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ABSTRACT 

 

Feasibility Study on the Use of Gold 

Nanoparticles as a Dose Enhancement 

Agent for a Superficial X-ray Therapy 

Applied to Melanoma 

 

Kim, So Ra 

Department of Nuclear Engineering 

Seoul National University 
 

  

 

The aim of radiation therapy is to kill tumor cells using ionizing radiation 

while sparing surrounding normal tissues. Recent advances in radiation 

therapy have resulted in the development of intensity modulated radiation 

therapy (IMRT) that allows the dose to conform more precisely to the three-

dimensional shape of the tumor. However, the equipment-based beam delivery 

methods have a limitation of providing a curative radiation dose to the tumor 

volume without exceeding normal tissue tolerance because of the similar x-

ray absorption characteristics of tumors and surrounding normal tissues. By 

loading high atomic number nanoparticles on tumor volume, it is possible to 
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deliver high radiation doses to tumor volume while sparing normal tissues in 

kilovoltage x-ray beams. The concept of using high atomic number 

nanoparticles as a dose enhancement agent is premised on the high 

photoelectric mass absorption coefficient of high atomic number materials in 

kilovoltage photon energy region, compared with soft tissues. Gold 

nanoparticles (AuNPs) have been of particular interest to researchers in recent 

years because of its high photoelectric mass absorption coefficient and 

biocompatibility.  

The number of skin cancer patients has been increasing every year. AuNPs 

are expected to contribute to improving the efficiency of skin cancer radiation 

therapy as a dose enhancement agent. Prior to application of AuNPs as a dose 

enhancement agent in therapeutic purpose, more biological observations are 

required to clarify the physical predictions of the dose enhancement effect and 

to entirely understand the radiobiological responses of AuNPs. The ultimate 

goal of the present in vitro study was to investigate the potential of AuNPs as 

a dose enhancement agent in x-ray radiation therapy for skin cancer, 

especially melanoma. 

Three types of cell lines, skin melanoma cells, gliosarcoma cells and 

normal dermal fibroblast cells, and two different sizes of the spherical AuNPs, 

1.9 and 50 nm in diameter, were used in this study. Cells were irradiated at 

room temperature in the hard x-ray beam irradiation facility (YXLON model 

450-D08) at Seoul National University, with 150 kVp (superficial) and 450 
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kVp (orthovoltage) x-rays. The clonogenic survival assay was conducted to 

investigate the dose enhancement effect as functions of AuNP size and 

concentration, photon energy, and cell-type. Also, the cytotoxicity assay, the 

observation of cellular localized AuNPs, the DNA double strand break (DSB) 

analysis, and the cell cycle analysis were performed to support the main 

results. MCNP-5 (Monte Carlo N-particle-5) calculations were performed to 

obtain the depth dose curves and the x-ray energy spectra in depth from the 

skin surface.  

From the experiment, it was confirmed that the optimal combinations of 

AuNP size, concentration, and x-ray energy resulted in cells having high-

linear energy transfer (LET) - like survival curve, leading to enhancing the 

cell radiosensitivity. The dose enhancement effect was also strongly 

dependent on cell-type and it was supposed to be partly contributed by the 

different efficiency of cellular uptake following cell type. AuNPs gave a 

significant dose enhancement effect on melanoma cells, which are well 

known as the most radioresistant cells in all types of skin cancers. The 

maximum dose enhancement factor was 2.29 for skin melanoma cells at 320 

ɛM of 50 nm AuNPs with 150 kVp x-ray beams. To confirm the effect of 

those conditions on normal skin cells, the experiments were carried out on 

dermal fibroblast cells. 50 nm AuNPs had no remarkable toxicity on dermal 

fibroblast cells and provided lower dose enhancement effect to dermal 

fibroblast cells than skin melanoma cells. However, dose enhancement effect 
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on dermal fibroblast cells should not be overlooked and this result emphasizes 

the importance of the accurate AuNP delivery to melanoma.  

By applying AuNPs to conventional fractionated radiation therapy of skin 

cancer, the major concerns of fractionation regimens are expected to be 

overcome. Although relatively high doses are deposited to tumor by applying 

AuNPs, the normal tissue damage would not be more significantly severe 

because radiation doses delivered from the equipment do not increase. Also by 

shortening the overall treatment time, AuNPs can contribute to resolving 

concern about tumor cell repopulation, which is a main cause of lowering the 

efficacy of the fractionated radiation therapy. In conclusion, the application of 

50 nm AuNPs as a dose enhancement agent in superficial x-ray therapy could 

be a promising treatment method for T1 to T3 stages of melanoma. 50 nm 

AuNPs are preferably accumulated in melanoma by passive action. 

