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Abstract

Metal oxide nanoparticles (MONPs) are intended for use in numerous consumer applications,
leading to inevitable human exposure. Previous work conducted in hyperoxic cell culture conditions
(21% 0,, 5% CO,) with nanoparticles (NPs) has proven the ability of some material types to induce
genotoxicity and inflammatoxicity. Alteration in intracellular calcium [i(Ca®")] signalling is involved in
facilitating toxicity through the alteration of signal-transduction pathways, but there is less
understanding of the impact of NPs exposure upon changes in such signalling pathways.
Furthermore, whilst human cells cultured in ambient air may induce a particular toxicity profile, this
may not be the same under the physiologic oxygen conditions experienced in the human body.
Therefore, the aim of this study was to assess the impact of anatase TiO, (NM-102), Rutile TiO, (NM-
104) and dextran coated superparamagnetic Fe;O, (dSPIONs) upon monocytes (THP-1),
macrophages (dTHP-1) and hepatocarcinoma (HepG2) cells in both an in vivo-resembling physioxia
environment (5%0,, 5%C0,) and hyperoxic cell culture conditions (21%0,, 5%CQ0,). Their impact on
i(Ca®*) homeostasis and how it relates to their potential genotoxic potential was also evaluated.

Due to the importance of different physicochemical characteristics for the facilitation of toxicity, all
MONPs were characterized. MONPs hydrodynamic diameter (HD) and {-potential (¢) in PBS were
identified using dynamic light scattering: NM-102: HD=391.9nm, {=7.1£2.0mV; NM-104: HD=255nm,
(=14.6 +/- 2.1mV; dSPIONs: HD=88.6nm, { =10.4+1.3mV. The possible toxic effect of NPs depends on
their concentration and duration of their interaction with cells. Therefore, following 24h exposure to
dSPIONs (0-100ug/ml), concentration-dependent and cell-type-dependent (dTHP1>THP-1>HepG2)
significant increases in NP-cellular interaction were observed, which was significantly greater in the
physioxic culture environment. Concurrent, significant loss of dSPION-associated cell proliferation
(evaluated using relative population doubling) in all cell lines and significant increases in DNA
damage was also identified in HepG2 cells (using the cytokinesis block micronucleus assay), albeit
only in physioxia. Exposure to =10ug/ml NM-102 and NM-104 resulted in significant, two-fold
increases in micronuclei formation in HepG2 in both environments. All MONPs induced a significant
increase in tumour necrosis factor-a and interleukin-8 secretion in all cell lines and oxygen culture
environments. Increase in the production of the chemokines was correlated with the observed
HepG2 cell genotoxicity. In all cell lines and cell culture environments, treatment for up to 5h with
NM-102 or dSPIONs triggered cell type specific increases in i(Ca**) that correlated with the reduction
of cellular antioxidant glutathione (measured after 5h treatment with all the MONPs). After pre-
treatment of the cell lines with antioxidant trollox in all cell culture environments i(Ca**) appeared to
be increased independently from the change of cellular redox status.

Environment-specific biological interaction and impacts with regard to NP uptake, genotoxic effects,
and consequence on cellular signaling mechanisms were only observed with dSPIONs in a physioxic
culture environment, while NM-102 and NM-104 induced similar effects in both environments. The
results presented in this study allow the conclusion that the environmental oxygen content has an
impact on the NP toxicity profiles although it is NP dependent.
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1.0 General Introduction

The origin of the prefix “nano” comes from the Greek “nanos” that means “dwarf” and is
used to signify the spatial measurement of 10° meters (nanometers). The origins of the
concept of nanoscale manipulations can be traced back to 1959 and Richard Feynman
whom discussed the direct manipulation of atoms (Feynman, 1959). The appearance of the
branch of nanotechnology might have made nanostructured materials famous, although,
nanoparticles (NPs) did not first come into existence with the emergence of

nanotechnology.

NPs have been defined by the European Commission as “A natural, incidental or
manufactured material containing particles, in an unbound state or as an aggregate or as an
agglomerate and where, for 50 % or more of the particles in the number size distribution,

one or more external dimensions is in the size range 1 nm - 100 nm.

In specific cases and where warranted by concerns for the environment, health, safety or
competitiveness the number size distribution threshold of 50 % may be replaced by a

threshold between 1 and 50 %.” (696/2011/EU).

