that have investigated radiolabeled AuNP with hyperthermia-based treatments 

or for radiation enhancement, there are studies that have proposed applications of these nano-based therapies in 

combination with brachytherapy (Ngwa et al., 2012, Cho et al., 2009). For instance, Cho el al. investigated the 

dosimetric feasibility of gold nanoparticle-aided brachytherapy and demonstrated dose enhancement >100% in gold 

nanoparticle loaded tumours (18 mg Au/g). In a phase I study by Wust et al., magnetic thermotherapy was used in 

combination with 125I permanent brachytherapy of the prostate to deliver simultaneous application of heat and 

radiation (Wust et al., 2006). Transperineal injection of iron oxide nanoparticles in suspension were achieved to create 

magnetic fluid depots in the prostate, which were then exposed to a magnetic field for heat generation. Overall the 

temperatures that were achieved were hyperthermic, however, the quality of the nanoparticle distribution was 

variable and deviated greatly from the planned distribution, which negatively impacted the temperature distribution 

(Fig. 5.6). Nevertheless, Wust et al. successfully demonstrated the feasibility of nanoparticle-based thermotherapy in 

combination with permanent brachytherapy.  
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Figure 5.6 Planned placement (top left) and temperature distribution (bottom left), and actual nanoparticle 

distribution (top right) and temperature distribution (bottom right) from magnetic nanoparticle depots for treatment 

of prostate carcinoma (Wust et al., 2006). The top images are 3-dimensional reconstructions of CT images taken pre-

implantation (left) for planning of depot positions and puncture tracks, and post-implantation (right) for analysis of 

implantation quality, nanoparticle distribution and temperature distribution. The bottom images are representative 

CT images illustrating the temperature distributions, and area of tissue receiving the target temperature of 42 degrees 

Celcius. Reprinted with permission.  

 

In this thesis we have limited the discussion to gold nanoparticle delivery for treatment of breast cancer, however 

application of NPD is possible for other types of nanoparticles and in other cancers that are treated with permanent 

brachytherapy. For instance, in the example of nanoparticle thermotherapy in brachytherapy by Wust et al., it would 

be possible to use the NPD instead of fluid depots to achieve a more uniform distribution of nanoparticles in the 

prostate, and therefore a more predictable temperature distribution. Permanent seed brachytherapy has also been 

used to treat patients with primary or metastatic brain tumours (Bogart et al., 1999, Gutin et al., 1981) and cervical 

cancers (Monk et al., 2002), and would be appropriate candidates for nanoparticle delivery by NPD implantation.  
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5.2.5  CONCLUSION AND PERSPECTIVES ON THE FUTURE OF GOLD NANOPARTICLE DELIVERY 

In recent years, AuNP have demonstrated enormous therapeutic potential through the development of functional 

groups and moieties, such as proteins, drugs and antibodies, which modify the AuNP surface and impart therapeutic 

effects. Their unique surface chemistry combined with their high surface to volume ratio, has made AuNP attractive 

vehicles for transporting agents to target tissues. Furthermore, other studies have exploited their radiation enhancing 

properties during radiation therapy to deliver a more localized lethal dose to the target volume. It is clear that AuNP 

are an important class of material. However, an important challenge for the continued development of AuNP is their 

successful delivery to the disease site, or tumour. Early systemic targeting strategies relied on the EPR effect, which 

demonstrated differential accumulation of nanoparticles in the tumour as a result of poor vascular function and 

lymphatic drainage. Unfortunately, concentrations of the nanoagents at the disease site were often insufficient in 

generating a therapeutic effect. Other active targeting strategies were developed such as antibodies targeting for 

surface receptors overexpressed in the diseased tissue, but these strategies were challenged with nonspecific uptake 

and extensive sequestration by the mononuclear phagocyte system. To circumvent these obstacles and improve 

translation into a clinical setting, direct administration into the target site is being recognized as a potential avenue to 

introduce therapeutic nanoparticles. This thesis outlines the development of an implantable depot capable of 

