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ABSTRACT

Despite recent advances in radiotherapyome tumours havehown to be resistant to
treatmentand patients still experience long term side effeGisld nanoparticles (AuNPS)

have been identifiedas effective radiosensitizersshen employed concurrently with
kilovoltage Xr ay s, whi ch coul d selectively increase
The clinical application of proton radiation has gained renewed attention due to the lower
integral body dose ofrptons compared to traditional-bdy basedtherapy.While extensive

research has been formed on the behaviour of AUNPs in photon, tiegites information is

available on the combination of AuNPs and proton radiation. Several ansesemain

regarding the interaction of protons with the AUNPs and possible dose enhancement effects at
different depths along the Spread Out Bragg Peak (SOBP).

In vitro radiosensitization effects of AUNPs and protons at clinically relevant energies (200
MeV) were investigated in Chinese hamster Ovary (&) cells by analysing its influence

on cell growth, clonogenic survival, micronucleus induction and cell cycle progression. The
effects of synthesis method and size of AuNPs were investigated usinguSRs
synthesized fromElattaria Cardamom(Car) extract (green synthesis) and commercial
AuNPs (chemical synthesis) of different sizes in CHO cells irradiated at increasing depths

along the proton beam.

Zeta Potential analysis, Uwis spectroscopy andainsmission electron microscopy was used
to characterize th&uNPs. The synthesized GAuNPs were stable 4P: -19.1mV) and
monodispersed (PDI: 0.242). The study established that intricacies AU synthesis
exist and can be attuned to control @aNP size and product quality. Different
temperatures and mettts of extract preparation resultedgronounced effects otne Car
AuNP size and dispersity level. Adjustment of these parameters yielded smallepédival
shifts from 590 nm to 525nm) unifoiynshaped AuNPs (TEM: ~11 nm). Characteriaatof
the 10 nm and 50 nm AuNRsbtained from Sigmashowed that thee AUNPs were stable (
32.8 mV and-35.1 mV) and monodispere(PDI: 0.225 and 0.102pver a 24-hour
incubationperiodatboth 25 °C and 37 °C.
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Spectrophotometrical studies and haematoxylin and eosin staining indicated that the
chemically synthesized AuNPs stimulated mitosis at lower concentrations (5 pg/ml/ 10
pg/ml) butexerted cytotoxic effects at high (50ug/ml) concentrations.

Results from the clonogenic assay revealed that 50 nm AuNPs in combination with a 6 Gy
dose of protons reduced surviving fractions of cells from 0.082 to 0.021 in the entrance
plateau and from .059 to 0.013 in the middle of the SOBPhe cytokinesis block
micronucleus (CBMN) assay indicated an increase in the number of micronucléi GyIN

the 10 nm AuNPsIn contrast, th€arAuNPs showed a decreasethenumber of MN. This
decrease imadiation damageould be as a result ofradioprotectiveeffectattributableto the

phytochemical constituents within the cardamom extract.

Cell cycle progressioshoweda G; peak (71 %) in the presence of the 10nm AuNPs in
comparison to control §33.94%)without radiation exposure6 Gyprotonradiationcaused

an accumulation of cell® G:M, possibly indicative of &>M block. The accumulation was
incremental and increased with increasing depth along the proton besuiting in the
largest GM peak observedn samples irradiated imé distal position of the SOBP.

This study verified that an interaction between AuNPs and proton radiation does exist and
that theobserved effectss dependent on the AuNP size and synthesis. Statistical analysis
revealed that thenteractionwas independent othe irradiation depth along a modulated
proton beamHowever, the fact that chromosont@mage and changes in cell cycle kinetics

were observedyarrants further investigation tdarify underlying mechanism
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PREFACE

Delivering a curative dose to the tumour while limiting the dose tmsunding healthy tissue

is one of the biggest challenges in radiotherdphe clinical application of poton radiation,
previously maligned as a therapeutic option that is too costlygdiasd renewed attention

This is due to the lower integral body dose aftpns compared to traditionaléy therapy
which stems from the ab#jitto confine the radiation dose to the malignant tissue and the lack
of an exit dose.The reduced dose to surrounding normal tissue makes proton therapy
particulaty interesing to paediatric cancer patients, as children have a higher risk to develop
secondary malignancies after radiation exposure.addition, he ncorporation of proton
therapy (PT)with nanobiotechnology presents an even greater opportunity to improve the
efficacy of radotherapy

Nanotechnologyan emerging and invasivscipling yields particles that fall in a size range
between 1100 nm. Since its inceptigthe field has produced nanoparticles tbah access

the minutest parts of biological systems joegly known to be inaccessible by other
particles due to the microscopic size of these systems. Thus, nanotechnology presents a
unique option to both target and treat carcinomas individually whilst preserving the integrity
of the surrounding healthy tissuand potentially reducing the side effects associated with

current cancer therapeutics.

Gold nanopatrticles (AuNPs$j)ave been extensively studied and like its bulk form, proven to
exhibit a plethora of characteristics that can be explditedmedicinal us. AuNPs are
selectivelyretained within malignant cells and have the potential to sensitize or improve the
sensitivity of cancerous cells to radiation therapy. The combination of gold nanoparticles and
proton radiation therefe presents an ideal mixtut@ enhancehe effects of radiotherapy on

radio-resistant carcinomas.



CHAPTER 1: INTRODUCTION

1. Literature Review

1.1  Nanotechnology

Nanotechnology is based on the manipulation of individual atoms and molecules to produce
materials that fall into a scale ranging betweenrl@0 nmknown as nanoparticles (NP)
(Adams & Barbante, 2013)NPsexhibit unique physical and chemical propertieat are
exploited in optical, electronic, chemical and mechanical field$eir versatility in
nanobiotechnology stems from the ability to tailor their size, shape and comp{Aitrao,

et al., 2010)

The small size and high surfat@evolume ratio of NPsallow these particlegasyaccess to
biological systems and moleculélecher, et al., 20119onsequentlygaining a foothold in

the medical fild (Miu & Sprando, 2010)A multitude of nanoparticlekave been created

with the main goal of enhancing the properties of a system previously stagnated by a lack of

advancement in technology.

Targeted
therapy

Gene
delivery

Drug
delivery

Detection
and
diagnosis

Molecular
imaging

Biomarker
mapping

Figure 1.1: Example of the host of biomedical applications offered by NPs. Excerpted from

etal., 2014

NPs can be deployddr the transport and delivery of a variety of biomedical entities for the
treatment, prevention and diagnosis of many diseases (FighréDatta & Jaitawat, 2006;
Sanna, et al., 2014; Pandey & Ahmad, 20The ability to défect diagnostic and therapeutic
changes on a nanoscale could provide significant changes in medic§Geareon, et al.,
2008)



More recently the breakthrough potential of cancer nanotechnoluag been exhibited by

various research papers employMBs to improve cancer thera(Bertrand, et al., 2014)

1.1.2 The need for novel therapies in cancer treatment

Despie the development of targeted chemotherapeutic drugs overgh@(gears, cancer

remains amog the deadliest of human diseaflgaton, et al., 2016)

At present, intrusive processes such as chemotherapy, radiation aeds $argemove the
tumour if possiblepotentiallyfollowed by morechemotherapy and radiatioform the most
successful cancer treatmenf¥ao, et al., 2016) However, anticancer agents do not
differentiate betweemmalignant and normal cells, leading to severe systemic toxicities
(Sinha, et al., 2009)Therefore the benefits of the treatments are often marred by the
negative side effects and a higércentage of tumour recurren@®ote, et al., 2012; Curren,

et al., 2011)

NPs hold the potential to address and remedy some of the most significant limitations of
chemotherapy, namely, its lack of specificity and narrow window of therapeffib@acy
(Steichen, et al., 2013AuNPs are one of the most widely studiedetallic NPs for their
potential application in cancer diagnostics and treatnfiltkin, et al., 2010) NPs are
particulaly relevant to tumours because tumours possess a leaky vasculature that is absent in
normal/healthy tissue. Upon intravenous administration, NPs tend to circulate for longer
times, if they are not small enough for renal excretion or large enough forerapeghment

and recognition by the reticuloendothelial sysigfm, et al., 2014; Kobayashi, et al., 2014)
AuUNPs (without surface modification), will thus preferentially leak into tumour tissue via the
leakyvasculature and are then retained in the tumour bed due to reduced lymphatic drainage.
This process is known as the enhanced retention and permeability effect(keBRYyashi,

et al., 2014) Auroshellis a gold nanoshell thatses passiveargeting to reach tumour cells

and is currently being applied in a clinical tri@nce inside, nearinfrared laser light is
applied which heats the particles and thermally destroys the tumour and surrounding blood
vessels without signifant damage to healthy tissg&rossman & Mc Neil, 2012)Thus

AuNPs present the potential for a variety of applications and have been incorporated into

various forms of therapy to improve its efficacy.



