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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
Departmenbf Nuclear Engineering

Seoul National University

The aim of radiation therapy is to kill tumor cells using ionizing radiation
while sparing surrounding normal tissuedRecent advances in radiation
therapy have resulted in the developmeh intensity modulated radiation
therapy (IMRT) that allows the dose to conform more precisely to the-three
dimensional shape of titemor.However,the equipmenbased beam delivery
methods have limitationof providng a curativeradiationdose to theumor
volume without egeeding normal tissue toleranbecause of the similat-
ray absorption characteristics @fimors and surrounding normal tissudgy

loading high atomic number nanoparticles on tumor volums,pbssible to



deliver highradiationdoses to tumorvolumewhile sparingnormal tissugin
kilovoltage x-ray beams. The concept of using high atomic number
nanoparticlesas a dose enhancement ageist premised on the high
photoelectric mass absorptiopefficientof high atomic number matelsain
kilovoltage photon energy regign compared with soft tissae Gold
nanoparticles (AuNPg)ave been gparticularinterestto researchers recent
years because ofits high photoelectric mass absorptiaroefficient and
biocompatibility

The number bskin cancer patientsas beelincreasing every yeafuNPs
are expected to contribute to improving the efficiency of skin calackation
therapy as a dose enhancensggnt Prior to application of AUNPs as a dose
enhancement agent in therapeutic pagyanorebiological observations are
required to clarify the physical predictionstbé dose enhancemeetfectand
to entirely understand the radiolmgical responses of AuNP$he ultimate
goal of the presernin vitro studywas toinvestigatethe potetial of AUNPs as
a dose enhancement agent xrray radiation therapy for skin cancer
especially melanoma

Three types of cell ling, skin melanomecells, gliosarcoma cellsand
normal dermal fibroblast cells, ando differentsizesof the spherical AUNPs,
1.9 and 50 nm in diametewere used in this studyCells were irradiated at
room temperature in the hareray beam irradiation facilityY XLON model

450-D08) at Seoul National Universitwith 150 kVp (supeficial) and 450



kVp (orthovoltage)x-rays. The clonogenic survival assayas conductedio
investigate the dose enhancemeffea as functions of AuNP sizand
concentration, photon energgnd celitype. Also, the cytotoxicity assay, the
observation of cellular localized AuUNPs, the DNA double stianedik (DSB)
analysis, and the cell cycle analysis were performed to support the main
results. MCNP-5 (Monte Carlo Nparticle5) calculations were penfmed to
obtain thedepth dose curves arhle x-ray energy spectra in deptiof the

skin surface.

From he experiment it was confirmed that the optimal combinat®of
AuUNP size concentrationand x-ray energyresuled in cells having high
linear energy transfer (LET) like survival curve leading to enhancing the
cell radiosensitivity The dose enhanceme effect was also strongly
dependent on cetlype and it was supposed tbe partly contributecby the
different efficiency of cellular uptake following cell typ&uNPs gave a
significant dose enhancement effect omlanoma cells, whictare well
known asthe most radioresistantells in all types of skin cancersThe
maximumdose enhancement factwas2.29 for skin melanoma cellst 820
e Mof 50 nm AuNPswith 150 kVp x-ray beamsTo confirm the effect of
those condition®n normal skin cellsthe experiments were carried out on
dermal fibroblast cells50 nm AuNPs had no remarkable toxicity on dermal
fibroblast cells and provided l@& dose enhancement effect to dermal

fibroblast cells than skin melanoma celowever, dose enhancement effect



on cermal fibroblast cells should hbe overlooke@nd thisresultemphasizes
the importance of the accurataNP delivery to melanoma

By applying AuNPs toconventionafractionated radiation therapy of skin
cancer,the major concerns of fractionation regimens are expected to be
overcomeAlthough relatively high dosesredepositedto tumor byapplying
AuUNPs, the normal tissue damage would he more significantly severe
because radiation daséelivered from the equipment do not increaslso by
shortening the overall treatment tim&uNPs can contribute to resahg
concern aboutumor cell repopulation, whictis a main cause of lowerinbe
efficacy of the fractionated radiation therapy.conclusionthe application of
50 nm AuNPs aa dose enhancement agent in superfigigdy therapy could
be a promising trement methodor T1 to T3 stages of melanom@0 nm
AuNPs are preferably accwlated in melanoma by passive action.
Modification of 50 nm AuNP with melanoma specific ligand would even

further enhance the therapeutic effect.