facilitating controlled release of radiolabeled AuNP following delivery using existing permanent brachytherapy 

techniques. In addition to bypassing the biodistribution challenges associated with systemic administration, and 

inconsistencies in particle distribution from intratumoural administration of AuNP suspensions, implantation of a 

depot for nano-based radiotherapy offers a solution to dose heterogeneities in permanent brachytherapy by reducing 

high dose-receiving regions, or “hotspots”. Use of the NPD in permanent brachytherapy also improves the robustness 

of the technique to implantation errors or seed drifting, particularly near critical structures, which may reduce patient 

morbidity. If we widen our perspective further and consider the impact that this work has beyond radiolabeled gold 

nanoparticles, we can begin to see the endless potential for its application such as with nanoparticles from various 

classes of materials, cofunctionalized or multifuntionalized to deliver a desired therapeutic effect, or even potentially 

using the depot for combined delivery of drugs or sensitizers, such as for hormone therapy (i.e. goserelin) in certain 

prostate cancer treatments which require continuous drug administration. Undeniably, there are exciting research 

opportunities on the horizon that will aid in moving the field of nanomedicine closer to clinical practice, where patients 

will finally benefit from the continued efforts of researchers who have developed innovative nanotherapies.  
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APPENDICES 

A. CHARACTERIZATION OF 1 7 7LU-AUNP STABILITY  

The stability of 177Lu-AuNP in the NPD with respect to loss of radiometal was studied in three test solutions; d.d. H2O, 

phosphate buffered saline (PBS, pH 7.4) and Dulbecco’s Modified Eagle Medium (DMEM). Single NPD were submerged 

in microcentrifuge tube containing 500 µL of d.d. H2O, PBS or DMEM, and incubated at 37˚C with gentle shaking to 

promote release of 177Lu-AuNP. The same NPD was then transferred to new microcentrifuge tubes containing fresh 

test solutions at 1, 2, 3, 4, 24, 48 hr and 7 days and incubated at 37˚C with gentle shaking to collect 177Lu-AuNP from 

various time points that have been released from the NPD. The microcentrifuge tubes containing released 177Lu-AuNP 

were ultracentrifuged at 15,000  g for 45 min at 4˚C to separate the supernatant containing free PEG-pGlu(DOTA)8-

LA4-177Lu. The radioactivity of the pellet containing 177Lu-AuNP and the supernatant were measured in a γ-counter 

(Wizard Model 1480; PerkinElmer Inc., Akron, OH, USA) to determine the percent dissociation of radioactivity from 

the 177Lu-AuNP. Free 177Lu-AuNP, in the absence of the NPD, in d.d. H2O, PBS and DMEM were used as controls. 
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Figure A 1 (a) Percent dissociation of 177Lu from AuNP from incubation in ddH2O, DMEM cell culture medium, and PBS, 

at various time points (h), and (b) the aggregation factor of 177Lu-AuNP in ddH2O, DMEM cell culture medium, and 

PBS, at various time points (h).  

 

An aggregation assay was also conducted on 177Lu-AuNP not incorporated into the NPD and 177Lu-AuNP released from 

the NPD in d.d. H2O, PBS or DMEM after incubation at 37˚C for 1, 2, 3, 4, 24, 48 h and 7 d. Triplicates of each sample 

collected from each time point (150 µL) were deposited into wells of a UV-Star 96 well microplate (Sigma-Aldrich) and 

the absorbance at 615 nm and 524 nm, the surface plasmon resonance band, was measured using a BioTek Synergy 

2 microplate reader (Fisher Scientific, Waltham, MA, USA). An aggregation factor (AF) was calculated as the ratio of 
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the 615 nm to 524 nm absorbance and was plotted as a function of time (Yook et al., 2016b). The stability of 177Lu-

AuNP incorporated and released from the NPD in d.d. H2O, PBS and DMEM was compared to non-incorporated 177Lu-

AuNP by calculating the area under the curve (AUC) for AF versus time using Prism 6.01 software (GraphPad Software 

Inc., San Diego, CA, U.S.A.). 