1.2  Gold Nanoparticles(AuNPs) development

Gold has been highly regarded as a medicinal compound for cer{tiereal, et al., 2009)

The first information on colloidal gold is recorded in treatises by Arabian, Chinese and Indian
scientists who tried to attain colloidal gold as early as the fdifttthcenturies(Daraee, et al.,
2014) The discovery of AuRs have been attributed to Michael Far@sapservation over

150 years ago, that colloidal gold solutions have properties that differ from its bulk
counterpart(Hayat, 1989; Mirkin, et al., 2010)Years later, gold waincorporated into
clinical trials initiated in 1925 to determine the efficacy of gold complexes in alleviating
rheumatoid arthritis(Aaseth, et al., 1998)Recently, AuNPs have become a cdntra

component of madal discovery

(@)

8 century BC 4™ century 17t century 19 century

Figure 1.2: Photographic evidence of the presence of AuNPs in human products for ceAjur
Egyptian gold plated archaeological ivaBy 4" century Roman Lycurgus cup which appears red u
illumination from the front and green upon illumination from the b@gkeapot (1680) obtained b
Johannes Kunkel using tbeMi@« hRalt plFar €dgbdss
samples. Irage generated by and excerpted fi®fimcenzo, et al., 2017)



1.2.1 AuNPs and their applicationin medicine

Radiation Enhancement

radiation
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4 ,\ Imaging

Biocompatibility
Figure 1.3: AuNPs are versatile and teable to various shapes arides, can be functionalizeate
generally safe and netoxic and in vitro and in vivo. They have the ability to enhance radiatic
serve as excellent contrast aggiiersey, et al., 2013)
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Characteristic surface plasmon resoce (SPR)exhibited by AuNPsresults from photon
confinement to a small particle size, enhancing all the radiative antad@tive properties
of the AuNPsoffering multiple modalitiesHuang & ElSayed, 2010)AuNPs also have
versatie surface chemistries whichermits them to be coated with a widenge of

moleculesallowing for diverseapplicatiors (Klebstov & Dykamn, 2010)

The unique optical properties of AUNPs, and the nearly 100 % conversion of absorbed light
to heat, is sufficient to induce cellular damage such as hyperthermia, coagulation and
evaporation(Svaarsand, et al., 1990; Dorsey,at, 2013) Additionally, the high atomic
number of gold kows elevatedabsorption and enhancement of ionizing radiation, such as

superior xray attenuation for imaging applicatiofi3orsey, et al., 2013)
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Figure 1.4: Schematic of therapeutic applications of AuNPs. Image excerpted(ifam et al.,
2016)

1.3 AuNP synthesis

Severalapproaches exigor thefabricationof AUNPSs;the crudest methgdeduction of gold
during which gold salts are reduced, was created by Turkevich in (TeBRkevich, et al.,
1951) and modified by Frenf~rens , 1972)During this procesghe rucleation of goldons
resultsin the formation of AuNPgArvizo, et al., 201Q) The techniqueis based on the
reaction that occurs for allbottomup AuNP syntlesis procedures in which an auric
compoundmetal salt(usudly tetrahydrochloroauric acigHAuCls 3H20)) is reducedby a
chemical (citratejeducing agerto yield the noroxidized state of gold (A{l]) thusforming
AuNPs Changingvarious parameters within thgynthesisprocess can yield AuNPs of

different sizes, shapes and stabi(ifyan, et al., 2016)

AuNPs can also be produced via the Brustiiffrin method. Devised in 199the authors
developed the methdd create AuNPs in organic liquids that are usually immiscible in water
(Brust, et al.,, 1994)Like the Turkevich method, the reaction involves the redoctd
chloroauric acid ions to form AURE In addition to the aforementioned methods, a multitude
of AuNP synthesisnethods exists that are exploitedoyately owned scientific companies

to create stable, monodisperse AuNPs available commercially for reseapcisesl



However, chemical mkbds for synthesizing metal NPs generally use expensive and toxic
reagentsas reducing and stabilizing agendsid it is likely thattrace amounts ofreagents
remain unreacted in solution posing danger to the environ{Béankar, et al., 2004)o this

effect, one of the most essential needs in nanotechnology is to develop environmentally
friendly anddreerd approaches toanoparticle synthesis amasresulted in the inception of
green chemistryThakkar, et al., 2010)

1.3.1 Green Chemistry and AuNPs

Green synthesis of NPs (GreBiPs) can be realized without toxic and aggresshamicals

(Li et al., 2009)as it requires a biological compound as a reducing reagent. Green synthesis is
cost effective and can be manipulated to give rise to a variety of shapes and sizes. Since
biological molecules are used for the synthesis, thetmreguAuNPs are capable of evading
immune detection, have improved stability as well as turemgeting characteristics
(Shukla, et al., 2005)The phytochemicals and bioactive substances such as flavonoids,
phenols, terpenesd alkaloids in various plants, act as reducing agents and environmentally

benign reservoirs for the production of NR&ine , et al., 2009)
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Figure 1.5: reactions involved in the green synthesis of gold nanoparticles and their appl
(Santhoskumar, et al., 2011)

Plantmediated NP synthesis has thus become a very promising area in nanotechnology

because the plaritself acts as both a reducing and capping a@@gure 1.4)it has been
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shownthat plants infemedicinal properties onto AuNPs during the synthesis procedures
(Santhoskumar, et al., 2011; Lal & Nayak, 2012; Gageet al., 2013)

Abel-Raoufet al, successfully produced stable Gre&amNPsfrom Galaxuaraelongate(G.
elongatd, an algal extract or powdeG. elongata known to exhibit bactericidal activity,
only proved effective againMethicillin Resistant Staphylococcus AuréMERSA), whereas
its AuUNP product inhibited the growth dEscherichia coli(E.coli), Klebsiellapneumoniae
and MRSA respectivelfAbdelRaouf, et al., 2017)

GreenrAuNPs have also been successfully synthesized from spites.phytochemicals
present in spices inhibit carcinogenesis through their bioactive components which block the
activity of cytochrome P450, cyclooxegendse(COX-2) and downregulate signal
transducergBhagat & Charturvedi, 2016) Cinnamonphytochemical reservoirs have been
used to coat AuNPs. ThegaINPs showed no cytotoxicity, but displayed high uptake in
cancerous cells vitro andin vivo and facilitated detectable photoacoustic signals revealing
the potential applicationf the phytochemicalcoated AuNPs as an excellent photoacoustic
contrast agenfiChanda, et al., 2011)

1.3.2 Cardamom

Cardamom isa commonly used spicen Indian and Asian cuisine$Mueller, et al.,
2010)Two majorformsofar damom gener al | 'y exi s tHattaridh Gr e en
cadamomum (Figure 1.6and @ABl ack or Bmaonum subulatam ldhasno m (
also been applied a& naturopathic agent against digestive disorders, the common cold,
pulmonary tuberculosis as well as gum and throat infec{®harma, et al., 2011Jhe large
application of cardamom homoeopathicalas led to researchers investigating itheitro

andin vivo effects of cardamoran various disease pathologies.