Keywords: gold nanoparticleAuNP, high atomic number nanoparticle

dose enhancement agent, superficiedy therapy, skin cancanelanoma

Student Number, 201030253
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CHAPTER 1

INTRODUCTION

The aim of radiation therapy is kill tumor cells using ionizing radiation
while sparing surrounding normal tissues. Recent advancemdiation
therapy have resulted in the developmentindénsity modulated radiation
therapy (IMRT) that is a type of thredimensional conformal radiotherapy
(3D-CRT) [1]. IMRT allows the dose to conform more precisely to the three
dimensional shape of themor by modulating the intensity of the radiation
beam P]. IMRT can deliver higher radiation doses to tumor volume while
minimizing the dose to surrounding normal tissiéswever,the equipment
based solution haa limitation of deliveing a curativeradiationdose to the
tumor volume without exceeding normal tissue tolerance because of the
similar x-ray absorption characteristics of turm@nd surrounding normal
tissues[3, 4]. While the equipmenbasedbeam deliverymethodsare being
continuouslydevdoped to better concentrate the dose withire shape of
tumor volumes, alternatemethodsfor improving the discriminationbetween
tumors andsurrounding normalissues arealsobeinginvestigaed [3-5]. One
of the alternate method is the use of high atam 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-ray beams. The concept of using highnaitonumber

1



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 tissuold
nanoparticles (AuNPs) have beernpafticularinterest to researchers in recent
years because of its high photoelectric mass absorption coefficient and
biocompatibility[3].

Most cancerpatients are treatdwith megavoltage photon produced by a
clinical linear acceleratprwhile some cance patients are treated with
brachytherapy,and superficial (or orthovoltage)-ray therapy[6]. The
conceptof using AuNPs as a dose enhancement aigeobnsideredo be
effectivein treatingsuperficial tumors, such as skin cargcevhile notbeing
suiteble for externalmegavoltagex-ray therapy The number of skin cancer
patients has been increasing every year. AUNPs are expected to contribute to
improving the efficiency of skin canceradiation therapy as a dose
enhancement agent. Prior to applicatidnAoiNPs as a dose enhancement
agent in therapeutic purpose, more biologi¢al vitro and in vivo)
observations are required to clarify the physical predictionghefdose
enhancement effect and to entirely understand the radiobiological responses
of AuUNPs.

The ultimate goal of the preseirt vitro study was to investigate the
potential of AUNPs as a dose enhancement agedntay radiation therapy for
skin cances. The theoreticabackground andhe previous resear@s have
been reviewedirst andthein vitro experimeng have beemerformed asnain

works of the study



CHAPTER 2
THEORETICAL BACKGROUND AND

PREVIOUS RESEARCHES

2.1 The interaction of photons with hgh atomic nu
mber materials

The basic physics of the interaction of photons with high itommber
materials ar@resentedhn this chapter.

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

Attenuation of photons by an absorbing matasaausd by five types of
interactionsasrepresented in Figurg.1. Photodisintegration can occonly at
very high photon energies>10 MeV) between a photon and atomic
nucleus.ln the coherent scattering, a photon possesses its initial energy after
interaction with absorber atoms and the only effedhéscattering of the
photon at small angteTherefore, only threenajor types of interactionslay
an important role in the field of radiation biolodlie photoelectriabsorption
the Comptonscattering and the pair productiorigure 2.2 illustrateshe
relative importance of the three majgpes of the photon interactioRhoton

energy transfers to electron partially or entirely by th@seesses.
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In the photoelectric absorption, an incident photon is complategrbed
in an absorber atom and a photoelectron is ejected from one of the bound
shells.As a resulbf 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 electionthis process, theemainderof
energy from filling the inner shelWacancy is liberated in the forms of
characteristix-rays or Auger electrong.his proess can take place with the
whole atom, not with a free electronhd probability ofthe photoelectric
interactionseverely depergbn the atomic number of the absarpimaterial
becausethe whole atom participategn the process The photoelectric
interaction also depends on the incident photon endiggre is no single
expression fothe photoelectri@ttenuation coefficient() over all ranges of
the incident photorenergy b 3 andthe atomic numberZ) of an absorbing

material. A rough but useful approximatisrgiven by:

n

— 2.1)