 

The binding stability of PEG-pGlu(DOTA)8-LA4-177Lu to the AuNP surface as a function of time is illustrated in Figure A 

1a, and compares dissociation of the metal chelating polymers (MCP) from NPD-released and free (control) 177Lu-

AuNP in d.d. H2O, PBS or DMEM. The results demonstrate instabilities in the MCP binding during the first 3 hours 

followed by minimal dissociation of MCP after 24 hours for all incubation media. The initial binding instability of MCP 

was greater (0.6-3.4 times at 1 hour) in 177Lu-AuNPs incorporated into NPD when compared to their free 177Lu-AuNPs 

counterparts but were not statistically different at longer time points. 177Lu-AuNP in DMEM exhibited the greatest 

MCP binding instability out of the three incubation media tested.  

 

Dissociation of MCP resulted in AuNP aggregation which was detected using UV-visible absorption. The AF was 

calculated as the ratio of absorbance at 615 nm to 524 nm and is plotted up to 144 hours in Figure A 1b. The 

absorbance at 615 nm was greatest at 1 hr as indicated by a larger AF, and decreased at subsequent time points 

suggesting that most of the aggregation occurred earlier in time. The AF was integrated from 1 hour to 144 hour to 

determine the AUC, which was then used to compare the stability of MCP-AuNP constructs in d.d. H2O, PBS and 

DMEM. All MCP-AuNP constructs incorporated into NPD were stable when compared to their respective controls, and 

exhibited no significant differences in AUC (3.4 ± 0.3 AF×h vs. 2.14 ± 0.01 AF×h, 1.7 ± 0.1 AF×h vs. 2 ± 1 AF×h, and 3.2 

± 0.4 AF×h vs. 1.04 ± 0.02 AF×h for NPD versus their controls in d.d. H2O, DMEM and PBS respectively). There were 

also no statistical differences in AUC between MCP-AuNP constructs in d.d. H2O, DMEM and PBS. 

 

B. SUPPLEMENTAL MATERIAL FOR CHAPTER 3 

 

Table B 1 Radionuclide decay properties of 90Y, 177Lu, and 111In.  

  β- a γ a /X a AE a /IC a 

 Half-life (d) Mean Energy 
(MeV) 

Yield 
(%) 

Mean Energy 
(MeV) 

Yield 
(%) 

Mean Energy 
(MeV) 

Yield 
(%) 

90Y 2.68 0.93 100 2.19 γ 
8.19×10-4 X 

1.40×10-6 

0.15 
5.1×10-4 AE 

1.75 IE 

0.13 
0.012 

177Lu 6.64 0.13 100 0.18 γ 
2.58×10-3 X 

18.0 
137 

1.01×10-3 AE 

0.087 IE 
112 
15.5 

111In 2.80 n/a n/a 0.21 γ 
2.1×10-3 X 

185 
950 

9.26×10-4 AE 

0.18 IE 
743 
15.9 

a Auger electron (AE), internal conversion electron (IC), beta minus particle (β-), gamma radiation (γ), and X radiation (X). 
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Figure B 1 Dose maps of 4 conventional seeds spaced 4.5 mm apart (center-to-center) in a square formation. The seed 

contained either (a) 90Y, (b) 177Lu, or (c) 111In. Dose maps were generated from axial cross sections (slice z=11) of the 

3-dimentional dose distributions. Note the difference in the dose intensity scales. 

 

Figure B 2 Representative slice from 3D SPECT image for tumours (a) implanted with NPD and (b) injected 

intratumourally (i.t.) with 177Lu-AuNP, at 1 h, 48 h and 7 d. Images have been corrected for radioactive decay.  
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Figure B 3 Dose rate distributions generated by convolving representative 3D SPECT images of i.t. injected tumours, 

from 1 h, 48 h and 7 d, with the voxel dose kernels for 90Y (top row), 177Lu (middle row), or 111In (bottom row). Note 

the difference in intensity scales. 
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Figure B 4 Dose rate distributions generated by convolving representative 3D SPECT images of tumours implanted 

with a NPD at 1 h, 48 h and 7 d, with the VDK for 90Y (top row), 177Lu (middle row), or 111In (bottom row). Note the 

difference in intensity scales.  