The in vitro efficacy of cardamom was studied Bsearchers thancapsulated cardamom
essential oil into chitosan NPs. As an antimicrobial agent, the cardamom loaded NPs
exhibited excellentpotential against extenddad | a ct a ma sE.colipanddViRBAc i n g
Cytotoxicity analysis indicated nemaemolytic and nowytotoxic behaviouron human
corneal epithelial cells anduman Hepatocellular CarcinonfelepG2 cell lines (Jamil, et

al., 2016) It hasalsobeen shown that cardamom ingestedalietary phytoproduct, displays
strong activity against 7,12Dimethylbenz[alanthracene (DMBA)-induced  skin

papillomatogenesis in Swiss Albino micéhe DMBA treated mice experienced blocked



Nuclear Factor Kappa Beta (NFB) activation and down regulated cyaaygenase?
(COX-2) expression resulting in reduction in both the size and number of skin papillomas
(Das, et al., 2012 In addition, cardamom is a powerful amtflammatory and has been
shown todownregulate cytokines such &0DX-2, Interleukin6 (IL-6), Tumou Necrosis
Factor-alpha TNF-U) and inhibited inducible nitric oxide synthase (iNOS) mediated Nitric
Oxide (NO) generatior(Kandikattua, et al., 2017)

Figure 1.6: El attaria cardamomum commonl ymok nroeapn
photographicallylmage retrieved frormyurveda.alandiashram.com

Researchby Rajanet al revealedthat cardamomsynthesized AuNP§CarAuNPs) exhibit
antibacterial activity against a broad spectrum of bacterial pathogens and that this activity
was enhanced againgE.coli, Staphylococcus aureugS.aureuy and Pseudomonas
aeruginosa The CarAuNPs also showedytotoxicity towards Hela cancer cell lin@Rajan,

et al., 2017)

Cardamom extractvas alsosuccessfullyused to synthesizsilver nanoparticlegAgNPs).

The authors showed that GAgNPs successfully inhibited the growtbf S. aureus and
E.coli. CarAgNPs displayed potential as a cytotoxic agent against breast cancer, whilst both
types of NPswvere effective radical scavengéfoshnikova, et al., 2017A study by Singh

and Srivastava thatised black cardamorpyroved that changes salt concentration ratio as

well pH influencedthe characteristics oAuNPs.HAuCls quantity clearly affected AuNP size
whereas the pH adjustments affected AUNP morphology. Additigrib#ystudy established
1.8-cineole as the bioactive compound respdasfbr driving the synthesis ofu®* to Al°

(Singh & Srivastava, 2015)

The volatile oilof cardamomis made up ofi large number omonoterpene$97.5%). The
monoterpene makep as charaetized by Ali and Husainconsists ofseven monoterpene

hydrocarbons (9%), three monoterpene esters (1.3%), and seven monoterpene alcohols
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(86.7%), of which the premninant monoterpenesil.8 cineole ( 85.2%) folowe d- by U
terpinene (2.2%). During h e research g rl onvest@ation, pithwas o ¢ h e m
discoveredthat many components of cardamom are highly bioactive and thus required

investigations into the chemical and biological conipms (Ali & Husain, 2014)

1.4  Radiation Therapy

Over50 % of patiats with malignant tumours receivadiation therapy (RTas part of their

initial therapy, either alone or in combination with surgery and chemothesdyish makes it

an essential tool for curing candéoeffler & Durante, 2013)RT is basedn the deposition

of energy along hte path of incident radiation. In the initial (physicafdiation stage
photons/ions interaatith the cell resulting in either direct damage to toxyribonucleic

acid ONA) or indirect damage through the generation of secondary low energy electrons, or
radicals that can act as intermediaries dawhage the DNAHaume, et al., 2016)

Figure 1.7 lllustration of mechanisms of radiation damage. Photon radiation (redlikavime and
straight line) may directly damage the DNA (yellow stars) or indirectly damage DNA as w
other cellular components (mitochondrjelaume et al., 2016)

Radiation induced DNA strand breaks are integral role players to the fate adlltheading

to cell deathor mutagenesis depending on the damage quality and the cell repair ability
(Frances, et al., 2010; Taggart, et al., 20R&diation can induce a variety of lesions in the
DNA: single strand breaks (SSBjoublestrand brea&(DSB) formed by two SSB separated

by less than ten base pairs distance limit and clustered strand tutesdes more than two
impairmentsare located within the mentioned distance limit respectively, on odevem
strandgCSB and CSSB respectivelffrancis, et al., 2011)
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X- or gammarays (photors) aresparsely ionizingand known agow linear energy transfer
(LET) radiation. Most of the DNA damage caused by low LEaHiation is repairabl@orcel,

et al., 2010) LET measures the density of ionization events per unit length along radiation
tracks. Densely ionizinghigh LET) radiation deposits enough energyiriactivate a cell in

one simgle track, whereas sparsely ionizingdiation (low LET) requireseveral tracks, each
depositing a small amount of energy insufficient to kill a cell, to achieve the same effect
(Scalliete & Gueulette, 2017An adequate dos# ionizing radiationcan kill atumour cel

but the concerns of the amount of damage to hedidisye residingn the environment
surrounding the tumour, limit how much radiation a patient can receive (Porcel, et al., 2014).

Low LET High LET

Figure 1.8 Schematic representation of the difference in radiation tracks. FetEdwadiation, the
inactivation of a radiosensitive targequires the conjunction of several tracks, whereas forlHijh
radiation the impact of a single track is always fé&aalliete & Gueulette, 2017)

Cancer tissues can have, or develop, a resistance to photon radiationadddion, due to

the physical position of the lesion, it can be difficult to effectively irradiate the tumour
completely, leading to its regenerati@Qwatra, et al., 2013)Developments in RT such as
particle therapyproton and carbon ion therapy) are aimed at reducing the amount of normal
tissue that is carradiated. However, particle therapy is more expensive than conventional
therapy and therefore limited to the localized tumours in proximity to critical organs or

tumours resistant to conventional treatments.
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1.41 Proton Therapy (PT)

Protons(Hydrogen ions)re positively charged subatomic pelds. They possess anique
depthdose interaction with matter providing dosimetadvantages over -xay therapy
(Mohan, et al., 2013)JThe clinical rationale for PT is motivated primarily by their inverted
depthdose profile compared to photongvhile the deptkdose curve of photons is
characterized by a decrease in energy deposition with increasing depth after a shag,build
protons deposit eelatively low dose in the entrance channel (plateau) followed by a steep
increase and sharp doselfaif towards the end of their range in thecsdled Bragg peak,
beyond which no radtion dose is deposited (Fig L.9his allows the positioning of the
region of maximal energy within the treatment target, while damage to surrounding healthy
tissue orgns and tissues is limit€&oote, et al., 2012; Newhauser & Zhang, 2015; Girdhani,
et al., 2013; Kim, et al., 2010)

In theory, t also allows higher doses to be administepedentially reducing the recurrence

rate without increasing the complication rate and leading to better organ function and quality
of life (Foote, et al., 2012)'heeffective targetingf PT, combined with the reduced dose in
healthy tissuéFigure 19 b), is particularly important in the treatment of paediatric cancers in
light of the fact that the risk of developing late morbidity or secondary cancers is so much

greater in young patien{Mohan, et al.2013)

Theoretically, the Bragg Peak allows the beam to be pointed directly to a critical structure,
increasing he flexibility of PT treatment planning compared to normal photon therapy
(Paganetti, 2012)Additionally, the Bragg Peak can In@odulated to cover the entiremour
volume. Herein, severgbroton beams of different energies are combined to achieve the
required deptidose distribtion necessary to covehe targetvolume This produces a flat
region almg the Bragg Peak known as the Spreaat Bragg Peak (SOBP) idgure 1.9
(Britten, et al., 2013; Tommasino & Durante, 2Q19he rapid distal drop in dose at the end

of the SOBPRis ideal in the treatment of tumours ltexdin close proximity to organs at risk,

further compounding the benefitsBT (Marshall, et al., 2016)
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Figure 1.9 a) Energy deposition vs depth. The total energy delivered is proportional to the
under the red #Aprotonso curve, The SOBP
superposition of many different mommergetic proton beams indicated by the blune.lA
megavoltage photon beam deplibsage profile indicated by the green line shows that at t:
- dose depths (20@5cm) the energy is the same as the SOBP. Near the entry point however, [
deposit substantially more energy outside the target €pttthani, et al., 2013)Jmage excerpted
from (Mohan, et al., 2013)) Colour shaded CT scan depicting the difference in irradiation (

deposition with proton compared to photon irradiation.

