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Abstract

The hazard identification of gold nanoparticles forms an essenttadfheir risk assessment;
however, the test methodologies used should be appropriate and applicable to ensure reliable
results. In this study, various vitro testing methodologies used for hazard identification were
investigated for their applicabiitin the testing of gold nanoparticles. Preferable assays were
identified, in particular, the use t@belfree methodologies, such as the cell impedance based
XCELLigence and the CytoViva HSI systems, were found to be ideal in order to avoid optical

interference of the nanopatrticles with the testing methodology.

The recommended tests were then implemented to investigate the effect of size, surface charge
and different functional groups in the bronchial epithelial cell line BEBSTwo citrate
stabilizedgold nanoparticles of 14 nm and 20 nm in diameter were tested. Moreovet, rine
polyethylene glyceliganded AuNPsvith either hydroxyl, carboxyl, biotin, nitrilotriacetic acid,

or azide negatively charged functional grougrs] the positively chargedt hmpolyethylene
glycol-ligandedAuNP with amine functional group were investigated. The characterization of the
physicochemical characteristics and sterility of these nanoparticles were performed prior to the

assessment of their toxicity, intracellulgtake and localization, and the mechanism of uptake.

The gold nanoparticles tested were not toxic or genotoxic to the BIBA&IIs, regardless of

cellular internalisationThese cellular effects were not influenced by their size or surface charge.
On theother hand, surface functionalization influenced uptake, which was shown to be through a
caveolinrmediated endocytosis pathway followed by accumulation within vesicles and in the
cytosol.However, additional work needs to be conducted to establish kledimeen different

functional groups and their role in endocytosis and subsequent localization and toxicity.

In conclusion, the possibility exists for the interference of nanoparticlesnwitro assays and

this should be tested prior to their implertaion. However, most importantly, the

physicochemical characterization of nanoparticles is of utmost importance, which should precede
the hazard identification of nanomaterials using thesgro assays. These in turn, will allow the

establishment ohke relationship between these characteristics and any observed toxicity, which
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will aid not only the risk assessment of nanomaterials but also in the establishment of predictive

models in the toxicity of newlgynthesisetianomaterials.
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Chapter 1 - Introduction

1.1 Backgroundand goals ofthe study

Nanomaterials are increaslpgleveloped for various applications due to their
unique propertiesNith these developments comes an increase in the potential
human and environmentaxposureto these nanomaterials. It is therefore
essential to ensure thesafe production and uses well as protect the general
environmentIn order to establish appropriate regulations for nanomaterials, risk
assessment needs todmnductedThe first step othis processs thehazard
characterisationf these nanomaterialhich aims to identify the properties that

may makehem toxicand investigates the mechangsimvolved in thistoxicity.

There have been a number of inegfanal collaborative projects that have been
established to investigate not only the hazard, but also all aspéotsiek
assessment, of nanomateri@sie such programwas initiated bythe Organisation

for Economic Ceoperation and Developmef@ECD), namely, thaVorking

Party of Manufactured Nanomaterials (WPMN). This program identified a
number of commercially relevant nanomaterials, following wiigywere tested

by various international research laboratories for their physicochemical properties,
mammalian toxicity, and environmental fate and toxicity. The main goal of this
program was to assess the applicability of various OECD testing guidilines
nanomaterials to ensure a higbhality, sciencéased, and harmonised approach

to the risk assessmt of nanomaterials. South Africa was involved in this
collaborative program and proposed the testing of gold nanoparticles, which was
unanimously accepted and which forms the foundation of the work presented in

this thesis.

Although a number of toxicitgtudies on gold nanoparticles have been conducted,
at times thergvasapparent contradiction in the results @anereforea clear

conclusion on the toxicity of gold nanopartictesild not be established. One
possible explanation fahese contradictoryesults washatthe assays

implemented for the testing of chemicals could not be applicable for the testing of



nanomaterials. Reasons for this lack of applicability of these test systems to gold

nanomaterials would includber potential surface activitgndtheir optical

propertieswhich will increasehe possibilityof interference witta number of

assaysystems

Henceforth, thdollowing is the overall aim of this study:

To determine the interference of gold nanoparticles in conventionally used
in vitro test systems with the ultimate goal of establishing their
applicability to the hazard identification of gold nanopartieled thus
contributing to the OECD WPMN programme for toxicity testing of

nanomaterials.

1.2 Specificgoals

The followingspecfic goals were set for this study to satisfy the specified aim:

1.

To characteriséhe gold nanoparticles used in this study and describe their
physicochemical properties.

To test for possible interference by gold nanoparticles in diffémeritro
test systms and their applicability in assessing their sterility, surface
activity, toxicity, and intracellular uptake.

To propose a labdtee system for testing the toxicity of gold
nanoparticles including impedance technology and colony forming
efficiency (CFE)assay.

To propose dabelfree systemfor assessing the cellulaptake of gold
nanoparticlegncluding hyperspectral imaging

To investigae of the effects oflifferent physicochemical properties
includingsize, surface charge atype of functional grops on thesurface
activity, toxicity, genotoxicityand cellular internalization as well as the
mechanisms involved in the internalisatmfirgold nanopatrticles.

To propose reliable test systems for the hazard identification for

nanomaterials.



Chapter 2 - Literatu re Review

2.1 Nanopatrticles

The International Organization for Standardization (ISO) defines
nanotechnologies as the design, characterization, and production of objects on a
nanometer scale by controlling their shape and size. Their document, ISO/TS
800042, provides a list of terms and definitions related to rabjects; where
nanoscale is a length range between 1 nm and 100 nm, and therefeobjeat®
have at least one dimension in the nanoscale r@8@e2015) Further

classification of nan@bject describes nanoplates as only having one external
dimension at nanoscale; nafibres as having two dimensions in the nanoscale;
and nanoparticle@NPs)as having all three dimensions in the nanoscale. Nano
objects can also be classified based on wheitiegrare incidental narabjects

which are generated as an unintentionapbyduct of a process; engineered nrano
objects which are designed for a specific purpose or function; or manufactured
nanaobjects which are produced to have selected propertmsguosition. The

term ultrafine particles (UFPSs) is used for airborne particulate matter with an
aerodynamic diameter smaller than 100 nm, and is frequently specified as PMO.1
(ISO 2015) The commonly used term nanomaterial refers to wdnjects as

definad above, or materials having internal or surface structure at nanoscale
(OECD 2018).

The physicochemical properties of nanomaterials are dependent on their size
(Mitchell and Tojeira 2016)vhere their unique properties are partly due to their
higher suraceto-volume ratio which changes the manner in which they can
interact with their environment, and partly because of quantum effects in the nano
size range. The interesting properties that nanomaterials exhibit has led to
research and development intotvasay of potential applications, including

water remediatioiBaruahet al.2016) screen printed sensors and biosensors
(Trojanowicz 2016)solar collectorgHussein 2016)phytonanotechnology

(Wanget al.2016) 3-dimensional photonic materig|Bottne et al.2016) and

medical applicationgAguilar et al.2010)



2.1.1Types of engineered nanomaterials

According to the US Environmental Protection Agency (EPA), most
nanomaterials fall into one of four broad categories, namely (1) cédmed, (2)
metal-based, (3) dendrimers, and (4) compogiERA 2007)

2.1.1.1Carbonbased nanomaterials

Carbonbased nanomaterials are commonly hollow spheres and ellipsoids, known
as fullerenes, or cylindrical tubes known as carbon nanotubes (ERE) 2007)
CNTscomprise exclusively of carbon and can either be siwgléed carbon
nanotubes (SWCNT) or multiwalled carbon nanotubes (MWQMohaldsoret

al. 2006) SWCNT can be imagined as a sheet of graphite rolled to form seamless
cylinder which is generally betwe®.7 nm and 3 nm in diameter; whilst

MWCNTSs consist of a number of SWCNTSs inside one another and generally
range between 10 nm and 200 nm in diam@enaldsoret al.2006) and the

length of CNTs can vary but are generally tens of microns long. Thatwstwf

CNTs result in a change in the electrofidensity of stataswhich gives CNTs

their unique electronic characteristics; as well as changes in mechanical properties
such as strength and stability combined with low derfgiigyan and Zhou 2001)

These unique properties have led to their development for various applications.

2.1.1.2Metal-based nanomaterials

This category includes metbhsed nanomaterials such as quantum dots,

nanosilver and nanogold, and metal oxide nanomatég&a4 2007) In adlition,

metals are able to form oxide compounds that can have a variety of structural
geometries and can have either metallic, semiconductor, or insulator properties
(Fern8ndez Gar c? aSomad theReommorlygynthesized 0 1 1)
metal oxide nanomaterials are aluminium oxides@4), magnesium oxide

(MgO), zirconium dioxide (Zr@), cerium oxide (Ceg) and ceriuracontaining
mixed-metal oxides, titanium dioxidgdiO2) ( Fer n8ndez Garc2a and
2011) Aluminium oxide (AbOs) nanomaterials are used as a catalyst component
(Fern8ndez Gar c? aandamirtlustlad ptacasses) &nd ha ikdnl )



shown to have potential uses to increase the compressugtst of concrete
(Nazariet al.2010) and as bioaffinity support for drug delivg@Ansari and
Husain 2011)

2.1.13 Dendrimers

Dendrimers are polymers consisting of branched units that have numerous chain
ends, a schematic diagram of whiclsi®wnFigure2.1 (Roveda Junior and

Franco 2013)Their characteristics can be controlled through the modification of
the core, the number and type of the repetitive branched units, and the terminal
end groupgScottet al.2005) Commonly used dendrimers include
polyamidoamine (PAMAM), poly(Hysine) (PLL), polyester (PGLSAH),
polypropylenimine (PPI), and poly(2l##s(hydroxymethyl)propionic acid (bis
MPA); and many of these are available commerci@llintzer and Grinstdf

2011) A key advantage of dendrimers is the ability to manipulate their surface
through conjugation with molecules of interest, therefore making them useful for

catalysis and medical applicatiofiSPA 2007; Roveda Junior and Franco 2013)

Figure 2.1 Schematic diagram of a dendrimer.
The red dot represents the core, the blue dots represent the interior branching
points, and the green dots represent the surface groups (based on image from

Roveda Junior andranco, 2013)



2.1.14 Composite nanomaterials

Composites combine nanoparticles with other nanoparticles or larger materials
(EPA 2007) There are numerous potential applications of nanocomposites
including improved or flexible batteries, productiorstfonger polymers, and
medical applicationgBoysen 2018)For example, silicoicarbon nane

composites have been developed as anodes for lithium ion batteries thereby
exhibiting enhanced electrochemical properti#anget al.2013; Wang and Fan
2013) whilst nanoporous cellulose paper can be used for flexible, ultrathin
batterieqPushparagt al.2007) In terms of developments in nanomedicine, there
are numerous polymer nanocomposites that are candidates for use in tissue

engineering and drug delive(irmentancet al.2010)

2.2 Risk Assessment of Nanoparticles

With these recent developments in nanotechnologies, there is an increase in the
potential exposure of researchers and workers to nanomaterials during their
synthesis, and exposure of the genpudllic to consumer products containing

these nanomaterials. The manufacture, marketing, and use of nanomaterials have
preceded the establishment of appropriate regulations. A dilemma in the
regulations of nanomaterials may exist because there is a basisméern that
nanomaterials may cause harm, however too little is known to establish an
appropriate risk management regime. There has been a heavy reliance on existing
regulations which were designed to manage risks ofnamoscale materials and

do not dstinguish between these larger materials and their nanoscale counterparts
(Lee and Stokes 200 urrently limited occupational guidelines exist for
nanomaterials and generally they are substantially lower than those for their non

nanoscale counterpafidussainet al.2015)

In order to establish appropriate regulations for nanomaterials, risk assessment
needs to be conducted. The steps for risk assessment of nanomaterials are the
same as those for chemicals, namely hazard identification, hazard
charactesation, exposure assessment, and risk characterisation. Hazard

identification and characterisation involves the identification of nanomaterial



properties that may be hazardous to health and defines theedpsamse and
mechanisms of toxicity. Exposuressessment requires the detection and
measurement of the nanomaterial in the workplace and in the general
environment; however levels are generally higher in an occupational setting due
to certain operations and handling of large quantities, than in armemental
setting(Savolaineret al.2010) Risk characterisation is the final step of risk
assessment which then combines these three steps to determine the likelihood of

an adverse health effect at a given exposure level.

As the field of nanotechnologdevelops, studies investigating the toxicity of
nanomaterials are critically important for hazard identification and in turn in the
risk assessment mentioned above. The unique and beneficial properties of
nanomaterials, such as their large surface are®$s ratio, increased surface
reactivity, and altered physicochemical properties, may also alter the toxicity of
these particle§Savolaineret al.2010) necessitating the need for hazard
identification specifically of nanomaterials. In addition, the ptoshemical
characteristics of nanoparticles, including any modifications to their surfaces, will
also impact their biological interactions and therefore influence cellular uptake,
gene expression, and toxici#lbaneseet al.2012) A tiered strategy hdseen
proposed for toxicity testing of engineered nanomatef&dsolaineret al.2010)

In this approach, toxicity testing should begin with and in depth physicochemical
characterization of the nanomaterials. Once characterized, the particles should
undego carefully selectenh vitro toxicity tests of relevant endpoints. Positive

and consistent results from timevitro studies would lead to higher tir vivo

testing. Data obtained from these tiers would aid hazard identification and

characterisation.

A number of international collaborative projects and platforms have been formed
to assess the risk of nanomaterials. Examples of such are the NANOSOLUTIONS
consortium where the aim is to develop a classification system for the safety of
engineered nanoneials (ENM) (ttps://nanosolutionsfp7.cojnthe MARINA

project which aims to develop and validate risk management models for


https://nanosolutionsfp7.com/

nanomaterialshttp://www.marinafp7.eu); and GoodNanoGuide which provides

an Internetased platform for exchanging information on handling nanomaterials

in an occupational settin@ifps://nanohub.org/groups/gn@®@ne of the earlier

programmes wasstablished through the Organisation for Economio@eration

and Development (OECD) in 2006t{p://www.oecd.org/science/nanosafity/

The OECDOGs Environment, He al blithedand Saf et
Working Party of Manufactured Nanomaterials (WPMN) that addresses different

aspects of the safety testing and risk assessment of manufactured nanomaterials.

The focus of the WPMN is on human health and environmental safety, and aims

to ensurehat the approach to the risk assessment of nanomaterials, including the

hazard and exposure assessment, is of a high, sdiased, and internationally

harmonised standaf@ECD 2011) I n 2007, their fASponsors
the Testing of Manufactureda n o mat eri al sd6 was | aunched w
commercially relevant nanomaterials was identified for the programme (list

shown inTable 2.1) following which these were tested for their physicochemical

properties, mammalian toxicity, and environnaate and toxicity. The goal of

the testing programme was to assess the applicability of existing testing guidelines

to the testing of nanomaterials, and to provide information on the intrinsic

properties of engineered nanomater{@&CD 2015)


http://www.marina-fp7.eu/
https://nanohub.org/groups/gng
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Table 2.1 List of the nanomaterials tested in the OECD WPMN Sponsorship

Programme and their potential commercial applications.
(Baughmaret al.2002; Georgakilast al.2015; OECD 2018p

Type of material

Application

Fullerenes (C60)

Cosmetics; photovoltaic cells; antioxidant

Single Wall Carbon
Nanotubes (SWCNTS)

Improved properties of composite materials e.(
plastics; electrochemical devices; electronic
devices

Multi Wall Carbon
Nanotubes (MWCNTS)

Improved properties of composite materials e.
plastics; electrochermal devices; electronic

devices

Silver nanoparticles

Medical devices; food, hygiene and cosmetic
products; household appliances; shoes and
textiles; paints; electronics; photography; evat

filtration and purification

Titanium dioxide

Cosmetics and sunscreens; household produc
paint; printing ink; plastics.

Cerium oxide

Polish for stone, ceramic and glass;-®#aning
ovens; skin and solar applications due to its U

light absorbane.

Zinc oxide

Medicine; UV filters; paints

Silicon dioxide

Additive for rubber and plastic; strengthening ii

concrete; drug delivery in biomedical

applications.
Dendrimers DNA or drug delivery in medical applications.
Nanoclays Plastic films on consuer good to reduce

oxidisation; aviation and auto industries dues t

their impact and strength of materials.

Gold nanoparticles

Medical and cell imaging; drug delivery and

biomedical diagnostics.

South Africa was involved in the program and contributethe testing program

on the gold nanoparticles (AuNPs) (former JRC code NM 330, renamed to



JRCNMO03300a) through a collaboration which included the National Institute for
Occupational Health (NIOH), Mintek, and the University of Johannesg&RG

2016; OECD 2015) Colloidal gold, a suspension of gold nanoparticles (AuNPS)
in fluid, was used to make rulmploured glass and ceramics as far back as'the 5
or 4" century B.C., and in the Middle Ages it was used as a treatment of various
disease¢Daniel andAstruc 2004) Nowadays, AUNPs have a wide range of
potential applications due to the unique electronic, optical, and thermal properties.
Their excellent conducting capability and high surfaegolume ratio lends itself

to AuNP-based electrochemical semgiand electraatalytic systemg§Guo and

Wang 2007)whilst their optical and photothermal properties allow for
applications such as cancer imaging and spectroscopic detection, and
photothermal therapy (PTTHuang and EBayed 2010; Kodihat al.2015) In
addition, their tunable size and easily modified surface make them appealing
candidates for biomedical applicatiofigatoddiet al.2011) which has led to

their development as therapeutic agents for use in the delivery of DNA vaccines
(Nohet al.2007), molecular imagingChandaet al. 2009) biological sensing and
imaging applicationgMurphy et al.2008) and drug deliveryAcharya and Hill

2014)

The optical properties of AUNPs differ substantially from their-nanoscale
counterparts due to quam size effects resulting in a characteristic collective
oscillation frequency of the plasma resonance, known as surface plasmon
resonance (SPR). The SPR induces a strong absorption band (surface plasmon
bandi SPB) in the visible region, which can be m@a@d with a UWis
spectrophotometer. This absorption can be observed around3320nm for

AuNPs of diameter-20 nm, and is the origin of the desgnl colour of AUNPs in
water(Daniel and Astruc 2004; Ghosh and Pal 2007; Hwrad. 2010; Huang

and B-Sayed 2010)As the core diameter of the AuNPs increases, the SPB
maximum wavelength increases, up to a wavelength of 575 nm for 99 nm AuNPs
(Daniel and Astruc 2004)he SPB is dependent on both the size and the shape of
the nanopatrticle, allowing fopdical tunability in their development for use in
biological imagingJainet al.2006)

10



The shape, size, and surface chemistry of the AUNPs will be determined by the
conditions of synthesis. In the®®@entury, a number of methods were established
for the synthesis of gold nanoparticles, many of which are based on the reduction
of gold salt in aqueous, organic, or in both ph&Besiel and Astruc 2004; Guo

and Wang 2007)The high surface energy of AUNPs make them very reactive and
prone to aggregatioand therefore the AuUNPs need to be stabilised during
synthesis, commonly by the presence of a stabiliser, such as citrate, that binds to
their surfacdGuo and Wang 2007 lternatively, the addition of surfadsund

ligand molecules is frequently useditgprove stability of the particles; in

particular, poyethylene glyco(PEG) is used due to its simple structure and
chemical stabilitSperling and Parak 201 EGylation of nanopatrticles have

also been shown to inhibit protein adsorption due to st@rdrance, resulting in

less recognition by phagocytes and increasing the efficiency of nanomaterial drug
delivery systemg§Vonarbourget al.2006) Therefore PEG modification is used
extensively in therapeutic nanoparticle design to promote prolonged bloo
circulation time of the nanoparticléSruje and Chithrani 2015T he brief of the
present study is to investigate the applicability of OECD TGs andl @for the
assessment of AUNPs

2.2.1Hazard Identification of Nanomaterials

The OECD WPMN Testing®@gramme was part of the hazard identification
branchof risk assessment. The aims of the programme included the review of
both OECD Test Guidelines (TGs) and AB@ in vitro assays, and to verify the
applicabilityof the assays for nanomaterial testirggzagnise the limitations of

each assay, and to identify further issues that may need to be addfessed.
recommendation from the Testing Programme was that the OECD Testing
Guidelines (TG) can be applied to manufactured nanomaterials however they
should & adapted where relevant to take into consideration the unique properties
of the nanomaterial undeiusty (OECD 2018)
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2.2.1.1 Physicochemical Properties

The suitable characterisation of nanomaterials forms an essential part of hazard
identification priorto toxicity testing. Parameters assessed by the OECD WPMN
Testing Programme included chemical composition, aggregation/agglomeration,
particle size distribution, crystalline phase, dustiness, specific surface area, water
solubility/dispersibility, zeta pgential, photocatalytic activity, porosity, redox
potential, crystallite size, and surface chemisgchniques such as Transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and dynamic
light scattering (DLS) can be used to measaggtregation/agglomeration and
particle size distribution. Las@oppler electrophoresis, electrophoretic light
scattering, or photon correlation spectroscopy can measure zeta potential.
Oxidationtrreduction potential (ORP or redox potential) is a measuligeof

tendency of a substance to mediate redox readfginggow 2017xnd can be
evaluated usingotentiometryor oxygen detectiorKnowledge of these
physimchemical properties of the nanomaterials is essential since this will
influence the toxicity ofhe nanomaterial as these properties will effect
interactions of the nanomaterial with cellular components to which they are
exposedShinet al.2015) The evaluatiomperformed on the results of the OECD
WPMN Testing Programmi@und that most parameterave one or more suitable
methods, however most of the methods have not been stand4@isen

2016a)

2.2.1.2 Surface Activity

The radical formation potential of nanoparticles was included in the OECD
WPMN Testing Programme and theesence of free radits or oxidative groups

on the surface of nanoparticles can be detecteddayron paramagnetic
resonance (EPR@lectron spin resonance (ESRnaaperet al.2004) In

addition, although engineerednomaterials and the assessment of their toxicity
may ke emerging field, particle toxicology investigating UFPs is well established
and has been shown to induce inflammation and oxidative §iestet al.

2014) UFPs have been shown to induce oxidative stress and mitochondrial

damag€Li et al.2003; Xiaetal. 2006) The generation of reactive oxygen
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species (ROS) plays an important role in the ability of these particles to induce
injury (Nel et al.2006; Xiaet al.2006) Incidental particles have been shown to
activate both alveolar macrophages (AM) aerdtrophils in the lung, resulting in
induction of ROS via both the NADPH oxidase system and phagocytic oxidative
burst and inflammatio(Knaaperet al.2004) Incidental particles have also been
shown to induce reactive nitrogen species (RNS) in the(lDagtranovat al.

1998; Mankeet al.2013) Therefore, ROS generation and oxidative stress
provides a good paradigm for nanopatrticle toxi¢iel et al.2006; Xiaet al.

2006)

Under normal physiological conditions, there is a balance between levels of
oxidized and reduced species within a cell resulting in an overall reduced
intracellular stat¢Burello and Worth 2011)The presence of excessive oxidizing
substances can cause an imbalance between the generation of ROS, including the
superoxide anion (§&), hydrogen peroxide (#®.), and the hydroxyl radical

(OHB formed by the partial reduction of oxygen, and the biochemical

mechanisms that neutralize and repair the damage caused by reactive
intermediates. This is known as oxidative stress and resulgsnage to nucleic

acids, proteins and lipid$ladl et al.2014; Rayet al.2012)

Nanoparticleinduced oxidative stress can result from the intrinsic properties of
nanoparticles, or from extrinsic nanopartickdlular interactiongMadl et al.