Modification of 50 nm AuNP with melanoma specific ligand would even 

further enhance the therapeutic effect. 
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CHAPTER 1  

INTRODUCTION  

 

The aim of radiation therapy is to kill  tumor cells using ionizing radiation 

while sparing surrounding normal tissues. Recent advances in radiation 

therapy have resulted in the development of intensity modulated radiation 

therapy (IMRT) that is a type of three-dimensional conformal radiotherapy 

(3D-CRT) [1]. IMRT allows the dose to conform more precisely to the three-

dimensional shape of the tumor by modulating the intensity of the radiation 

beam [2]. IMRT can deliver higher radiation doses to tumor volume while 

minimizing the dose to surrounding normal tissues. However, the equipment-

based solution has a limitation of delivering a curative radiation dose to the 

tumor volume without exceeding normal tissue tolerance because of the 

similar x-ray absorption characteristics of tumors and surrounding normal 

tissues [3, 4]. While the equipment-based beam delivery methods are being 

continuously developed to better concentrate the dose within the shape of 

tumor volumes, alternate methods for improving the discrimination between 

tumors and surrounding normal tissues are also being investigated [3-5]. One 

of the alternate methods is the use of high atomic nanoparticles as a dose 

enhancement agent. 

By loading high atomic number nanoparticles on tumor volume, it is 

possible to deliver high radiation doses to tumor volume while sparing normal 

tissues in kilovoltage x-ray beams. The concept of using high atomic number 
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nanoparticles as a dose enhancement agent is premised on the high 

photoelectric mass absorption coefficient of high atomic number materials in 

kilovoltage photon energy region, compared with soft tissues. Gold 

nanoparticles (AuNPs) have been of particular interest to researchers in recent 

years because of its high photoelectric mass absorption coefficient and 

biocompatibility [3].  

Most cancer patients are treated with megavoltage photon produced by a 

clinical linear accelerator, while some cancer patients are treated with 

brachytherapy, and superficial (or orthovoltage) x-ray therapy [6]. The 

concept of using AuNPs as a dose enhancement agent is considered to be 

effective in treating superficial tumors, such as skin cancers, while not being 

suitable for external megavoltage x-ray therapy. The number of skin cancer 

patients has been increasing every year. AuNPs are expected to contribute to 

improving the efficiency of skin cancer radiation therapy as a dose 

enhancement agent. Prior to application of AuNPs as a dose enhancement 

agent in therapeutic purpose, more biological (in vitro and in vivo) 

observations are required to clarify the physical predictions of the dose 

enhancement effect and to entirely understand the radiobiological responses 

of AuNPs.  

The ultimate goal of the present in vitro study was to investigate the 

potential of AuNPs as a dose enhancement agent in x-ray radiation therapy for 

skin cancers. The theoretical background and the previous researches have 

been reviewed first and the in vitro experiments have been performed as main 

works of the study. 
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CHAPTER 2 

THEORETICAL BACKGROUND AND  

PREVIOUS RESEARCHES 

 

 

2.1 The interaction of photons with high atomic nu

mber materials 

 

The basic physics of the interaction of photons with high atomic number 

materials are presented in this chapter.   

 

2.1.1 The interaction of photons with matter [5, 7-10] 

 

Attenuation of photons by an absorbing material is caused by five types of 

interactions as represented in Figure 2.1. Photodisintegration can occur only at 

very high photon energies (>10 MeV) between a photon and an atomic 

nucleus. In the coherent scattering, a photon possesses its initial energy after 

interaction with absorber atoms and the only effect is the scattering of the 

photon at small angles. Therefore, only three major types of interactions play 

an important role in the field of radiation biology: the photoelectric absorption, 

the Compton scattering, and the pair production. Figure 2.2 illustrates the 

relative importance of the three major types of the photon interaction. Photon 

energy transfers to electron partially or entirely by these processes.  



 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. The diagram of the interaction of photons with an absorbing material. The types of interactions are in rectangles, photons of 

the various sorts are in diamonds, and electron radiations are in circles [10].
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In the photoelectric absorption, an incident photon is completely absorbed 

in an absorber atom and a photoelectron is ejected from one of the bound 

shells. As a result of the emission of a photoelectron, the vacancy is generated 

in the bound shell and filled by the electron rearrangement from other shells 

of the atom or the capture of a free electron. In this process, the remainder of 

energy from filling the inner shell vacancy is liberated in the forms of 

characteristic x-rays or Auger electrons. This process can take place with the 

whole atom, not with a free electron. The probability of the photoelectric 

interaction severely depends on the atomic number of the absorbing material, 

because the whole atom participates in the process. The photoelectric 

interaction also depends on the incident photon energy. There is no single 

expression for the photoelectric attenuation coefficient (Ű) over all ranges of 

the incident photon energy (hɜ) and the atomic number (Z) of an absorbing 

material. A rough but useful approximation is given by: 

 

                   (2.1) 

 

where the exponent n varies for the range of the incident photon energy [8]. 

The exponent n is about 4 at hɜ = 0.1 MeV, and 4.0 to 4.6 as hɜ increases 

from 0.1 to 3 MeV [10]. 