1.4.2 Relative Biological Effectivenes¢RBE) and Proton Therapy

Comparison between the biological effects of different types of radiation are usually
expressed as Relative Biological Effectiveness (RBE). RBE is the ratio of the dose of photon
radiation to the dose of a reference radiation that produces the same chiokeffgct.
However,the RBE can also be measureithin the Bragg Peak region compared to the
incident plateau region of an ion energy loss distributnotons are kawn to show a
slightly increasedRBE when compared to photon radiatiand anRBE of 1.1 is currently
accounted fom clinical practicecompared to 1 for photor{&rin, et al., 2017However, in

the last part of the SOBP, the average proton energy decreases, régadipng to an
increased linear energyatisfer (LET)Paganettet al, (2002)states that thparticle type and
theunderlying dose averaged linear energy transfer {,E€EIll type biological endpoinand

dose level are the maiariablesto considerin RBE. Values as high as 1.6 in thistal
region of the plateau of the SOBP and as high as 2.9 in the distalffa#ing reportedy
severalauthos, question the validity of a general RBE of 1.1 for protons in clinical practice
(Britten, et al., 2013)
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Generally, RBE is considered to increaggh increasing LET, whereas it decreases with
increasing dosé@Villagrasa, et al., 2014Although protons are generally viewed as low LET,
the radiation quality of such protdreams have a high LET component towards the end of
their range which could result in an increased complexity of DNA damage, with a possible
corresponding decrease in repair efficiency and rise in the number of biologically important
unrepaired breakdarshall, et al., 2016)

1.5 The use of gold nanoparticless agents for radiosensitization

The main goal of RTis the delivery of a lethal dose of radiation to a tumuadnlst
simultaneously sparing surrounding healtliggsue. Great effort has recently been
concentrated on the attainment of this goal and has resulted in two distinct categories, the
first, conforming the delivered dose to the tumour volume and second, enhancing the
sensitivity of the tumour to therapeutradiation (Polf, et al., 2011) Radiosensitizing
adjuvants that enhance the dose specifically absorbed by tumour tissue can result in enhanced
tumour killing for any given total radiation dose compared to radiation therame alo
(Dorsey, et al., 2013Recently, acombination of radiotherapy driNPshavebeen proposed

as a new alternative to improve current treatment protdPoisel, et al., 2010)

In a reviewby Retif et al a clear trend amongstdo-enhancement basetudies isdefined

High atomic number (Z79) nanoparticlesin the context of radiosensitizatiohave been

found tointensify the production of secondary electrons and reactive oxgmeries (ROS)

that in turn enhaneeradiation therapy effectRetif, et al., 2015)It is thought that the

overall treatment dose could be redudagjncreasing the local dose to the tumthumough

the use oNPsand as a consequence, decreasing side effgtees, et al., 20L4AuNPsin

particular, signify a biologically compatible and safe class of materials that has attracted
considerable attention in cancer therapy and imag@igng, et al., 2008)and has been
successfully implemented in studies striving

agent.

Zhang et al, (2008) useHiol-glucoseor sodium citrate capped AuNPs were used to explore
the difference in uptake of AuNPs and the subsequent interaction of AUNPs with radiation
prostate carcinoma cell¥he research team was able to successfully exhibit cell selectivity
for AUNPs capped witlthiol-glucose showing a thrdeld increase iruptake of these when

compared to their counterpart. Furthermore, using @#ayX¥nachine at 220 kV@ 2Gy dose
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was delivered to the cells andla.97%inhibition of cell growthwas seen in cells exposed to
both X-rays and AuNPsThese findings, though valid, also exhibit the progression of the
knowledgesurroundingAuNP based radioenhancement studies since. Zeaaf remarked
that AUNPs less than 50 nm traverse the cell membrane more efficiently thanAaigEs

and that those below 20 nm effectively gain entry to the cell nucleus. Howleeerontrary
has since been proven by Chitrabial 2010.

An in vitro study by Chitrani andcollaboratorsin 2010, investigatedradiosensitization by
AuNPsas a function oAUNP size using low energy Xays. The research groupxposed
HelLa cells tcAuNPsof varying sizeg14 nm, 74 nm and 50 nmpdshowed thathe greatest
level of cellular uptake and radiosdization wasexhikited by the 50 nnAuNPs (Chitrani,
et al., 2010)

1.51 The underlying mechanism of radiosensitization

The Gmpton and Photoelectric effeate the main physical mechanisms underlying the
interaction betweekeV X-ray beams andnetallic NPs. An incident photon is either partially

or fully absorbed by the nanoparticle resulting in the ejection of an electron from the NP
surface(Mc Mahon, et al., 2016)onizing radiation has enough kinetic energy to detach at
least one electron from an atom, NP or molecule, creating ions. Charged particles such as
electrons, protons, heavy ions, alpha and beta particles are directly ionizangs®ehey can
interact directly with atomic elewins through Gulomb forces andransfer a major part of

their kinetic energy directly.

In contrast, photons (X a y s -ragsy andoneutrons are not charged and therefore more
penetrating. They anadiredly ionizing, andhave sufficient kinetic energy to free an orbital

el ectron producing a 6fastd recoil or Compto
photoelectric absorptions lead to dramatic increases in absorbedBidssworth, et al.,

2013) Auger electrons or fluorescephotons are produced by energy released from electrons

that drop from higher orbits when replacing ejected electrons. Auger elebreasa much

shorter range of coverage but can generate a much higher ionization density at a localized
area.Consequenyl, Auger electrons deposit their energy within the vicinity of the AuNP,

which leads to high inhomogenous dose distributions on thesoale. Thus it can be
anticipatedthat the combination of radiation with the AuNPs would lead to an enhancement

in radicsensitizatior(Saberi, et al., 2017)
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Figure 1.1Q0 Schematic depicting electron ejections upaeraX interaction with higtz
materials(Saberi, et al., 2017)

1.52 Proton radiation and gold nanoparticles

Though AuNPs have been successfully implemented in studies as potentis¢nsitizers,

most of the current studies dimited to relatively lowenergykilovoltage Xrays.Only a

few reports have been carried out withatiwely high erergy particlegshathavebeen used to
irradiate cells or tumours containing nanoparticles showing radiosentization sniterse

found in X-rays(Kim, et al., 2010; Jeynes, et al., 201Mlpst of the studies show or predict a
less pronounced dose enhancement effect with clinical protons compared enérgy X

rays (Jeynes, et al., 20L4However, kV Xrays have a limited use clinically due to their
shallow genetration depth in the patient. From that perspective, protons are a promising
candidate for radiosensitization with AuNPs, since the eseston of highZ materials to
protons is large at clinically relevant energies (>60 MeV). Furthermore, the stigitse

enhancement effect could already impact therapeutic efficacy.