2014) Theintrinsic physicochemical properties of nanoparticles can result in

ROS generation from the presence of transition metals such as copper, chromium,
andvanadium, either as methhsed nanoparticles or as metal contaminants,

which can produce hydroxyl raudils via Fentotiike and Habe#Veiss reactions

(Madl et al.2014; Mankeet al.2013) The Fenton reaction involves the oxidation

of iron(ll) by hydrogen peroxide to form iron(lll), hydroxide ion, and a hydroxyl

radical, as shown in the equati@ereiraetal. 2012)

Fe'+ H,0;Y P'e¢OH+ OHE
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Whereas Fentolike reactions involve other transition metal ions such as Fe3+,
Co2+, Mn2+ and Cu2+ in place of the iron(ll), such as the following examples
(Pereiraet al.2012; Prousek 2007)

Fe*+H0.Y B¢ HO,E + H
Cr(lV) +H:0.Y Cr (V) +'" OHE + OH

HaberWeiss reactions involve the generation of hydroxyl radicals from

superoxide and hydrogen peroxide, as foll¢keshrer 2000)

OE +H0,Y ©rOH + OHE

Alternatively, nanoparticle surface activity such as the presehrelatively
stable free radical intermediates or redox active graaypsh as semiquinone
radicals,can be responsible for intrinsic oxidaggnerating properties of
nanoparticlegKhalili Fard et al.2015; Madlet al.2014)

On the other hand, extisic nanopartickeellular interactions result in

endogenous generation of ROS through mitochondrial respiration, inflammatory
responses, and peroxison{dtankeet al.2013) Under normal conditions for

ATP generation, the mitochondrial electiiwansporichain produces small

amounts of superoxide radicals; whereas under cellular stress and ATP depletion,
excess superoxide radical causes the release of free iron (Fell) and the formation
of the highly reactive hydroxyl radical through Habéeiss reactionfMilne et

al. 2011) Inflammatory responses by phagocytic cells can result in an oxidative
burst and the production of ROS as a defence mechanism against pathogens
(Milne et al.2011) Finally, peroxisomes are cytoplasmic organelles responsible
for variousmetabolic functions which are known to produce hydrogen peroxide

and/or superoxide aniorisliine et al.2011)

A hierarchical oxidative stress model offers an explanation for the differences

between minor oxidative stress that triggers antioxidant grote; and severe
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oxidative stress that occurs at higher levels that results in cellular injury and death
(Nel et al.2006) Under normal conditions, ROS are generated at low levels and
are neutralised by glutathione (GSH) and antioxidant enzymes. Exe&3&
production leads to a depletion of GSH whilst oxidised glutathione (GSSG)
accumulates. At these low levels of oxidative stress, protective antioxidant and
detoxification enzymes such agem oxygenase (HQ), glutathioneS-

transferase (GST), NADPHumine oxidoreductase, catalase, superoxide
dismutase (SOD), and glutathione peroxidase, are expressed by the cells. These
enzymes are under the control of the transcription facteMrfich acts via the
antioxidant response element (ARE) in their praamstMad| et al.2014; Nelet

al. 2006)

At an intermediate level of oxidative stress,-prflammatory responses are

induced by the activation of red@ensitive signalling pathways which initiate the

expression of cytokines, chemokines, adhesion ml@scand transcription

factors influencing a range of cellular responses such as proliferation, metastasis,

cell growth, apoptosis, survival, and inflammat{®meankeet al.2013) One of

these signalling pathways involvesf8FB, whi ch i nduces the treé
proinflammatory mediators such as tumour necrosis factor alpha-UrNF

interleukin (ILY1 b, and transfor mi nfy) gwhiwd ih Hawed or
been shown to be inwad in the pathogenesis of fibrogMankeet al. 2013)

The transcription factor Activator Protein (AR)s induced in response to

oxidants and is responsible for regulation of cell proliferation, differentiation and

apoptosis, and thereby influencescoangenesigMankeet al.2013) The

mitogenactivated protein kinase (MAPK) cascade is also activated by oxidative

stress and influences a range of cellular responses and gene ex{iaskeet

al. 2013)

At high levels of oxidative stress, ROS cartgntially damage cellular
macromolecules including lipids, nuclei acids, and prot@enkeet al.2013)
Lipids are a major target for free radical attack. The destruction of membrane

phospholipids is known as lipid peroxidation and is caused by R@8ahalso
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easily remove a hydrogen from a polyunsaturated fatty acid which results in a
lipid radical (LF. This, in turn, reacts with molecular oxygen to form lipid peroxyl
radicals (LO@) which are strong oxidizing species that then convert a number of
membrane phospholipids into unstable hydroperoxides that fragment into small
products and resulting incdain reaction of damag€arber 1994)These
processes result in damage to ionic channels, membrane transport proteins,
increased permeability of the lipid bilayer, and possibly form biologically active
isoprostanes or lipid hydroperoxides that affectpapiic signalling pathways
(Kehrer 2000) Isoprostanes are generated-eozymatically by aut@xidation,
predominantly of arachidonic acid, and, since they conttipd prostane rings

and comprise of a number of isomers, and are termebprostaneg->-IsoPs).
Fo-IsoPs are widely used as a biomarker of endogenous lipid peroxidation and
oxidative stress, as they are stable and detectable in all humans tissues and
biological fluids(Milne et al.2011)

ROS are known to have a genotoxic effect, therebiing them possible
carcinogens (Knaapen 2004). Due to the physicochemical properties of particles,
it has been necessary to differentiate between prigengtoxicity which may

be caused by the intrinsic surface properties of the particles, transiials,
intracellular iron, and lipid peroxidation; and secondary genotoxicity caused by
excessive and persistent formation of ROS following inflammég&ahins 2002)
ROSmediated DNA damage can occur through oxidative damage to bases,
single and douke-stranded breaks, or via lipid peroxidatiorediated adducts

such as malondialdehyde (MDA) and hydroxynonenal (H{$€hins 2002;
Slupphauget al.2003) This damage can lead to structural alterations of the DNA
for example base pair mutations, deletiongnsertiondKnaaperet al.2004)

The guanine base is sensitive to oxidation and therefore the product of that
oxidation, 8hydroxydeoxyguanosine {8HdG), can be used as a biomarker for
oxidative injury(Kehrer 2000) Although there are a number oNB. repair
mechanisms are present in cells, if the oxidised bases are not effectively repaired,
they can cause functional problems that can eventually result in the development
of cancer(Kehrer 2000)
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Although oxidation of proteins can occur, they gafigitend to denature and are
then removedKehrer 2000) However, ROS is known to affect cell signalling
pathways through the formation of protgirotein disulphide linkages, protein
gluthathione mixed disulphide linkages, and through alterations aipymiotein
interactiongKehrer 2000)

Recently, more detailed upstream intracellular events have emerged to explain
toxicity, or lack thereof, of nanoparticles based on their ability to cause lysosomal
membrane permeatsition (LMP)(BundersorSchelvaret al.2016) Following
phagocytosis of particles and the formation of phagolysosomes, the contents of
the lysosome are degraded through hydrolytic enzymes in an acidic environment.
However, if the particles are able to cause permeabilisation of thelpbagpmal
membrane, then the degradative lysosomal contents are released, causing
inflammation, mitochondrial ROS production and cell death. The theory suggests

that particle induced toxicity is dependent on this initial LMP event.

2.2.1.3 Sterility of mnopatrticles

Although not addressed in the OECD WPMN, the sterility and the presence of
endotoxins can also affect the hazard identification of nanomaterials, as this
contamination can elicit an immune response, and therefore sterility of the
nanomaterialshould be addressed prior to toxicity testfhgand Boraschi 2016;
Oostinghet al.2011) In addition, @dotoxin contamination may interfere with the

assessment of the toxicity or benefits of the nanopar(iZi@thov et al. 2006)

2.2.1.3.1Sterilization techniques

Any medical applications of nanomaterials would require the formulation, in
addition to being notoxic, to be sterile and apyrogenic. Sterility refers to the
absence of viable microorganisms such as bacteria, fungi and mould, for which
thecurrent accepted sterility assurance level (SAL) is set"at.€0not more than
one viable microorganism in one million parts of final product is allofved
Woedtke and Kramer 2008)heapplicabilityof various methodologies for

sterilization of nanmaterials has been review@cettenet al.2014) These
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methodologies include filtration, autoclaving and irradiation, as well as
formaldehyde, ethylene oxide (EO) and gas plasma treatments. The sterilization
methodologies discussed have been shown, whasted, to be effective in the
removal or destruction of microbial contamination. These standardized
methodologies are however frequently shown to alter the physicochemical
properties of NPs, the stability of the attached drug, the-glegse profilesand

the toxicity of the sterilized NPs.

Sterile filtration of nanomaterial suspensions through a 0.22 um membrane filter
has been suggested as a preferable option to remove bacterial contamination, as it
does not appear to adversely affect the nanopestielowever, this technique can
only be used if the nanopatrticles are small enough to pass through the filter
without clogging which would result in decreased concentration of the filtrate.
Other techniques such as autoclaving frequently results in thegagign of the
nanomaterials and can induce changes in their biological activities; whilst
irradiation and gas plasma techniques may affect physicochemical properties of
the nanomaterials. The limited information available on formaldehyde, EO and
gas plama techniques suggest that they should not be used due to either their
toxicity or their ability to alter the properties of the diNg system. It is therefore

of vital importance that the toxicity and functionality of the NPs following
sterilization be asessed. From all the sterilization methodologies listed, no single
process can equally be applied to all NPs and it is recommended that each NP
drug system be validated individua(lVettenet al.2014)

In addition to microorganism contamination, endataontamination should also
be considered. Endotoxins are lipopolysaccharides (LPS) that originate from the
cell membrane of Gramegative bacteria, which are capable of stimulating a
variety of pathophysiological effects such as pyrogenic reactiong)fégsue

injury and deattiMagalhae%t al.2007) These adverse effects are caused by the
activation of the immune system by endotoxins, resulting in the release of
proinflammatory mediators by monocytes and macroph@dagalhaet al.

2007) The preence of endotoxin contamination can possibly result in misleading
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information about the toxicity of the nanopartifle and Boraschi 2016;
Oostinghet al.2011)

Due to the complexity of the interactions between LPS and nanomaterials, rather
than tryingto remove LPS contamination from nanomaterials, it seems it would
be preferable to rather keep the nanomaterial production process endi@exin
through the use of ultrapure water, gloves, fume hoods, and effective cleaning of
the work area and glasswaBy implementing these modifications to the
production procesgyallhov et al.2006)were able to lower the LPS

concentrations in their AUNP preparation246times. However, levels of
endotoxins would still need to be determined after synthesis tamwoadiceptable

levels.

2.2.1.3.2Endotoxin detection assays

Testing for endotoxin contamination was originally based on their ability to
induce a pyrogenic response, and was performed usimgvarotest called the

rabbit pyrogen test (RPT). The tesbstance is injected into rabbits and the body
temperature of the animal is monitored before injection and at every 30 minutes
for 3 hours after the injection. If an increase in body temperature is observed, then
the test substance is concluded to be pyrmg®obrovolskaia and McNeil 2013)
This test was the only official pyrogen test for 37 years, until the advent iof the
vitro Limulus amebocyte lysate (LAL) te$Williams 2007) The test was based

on observations in 1956 by Frederik Bang that Gregative infection of

Limulus polyphemuyshe horseshoe crab, caused ivaacular coagulation. Then

in 1964 Bang and Levin proposed that blood clotting was caused by the reaction
between endotoxin and a clottable protein in the circulating amebdiyiésams
2007) This discovery resulted in a shift framvivoto thein vitro LAL assay to

determine the presence of endotoxin. .
The biochemical pathway of the LAL assay has been well characterised and a
summary of which is shown in the top halffogure2.2. There ar¢hree main

formats of the LAL assay, namely the gébt, the turbidity, and the chromogenic
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assay; all of which are dependent on a coagulation cascade that is triggered by
endotoxin(Figure 2.2) Thiscascade terminates in a clotting enzyme acting on
coagulogen to form coagulin that sesociates to form a clot. The formation of
this clot can either be measured by an absorbbhased turbidity assay which
monitors the appearance of turbidity overdiror the gel clot assay which is

based on the formation of a gelatinous clot after an fianaga 2007)

Alternatively, in the chromogenic assay, the clotting enzyme acts on a colourless
substrate to catalyse the release-aftmaniline (pNA) which ca be measured
spectrophotometrically. However, there is also an alternative coagulation pathway
which is triggered by (1,3)-D-glucan pottom halfof Figure2.2) and therefore

the presence of fungbtglucans in adst sample may also activate the cascade

( Kn d z etalr280K)aThis may cause falg@sitive results for endotoxin and
thus question the specificity of the LAL assay. To circumvent this possibility, a
new assay has been developed which makes usgyatteetic version of the

Factor C protein, namehfC, instead oL AL (bottom half of Figure 2,2) The
activated rFQrecombinant Factor @rotein then acts directly on the fluorogenic
substratgtherebyutilising the endotoxiresponsive part of the LAtascade and

el iminating t he mlodaresand falael posdive tesuliBiagt i on by |
and Ho 2001)This assay has been implemented to measure endotoxin in an
agricultural environmentéurchet al.2009; Poolest al. 2010; Saitcet al.2009;
Thomeet al.2010)and domestic environmenlwis and Milton 2006; Matsui

et al.2013; Ownbyet al.2010)
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LAL Assays

Endotoxin
I, Factor 6
Factor C mmmp (active (1,3)--D-Glucan
form) l
Factor B ﬁ Factor B Factor G Factor G

(active form) (active
l / form)

Proclotting Enzyme d Clotting Enzyme

I

. Gel clot /
Coagulogen ﬁ Coagulin Turbidity
Chromogenic Peptide + Absorbance
substrate ~ pNA at 405 nm

Recombinant Factor C Assay

Endotoxin

Recombinant Factor C — :{e?‘)mliman)t Factor C
active form

l

Fluorogenic substrate d Fluorescent product

Figure 2.2 Schematic diagram of the LAL coagulation pathway and its associated
assays, and the pathwof the recombinant Factor C assay. Image is adapted from
literature(Abateet al.2017; Iwanaga 2007; Moritat al. 1981)
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Irrespective of the assay chosen to evaluate the presence of endotoxin in
nanomaterial samples, the evaluation of their interfee with these test assays is
critically important to avoid incorrect data interpretatiBapecially considering
that previously nanoparticles have been shown to interferarwwfitro LAL
assaygDobrovolskaieget al.2009; Dobrovolskaiat al.2010; Kucki et al.2014;
Neun and Dobrovolskaia 2011; Smuldetsl.2012) Interference can occur due
to interactions between endotoxin and nanoparticles, or between nanoparticles and
the LAL enzymes, resulting in either a decrease or increase of the sgnettivit
the assaySmulderset al.2012) The large surface area and increase adsorption
capacity of nanoparticles could potentially interfere with either the substrate
conversion or enzymatic activipAlmutary and Sanderson 2017; Kretl al.

2009; Krolletal. 2012) where such interference may occur at any reaction point
within the LAL cascade (Figure 2.2).

The FDA indorses the use of dilution of the sample as an approach to eliminate
interference, as long as this dilution is not greater than the maximalign

dilution (MVD) for the assay in questigiDA 2012) Therefore, to evaluate
interference with the assays, inhibition/enhancement controls (IECs) should be
included in the experimental procedure. This involves the spiking of known
amounts of endotoristandard into the test sample at a number of dilutions, and
analysing these spiked samples alongside a standard curve to observe the ability
of the assay to correctly measure the
(Dobrovolskaieaet al.2010; Mcculbugh and Weidnekoeven 1992)In addition,

due to the optical properties of some nanoparticles, there may be additional
influence by the nanoparticles on the detection of the reaction products by
absorbance or fluorescen@nget al.2014; Oostingtet al 2011) Once the
nanoparticles are known to be sterile, this eliminates any potential effects that
these contaminants may have on the response of the cells or organism to the
nanoparticles and the adverse effects of the nanoparticles alone can be

investicated.
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2.2.1.4In vitro testingof nanoparticles

To test for the abovementioned adverse effettgitro testing has been

developed using cells representative of potential target organs to measure various
relevant endpoints and therefore aid the scrgeosimanomaterials as well as

elicit the mechanisms of their toxicit. number of noAl'G cytotoxicity assays

and OECD TG were investigated, including several genotoxicity assays

2.2.1.4.1In vitro toxicity testing methodologies

In vitro toxicity testingfrequently involves the assessment of cell membrane
integrity or metabolic activity to measure cell viabilfighalili Fard et al. 2015)

Cell membrane integrity assays frequently rely on either the assessment of
leakage of lactate dehydrogenase (LDHjrfrine interior of the cell to the
extracellular environment, or by penetration by cell membnapermeable dyes

such as trypan blue or neutral red that cannot enter viable cells. Metabolic activity
is frequently measured by colorimetric assays that msgettetrazolium salts,

such as 34,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) that

is reduced to an insoluble formazan which requires solubilisation prior to
measurement spectrophotometrically. Alternative tetrazolium salts that are
reduced to soluble formazans and can be measured directly are available such as
2,3-bis-(2-methoxy4-nitro-5-sulfophenyl}2H-tetrazolium5-carboxanilide

(XTT), 3-(4,5dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyi2-(4-
sulfophenyl)2H-tetrazolium (MTS), ad Water Soluble Tetrazolium (WSI)
assaygBerridgeet al.2005; Khalili Fardet al.2015)

A number of immunohistochemical techniques have been used for the detection of
apoptotic cells following exposure to nanomaterfal#legasset al.2010)

including the TUNEL assay, which detects fragmented DNA. However, this assay
can potentially also label necrotic cells and therefore the Apostain technique is
more specific as it labels condensed chromatin of apoptotic cells. Alternatively,
flow cytometry can b implemented using doublabelling of apoptotic and

necrotic cell{Hillegasset al.2010)
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In addition to measures of cell deathyitro testing can provide preliminary
information on the genotoxic potential of nanomatefidiiegasset al.2010) In
particular,in vitro genotoxicity testing identifies possible primary genotoxicity
since the influence of secondary inflammatory events cannot alter the results
(Schins 2002)The reverse mutation assay, also known as the Ames test, makes
use of severaltrains ofSalmonella typhimuriurbacteria to determine

mutagenicity of a substance in prokaryotes. Point mutations caused by ROS can
be identified by assays measuring oxidised guanine bases su¢Ha8and
7,8-dihydro-oxodeoxyguanine (0xdG); whilstDNA strand breaks can be

measured by the single cell gel electrophoresis assay (SCGE), also known as the
Comet assay. Lastly, chromosomal damage in the form of chromosomal breakage
or chromosome loss can be assessed through the chromosome aberration assay

and the micronucleus ass@yillegasset al.2010; Schins 2002)

Alterations in gene expression can also provide valuable information of the
potential effects of nanomaterial exposure. Northern blot analyses, ribonuclease
protection assays, and rgahe polymerase chain reaction (PCR) are useful for
the detection and quantification of specific mMRNA gene transcripts, whilst
microarray analysis allows for expression profiling of thousands of genes

simultaneouslyHillegasset al.2010)

2.2.1.4.2Represetative in vitro cell lines

In vitro testing makes use of commercially available cell lines of representative
organs, which, in this study, would be the respiratory tract since workers involved
in the research and manufacture of nanoparticles have thegneatential for
inhalation exposure to airborne engineered nanoparticles. Particle deposition in
the respiratory tract is greatly influenced by inertial impaction, sedimentation and
diffusion, which are, in turn, related to the particle diameter, whesttecles less

than 100 nm are primarily deposited in the alveolar and tracheobronchial regions
(Carvalhoet al.2011) Therefore, a lung cell culture representative of the
respiratory tract would be most relevant for this type of study. Availability of

these include cell lines of the human airway (eg. the lung adenocarcinoma

24



epithelial cell lines CahB) and alveolar epithelium (eg. Human A549 cells), and
primary cultures and cell lines of alveolar macrophdBa&andet al.2012) The
immortalized human lanchial epithelial cell line BEARB has been widely used
as ann vitro model for particle toxicity. BEASB cells are a frequently used cell
model for bronchial epithelium in toxicity studies, as reviewe(bieimeret al.
2005) This cell line has preously been used to investigate the cytotoxicity of
nanoparticles such as titanium dioxide (Z)i@Ps(Bhattacharyat al.2009; Gurr
et al.2005) silica NPSEom and Choi 2009¥inc oxide (ZnO) NPéHuanget al.
2010) and metal oxide NR®ark and Park009)

2.2.1.4.3Interference by nanomaterials with in vitro assays

Many of the aforementioned conventiomavitro testing methodologies rely on

the detection of an optical reading of the assay product to determine toxicity, by
either absorbance, fluescence or luminescence. Since nanoparticles tend to be
optically dense, meaning they can absorb light, they can interfere with the assay
readout leading to a false estimation of viability or toxi¢ipstinghet al.2011)

The large surface area pertumiass of nanomaterials and their resultant high
adsorption capacity increases the potential of the reaction substrate or product of
the assay on to the surface of the nanomaterial thereby inhibiting the assay
readout. In addition, enhanced catalytic astief nanomaterials in converting
substrate to product may cause false positive sigKaddl et al.2009) Due to

these possible interferenc@syitro methods need to be tested for interference or
employ tests that do not rely on optical detectioangxles of which include the
Colony Forming Efficiency (CFE) assay and the xCELLigence-Reaé Cell
Analyser (RTCA).

The CFE assay is one assay that has been shown to be suitable for nanomaterial
testing as it is not susceptible to interference fromaraaterialyPontiet al.
2014) It measures the survival and growth of cells over extended periods through
the seeding of very low concentrations of coldogming cells and allowing
growth until colonies aréormed. Analysis involves the counting of coles

under the assumption that, following treatment, each viable cell will form a
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colony(Hillegasset al.2010) Within the OECD WPMN framework, an
interlaboratory comparison study of the CFE assay was conducted to investigate
the applicability of this asy for the testing of nanomaterials by evaluating the

intra and interlaboratory reproducibility of the assay. This assay was found to be
a suitable, robust methodology that was reliably transferable between laboratories
and showed good reproducibility; Wwever, the technique is tirmnsuming and

low throughputPontiet al.2014)

Cell survival and growth can rather be measured in a more efficient way through
the use of cell impedance technology which has enabled the acquisition of label
free, noninvasve measurements in real tiriitienzaret al.2011) The

XCELLigence RTCA is one example of such an instrument that makes use of this
technology. Cells are cultured on special microtiter plates, catleidhtes,

containing microelectrodes on the basehefwells. This technology is presented

in Figure 2.3 where the application of an electric potential across these electrodes
produces a measure of the electrode impedance that reflects the state of the ionic
environment at the electrode/solution interfdceywn as Cell Index (Cl). This
impedance is influenced by the presence of cells cultured on plates on top of these
electrodes, and therefore the ClI values are used to monitor cell viability.
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Figure 2.3 Diagrammatic representation of the XxCELLigence RTCA technology
before and after cells are added to the wells.

Neither the cells nor the electrodes are drawn to scale. In the absence of cells, the
electric current flows freely in the culture medibetween the electrodes;

whereas once cells begin to adhere and grow then the current is impeded. (Image
reproduced with permission from ACEA Biosciences

https://www.aceabio.com/products/risp)

In addition to an assessment of the toxicity of the nanoparticles, vanmitso

techniques exist to assess the uptake of the nanoparticles.

2.2.1.4.4Testing for intracellular uptake of nanomaterials

There are a number of methodologies available to digteatptake of
nanoparticlegMarquiset al.2009) A frequently used technique is transmission
electron microscopy (TEM) which is capable of direct imaging of the intracellular
localisation of metal nanoparticles due to their high electron dgi@yciar

2014) Qualitative elemental analysis, such as eleetlispersive Xray analysis
(EDS), can be coupled to TEM to identify the chemical composition of the
nanoparticlegMarquiset al.2009) However, TEM is fairly time consuming due

to the sample procesg involved and often lacks statistical power on information
such as number of particles observed. Therefore, it is frequently run in
combination with inductively coupled plasma atomic emission spectroscopy (ICP

AES) to assess nanoparticle uptake throgigdntification of elemental
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composition. ICPAES is only able to quantify elements that are not naturally

found in the body and therefore cannot be used to quantify chds®d NPs. It is

also unable to distinguish between elements within the nanopamidldissolved

ions, provides no information of the localisation of the NPs, and cannot

distinguish between NPs on the exterior of the cell and those that have been taken
up by the cel(Marquiset al.2009)

On the other hand, fluorescent microscopyloamsed as both a quantitative and
qualitative methodology for the assessment of uptake diMNPquiset al. 2009)

This can be achieved through either the detection of the intrinsic fluorescence of
the NPs or using fluorescent molecules attached thlse However, the

possibility exists that either there is inhibition or enhancement of the fluorescence
by nanoparticles, or that the fluorescent molecule is removed from the NP either
during or after uptakéGonciar 2014)Additional techniques for deteag

intracellular uptake of nanopatrticles include SurfanbBanced Raman

spectroscopy (SERS) for live cell studies which makes use of molecular
vibrations to produce a vibrational fingerprint of a molecule; differential
interference contrast (DIC) which ks use of two images acquired at different
wavelengths to distinguish between AuNPs and cellular features; or photothermal
microscopy which makes use of overlapping laser beams and the detection of

small changes in temperature to image metal nanopar{i@enciar 2014)

Darkfield microscopy can also be implemented for the detection of NPs in cells.
This techniqgue makes use of oblique illumination and the collection of Rayleigh
scattering of the light to produce a bright image on a dark backg(uviza) et

al. 2010) CytoViva® has developed a patented darkfield illumination system that
has enhanced the sigrtatnoise ratio up to ten times as compared to standard

darkfield microscopyfHttps://cytoviva.com)/ This tehnology was specifically

developed to image materials in the nanoscale range with minimal sample
preparation. CytoViva also developed a Visible and Nieizared (VNIR)
hyperspectral imaging (HSI) camera that enables spectral quantification of a
sample. e system integrates onto the darkfield system and captures the unique
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reflectance spectra of objects in the microscope field of view. In this way, a
spectral signature of a known nanoparticle sample can be collected to form a
library that can then be magqb onto images of cells incubated with nanopatrticles,
thereby allowing for the labdtee confirmation of intracellular uptake of

nanoparticles.

Although there are a number of possible methodologies for the assessment of
toxicity and uptake ofianomatesls, a summary of those mentioned above is
shownin Table 2.2, iis essentialitat the techniques used in any study are
suitable for use with the nanomaterial in question. This was one of the issues
addressed by the aforementioned OECD WPMN Testing Rmogea of which

the present study contributed to assessment of the applicability of viariitre

toxicity assays for the testing of gold nanoparticles.
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Table 2.2 Summary of methodologies used for hazaehtification of

nanoparticles

Parameter measured

Methodologies

Physicochemical
Properties

Aggregation/agglomeration

TEM, SEM, DLS

Particle size distribution

TEM, SEM, DLS

Zeta potential

LaserDoppler electrophoresig
electrophoretic light
scatterigy, photon correlation
spectroscopy

Oxidationreduction potential

Potentiometry, Oxygen
detection

Surface Activity

Radical Formation potential

EPR/ESR

Sterility of
Nanoparticles

Endotoxin contamination

In vitro Limulus amebocyte
(LAL) test in the gelklot,
turbidity, or chromogenic
assay format, Recombinant
Factor C (rFC) assay

In vitro toxicity
testing

Cell membrane integrity

LDH, Trypan blue, Neutral
red

Metabolic activity

MTT, XTT, MTS, and WST1L
assay

Apoptosis TUNEL assay, Apostain,
flow cytometry
Genotoxicity Ames test, OHAG and oxe

dG assays, Comet assay,
Chromosome aberration assg
micronucleus assay

Alterations of gene expression

Norther blots, ribonuclease
protection assays, reine
PCR, microarrays

Cell viability

CFE assayxCELLigence
RTCA

Nanoparticle
uptake

Qualitative analysis

TEM, EDS, fluorescent
microscopy, SERS, DIC,
photothermal, Darkfield
microscopy, hyperspectral
imaging

Quantitative analysis

ICP-AES, fluorescent
microscopy,
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2.2.2 Hazard identification of gdd nanoparticles

2.2.2.1In vitro toxicity of gold nanopatrticles

There is an apparent contradiction in the literature regarding thio toxicity

of gold nanopatrticles. Table 2.3 provides a summary, in chronological order of
publication, of the studiegviewed here that investigated thevitro cytotoxicity

of spherical AuNPsand presents the effects of physicochemical properties, cell
type specificity, mechanism of toxicity, and the link between uptake and toxicity
Many of these studies showed nadatoxicity of the AUNPs under investigation

(Guet al.2009; Kharet al.2007; Kimet al.2009; Pontet al.2009; Zhanget al.

2011) However, other studies have endeavoured to establish the effects of various
nanoparticle characteristics and have fothad size, surface chemistry, and shape
may influence toxicity. Other confounding factors are the possibility otyed

specific toxicity, and the relationship between uptake and toxicity. In addition, it
has become apparent that, even though AuNPshmidlye cytotoxic, they may

cause adverse effects such as inflammation or genotoxicity, and therefore different

toxicological endpoints and the mechanism of toxicity is of interest.
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Table 2.3 Summary oin vitro cytotoxicity of spherical gold nanopatrticles.