In the Compton scattering, the photon interacts with a free electron in an 

absorbing material. The free electron means that the binding energy of the 

electron is much less than the energy of the incident photon. The photon 

transfers a portion of its energy to the electron and is scattered with reduced 
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Figure 2.2. The relative importance of the three major types of the photon 

interaction. The lines show the values of Z and hɜ for which the two neighboring 

effects are just equal [8].  
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energy. The energy of the incident photon needs to be large enough compared 

to the binding energy of the electron, because the Compton scattering is the 

interaction of an incident photon and a free electron. The photoelectric 

absorption becomes most probable when the incident photon energy is equal 

to or slightly higher than the electron binding energy. Therefore, as the photon 

energy increases above the binding energy of K-shell electron, the 

photoelectric effect decreases rapidly with energy and the Compton scattering 

becomes more important. However, the probability of the Compton scattering 

gradually decreases with increasing photon energy. The Compton scattering is 

independent of the atomic number of the absorbing material because the 

Compton scattering is occurred with free electrons in the absorbing material. 

The probability of the Compton scattering depends on the number of electrons 

per gram (electron density). Most materials are considered to have 

approximately the same number of electrons per gram, except hydrogen. For 

that reason, the Compton mass attenuation coefficient is nearly the same for 

all absorbing materials [5, 7]. 

The pair production can be occurred when the incident photon energy is 

higher than 1.02 MeV (twice the rest mass energy of an electron). The 

probability of the pair production increases with the atomic number of the 

absorbing material because the pair production takes place in the coulomb 

field of a nucleus. The photon disappears and an electron-positron pair is 

created as a result of the pair production. The excess energy of the photon 

(above 1.02 MeV) is shared by the electron and the positron as kinetic energy. 
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2.1.2 The interaction of low energy x-rays with high atomic 

number materials [8-14] 

 

The photoelectric absorption is a predominant mode of photon interaction 

in high atomic number absorbing materials for low energy photons, up to 

hundreds of keV (Figure 2.2). The probability of the photoelectric interaction 

strongly depends on the atomic number of the absorbing material and the 

energy of the incident photon (Eq. 2.1). When the photon energy is just above 

the binding energy of an atomic electron, the probability of photoelectric 

interaction shows a sudden increase and decreases sharply as increasing 

energy. Therefore, as the photon energy increases above the binding energy of 

K- shell electron, the photoelectric effect decreases rapidly with energy and 

the Compton scattering becomes more important. 

The absorption edges appear at the binding energies of atomic electrons in 

the various shells in low photon energy region. The photoelectric interaction 

preferentially takes place in K-shell when the incident photon energy exceeds 

the K-shell binding energy. Figure 2.3 - 2.6 represent the mass attenuation 

coefficient and the mass energy-absorption coefficient of soft tissue 

(Zeff=7.22) and high atomic number materials, such as iodine (Z=53), barium 

(Z=56), gadolinium (Z=64), tungsten (Z=74), gold (Z=79), and bismuth 

(Z=83), as a function of photon energy [12, 14].  

Based on these properties, high atomic number materials can be used as 

radiosensitizers in kilovoltage x-ray beams. Tumors can absorb much more 

radiation doses by loading high atomic number nanoparticles on the tumor 

volume. The energy deposited by the photoelectric interaction products, Auger 
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electrons and photoelectrons, escaping from high atomic number materials 

mainly contributes to the dose enhancement effect. These photoelectric 

interaction products have very short ranges and the high relative biological 

effectiveness (RBE) as much as high linear energy transfer (LET) radiations 

[8, 11, 13]. 
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Figure 2.3. The mass attenuation coefficient, ɛ/ɟ, and the mass energy-absorption 

coefficient, ɛen/ɟ, as a function of photon energy, for soft tissue (Zeff=7.22). Atomic 

absorption edges are indicated by the shell designation [14]. 
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Figure 2.4. The mass attenuation coefficient, ɛ/ɟ, and the mass energy-absorption 

coefficient, ɛen/ɟ, as a function of photon energy, for (A) iodine (Z=53) and (B) 

barium (Z=56). Atomic absorption edges are indicated by the shell designation [14]. 
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Figure 2.5. The mass attenuation coefficient, ɛ/ɟ, and the mass energy-absorption 

coefficient, ɛen/ɟ, as a function of photon energy, for (A) gadolinium (Z=64) and (B) 

tungsten (Z=74). Atomic absorption edges are indicated by the shell designation [14]. 
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Figure 2.6. The mass attenuation coefficient, ɛ/ɟ, and the mass energy-absorption 

coefficient, ɛen/ɟ, as a function of photon energy, for (A) gold (Z=79) and (B) bismuth 

(Z=83). Atomic absorption edges are indicated by the shell designation [14]. 
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2.1.3 Low energy electrons produced by the photoelectric 

interactions [5, 8, 9, 12, 15-18] 

 

In photoelectric process (Figure 2.7), the ejected electron (called 

photoelectron) energy is equal to hɜ ï Eb, where Eb is the binding energy of an 

electron in its original shell. Thus, more energetic incident photons produce 

higher energy of the photoelectron. As a result of the emission of the 

photoelectron, the vacancy is generated in the inner shell and filled by the 

outer shell electron. The excess energy is released by the atom through 

electron transition from an outer shell to an inner shell gives rise to the 

characteristic x-rays or low-energy monoenergetic electrons (known as Auger 

electrons).  