Theoretical work byerkhousev et al showedthat metal NPs (MNPs)ith ion therapy
significantly increased the secondary electron yield when compared to that of pure water, due
to the ecitation of plasmons in the nanopartidiéore specifically, noble metal nanopatrticles
were shown to be superidao other (e.g gandoliniumNPs (Verkhovtsev, et al., 2015a;
Verkhovtsev, et al., 2015b)

A lack of experimental studies investigating proton and AuNP interaatiaellshas caus#
very little validation of previougheoretical simulation findings. However, Kim and co
authors have explored the interaction of various metal nanoparticles and prottionaahd

their biological effect. Their research has mainly been cerdregarticléinduced Xray
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emission (PIXE) or partickehnduced gamma ray emission (PIGE) in which it is described that
MNPs are activated by high energy particles such as @atod pon activation, release-X

rays or gammaays(Kim, et al., 2010)

In 2009, Kimet aldemonstrated that the tumour cytotoxicity of a 45 MeV proton beam was
enhanced up to 288% by PIXE effects in a prototiosedependent manner when coupled
with administered superparamagnetic NPgrthermore, the research group investigated the
PIXE effects caused by the interaction between a 2.4 MeV beam and AuNPs, ligand coated
AUNPs (L@AUNPSs) or Iron NPs (FeNPa)d thebearing this hasn tumour cytotoxicity.

Both thein vivoandin vitro studyshowedincreasd PIXE effectsas NP concentrations were
increasedn vitro. Furthermorewhen coupled witha 45 MeV SOBP proton beamhigher
concentration®f NP treatmentisplayed decreased cell survival fractions. Using a tumour
regression assayhe obtainedin vivo resultsdemonstrated significant dose enhancement
thought to be due to PIXE effects when compared to conventional proton therapy without
NPs(Kim, et al., 2010)

According to Otanigt al, the outcome of irradiation is affected by the cell cyg@leusthe
biological changes in cell cycle progression in response to insult also requires investigation in

order to illuminate effects seen in response to treat(@ani, et al., 2016)
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1.6  Overview of the Cell cycleand DNA damage repair processes

The cell cycle comprises four phases in which GO is seen as a resting period just pgor to th
first phase, Gap phade (G1). The internal cell cycle signalling system takes over from
growth factor (GF) signalling and contsolhe eventsf the Sphase, Gap phase 2 {Gnd
mitosis (Mphase)Barnum & O'Connell, 2014)Cell cycle progression is subject to control

mechanisms.

Key regulators of the cell cycle are protitalled cyclins thabind to cyclin dependent

kinases before the kinases can become enzymatically géfiakimbres & Barbacid, 2009)

Preparation
G 2 | for DNA G 1
Growth 7 Synthesis
7terpnae
DNA
Replication
£

S

Figure 1.11: Diagram depicting the phases of the cell cycle. Image obtained (Bimscience:
2014

D-type cyclins (D1, D2, and D3) are key regulators opégression and formation of active
complexes between-fype cyclins and CDK4/CDKG®6 is subject to regulation by extracellular
signals. Cyclin E, in association with CDK2, is required for thé&SGransition and cyclin A

in a complex with CDK2, is essentifar progression through S phase. Lastly, both cyclin A
and the Btype cyclins associate with CDK1 to promote entry into mitosis. The mechanisms
of CDK regulation consist of positive regulation by cyclin abundance, phosphorylation by
CAK (cyclinH/CDK7) and dephosphorylation by phosphaes (members of the G
family) as well as negative regulation by inhibitory tyrosine phosphorylation through Weel

and Mik1(Barnum & O'Connell, 2014ther controls, termed checkpoint controls, originate
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from within the cell and arise from the need to coordinate different cell cycle events, and to
halt cell cycle progression in response to irregularities such as DNA damage or faulty spindle
assemblyGuo & Hay, 1999)

1.61 Gapphasel

The G phase ensures that the cell is ready to enter-pleaSe based on nutrient and growth
factor availability(Budirahardja & Goénczy, 2009entral to its functionality is the activation

and inactivation of nuclear phosphoprotein Retinoblastoma (RB). Phosphorylation of RB by
CDK 4/6 and cyclin D complex results in the release of the E2F transcription @&iciayan,

etal., 1998)inducingthe transcription of genes necessary for tiS@ansition and SPhase
(Deckbar et al., 2011; Dubrovnik & Scott., 2000).

1.6.2 The Sphase

The replication of DNAbegins with the ordered assembly of a multiprotein compleeaall
the prereplicative complex (pHRC). Assembled prior to th8-phase at origins on DNA,
preRCs initiate replication by promoting origin unwinding and facilitating recruitment of
DNA polymerase(Takeda & Dutta, 2005) The brmation of preRCs occurs when a
multiprotein complex known as the origin recognition complex (ORC), binds the origins on
DNA and serve as landing pads for sevadtitional regulatory proteinfO'Connor &
Adams, 201Q0)There ae 6 ORCs which arcated among six chromosomes. ORC recruits
the initiation factors (regulatory proteins) Cdc6 and Cdtl to origins, which are both in turn
responsible for loading the minichromosome maintenance (MGne@mplex. Replication is
initiated upon Mcm loading. P+#RC formation occurs during both early G1 and late M
phases licensing the DNA for replication during thphfasg Takeda & Dutta, 2005)
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1.63 The G:M phase

The second gap phaseaisother growth phase in which cells prepare to enter mitosis. d/itoti
entrance is dependent on thelmB/CDK1 complex, activated by phosphorylation by CAK

on threonine 161. Hyperphosphorylation of CDK1 on tyrosine 15 and threonine 14 through
Weel and Myt kinases results in a temporary block during which the replicated DNA is
checked. Central to this phase of the cell cycle is the (cell cycle division 25) Cdc25
phosphatase family. The inhibitory kinases are removed by Cdc25B and Cdc25C, activating
the cydinB/CDK1 complex(Cappelletti, et al., 2000Cdc25A generally plays a role in cell
cycle transition particularly at theuS transition and the exit of mitogiBonzelli & Draetta,

2003) When cyclh B-CDK1 is activated it phosphorylates substrates required for
chromosome condensation, nuclear envelope breakdown and formation of the mitotic spindle.
On completion of mitosis, cyclin B is degraded via the ubiqytomteasome pathway,
leading to the disociation and inactivation of the complex and mitotic exit.

1.6.4. Restriction Points

Restriction points are seen as critical regulatory mechanisms allowing a cednitomits
environment and size. This makes them integrator and fundamental decision maker
controlling the switch between alternative cellular fates such as cell division, temporal cell
cycle arrest, quiescence and differentiaiiBartek, et al., 1996)According to the cell cycle
stages, DNA damage checkpoints are classified into at least 3 checkpointsi/Sh@Ep
checkpoint, the intr& phase checkpoint, and the/l@ checkpoint (Murray, 1994). There are
more checkpointsuch as thepindle checkpoinand morphogenesis checkpoint. The spindle
checkpoint arrests the cell cycle at the M phase until all chromosomes are aligtiesl on
spindle (Murray, 1994). This checkpoint is very important for equal distribution of
chromosmes. The morphogenesis checkpoint detects abnormality in the cytoskeleton and

arrests the cell cycle at transition(Blagosklonny & Pardee, 2002)

1.6.4.1. The G4/S checkpoint

The GJ/S arrest due to DNA damage causes a delay in cell cycle progression to facilitate

DNA repair, thus preventing mutations. Entrance intph&se is regulated by either a p53
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dependenbr p53 independent pathwaClémenson &MarsolierKergoat, 2009) The p53
independent pathway is known as Cdc25A pathway. These pathways share the same key
upstream regulatorgitaxiatelangiectasia mutated/ATM and Rad3ated ATM/ATR) and
checkpoint kinases 1 and 2 (Chk1/Chk2) and ta@gt25A, a dual specificity phosphatase

and p53 simultaneously within minutes after DNA dama§EM is mainly activated in
response t®SBs, whilst ATR is primarily activated following replicative errors that result in
singlestranded DNAClémenson & MarsolieKergoat, 2009)

Chk2 phosphorylates the Cdc25A phosphatase in several serine residues, which stimulates
ubiquitination and proteasome mediated degradation of Cdc25A leading to cell cycle arrest
(Zhou & Elledge, 2000)Degradation of Cdc25A inhibits CDK2 activity thus preventing
recruitment of DNA pol ymer as®tradker,@matl, 2009) i t i a't
ATM is also responsible for thactivation of tumour suppressor protepb3 (G/S arrest
maintenance)The activation of p21 by p53 regulates the transition betwaeean@® Sphase

by interacting with CDK2, repressing the kinase activity of cycl@DK4, cyclinECDK2,

and cyclinACDK2. The inhibition of both the cyclht€DK complexes leads to the
dephosphorylation of RB which therefore cause the inhibition of the E2F dependent
transcription of S phase genasd more importantlyDNA damage repai(Zhou & Elledge,

2000).