MOR/CPR,
CCD-9198k,
BLM, MV3,
SMel28, Hela,
Hek-12

various cell lines

(radioisotopes and
fragmentatiorof cells into
cytoplasmic and nuclear
fraction prior to analysis of

radioactivity)

Cell line? Size Surface Incubation time; Conclusion on cytotoxicity | Uptake (Technique used Reference
chemistry cytotoxicity assay
Cosl, 2nm Quaternary | Mammalian cells: 1 | Cationic NPs are cytotoxic, | Not studied. (Goodman
Red blood cells, ammornum hour, 24 hour; MTT | Anionic NPs are not et al.2004)
Bacterial cultures (cationic); or | assay for Co4, cytotoxic;
(E.coli) carboxylate | hemolysis assay for | Mammalian cells moderately
(anionic) red blood cells; more sensitive
Bacterial culture:
overnight; adaption of
bacterioph
K562 18 nm Citrate; 3 days; No cytotoxicity Rapid uptake into endocytotiq (Connoret
biotin; MTT assay vesicles (TEM) al. 2005)
CTAB
MC3T3-E1, U20S, | 1.4 nm Triphenyt 24 hours; MTT assay | Cytotoxicity observed,; BLM cells: Distributed in both| (Tsoli et al.
SK-ES1, MOR/P, phosphine Differences in sensitivity of | the cytoplasm and the nucleu| 2005)
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Cell line? Size Surface Incubation time; Conclusion on cytotoxicity | Uptake (Technique used Reference

chemistry cytotoxicity assay

RAW 264.7 3.5m Borohydride | 24 hour, 48 hour, 72 | No cytotoxicty Uptake followed by (Shuklaet
hour; aggregation in lysosomes al. 2005)
MTT assay (AFM, CLSM, TEM)

CF31 13 nm Citrate 2, 4, and 6 days; Decrease in prolifetan Uptake confirmed followed by (Pernodet
proliferation measured observed accumulation in vacuoles and et al.2006)
rather than lysosomes (TEM,confocal
cytotoxicity microscopy)

L929, 0.8 nm, 1.2 | Triphenyt 48 hours; MTT assay| 0.8 nmi 1.8 nm NPs highly | Yesi not studied in detalil (Panet al.

HelLa, nm, 1.4 nm,| phosphine toxic; 15 nm NPs notoxic; 2007)

J774A1, 1.8 nm, 15 No celktype specific

SK-Mel-28 nm differences

A549, 33 nm Citrate A549 and HepG2: Cytotoxicity observed in A549 cells: Uptake confirmed| (Paraet al.

HepG2, (hydro- Incubation period not | A549 cells; no cytotoxicity in but do not enter the nucleus. | 2007)

BHK21 dynamic specified; MTT assay.| HepG2 and BHK21 cells; HepG2 and BHK21 cells: no

diameter) A549, HepG2, uptake
BHK21: 36 hours; (fluorescence confocal
propidium iodide (PI) microscopy)
uptake

HelLa 18 nm Citrate 3 and 6 hours; MTT | No cytotoxicity Uptake confirmed into vesicle (Khanet al.
assay within the cytoplasm (TEM) | 2007)
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Cell line? Size Surface Incubation time; Conclusion on cytotoxicity | Uptake (Technique used Reference
chemistry cytotoxicity assay
HelLa 3 nm, 5 nm, Citrate Not specified; MTT No cytotoxicity Not studied (Chenet al.
12 nm, 17 assay 2009)
nm, 37 nm,
50 nm, 100
nm
HelLa 3.7 nm MPA-PEG 6, 12, 24, 36, 4872 Minimal cytotoxicity Uptake confirmed into (Guet al.
(3-mercapte | hours; MTT vesicles, found through the | 2009)
propionic cytoplasm, and within the
acid nucleus; uptake plateaus at 2
polyethylene hours; (ICPMS, CLSM,
glycol) TEM, fragmentation of cells
into cytoplasmic and nuclear
fraction prior to CLSM and
ICP-MS)
HRMECs, 20 nm, 100 | Not specified| 48 hours; No cytotoxicity; Not studied (Kim et al.
CTX-TNA2, nm MTT assay No celktype specific 2009)
SNUOT-Rb1 differences
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Cell line? Size Surface Incubation time; Conclusion on cytotoxicity | Uptake (Technique used Reference
chemistry cytotoxicity assay
MDCK, 8 nm poly(N- 72 hours; NR assay & No or minimal cytotoxicity; | Uptake confirmed into vesiclel (Pontiet al.
HepG2 vinyl)- CFE assay no celktype specific (radioactivity &HPGe 2009)
2- differences detectors, TEM)
pyrrolidone
(PVP)
N9 23 nm CTAB 24 hours; MTT assay | CTAB highly toxic, PEG not| CTAB: uptake and localizatiol (Hutteret
(cationic); toxic with lysosomes; al. 2010)
PEG PEG: No uptake
(anionic) (DFM)
Dendritic cells (DCs)| 10 nm Poly-(N- 4, 24, and 48 hours; | No cytotoxicity Accumulation in cells (Bright | (Villiers et
generatedrom bone vinyl)-2- Annexin-7AAD field microscopy) al. 2010)
marrow extracted pyrrolidone | staining and flow
from C57BL/6 mice (PVP) cytometry
RAW 264.7 60 nm Citrate 24 and 48 hours; No cytotoxicity Uptake into intracellular (Zhanget
MTT and LDH assays vacuoles (TEM) al. 2011)
A549, 17 nm Citrate 24 hours, 72 hours; Cytotoxicity observed; No | A549 cells: uptake into (Choiet al.
A431, MTT and LDH assays| cell-type specific differencesg endosomes 2012)
NCI-H1975 (TEM, DFM)
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Cell line? Size Surface Incubation time; Conclusion on cytotoxicity | Uptake (Technique used Reference
chemistry cytotoxicity assay
Monocytederived 10 nm, 50 | Carbowlic 24 and 48 hours; Minimal cytotoxicity Uptake confirmed into ( Tomil
DCs (dendritic cells)| nm acidbased | AnnexinPI staining endosomes and some in the | al. 2014)
capping and flow cytometry cytoplasm as small aggregate
agent or single particles (MGG, flow
cytometry, confocal
microscopy)
HepG2, 30 nm, 50 | Not specified| 24, 48, 72 hours; MTT| Dose dependent cytotoxicity Not studied (Mateoet
HL-60 nm, 90 nm and LDH assays 30 nm AuNPs slightly more al. 2014)
toxic than 50 nm and 90 nm
Minor celltype specific
differences
A549, 10 nm, 7 Citrate (10 | 24 hours; LDH assay,| Minimal cytotoxicity of most| Not studied (Schlinkert
BEAS-2B, NHBE nm nm; anionic),| CTB assay NPs; et al.2015)
Chitosan (7 BEAS-2B: only AuNPs with
nm; cationic) highest positive charge weré

toxic at high concentrations;
NHBE: AuNPs with highest
positive charge showed des
dependent toxicity (CTB

assay)
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Cell line? Size Surface Incubation time; Conclusion on cytotoxicity | Uptake (Technique used Reference
chemistry cytotoxicity assay
C2C12 4.5 nm PEG 24 hous; XTT, MTT, | No cytotoxicity Uptake confirmed (STEMn- | (Leiteet al.
and calcein activity SEM) 2015)
assay
HepG2, 14 nm Citrate, Continuous HepG2: Citrate AUNP- Uptake confirmed into (Tlotlenget
HEK 293 Carboxy} monitoring, HepG2: | Minimal cytotoxicity, cytoplasm and in vesicles al. 2016)
PEG 74 hours, HEK 293: 37 PCOOH AuNPS$ highly (TEM, EDX)
(PCOOH) hours; XCELLigence | toxic dosedependent
RTCA toxicity;
HEK 293: Minimal
cytotoxicity
HepG2, 6.2 nm, Hydroxyl- 48 hous; MTT assay | Dose dependent cytotoxicity Not studied (Li et al.
HelLa 24.3 nm, PEG observed; Smaller particles 2018)
42.5 nm, more toxic;
61.2 nm HepG2 more sensitive than
Hela

2 A431 human epidermoid carcinoma cells; A549 human lung carcinoma type Il epithelial cells;2BEABnan brortgial epithelial cells;
BHK21 Syrian hamster kidney fibroblast cells; BLM metastatic melanoma; C2C12 mouse myoblastorr@l ¥3kDibroblast cells; GB1
human dermal fibroblast; CFXNAZ2 rat astrocytes; Hek?2 kidney cancer cells; HEK 293 human embryomim&y cells; HeLa cervical cancer
cells; HepG2 human hepatocyte cells;-Bl human peripheral blood promyelocytic leukemia cells; HRMECs human retina microvascular
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endothelial cells; J774A1 mouse macrophage; K562 leukemia; L929 mouse fibroblasts;-HO33ige cells; MDCK MadirDarby Canine
Kidney cells; MOR/P lung cancer cells; MOR/CPR lung cancer cells; MV3 metastatic melanoma; N9 microglial ceaH4$9M&human lung
carcinoma cells; NHBE normal human bronchial epithelial cells; RAW 264.7 murine rhagexy) SKES-1 osteosarcoma; SKiel-28 human
melanoma; SMe28 melanoma; SNUORDb1 human retinoblastoma cells;2DS osteosarcoma.

b CFE: Colony Forming Efficieny; CTB: CellTiteBlue®; LDH: Lactate Dehydrogenase; MTT<(3,5-dimethylthiazoi2-yl)-2,5
diphenyltetrazolium bromide; NR: Neutral Red; RTCA: raale cell analyzer; XTT: 2;Bis-(2-methoxy4-nitro-5-sulfophenyl}2H-
tetrazolium5-carboxanilide

‘TEM: Transmission Electron Microscopy; AFM: Atomic Force Microscopy; CLSM: CorfbasérScanningMicroscopy; DFM: DarkField
Microscopy; EDX: EnergaDispersive Xray; HPGe: High Performance Germanium; {B8: Inductively Coupled Plasma Mass Spectrometry;
MGG: May-GrunwaldGiemsa; STEMn-SEM: Scanning Transmission Electron Microscopy mode in Scanningdtiddicroscopy
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2.2.2.11 Effect of size

One of the earliest cytotoxicity studies on AuNPs investigated the effects of 1.4
nm triphenylphosphinéganded AuNPs on 11 cell lines, using the MTT assay
(Tsoli et al.2005) The particles were found to be toxicall cell lines and the
authors proposed that the toxicity of these nanoparticles was due to their small
size that allowed them to enter the nucleus and interact with the major groove of
DNA within the cells. In the same year, a study on the toxiciy8aim AuNPs in
K562 leukemia cells using the MTT assay, CTA&ated spherical AUNPs

showed significant toxicity as compared to their+taxic citrate and biotir

coated counterparts; however, following a washing process to remove unbound
CTAB, the washe@€TAB AuNPs were found to be ndgaxic (Connoret al.

2005) It was therefore proposed that smaller AUNPs were toxic whilst larger ones

were nonktoxic.

Concurring with this, a study of the effect of triphenylphosphine stabilised AUNPs
on four cell linespamely L929, HelLa, J774A1, and 9¥el-28; found particles
ranging in size from 1 2 nm were highly toxic via both apoptosis and necrosis,
whilst 15 nm AuNPs were shown to be nontoxic, as determined by the MTT assay
and fluorescencactivated cell sortingFACS) (Panet al.2007) Recently, a

study on hydroxyl(OHPEG coated AuUNPs of sizes 6.2 nm, 24.3 nm, 42.5 nm,
and 61.2 nm includeith vitro studies on HepG2 and HelLa cdli$ et al.2018)
Dosedependent cytotoxicity was observed using the MTT assaly aathe

highest concentration, skependent toxicity was observed where the smaller the
nanoparticles the greater the observed cytotoxicity. In contrast though, viability
studies in HelLa cells treated with citrate stabilised gold nanoparticles (size
ranging 3 nm to 100 nm) showed no decrease in viability, regardless of size, also
measured by the MTT ass@@yhenet al.2009) A study using the MTT and the

LDH assay in HE60 and HepG2 cells found dedependent cytotoxicity of

AuNPs, where the 30 nm AuN#sthe study were only slightly more toxic than

the 50 nm and 90 nm AuNRP&lateoet al.2014)

39



In conjunction with the possible influence of nanopatrticle size, the surface
characteristics will also influence the interaction of the nanoparticles with the

cells.

2.2.2.1.2Effect of surface chemistry

The importance of surface chemistry on toxicity of AUNPs was shown in 2004
where the effect of the side chains of mixed monolayer protected gold clusters
(MMPCs) was investigated using the MTT assay in-Coslls and human red

bl ood cell s, and wusing an @&dcaheguidhiac¢oli on of
cells(Goodmaret al.2004) In this study cationic nanoparticles, functionalised

with quarternary ammonium, were shown to be moderately toxic whitstian
particles, functionalised with carboxylate, were 1toxic. (Goodmaret al.2004)

The authors suggested toxicity was due to electrostatic interactions of the cationic
particles with the negatively charged cell membrane, resulting in lysis, and
demonsrated a chargdependent toxicity of the AuNPs. Similarly, positively
charged cetyltrimethylammonium bromide (CTAB) coated spherical AUNPs were
shown to be significantly more toxic than their negatively charged&&@d

spherical equivalent in microgli&l9 cells(Hutteret al.2010)

Nonetheless, when AuNPs have similar surface charge, it seems that the surface
functionalisation may play a role in toxicity. Negatively charged carbB&G
(PCOOH) 14 nm AuNPs were shown to be highly toxic in a-diepsndent

manner in HepG2 cells, as compared to their similarly charged citrate stabilised
counterparts which showed only mild toxic{fjlotlenget al.2016) These

studies suggest that both the charge and the functionalisation of the surface of the
AuNPs infuences their toxicity. However, not all AUNPs are spherical, but rather
other shapes have also been synthesised and the effects of the shape on toxicity
has been investigated.
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2.2.2.1.3ffect of shape

Although toxic, in order to produce gold nanorod$AB is necessary as a
stabilizing agent during productidifakahashet al.2006) A study of the
cytotoxicity of gold nanorods, using the MTS assay, in normal human gingival
epithelioid cells (SG cells) and oral cancer cells isolated form a Taiwan gatien
(TW 2.6 cells) showed that negatively charged polystyrenesulfonate@@sfgd
nanorods were less toxic than positively charged CTAB stabilised nanorods
(Parabet al.2009)

However, Takahaslat.al. (2006) were able to extract CTAB through
centrifugaton with a phosphatidylcholine (P€hloroform solution, thereby
replacing the CTAB with PC and decreasing the cytotoxicity of the nanorods
(Takahashet al.2006) As mentioned earlier, Connet al.(2005) were also able
to reduce the toxicity of CTAB AuRSs through the application of a washing
process to remove unbound CTAB. Another study confirmed that the observed
toxicity of CTAB-coated nanorods corresponds to the toxicity of free CTAB
contamination in the nanorod suspengialkilany et al.2009) It therefore seems
that initial studies reporting the toxicity of nanorods may have been caused by the
presence of unbound CTAB. This is supported by the observation that-CTAB
coated nanorods tested in microglial N9 cells were only slightly toxic at a high
corcentration, and CTAB urchin shaped AuNPs weretoxic, whilst the PEG
equivalent rods and urchin shaped AuNPs were also bottoran(Hutteret al.
2010)

Apart from the characteristics of the nanopatrticles, the characteristics of the cells

used in tlein vitro studies may potentially influence the outcome of the testing.

2.2.2.1.4Cell-type specificity

Cell-type specific differences in response to AuUNPs has been observed in some
studies, whilst other studiésmvenot. These studies involved a rangie
commercially available cell lines, representative of numerous cell &es

different target oragniscludingcarcinomasChoiet al.2012), retinakndothelial
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cells, astrocytesand retinoblastomal cell&im et al.2009) melanoma,
carcinoma, fiboblast, and macropage cellRanet al.2007) and epithelial, and
carcinoma cellgPontiet al.2009).Wherecell-type specificity can be observed,
in some studies, the AuNPs are toxic to all cell lines; however, some cell lines
seem to be more sensgithan others. For example, a study on the effects of 1.4
nm triphenylphosphinéganded AuNPs on 11 cell lines, although toxic to all cell
lines, the AUNPs were most toxic to the MV3 and BLM metastatic melanoma
cells, followed by the k20S osteosarcomacihe Hek12 kidney cancer cells
(Tsoli et al.2005) Another study found that hydroxiAlEG AuNPs of various
sizes were more toxic to HepG2 cells as compared to the HelLdldedisal.

2018)

Alternatively, in some cases AuNPs have been found to Idyhimxic to some

cell lines but not cytotoxic to others. The increased sensitivity of HepG2 cells was
also shown in our laboratory, where carbeREG AuNPs were highly toxic to
HepG2 cells but only minimally toxic to HEK 293 ce(lHotlenget al.2016)

Another study on the effects of 33 nm citrate stabilised AUNPs on A549, HepG2,
and BHK21 celldound nouptake and no cytotoxicity in both the HepG2 and the
BHK21 cells; whereas the AUNPs were able to enter the A549 cells and produced
cytotoxicity (Patraet al.2007)

A recent study{Chuehet al.2014)made use of cell impedance technology to
assess the toxicity of gold nanorod with an average length-4® ITon in four
mammalian cell lines, namely porcine kidney ¢(PE), African green monkey

kidney (Veon), mouse embryonic fibroblasts (NIH3T3), and human normal lung
fibroblasts (MRC5). Concentratiestependent toxicity was observed, however the
extent of this toxicity varied between cell lines with Vero cells showing the
highest sensitivity, and RK5 celk being the most resilient. Further differences in
cell-type were observed when the toxicity of highly positive charged chitosan
coated AuNPs was shown to be the greatest in normal NHBE cells, as compared
to the immortalised cell lines A549 and BERS8 (Sdlinkertet al.2015)
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The cell type may also influence the mechanism and extent of uptake of the
nanoparticles into the cell; and uptake has been suggested as an influencing factor

in toxicity.

2.2.2.1.90Uptake and toxicity

In two of the studies reviezd hergHutteret al.2010; Patrat al.2007) uptake

of AuNPs correlated with cytotoxicity, whilst lack of uptake of AuNPs correlated
with nonttoxicity. In addition, citrate stabilised 17 nm AuNPs were taken up and
subsequently shown to be cytotoxidiaman lung adenocarcinoma cells A549
and NCHH1975, and human epidermoid carcinoma cells A&31oi et al.2012)

However, in many other studies discussed al§j@emnoret al. 2005; Kharet al.

2007; Leiteet al.2015; Pontet al.2009; Shuklaet al.2005; Villierset al.2010;
Zhanget al.2011)uptake of the AuNPs into cells was confirmed, however this

did not result in cytotoxicity. The study by Chueh et al. (2014) that found cell

type specific differences in toxicity to nanorods, also found thdette of

uptake did not correspond to the toxicity. For example, NIH3T3 showed the
highest accumulation of gold nanorods, however this cell line showed low toxicity

compared to the other cell lines stud{€@huehet al.2014)

Even in the absence of obus cytotoxicity, subcellular pathways may be

activated and adverse effects may be caused by nanopatrticles.

2.2.2.1.6Adverse effects in the absence of cytotoxicity

Following the early studies of Tsoli et al., (2005) and Connor et al., (2005),
Pernodet eal (2006) subsequently chose to focus on apparenthcyimtoxic

larger AUNPs, investigating potential effects on proliferation, protein expression,
morphology, and changes in spreading and migration. This study involved 13 nm
citrate stabilised AuNP£sted on CRB1 human dermal fibroblasts for 2, 4, and 6
days. The AuNPs caused a reduction in proliferation after incubation for 4 days,
possibly linked to observed modifications to the actin structure in treated cells, or

to the large accumulation of ngranticlecontaining vacuoles. These authors also
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observed adverse effects on the extracellular matrix of cells, and on their ability to
migrate(Pernodeet al.2006)

In addition, Villierset al, 2010, investigated the effects of pgN-vinyl)-2-
pyrrolidone (PVP) stabilised 10 nm AuNPs on dendritic cells generated from bone
marrow extracted from C57BL/6 mice. No cytotoxicity was observed for up to 48
hours incubation and the AuNPs had no effect on the activation of the DCs.
However, when treated simuti@ously with LPS a strong inhibition of cytokine
IL-12p70 secretion was observed, as compared to the secretion caused by LPS
treatment alone, suggesting that the AUNPs may influence the immune response
of cells to antigengVilliers et al.2010) In anothe study, 10 nm and 50 nm

AuNPs, coated with a patented carboxylic duéded capping agent, were shown

to be only mildly toxic to monocytderived immature dendritic cells (DCs), as
determined by an AnnexiRl assay T o retiall 2014) However, at non

cytotoxic concentrations, the 10 nm AuNP were shown to impair the functioning
and maturation of the immature DCs, again suggesting an adverse effect on the

immune functioning of the cells.

Finally, differentiated skeletal muscle C2C12 cells showed no decireas

viability when treated with 4.5 nm PE&UNPSs, as tested with XTT, MTT, and
Calcien AM assayl eite et al.2015) However, the particles induced a dose
dependent increase in ATP production and in mitochondrial membrane potential,
and altered signallingathways that lead to increased cell sensitization and
susceptibility to cell death. It is clear from the abovementioned studies that, even
in the absence of obvious cytotoxicity, various responses occur and pathways are
altered at sufzellular levels; neessitating a look at the mechanisms of toxicity
induced by AuNPs.

2.2.2.1. Mechanisms of toxicity of AUNPs

In vitro studies have also offered insights into the potential mechanism of toxicity
of AUNPs. After establishing the cytotoxicity of GHEG AuNPsn HepG2 and
HelLa cells, the authors the intracellular production of ROS using the EB¥-H
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assay and found significant production of ROS in both cell lines, where the
smaller the AuNP, the greater the amount of ROS produced, which corresponded
with an ircreased observed cytotoxicity described eaflieet al.2018) Dose
dependent intracellular production of ROS following incubation with highly
positively charged AuNPs was found in A549, BE2B, and NHBE cells
(Schlinkertet al.2015) Interestingly, BEhough the highest production of ROS

was found in A549 cells, this did not correlate with toxicity.

Following the observation of doskependent cytotoxicity of AUNPs in H&O and
HepG2 cells, Mateo et al. (2014) investigated the influence of oxidatassst

The authors found that, with the greeubation of the antioxidant precursor N
Acetyl-L-cysteine (NAC), a somewhat protective effect was seen in both cell lines
by way of an increase in viability of the AuNRated cells. In both cell lines, a
sevee depletion of GSH, a marker of ROS detoxification, was observed; however
cell-type specific changes in SOD activity were found, where a decrease of
enzyme activity was seen in HepG2 céateoet al.2014) In a study on

HL7702 human liver cells, a seeedepletion of GSH levels was observed after
treatment with 8 nm AuNPs, as well as an increase in mitochondf@aldnd a

loss of mitochondrial membrane potenf@iaoet al.2011) Together, these

results suggest that, in the cell lines studied, tbdumtion of oxidative stress is

one of the primary mechanisms of AuUNP toxicity.

Oxidative stresselated signalling pathways have been shown to be involved in

cellular responses to AUNP exposureitro. An inhibition of cell proliferation

was also obsrved when ovarian cancer cells were treated with 20 nm citrate

stabilised AuNPs and this was linked to an inhibition of the MAPK signalling
cascad€Arvizo et al.2013) WhilstNFe B t r anscri ption factor
increased in lung epithelial cells which subsequently lead to gene expression
associated with an inflammatory respo(iNg et al.2018) In another study, the

induction of apoptosis has been shown to be#huse of cell death caused by

citrate stabilised 17 nm AuNPs in A549 cells, as deduced through a

bioluminescent ATP assay, cell cycle analysis using flow cytometry, and
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assessment of apoptosedated genes expression using4tgake PCR(Choiet al.
2012)

Oxidative stress was observed in MiBCells treated with fetal bovine serum
(FBS) coated 20 nm AuNREi et al.2008; Liet al.2010) In the first study, this
group observed a doskependent induction of oxidative DNA damage, as
observed by an increed quantity of 8SOHdG relative to the control, coupled with

a downregulation of DNA repair gen@s et al.2008) In the latter study, an
increased hydroperoxide concentration in lipid extracts was found, as well as
MDA protein adducts, in treated cells.addition, four genes related to oxidative
stress pathways were significantly upregulated, namely the polynucleotide kinase
3 phosphatase genBNK), cyclooxygenase 2 gen€QX-2), oxidative stress
response 1 gen®KSR], and the peroxiredoxin 2 gerfeRDX3J. PNK protein

plays a role in DNA double strand break repair; whilst CDiX a stress inducible
enzyme and a marker of inflammation that was, most likely, induce by the lipid
peroxidation observed. However, both OXSR1 and PRDX2 proteins are
associagd with protection against oxidative stress. The authors also found
induction of autophagy proteins after treatment with AUNPs and observed
autophagosomes using-eBEMngAyt ogltag s, whren
membraned vesicles, termed autophagosoaredprmed from cytoplasmic

proteins and organelles which then fuse with lysosomes and are de(ifalied

et al.2010) In some cases, autophagy is a stress adaptation that prevents cell
death whilst in some cases it serves as a pathway to cell dettb.Lin et al.,

2010 study, the authors concluded that the induction of autophagy protected the

cells from cell death caused by oxidative stress.

A few studies have shown the genotoxic potential of AUNPs. Small AuNPs of 5
nm in diameter, but not those 20 nm or 50 nm, showed ROS production and
DNA damage to HepG2 cells in the DTIA and comet assay respectively; and
subsequent hindrance of cell cycle progreséioa et al.2017). Although no
adverse effects were observed following treatment imthiéro mammalian

chromosome aberration test and standardvo mammalian erythrocyte
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micronucleus test, a loAgrmin vivomammalian erythrocyte micronucleus test
revealed a significant increase in micronucleus formation in the cells treated with
the 5 nmAUNPs. Conversely, a study in Raw264.7 cells found the genotoxic
effects of 15 nm AuNPs to be greater than that of 5 nm AuNPs, as measured by
the micronucleus ass#&Ri Bucchianicoet al.2014) These same authors went on
to show the potential adverse géwxic effects of contaminants in the AUNP

suspensioriDi Bucchianicoet al.2015)

Another study in HepG2 cells found DNA damage caused by 20 nm citrate
stabilised AuNPs, but not Iherceptoundecanoic acid AuNPs, even though no
cytotoxicity was observe(Fragaet al.2013) Cytotoxicity and genotoxicity was
observed in HepG2 cells and peripheral blood mononuclear cells (PBMC)
following treatment with citratstabilised and PAMA dendrimeapped AuNPs
(Painoet al.2012) However, both of these studies madse of the comet assay to
determine damage, which may be subject to interfer@eergeet al.2017) On
the other hand, a study that made use of both the comet assay and the
micronucleus assay found no genotoxicity for 2, 20, and 200 nm gold
nano/micrgarticles in blood and tissue obtained from Wistar (Atsvnset al.
2012)

It can be seen from the literature presented here that there is conflicting toxicity
data not only on the cytotoxicity of AUNPs, but also on the effects of shape, size
and surfae chemistry. This highlights the need for standardisation and validation

of in vitro methodologies for the assessment of the safety of gold nanomaterials.