The emission of an Auger electron is illustrated in Figure 2.8. The 

downward arrow stands for the electron transition from the L  into K-shell 

vacancy, lead to releasing an energy equal to the difference of binding 

energies (Ek-EL ). As the substitute for photon emission, this energy can 

transferred to an L electron, ejecting it from the atom with a kinetic energy 

(KE=Ek-EL -EL ). Auger electron can be produced by other combinations of 

the electron shell levels [9]. 

The energetic electrons (~ 1 MeV) have low LET (~ 0.2 keV/ɛm) in soft 

tissue. In contrast, the LET of Auger electrons increases rapidly up to 26 

keV/ɛm at very low energies [16, 18]. The range of Auger electrons is 

approximately below a nanometer and up to a few micrometers [18]. Table 2.1 

and Figure 2.9 show the LET in soft tissue for electron energies and the LET 
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of electrons as a function of distance, respectively. 

The LET of radiation is directly related to the degree of radiation induced 

biological damages. Figure 2.10 shows the RBE as a function of LET. The 

RBE is defined as by the ratio D250/Dr, where D250 and Dr are the dose of 250 

kVp x-rays and the test radiation (r) required for equal biologic effect, 

respectively [12, 17]. 
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Figure 2.7. Schematic representation of the photoelectric process. 
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Figure 2.8. Schematic illustration of an atomic transition that results in the emission 

of Auger electron [9]. 
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Table 2.1. The linear energy transfer (LET) values in soft tissue for electron energies 

[15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electron energy (keV) LET (keV/ɛm) 

1000 0.2 

100 0.3 

10 2.2 

1 12.0 
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Figure 2.9. The LET of electrons as a function of distance. Electron energy 

values along the track are shown [16]. 
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Figure 2.10. The relative biological effect (RBE) of a given radiation is an 

empirically derived term that, in general, all other factors being held constant, 

increases with the LET of the radiation. The RBE is defined as by the ratio D250/Dr, 

where D250 and Dr are, respectively, the dose of 250 kVp x-rays and the test radiation 

(r) required for equal biologic effect [17]. 
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2.1.4 The application of high atomic number nanoparticles in 

medical diagnostics and therapeutics [4, 6, 19-32] 

 

The development of nanotechnology over the last decade has encouraged 

the use of high atomic nanoparticles in medical diagnostics and therapeutics 

[6, 20, 21, 26-28, 32]. Figure 2.11 illustrates the potential applications of high 

atomic number nanoparticles in medical diagnostics and therapeutics. Iodine-

based agents have been used as the x-ray contrast agents, but these current 

agents have several shortcomings, such as short imaging times, toxicity, poor 

contrast, etc. To overcome those disadvantages, other high atomic number 

materials such as gold and gadolinium have been investigated and have shown 

the potential for the replacement of the current agents [19].  

There has been growing interest in the use of high atomic number 

nanoparticles in cancer treatments, such as radiation therapy (as a dose 

enhancement agent) [4, 6, 20, 25, 26], photo-thermal therapy (as a heat 

generator) [6, 20-26, 32], chemotherapy (as an anticancer drug carrier) [6, 20, 

32], and gene therapy (as a gene regulation agent) [20, 29-31], to improve the 

efficiency of the treatment and to minimize the side effects.  
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Figure 2.11. The potential applications of high atomic number nanoparticles in 

medical diagnostics and therapeutics. 
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2.2 AuNPs as a dose enhancement agent 

 

The development of nanotechnology over the last decade has encouraged 

the use of high atomic nanoparticles for cancer treatment to overcome the 

limitation of conventional radiation therapy. High atomic number 

nanoparticles, such as iodine (Z=53), gadolinium (Z=64), and gold (Z=79), 

have been shown the potential to enhance the radiation effect in kilovoltage x-

ray beams through in vitro [13, 33-40] and in vivo [41-43] experiments, and 

Monte Carlo simulations [3, 11, 44-48]. Among the various nanoparticles, 

AuNPs show a tremendous possibility as a dose enhancement agent in many 

aspects for radiation cancer therapy [4, 6, 32, 35]. 

 

2.2.1 The physical properties of AuNPs as a dose enhancement 

agent [4, 6, 14, 49, 50] 

 

Figure 2.12 (A) shows the mass energy absorption coefficient of gold 

(Z=79) and soft tissue (Zeff=7.22), as a function of the photon energy [14]. 