 

The counts in the VOI on the SPECT images (Fig. B 1) were converted to radioactivity using the following conversion 

factors:  112 cps/MBq, 80 cps/MBq, and 8 cps/MBq for NPD implanted in the tumour and 214 cps/MBq, 153 cps/MBq, 

and 15 cps/MBq for i.t. injection for 90Y, 177Lu, and 111In respectively. The dose rate maps, generated from select axial 

slices of the 3D dose rate distributions, are shown in Figure B 2 for i.t. injected radiolabeled AuNP and in Figure B 3 

for a tumour implanted with a NPD. Dose rate maps are presented for 1 h, 48 h and 7 d time points and have been 

corrected for radioactive decay to illustrate the impact of radiolabeled AuNP redistribution and radionuclide (90Y, 177Lu 
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or 111In) on dose rate.  Dose rate distribution from the single i.t. injection of 177Lu-AuNP in Figure B 2 is heterogeneous 

as a result of the variable distribution of 177Lu-AuNP. The dose rate distributions in Figure B 3 remained concentric 

about the NPD for all time points and radionuclides, however the dose deposition from 177Lu (middle row) and 111In 

(bottom row) are limited to the voxels in close proximity to the NPD due to the short range of the electrons emitted 

by these radionuclides. At 1 h, voxels at the peripheries of the cubic volume received dose rates as low as 1.3×10-7 

Gy/s and 4.1×10-9 Gy/s, for 177Lu and 111In respectively, as compared to 3.7×10-5 Gy/s for 90Y.  

 

The dose rate distributions for i.t. injected radiolabeled AuNP (Fig. B 2) are variable and appear to change in profile 

between time points. Multiple regions receiving high dose can be observed at each time point regardless of the 

radionuclide (90Y, 177Lu or 111In). Although there was greater overall diffusion of radioactivity from i.t. injection than 

for radiolabeled AuNP incorporated into NPD, the lowest dose rate delivered to a voxel in the cubic volume at 1 h was 

4.2×10-5 Gy/s, 1.3×10-7 Gy/s and 4.2×10-9 Gy/s, for 90Y, 177Lu and 111In respectively, which were not different from the 

lowest dose rates for tumours implanted with NPD (P=0.3). However, the differences in the maximum dose rates 

received by a voxel between tumours implanted with a NPD and i.t. injected tumours at 1 h were significantly different 

(P=0.005) with NPD implants delivering higher dose rates (1.3×10-2 Gy/s vs. 2.8×10-3 Gy/s, 2.1×10-2 Gy/s vs. 3.1×10-3 

Gy/s, 5.4×10-2 Gy/s vs. 7.8×10-3 Gy/s for 90Y, 177Lu and 111In respectively). 
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Figure B 5 Discrete dose rate volume histograms (DrVH) corresponding to the simulated dose rate distributions from 

in vivo SPECT images at 1 h, 48 h or 7d, for NPD implanted and i.t. injected AuNP labeled with 90Y [(a) and (b) 

respectively], 177Lu [(c) and (d) respectively], and 111In [(e) and (f) respectively].  
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The DrVH for the dose rate distributions shown in Figure B 2 and Figure B 3, are presented in Figure B 4 for NPD 

implanted and i.t. injected AuNP labeled with 90Y (top row), 177Lu (middle row), or 111In (bottom row). The distribution 

in dose rate from 90Y in both NPD implanted (Fig. B 4a) and i.t. injected (Fig. B 4b) tumour volumes appear to be more 

homogeneous than 177Lu (Fig. B 4c and B 4d) and 111In (Fig. B 4e and B 4f), with <0.8% (NPD) and <0.2% (i.t.) of the 