T = constant x
where the exponemtvaries for the range dheincidentphotonenergy|8].
The exponentn is about 4 ah 3= 0.1 MeV and 4.0 to 4.6 ak 3ancreases
from 0.1 to 3 MeV 10].

In the Comptonscattering the photon interacts with a free electron in an
absorbing material. The free electron means that the binding enetg of
electron is much less than the energytlad incident photon. The photon

transfers a portion of its energy to the electron and is scattered with reduced

5
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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 éra free electronThe photoelectric
absorptionbecomes most probable when theident photorenergyis equal

to or slightly higher than the electron binding enefigyerefore, as the photon
energy increasesabove the binding energy of i§hell electron, he
photoelectric effect decreasesidly with energy and the Compton scattering
becomes more importariiowever, the probability of the Compton scattering
gradually decreasewith increasing photon energhhe Comptonscattering is
independentof the atoric number ofthe absorbing material because the
Compton scattering isccurredwith free electrons in the absorbing material.
The probability of th&Comptonscattering depends on the number of electrons
per gram (electron density)Most materials are cortgéred to have
approximately the same number of electrons per gram, except hydFamgen

that reason, the Compton ssaattenuation coefficient is neatlye same for

all absorbing materials, 7].

The pair production can beccurredwhen the incident photoenergy is
higher than 1.02 MeV (twice the restass energy of an electrorihe
probability of the pair production increases witie atomic number othe
absorbing material becaudiee pair production takes place in the coulomb
field of a nucleusThe photon disappears and an electpmsitron pair is
createdas a result of the pair productiofihe excess energy dfe photon

(above 1.02 MeV) is shared by the electron and the positron as kinetic energy.



2.12 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)he probability ofthe photoelectric interaabn
strongly depend on the atomic number of the absorbing mateaiadi the
energyof the incident photon (Eg. 2.Vhenthe photon energy is justbove
the binding energy ofin atomic electronthe probability of photoelectric
interaction shows a sudden ricreaseand decreasesharpy as increasing
energy.Therefore, as the photon energy increases above the binding energy of
K- shell electron, the photoelectric effect decreaspaly with energy and
the Compton scattering becomes more important.

The absoption edges appear at the binding energietarhic electrons in
the variousshelk in low photon energy regiolhe photoelectric interaction
preferentially takes place in-Bhell whentheincident photon energy exceeds
the K-shell binding energyFigure 2.3 - 2.6 representhe mass attenuation
coefficient and the mass energgsorption coefficient ofsoft tissue
(Ze=7.22) andhigh atomic number materials, such as iodi&re53), barium
(Z=56), gadolinium (Z=64) tungsten (Z=74),gold (Z=79) and bismuth
(Z=83),as a function of photon enerfi2, 14].

Based on teseproperties, high atomic numberaterialscan be used as
radiosensitizers in kilovoltage-ray beamsTumors canabsorbmuch more
radiation dosedy loading high atomic number nanoparticlas the tumor

volume The energy deposited blyet photoelectric interaction productaiger
8



electrons and photoelectronsscaping from high atomic humbearaterials
mainly contribute to the dose enhancement effecthese photoelectric
interaction products dve very short rangeand the high relative biological
effectiveness (RBE) as mues highlinear energytransfe (LET) radiations

[8, 11, 13].
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2.1.3 Low energy electrors produced by the photoelectric
interactions|[5, 8, 9, 12, 15-1§]

In photoelectric procesqgFigure 2.7) the ejected electron (called
photoelectrongnergy is equal tbh 3 E,, where is thebindingenergy ofan
electron in itsoriginal shell. Thus, more energetic incident photons produce
higher energy of the photoelectroAs a resultof the emission ofthe
photoelectron, the vacancy is genedaite the inner shell and filled by the
outer shell electranThe excess energis released by the atom through
electron transition from amwuter shellto an innershell gives rise tothe
characteristix-rays orlow-energy monoenergetic electrons (knowrAager
electron.