Table 2.2 represents the absorption edges for gold and the mass attenuation 

coefficient, ɛ/ɟ, and the mass energy-absorption coefficient, ɛen/ɟ, at each 

absorption edge. Based on these properties, AuNPs can be used as 

radiosensitizers in low photon energy region. The application of AuNPs as a 

dose enhancement agent is premised on the high photoelectric mass 

absorption coefficient of gold compared to soft tissue. Figure 2.12 (B) 

illustrates the ratio of gold mass energy absorption coefficient to soft tissue as 

a function of the incident photon energy. The photoelectric mass absorption 
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coefficient of tumor significantly increases by loading AuNPs on the tumor 

volume.  
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Figure 2.12. (A) Values of the mass energy-absorption coefficient, ɛen/ɟ, as a function 

of photon energy, for gold (Z=79) and soft tissue (Zeff=7.22). Data were taken from 

[14]. The composition of tissues was taken from ICRU Report 44 (1989). (B) Ratio of 

gold mass energy absorption coefficient to soft tissue [14, 49]. 

(A) 

(B) 
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Table 2.2. The absorption edges for gold and the mass attenuation coefficient, ɛ/ɟ, 

and the mass energy-absorption coefficient, ɛen/ɟ, at each absorption edge [14]. 

 

 

 

 

 

 

 

Edge Energy (keV) ɛ/ɟ (/g) ɛen/ɟ (/g) 

M5 2.206 9.971E+02 9.836E+02 

M4 2.291 2.389E+03 2.336E+03 

M3 2.743 2.541E+03 2.484E+03 

M2 3.148 1.933E+03 1.892E+03 

M1 3.425 1.652E+03 1.618E+03 

L3 11.919 1.870E+02 1.521E+02 

L2 13.734 1.764E+02 1.379E+02 

L1 14.353 1.830E+02 1.432E+02 

K 80.725 8.904E+00 2.512E+00 
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2.2.2 Monte Carlo calculations of the dose enhancement effect [3, 

11, 32, 44-48, 51] 

  

Monte Carlo methods have been used to estimate the dose enhancement 

effect and dose distribution around AuNPs in the previous studies [3, 11, 32, 

44-48, 51]. Table 2.3 shows the Monte Carlo simulation studies of radiation 

dose enhancement effect by AuNPs. There are common conclusions in the 

Monte Carlo studies. Firstly, smaller AuNPs can deposit more doses to 

surrounding materials than larger ones because of their greater surface to 

volume ratio. Secondly, the dose enhancement effect is proportional to the 

concentration of AuNPs. Thirdly, kilovoltage x-rays are more effective than 

megavoltage x-rays. Those three are general conclusions in the previous 

studies. 

According to Lechtman et al. (2011) [11], a number of Auger electrons, 

photoelectrons, and characteristic x-rays are produced as a consequence of 

photoelectric effect and a portion of energy is internally absorbed, following 

the interaction of the incident photons with AuNPs. Energy distribution 

around AuNPs is divided into three regions. In the first region, Auger 

electrons escaping from AuNPs mainly deposit their energy. The range of 

Auger electrons is less than 2 ɛm from the surface of AuNP and 3-32 % of 

total escaping energy is deposited by Auger electrons. Auger electrons have 

relatively high LET, thus Auger electrons deposit their energy intensively 

within a few ɛm from the surface of AuNPs. In the second region, 

photoelectrons escaping from AuNPs deposit their energy. Photoelectrons 
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have much longer range up to hundreds of ɛm from the surface of AuNP and 

42-69 % of total escaping energy is deposited by photoelectrons. The energy 

deposition by photoelectrons is high enough to cause a considerable number 

of DNA damages. In the third region, characteristic x-rays escaping from 

AuNPs deposit 11-42 % of total escaping energy. Characteristic x-rays can 

travel up to centimeters, but these will not cause the dose enhancement effect, 

because the LET of characteristic x-rays is not remarkably different from that 

of the incident photons.  
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Table 2.3. Simulation studies of radiation dose enhancement effect by gold nanoparticle (AuNP). 

References Monte Carlo code 

AuNP 

Radiation Result 

Size Concentration 

Cho et al. 

2005 [44] 

BEAMnrc/ 

DOSXYZnrc code 

(for external beam) 

- 7, 18, 30 mg 

Au/g tumor 

140 kVp x-ray · DEF
a
: 2.11, 3.811. 5.061 

4, 6 MV · Dose enhancing ranging from 1 

to 7 % 

MCNP-5  

(for brachytherapy) 

192
Ir · Dose enhancing ranging from 5 

to 31 % 

Cho et al. 