volume fraction receiving a dose rate between 0 ± 0.005% of the maximum dose rate (0.02 Gy/s and 0.003 Gy/s 

respectively) at all time points. On the contrary, an average of 88.4 ± 0.4% and 90.6 ± 0.4% of the volume fraction 

received a dose rate between 0 ± 0.005% of the maximum dose rate (0.01 Gy/s and 0.05 Gy/s) for 177Lu and 111In 

incorporated in a NPD, respectively). The distribution in dose rate as indicated by the shape of the histogram remained 

consistent between 1 h, 48 h and 7 d, for NPD implanted volumes. The DrVH for i.t. injected AuNP were more variable 

between time points due to the increased diffusion of radioactivity, but the volume fraction receiving a dose rate 

between 0 ± 0.005% of the maximum dose rate were lower (37.9%, 62.2%, and 74.1% for 177Lu, and 40.7%, 65.6%, 

and 77.7% for 111In, at 1 h, 48 h and 7 d respectively). 

 

C. RADIONUCLIDE PRODUCTION AND DECAY 

 

Iodine-125 is artificially manufactured using a reactor through neutron capture by xenon-124 (124Xe), a process where 

a neutron collides with and is absorbed into the nucleus of another atom forming a heavier nucleus. From this process 

xenon-125 (125Xe) is produced and decays by electron capture to create 125I (Eq. 5.4). Iodine-125 decays by electron 

capture (Eq. 5.5), a process where an inner shell (K or L shell) electron is absorbed by a proton, converting the nuclear 

proton into a neutron. The daughter nuclide will transition from an excited state to ground state tellurium-125 (125Te) 

and in the process, emit a γ-ray. The vacancy left by the absorbed electron is filled by an outer shell electron resulting 

in the emission of one or multiple characteristic X-rays. In the case of 125I, Auger electrons are also produced when 

the inner-shell vacancy is filled and the excess energy is transferred to the emission of an outer shell electron instead 

of a characteristic X-ray. Iodine-125 is most commonly used in prostate permanent brachytherapy, although it has 

also been applied towards treatment of brain cancers (Schwarz et al., 2012, Huang et al., 2009).  

 

(5.4) 𝑿𝒆𝟓𝟒
𝟏𝟐𝟒 + 𝒏𝟎

𝟏 → 𝑿𝒆𝟓𝟒
𝟏𝟐𝟓𝒎 / 𝑿𝒆𝟓𝟒

𝟏𝟐𝟓 → 𝑰𝟓𝟑
𝟏𝟐𝟓  

 

(5.5) 𝑰𝟓𝟑
𝟏𝟐𝟓 + 𝜷−𝟏

𝟎 → 𝑻𝒆𝟓𝟐
𝟏𝟐𝟓 + 𝝂𝒆̅̅ ̅ 
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Palladium-103 is produced by proton collision of rhodium-103 (103Rh) in a cyclotron resulting in the products 103Pd and 

an ejected neutron (Eq. 5.6). Similar to 125I the mode of decay is by electron capture of an inner shell electron to 103Rh, 

and emission of a characteristic X-ray (Eq. 5.7). Palladium-103 is most commonly applied in prostate brachytherapy 

although there are reports of 103Pd seeds for clinical trial applications in permanent breast seed implantation (Pignol 

et al., 2006, Pignol et al., 2015).  