The emission of an Auger electron iitustrated in Figure 2.8.The
downward arrowstands forthe electrortransitionfrom the L into K-shell
vacancy, lead to releasing an energy equal to tlédference of binding
energies(Ex-E. ). As the substitutefor photon emission, this energy can
transferred to an L electron gecting it from the atom with a kinetic energy
(KE=E«-E_ -E_ ). Auger dectroncanbe producedby other combinations of
the electron shell leve[9].

The eergetic electrong~ 1 MeV) have IowLET (~0 . 2 k dnvsbfe m)
tissue.In contrast,the LET of Awer electrongncreass rapidy up to 26
keV/ ¢ @t very low energiegl6, 18]. The range of Auger electrons is
approximatelybelow a nanometer and up to a few micromete8k Table 2.1

andFigure2.9 show the LET in soft tissue for electron energies thied ET

14



of electrons as a function of distanoespectively

The LET of radiatioris directly relatedto the degree of radiation induced
biological damage Figure 2.10 shows he RBE as a function of LETThe
RBE is defined as by the ratiodgdD,, whereD,soand D arethe dose of 250
kVp x-rays and the test radiatiom) (required for equal biologic effect

respectivelyj12, 17].

15
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Table 2.1 The linear energy transfer (LETYaluesin soft tissue for electroanergies

[15].

Electron energy (keV) LET (keV/ e
1000 0.2
100 0.3
10 2.2
1 12.0

18
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2.14 The application of high atomic number nanoparticles in
medical diagnostics and therapeutic#4, 6,19-32)]

The development of nanotechnology over the last decadencasirage
the useof high atomic nanoparticles immedical diagnostics and therapeutics
[6, 20, 21, 26-28, 32]. Figure2.11 illustratesthe potentialapplications of high
atomicnumbernanoparttles in medical diagnostics atiterapeuticslodine
based agents have been ussdhe x-ray contrast agestbut thesecurrent
agents have several shortcomingsch as short imaging times, toxicity, poor
contrast, etcTo overcomethose disadvantage other high atomic number
materials such as gold and gadolinihave been investiged andhaveshown
the potential for theeplacement othecurrent agentslf).

There has been growing interest in the use of high atomic number
nanoparticlesin cancer treatmest such as radiation therapfas a dose
enhancement agenf}t, 6, 20, 25, 26], photo-thermal therapy(as a heat
generator]6, 20-26, 32], chemotherapyas an anticancer drug carri¢) 20,
32], and gene therapias agene regulation agent20, 29-31], to improvethe

efficiencyof thetreatmentind to minimizeheside effects

21
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Figure 2.11. The potential applications of high atomiciumber 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 decadencasirage
the use of high atomic nanoparticles for cancer treatment to overcome the
limitation of conventional radiation therapyHigh atomic number
nanoparticlessuch as iodine (Z=53), gadolinium (Z=64nd gold (Z=79)
have been showthe potentiato enhancehe radiation effect ikilovoltagex-
ray beams through vitro [13, 33-40] andin vivo [41-43] experimentsand
Monte Carlo simulations3|, 11, 44-48]. Among the various nanoparticles,
AuNPsshow a tremendousopsibility as a dose enhancement aganmany

asped for radiationcancer therapj4, 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) showsthe mass engy absorption coefficient ofjold
(Z=79) and soft tissue(Z.s=7.22, as a faction of the photon energy14].
Table 2.2 representghe absorption edges for golahd the mass attenuation
coefficient, e/ J-absanrdp tti hoen Jepaseshche e reqyt
absorption edge Based on tbse properties, AUNPs can be used as
radiosensitizers itow photon energy regiormhe application of AUNPs as a
dose enhanceemt agent is premised on the high photoelectric mass
absorption coefficient of gold compared to soft tisskgure 2.2 (B)
illustrates the ratio of gold mass energy absorption coefficient to soft tissue as