2009 [47] 

MCNP-5 - 7 mg 

Au/g tumor 

125
I, 50 kVp, 

169
Yb

 
· MDEF

b
: 68, 57, 44 % at 1.0 cm 

from the center of the source 

within a tumor 

18 mg 

Au/g tumor 

116, 92, 108  % 

7, 18 mg 

Au/g tumor 

192
Ir

 
30, 70 % 



 

 

 

 

 

3
0

 

(Continued) 

 

References Monte Carlo code 

AuNP 

Radiation Result 

Size Concentration 

Zhang et al. 

2009 [46] 

Geant 4 Monte Carlo 

toolkit (version 4.8.1) 

100 nm 10
13

 AuNPs/cm
3
 

 water phantom 

- 
· Radiation dose enhancement 

around AuNPs up to 28 %. 

Jones et al. 

2010 [45] 

EGSnrc and NOREC - - 
169

Yb, 
125

I, 
103

Pd,  

50 kVp x-ray 

· Microscopic dose around 

AuNPs increased by factors 

ranging from:  

10 to 1000 over 30 ɛm 

192
Ir, 6 MV x-ray    10 or less for distances 

greater than 1 ɛm 

McMahon 

et al. 2010 

[3] 

Geant 4 Monte carlo 

toolkit (version 4.9.3) 

2, 5, 10, 

20, 30, 

40, 50 

nm 

500 ɛg/ml 40 keV x-ray · RBELEM
c
: 2.07, 1.72, 1.45, 

1.28, 1.2, 

 1.16, 1.13 
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(Continued) 

References Monte Carlo code 

AuNP 

Radiation Result 

Size Concentration 

  20 nm  20, 30, 40,  

50, 60, 70,  

80, 81, 85,  

90, 100, 125,  

150 keV x-ray 

            1.4, 1.33, 1.28, 

1.22, 1.16, 1.11, 

1.09, 1.35, 1.26, 

1.19, 1.13, 1.06, 

1.04      

Lechtman  

et al. 2011 

[11] 

MCNP-5 and 

 PENELOPE 2008 

1.9, 5, 

30, 100 

nm 

- Photon source 

(average energy)
d
 

103
Pd (20.6 keV), 

125
I (27.0 keV), 

 
169

Yb (100.7 keV), 

300 kVp (127.1 keV), 

192
Ir (324.3 keV), 

 6 MV (1861 keV) 

· Examining the proportion of 

energy transferred to escaping 

particles or internally absorbed 

in the nanoparticle suggests two 

clinical strategies:  

· The first uses photon energies 

below the k-edge and takes 

advantage of the extremely 

localized Auger cascade.  
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(Continued) 

DEFa, dose enhancement factor which was defined as the ratio of the average dose in the tumor region (or voxel) with and without the presence of 

AuNPs; MDEFb, macroscopic dose enhancement factor defined as the ratio of the average dose in the tumor region with and without the presence of 

AuNPs during the irradiation of the tumor; RBELEM
c, predicted relative biological effectiveness within the framework of the local effect model; Photon 

source (average energy)d, average photon energy at tissue depth of 1 and 5 cm for brachytherapy sources and external beam sources, respectively; 

EDEFe, endothelial dose enhancement factor is the ratio of the overall (externally plus internally generated) dose to endothelial cells in the presence of 

AuNPs to the dose without AuNPs (from the external beam only).

References Monte Carlo code 

AuNP 

Radiation Result 

Size Concentration 

    
 

· The second, using photon 

sources above the k-edge, 

requires a higher gold 

concentration in the tumor 

region. 

Berbeco   

et al. 2011 

[48] 

An analytic method 

incorporating the energy-

loss formula of Cole 

100 nm 7 to 140 mg/g 6 MV x-ray · EDEF
e
: 1.2 to 4.4 
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2.2.3 The biological application of AuNPs [4, 6, 28, 52-60] 

 

 AuNPs have been extensively investigated and used in biological 

applications due to their attractive properties as follows [6]. Firstly, AuNPs 

offer the advantage of greater biocompatibility [53, 57, 58] and low 

cytotoxicity [54, 55]. Secondly, the chemistry of AuNPs surface has been well 

known by a number of the previous researches [52]. Rich history of the 

surface chemistry can contribute to the design and the development of tumor-

specific nanoparticles [52]. Thirdly, AuNPs can provide an excellent 

intracellular targeting vector for two reasons. AuNPs can be synthesized in the 

various sizes suitable for delivery to the specific target in the body and can be 

modified with the various small molecules, peptides, proteins, and DNA, etc 

[52, 56, 59]. 