2.2.2.2Uptake of gold nanoparticles

For nanoparticles to have applications in drug delivery amdpeutics, it is
necessary for the nanoparticles to enter cells to exert their function, however the
uptake and subsequent intracellular localisation and processing of nanoparticles
will influence their toxicity. Cellular uptake of nanoparticles is kndwbe

influenced by their size, shape, and surface chemistry, since these properties will
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influence how nanoparticles interact with each other, their environment, and with

cells they come into conta®anaritiet al.2012)

2.2.2.2.1Parameters determing the uptake of gold nanoparticles in vitro

The size of nanoparticles has been shown to affect their cellular uptake; however,
there is no clear conclusion in the literature regarding what size is most readily
taken up. In some studies, 50 nm AuNPs haenlshown to have a maximum
uptake. This was shown in both HelLa cells treated with citrate stabilised AUNPs
of diameters 14, 30, 50, 74, and 100 (@hithraniet al.2006) and in MCF7

cells treated with citratetabilised and with bovine serum albumirS@) coated
AuNPs with diameters of 14, 50, and 74 (@hithraniet al.2009) A similar

trend was observed in dendritic cells (DCs), where 50 nm spherical AUNPs were

internalized to a greater extent than 10 nm spherical AGNP® ratiall 2014)

Inconsigent with the abovementioned studies, human pancreatic cancer cell lines
PK-1, PK-45, and Pand had the highest uptake of 20 nm AuNPs, as compared to
5, 10, 30, 40, and 50 nm spherical AuNPsnoet al.2011) In addition, 5 nm

and 20 nm citrate statsied AUNPs were more readily taken up than 50 nm and

100 nm into human ovarian cancer cell lines OVCAR5, SKOV3, and A2780
(Arvizo et al.2013) In another study, PEGylated 18 nm AuNPs were taken up to

a greater extent into primary human dermal microvasemdothelial cells

(HDMECS) than their 35 nm and 65 nm counterpgfteeseet al.2012a)

However, these authors also showed surface cedépgndant uptake of various
AuNPs, and found that positively charged AuNPs were taken up to a much greater

degreghan neutral and negatively charged ones of the same size.

The effect of various coatings on the uptake of AumP@tro has been

investigated in the literature where most of these investigations have studied the
effect of the presence of PEG on theakgtof the nanoparticles. For example, in a
study comparing the uptake of either raoated or methyl PEGylated spherical

30 nm, 50 nm and 90 nm AuNPs, where PEGylation of the AuNPs lead to
dramatically decreased levels of uptake ind€elis(Arnidaet d. 2010)
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Polystyrene sulfonate coated gold nanorods exhibited uptake into human
mammary adenocarcinoma SKBR3 cells, whilst metHeE¢ coated gold
nanorods did not enter the celRayavarapet al.2010) A study in HeLa cells of
16 nm AuNPs showed theitrate stabilised AUNPs entered the cells whilst their
PEGmodified counterparts did n@ativo et al.2008) Similarly, uptake of 14

nm, 50 nm, and 70 nm AuNPs into HelLa cells and MIaB-231 cells was
drastically reduced when these NPs were PEGylasechrapared to their citrate
stabilised counterpar{€ruje and Chithrani 2015)However, there was an
increase in uptake in HelLa cells when the PEGylated AuNPs were functionalized
with synthetic peptide RGD, although these levels did not reach those of th
citratestabilised AuNPs. Likewise, AUNPs modified with mixed PEG/peptide
monolayers have been shown to enter HeLa cells in greater numbers than their
PEGonly counterpartéLiu et al.2007) The abovementioned literature clearly
demonstrates that thegzsence of PEG on the surface of AUNPs results in either
reduced or complete absence of uptake of these AUNPs as compared to citrate
stabilised AuNPs; however further modification of the PliE@nds with a peptide

can potentially result in an increased kpta

A study investigating the effects of surface chemistry of gold nanorods with
dimensions 18 x 40 nm, found that the negatively charged psty(dnesulfonic
acid) (PSS) nanorods exhibited the lowest uptake in HelLa cells, whilst those
coated with PSSoflowed by a positively charged poly(diallyldimethylammonium
chloride) (PDADMAC) exhibited the highest uptafk¢aucket al.2008) The
nanorods that were coated with PSS and PDADMAC and then a second layer of
PSS, resulting in a negative charge closeretatnal than PSS alone, showed an
intermediate uptake, highlighting the importance of charge on uptake. This study
also noted the differences in uptake between two nanorods of similar positive
charge but different chemistry of the attached ligands. Moretheshape of the
nanoparticles may have an effect on the uptake, for example, PEG hydrogel
nanoparticles of higlaspectratio (more rodike) were internalised faster than

more symmetrical nanoparticléSrattonet al.2008) This study also showed

positively-charged nanoparticles to be internalised faster than negatively charged
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ones. In conclusion, it would therefore seem that a combination of size, surface

chemistry and shape determine the uptake of nanoparticles.

2.2.2.22 Localisation of AUNPs

Theintracellular localisation of nanoparticles following uptake will influence how
the nanopatrticle is processed within the cell and will determine the possible
toxicological outcomes. Two studies have shown that AUNPs are able to enter the
nucleus followinguptake. Since these studies involved AuNPs of 1.4Trsuli et

al. 2005)and of 3.7 nn{Gu et al.2009)in diameter, it was proposed that their
entry to the nucleus was due to their small size. However, the vast majonty of
vitro uptake studies have shin AuNPs to be distributed within vesicles
(Chithraniet al.2009; Connoet al.2005; Hutteret al.2010; Pernodest al.

2006; Pontet al.2009; Shuklaet al.2005; Zhanget al.2011) or within a
combination of vesicles and cytoplag@hoiet al.2012;Khanet al.2007;
Tlotlengetal.2 0 1 6 ; effab2®14) The localisation of nanoparticles will be
influenced by the mechanism by which the nanopatrticles enter the cell.

2.2.2.23 General mechanisms of uptake

Uptake of nanoparticles has been showodrur through both passive and active
processegPanaritiet al. 2012) Studies investigating passive uptake generally
make use of red blood cells (RBCs) as they lack endocytic capal{fihasget

al. 2014) Whereas in other cell types receptoediatel endocytosis pathways is
the primary mechanism of cellular entry for nanoparti¢hdkilany and Murphy
2010) Endocytosis mechanisms are divided into two categories, namely
phagocytosis, for the internalisation of larger particles; and pinocytosisnwithi
which falls the categories of macropinocytosis, clathmgdiated endocytosis,
caveolinmediated endocytosis, and clathramd caveolae independent
endocytosigConner and Schmid 20Q3Ylacropinocytosis is neselective
endocytosis that involves upta&ka large volume and allows for particles >1 pum
to be internalise@Muruganet al.2015) To study the mechanism of endocytosis

of nanoparticles, researchers have commonly used either fluorescently labelled
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endocytotic markers to investigate intracelldtaralization, or endocytotic
inhibitors to block a specific pathway to confirm whether it is involved in uptake
(Kou et al.2013)

The mechanism of endocytosis can be investigated through the use of known
chemical inhibitors of endocytosis pathways. {St&in and chlorpromazine have
both been used in studies on the endocytosis mechanisms of nanopatrticles into
BEAS-2B cells, where genistein has been shown to effectively inhibited the
uptake of polymeric DNA nanoparticlé<im et al.2012) and chlorpromane

has been shown to inhibit the uptake of copolymer DNA nanopar{Btsgan et

al. 2012)and multiwalled carbon nanotubes (MWCNT$Janiuet al.2013)

2.2.2.24 Mechanism of uptake of AUNPs

Previousn vitro studies of endocytosis mechanisms of Rshhave often focused
on the effect of nanoparticle size and uptake has been shown, for the most part, to
be clathrinmediated. Spherical transfertoated 14 nm and 50 nm AuNPs were
both shown to enter into HelLa cells through clatmiediated endocytosi

(Chithrani and Chan 200.7n primary human dermal fibroblast €8 cells,
clathrirmediated endocytosis was shown to be the mechanism of uptake for 45
nm citratestabilised AuNPs, however uptake of 13 nm citsttbilised AUNPs

was not clathrirmediatel. The authors suggested phagocytosis to be the mode of
entry however; they did not investigate the possibility of caveukdiated

uptake in their stud¢Mironavaet al.2010) Clathrinmediated endocytosis was

also identified as the mechanism of uptaksepherical FBSoated 20 nm AuNPs
into MRCS5 lung fibroblast cells and Chang liver céNig et al.2015) However,
caveolinmediated uptake was observed in a study where 4.5 noy#&aineCy5
nanoparticles were assessed in HelLa ¢Xin et al.2012) An obvious

deduction regarding the effect of size of AUNPs on the mechanism of uptake
cannot be made based on the abovementioned literature. However, the surface
functionalisation of the AUNPs may play a role and this therefore was identified
as an areafanterest considering the extensive use of surface modifications of

AuNPs for their intended applications.
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Since these aspects of the phgsleemical properties of AUNPs may influence
the level and mechanism of uptake, as well as the intracellularsaitati of the
AuNPs; one could propose that these properties will also influence the toxicity of

the AuNPs.
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Chapter 3 - Methods

3.1 AuNPs used in this study

3.1.1 Synthesis of AUNPs

AuNPs were synthesized by Mintek, Randburg, South Africa. The 14 nm and the
20nm AuNPs were prepared with sodium citrate as a reducing agent according to
literature method@Frens 1973; Turkevicht al. 1951) Tetrachloroaurate
(HAuCl4.3H20) and trisodium citrate (N&Hs07.2H.O) were purchased from

Sigma Aldrich (St. Louis, USA)ral used without further purification. Trisodium
citrate aqueous solution was added to boiletgachloaurate aqueous solution,

and boiled under reflux for 15 minutes. The resultant suspension was allowed to
cool to room temperature and stirred overnighie 14 nm PEdiganded

nanoparticles were prepared using ligaxd@hange where citrate was replaced,

resulting in the following generic formula:
AuTl ST (CH2)117 (EG)T functional group

Where EG is ethylene glycol §860>) with the structure:

0 H
H{ \/\}o
n

ThePEGIligand names, abbreviations, functional groups and molecular weight

are shown imable3.1. Some of the AUNPs were 100% conjugation, meaning that
the nanoparticles were saturated with the relevant PEG; wiist sere

conjugated at 1% and stabilised with 99% POH. These conjugation concentrations

are also shown imable3.1.
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Table 3.1 Abbreviations and structures of funetad groups

Name Abbreviation | Molecular weight of Structure of functional Percentage concentration of
PEG-ligands group relevant PEG
Hydroxyl-PEG POH 468.69 g/mol —OH 100%
CarboxytPEG PCOOH 526.73 g/mol o 100%
)J\m,
Biotin-PEG PBtn 694.00 g/mol o 1%
n o
Hﬁ-H
s "’”WO
o
Nitrilotriacetic acidPEG PNTA 638.82 g/mol o 1%
OH
HO M
Mo
Q HO
Azide-PEG PAZ 496.70 g/mol + - 1%
N=—/N=—T/TN
Amine-PEG PAM 504.16 g/mol —NH:2 1%
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Thesynthesis was performed under sterile conditions; however, the AUNPs were
also filtered using an Acrodisc 0.2 um Supor Membrayringe filter (PALL,
Port Washington, BA).

3.1.2 Use of different AUNPs

The 14 nm AuNPs used in this study were the chosen test substance for the South
African contribution to the OECD WPMN project (JRC Nanomaterials

Repository ID JRCNMO03300a) and @nference studies were conducted using

these AuNPsThe 20 nm AuNPs were used as they were approximately double in
size.The 14 nm and 20 nm AuNPs were used to demonstrate the use and benefits
of labelree methodologies described in Sections 3.5.2 andl.3[6e 14 nm

AuNP was also used in the OECD WPMN interlaboratory comparison study of

the Colony Forming Efficiency (CFE) assay for assessing cytotoxicity of

nanomaterials.

Toxicity and uptake studies were then performed on the 14 nm and 20 nm AuNPs
to investigate the effects of size, and surface charge and type of liganded
functional groups using the negatively charged 14 nm-kgaBded AuNPs

(POH AuNP, PCOOH AuNP, PBtn AuNP, PNTA AuNP, and PAZ AuNP), and

the positively charged 14 nm PAM AuNP. The coricaions of the AuNPs are
expressed in this study as molarity of AUNPSs, given in nM, as provided by

Mintek.

3.1.3 Different culture media

Three different cell culture media formulations were used in this study. RPMI
culture medium consisted of RPNI640 nedium with L-glutamine, 10% heat

i nactivated foet al bovine serum (FBS)
cul ture medi um c on s igletanane, 104 hedHaxtivaiesl F 1 2
FBS and 1% penicillin/streptomycin. Reagents for both the RPNlreunedia

and the Hamés F12 culture media were

an (

Wi |

pur

Bel gium). DMEM culture medium contained |

Medium with 4.5 g/l glucose, with-glutamine, without pyruvate, supplemented

55



with 10% Foetal Clone Il, 1% dh-Essential amino acids, and 1%
Penicillin/Streptomycin, all Gibco by Life Technologies (Thermo Fisher
Scientific, Waltham, USA).

3.2 Physicochemical Properties

The physicahemical properties of the 14 nm and 20 nm AuNPs, and the PEG
liganded AuNPs wereharacterised in milQ water, RMPI culture medium, and
Hambés F12 c u brtanalyss inthe cuitute mediuiie AUNP stock
solutions were centrifuged at 080 x g for 30 minutes and resuspended at a

concentration of 1 nM.

3.2.1 Transmission Etctron Microscopy

Transmission Electron Microscopy (TEM) was used to determine the size and
shape of the AuNPs. The AuNPs in mQiwater, RPMI culture medium, and

Ha mo s culinrk thedium, were deposited, as droplets, on fornowated

copper grids (TeéPella, Redding, USA) and allowed to dry prior to analysis on a
FEI Tecnai T12 TEM, operating at 120 kV. For size measurements, a minimum of
50 nanoparticles were measured using ImageJ 1.46r (National Institutes of Health,

USA) to obtain an average partidemeter.

3.2.2 Absorbance spectroscopy

Absorbance spectra of the AuUNPs were determined using a CE3021
spectrophotometer (Cecil Instruments, Cambridge, UKherrange between 400
nm and 800 nm, to determine the wavelength at which the peak in alzsrban

observed.

3.2.3 Zeta potential
The surface charge (zeta potential) of the AUNPs was determined using Zetasizer
Nano ZS (Malverrinstruments, Malvern, UK) at 25°C.
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3.2.4 Effects of AuNPs on pH of culture medium
The effect of the AUNPs on the pH bktculture medium at 37°C was measured

using a Jenway 3510 pH meter (G8larmer, Staffordshire, UK).

3.2.5 Sterility testing

Sterility of the AUNP suspensions received from Mintek was assessed by the
Immunology and Microbiologypection at the NIOH. Stdity was confirmed by
plating the samples on Tryptic soy agar (TSA) plates (Diagnostic Media Products,
Sandringham, South Africa) and incubating at 37°C for 3 days to determine
bacterial growth. Only AUNP samples that tested negative for bacterial

contamiration were used for further experiments.

3.2.6 Endotoxin assays

Three assays were assessed for their applicability for use in the detection of
endotoxin in AUNPs suspensions, and this work has been pubf{iééten and
Gulumian 2019h)Two of these assayare regarded as traditional assays, namely
theLimulusamebocyte lysate (LAL) chromogenic assay and the LALcyel

assay, and the third assay makes use of a synthetic recombinant Factor C (rFC)
protein that selectively recognises endotoxin. All of ¢h@ssays express

endotoxin concentration in terms of endotoxin units per millilitre (EU/ml). All kits
and consumables were purchased from Lonza, (Walkersville, USA), certified
endotoxinfree. Where dilutions in water were required, LAL Reagent Water

(Lonzg Walkersville, USA) was used.

3.2.6.1 Calculation of MVD

The maximum valid dilution (MVD) was calculated for each assag MVD is
dependent on the desired endotoxin limit and the sensitivity of the assay. In this
study, an endotoxin limit of 0.5 EU/mlas used as this is the limit for medical
deviceg(Burkhard Dicket al.2003; FDA 2012)and an acceptable level for

vitro cell culture product§Ryan 2004,
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This calculation is given by the formula:

v, 0tQ¢ 0@ QEUED Y &
DLwO

where & (lambda) is the sensitivity of
assay has a sensitivity of 0.1 EU/mI, the-gel assay has a sensitivity of 0.0313,
and the rFC assay has a sensitivity of 0.005 EU/mI.

3.2.6.2 LAL Chromogenic Ass/

The Limulus Amebocyte Lysate (LAL) QGLOOC kit was used for the

guantitative traditional Endpoint Chromogenic LAL test. For this assay,
endotoxins present in sample catalyses the activation of a proenzyme in the LAL,
the rate of which is determined the concentration of endotoxin present. A
colourless substrate (Ate-Glu-Ala-Arg-p-nitroaniline) is then added and the
activated enzyme subsequently catalyses the releaseitobaniline (pNA)

which is measured spectrophotometrically at 405 nm.

Lyophilised LAL reagentE. coliendotoxin standard, and chromogenic substrate
are reconstituted in water. All reagents are allowed to equilibrate to room
temperature prior to use. For this assay, the correlation between the absorbance
and the endotoxin conceation is linear in the 0-1.0 EU/ml range; therefore,

the endotoxin stock solution is diluted in water to produce endotoxin standards of
0.1, 0.25, 0.5, and 1.0 EU/m.

To investigate possible interference of the reaction by AuNPs, a Positive Product
Cortrol (PPC) of 0.5 EU/mI endotoxin with various AuNP dilutions was run
alongside unspiked samples. A®6Il microplate was prequilibrated to 37°C

in a digital heating block, and this temperature was maintained for the duration of
the experiment. A 50 of sample or standard was pipetted into relevant wells and
50 ul of water was pipetted into blank wells. A 50 ul of LAL reagent was pipetted
into each well and the microplate was gently tapped to mix. The microplate was
incubated for 10 minutes, timed fnothe addition of LAL Reagent to the first
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well and thereafter a 100 ul of chromogenic substrate was added to each well. The
plate was tapped to mix and incubated for 6 minutes. A 50 pl of 25% acetic acid
was added to each well to stop the reaction, aathdge plate was tapped to mix.
Absorbance was read at 405 nm oream800 (BioTek, Winooski, USA) and the

values of the blank was subtracted from the absorbance readings.

To serve as particle controls, a 50 pl of corresponding AUNP concentrations with
150 pl water were included on the plate. These wells did not receive LAL reagent
or substrate, but received 25% acetic acid in the final step. The construction of a
standard curve allowed for the quantification of endotoxin in the unknown
samples. For thBPCs, the endotoxin concentrations are determined and the
difference between spiked and unspiked samples calculated. The difference
between these two values should be within 25% of the known spike concentration
(0.5 EU/mI), i.e. be between 0.375 and 0.&25ml.

3.2.6.3 LAL Gelclot Assay

The LAL PYROGENTM Plus (0.03 EU/mI sensitivity) kit was used for the
guantitative gel clot test. In this assay, reagents and test samples are mixed in
tubes and incubated for an hour during which endotoxin catalysastthation of

a proenzyme to activated coagulase that then hydrolyses bonds within coagulogen
which then seHassociates and forms a gelatinous clot. Lyophilised LAL reagent
andE. coliendotoxin 055:B5 standard are reconstituted with water. The
endotoxinstock solution is diluted to produce endotoxin standards of 0.0156,
0.0313, 0.0625, 0.125, 0.25 EU/mI, and is used to verify the lysate sensitivity of
the kit. To test for possible interference, PPCs of endotoxin concentrations
ranging 0.0156 to 0.25 EU/mlere prepared using AUNP suspensions with
dilution factors up to 100 as diluents, and these PPCs were analysed alongside

unspiked AuNP samples.
To assess endotoxin levels in AUNP samples, 100 ul of the endotoxin standards,

PPCs, unspiked AuNP dilutionsnd water as a negative control, was pipetted into

glass tubes. A 100 ul of LAL reagent was added to each tube, mixed and placed in
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a 37°C dry bath for 1 hour. Incubation was timed from the moment each tube was
placed in the dry bath. Following incubati@ach tube was inverted 180°. A

positive reaction i.e. the presence of endotoxin was characterised by the formation
of a firm gel that remained intact momentarily when the tube was inverted. A
negative reaction, signifying the absence of endotoxin, waadeased by the
absence of a solid clot, even if there was an increase in turbidity or viscosity.

To verify the lysate sensitivity using the endotoxin standards, the endpoint
dilution was identified as the last dilution of endotoxin that yields a pesiti

result. The geometric mean of the endpoint was calculated by converting each
value to logo and obtaining the average of these values; followed by the antilog
of the average log value to obtain the lysate sensitivity. Similarly, this approach
was usedo calculate the endotoxin concentration of the AUNP sample and the
PPCs. Products are free of interference by the AuNPs if the geometric mean
endpoint of endotoxin in product is within ¥z to 2 times the labelled lysate

sensitivity.

3.2.6.4 rFC Assay

ThePyroGené" Recombinant Factor C Endotoxin Detection Assay was used as
an alternative to the traditional assays described aBowli endotoxin 055:B5,
provided for use as a standard, was reconstituted in water and vigorously shaken
on a vortex for 15 nmutes. This standard was diluted to create a standard curve
ranging from 0.00% 5.0 EU/ml. Inbetween each serial dilution, tubes were

vortexed for 1 minute to ensure accuracy of dilution.

For the assay, a 100 pl of water, endotoxin standards, or saapladded to

relevant wells of a 98vell plate. The plate was piecubated at 37°C £1°C for at
least 10 minutes. A 100 pl of working reagent composed of fluorogenic substrate,
assay buffer and rFC enzyme in a 5:4:1 ratio, was added to each well.
Fluoresence was read &ime zero at 360 nm excitation, 440 nm emission on an
FLx800 plate reader (BioTek, Winooski, USA). The piatencubated for one

hour at 37°C and then fluorescence is read again. Fluorescence is measured in
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Relative Fluorescence Units (RF; andthe change in signal over the hour time
period, known as ®@RFU, is corrected for
proportional to the log endotoxin concentration which is linear between 0.005 and

5.0 EU/ml, therefore a standard curve can be constructetharendotoxin

concentration of a sample can be calculated. The fluorescence of AUNPs alone at

360 nm excitation, 440 nm emission was measured. To test for inhibition or
enhancement of the assay, the difference between the PPC and unspiked samples

is calalated which should be equal the known concentration of the spike (0.5

EU/ml) within the range of 5200%.

3.2.7 Redox Potential

The Oxidation Reduction Potential (ORP or redox potential) of JAnMPs in

the RPMI culture mediurwas measured using a redqmotential electrode (Lazar
Research Laboratoriesos Angeles, USAgonnected to a Jenway 3510 pH
meter. The ORP, relative to RPMI culture medj was measured, where the
instrument was zeroed against RPMI nuedat the beginning of the experiment,
and ttereafter the ORP of the RPMI medium was measured again once all

measurements had been completed.

3.3 Surface Activity

3.3.1 Electron Spin Resonance

Electron Spin Resonance (ESR) on a Ekpéctrometer (Bruker, Billerica, USA)
was used to detect free radgcasing the spin trap 5@imethyk1-pyrroline-N-

oxide (DMPO, Sigm&ldrich, St. Louis, USA). For these measurements, 100
mM DMPO, 10 mM HO- (Merck, Darmstadt, Germany) and AuNPs at 0.5 nM, 1
nM, 2 nM, and 5 nM were mixed prior to ESR measurements. d3@line
correction, 100 mM DMPO was used to observe the effects of hydrogen peroxide
(H202, Merck, Darmstadt, Germany) and AuNPs. Measurenveerts conducted
using a cylindrical TM 110 Resonant cavity and-laofe AquaX sample cell

holder. The instrumeneg#tings used were: microwave frequency: 9.5 GHz, power
15 mW, receiver gain 6.32 x 4 @onversion time 81.92 msec, time constant

40.96 msec, modulation frequency 100 kHz, modulation amplitude 1 G, sweep
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time 83.89 sec, sweep width 100 G. Instrument catiitan was performed using
4-Hydroxy-2,2,6,6tetramethylpiperidind-oxyl (TEMPOL, SigmaAldrich, St.
Louis, USA). Relative free radical concentration was estimated based on the peak

intensity, as measured by the paaipeak height of the observed spectra.

3.3.2 8lsoprostane

8-Isoprostane is a biologically acti¥e-IsoPs that iproduced in abundance and
therefore used as a biomarker of lipid peroxidatMdiine et al.2011) The 8
Isoprostane EIA Kit (Cayma@hemical, Ann Arbor, USA) ibased on the
conmpetition between -&soprostane and aniSoprostane AChE tracer<8
isoprostaneacetylcholinesterase conjugate) for binding sites of-mo@ostane
specific rabbit antiserum. The amount of tracer that is able to bind to the
antiserum is inversely propashal to the concentration ofiSoprostane in the
sample. The &soprostane standard/sample, the tracer, and the antiserum are
added to a 98vell plate supplied with the kit that has rabbit IgG mouse
monoclonal antibody attached to the wells, to whichathiéserurmisoprostane
complex binds. The plate is then washed to remove any unbound reagents.
ElI'l mands Reagent, which contains the
wells. The product of the enzymatic reaction absorbs at 412 nm. The intdnsity o
this absorption is proportional to the amount of tracer bound to the well, which is
inversely proportional to the amount of freésBprostane present in the well.

UltraPure water (Cayma@hemical, Ann Arbor, USA)vas used to prepare all
reagents and Ifiers. The 8isoprostane Standard was diluted with water to
produce a stock solution that was furtdéuted with RPMI culture mediurto
produce standard solutions ranging from 5 pg/ml to 500 pg/ml for the standard
curve. The 8soprostane tracer and tBasoprostane EIA antiserum were
reconstituted in EIA buffer. Experiments were run in thev@fl plate supplied
with the kit. Wells were allocated for the controls of blanks, total activity; non
specific binding wells (NSB), and maximum binding wells)(Bind a six point
standard curve in duplicate. To test for interference, samples were prepared

containing either 8 pg/ml or 40 pg/ml ofi$prostane standard, analysed without
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AuNPs or spiked with either 1 nM or 5 nM AuNP. Each of these were run in
triplicate and the experiment was repeated twice. In addition, NSB wells were
prepared containing AUNPs. Reagents were added to relevant wells as shown in

Table3.2, and in the order shown from left to right, following wiihe plate was

covered with plastic film and incubated for 18 hours at 4°C.