a function of the incident photon ener@jhe plotoelectric mass absorption
23



coefficient of tumorsignificanty increass by loading AuNPs on the tumor

volume
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Table 2.2 The dsorption edges fogold andthe massttenuatiooc o e f f i ci ent ,

and themassenerga b s or pt i 0 ngf qai ea€hfabseorptienredf®d]. €

Edge Energy (keV) el } IgX e } /d)
Ms 2.206 9.971E+02 9.836E+02
M, 2.291 2.389E+03 2.336E+03
M3 2.743 2.541E+03 2.484E+03
M, 3.148 1.933E+03 1.892E+03
M, 3.425 1.652E+03 1.618E+03
L3 11.919 1.870E+02 1.521E+02
L, 13.734 1.764E+02 1.379E+02
L, 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 catulations of the dose enhancement effeds,
11, 32,44-48, 5]

Monte Carlo methodbave been used to estimdke dose enhancement
effect and dose distributicaroundAuNPs inthe previousstudies[3, 11, 32,
44-48, 51]. Table 2.3 shows the Monte Carlosimulationstudies of radiation
dose enhancement effect ByUNPs. There arecommonconclusions inthe
Monte Carlo studiesFirstly, smaller AuNPscan deposit more doseto
surrounding materialshan larger ones becauseé tbeir greater surface to
volume ratio.Secondly,the dose enhancement effeist proportional tothe
concentration of AuNPRsThirdly, kilovoltage x-rays are more effective than
megavoltagex-rays. Those threeare general conclusionis the previous
studies.

According toLechtmanet al. (201} [11], a number of Auger electrons,
photoelectronsand characteristix-rays are produced as a consequence of
photoelectric effecand aportion of energy is internally absorbed, following
the interaction ofthe incident photons with AuNPsEnergy distribution
around AuNPs isdivided into three regionsin the first region Auger
electrons escaping from AuNPs mainly depakgir energy.The range of
Auger electrons islesitan 2 em from t he33UWrof ace of
total escaping energy is deposited by Auger electrduger electrondave
relatively high LET, thusAuger electronsdeposit their energyntensively
within a few ¢ mfrom the surface of AUNPs In the secondregion,

photoelectrons escaping from AuNPs depdbB#ir energy. Photoelectrons

27



have much | onger range up to hanthdr eds
42-69 % of total escapg energy is deposited by phetectrons.The energy

deposition by photoelectrsnis high enough to cause a considerable number

of DNA damags. In the third region,characteristicx-rays escaping from

AuNPs deposit11-42 % of total escaping energg€haracteristicx-rays can

travel up to centimeters, but these will sausethe dose @ahancement effect,

because the LET of characteristicaysis not remarkably different frorthat

of theincident photons.

28
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Table 2.3, Simulation studies of radiation dose enhancement effect by gold nanop@xtiblB).

AuNP
References  Monte Carlo code Radiation Result
Size Concentration

Choet al. BEAMnNrc/ - 7,18, 30 mg 140 kVpx-ray - DEF% 2.11, 3.811. 5.061
2005 g4 DOSXYZnrc code Au/g tumor 4.6 MV . Dose enhancing ranging from

(for external beam) 0 7%

MCNP-5 93r - Dose enhancing ranging from

(for brachyherapy) to 31%
Choet al. MCNP-5 - 7 mg 129 50 kvp, *%Yb - MDEF" 68, 57 44%at1.0 cm
2009 @7 Au/g tumor from the center of the sourc

within a tumor
18 mg 116,92108 %
Au/g tumor
7,18 mg 93r 30, 70%

Au/g tumor




o€

(Continued)

AuNP
References  Monte Carlo code

Size Concentration

Radiation

Result

Zhangetal. Geant4 Mont€arlo 100 nm 10 AuNPstm®
2009 @q toolkit (version 4.8.1) water phantom

- Radiation doseenhancemen
aroundAuNPs up to 28%.