In nanotechnology, nanoparticles are generally defined as having the size 

range of 1-100 nm [28]. The size of AuNPs can be synthesized from a few 

nanometers up to hundreds of nanometers, thereby placing them at the 

dimension of the cellular level. AuNPs are smaller than or comparable to 

those of animal cell (about 10-30 ɛm), cell nucleus (about 5 ɛm), 

chromosome (about 1-2 ɛm wide), mitochondria (about 0.4-1 ɛm), protein 

(about 3-10 nm), and DNA (2 nm wide and 10-100 nm long). Figure 2.13 

illustrates the relative sizes of biological structures and nanoparticles in nano- 

and micro-scale. It implies that AuNPs can closely approach to the specific 

targets of the body. Table 2.4 and 2.5 represent the previous in vitro and in 

vivo studies of radiation dose enhancement effect by AuNP, respectively. 
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Figure 2.13. Relative sizes of biological structures and nanoparticles in nano- and micro-scale. Nanoparticles are generally defined as 

having the size range of 1-100 nm. 
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Table 2.4. In vitro studies of radiation dose enhancement effect by AuNP. 

 

References Cell line 

AuNP 

Radiation Effect 

Size  
Concent

ration 

Incubation 

time 

Kong et al. 

2008 [40] 

MCF-7 10.8 nm 15 nM 48 h 200 kVp · cytotoxicity increase by 

35-40 % 

137
Cs (662 keV) · No significant effect 

60
Co 

 (average 1.25 MeV) 

· No significant effect 

Butterworth 

et al. 2008 

[37] 

TOP10 5 nm 50 ɛg/ml - 160 kVp · SSB and DSB enhancement 

factor
a, b

: 2.29, 1.25 

20 nm 2.21, 1.00 

1.5 ɛm   1.41, 1.12 
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(Continued) 

References Cell line 

AuNP 

Radiation Effect 

Size  
Concent

ration 

Incubation 

time 

Rahman   

et al. 2009 

[13] 

BAECs 1.9 nm 0.25 mM 24 h 80 kVp x-ray 

6 MeV electrons 

· DEF
c
: 4 

      2.7  

0.5 mM 80, 150 kVp x-ray 

6, 12 MeV electrons 

20, 1.4 

2.9, 3.7 

1 mM 80, 150 kVp x-ray 

6, 12 MeV electrons 

24.6, 2.2 

4, 4.1 

Roa et al. 

2009 [39] 

DU-145 10.8 nm 15 nM 24 h 
137

Cs · With 2 Gy, 1.5ï2.0 fold enh 

ancement in growth inhibition 

(compared to x-rays alone). 

· Accumulation of cells in the 

G2/M phase at 29.8 % versus 

18.4 % for controls. 
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(Continued) 

References Cell line 

AuNP 

Radiation Effect 

Size  
Concent

ration 

Incubation 

time 

Zheng et al. 

2009 [106] 

Supercoiled  

plasmid  

DNA  

5 nm 0.5 ɛM - 60 keV electron · Adding one AuNP to DNA 

enhances radiation-induced 

DSBs by a factor of 2.32.  

· Adding one AuNP to 10 

DNA enhances radiation-

induced DSBs by a factor of 

1.44. 

Butterworth 

et al. 2010 

[35] 

AGO-1522B 1.9 nm 10, 100 

ɛg/ml 

1 h 160 kVp x-ray · DEF
d
: 1.16, 1.97 

Astro 1.04, 0.96 

DU-145 0.98, 0.81 

L132 0.86, 0.87 
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(Continued)  

References Cell line 

AuNP 

Radiation Effect 

Size  
Concent

ration 

Incubation 

time 

 MCF-7 

    

1.41, 1.09 

MDA-231-

MB 

1.67, 1.11 

PC-3 1.07, 1.02 

T98G 1.30, 1.91 

Chithrani  

et al. 2010 

[33] 

HeLa 14 nm 7×10
9
 

NPs/ ml 

24 h 220 kVp x-ray · REF
e
: 1.20 

50 nm 105, 220 kVp, 

137
Cs (660 keV), 6 MVp 

1.66, 1.43,  

      1.18, 1.17 

74 nm 220 kVp       1.26 

Liu et al. 

2010 [36] 

EMT-6 6.1 nm 0.4 mM 48 h 160 kVp x-ray · DEF
d
: 1.24 
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(Continued)  

References Cell line 

AuNP 

Radiation Effect 

Size  
Concent

ration 

Incubation 

time 

   0.5 mM  6.5 keV (Cu kŬ1 x-ray), 

8.048 keV  

(synchrotron x-ray) 

1.35,  

1.44 

CT26 0.5 mM 6 MV x-ray,  

3 MV proton 

1.32,  

1.08 

1 mM 6 MV x-ray 2.10 

Jain et al. 

2011 [34] 

MDA-MB-

231 

1.9 nm 12 ɛM 24 h 160 kVp, 6 MV,  

15 MV x-ray 

6, 16 MeV electrons 

· SER
f
: 1.41, 1.29,  

1.16 

1.04, 1.35 

DU145 160 kVp, 6 MV x-ray 

6 MeV electrons 

0.92, 1.13 

1.12 
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(Continued) 

SSB and DSB enhancement factora, b, DNA single strand break and double strand break enhancement factor, respectively; DEFc, the ratio of the 

dose given to the control cell culture that produces 90 % survival divided by the dose given to cells treated with AuNPs that produces 90 % survival; 

DEFd, the ratio of the dose required to give the same surviving fraction as that of the radiation only control cells at a dose of 2 Gy (SF2); REFe, the 

ratio of dose without AuNPs/ dose with AuNPs at 10 % survival; SERf, sensitizer enhancement ratio. 