 

(5.6) 𝑹𝒉𝟒𝟓
𝟏𝟎𝟑 + 𝒑𝟏

𝟏  → 𝑷𝒅 + 𝒏𝟎
𝟏

𝟒𝟔
𝟏𝟎𝟑  

 

(5.7) 𝑷𝒅𝟒𝟔
𝟏𝟎𝟑 + 𝜷−𝟏

𝟎 → 𝑹𝒉𝟒𝟓
𝟏𝟎𝟑 + 𝝂𝒆̅̅ ̅ 

 

Lutetium-177 is a popular radionuclide for targeted radionuclide therapies in nuclear medicine. It is produced by 

neutron irradiation of 176Lu (direct method) or 176Yb (indirect method) (Eq. 5.8 and 5.9), however the indirect method 

requires separation of 177Lu from target 176Yb atoms. It decays by beta minus decay to hafnium-177 (177Hf), where a 

neutron is converted into a proton resulting in the creation of a β- particle and electron antineutrino (Eq. 5.10). The 

β- particles have a maximum energy of 497 keV (78.6%) when 177Lu decays to the ground state of 177Hf, and energies 

of 384 keV (9.1%) and 176 keV (12.2%) when 177Lu decays to an excited state of 177Hf, which transitions to the ground 

state with a gamma emission (113 keV (6.6%), 208 keV (11%)). 

 

(5.8) 𝑳𝒖𝟕𝟏
𝟏𝟕𝟔 + 𝒏𝟎

𝟏 → 𝑳𝒖𝟕𝟏
𝟏𝟕𝟕  

 

(5.9) 𝒀𝒃𝟕𝟏
𝟏𝟕𝟔 + 𝒏𝟎

𝟏 → 𝑳𝒖𝟕𝟏
𝟏𝟕𝟕  

 

(5.10) 𝑳𝒖𝟕𝟏
𝟏𝟕𝟕 → 𝜷 +−𝟏

𝟎 𝑯𝒇𝟕𝟐
𝟏𝟕𝟕 + �̅�𝒆 

 

Yttrium-90 has been used as a therapeutic medical isotope most commonly in targeted radionuclide therapies in 

nuclear medicine, and in resin microspheres for selective internal radiation therapy of liver tumours. It is produced 

by neutron irradiation of 89Y (Eq. 5.11) or, more frequently, from β- decay of strontium-90 (90Sr, t1/2=28.78 y, 546 

keV) (Eq. 5.12). Strontium-90 is the product of uranium-235 (235U) fission reaction, and is therefore produced in 

large amounts in nuclear reactors around the world, making production of 90Y widely accessible. Yttrium-90 also 

decays by nearly pure β- emission with a maximum energy of 2.28 MeV into stable 90Zr (Eq. 5.13).  
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(5.11) 𝒀𝟑𝟗
𝟖𝟗 + 𝒏𝟎

𝟏 → 𝒀𝟑𝟗
𝟗𝟎  

 

(5.12) 𝑺𝒓𝟑𝟖
𝟗𝟎 → 𝜷 +−𝟏

𝟎 𝒀𝟑𝟗
𝟗𝟎 + �̅�𝒆 

 

(5.13) 𝒀𝟑𝟗
𝟗𝟎 → 𝜷 +−𝟏

𝟎 𝒁𝒓𝟒𝟎
𝟗𝟎 + �̅�𝒆 

 

Indium-111 is typically used in diagnostic applications coupled with planar or SPECT imaging due to its gamma emission 

(245.4 keV). However it also emits AE and IC which has generated interest for its application as a therapeutic, due to 

the highly localized deposition of dose from these low energy, short ranged electrons. Indium-111 is produced by 

proton bombardment of cadmium-112 (112Cd) (Eq. 5.14), and decays by electron capture leaving a cadmium-111 

nucleus in an excited state. The 111Cd transitions to a stable state following the emission of gamma radiation (171 keV 

and 245 keV) or emits an IC (144keV and 218 keV) (Eq. 5.15).  

 

(5.14) 𝑪𝒅𝟒𝟖
𝟏𝟏𝟐 + 𝑯𝟏

𝟏 → 𝑰𝒏𝟒𝟗
𝟏𝟏𝟏 + 𝟐 𝒏𝟎

𝟏  

 

(5.15) 𝑰𝒏𝟒𝟗
𝟏𝟏𝟏 + 𝜷−𝟏

𝟎 → 𝑪𝒅𝟒𝟖
𝟏𝟏𝟏 + 𝝂𝒆̅̅ ̅ 