Jonesetal. EGSnrc and NOREC - -

169Yb 125I 103Pd

Microscopic dose aroun

2010 g5 50 kVp x-ray AuNPs increased by factol
ranging from:
10 to 1000 over 36m
93¢, 6 MV x-ray 10 or less for distance
greater than £m
McMahon  Geant 4 Monte carlo 2, 5, 10, 500eg/ml 40 keVx-ray RBE v 2.07, 1.72, 1.45
etal. 2010 toolkit (version 4.9.3) 20, 30, 1.28,1.2,
[3] 40, 50 1.16, 1.13

nm
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(Continued

AuNP
References  Monte Carlo code Radiation Result
Size Concentration

20 nm 20, 30, 40, 1.4, 1.33, 1.28,
50, 60, 70, 1.22, 1.16, 1.11
80, 81, 85, 1.09, 1.35, 1.26
90, 100, 125, 1.19, 1.13, 1.06

150 keVx-ray 1.04
Lechtman MCNP-5 and 1.9,5, - Photon source - Examining the proportion o
etal. 2011 PENELOPE 2008 30, 100 (average energy)  energy transfeed to escapinc
[11] nm 19%pd (20.6 keV),  particles or internally absorbe

129 (27.0 keV),
1%9vb (100.7 keV),
300 kVp(127.1 keV),
199y (324.3 keV),

6 MV (1861 keV)

in the nanoparticle suggests tv
clinical strategies:

- The first uses photon energit
below the kedge and take:
advantage of the extreme

localized Auger cascade.
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(Continued)

AuNP
References Monte Carlo code Radiation Result
Size Concentration
The second, using phota
sources above the -ddge,
requires a higher gol¢
concentration in the tumo
region.
Berbeco An analytic method 100 nm 7 to 140 mg/g 6 MV x-ray -EDEF: 1.2t0 4.4

etal. 2011 incorporating the energy

[48] loss formula of Cole

DEF, dose enhancemefactor which was defined as the ratio of the average dose in the tumor fegigaxel) with and without theresence of
AuNPs, MDEP®, macroscopic dose enhancement fadifinedas the ratiof the average dose in the tumor region with and without the presence of
AuNPs duringthe irradiation of the tumoRBE_g,°, predicted relative biological effectiveness within the framework of the local effedel;Photon
source(average eergyf, average photon energy at tissue depth of 1 and 5 cm for brachytherapy sources and extersalitvesmrespectively
EDEF, enddhelial dose enhancement facistthe ratio of the overall (externally plus internally generated) dose to endotletiidh the presence of

AuNPs to the dose without AuNRfrom the external beam only)



2.2.3The biological application of AUNPs[4, 6, 28,52-60]

AuNPs have been extensively investigated and used in biological
applicatiors due to their attractive prepties as followsd]. Firstly, AUNPs
offer the advantage of greater biocompatibility3[ 57, 58 and low
cytotoxicity [54, 55]. Secondly, the chemistry of AUNPs surface has been well
known by a number ofthe previous researcheg52]. Rich history of the
surface chemistry can contribute to the designtaedevelopment of tumr-
specific nanoparticles 5p]. Thirdly, AuNPs can provide an excellent
intracellulartargeting vector for two reasomsuNPscanbe synthesized ithe
various sizes suitable fakelivery tothe specific target in the body and can be
modified withthe various small molecules, peptides, fgins,and DNA, etc
[52, 56, 59].

In nanotechnology, anoparticlesare generallydefinedas havinghe size
range of 3100 nm[28]. The size of AuNPgan besynthesizedrom a few
nanometers up tdundred of nanometers, thereby placing them tlag
dimensionof the cellular level. AuNPsare smaller than or comparable to
those of animal cell (about 10-30 € m) cell nucleus (about 5¢& m) ,
chromosomegabout 12 ¢ mwide), mitochondria(about 0.41 £ y protein
(about 310 nm), and DNA (2 nm wide and 1100 nm long) Figure 2.13
illustratesthe relative sizes of biological structuraad nanoparticlein nane
and micrascale It implies that AUNPs can closely approachto the specific
targetsof the body.Table 2.4 and 2.5 representhe previousn vitro andin

vivo studies of radiation dose enhancement effe&uiyP, respectively
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Table 2.4. In vitro studies of radiation dose enhancement effe@ulyP.