1.6.4.2. G2M checkpoint

The biochemical pathways involved in the DNA damage inducedci&ckpoints are
signaling cascades that unite to inhibit the activation of CDKhis checkpoint is very
similar to the G/S checkpoint. DNA doublstrand breaks activate the AT®hk2-Cdc25
pathway and DNA lesions such as UV light activate the AMR1-Cdc25 pathway. Down
regulation of Cdc25A, Chkl, Chk2 and Weel regulates CDK1 pctawid consequently G
arrest together with p53/p21, which is distinct from théMscheckpoint activities After
ATM dependent activation, Chkl and Chk2 furthermore phosphorylate Cdc25C on Serine
216 creating a binding site for -B43 proteins. Binding ol4-3-3 proteins to Cdc25C, results

in the nuclear export of Cdc25C to the cytoplasm thus inhibiting CDK1 ac{Baytek, et

al., 1996) p53 is also activated to exert an inhibitory effect on CDK1 via p21 resulting in
G2M arrest(Graves, et al., 2001; Blagosklonny & Pardee, 2002)
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1.6.4.3. The Mitotic Spindle Checkpoint

In both mitosis and meiosis, the spindle checkpoint blocks progression from metaphase to
anaphase when more time risquired to allow chromosomes to achieve proper bipolar
spindle attachment. Spindle microtubule disruption or a compromise in their connection to
the kinetochores of chromosomes ciatay the onset of anaphase when chromosomes fail to
align completely athte metaphase plat€he primary target of the spindle checkpoint is the
anaphase@romoting complex or cyclosome (APC/Qgorbsky, 2014) An E3 ubiquitin
ligase, APC/C catalyses ubiquitination on several target protéims enabling their
recognition and degradation by the proteasome. During cell division its most important
activator protein is cell divisiorcycle (Cdc20), dually playinga key role within the
checkpoint(Pesin & OrrWeaver, 2008)Seven spindle assembly checkpoint genes (Mad1,
Mad2, Mad3, Bubl, Bub2, Bub3 and Mps 1) are known to function at kinetochores to inhibit
anaphase onset, or to mediate mitotic exit in the presence of spindle abnorfaiiteada,

et al., 2005) These act as APC/C inhibitors and form complexes in which the main endpoint
is Cdc20 inhibition and APC/C inactivation as a consequence of this inhjliaoising a

block at metaphaséSudakin, et al., 2001)When most kinetochores are attached and
chromosomes are aligned on the metaphase plate, Mad2 inhibition eCAEZD activity is
ended.The active complex then ubiquitinates securin and allows the activation of separase,
which cleaves cohesion. Loss afhesion triggers chromosome segregation and the onset of

anaphase.

The destruction of securin allows the chromatids to separate, while proteolysis of cyclin B
allows the cell to exit the mitotic state. The ubiquitin proteolysis of cyclin B is associated
with the inactivation of CDK1, initiation of telophase, chromosome decondensaticlear

envelope reformation, and cytokinesis

1.7  The Cell cycle and radiation

Rapidly dividing cells such as cancer cellare more susceptible to radiatidrhe inherent
cellular kinetics can result in different proportions of ctlde in different stages of the cell
cycle at the time of radiationThis can influence the response to radiation treatmant.

response to radiation, ATMctivation plays and mportant role. It controls the initial
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phosphorylation of several key proteins such as p53, Mdm2, BRCA1, Chk2 and Nbsl in
response to DNA damadg&hou & Elledge, 2000)These activated proteins all exist as role
players in genome integrity preservation and are paramount to the cells fate in the face of
DNA damage. DSBs, one of the main causes of ionizing IR damagpased by BRCAL

DNA repair takes place bynorthonmologous end joining (NHEJ) or homologous
recombination (HR)YSancar, et al., 2004HR may play a more prominent role during the

late S and @ stages whereas early S and G1 DNA repair mechanisms are thought to be
dictated by NHEJ(Pawlik & Keyomarsi, 2004)

NHEJ can occur throughout the cell cycle, predominantly in GO anda@l simply ligates

the broken DNAHR effects its repair mechanism by replicating an irttachologous DNA
duplex, its requirement of an intact sister chromatid causes most of its operational activity to
be within the S/Gphase and is the most accurate form of DNA repair. NidEJbit nore
complex andlargely error prone. This is caused by limited processing of the DNA ends
resultirg in quick but oftertimes indelicatgepair. Ironically, NHEJ largely exerts its effects
with the aid of proteins that function as caretakers of the maam@gnome. NHEdequires

the DNA endbinding Ku complex (responsible for initial break recognition), a protein kinase
which signals the break in DNA and activates repair proteins at the break, potential DNA end
processing enzymes (for example Artemis) aridiase complex which rkgates the DNA
(XRCC4Ligase VI complex)Burma, et al., 2006; Sonoda, et al., 2006)

Throughout the cell cycle a variation riadicsensitiviy can be observed. The latgpBase is

the most radioresistantG;M is most radiosensitive whilst :Gakes a more intermediate
position. The greatest level of resistance shown by tpbaSe may be due to a greater
proportion of repairby HR than by NHEJ. Whereabe op@& structure of DNA might
cortribute tothe radioresistance in1GThe high radiosensitivity seen in:l® is possibly

caused by the poor repair competence (reduced enzyme access) and chromatin compaction
(Bohm, et al., 2010)This is also further explaindaly cells switching off DNA repair during

mitosis leading to telomere fusion inhibiti¢@tani, et al., 2016)
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Figure 1.12:Interactions between the DNA damage response pat
and DNA repair networkéSancar, et al., 2004)

1.8. The cell cycle and gold nanoparticles

The amount of studies exploring the effect of a particular &gability to act in conjunction
with radiation ad affect the cell cycle has increased grealyNPs are no exceptian this
regard. A study byRoa, et al, employing glucoseapped AuNPs (GHAUNPs) wih
megavoltage Xays in prostateancer revealed a 24% enhancement in radiation sensitivity
due to AuNPs. An increase in cells stalled in G2/M and to a lesser extephas8 could be
seen when compareid controls(Roa, et al.,, 2009)Another study byGeng et al also
showed an increase in radiosensitivity in ovarian carcinoma cells caused {#\uiiRs.
Similarly, asignificant increase in the cell fractions in/M was seerwith an increase from
18.4% in GIWAUNP treated cells in £M to 40.5% of cells in dis treated with GILAUNPS

and Xray irradiation(Geng, et al., 2011)
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EXPERIMENTAL AIMS

AuNPs have been ideiiied aseffective radiosensitars following bombardment with low
energy (e.g. 200 500 keV)X-rays leading tathe release of Auger electrons that can induce

localised ionising damage to cells.

Since limited studies are currently available on the dose enhanteffiect of AUNPS in
clinical proton therapy, this project focused on the respons€haiese Hamster Ovary
(CHO-K1) cells treated with AuNPs followed by exposure to 200 MeV protahdNRF
iThemba LABS, Faure. Two types AlINPs synthesized using cardamagreen synthesis)

and commercially obtained AuNPs (5, 10 and 50 nm) were used in this study and uptake and

cytotoxicity was evaluated for CH®&1 cells.