Table 3.2 Volumes of reagents used in thésBprostane EIA assay

Well EIA Medium | Standard/Sample| Tracer Antiserum
allocation buffer
Blank - - - - -
NSB 50 pl 50 pl - 50 pl -
Bo - 50 pl - 50 50 ul
TA - - - 5ul(only | -
at develop
step)
Std/ Spike - - 50 pl 50 pl 50 pl
NSB AuNP | 50 ul - 50 ul AuNPs 50 ul -
spike
A vial of EIlIl mands Reagentellswbtseplate const i t |

were emptied and rinsed five times wi
Reagent was added to each well, and 5 pul of tracer was added to the total activity
(TA) wells that had previously not received any reagents. The plate was covered
with plastic film and placed on an orbital shaker in the dark at room temperature

for 90-120 minutes.

The plastic film was removed without splashing any reagent out of the wells. The
absorbance was read at 412 nm on a ELx8at readefTo ensure the pta was
developed correctly, the values of theviglls should be in the range of 130
Absorbance Units (AU), blank subtracted, and the values of all wells should be
less than 2.0 AU. A freely available data analysis tool was used for subsequent

calculatons (vww.caymanchem.com/analysis/gia
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3.41n vitro Toxicity testing

3.4.1 Cell culturing

The bronchial epithelial cell line BEAZB (ATCC no. CRE9609TM) was

chosen as an appropriatevitro modd for inhalation toxicity. The Chinese

hamster ovary CHO cell line (European Collection of Authenticated Cell

Cultures, Cat. No. 85050302) was included to demonstrate the applicability of the
XCELLigence RTCA system and CytoViva HSI system. The Madin Yp@dmine
Kidney (MDCK) cell line was used for the OECD CFE assay study.

Cell lines were routinely cultured under standard culturing conditions (37°C, 5%
CQ; in a humidified environment). BEA3B cells were cultured in RPMI culture
mediumthe CHOcelswr e cul tured i n Haamdbtlse F12 cul t

MDCK cells were cultured in DMEM culture medium.

After reaching sudzonfluency, the monolayer was washed vidth | becc o 0 s
phosphate buffered salinBRBS Lonza, Walkersville, USA) and harvested by a
brief incubation with a trypsin/ethylenediaminetetraacetic acid (EDTA) solution
(SigmaAldrich, St. Louis, USA). The cells were resuspended in culture medium

and viability was determined using the trygdne cell viability assay.

Cell lines were routinely sted for mycoplasma contamination using the
MycoAlert™ Mycoplasma Detection KitLponza, Walkersville, USA). Cell

culture medium is mixed with MycoAlert Reagent and incubated for 5 minutes
prior to reading luminescence on an FLx800 microplate reader. MgdoA

Substrate is then added and incubated for 10 minutes. Luminescence is measured
again and the ratio of the second reading over the first reading is calculated. A
positive result for mycoplasma contaminated is defined as a ratio >1.0; whilst a

ratio 0f<0.9 is indicative of a negative result.

3.4.2 Applicability of existing assay systems to AUNPs
Investigations into the potential interference of AUNPs in the conventional XTT,

ATP, and LDH assays, as well as the applicability of cell impedance technology
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using the xCELLigence RTCA system, were conducted and published by our
research groufVettenet al.2013) Results on the 14 nm AuNP from the
interlaboratory comparison study on the OECD Colony Forming Efficiency (CFE)

assay to assess cytotoxicity arsoaincluded.

BEAS-2B cells were seeded at 1 x*Ills/well in a 96well plate using RPMI
culture medium without phenol red and were allowed to proliferate for 24 hours
prior to treatment with 1 or 5 nM of 14 nm AuNPs for 1 hour, whilst utgtea
control cells received mediumnly. Cell viability was then assessed using the
XTT, LDH, and ATP assays.

3.4.2.1 XTT assay

For the traditional formazabased XTT assay, the Vitro Toxicology Assay Kit
(SigmaAldrich, St. Louis, USA) was used. Positive cohtrells received 500

UM hydrogen peroxide. The supplied XTT with 1% phenazine methosulfate
(PMS, SigmaAldrich, St. Louis, USA) waseconstituted with RPMI medium
without phenol red or FBS, resulting in a saturated 1 mg/ml solution. XTT
solution was addetb each well to a final volume of 20% per well. The plate was
incubated for 2 hours and the absorbance was read at 450 nm on an ELx800. To
assess possible interference with the optical readout, the absorbance of 1 and 5
nM AuNPs in RPMI culture medium witlut phenol red and with unreduced XTT

was measured.

3.4.2.2 LDH assay

For the measurement of the release of lactate dehydrogenase (LDH), the €ytoTox
ONEE Homogeneous Me mbRranega, MadisbneUSA)iwasy As s a:
used. Lysis solution provided withe kit was added to designated wells to

generate Maximum LDH Release values. The CyteT)NEE Reagent was
added to each well in a 1:1 ratio and he plate was incubated at 22°C for 10 mins.

Stop solution was then added and the plate was shaken for 10BEceleased

into the culture medium is measured with amidute coupled enzymatic assay

that results in the conversion of resazurin into resorufin. Fluorescence of resorufin

65



was then measured at 560 nm excitation, 590 nm emission on an FU&8O0
reade.

3.4.2.3 ATP assay

The CellTiterGlo® Luminescent Cell Viability AssayPfomega, Madison, USA)
was used for determination of the presence of metabolically active cells through
the quantitation of ATP. Positive control cellseaed 500 uM hydrogen

perxide. The CellTiterGlo® Reagent was added directly to cells in multiwell
plates. The plate was incubated at room temperature for 10 minutes to allow for
the lysis of cells and the release of ATP. Luciferin is then catalysed by a stable
form of luciferasen the presence of M§ ATP and molecular oxygen to generate
the luminescent product oxyluciferin whigvas detected using an FLx800 plate
reader. D test for interference of AuUNPs with the conversion of substrate to
product, the CellTiteGlo® Reagentwa i ncubated with 1.5 &M
factor and AuNPs.

3.4.2.4 Colony Forming Efficiency (CFE) Assay

This work was conducted as part of an interlaboratory comparison study on the
CFE assay. A detailed SOP was provided by the Joint Research Centre (JRC) to
ensure that all laboratories involved in the study followed the exact procedure.
Details can be obtained in final report of this st(idgntiet al.2014) NPs code C
that were used in the interlaboratory study are the 14 nm AuNPs used in this
thesis. ltwas not necessary to investigate the interference of AUNPs on this

methodology as no optical measurements were needed for the assay.

In brief, MDCK cells were seeded in 60 x 15 mm dishes at 200 cells in 3 ml of
DMEM culture medium, and allowed to recowerthe incubator for 24 hours

prior to treatment. Experimental dishes were treated with 14 nm AuNPs, untreated
negative control dishes received medionly, and positive control dishes

received 100 uM sodium chromatézCrOs (SigmaAldrich, St. Louis, USA.
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Concentrations of the AuNPs in the interlaboratory study, as expressed in the
abovementioned report, were provided in molarity of Au; as opposed to molarity
of NPs as provided by Mintek, SA, and used in this thesis. To convert number of
NPs per ml tonolarity of NPs, the following equation is used, as provided by
Mintek:

Molarity of AUNPs (nM) = Number of nps/ml x (1.67 x 1)

The corresponding concentrations are providethinle3.3.

Table 3.3 Concentrations of 14 nm AuNPs used in the interlaboratory CFE study.

Concentrations were expressed in molarity of gold and in number of nps/ml.
These values were converted to concentrations expressed in molarity oNPs, a

used in the present study.

Concentrations of AUNPs | Number of NPs/ml Concentrations of AuUNPs
in molarity of gold in molarity of AUNPs

1 uM 1.16 x 18° nps/ml 0.019 nM a
5uM 5.78 x 108° nps/ml 0.097 nM & o0
10 uMm 1.16 x 10 nps/ml 0194nM a 0. 2 1|
50 uM 5.78 x 18 nps/ml 0.965 nM & 1
100 uMm 1.16 x 102 nps/ml 1.937 nM a 2

Cells were incubated for 72 hours; thereafter medium was removed from the
dishes and cells were fixed in 10% (v/v) formaldehyde soluti@PBS for 15

minsat room temperature. Cells were then stained with filtered staining solution
composed of 10% (v/v) Giemsé#ain (SigmaAldrich, St. Louis, USA) irMilliQ

water for 30 mins at room temperature. Dishes were allowed to dry overnight in a
fume hood prior to aanting of colonies under a microscope according to the
following criteria: (1) Colonies must contain at least 50 cells each; (2) the number
of colonies in the negative control must not be less than 90; (3) the plating
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efficiency must not be less than 4586d (4) positive control dishes must show
complete cell death.

3.4.2.5 Impedance Technology

Impedance experiments were conducted w8 E-Plates using the
XCELLigence RTCA single plate (SP) instrument from ACBiAsciences (San
Diego, USA) with RTCAsoftware (version 1.2), shown igure3.1. BEAS-2B
cells and CHO cells were utilised to investigate the applicability of-fabelcell

impedance technology for the assessment of cytotoxicity of AUNPs.

3 y e g
Figure 3.1 Photo of the xCELLigence RTCA system housed in the Toxicology
Department at the NIOH

Setup of Experiments

In order to determine an ideal seeding concentration for the BlBA&hd CHO
cells, growth cwres were obtained by seeding cells at a range of concentrations
and acquiring a scan every 15 minutes. The B2BS:ells were seeded at 5 x*10
cells/well, 1 x 18 cells/well, 2.5 x 16cells/well, 5 x 18 cells/well, and 1 x 10
cells/well in triplicate m a 96 well EPlate and placed in the RTCA station. The
CHO cells were seeded at 1 X2 bells/well, 2 x 18 cells/well, 5 x 18 cells/well,

1 x 1@ cells/well, 2 x 18 cells/well and 4 x 1cells/well in a 96 well EPlate.
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To demonstrate the effect cdmplete cell death on observed Cl, BE2B cells
were seeded at 1 x 16ells/well in a 96well E-Plate and allowed to proliferate
for 24 hours prior to the addition 5600 uM hydrogn peroxide. Concurrently,
mediumonly celtree wells had 5 nM 14 nm AU added after 24 hours to
determine any potential effects, if any, on CI.

Comparison of cytotoxicity in two cell lines

For cytotoxicity studies, seededHtates were placed in the RTCA station and
allowed to proliferate for 24 hours prior to treatmentjmg which time a scan

was acquired every 15 minutes. Following addition of AUNPs, scans were
acquired every minute for 2 hours, and then every 15 minutes for the remainder of

the experiment.

Following the seeding experiments describbdve a concentrtion of 1 x 10

cells/well was chosen for future experiments on the BRBSells; whilst for the

CHO cells, a concentration betwe2n 1 cells/well and 4 x 1¥cells/wellwas
deemed most appropriate and therefore a seeding concentration of 3 x 10
cells/well was used for further experiments. The cells were treated with the 14 nm
or 20 nm AuNPs at final concentrations of 1 nM, 2 nM, and 5 nM. For statistical
analysis, within each experiment, Cl of each curve was normalized at the point of
treatment. Thalope for each curve of the normalized CI for the time period
between treatment point and the highest Cl value, i.e. confluency, of the untreated
cells was calculated. The calculated slopes were exported drdtavias

conducted using STATISTICA versid® (StatSoft, Inc., Tulsa, USA) to

investigate if the differences between treated and untreated slopes were

significant. Differences were considered statistically significant if p < 0.05.

3.4.3 Cytotoxicity of AUNPs to BEAS2B cells

The shorterm cytotoxty of all AUNPs in BEAS2B cells was assessed using the
XCELLigence RTCA SP system. BEAZB cells were seeded Atx 1¢ cells/well
and allowed to proliferate for 24 hours prior to treatment, during which time a

scan was acquired every 15 minutes. Folimpaddition of AUNPs at 1 nM, 2 nM,

69



and 5 nM, scans were acquired every minute for 2 hours, and then every 15
minutes for the remainder of the experiment. @beuisition of scans was stopped

24 hours after treatment.

3.4.4 Genotoxicity

Since only thel4 nm AuNP, 20 nm AuNP and PCOOH AuNPs were shown to
enter the BEASB cells, these three nanoparticles were investigated for their
ability to induce chromosomal damage using the cytokiri#eisk micronucleus
(CBMN) assay. This assay had been shown inahorhtory to be suitable for the
genotoxicity testing of AUNP&eorgeet al.2017)

BEAS-2B cells were seeded at 5 x°I@lls in a 25 critissue culture flask and
incubated for approximately 24 hours, until the cells reached 50% confluency.
Cells were teated with fresh RPMI culture medium containing either 1 nM, 2 nM,
or 5 nM AuNPs, 150 ng/ml Mitomycin C (MMGigmaAldrich, St. Louis, USA)

for the positive control, or medium only for the untreated control. Cells were
incubated for 2 hours prior to tlaeldition of 9 pg/ml Cytochalasin B (G,
SigmaAldrich, St. Louis, USA), followed by another 46 hours incubation.

At the end of the incubation period, cells were sigsed as described in Section
3.4.1 Cell cultuing. Cells wee centrifuged at 200 x g for 5 minutes, and
resuspended IDPBS. Cells were centrifuged again and the supernatant discarded.
Cells were incubated for less than two minutes with hypotonic solution containing
50% RPMI culture medium in distilled water, fived by centrifugation and

removal of the supernatant. Cells were fixed overnight ktate 3:1 methanel

acetic acid solution.

The following day, cells were centrifuged and resuspended in 3:1 me#zeia

acid solution. Microscope slides were blirmtled beforehand to ensure the

identity of the sample was not known during analysis. The slides were rinsed with
distilled water prior to use. A few drops of cell suspension were placed on the

slides which were passed through steam to aid the spreadimg adlls. Slides
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were air dried and stained with 5% Giemssain (SigmaAldrich, St. Louis, USA)
in water for two minutes prior to rinsing with distilled water, and drying. Slides
were then examined at 40x and 100x magnification usit@yanpus BX41

Microscope (Olympus Corporation, Tokyo, Japan)

The number of mononucleated, binucleated, and multinucleated cells from at least
500 cellswere counted and the Replication Index (RI) was calculated according to
the equatiofOECD 2016h)

No. bd theu cd &l N ¢s. multinw¢Moateé ng‘i"i el | s)

R I= =
No. binucH2aNtoe aomlllts nb¢Teate Nell sells)

o

The Rl is a measure of the cytostatic activity of the treatment as compared to the
untreated control. Scoring was done only in binucleated cells according to
published criterigFenechet al.2003) MN and nucleoplasmic bridges (NPB)

were scoredh at least 2000 binucleated cedisd their frequency in at least 1000
binucleated cells was callated.Significance was tested for using an ANOVA in

Excel.

3.5 Intracellular Uptake

3.5.1 Applicability of the CytoViva HSI system for labelfree assessment of
uptake

BEAS-2B cells and CHO cells were utilised to demonstratapmicability of
the Cyto/iva Hyperspectral Imaging (HSI) Systg@ytoViva, Inc., Auburn,
USA) to assess uptake of AUNPs, and this workdeas publishe@Vettenet al.
2013) This system is shown iRigure3.2.
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Figure 3.2 Photo of the CytoViva HSI systehoused in the Toxicology
Department at the NIOH.

3.5.1.1 Slide preparation

BEAS-2B and CHO cells were seeded at 3 & ddlis/cnt and 1.6 x 10cells/cnf,
respectively, in 8vell Millipore Millicell EZ -slides (Merck, Darmstadt,

Germany). Cells were allowed to proliferate for 24 hours prior to addition of 14

nm or 20 nm AuNPs at 1 nM, and incubation for 1, 4, or 6 hours at 37°C. Cells

were washed three times with relevant culture medium, followed bywagees

with DPBS, and then fixed at 4°C with 4% formalin in Tris/HCI buffer (Merck,
Darmstadt, Germany) for 15 mins. Slides were washed once with DPBS -and air
dried. Coverslips were immobilised onto

(Merck, Darmstdt, Germany).
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3.5.1.2 Darkfield microscopy

Dark-field images of the cells following uptake were captured at either 60x or
100x magnification using the CytoViva 150 Unit integrated onto the Olympus
BX43 microscope. Images were acquired using a DagexdecXihera and the

associated software.

3.5.1.3 Hyperspectral Imaging (HSI) and Spectral Libraries

Hyperspectral Imaging (HSI) was performed at 60x magnification using the HSI
System 1.1 and ENVI software (version 4.4). In addition to the scans of the cell
treated with gold nanoparticles as described above, scans were also performed on
the AuNPs alone. For this analysis, a drop of AUNP solution was placed on a
microscope slide, spread out and allowed to dry. Spectral libraries were collected
by selectinghe spectra of particles that appear to either be singularly dispersed or

had visually agglomerated to form larger particles.

3.5.1.4 Principal Component Analysis (PCA)
Principal Component Analysis (PCA) was conducted on the spectra collected for
the spetral libraries, including all wavelengths acquired from 400 to 1000 nm

acquired, using Statistica version 12.

3.5.1.5 Spectral Angle Mapper (SAM)

The image classification algorithm SAM (spectral angle mapper) was conducted
using the ENVI software to mahpe spectral libraries onto the scans of the cells
incubated with particles. A threshold of 0.08 maximum acceptable angles

(radians) between the known and unknown spectra was applied.

3.5.2 Uptake of AuUNPs

Uptake of AUNPs was assessed at both 37°Cdatdrculturing conditions) and
at 4°C to compare energlependence of uptake. Making use of the |dites
CytoViva HSI system and methodologies described above, the uptake of all
AuNPs was assessed after in BE2B cells at 1 nM. Following treatments, the

slide preparation was performed as describ&i5ril.1 Slide preparatipand
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dark field microscopy was performed as describe®l5nl.2 Darkfield

microscopy

3.5.2.1 Upake after 2 hours at 37C and 4C

BEAS-2B cells were seeded at 3 x*1lls/cnf in an 8well Millipore Millicell
EZ-slide Cells were allowed to proliferate under standard culturing conditions for
24 hours prior to treatment. For the treatments at 493, were preincubated at

4°C for 30 mins prior to treatment. Cells were treated with 1 nM of AuNPs for 2
hours at either 37°C or 4°C.

3.5.2.2 Uptake after 24 hours
Due to observed lack of uptake after 2 hours of incubation at 37°C, BBAS
cells were ao treated for 24 hours at 37°C with POH, PBtn, PNTA, PAZ, and

PAM AuNPs prior to washing, fixation, and image acquisition as described above.

3.5.3 Assessment of mechanism of uptake of AUNPs into BEZS8 cells

In order to assess the mechanism of uptakemical inhibitors known to block
endocytosis pathways were employed. Firstly, the cytotoxity of the inhibitors was
assessed to ensure that the concentrations did not kill the cells during the study.
Then the cells were treated with the inhibitors praoincubation with the AuNPs,
followed by analysis using the CytoViva HSI systé@rhis work, and that

described in sectioB.5.2 Uptake of AuNRsas been publishéietten and
Gulumian 2019a)

3.5.3.1 Cytotoxicity of inhibitors

Chdce and concentration of inhibitors were based on similar studies on the
endocytosis mechanisms of nanoparticles into B2BSells(Boylanet al.2012;
Kim et al.2012)

Genistein (SigmaAldrich, St. Louis, USA) and chlorpromazine (Sigklrich,

St. Lauis, USA) were selected as inhibitors of cavedind clathrinmediated

endocytosis respectively. In order to determine theaybotoxic concentrations
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of these inhibitors, initial experiments were conducted to investigate their
cytotoxicity at a rangefaoncentrations, specifically, genistein from 25 pM to

300 uM and chlorpromazine from 4.4 uM to 141 uM. Cytotoxicity studies were
conducted using the xCELLigence RTCA SP system. Cells were seeded &t 1 x 10
cells/well in a 9éwell E-Plate and placed in éhlRTCA station and allowed to
proliferate for 24 hours for all cells prior to treatment, during which time a scan
was acquired everds minutes. Old mediumwas removed and the teivere

treated with fresh mediugontaining the inhibitors. Untreated cortweells

received arequivalent volume of fresh mediurBcans were acquired every 5
minutes for 3 hours, and then every 15 minutes for the remainder of the

experiments.

3.5.3.2 Effect of inhibitors on the uptake of AUNPs

Subsequent to the identificatiohanorcytotoxic concentration for each of the
inhibitors, cells were seeded at 3 ¥ télls/cnt in an 8well Millipore Millicell
EZ-slide and allowed to proliferate overnight under standard culturing conditions.
For treatment, either 200 uM genisteinldr uM chlorpromazine were prepared in
prewarmed RPMI cell culture medium. Culture medium was replaced with
medium containing inhibitors, or fresh medifor control. Cells were incubated

for 1 hour with inhibitors, followed by addition of AUNPs to a financentration

of 1 nM, and incubation for 2 hours.

At the end of treatment, cells were washed three times with culture medium,
followed by three washes witbPBS. Cells were then fixed at 4°C with 4%
formalin in Tris/HCI buffer for 15 mins. Slides wenashed once witbPBS and

ar-dr i ed, and coverslips were immobilised

Spectral libraries were created from scans of AUNPs alone using the particle filter
feature. HSI scans of the slides were acquired using ENV3 esftware the

CytoViva HSI system, followed by SAM analysis. Seguiantitative analysis was
performed using ImageJ 1.46r (National Institutes of Health, USA). This

approach to senquantitative analysis is based on previously published
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nanoparticle uptee experimentgMortimer et al.2014) Pixels representing

particles in cells, identified by SAM, were counted and normalised to the area of
the cell, therefore resulting in a % Area for each cell that represented a measure of
uptake. The % Area for eackltwas then normalised to the mean % Area of the
control (without inhibitors) within each experiment, to obtain a percentage uptake
value relative to the controAt least 45 cells per replicate were counted; samples
were prepared in duplicate on two ipédadent days, therefore n > 190 celfs.

boxplot template (Vertex42 LLC, 2011, USA) was used to analyse the distribution
of data. At-test was used to determine statistical significance compared to the

control cells.

3.5.4 Localisation of AuNPs using TEM

Since only the 14 nm AuNP, 20 nm AuNP and PCOOH AuNPs entered the cells,
only these NPs were used. BERB cells were seeded at 2 xX*tells in a 75 crh

flask and allowed to proliferate for 24 hours. Cells were treated with 1 nM AuNPs
for 2 hours at 37°C

Mediumwas removed and cells were washed WBBS and trypsinised,
following which the cells were washed again WitRBS and then fixed with
2.5%gluteraldehyde (SigmAldrich, St. Louis, USA) and 2% formaldehyde
(Merck, Darmstadt, Germangplution n DPBS (pH 7.4) at room temperature for
1 hour. Cells were centrifuged at 10 000 x g for 10 minutes and then placed in
fresh fixative solution overnight. Cells were then washed three times in 0.075 M
phosphate buffer and fixed in 0.5% aqueous osmiunxidedProtea Laboratory
Solutions, Midrand, South Africa) foril2 hours. Cells were washed three times
in double distilled water, followed by progressive dehydration in eth{éerick,
Darmstadt, GermanyB0%, 50%, 70%, 90%, 100%, 100%, and 100%) for 10
minutes in each. Cells were then rinsed in propylene oxide (Siddnch, St.
Louis, USA) for 10 minutes prior to infiltration with Quetol (Advanced
Laboratory Solutions, Randburg, South Africa):propylene oxide(ta2) for 1

hour and then Quetol:prgiene oxide (ratio 2:1) for 1 hour. Cells were then
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placed in pure epoxy resin Quetol for 4 hours to allow for infiltration, and then
placed in fresh Quetol in moulds and allowed to polymerise at 60°C for 36 hours.

Ultrathin (90100nm) sections were cyticked up on grids and 4% aqueous
uranylacetate (Agar Scientific, Stansted, UK) was added for 5 mins. Samples
were rinsed in double distilled water and then contrasted with Reynolds' lead
citrate (SigmaAldrich, St. Louis, USA) for 2 mins, followed by ather rinse

with double distilled water. A Philips CM10, operated at 80kV, was used to

acquire TEM images of the cells.

3.6 Summary of statistics used

In summary, where relevant, averages and standard deviations were calculated in
Microsoft Excel 2016. Callations for the 8soprostane EIA kit was performed

usi ng Cayman Che mi c .a&taddard deviaiomdoptheav ai | abl e
XCELLigence graphs were automatically calculated by the RTCA software, whilst

the statistics on the slopes was conducted usidgr&TICA version 10. For the

CBMN assay, ANOVA testing was done in Microsoft Excel 2016. Principal

Component Analysis was performed in STATISTICA version 12. Finally,

analysis of the effect of inhibitors on uptake was performed using a boxplot

template fom Vertex42 LLC (USA).

3.7 Summary of methods
Table3.4 provides a brief summary of the assays or instruments used in this

study, and the main objective for their inclusion in this thesis.
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Table 3.4 Summary of methods used in this study

Assay/technology

Objective

TEM

Particle size and shape,
aggregation/agglomeration state

Absorbance spectroscopy

Aggregation/agglomeration state

Zeta Potential

Surface charge

pH meter

Biologically significant pH changes

Redox potential electrode

Relative redox potential

ESR

Free radicals

Endotoxin assays

8-Isoprostane EIA kit

XTT assay

LDH assay

ATP assay

CFE assay

Impedance teatology

Cytoviva HSI

Applicability of in vitro tests

Impedance technology

Cytotoxicity of AUNPs

Cytokinesisblock micronucleus

assay

Genotoxicity of AUNPs

CytoViva HSI system

Uptake of AUNPs

CytoViva HSI system

Mechanism of uptake of AUNPs

TEM

Intracellular localisation of AUNPs
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Chapter 41 Results

4.1 Physicochemical properties

Physicochemical properties of nanoparticles need to be fully charactersed
hazard identificatiomn order to understand which properties of the nanoparticles
influence toxicityand uptakeThe physicochemal properties of all AUNPs were
characterised in miHQ water and in RPMI culture mediurin addition the non
functionalised AuNPs, the 14 nm and 20 nm AuNPs, were also chéaedts

Hamés F12 culture medium

4.1.1 TransmissionElectron Microscopy

The calculated average particle diameter of at least 50 particles in water and
RPMI culture medium, as well as Hamés
shown inTable4.1. No major changes in diameter were observed when the

AuUNPs were suspendkin either of the culture medium

Table 4.1 Averageparticle size in milklQ water, RPMI culture ntdum, and

Ham's F12 cuture mediyras determined by TEM

14nm |20nm | POH PCOOH | PBtn PNTA PAZ PAM
AuNP AuNP AuNP AUNP AuNP AuNP AuNP AuNP

Water 14 nm 24 nm 14 nm 15 nm 15 nm 16 nm 14 nm 15 nm

1 nm) | (£3nm) | (1 nm) | (1 nm) | (x2nm) | (2 nm) | (z2 nm) | (1 nm)

RPMI 17 nm 22 nm 15 nm 15 nm 15 nm 16 nm 16 nm 16 nm

culture | (£3nm) | (x4 nm) | (x2nm) | (z2nm) | (1 nm) | (x2nm)| (£2 nm) | (£2 nm)

medium

Ham's |16 nm |24nm | N/A N/A N/A N/A N/A N/A
F12 (2 nm) | (3 nm)

culture

medium
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Figure4.1 (A, C, E) shows representative images obtained from TEM of the 14
nmand20nmAuN® suspended in water, RPMI cul tu
culture medium; whilsFigure4.2 (A, C) shows images of the PH{ganded

AuNPs in water and in RPMI culture medium. All AUNPs were primarily

spherical in shape, with some p#bid nanoparticles preseitis polydispersity

was probably due to the conditions of synthesis where factors such as salt

concentration, pH, and temperature have been shown to affe(titbisal. 2011,

Zabetakiset al.2012) In addition, as comparéd AuNPs in water, all of the

AuNPs retained their shape and size when
culture medium, with minimal signs of particle agglomeration present. As

expected, the citrate stabilised 14 nm AuNPs were of similar size as the PEG

liganded 14 nm AuNPs.