AuNP
References Cell line . Concent  Incubation Radiation Effect
Size ) _
ration time
Kong et al. MCF-7 10.8nm 15nM 48h 200 kVp - cytotoxicity increaseby
2008 [D] 3540%
137Cs (662 keV) - No significant effect
“Co - No significant effect
(average 1.25 MeV)
Butterworth TOP10 5nm 50e g/ - 160 kVp - SSB and DSB enhancemen
et al. 2008 factoP " 2.29, 1.25
(37] 20 nm 2.21,1.00

1.5em 1.41,1.12
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(Continued)

AuNP
References Cell line . Concent  Incubation Radiation Effect
Size ) _
ration time
Rahman BAECs 1.9nm 0.25mM 24h 80 kVpx-ray - DEF* 4
et al. 2009 6 MeV electrons 2.7
[13]
0.5 mMm 80, 150 kVpx-ray 20,14
6, 12 MeV electrons 29,37
1 mM 80, 150 kVpx-ray 24.6,2.2

6, 12 MeV electrons 4,4.1
Roa et al. DU-145 10.8nm 15nM 24h B¥cs - With 2 Gy, 1.5/ 2.0 foldenh
2009 B9] ancement in growth inhibition

(compared tox-rays along
- Accumulation of cells in the
G,/M phase at 29.86 versus

18.4% for controls
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(Continued)

References Cell line

AuNP

] Concent  Incubation
Size ) _
ration time

Radiation

Effect

Zheng etal. Supercoiled
2009 [106] plasmid
DNA

5nm 0.5eM -

60 keV electron

- AddingoneAuNPto DNA
enhancesadiatiorinduced
DSBs by a factor o2.32

- AddingoneAuNPto 10
DNA enhancesadiation
induced DSBs by a factor of
1.44

Butterworth AGO-1522B
etal. 2010

(39]

Astro

DU-145

L132

1.9 nm 10, 100 1h
egl m

160 kVpx-ray

- DEF* 1.16, 1.97
1.04, 0.96
0.98, 0.81

0.86, 0.87
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(Continued)

AuNP
References Cell line . Concent  Incubation Radiation Effect
Size ) _
ration time
MCF-7 1.41,1.09
MDA-231- 1.67,1.11
MB
PG3 1.07,1.02
T98G 1.30,1.91
Chithrani HelLa 14 nm 7x10° 24h 220 kVpx-ray - REF% 1.20
etal. 2010 50nm  NPs/ml 105, 220 kVp, 1.66, 1.43,
[33] 137Cs (660 keV), 6 MVp 1.18,1.17
74 nm 220 kvp 1.26
Liu et al EMT-6 6.1nm 04 mM 48h 160 kVpx-ray . DEF*% 1.24

2010 B6]
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(Continued)

AuNP
References Cell line . Concent  Incubation Radiation Effect
Size ) _
ration time
0.5 mM 6.5 kevyxraygt 1.35,
8.048 keV 1.44
(synchrotrorx-ray)

CT26 0.5 mM 6 MV x-ray, 1.32,

3 MV proton 1.08

1 mM 6 MV x-ray 2.10
Jain et al. MDA-MB- 1.9 nm 12eM 24h 160 kVp, 6 MV, - SER: 141, 1.29,

2011 B4] 231 15 MV x-ray 1.16
6, 16 MeV electrons 1.04, 1.35
DuU145 160 kVp, 6 MVx-ray 0.92,1.13

6 MeV electrons 1.12
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(Continued)

AuNP
References Cell line . Radiation Effect
] Concent  Incubation
Size ) _
ration time
L132 160 kVp, 6 MVx-ray 1.05, 1.08
6 MeV electrons 0.97

Genget al. SK-OV-3 1437 nm 5nM 24h 90 kVpx-ray - Increased inhibition ofell

2011 [38] (HTB-77)