The aim of thisstudy was to investigate and compare the interaction beteliegral proton

treatmet and AuNPs by:

a) Performirg time-and dose dependent exposstedies in order to determine the
effect of the synthesized asdmmercial AUNPs on cell survival.

b) Studying morphological changes induced by the different AuNPs with
haemotoxylin and eosin stang

c) Determining theinteraction between AuNPs and protaofsclinical energy at
various positions in the SOBBy using themicronucleus assay and clonogenic
cell survival assay

d) Investigating the effects duNPs on their own and in combiiat with proton

radiationon cell cycle progression
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Chapter 22 MATERIALS AND METHODS

2.1 AuNPs

2.11 AuNP synthesis (Green Chemistry)

Gold nangarticles were fabricated by means afbottom up method usinglattaria
Cardamomumextract as a reducing arstabilizing agent of Tetrahydrochloroauric acid
(HAuCls 3H20) as described b§gingh & Srivastava, 2015parameters such atperature,
HAuCls 3H-0O quantityand seed processing as part of extract preparation were varied in order
to observe its effect on AuNP synthesie solvent volume was kept consistent at 100 ml
dH.O and the general format of AUNP synthesis involving solvent, reducing agent and gold
sals (HAuCl, 3H20) was followed.

2.1.2 Spice preparation and processing

Cardamom seeds sourckgtally were remwed from the pods. 0.5 g whole seents0.5 g
crushed seeds weused in the synthesis. This specific weight was usededisninary results
in our laboratory proved itot yield AUNPs with the narrowesize distibution.100 ml of
dH20 and the seed pods were added to a glass beaKlethe synthesis procedure followed

according to the parameter to be varied.

2.1.3 Temperature dependent synthesis

2.1.3.1Temperatures between 585° C

The ®lvent conaining the prepared seed pods w&sed upon a heat stir plate and allowed

to heat up to 5%, 65C, 75C and 88C respectively After 5 minutesexposure to a specific
temperaturea magnetic stirring bar was added to the heated solution at medium speed and
allowed to spin for durther 45 minutes. 300 pl of HAuGlwas then added to the solution
resulting in an instant observable colour change from golden yellow to wine red or deep
purple indicating the reduction reaction of HAW8H,O to Au?* and thus AuNP production.

For all NP solutions, wine red coloured solutions were considered relatively stable and

monodisperse whereas grey and purple solutions were considered to contain a high level of
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aggregation as described fyuang & ElSayed, 2010)AuNPs employed in stability over
time studies were stored afCt however, for all other experiments QsuNPs were

synthesized when required.

2.1.32 Synthesis at room temperature (RT)

Heatless synthesis required the NP solution to be made up as statedhv@th the immediate
addition of 300 ul of HAUGI. The solutionwas then left at RTstandard temperatu(g5°C)

and pressurepvernight and the resultant colour change from clear or amber to varying
shades of purple or greyas considered aimmdicator of successful NP production within
solutionat RT. Thereafter the nanoparticles were filteresing Munktell filter paper(Lasec)

to remove any debris and bulk toxins produced aprbgucts of the synthesis procedure.
This filtration method was followed for all G&uUNP synthesis procedures.

2.1.4 Commercial gold nanopatrticles (AUNPS).

Citrate stabilized AuNPs (5 nm, 10 nm a&@d nm) were purchased from Sigma Aldrich
(Johannesburg, South Africa). AUNPs were stored°@ttd ensure stability over time and
filtered through 0.2um filterYWhattman, Lasec)ust prior to treatrant ensuring AuNP

sterility prior to treatment exposure.

2.1.5 AuNP treatment

The following mathematical scheme wased to determine the volumeadfmmercial AUNP

solutionthat was needed toeat the cells with the required concentration of AUNPSs.

The adius was used as a starting point to determine diamuetesubsequently derive

particle per ml (parts/ml) that is later converted to a given concentration.

r_101]6
2

= 5 x 10’ (radius of particle in cm)

The radius of each AUNP was adjusted based osizhspecifications of the manufacturer.

Next, the volume of one particle in &ris calculated wheré = 3.142
V= 4 x” xr3
3

27



= g x" x (5x10%)3
5.23x10% cm?®

The previously calculated volume is then used to determine the mass of the particles where
" is the density of Auig/mI(” p &CH 1;

M - Vxn

=1.012 x 167

1008
Thus,the number of particles needed:—=M— (for 10 pg/ml)

=9.885x 18!

According to the indicated quantities of AUNPs by suppliers Sigma Aldrich, the number of
patticles peml in 25 ml of anAuNP colloidal solution is 5.98 x18®

Volume of AuUNP dt ield 10 /mi Number of partiCI es Need
u u S removed 1o yie pHg/mi=
y IIF’al"[icl es per mil of AUuUNP 5

= 0.165 (Volume to taken out of bottleyald
10 pg/ml concentrationf 10 nm AuNP)

Consequentlythe volumes wre adjusted to ensulnggher concentratiand or different

sizes of AuNPs.

2.2 AuNP Characterisation

Physicochemical properties of nanomaterials contribute towards their behaviour in biological
systemgTreuel, et al.2014) Characterization of AUNPs is paramount in attaining reliable
datawith high translational output. Characterization procedureseegledto explain the

NPs as chemical species which are highly reactive, with surface charge and particle size mos
often being identified as the cause for NPs reactivity to constituents in biological
environments resulting in effects such as cellular uptake, toxicity and dissolution
(Battacharjee, 2016)

28



2.21 UV-visible (vis) spectrscopy

By exploiting the principle of SPR, the UV spectrum can be used to draw conslabiout

the size and stability of thAuNPs in suspension(Balog, et al., 2015)JV-vis spectra of
AuNPs wererecorded as function of wavelength using a POLARstar® Omega (BMG
Labted) UV-vis spectrophotometeirom 400- 800 nm at a path correlation of 2.94 and

resolution of 1 nm.

2.2.2 Zeta Potentialand Dynamic Light Scattering (DLS) determination

Zeta potential(ZP) analysis is a technique used to determine the charge of nanlegartic
within colloidal solutions whilst DLS is a spectroscopic technique usedketerminethe
averagehydrodynamic size of nanoparticlé8imbone, et al., 2011)n order to execute the
given characterization methods, 1 ml of AUNPs were placed into cuvettes or capillary tubes
for DLS and ZP measurement&uNP solutions weresubsequently analysed using a
Zetasizer Nano ZS (Malvern Instruments). Information was retrieved in the phase analysis

light scattering mode at 26.

2.2.3 Stability Testing

Prior to AuNPs interacting with living cells or organisntheir surfaces amnfronted with
biological fluids such as cell culture medium, lung fluid or blood, whose components will
inevitably interact with the NP surface. It is important to precisely understand the behaviour
of these AuNPs in biologically relevant surroundingsadbasic level which igrucial in

developing any kind of nanomaterial of subsequent medical application.

Following a representative model system develope@ddgg et al, AUNPs were incubated

in commonly used uffers and cell culture media for 24 hourgflecting the longest
incubation period of the AuNPs within cultures during experimental exposure scenarios
(Balog, et al.,, 2015)Each particle type was incubated in four different increasingly
biologically complex medimaamely(Figure 2.1)) Phosphate Buffer (PBS) ii) Bovine Serum
Albumin (a high molecular weight protein and major component of serum (5 mg/ml) iii)
RPMI 1640 medium and iv) RPMI 1640 medium supplemented with 10 % FBSGta28sl

37°C. Additionally, the nked NPs (green) were tested over time to ascertain their stability in
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storage (4C). Commercial AUNPs were excluded from tiree-basedstability tests due to
its prior stabilization within a citrate buffer thus conferring an established stability ower tim
in storage. Upon the completion of the respective incubation periods, AuNPs were

characterized via UWis spectroscopy as previously described.