4.1.2Absorbance spectra

All AuNPs in suspension obtained from Mintek were dark red, as expected and

previously reported interature(Murphy et al.2008) and retained their colour

following suspension in medium thereby suggestirat they remained singularly
dispersedFigure4.1 (B, D, F) shows the absorbance spectra between 400 nm and

800 nm obtained from the 14 nm and 20 nm AuNPs suspended in water, RPMI
culture medium, and HalsnEgsred2{B2D)showst ur e me
the absorbance spectra of the Pligfanded AuNPs in water and in RPMI culture

medium. Plasmon absorption is clearly visible in these images and the maximum
absorbance peak was automatically iderdifigt he i nstrument 6s soft

Similar shaped sp&a were observed in all images.
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14 nm AuNP

20 nm AuNP

Figure 4.1 Representativé EM images (A, C, E) and absorbance spectra from 400 nm to 800 nm (B, D, F) of 14 nm AulNPs (top
20 nm AuNP (bottom) A u NPs wer e suspended in water (A, B), RPMI culture

Scale bars in the TEM images = 100 nm.
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POH AuNP

PCOOH AuNP

PBtn AuNP

Figure 4.2 Representative TEM images (&) and absorbance spectra from 400
nm to 800 nm (B, D) of POH, PCOOH, PBtn, PNTA, PAZ, and PAM AuNPs (top
to bottom). AUNPs were suspended in water (A, BRBMI culture medium (C,

D) prior to analysis. Scale bars in the TEM images = 100 nm.
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A summary 6the maximum absorbance peaks is showhable4.2 where it can
be observed that there were no considerable changes when the AUNPs were
suspende in either of the culture mediyras compared to that of wat€or all of
the AuNPs sspended in both water and culture media;W¥ spectra confirmed
apredominanpeak at approximately 52326 nm.For the PAM AuNPs, a minor
second peak was present when the AuNPs were suspended in RPMI culture
medium (Figure 4.2 bottom row D) at 587 rsuggesting some aggregation
however only minimal aggregation was observed in the TEM images.
position of the maximum absorbance peaks are similar to that reported in
literature for colloidal AUNPs of similar siZEragaet al.2013; Jairet al.2006;
Link and EtSayed 1999)and this confirms that no changes in shape or

aggregation occurred once suspended in either culture medium.

4.1.3 Zeta Potential

The zeta potential of the AUNPs as provided by Mintek in 1Qilater, and

following their suspensin in culture mediumis presented imable4.2. With the

exception of the PAM AuNP, all of the AUNPs were negatively charged in water

in the range 0f18 t0-38 mV, whilst the PAM AuNP was positively charged at

+9.3. However, whehte A UuUNPs were suspended in eith
culture medim, all nanoparticles showedstightly negative charge in the range

of -6 and-12 mV.

4.1.4 Effect of AUNPs on pH of culture medim

The pH at 37°C of the AuNPs suspended in culture mmedias measured and
compared to that of the culture madlialone in order to determine if there was a
biologically relevant change in pH once the AUNPs were added. Results presented
in Table4.2 show no noteworthy changes in pH.all instances, the pH of the

culture media containing AUNPs remained close to that of the media alone and no

biologically significant changes were observed.
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Table 4.2 Physicochemical properties of the AUNPs

Absorbance Peak Zeta Potential (mV) pH at 37
Water RPMI Ham's F12 | Water (provided | RPMI Ham's F12 | RPMI Ham's F12
culture culture on Certificate of | culture culture culture culture
medium medium Analysis) medium medium medium medium
(pH 7.47) (pH 7.60)
14 nm AuNP 522 nm | 523 nm 523 nm -33.5 -10.2 -11.4 7.34 7.53
20 nm AuNP 521 nm | 526 nm 526 nm -37.9 -12.1 -11.3 7.39 7.62
POH AuNP 522 nm | 522 nm N/A -36.0 -9.4 N/A 7.50 N/A
PCOOH AuNP 523 nm | 524 nm N/A -31.7 -9.4 N/A 7.48 N/A
PBtn AuNP 523 nm | 523 nm N/A -18.9 -8.3 N/A 7.46 N/A
PNTA AuNP 524 nm | 525 nm N/A -26.4 -6.6 N/A 7.50 N/A
PAZ AuNP 526 nm | 523 nm N/A -20.8 -7.5 N/A 7.48 N/A
PAM AuNP 524 nm | 521 nm N/A +9.3 -8.7 N/A 7.58 N/A
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4.1.5 Endotoxin assays
The interference of the 14 nm AuNPs on threeitro endotoxin assays, namely
the LAL chromogenic assay, the LAL gebt method, and the recombinant

Factor C (rFC) assay, was investigated.

4.1.5.1 Maximum Valid Dilution (MVD)
The MVD for each assay was calculated using an endotoxin limit of OralEU
and the supplied kit sensitivity value. These MVD are presentédhle4.3 and

were used to validate the dilutions used in the interference experiments.

Table 4.3 Maximum valid diution (MVD) values for each assay

Assay Sensitivity (EU/mI) Maximum valid dilution
Chromogenic assay | 0.1 EU/ml 5

Gelclot assay 0.0313 EU/ml 16

rFC assay 0.005 EU/mI 100

4.1.52 LAL Chromogenic Assay
Average absorbance values of particle contasiessed for the LAL
Chromogenic assagre shown imable4.4. Interestingly, with the exception of

the undiluted sample, the absorbance values of the particle controls were lower

than those of the blank. These values were subtractedth t he sampl es

absorbance readings where relevant.
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Table 4.4 Average absorbance at 405 nm of particle controls and blank wells

Dilution Factor (AuNP Average Standard
concentration in nM) absorbance Deviation
Blank 0.091 0.002
Undiluted (5 nM AuNP) 0.125 0.016
5x (1 nM AuNP) 0.064 0.003
10x (0.5 nM AuNP) 0.057 0.002
50x (0.1 nM AuNP) 0.051 0.002

Calculation of the endotoxin concentration of the undiluted 5 nM AuNP sample
produced valueabove the range of the standard curve >1 EU/ml, and therefore
this concentration was not used in further analyses. The endotoxin concentrations
were calculated for the unspiked samples and the PPCs containing 0.5 EU/m. If
there is no interference, thefdrence between the values of the unspiked samples
and the PPC should be tbencentration of the endotoxin in the PPC * 25%,
therefore between 0.375 and 0.625 EU#ral: all dilutions, the difference in the
calculated concentrations between the unspsieedples and the PPC were all
below the recommended rangeable4.5), which is indicative of inhibition.
Regardless, the MVD value for this assay is fivalile4.3) and therefore all
dilutions greater thafive would not have been valid even if the inhibition was

overcome.

Table 4.5 Calculated endotoxin concentration (EU/ml)

Dilution Factor (AuNP | Calculated Calculated Difference
concentration in nM) concentration concentration
(EU/mI) for (EU/mI) of 0.5
unspiked samples EU/ml PPC
5x (1 nM AuNP) 0.650 0.925 0.275
10x (0.5 nM AuNP) 0.414 0.576 0.162
50x (0.1 nM AuNP) 0.337 0.653 0.316
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4.1.53 LAL Gelclot Assay

The lysate sensitivity was calculated to be OZBEU/mI, which corresponded

with the expected sensitivity of the kit. To screen for interference of the AUNPs
with the assay, AuNPs at various concentrations were spiked with endotoxin
standard and assayed using standard procedures. The geometric npeant ehd
each AuNP concentration was calculated and is shoWwabie4.6. The

calculated endpoint at dilution factor of 5 and 10 is 0.0156 EU/mI, i.e. at a spiked
endotoxin concentration of 0.0156 EU/mI a positive result was segesiing

either genuine endotoxin contamination or enhancement of the reaction. At a
dilution factor of 50, the endpoint was the same as the lysate sensitivity,
suggesting that either there is no contamination or that the enhancement was
overcome; howevethe MVD for this assay was calculated to be 16 and therefore

this dilution is greater than what is acceptable.

Table 4.6 Calculated geometric mean endpoints of endotoxin in AUNP

suspension.
Dilution Factor (AuNP concentration in | Calculated endpoint
nM)
5x (1 nM AuNP) 0.0156 EU/mI
10x (0.5 nM AuNP) 0.0156 EU/mI
50 x (0.1 nM AuNP) 0.312 ml
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4.1.54 rFC Assay
Wells containing AuNPs at concentrations ranging 0.5 nM to 5 nM showed no
fluorescence at 360nm excitat, 440 nm emission, as compared to wells

containing water only.

To determine inhibition/enhancement of the assay, PPCs were run alongside
unspiked samples and the spike recovery was calculBadte@d.7). The

undiluted AUNP samplhad a spike recovery of only 2%, suggesting inhibition of
the assay. The spike recovery values obtained from all diluted samples all fall
within the recommended range of-800% as recommendation by the
manufacturer of the kit. The calculated MVD forgtlaissay is 100 and therefore

all the dilutions are valid.

Table 4.7 Calculated endotoxin concentrations. Spiked samples at 0.5 EU/ml

endotoxin standd added to the AuNP suspension

Dilution Factor Calculated Calculated Difference Spike
(AuNP concentration | concentration | between recovery
concentration in (EU/mI) for (EU/mI) of 0.5 | PPC and
nM) unspiked EU/mI PPC unspiked

sample sample
Undiluted (5 nM 0.059 0.066 0.008 2%
AuNP)
5x (1 nM AuNP) 0.120 0.565 0.445 89%
10x (0.5 nM AuNP)| 0.069 0.558 0.490 98%
50x (0.1 nM AuNP)| 0.019 0.479 0.460 92%

4.16 Effect of AUNPs on Redox Potential of medim

The results of the relative ORP measurements of the AuNPs in RPMI culture
medum are shown irFigure4.3. Although all of the nanopatrticles showed a
negative ORP reading, there weresmgnificant differences between the AUNPs
and the RPMI culture mediin alone.
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Figure 4.3 Relative changes inRP measurement&®PMI culture medium alone
was used to zero the electrode and values shown are those relative to the culture

mediumError bars reflect the standard deviation. n = 2.
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4.2 Surface Activity

4.2.1Measurement of Free Radicals

Figure4.4 shows a representative ESR spectrum showing the 1:2:2:1 splitting
constanbf the spin adduct of the hydroxyl radical with DMPO (DME®). The
intensity of the fimiddleo two peaks of
arrows, was meased and this signal intensity correlates to the amount of radicals
trapped. These measured intensities of the free radical study are sHeigurén

4.5. The green bar represents a baseline measurement that isrdgeantensity
obtained from 10 mM kD> and 100 mM DMPO. AuNPs were tested at various
concentrations and were mixed with 10 md3Adand 100 mM DMPO prior to

ESR measurements. All values were corrected for the intensity of 100 mM DMPO
alone. With the excejan of PCOOH, all experiments showed a ddspendent
decrease in the intensity obtained, as compared toABgwvith DMPO.

Although not doselependent, the intensity readings obtained from the
experiments with PCOOH showed intensity readings approxiyniaddf of the
baseline.

me Species 1( 1 0.02mn)

om

Figure 4.4 Representative ESR spectrum across a varying magnetic fiabdgx
of DMPO-OH, showing the expected 1:2:2:1 hyperfine splitting of the peak
intensity (yaxis). Blackarrows indicate the peaks that are measured to obtain the

intensity used to estimate free radical concentration.
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Figure 4.5 Average intensity readings obtained from ESR measurements. n = 2. Err@drasent standard deviation. * p < 0.01
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4.2.28-Isoprostane

The potential for 14 nm AuNPs to interfere with this8prostane EIA Kit was
investigated by spiking knowni8oprostane standards with either 1 nM or 5 nM
AuUNPs. The calculated-Boprostane&oncentrations of the 40 pg/ml and the 8 pg/ml
prepared samples, either with or without AUNP spikes, are shokigune4.6. For

both the 40 pg/ml and 8 pg/ml samples, a decrease in the calculated concentration of
8-isoprostane wasbserved ashe AUNP concentration increased, suggesting
interference of the AUNPs with the assagelNon-Specific Binding(NSB) wells

spiked with AuNPs showed no differences in absorbance as compared to the control

NSB wells (data not shown)
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Figure 4.6 Calculated concentrations of known samples (40 pg/ml and 8 pg/ml),
either without AuNPs or with 1 nM or 5 nM AuNP spikes.
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4.31In vitro toxicity assays

4.3.1Applicability of assay systems to AUNPs

4.31.1 XTT assay

Figure4.7 (A) shows the toxicity results of the BEAX cells treated with 14 nm
AuNPs based on the XTT assay. Hydrogen peroxide was used as a positive control
and a clear decrease in absorbance can be observedijwedi¢a decrease in

viability. Based on the XTT assay, it can be deduced that at 1 nM the AuNPs exhibit
only mild toxicity, however at 5 nM there is an increase in viability as compared to

the untreated control cells.

To investigate potential interfaree of the AuNPs with the optical readout fué t

assay, AuNPs in culture mediunere added to unreduced XTT and the absorbance
was measured at 450 nm, the results of which are shokigure4.7 (B). As it can

be seenan AuNP concetration dependent increase in the absorbance was observed
in the absence of cells but in the presence of unreduced XTT. Subsequently, the
absorbance values of partiaentaining medium controls, as seerfrigure 4.7 (B),

were sultacted from the XTT viability data, shownkigure4.7 (A). From this
amended datd(gure4.7 (C)), a conclusion can be made that ddependent

toxicity is produced relative to the untreated cells.
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Figure 4.7 Toxicity and interference studies of 14 nm AuNPs using the XTT assay.
(A) BEAS-2B cells were treated with either 1 nM or 5 nM of 14 nm AuNPs for 1

hour prior to toxicity testing using the Vitro Toxicology Assay Kit (XTT assay).
Absorbance measured at 450 nm and a reference wavelength of 600 nm. (B) The
absorbance of 1 nM and 5 nM AuNPs in culture medium and with unreduced XTT at

450 nm. (C) Absorbance values obtained when data from (B) was sethtiiaen
(A).
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4.3.1.2LDH assay

The fluorescence of the product of the CytO-'[DNEE assay is measured at 560 nm
excitation, 590 nm emission; however, at these settings, no meaningful fluorescence
was observed when the particles were measured alone aefibtaehe possibility of
optical interference was disregarded when calculating the cytotoxicity based on LDH
releaseFigure4.8 shows the cytotoxicity of the 14 nm AuNPs as determined by this
assay. The fluorescence of the wells vehiere is maximum LDH release due to
compl ete cell |l ysis was determined and
instructions, cytotoxicity is expressed as a percentage of this maximum LDH release.
From this assay data, the AuNPs are consideredmonto the cells under the same

conditions as the XTT experiment shown above.
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Figure 4.8 Cytotoxicity of 14 nm AuNPs to BEA3B cells using the LDH assay.
Cells were exposed to either 1 nM or 5 nM AuNi&tsl hour prior to determination
of cytotoxicity.
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4.3.13 ATP assay

The basis of product detection of the CellFH&p® Luminescent Cell Viability

Assay is luminescence; however, no meaningful luminescence was observed when
the particles were measuralbne and therefore the potential for optical interference
was disregarded when calculating the viability based on the ATP &sgase4.9

(A) shows the toxicity of 14 nm AuNPs to BEAB cells based on this kit, which
measures thamount of ATP present. For this assay, cells are lysed to release
intracellular ATP, followed by a luciferase reaction to produce a stable luminescent
signal proportional to the ATP present.
guidance manual statdsat cell washing and the removal of culture medium is not
required. From the results presented in this figure, it can be concluded that AUNPs
were toxic in a concentration dependent manner under the same conditions as the

XTT and LDH assays shown above.

However, an experiment was conducted to investigate the interference of the AuNPs
on the reaction that occurs in the ATP assay, namely the conversion of luciferin
substrate to luminescent oxyluciferin in the presence of ATP. The results are shown
in Figure4.9 (B) where it can be seen that with an increase in AUNP concentration, a
decrease in luminescent signal is observed, suggesting that the AuNPs are interfering
with the conversion of luciferin to oxyluciferin at high concentratidha

comparison of results is made betwé&égure4.9 (A) andFigure4.9 (B), it is

possible that the observed decrease in viability at 5 nM AuNPigiime4.9 (A)

could be caused hgterference of the AUNP with the assay reaction. Therefore,
although the AuNPs do not produce a luminescent signal themselves, these NPs do

interfere with the conversion of the substrate to a luminescent product.

96



A 120

100

60

Viability (%)

40

20

o

Untreated 1 nM AuNPs 5 nM AuNPs

B 50000
45000
40000
35000
30000
25000
20000
15000
10000
5000

0

Luminescence

1nM 5nM

Control AuNP

Figure 4.9 Toxicity and interference studies of 14 nm AuNPs using the ATP assay.
(A) Viability of BEAS-2B cells treated with either 1 nM or 5 nM of 14 nm AuNPs

for 1 hour as calculated using the ATP assay. Luminescent signal was measured and
viability is expressed as a percentage of the untreated control cells. (B) Luciferin
substrate from the CellTiter Glo assay was incubated with ATP and 14 nm AuNPs to
produce the luminescent product oxyluciferin prior to measurement of the

luminescent signal
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4.3.1.4Colony Forming Efficiency (CFE) assay

A full characterisation of the AUNPs used in the study can be found in the final report
(Pontiet al.2014) Figure4.10 shows the toxicity of the 14nm AuNPs to the MDCK

cell line where the percentage toxicity has been calculated relative to the untreated
control. In all experiments, as part of the acceptance criteria, the positive control
resulted in 100% toxicity and no colonies were observed.-Oegendent toxicity

was observed although this was not statistically significant.
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Figure 4.10 Percentage relative toxicity of 14 nm AuNPs to MDCK cells, as
determined by the CFE assay
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4.31.5Applicability of Impedance Technlogy

Impedance technology such as the xCELLigdREEA system assesses the cell

index in real time which acts as a measure of cell viabilitys system was

established in our laboratory and its applicability for use in nanotoxicity studies was
assessedybusing the 14 nm and 20 nm AuNPs in BE2B cells and CHO cells.

Growth curves of the two cell lines seeded at different concentrations were run to
determine ideal seeding concentrations for experimental work. Each seeding
concentration of each cell liread its own unique growth curve, as can be seen in
Figure4.11 These growth curves guided the selection of a seeding concentration for
further experiments, based on the desire to treat the cells in the early stages of the log
growth phase. The seeding concentration for further experiments was selected at 1 x
10* cells/well and 3 x 1¥cells/well for the BEAS2B cells and the CHO cells

respectively. After seeding, both cell lines were allowed to proliferate under standard

culturing @nditions prior to treatments.
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Figure 4.11 Proliferation curves of (A) BEAZB cells, and (B) CHO cells, seeded at

a range of concentrations.
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Figure4.12 shows the cell index of BAS-2B cells, which were either untreated or
treated with 500 uM hydrogen peroxide as a positive control for cell death, where it
caused a decrease in the cell index. A final concentration of 5 nM 20 nm AuNPs in
RPMI culture medium were added to wells @ning medium without cells at
approximately 24 hours, resulting in negligible changes in the cell index, shown in
red. A similar trend was observed with 14 nm AuNPs (Results not shown).

55 i e e R T TP PP LT PP :

Cell Index

Time (in Hour)

== 5nM 14 nm AuNPs in media alone; === 500 pM H,O,; untreated cells

Figure 4.12 Cell index of BEAS2B cells showing toxicity of 500 uM hydrogen

peroxide and effect of 5 nl¥4 nm AuNPs in medium on cell index.
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Figure4.13illustrates thenormaliseccell index over time of the BEA3B (Figure

4.13 A and B), and the CHO cellfigure4.13 C and D) when treated with the 14 nm

and 20 nmAuNPs In all cases, cells were treated 24 hours after seeding and the cell
index wasnormalisedat the point of treatment. Both celhéis had its own unique

growth curve and treatment was carried out whilst the cells were in the early stages of
log growth phase. The slope of the curves, a term describing the changing rate of the
Cl within a given time period, was calculated between thetf treatment and

point of confluence. For BEA3B cells, confluence was reached approximately 3

and a half days after seeding, whilst CHO cells reached confluence approximately 2
and a half days after seeding. Any significant differences betweentiieated and

treated slopes are indicated in figure legend.

In this figure, it can be seen that, by the time confluence is reached in the untreated
BEAS-2B control cells, the cells treated with 14 nm AuNPs showed significant
differences from the untreatedntrols Figure4.13 A). However, the BEASB cells
treated with both AUNPs showed a similar growth trend as the untreated control cells
and no doselependent response was obsenfedure4.13 A and B). It $iould also

be noted that, within the first hour of treatment of the BE&BScells with 14 nm

AuNPs, no differences in Cl, and accordingly no toxicity, was observed between the
treated and untreated cells which is in contrast to the results obtained érofTh

and ATP assays shown in the previous section. When considering the toxicity at the
point of confluence of the CHO cells, both the 14 nm and 20 nm AuNPs showed
significant differences and an apparent dasponseKigure4.13 C and D), and the

20 nm AuNPs showed greater toxicity based on the greatest decrease of CI.
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Figure 4.13 Normalised cell index of cells treated with AUNPs.

BEAS-2B cells (A and B) and CHO cells (C and\@@re treated with 14 nm AuNPs
(left panel) and 20 nm AuNPs (right pan&@EAS-2B and CHO cells were seeded
and allowed to recover for 24 hours prior to treatment for 72 hours or 42 hours
respectivelyThe slope of the curves was calculated ata$t condcted to determine
differences between treated and untreated control cells. In (A) all treatments were
statistically different from untreated control (p < 0.05) whilst no significant
differences were observed in (B). In (C), 2 nM (p < 0.05) and 5 nMO(pX were
statistically different from untreated control; whilst in (D) both 2 nM and 5nM

treatments were statisticall di f f er ent from the untreated
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4.32 Cytotoxicity of AUNPs in BEAS-2B cells

The xCELLigence RTCA system was used to assess cytotoxicity of the AUNPs in the
BEAS-2B cell line over 24 hours of treatment, the results of whietsaown in
Figure4.14 where the normalised cell index is plotted over time. The planned uptake
experiments require short incubation periods, specifically 2 hours; however, it can be
seen that none of the AuNPs are toxic to the es#s after 24 hours as the curves

for the treated cells follow that of the untreated cells.

104



14 nm AuNP

20 nm AuNP

15 ! ) 15 !
13 - 13 E
14 14
3 1 3
Zo0s i Eos
s07 E — g o7
Fos Eo e Tos
2 ' 2
03 = 03
01 . 01

160 240
Time (in Hour)

Time (in Hour)

PCOOH AuNP

17 ! 17 T
15 M 15 s
3 o0s ¥ : 3 08
Enr ------- ; Elnv
;Eus gu‘s

Time (in Hour)

17 17
15 15
. i "
] i )
B o Eu
303 ; : L]
3 e 3
27 B : 2 o7
T T
E o E
| N S JE - Sos
03 -’/rg ---------------------------------------------------------------- 03
o B H 01
04 L L 01
00 80 180 20 320 400 80 0o 80 160 240 400 480

Time (in Hour)

Normalized Cell Index

i

oo 80

m—— 5SnM AuNP;

160 240
Time (in Hour)

320

2 nM AuNP;

400 480

Index

Normalized Cell I

= 1 nM AuNP;

o~ .

1) 100 a0 00
Time (in Hour)

Untreated cells

L]

Figure 4.14 Cytotoxicity, as represented by normalised cell index, of BRBSells

treated with AuNPs for 2Bours. Cells were allowed to proliferate for 24 hours prior

to treatment and the cell index was normalised at the point of treatment.
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4.3.3 Cytokinesis-block micronucleus (CBMN) assayfor assessment of

genotoxicity

The CBMN assay was used for the assesd of genotoxicity othe 14 nm, 20 nm,

and PCOOH AuNPs BEAS-2B cells.The Replication Index (RI) values from each

type of the AuNP treated samples are showhabe48. The RI i s defined
proportion of cell division ycles completed in a treated culture, relative to the

untr eat e@ECD a0igbyA®darobe seen in the table, all samples have an RI

value around 100%, indicating that these samples had no cytostatic effect as

compared to the untreated control.

Table 4.8 Calculated Replication Index (RI) of the treated samples in the CBMN

assay
Sample Concentration | RI
14 nm AuNP | 1 nM 101%
2 nM 106%
5nM 96%
20 nm AuNP | 1 nM 96%
2 nM 115%
5nM 114%
PCOOH 1nM 121%
2 nM 106%
5nM 103%

Figure 4.15 shows representative images of binucleatejAand multinucleated
(D) BEAS-2B cells, and indicates a typical MNigure4.15B) and NPB Figure
4.15C) obtained during scoring.
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Figure 4.15 Representative imagebtained from the CBMN assay.

(A) Binucleated cell with no damage; (B) Binucleated cell showing a micronuclei
(MN) indicated by arrow; (C) Binucleated cell showing nucleoplasmic bridge (NPB)

indicated by arrow; and (D) multinucleated cell.