6 MV x-ray

proliferation
30.48%

26.88%

SSB and DSB enhancement faétBrDNA single strand break and double strand break enhancement fasfmtively; DEF, the ratio of the

dose given to the control cell culture that produce%eurvival divided by the dose given to cells treated WiilNPs that produces 9% survival

DEF, the ratio of thedose required to give the samarviving fractionasthat of the radiation only control cells at a dose G2(SF); REF, the

ratio of dose withoubAuNPs/ dose withtAuNPs at 10% survival;SER, sensitizer enhancement ratio.
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Table 2.5. In vivo studies of radiation dose enhancement effe&uyP.

AuNP
Tumor
References  Animal . Radiation Result
cell line ] Concent Incubation
Size ) _
ration time
Heroldetal. C.B17/ CHOK1 1.53.0 1% Au 200 kVvp DMFsgy, DMF109, DMFo,*
2000 @17] Icr scid em solution X-ray 1.36, 1.38, 1.38
M EmT6 1.64, 1.54, 1.50
DU-145 1.48,1.43,1.33
Hainfeld Balb/C EMT-6 1.9 nm 2749 2 min 250 kVp - Concentrations of goldpto 7
et al. 2004 mice Au/kg X-ray mg Au/g in tumors
[42] body - Tumorto-normaktissue gold
weight

concentrationatios
approximately 8:1
- 1year survival

86 % with x-raysand AuNPs

20 % with x-rays alone
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(Continued)

AuNP
Tumor
References Animal cell line . Concent Incubation Radiation Result
Size ] .
ration time
Changetal. C57BL/6 B16F10 13 mm 10 nM 24h 6 MeV - Intravenousnjection of AUNP
2008 pB1]] mice electron combined with clinical electror
beamssignificantly retards the
tumor growth and prolong:
survival ofmice.

Hainfeld C3H/HeJ SCCVII 19nm 1.9gAu/ Medianbeam - More effective at 42 Gy tha

et al. 2010 mice kg body energy: at 30 Gyat 68 keV
[43] weight 68 and 157 - More effective ab0.6 Gy than

keV x-ray at44 Gy at 157 keV

- 68 keV was more effective
than 157 keV

DMFsgy, DMF100, DMF14,?, dose modification factor obtained from the qudsenf dose (without gold)/dose (with gold) 60 %, 10%, and 1%

cell survival



2.3 Skin cancer therapy

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

Skin cancer is the uncontrollelivision andgrowth of abnormal skin cells.
Unrepaired DNA damagecausemutations or genetidaults in skin cells
leadingcells to form malignaey. There arghree type®f skin cancernamed
for the type of cells thatecome malignanbasal cell skin cancesguamous
cell skin cancerandmelanoma

Basal cell skin cances originated in the basal cell layer of the skin and
the mostcommontypes ofskin neoplasnfi66, 68]. It is not fatal with disease
and can be completely eliminatedy the simple surgical excision [6§].
Squamous cell skin cancer @siginated insquamous dis and the second
most common skin cancelt is not easy to controlbut not nearlyas
dangerous as melanorf@8]. Thesetwo types of skin cancer are grouped as
nonmelanoma skin cancer due twiginaing from skin cells other than
mdanocytes.Theyrardy spread to other parts of the body and the treatment
methodsarequitedifferent from melanomg6s7).

Melanoma begins imelanocytesuncontrolled growth of pigment cells,
and most melanocytes are in the sj@B, 67]. Melanomaaccounts foless
than5 % of all skin cancer cases biit causd the majority of skin cancer
deathsn the UnitedStatesin 2013[69]. Melanoma is intrinsically resistant to
both radiation therapy and chemotherafy,[ thereby difficult toeliminate

completelyMelanoma also tersdto easilymetastasizéo other parbf the
43



Figure 2.14. The number of new cases and death skin melanomger 100,000
people (all races, males and femalés the United StatesThese rates are age
adjusted and based dr992 - 2010 case and deathsAge-adjustedrate, statistical
method allowing comparisons of populations that takes into accowistgbution

differences between populatiof@].
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