Figure 2.1: Example of the colour change in the biological media seen after a 24ncobatior
periodat 37C and 28C with AuNPs

2.2.4 Transmission Electron Microscopy (TEM)

In order to visually confirm the presence of AuNPs within solution, AUNP samples were
prepared as described above at°& with crushed and whole seeds in order to adoerta
whether or not seed preparation influenced nanoparticle size and shape. TEM is the most
common and accurate technique for obtaining data about AuUNP size and size distribution
(Amendola & Meneghetti, 2009TYEM was performed at tHeniversity of the Western Cape
Physics department using a FEI Tecnai G2. TEM images taken of commercial nanopatrticles
by AuNP suppliers (Sigma Aldrich, Johannesburg South Africa) were used as visual

confirmation of AuNP size.

2.24.1Sample Preparation

Samples were prepared by dropating 20 pl of AUNP solution onto a carbon coated copper
grid and allowed to dry for approximately 10 minutes under a Xenon lamp. Once dried, the

samples weranalysed under the microscope.
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Transmis®n electron micrographs were collected using an FEI Tecnai G2 26:fakkion
gun (FEG) TEM, operated in bright field mode at an accelerating voltage of 200 kV.

2.2.4.2Energy dispersive Xray spectroscopy (EDS)

In addition to imageroduction by TEM via transmitted electrons through the sample, more
information can be gained from electrons interacting with the sampmsAwithin the
sample produce Xays as a byproduct of their interactionvith the transmitted electrons.
These Xrays carry information as to the type of atoms presen can be retrieved by
changing the detector of the TEM. This information is displayed as a spedeutifying the
elements presemts elemental mag®Simaging, 2013)This technique was used to confirm
that the nanoparticles imaged were in fact composed of @& spectra were collected

using an EDAX liquid nitrogen cooled Lithium doped Silicon detector.

2.3 AuNP uptake

In order to determine whether or not AuNRere endocytosed into the cellaductively
coupled mass spectrometry (KBFS) was used. ICIRIS was perfamed at Stellenbosch
University using Aqua Reagia ( 1:1 HNGHCL) to dissolve the AuNPs and allothe
detection of the quantity of gold atoms in @ and subsequent conversion of this quantity

to parts per million (ppm). Quantities yielded were then correlated to the concentrations with
which we exposed exponentially growing cell2t, 5 and 1Qug/ml of 10 nm and 50 nm
AuUNPs. This quantity washten converted to represent the amount of AUNPs endocytosed in

parts per billion per cell (ppb/cell).

2.4 Proton Radiation

For the experiments involvinigigh concentrations of smaller AUNPs, cell suspensions were
irradiated in sterile 2 ml cryogenic vialBIEST Biotechnology Co., Cat. No. 6073t 3
different depths in the primary 200 MeV proton be@wilimator aperture: 30 mm diameter,
R50 beam range: 100 mm, SOBP: 31 mm). An absolute cabibrafter tank with Perspex

walls was used for this experimtahsetup.

The chromosomal damage tests wtik larger AUNPs (50 nm), was executed by irradiating
the adhered cell monolayer attached to the side wall of the culture flask making it possible to

irradiate them in a thin monolayer (<1 mm) perpendiculdhédoeam directioat 3 positions
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along the SOBPincluding a position in the distal fadff which required high precision
pasitioning (Figure 2.2)Culture flasks were irradiated @ phantom consisting of several

thin Perspex blocks. Water equivalent depths were simulated by interposing the Perspex
blocks of varied thickness in fronf theflasks (Figure 2.8 All irradiation exposures were
performed at tt NRRiThemba LABS

All experiments involved some of, or all of tiveadiated positions depicted in Figure 2.2
The entrance plateau was included in the bulk of the experiments in which it served as an
internal reference/ standard positiororderto merge the data from different experiments

Proximal 5 5 5 Distal

Middle
ﬁ 80% Dmax

SOBP

Entrance
Reference Plateau

Figure 2.2: Schematic depictioof irradiation condition for proton experiments. Flasks contair
the treated and notreatedcell monolayers weraradiatedat different depths along the SOBFhe
entrance plateau position served as a reference dose to which other irradiatenbcigiiins wer
compared.

Figure 2.3: Images of experimental setups faotmn experiments A) shows therl's‘péx containir
theT12.5 flasks B) shows the perspex wall s
proton radiation
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25. Cellline

Chinese haster ovary (CHGEK1) cells an epithelial cels line arederived fromovaries of
the Chinese hamsteisis a wellstudied cell line in radiation, genetics, toxicity screening,
nutrition and gene expressiqiVurm, 2004) The CHOK1 cells were gifted by Prof]
Slabbert (NRFAThemba LABS, Somerset West, Cape Town).

25.1 Cell Culture Conditions

CHOK1 cells were maintained in RPMI 1640 medium, supplemented with 10% Fetal
Bovine Serum (FBS) supplied by GIBCO, 1 % Pencillin (100ug/ml) and Streptomycin
(100pg/ml) respectively. Cells we allowed to growinder standard conditions of 7 5%
Carbon dioxide and 95% humidipyior to harvesting for experimental purposes.

2.5.2 Cell Proliferation

The crystal violet assay is a colorimetric assay used for the ificetdn of DNA in
response to treatmen®rincipally, crystal violet is a dye that accurtates in the cell nucleus.

The solubilizeddye is measured photometrically and the amount of dye absorbed correlates
with the nuclear DNA content and thus with cell nump&gaAvila & Pugsley, 2011)The

optical density observed is converted and expressed as a function of percentage depicting the
effect of AuNPs on the proliferative capacity of the cells when compared to controls
(expressed as 100 %pue to theplasmonic naturef AuNPs the wavelenth of AuUNPs
overlaps withvarious colorimetric substances resggtin the productionfalse positve or
negative resultsDue to the absorbance of crystal violet (570 nm) this spectral overlap is
prevented as the difference in absorbance is abo®010m in wavelength betwen the

AuNPs and crystal violet.

Due to the doubling time of CH®&1 cells, 2500 cells/well were seedieo 96-well tissue
test plates (TPP) (Sigma Alrictand allowed to attach and dugate overnight. Cells were
treated with 50 pg/ml othe 5 nm, 10 nm andhe CarAuNPs for 4 hoursQuantities of 50
nm AuNPs at a 50 pg/ml concentratiarere determined to yieldigh volumesof the 50 nm

stock solution(refer to mathematical scheme in section 2.1.5). Wusld reslt in a high
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ratio of AuNPs tomedia. Distortiors in treatment conditions weréetermined. Following

this, 5 and 10pg/ml exposures for 4 and 24 hours respectively, were selected for the 50 nm
AuNPs. Cells without AuNP treatment served as controls. Folpwime respectir
incubation periods, treatmeobntaining media waaspiratedand the cells fixed in 100 pl of

2.5% glutaraldehyde (Agigshem) for 15 minutes. €lls werethenstained with crystal violet

for 30 minutes and subsequently rinsed with wakbe plates werallowed to air dry. Once

dry, 200 pl of 0.1 % TritosX (Sigma Aldrich) was added for 30 min in order to lyse the cells
and consequently free the bauwerystal violetfrom nuclear constituents. 100 pl of the
solution was then transferred a 96-well flat bottom plate(greiner bieone) and 0.1 %
Triton-X added to an additional lane to serve as a blank. The plates were read at 570 nm
using a U\vis spectrophotometer and the optical densities recondd converted to a

percentage to assess changes in cell proliferatio

Figure 2.4 Image of the solubilized crystal violet dye upon addition of the detergent reagen
(0.1 % Triton -X). Purple colour of the dydemonstrates that the wavelength at which optil
absorption will occur will be longer than that of the AuN&ge to where the pple colour lies on
the colour spectrum in comparison to the red wine colour of successfully synthesized AUNP

2.5.3 MTT Assay

The MTT cell viability assay isised to determineytotoxicity of treatmentgTully, et al.,
2000) A water soluble tetrazolium salt, MTT -{8,5 i dimethylthiazoi2-yl] - 2,5
diphenyltetrazoliumbromide) (Sigr¥ddrich, Johannesburg, South Africa) is converted to an
insolubleformazan(causing a purple colour chand®) cleavage of the tetrazolium ring by

succinate dehydrogenase within the mitochondria. Due to the permeability of the formazan
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