 

References Cell line 

AuNP 

Radiation Effect 

Size  
Concent

ration 

Incubation 

time 

 L132    160 kVp, 6 MV x-ray 

6 MeV electrons 

1.05, 1.08 

0.97 

Geng et al. 

2011 [38] 

SK-OV-3 

(HTB-77) 

14.37 nm 5 nM 24 h 90 kVp x-ray 

 

· Increased inhibition of cell 

proliferation: 

30.48 % 

6 MV x-ray 26.88 % 
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Table 2.5. In vivo studies of radiation dose enhancement effect by AuNP.  

References Animal  
Tumor 

cell line 

AuNP 

Radiation Result 

Size  
Concent 

ration 

Incubation 

time 

Herold et al. 

2000 [41]  

C.B17/ 

Icr scid 

mice 

CHO-K1 1.5-3.0 

ɛm 

1 % Au 

solution 

 200 kVp  

x-ray 

DMF50%, DMF10%, DMF1%
 a
: 

       1.36, 1.38, 1.38 

EMT-6        1.64, 1.54, 1.50 

DU-145        1.48, 1.43, 1.33 

Hainfeld  

et al. 2004 

[42] 

Balb/C  

mice 

EMT-6 1.9 nm 2.7 g 

Au/kg 

body 

weight 

2 min 250 kVp    

x-ray 

· Concentrations of gold up to 7 

mg Au/g in tumors 

· Tumor-to-normal-tissue gold 

concentration ratios:  

approximately 8:1 

· 1 year survival: 

86 % with x-rays and AuNPs  

20 % with x-rays alone 
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(Continued) 

DMF50%, DMF10%, DMF1%
 a, dose modification factor obtained from the quotients of dose (without gold)/dose (with gold) for 50 %, 10 %, and 1 % 

cell survival.

References Animal  
Tumor 

cell line 

AuNP 

Radiation Result 

Size  
Concent 

ration 

Incubation 

time 

Chang et al. 

2008 [61] 

C57BL/6 

mice 

B16F10 13 nm 10 nM 24 h 6 MeV 

electron 

· Intravenous injection of AuNP 

combined with clinical electron 

beams significantly retards the 

tumor growth and prolongs 

survival of mice. 

Hainfeld  

et al. 2010 

[43] 

C3H/HeJ 

mice 

SCCVII 1.9 nm 1.9 g Au/ 

kg body 

weight 

 Median beam 

energy:  

68 and 157 

keV x-ray 

 

· More effective at 42 Gy than 

at 30 Gy at 68 keV 

· More effective at 50.6 Gy than 

at 44 Gy at 157 keV 

· 68 keV was more effective 

than 157 keV 
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2.3 Skin cancer therapy 

 

 

2.3.1 Skin cancer [62, 63, 65-69, 157] 

 

Skin cancer is the uncontrolled division and growth of abnormal skin cells. 

Unrepaired DNA damages cause mutations or genetic faults in skin cells, 

leading cells to form malignancy. There are three types of skin cancer, named 

for the type of cells that become malignant: basal cell skin cancer, squamous 

cell skin cancer, and melanoma.  

   Basal cell skin cancer is originated in the basal cell layer of the skin and 

the most common types of skin neoplasm [66, 68]. It is not fatal with disease 

and can be completely eliminated by the simple surgical excision [68]. 

Squamous cell skin cancer is originated in squamous cells and the second 

most common skin cancer. It is not easy to control, but not nearly as 

dangerous as melanoma [68]. These two types of skin cancer are grouped as 

non-melanoma skin cancer due to originating from skin cells other than 

melanocytes. They rarely spread to other parts of the body and the treatment 

methods are quite different from melanoma [67].  

Melanoma begins in melanocytes, uncontrolled growth of pigment cells, 

and most melanocytes are in the skin [66, 67]. Melanoma accounts for less 

than 5 % of all skin cancer cases but it caused the majority of skin cancer 

deaths in the United States in 2013 [69]. Melanoma is intrinsically resistant to 

both radiation therapy and chemotherapy [64], thereby difficult to eliminate 

completely. Melanoma also tends to easily metastasize to other part of the 
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Figure 2.14. The number of new cases and deaths of skin melanoma per 100,000 

people (all races, males and females) in the United States. These rates are age-

adjusted and based on 1992 - 2010 cases and deaths. Age-adjusted rate, statistical 

method allowing comparisons of populations that takes into account age-distribution 

differences between populations [65]. 

 

 

 

 