The frequencies of MN and NPB per 1 000 binucleated cells are shown in Figure
4.32.Values obtained from the treated samples wergralilar to the untreated

control and no dosdependent increase was observed.
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Figure 4.16 Frequencies of (A) micronuclei, and (B) nucleoplasmic bridges per 1000

binucleated cells. No statistically sigmiint differences were observed.
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4.4. Uptake of AUNPs

4.4 1Applicability of the CytoViva HSI system for labelfree assessment of
uptake

To investigate thapplicabilityof the CytoVivato assess the uptake of AuNR4
nm and20 nmAuNPs were investigatein BEAS-2B and CHO cells

4.4.11 Focal planes

The CytoViva Hyperspectral Imaging (HSI) System provided -fiat images of

the cells following their incubation with AUNPs and fixation. To observe the
internalisation of the particles, it was possildédcus the microscope on various
focal planes throughout the fixed ceFsgure4.17 shows a single BEA2B cell that
has been incubated with 1 nM of 14 nm AuNPs for an hour. The image illustrates 4
focal planes within the cell. IfA) the particles are out of focus, but as the focus of
the microscope moves through (B) to (D), one is able to observe various particles
within the outline of the cell which come into and then go out of focus, thereby
confirming that the AuNPs have be@aternalised. This approach has been used to
confirm internalisation of TiI@NPs in fibroblastgAllouni et al.2012) and silver

NPs in nematode@d/eyeret al.2010)
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Figure 4.17 Dark-field image at 100xnagnification of BEAS2B cells incubated

with 14 nm AuNPs for 1 hr to demonstrate the observation of internatised AuNPs

through various focal planes within the c8tale bars =5 um
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4.4.12 Dark-field images of two cell lines

Whilst establishing th applicability of the CytoViva HSI system to observe uptake of
the AuNPs, preliminary experiments were conducted using the 14 nm and 20 nm
AuNPs in two cell |l i nes HRdure+é18ardfFigule, and 6
4.19 showepresentative imaged the BEAS2B and CHO cells respectively, where
uptake of the AuNPs was confirmed in both cell lines. In BEBXells, the 14 nm
(Figure 4.18 Axnd 20 nn(Figure 4.18 BAuNPs showed high levels of uptake,

even after an hour of incubation.Figure 4.8, minimal AuNP uptake was observed

in the CHO cells after an haudowever an increase and high accumulation of the
nanoparticles was observed for the 14(fingure 4.19 Ajand 20 nn(Figure 4.19 B)
AuNPs after 4 and 6 hours with the 20 nm AuNPs cellytdake being higher than

that of the 14 nm AuNPs. In both cell lingse tparticles seemed to accumulate and

form agglomerates within the cells.

Figure 4.18 Dark-field images of BEASB cells incubateavith AuNPs.Dark-field
images were captured at 60x magnification of BEZ&Scells incubated with either
(A) 14 nm or (B) 20 nm AuNPs for 1 hr, 4 hrs, or 6.hrs
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(A) 6 hr

Figure 4.19 Dark-field images of CHO cellscubated with AuNP®Dark-field
images were captured at 60x magnification of CHO cells incubated with either (A) 14
nm or (B) 20 nm AuNPs for 1 hr, 4 hrs, or 6.hrs
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4.4.13 Spectral profiles of singularly dispersed vs agglomerated AUNPs

Figure4.20represents the spectral profiles of 14 nm and 20 nm AuNPs. Nanopatrticle
solution was spread on a slide and allowed to dry prior to HSI. Ten randomly selected
spectra were obtained from nanoparticles that appearedeiphier singularly

dispersed (A and C) or had formed larger agglomerates (B and D) on the slide. Each
coloured line represents the spectrum from a single pixel, and these collections of
representative spectra form a known spectral library of the nargesutin these

figures, it can be seen that individually dispersed AuNPs of the two sizes tend to have
homogenous curves within the sample, as representédure 4.20 A and @r 14

nm and 20 nm nanopatrticles, respectively. The AuNPs at both sizés tesk a
predominant single peak at approximately 670 Rigure 4.20 B and Dlustrate a

range of spectra for agglomerated 14 nm and 20 nm AuNPs, respectively. The non
uniformity of these spectra may probably be due to the different sizes of the
agglonerates in the sample. In addition, the spectral profiles of the agglomerated
AuNPs tend to have broader peaks than their singularly dispersed counterparts as well

as the appearance of a second peak at approximately 800 nm.

113



14 nm AuNPs

Spectral Profile

Figure 4.20 Spectral profiles of 14 nm and 20 nm AuNPs.
Ten spectral profiles of randomly selected AuNPs that appeared visually to be either
(A and C) in single suspension, or (B and D) agglomerated nanoparticles. Each

coloured linerepresents the spectrum from a single pixel.
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4.4.14 Principal Component Analysis (PCA)

Image processing techniques such as principal component analysis are widely used
for data dimensionality reduction and feature extradiieimanget al. 1998; Sugairity

and Ramamoorthy 2012)herefore PCA was run on the spectra of singularly

dispersed and of agglomerated 14 nm and 20 nm AuNPs in order to identify the
principal components (PCs) that are responsible for the spectral variation between the

different sizechanoparticles.

The PCA score plot of Factor 1 vs Factor 2 is showfignre4.21. The first two

factors identified by PCA account for over 90% of the variance observed. It can be
seen in this figure that the points representingdarly dispersed AuNPs are more
closely orientated, whilst the points for the agglomerated AuNPs are widely dispersed
and no distinct clusters can be identified. This suggests that there is not sufficient
difference between the spectra of the differeaNRs for PCA to discriminate

between them. Subsequently, the HSI spectra may be used to confirm the presence of

gold nanopatrticles but may not be used to discriminate between particle sizes.
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Figure 4.21 PCA analysis of 14 nm and 20 nm AuNP spectra.

PCA score plot of Factor 1 vs Factor 2 for the spectra obtained for 14 nm singularly
dispersed AuNPs (red), 14 nm agglomerated AuNPs (blue), 20 nm singularly
dispersed AuNPs (green), and 20 nm agglomeraté&dPA (black).
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4.4.15 Representative images of SAM

Spectral Angle Mapper (SAM) is a process for the identification of a known material
in an image acquired using hyperspectral imaging. The process is performed by
comparing the known spectra for a maiktd unknown spectra and identifying

pixels in the unknown image that map the known spectra, irrespective of the light
intensity.

Using this process dmyperspectrascans of the cells incubated with the AuNPs, a
representative output was obtair{€ture 4.22) In this figure the HSI scan of
BEAS-2B cells incubated with 1 nM 14 nm AuNPs for 4 hours represents an
Aunknowno s (riguwetdr2aA)The kn@avg gpectral library of the
singularly dispersed 14 nm AuNPs was mapped against this (iRiagee 4.22 B)
and the spectral library of agglomerated 14 nm AuNPs was also m@pgere 4.22
C).

Both the agglomerated and singularly dispersed spectral libraries mapped onto the
images of the cells, thereby verifying the presence of gold nanopantit¢hescells.

However, it can be seen that the agglomerated AuNPs matched more pixels within
the cells than the singularly dispersed AuNPs indicating that there is a better match

with the agglomerated spectral library than the singularly dispersed $fibcary.
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Figure 4.22 Representative images of the SAM analyses.
(A) HSI scan of BEAS2B cells treated with 1 nM 14 nm AuNPs for 4 hours; (B)
SAM image indicating pixels of (A) that matchee tspectral library of 14 nm

singularly dispersed nanopatrticles; (C) SAM imaghcating pixels of (A) that
matched the spectral library of the 14 nm agglomerated nanoparticles. The red line

indicates the approximate outline of the cell.

Spectral profile®f AUNPs were collected from scans of cells treated with either 14
nm AuNPs(Figure 4.23)r 20 nm AuNPgFigure 4.24) These were acquired from
both BEAS2B cells(Figure 4.23 A and 4.24 And CHO cellgFigure 4.23 B and
4.24 B) By visual inspectiont can be seen that the spectra appear more similar to
those of the agglomerated spectra than to the singularly dispersed gpgotra

4.20).

Therefore, the presence of agglomerated rather than singularly dispersed gold
nanoparticles within the celtould be assumed. This assumption was based on the
observations made when using SAM, and through visual observations made from the
spectral profiles of AUNPs in the absence of déligure 4.20) anthose from inside

the cells(Figure 4.23 and Figure 4.24
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Figure 4.23 Spectral profiles of 14 nm AuNPs following cellular uptake.

Spectral profiles of 14 nm AuNPs were collected following uptake in (A) BEBS

and (B) CHO cells after 1 hr, 4hrs, or & hEach image represents the spectral

profiles of 10 randomly selected nanoparticles, and each coloured line represents the

spectrum from a single pixel.
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(A) 1 hr (A) 4 hr

Figure 4.24 Spectral profiles of 20 nm AuNRsllowing cellular uptake.
Spectral profiles of 20 nm AuNPs were collected following uptake in (A) BEBS
(B) CHO cells after 1 hr, 4hrs, or 6 hrs. Each image represents the spectral profiles of

10 randomly selected nanoparticles, and each colouddpresents the spectrum

from a single pixel.
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4.4.2 Uptake of AuNPs into BEAS2B cells
4.4.21 Assessment of uptake of AUNPs after 2 hours at 37°C and 4°C

For the studies on the mechanism and intracellular localisation of the AuNPs
following uptake, anncubation time of 2 hours was chosen. To confirm that this
incubation time was sufficient for uptake to occur, BE2Scells were treated for 2
hours with AUNPs under standard culturing conditions. Representativdieldrk
images are shown figure 4.5. In this figure, uptake of the 14 nm and 20 nm
citrate-stabilised and PCOOH AuNRseclearly observed as bright gold particles
evident within the cells. The POH, PBtn, PNTAAZ, and PAMAUNPSs did not

appear to enter the cells, as no gold particlesbesseen.

To investigate the energy dependence of nanoparticle uptake, cells were incubated
with AuNPs at 4°C in order to inhibit active processes by this lowered temperature
(dos Santost al.2011) Compared to the uptake observedrigure 4.25, Figurd.26
shows no uptake of the citraséabilised or PCOOH AuNPs that were shown to enter
the cells at 37°C. The POH, PBtn, PNTBAZ, and PAMAuUNPs did not enter the

cells at 4°C, which was expected since no uptake was observed at 37°C.
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14 nm AuNP 20nm AuNP

PAM AuNP

Figure 4.25 Dark field images of BEASB cells incubated with AuNPs for 2 hours
at 37°C.Cells were treated at 1 nM AuNP. Ddi&ld images were captured at 60x

magnification. Scale bars = 20 um.
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14 nm AuNP 20nm AuNP

PBtn AuNP PNTA AuNP

PAZ AuNP

Figure 4.26 Dark field images of BEA2B cells incubated with AuNPs for 2 hours
at 4°C.Cells were prencubated at 4°C for 30 mins prior to addition of AUNPs at 1
nM AuNP. Darkfield images were captured at 60x magnificati®ocalebars = 20

um
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4.4.22 Assessment of uptake of AUNPs after 24 hours at 37°C

Since no uptake of the POH, PBtn, PN TZ, or PAMAUNPs was observed after

2 hours, a further experiment was conducted on these AuNPs to investigate whether
an extended incubatigreriod of 24 hours would allow for uptake to occur. As can be
observed irFigure 4.27 even after 24 hours, no cellular uptake of these AuNPs was
evident.
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Figure 4.27 Dark field images of BEAZB cells ncubated with AUNPs for 24 hours
at 37°C Cells were treated at 1 nM AuNP. Ddir&ld images were captured at 60x
magnification. Scale bars = 20 pm.

125



4.4.3Mechanism of uptake of AUNPs in BEAS2B cells
4.4.31 Cytotoxicity of Inhibitors

Prior to uptake sidies, it is essential to assess the cellular toxicity of the inhibitors to
ensure that the treatment concentratiesedare not toxic to the cells in question.
Indeed, gtotoxicity was observed when BEAZB cells were treated with a range of
concentratias of genisteirfFigure 4.28)and chlorpromazin@-igure 4.29) The cells
were treated for 24 hours and both inhibitors showed-dsktimedependent
toxicity. The time period of interest was the first three hours following treatment
Figure 4.28 B and Bure 4.29 Bas this was the period during which the mechanism
of uptake experiments were conducted. From this datancentration was chosen
for subsequent experiments tkabwed minimal toxicity at 3 hours incubatiand
corresponded with effective iidition as reported in literature, namely 200 pM
genistein and 14M chlorpromazine.
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Figure 4.28 Cytotoxicity of genistein to BEAZB cells, represented by normalised
cell index.BEAS-2B cells were treatewith a range of concentrations from 25 uM to
300 uM. (A) Cl values shown prior to treatment and for 24 hours after addition of
inhibitor; (B) ClI shown for approximately 2 and a half hours after treatraich
concentration was run in triplicate; eachuiie is a representative image of one of two
independent experiments.
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Figure 4.29 Cytotoxicity of chlorpromazine, represented by normalised cell index.
BEAS-2B cells were treated with a range of concditnsfrom 4.4 uM to 141 uM.

(A) Cl values shown prior to treatment and for 24 hours after addition of inhibitor;
(B) CI shown for approximately 2 and a half hours after treatnkect

concentration was run in triplicate; each figure is a representatagei of one of two

independent experiments.
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4.4.32 Effects of inhibitors on uptake of AUNPs

The effect of the inhibitors was determined by sgmantitative analysis using
hyperspectral scanning, followed by SAM, and image analysis using ImageJ to
deternine the percentage area of the cells that mapped to thesAtesfedBox and
whisker plots showing the distribution of data is showRigure 4.30With all

AuUNPs, genistein values were considerably lower than that of the untreated controls,
whilst chlopromazine showed minimal effect suggesting that genistein was able to
inhibit the uptake of the AuNPs.

129



4.5 - 47
X
4 35 X
3.5 3 -
X
3 2.5 - X
25 X 2 -
2
‘ 15 ‘ X
1.5
1 11
0.5 é 0.5 -
0 l T \ l ‘ 0 | . T
Control Genistein  Chlorpromazine Control Genistein  Chlorpromazine
C 30 -
25 - %
20
15 -
X
10
X
5 -
D T T
Control Genistein Chlorpromazine

Figure 4.30 Box and whisker chart showing the distribution of data from the
inhibition of uptale experiments of (A) 14 nm AuNPs, (B) 20 nm AuNPs, and (C)
PCOOH AuNPsThe box represents the interquartile range (IQR), whilst the
whiskers represent 1.5 x IQR. For simplicity, only the maximum outlier is shown as
x. Data obtained from 2 replicates ofr@lependent experiments, minimum 180 cells
analysed.
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4.4 .4 Localisation of AUNPs using TEM

TEM was used to observe the intracellular localisation of the AuUNPs within the
BEAS-2B cells after 2 hours incubation. Representative images of cells treated wit

14 nm AuNPs, 20 nm AuNPs, and PCOOH AuNPs can be seen in Figure 4.30, Figure
4.31, and Figure 4.32 respectively. AUNPs were observed in the majority of cells
analysed and the AuNPs were mostly found inside vesicles although free lying
particles were alsobserved in the cytoplasm. The particles were found either

singularly or in small clusters.
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AuNPs for 2 hoursTop image shows gingle cell, whilst magnification of regions
within the cell are shown in the remaining images (Scale bar = 0.5 um) and arrows

indicate nanoparticles either singularly dispersed or in small clusters.
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Figure 4.32 Representative TEM images of BEA&B cells treated with 20 nm
AuNPs for 2hours. Top image shows a single cell, whilst magnification of regions
within the cell are shown in the remaining images (Scale bar = 0.5 um) and arrows

indicate nanoparticlesither singularly dispersed or in small clusters.
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Figure 4.33 Representative TEM images of BEA&ZB cells treated with PCOOH
AuNPs for 2 hoursTop image shows a single cell, whilst magnification of regions
within the cell are shown in the remaining images (Scale bar = 0.5 um) and arrows

indicate nanoparticles either singularly dispersed or in small clusters.
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Chapter 51 Discussion

Hazard identification is ammportant aspect of the risk assessment of nanomaterials.

In this study, the nanoparticles of choice were gold nanoparticles and therefore a
number ofin vitro studies, which are currently used for the hazard identification of
chemicals, were assessed for their applicability to gold nanopatrticles. Subsequently,
appropriate tests were implemented to determine the toxicity, intracellular uptake and
localization, as well as the mechanisms involved in the uptake of the gold
nanoparticles. Moreover, the present study investigated the effect of size and different
functional groups on the toxicity, genotoxicity, and uptake of these nanoparticles. In
addition, this study detailed the physicochemical properties and surface activity as an
essential part in the assessment of the toxicity and intracellular uptake of the
invesigated gold nanoparticles. Finally, recommendations are made for the

appropriatan vitro assay systems for the hazatdntification of gold nanopatrticles.

5.1 Physicochemical Properties

In the hazard identification component of the risk assessmenhopadicles, it is

essential to characterise their physicochemical properties prior to any tests conducted.
For example, size, shape, surface ligands and functional groups, and surface charge
need to be determined. Subsequently, these physicochemicakpensaof the tested

gold nanopatrticles were investigated and presented in Section 4.1.

In addition to these physicochemical parameters, it was also essential to confirm their
sterility prior to any tests being conducted. Subsequehtyidentification ba

preferable endotoxtdetection assay for gold nanoparticle suspensions was
investigatedHowever, pssible interference of the sample with the assay must

always be considered and controlled when these tests are perfdndedd, pssible
interferenceof the AuNPs with all three of the assays was observed in this study.
Previous studies have shown conflicting results with regard to the ability of the
AuNPs to interfere with the traditional LAL chromogenic as$2gbrovolskaia et al.,
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2010 observed inhition of the assay whilst Li et al., 2015 did not, even though both
authors have used the same kit, the €20DO0 kit from Lonza,. This kit was also used

in the present study, where interference could be observed through the use of PPCs
and dilution of tle samples within the acceptable MVD could not overcome the
observed inhibition. In addition, partietly controls in water and stop reagent (25%
acetic acid) were included to investigate the influence with the optical readout at 405
nm. Should the nanopeles be optically active and show an increased absorbance,
this possibly could be controlled by subtraction of the particle control values to
mitigate the increased absorbance. However, with the exception of the undiluted
AuUNP sample, the absorbanceuesd of the particle controls were lower than those of
the blank(Table 4.4) suggesting that the presence of AUNPs interferes with the
optical readout of the assalhis could possibly be caused by the addition of the
acetic acid, since a drastic changelhhas been shown to disrupt the negative

charge on citrate stabilised AuNPs which leads to aggregation of the NP suspension
(Wageretal.2014) According to the manufacturerés
or sodium dodecyl sulfate (SDS) solution tenused as a stop reagent. In the

previous study where no interference was observed the authors used SDS as the stop
reageniLi et al.2015) whilst the authors who did observe interference did not
specify which stop reagent was ugBdbrovolskaiaet al 2010) It is therefore

possible that the nature of stop reagent used may influence the aggregation state of
the AuNPs, which may, in turn, influence the optical reading of the LAL

chromogenic assay.

The geiclot assay was included in this study sinde farmat does not involve any
form of optical readout. Nevertheless, this study found possible interference, in the
form of enhancement, since the PPCs at 5 and 10 times dilution of AUNPs were
positive at an endpoint of 0.0156 EU/ml, whilst the sensjtwitthe test is 0.03125
EU/mI (Table 4.6) Due to the qualitative nature of the-ghit assay, interference
testing can only give an indication of inhibition, whilst enhancement of the assay

cannot be distinguished from actual endotoxin contaminatieg#nerally accepted
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that enhancement of an endotoxin assay is less dangerous than inhibition since it may
result in a product that has acceptable endotoxin levels failing an endotoxin test;
however, in the case of inhibition, the possibility exist$ ghproduct with

unacceptable levels may be incorrectly deemed(Bsfe'son 2005)Therefore
enhancement is less of a concern than inhibition; however a previous study has also
shown AuNPs to interfere with the gabt assayDobrovolskaieet al.2010)

although these authors observed inhibition of the assay. Since both studies observed

interference, albeit different types, this assay would not be recommended.

A drawback of all LAl-based assays is the lack of specificity due to the reactivity of
the assagomponents to fungal contamination, thereby making the rFC assay an
attractive optior{Ding and Ho 2001)In the current study, inhibition was observed in

the rFC assay when the undiluted AUNP sample was used for the PPC; however, this
inhibition could beovercome through dilutiofTable 4.7) An earlier study has also
observed significant inhibition of this assay by AuNPs at 5hbiMet al.2015) which
corresponds to the observations in the undiluted sample of the current study. Based
on the spike recoveg observed in their study, levels of inhibition did decrease as the
sample was diluted; however, the authors still did not recommend the use of the rFC
assay in AUNP concentrations greater than 1 nM, and rather recommended a modified
version of the LAL chomogenic assay as being most suitable for nanoparticle
samples. However, these authors did not take into account the MVD of the assay, and
therefore further dilution of their sample may have been possible. In the present
study, an AuNP concentration ohM corresponded to the dilution factor of 5, at

which point the inhibition was overcome. The endotoxin limit chosen in this study is
that for medical devices, namely 0.5 EU{RDA 2012)which, taking into account

the high sensitivity of this assay (0.085/ml), allows for a MVD of 100 for the rFC
assay. Therefore, the lack of inhibition observed at a dilution factor of 5 is well within
the MVD and is a valid dilution. For medical devices that come into contact with
cerebrospinal fluid the endotoxin lim#& 0.06 EU/mI(FDA 2012)which would allow

for a MVD of 12 for this assay; and therefore, at a dilution factor of 5, the assay
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would even be valid for this type of device which has stricter limits. The ability of the
rFC assay to overcome the observedhitinn within the MVD, as well as the fact
that this assay cannot-glltans, makdsita @efesable by con

option for the testing of endotoxin contamination in AUNPS.

In summarythe physicochemical properties of the nanoparticla® weccessfully
characterised. For the detection of endotottig,interference in the rFC assay could

be overcome through dilution of the AUNP sample; whilst interference in the form of
inhibition of the chromogenic assay could not be overcome, and |gosgdrference

in the form of enhancement was observed with the gel clot assay. Therefore, the rFC
assaywasrecommended as a highly sensitive and specific assay for the testing of

endotoxin contamination in AUNP samples.

5.2 Surface Activity

The abilityof the AUNPs to generate free radicals was measured using the spin trap
DMPO and HO:.. Interestingly, the AUNPs were able to reduce the intensity of the
ESR signal below the baseline reading (Figure 4.5), suggesting that the AuNPs were
possibly able to svenge free radicalé study has found that the apparent

scavenging of radicals, assessed by ESR, may rather be caused by a quenching effect
on the DMPQOH radical(Li et al.2004) Another study on the interactions of gold
nanoparticles with free radicalsuggested that a reduction of ESR signal may be
caused by the adsorption of the gold nanopatrticles to the free radicals TEMPO,
TEMPAMINE, and TEMPONHEZhanget al.2003) To further investigate the
scavenging activity of AUNPs in this study, probes sagaminotempo or 4
iodoacetamidotempo could be used and analysed by(lBS®a et al.2008)

The &lsoprostane EIA Kit watheninvestigated for the potential for the AuNPs to
cause lipid peroxidation in the BEAZB cells. It was found that the 14 MINPs
interfered with the detection ofi8oprostane, resulting in an underestimation of the

concentratior{Figure 4.6) This was not due to optical interference as there were
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multiple wash steps to remove AuNPs, and the Non Specific Binding (NSB) wells
spked with AuNPs showed no differences in absorbance readings as compared to the
control nonspecific binding wells. The interference was possibly due to interactions
with the assay components that could not be overcome through experimental controls.
It is possible that other methodologies to detect lipid peroxidation as an indicator of
oxidative stressnduced toxicity could be implemented, however, since no

cytotoxicity was observed in BEAZB cells using the XCELLigence RTCA system,

this was not explorefiirther.

5.3 Applicability of conventional toxicity assays and the use of label free
methodologiesin the hazard identification of gold nanoparticles
Theapplicability of differentin vitro tests for the hazard assessment of gold
nanoparticles was invegated where the main concern was their interference with the
optical measurements implemented in these assay systems. Suchrptigaknce

in a few conventionah vitro toxicity assaysreliant on optical detection, BWUNPs
wasextensively investigtedin our laboratory, with the aim of identifying preferable
assays to be used for timevitro assessment of theellulareffects of AUNPsAs a

result,two labelfree methods were investigated.

Initial cytotoxicity studies performed using the XTT, LD&hd ATP assaysll of

which rely on optical detectioshowed conflicting results on the toxicity of 14 nm
AuNPs(Figure 4.7, Figure 4.8, Figure 4,9hich suggested the possibility of
interference of the AUNPs with one or more of these techniquéseugh the data
observed using the XTT assay on the toxicity of AUNPs agree with those presented
earlier by other investigators using MHreeseet al.2012b) the lack of toxicity of
these nanoparticles using LDRthe present studyasin contrast withthose

presented by these same auth@rgotoxicity of AUNPs, as determined by the LDH
assay, has also been observed in other st(dies et al.2012; Matecet al.2014)

This couldhoweverhavebesnbecause thassay protocolased by these authors

wereabsorbance based, where the absorbance of the final product was measured at
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490 nm;whereas in the present study, the detection of the release of LDH was
fluorescencéased. Commercially available toxicity assays, including the ones in this
study, frequetty rely on the optical properties of a reaction product as in indicator of
toxicity or viability. Traditionally, the accepted norm for the applicatiomofitro
cytotoxicity assay systems is the inclusion of medium controls in the experimental
setup wih no attention to the optical properties of the particles themselves or the

particlesd interactions with the assay

In the present study, interference was observed with the ATP bioluminescence assay
system; however, this was not due to the aptcoperties of the AuNPs, but rather
interference with the production of the measuredmoduct suggesting that the

AuNPs were capable of interfering with the assay substrate and the subsequent
products. Kroll et al. (2009), discuss#fferentin vitro methodologies used for
nanoparticle toxicity assessmemd summarizedanoparticle characteristics such as
high adsorption capacity, surface charge, and catalytic activity as potential causes of
the interference of nanoparticles with toxicity assagsoll et al, 2012 suggested an
approach to prevent interference of nanoparticles withitro toxicity assays that

involves altering assay protocols or lowering particle concentrations. However, the
authors did observe that interference was assay paticle-specific,and

recommended that eaahvitro methodology be evaluated for each individual
nanoparticleThese recommendations may however address the interference of
extracellular particles present in the culture medium but could not exclude

interference by the particles that have already internalized the cells

One of the methodologies that has been considered, which does not rely on any
optical measurements, is the CFE assag OECD WPMN interlaboratory
comparison study on the CFE asbag therore aimed to assess tagplicability of
this assay for the testing of the cytotoxicity of nanomateredpart of the work
presented in this thesis (Figure 4.18g €FE assayesults obtained from theund

robin collaboration with 11 other particirag laboratories, has showgood intra
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and interlaboratory reproducibilifPontiet al.2014) This assagould therefore

reliably be used for the hazard identification of gold nanoparticles as well as of other
nanoparticles as it has tadvantage overonventional toxicity assayer not relying

on optical detection of an endpoint, or conversion of a substrate, and therefore avoids
test interferencby nanoparticlesAlthough this assay was shown toagplicable

and therefore recommended for the tegbf thein vitro toxicity of nanomaterialst

is quite laborious and has a low throughput.

An additionaldisadvantage of conventiomaftotoxicity assayss that they generally
measure toxicity/viability after a predetermined incubation period, thgreteyntially
missing information. This challenge, together with the demonstratioptimfal
interference with many conventional assays, has necessitated the use of alternate
system that does not rely on optical detection or conversion of substrateguotpro
and can be monitored in real timeéheluse of cell impedance technology, such as the
XCELLigence RTCA system, to ascertain the cytotoxicity of nanoparticles can
overcome both these challenges thenmamyoving the necessity to perform

traditional, tme-consuming assays at numerous time points. The xCELLigence
RTCA system ascertains cell viability through the measurement of impedance
changes caused by the attachment or detachment of cells to the eleotrecsl
surface of the wells of specialBatks used with the system. This impedance is
represented as a Cell Index (Cl) that reflects the state of the ionic environment at the
electrode/solution interface, which, in turn, is influenced by the presence of cells
cultured in wells on top of these elexttes. Cl values have therefore been used to
monitor cell viability where cell adhesion was considered as the cell viability end
point (Baumanret al. 1999; Keet al.2011)

In the present study, ttegplicabilityand value of this labdtee cellimpedance
technology to assess AuNP toxicity was initially performed with 14 nm and 20 nm
citrate stabilized AuNPs on both CHO cells and BEZScells(Figure 4.13)and

this work was publishe(l/ettenet al.2013) The system easily and conveniently
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providedinformation on the growth curves of these two cell lines, indicating ideal
cell seeding concentrations and growth patterns to guide recovery and incubation
periods. During this preliminary work, the citrate stabilized AuNPs showed minimal
toxicity to the HEAS-2B cells; whilst CHO cells were more sensitive and the 20 nm
AuNPs were more toxic than the 14 nm AuNIAghe present stud¥yis technology

was shown to eliminate the possibility of the AuNPs interfering with assessment of
viability as the particlenly controls showed no influence on CI; and therefore assists
in avoiding dealing with contradictory results sometimes observed when comparing

results frontraditional assays.

Cell-based labefree technologies such as the XxCELLigence RTCA system hawe bee
implemented as part of the preclinical drug development pr¢aé&sszaet al.2006;
Atienzaret al.2013; Fang 2006; Kustermaehal.2013 and also for the evaluation

of the cytotoxicity of a variety of dissolved chemic@@eriottiet al.2007; Xinget al.
2005) This technology has also been used to assess the cytotoxicity of a variety of
nanoparticles including siliog@isaniet al.2015; Yanget al.2010) cobalt ferrite
(Marianiet al.2012) silver(Sambaleet al.2015) gold(Chuehet al.2014 Tarantola

et al.2011), quantum dots and gold nanorddsrantolaet al.2009) metal oxides

Zn0O, CuO, and TiQ(Seiffertet al.2012) fullerenes, carbon nanotubes &w®O4

( D° nme z @tah2017)nardkother inorganic nanoparticlgteroGonzakz

et al.2012)

It is important to note that our results, generated with the RTCA technology, on the
toxicity of 14 nm AuNPstoBEA2 B cel |l s after 1 hour és
well with those generated with the conventionally used XarTATP-based toxicity
assays. However, positive correlation between cell impedance and conventional
assaydor the toxicity of chemicalbas been reported in the literature. For example, a
correlation was found in the toxicity of drugs when assessed by eithealrredt

uptake assay or tHeTCA (Kustermanret al.2013, or in the cytotoxicity of sodium

arsenite, cadmium chloride an@-platinum assessed by MTT and RTQ®2eriotti et
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al. 2007) or in the immunocytotoxicity of baboon sera on pig cells with the MIdI a
RTCA (Queredeet al.2010)or cell toxicity assay using the Sulforhodamine B for
staining proteins and measuring absorbance at a wavelength of 565 nm in correlation
to RTCA(Limameet al.2012) Surprisingly, sich correlation waalsoobserved
betweenmpedancéased technology and the MTS assay for the assessment of
CTAB-capped gold nanopatrticles of difference shgpasantolaet al.2009;

Tarantolaet al.2011) However, in the present studyerferencevas observewith

the final productebtainedrom theseassaysystems and subsequently no such
correlation could be observed between our data generatedsegtmeentional assay
systems and that of the RTCAhe current study has shown that timpedance
technologyprovidesa more accuraténdication of whether something is toxic or
norttoxic, and, together with its ease of use, is therefore recommended as a preferable

assay foin vitro cytotoxicity testingor the hazard assessment of nanopatrticles

5.4 Effect of AUNPs on cytotoxicity and genotagity of BEAS-2B cells

As the preferable cytotoxicity assay, the RTCA system was then used to observe the
toxicity of the 14 nm and 20 nm AuNPs, and ffenm PEGiganded AuNPs (POH
AuNP, PCOOH AuNP, PBtn AuNP, PNTA AuNP, PAZ AuNihd PAM AuNRin

the BEAS-2B cell line for up to 24 hour@igure 4.14)No toxicity was observed for
any of the AuNPs, regardless of their size, surface coating or initial surface charge.
When compared to previous studies of AUNPs of similar size range (1@4mm)

and surfae coatings (citrate and PHi@anded), the results concur with some studies
but notwith others. Citrate stabilized AuNPs in this size range were found to be non
toxic or only minimally toxic to K562, HeLa, A549, BEAZB, NHBE, HepG2, and
HEK 293 cells(Chenet al.2009; Connoet al.2005; Kharet al.2007; Schlinkeret

al. 2015; Tlotlenget al.2016) However theyhave been fountb result in a decrease

in proliferation to CF31 cells(Pernodett al.2006) and cytotoxicity to A549, A431,
and NCHH1975 (Choiet al.2012) Hydroxy-PEG AuNPs were found to be toxic to
HegG2 and Hela celldi et al.2018) whilst the PCOOHiganded AuNPs used in
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the current study were shown to be fioric to HEK 293 cell$uthighly toxic in a
dosedependent manner tblepG2 cell{Tlotlenget al.2016)

Since most of these studies made use of conveniiordto toxicity assays, the
possibility of interference influencing these results cannot be excluded; nonetheless,
this data suggests a céjpe dependent respant AuNPs. Thénitial studies
conductedn the present study validate the xCELLigence system supports this
suggestionsince differences in toxicityver an extended incubation periwdre

observed between BEAZB cells and CHO cells. This is furtheupported by the

results mentioned above in the Tlotleng et al. (2016) study that was conducted in our
laboratorywherethe PCOOHAUNPswere those investigated in the present work
Alternative study on 10 nm citrate stabilized AuNPs also observed thecalsfen
toxicity to BEAS2B cells after 24 hourSchlinkertet al.2015)suggestingthat the
BEAS-2B cell line may be fairly resistant to AuNRduced cytotoxicity.

Even in the absence of cytotoxicity, genotoxity may occur and is an important aspect
of toxicity testing.The micronucleus assay was chosen to assess chromosome
damage in the present study, as this assay provides a measure of both chromosome
loss and chromosome breakaged was shown to be free of interference from gold
nanoparticlegGeorgeet al. 2017) The CBMN assay was implemented as this
procedure makes use of €twhich blocks the polymerisation of actin during
cytokinesis, and enables the accumulation of binucleated(Eehgch 2000Q)thereby
ensuring that only cells that have underg mitosis in the presence of the test
compound are scord®oaket al.2009) Since CyB is known to inhibit

endocytosis, BEARB cells were first incubated for 2 hours with the AuNPs to allow
for uptake to occur prior to the addition of €Bit Even wit confirmation of uptake

of the AuNPs after two hours, the AuNPs tested negative for genotoxicity in BEAS
2B cells(Figure 4.16)which concurs with the results in CHO cells conducted on
these AuNP$Georgeet al.2017)
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5.5 The use of the CytoViva as abelfree methodology to assess uptake

In any cytotoxicity assay conducted on nanopatrticles, it is also essential to confirm
their cellular internalization for correct interpretation of results obtained with
cytotoxicity assay systemhmitially, 14 nm and20 nm citrate stabilized AUNPs were
used in both BEA&B cells and CHO cells to establish the methodologies in our
laboratory, and to demonstrate the usefulness of the CytoViva hyperspectral imaging
(HSI) system to assess latfide intracellular uptaké his work was published with

the cytotoxicity interference work and preliminary XCELLigence work described
above(Vettenet al.2013) The CytoViva HSI system hassobeen implementefbr

other nanomaterials includirigr the determination dhe potentl distribution of
multi-walled carbon nanotubes (MWCNT) in different regions and target cells in the
lung (Merceret al.2011) for the assessment afpanel of metal nanopatrticle

catalysts for their antifungal activities agai@stndida albicangWeinkauf and

Brehm Stecher 2009)nd for the assessment of internalization of silver nanoparticles

and subsequent cellular changes in U937 cells in relation to tofticityet al.2012)

By adjusting the focal planes through the cells, the dark field Cytakiages
confirmed uptake of the AuNREigure 4.17)and darkfield images provided visual
confirmation at various time points of the uptdkeyure 4.18 and Figure 4.1%ell
type dependent uptake was observed and the AuNPs appeared to agglomerate within
the cells. Hyperspectral scans of the AuUNPs showed differences in the spectral
profiles of singularly dispersed and agglomerated 14 nm and 20 nm AENBee
4.20) Principal Component Analysis (PCA) was performed on the spécinever
there were nasufficient differences to discriminate between the profiles with this
analysig(Figure 4.21) Spectral angle mapping (SAM) was used to identify AUNPs
within scans of the cells using the spectral library for agglomerated A(HiliRse
4.22)
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5.6 Uptake ofAuNPs into BEAS-2B cells

In addition to uptake studies performed for hazard identification studies of
nanoparticles, it is also essential to investigate as to the mechanisms involved in their
cellular uptake in relation to their surface coating and fanetigroups present on
their surfaces. Cellular uptake of theM¥@s into BEAS2B cells wagherefore
determined at 1 nM concentratiainereuptake was observed only with citrate
stabilised and PCOOH AuNPs but not with POH, PBTN, PNTA, or PAZ AuNPs at
both2 hours and 24 hours incubatigifsgure 4.25 and Figure 4.27A similar lack

of uptake was also observitthe literaturdor methoxyPEG coated gold nanorods
into SKBR3 cell{Rayavarapeet al.2010)and also a much lower levels of uptd&e
methyl eherPEGylated AUNPs compared to that of citrsttabilised AUNP$Cruje

and Chithrani 2015)

In the present studyiree all the AUNP samples were of similar shape and size, with
almost neutral surface charge when suspended in culture media, thenddteire

uptake between the AuNPs carrying different functional groups may have been due to
other effects such as ligand orientation and ligand density. The arrangement of
ligands as either ordered striations or random distribution has been shown to
influence uptake of nanoparticles, presumably through cell membrane interactions
(Vermaet al.2008) In addition, ligand density has been shown to have a significant
effect on binding of targeted nanoparticles to g@llsaset al.2013)and also the

density & well as the degree of polymerisation of PEG on nanoparticles were shown
to influence the ligandeceptor binding of the NPs to cells, thereby influencing their
endocytosigLi et al.2014) PEG density has also been shown to be a key factor for
phagocytsis in THR1 cells(Bazileet al. 1995) whilst PEG ligand organisation was
shown to influence uptake via passive diffusion across the cell membrane of HCT
116 cells(Lund et al.2011) Therefore, it would seem necessary to assess the ligand
density and sticture on the nanoparticles used in the current study, in order to
determine the impact of these factors on endocytosis. Analyses such as these can be
performed through theoretical computational modelling such as Density Functional
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Theory (DFT) (Mdluli et al. 2011; Xuet al.2015) or experimentally imaged using
Scanning Tunnelling Microscopy (STNJacksoret al.2004) Although not often
addressed in literature, the chirality of the nanoparticles could also potentially
influence the interaction of nanaxgicles with cell membranes, and these interactions
could be investigated using molecular dynamics (MD) simula{i@kandani and Al
Haik 2013)

As the CytoViva hyperspectral scanning and SAM can identify AUNPs, the
possibility of using this analysis fuantify the amount of uptake was exploasd
well as to investigatthe mechanisms involved in the intracellular uptake. Since
endocytosis is an energgnd temperaturdependent active process, it can be
inhibited by incubation at low temperatu@®$unn 2001) Subsequently, the nominal
uptake of both the citratgtabilised and PCOOH AuNPs at 4°C could confirm that
indeed their cellular uptake was active recaptaediated endocytosis as was
previously described for nanopartici@gkilany and Murphy 2011

Subsequentlyhis study has investigated clathrand caveolirmediated endocytosis
as potential mechanisms of endocytosis of the cistatieilised and PCOOH AuNPs,

as these pathways have both previously been shown to be relevant to the uptake of
AUNPs(Chithrani and Chan 2007; Natieb al. 2008; Nget al.2015; Xianet al.

2012) Clathrinrmediated endocytosis involves the formation of clatocoated
invaginations of the cell membrane that engulfs macromoleamesre pinched off
through the GPase activity of dynamin, forming clatrvaoated vesicles. These
vesicles go on to form early endosomes, then late endosomes, and most likely will
finally fuse with lysosomes, that is to say they follow the endolysosomal pathway
(Bareford and Swaan 200Kpu et al.2013; Sterret al.2012) Through this

pathway, the internalised macromolecules are then degraded in the acidic,-enzyme
rich environment of the lysosom@3areford and Swaan 2007)n contrast,
caveolinrmediated endocytosis involves caveolmiehed flaskshaped invaginations

that also make use of dynamin to cut off the vesicles from the cell membrane. These
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vesicles fuse with endosomes to form caveosomes, thereby are able to avoid the
endolysosomal pathway and subsequent lysosomal degradattmstead move to
the endoplasmic reticulum (ERBareford and Swaan 2007; Ketial.2013; Sterret

al. 2012) Caveolae are also possibly involved in the transcytosis of proteins and
lipids across cell§Cheng and Nichols 2016) hereforepy investigtingthe
mechanism of uptake willsodetermine the intracellular fate of the nanopatrticles.

Our study made use of chlorpromazine and genistein, chemical inhibitors of elathrin
and caveolirmediated endocytosis, respectively. Inhibition of these pathaee due

to the ability of chlorpromazine to cause clathrin to accumulate in late endosomes
(Boylanet al.2012)whereas thaction of genistein as a tyrosine kinase inhibitor
block internalisatiorfPelkmans 2005Both of these inhibitors have sessfully

been used in BEASB cells to inhibit clathrirmediated Boylanet al.2012; Coxet

al. 2015; Haniwet al.2013; Maruyamat al.2015; Ortegaet al.2014)and caveolin
mediated Kim et al.2012)endocytosis.

In the present studyegistein was shwn to inhibit uptake of both the citrate
stabilised and the PCOOH AuNPs by approximately 50%, suggesting a caveolin
mediated endocytosis pathwggigure 4.30) Similar to the current study, cavealin
mediated endocytosis was also shown to be the relewaitanism of uptake of a
much smaller size 4.5 nm AgysteineCy5 nanoparticlegXian et al.2012) In

contrast, some previous studies investigating AuNPs of similatesthese in the
present studhave shown clathrimediated uptak@Chithrani and Cha@007; Nget

al. 2015)where in the first of these studies, the surface of the AUNPs were coated
with the protein transferritChithrani and Chan 2002he uptake of which is well
established as a clathfinediated mechanisfhhe Roy and Wrana 2005; McMaho
and Boucrot 2011)in the second study, the AuUNPs were coated with FBS with the
aim of facilitating uptake by endocytogiN¥g et al.2015) Taken together, these
previous studies and the data from the current study reiterate the importance of the

surfacefunctionalisation of AuUNPs on the mechanism of endocytosis.

148



To investigate furtheihie intracellular localisation of the 14 nm, 20 nm, and PCOOH
AuNPs within the BEAS2B cells studies were conducted usingM. AuNPs were
found inside vesicles and ingltytosol, whilst none were observed in nuclei or
associated with any otherganellegFigure 4.31, Figure 4.32, Figure 4.33he
accumulatiorof AuNPswithin vesicledollowing uptake is in agreement with a
previous study of 5 nm and 15 nm citrate diséil AUNPs in Balb/3T3 cells
(Coradeghinet al.2013) a nd o-lipoylt¥dmethomy REG AuNPs in
RAW264.7 cell{Liu et al.2012) althoughneitherof these studies observed
individual particles in the cytosdHowever, one studgf 16 nm citrate stalsed
AuNPs in HelLa cell@bserved AuNPs within vesicles and dispersed in the cytosol
(Nativo et al.2008)

As mentioned earlier, the mechanism of uptake will determine the intracellular fate of
the NPs. In previous studies using BE2B cells, cystein@oly-L-lysine DNA
nanoparticles were taken up by caveotindiated endocytosis and were shown to

avoid the endolysosomal pathw@§im et al.2012) The same group showed that
poly-I-histidine polyl-lysine DNA nanoparticles were taken up by BE2S cells ly
clathrirmediated endocytosis and entered the degradative endolysosomal pathway
(Boylanet al.2012) Together, these studies show that both endocytosis pathways are
pertinent in BEAS2B cells and subsequently the surface ligands and the functional

groups may determine their intracellular fate.

Recently, literature has shown that the endocytosis mechanism, subsequent pathway
and intracellular fate of nanoparticle uptake appear to affect toxicity. Sabella and
colleagues (2014) showed that toxicity of Aud\Was influenced by the mechanisms

of uptake, where AuNPs were ntoxic when found in the cytosol following energy
independent uptake; whereas AuNPs that were taken up by active endocytosis, and
trapped in lysosomes, were toxic. The authors proposeththabserved toxicity

was due to intracellular release of ions, triggered by the degradative acidic conditions
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within | ysosomal cellul ar compartment s; an
enhanced Troj an hor s e(Sabdldetalc201d). In(tHe Bamél me c h an
year, the clathrinmediated endocytosis of cobalt oxide §0g in BEAS-2B cells

showed their accumulation in lysosomes and linked toxicity of the nanoparticles to
intracellular solubilisation of cobalt, in a similar Trojaarse type me@nism

(Ortegaet al.2014) This general mechanism for intracellular toxicity was shown to

be applicable for other metabntaining nanopatrticles, but not for NPs that were

unable to release toxic iofSabellaet al.2014) therefore these authors suggest

that intracellular release of ions may causegpacific toxicity or lysosomal damage.

Recently, an integrated theory on nanoparticle toxicity was published where

lysosomal membrane permeabilisation (LMP) was suggested as the key factor in
determiningparticle bioactivity and adverse effe(BundersorSchelvaret al.

2016) Together these studies suggest that following caveodidiated uptake in

BEAS-2B cells, nanoparticles may be able to bypass endolysosomal degradation, and

the subsequent releaseiafis, and therefore may explain the observed lack of

toxicity seen in the present study.

In the present study, the surface coating of AUNPs was shown to impact the uptake of
these particles with no observed cytotoxicity in a bronchial epithelial cell li
Hyperspectral imaging and spectral angle mapping was used to provide-fadabel
methodology for sernjuantitative analysis of uptake. Through this methodology,
caveolinmediated endocytosis was identified as the mechanism of uptake of the
citratestebilised and PCOOH AuNPs. Together with the observed lack of toxicity,
these results support the hypothesis that the mechanism of endocytosis pathway will

dictate intracellular localisation and subsequent toxicity.
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Chapter 61 Conclusiorns and

Recommendations

The rsk assessment of nanomaterialsssential both now and in the coming years to
ensure the safe development and use of nanomaterials. This study focused on the
important component of risk assessment, namely hazard identification. The latter
requires the implementation of a number of vitro andin vivotests that need to be
conducted for chemicals. To satisfy these requirements, number of test systems
explored and tested for their applicability in the hazard identification of gold
nanoparticlesn vitro. Once the applicability of these tests were confirmed, they were
implemented in the assessment of the toxicity, surface activity, genotoxicity, sterility,
and intracellular uptake of gold nanoparticles. With these test systems, it was possible
to invesigate the effects of size, surface functionalization and surface charge on their
toxicity, intracellularuptake andocalisation as well as mechanisms involved in

cellular uptake

From theresults obtained, the following conclusions can therefore be made

concerning the hazard identification of gold nanomaterials:

1. This study reiterates that physicochemical characterization of nanomaterials is
an essential aspect of hazard identification asllagacteristicef the
nanoparticles play an important roletive cellular interactions and the
subsequent adverse effects. An understanding of the physicochemical
properties will aid in the identification of critical properties that influence
toxicity of nanomaterials. Some of the important physicochemical preperti
that can influence the toxicity include size, shape, and surface chemistry

including surface charge of nanomaterials.
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2. The physicochemical properties of nanomaterials, in particular their optical
and catalytic properties, can interfere withvitro toxicity testing assay
systems i.e. XTT, ATP, andi8oprostane assays. On the other hand, there

was no such interference with the LDH assay.

3. The CFE and the cell impedance xCELLigence RTCA assay systems were
identified as two systems were free of intenfee by nanoparticles, with the
observation that the former was labour intensive and low throughput and the
latter was easy to operate and was of high throughput in nature. Using the
RTCA assay system, it was possible to show the effect to the physicoahemic
properties including size and surface ligands and their functional groups on

the surface of the gold nanopatrticles tested on their toxicity.

4. Following testing for interference gbld nanoparticles with endotoxin assays
used to confirm the sterilityfdhe nanomaterials useithe rFC assay was

determined to benost suitable

5. With the aim of proposing additional assay systems where there will not be
interference by nanoparticles, the CytoViva HSI system was investigated to
assess cellular uptake ofnogarticles. It could be shown that indeed, there
was no interference by gold nanoparticles in this assay system. Moreover, the
mechanisms involved in this uptake could be elucidatebalso this uptake
could be correlated to the physicochemical propedfenanoparticles
including the presence of surface ligands and the functional groups they

carried.
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Accordingly, the following recommendations can be made:

1. Itis always necessary to investigate the interference of nanomaterials with the
test systerm implemented for their hazard assessment. Ideally, tests to be used
are labelfree methodologies where the measurement of the effects observed

do not rely on optical measurements.

2. Prior to the commencement of hazard assessment of nanomaterials, it is of
utmost importance to determine their physicochemical properties as well as
their sterility. Such assessmenttl allow a more reliableorrelationof these
physicochemical properties to thegllular effects including toxicity and

uptake.

3. With reliablein vitro tests in the hazard assessment component of
nanomaterials, it will be possible to conduct not only the risk assessment of
these nanomaterials, but also will provgidficient datagenerated from
reliable toxicity test$or the prediction of theisk of newly synthesised
nanomaterials. This in turn, will eliminate the necessity of conducting similar
risk assessments for every nanomaterial synthesised or used in the different
consumer products already available in the market or to be registered in

different countries.
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Chapter 71 Future Work

Conductingn vitro toxicity tests are one of the requirements in the hazard
assessment of nanomaterials. It is however also essential that mechanisms of their
toxicity are also elucidated to enable intervention ancernmportantly allow the
synthesis of safer nanomaterials by changing their physicochemical properties. To

this end, the followingecommendations for future work may be proposed:

1. The present study did not investigate possibiocalisation of gold
nanogrticles with lysosomes. As per newly proposed role for the lysosomal
membrane permeabilisation in the toxicity of nanomaterials and the role it
plays in the ensuing inflammation and cell death, it will be very much

desirable to investigate this aspecttier.

2. Future studies should also include other test systems suchite air liquid
interface (ALI), which mimics inhalation exposures and therefore it will be

possible to assess toxicity via inhalation route.

3. Considering the results indicating timeportance of ligands and the functional
groups in toxicity and intracellular uptake dodalisation, additional studies
should be conducted to assess the orientation and density of these ligands to

be able to predict their interaction with cells.

4. In adlition, the applicability of different modelling in the hazard identification
of nanomaterials should be investigated further. These may irttiete
vitro Sedimentation, Diffusion and Dosime{isDD) model to assess the
delivered dose of nanomaterialgringin vitro cell cultures especially when
establishing a doseesponse relationship for the investigated nanomaterials.

Moreover, the applicability of the Quantitative\&tureActivity

154



Relationship(QSAR) used for chemicals, should be investigatad f

nanomaterials in their hazard assessment.
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of the Work. :

i. Mechanical Rights and Statutory Royalties. Licensor waives the
exclusive right to collect, whether individually or via a music rights
agency or designated agent (e.g. Harry Fox Agency), royalties for
any phonorecord You create from the Work ("cover version") and
distribute, subject to the compulsory license created by 17 USC
Section 115 of the US Copyright Act (or the equivalent in other
jurisdictions).

bl

Webcasting Rights and Statutory Royalties. For the avoidance of doubt, where
the Work is a sound recording, Licensor waives the exclusive right to collect,
whether individually or via a performance-rights society (e.g. SoundExchange),
royalties for the public digital performance (e.g. webcast) of the Work, subject to
the compulsory license created by 17 USC Section 114 of the US Copyright Act (or
the equivalent in other jurisdictions).

The above rights may be exercised in all media and formats whether now known or hereafter
devised. The above rights include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats. All rights not expressly granted by
Licensor are hereby reserved.

4. Restrictions.The license granted in Section 3 above is expressly made subject to and limited
by the following restrictions:

a. You may distribute, publicly display, publicly perform, or publicly digitally perform
the Work only under the terms of this License, and You must include a copy of, or
the Uniform Resource Identifier for, this License with every copy or phonorecord of
the Work You distribute, publicly display, publicly perform, or publicly digitally
perform. You may not offer or impose any terms on the Work that alter or restrict
the terms of this License or the recipients' exercise of the rights granted
hereunder. You may not sublicense the Work. You must keep intact all notices that
refer to this License and to the disclaimer of warranties. You may not distribute,
publicly display, publicly perform, or publicly digitally perform the Work with any
technological measures that control access or use of the Work in a manner
inconsistent with the terms of this License Agreement. The above applies to the
Work as incorporated in a Collective Work, but this does not require the Collective
Work apart from the Work itself to be made subject to the terms of this License. If
You create a Collective Work, upon notice from any Licensor You must, to the
extent practicable, remove from the Collective Work any reference to such Licensor
or the Original Author, as requested. If You create a Derivative Work, upon notice
from any Licensor You must, to the extent practicable, remove from the Derivative
Work any reference to such Licensor or the Original Author, as requested.

i

If you distribute, publicly display, publicly perform, or publicly digitally perform the
Work or any Derivative Works or Collective Works, You must keep intact all
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