By extrapolation from the above, fullerenes, graphene flakes and single wall carbon
nanotubes with one or more external dimensions below 1 nm should be considered as NPs.
NPs might have either crystalline or amorphous formations which sometimes can act as
carriers for liquid droplets or gases. In addition to the solid, liquid, gaseous and plasma
states, it is thought that Nano particulate matter should be considered a distinct state of
matter due to the large surface area and quantum size effects it has. NPs that have diameter

smaller than 100 nm are often called ultrafine particles (UFP) or ultrafine particulate matter.

The design, engineering and application of materials and devices that have been developed
at the nanoscale can be defined as nanotechnology. Nanotechnology utilizes the distinctive
physico-chemical, mechanical and electrical properties that are the result of the
arrangement of matter at the nanoscale. The ultra-small size and unique physico-chemical
properties of these new materials are furthering advances previously unattainable in a
number of sectors including electronics, aerospace and medicine. NPs can be constructed

from vast array of materials including gold, iron oxide, silver, carbon and titanium and they
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have very different properties to their bulk micron-sized counterparts. They can come in a
variety of different shapes such rods, particles and tubes, in addition to more complex

structures including multi-walled tubes, nano peapods and nano cubes.

Numerous pre-existing materials are structured on the nanometer scale and are used in
industrial processes to take advantage of the nanoscale phenomena. Nanoscale structures
can be found in the natural world such as proteins, bacteria, viruses, or milk proteins (which
is a nanoscale colloid). Technological advances have however promoted the research and
manufacturing of engineered nano-structured materials. NP potential uses are vast and
have already been applied to various different fields, for example the high surface area of
many NPs such as titanium dioxide (TiO,) gives them unique catalytic properties (Chaturvedi
et al., 2012). In medicine a range of NPs including iron oxide nanoparticles (NPs) are being
applied in tissue engineering, imaging enhancement and drug delivery systems (Cortajarena
et al.,, 2014). Within aerospace and other industries, the low mass and extremely high
strength of NPs such as carbon nanotubes makes them ideal for the construction of
numerous components (De Volder et al., 2013). Moreover, a variety of NPs are utilised in a
number of personal care products including zinc oxide (ZnO) and TiO, in sun cream, in

addition to products such as moisturiser, foundation and hair colouring (Keller et al., 2014).

The evolution of the nanotechnology industry has led to the introduction of
‘nanotoxicology’, which addresses the potential toxic health effects that may be caused
through human exposure to engineered NPs (Donaldson et. al. 2004, Oberdérster et. al.
2005). Over the last decade numerous nanotoxicology studies have been undertaken and
various NPs have indeed been shown to cause adverse toxicity. Initially the primary focus in
the assessment of NM toxicity was on their ability to promote cytotoxicity (Soto et al., 2007,
Jia et al., 2005, Magrez et al., 2006). However, it became increasingly evident that the focus
needed to be broadened to investigate the potential of these materials to promote DNA
damage. Assessment of a NPs ability to induce genetic damage is critical to consider given
that exposure to a mutagenic material could ultimately lead to carcinogenesis (Singh et al.,

2009). Also requiring consideration is the ability of NPs to be immunologically reactive.
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1.1 NP physicochemical properties influencing their uptake and toxicity

NPs are classified based on their physicochemical characteristics, which are not only
important for defining their application, but are also critical influencers on cellular uptake
and subsequent cellular responses. The dimensions of engineered materials are measurable
in the nanometer scale, but their size fluctuates between those of isolated NPs and the size
of NP agglomerates. In contrast to the equivalent bulk material, NPs have distinct
physicochemical properties that promote physiological interactions, such as size, surface
properties, shape, composition, molecular weight, purity, stability and solubility (Hachani et.

al., 2013, Patri et. al., 2006).

The importance of understanding how the different physicochemical characteristics of NPs
affect their behaviour and distribution in vivo and in vitro must be pointed out. The different
techniques used for studying the physicochemical characteristics of NPs have been
described and discussed in the review published by Lin (Lin et. al. 2014). The following
sections highlight each of the physicochemical features that are of importance in governing

cell uptake and subsequent biological response.

1.1. 1 Size

Cellular response following exposure to NPs is highly dependent on their size , which also
governs their ability to penetrate across the biological barriers (Ferrari 2008, Sunkhanova et.
al. 2018). On one hand this can be considered to be an advantage and can be used for the
development of new nano-medicines for clinical healthcare (Ferrari 2005, Sunkhanova et. al.
2018). Although on the other hand an exposure to engineered NPs may have negative

effects upon human health.

Cellular uptake is strongly dependent on the size of the NP. NPs can be internalized by
several mechanisms, either by using membrane channels (10-30nm wide), via direct
transport across the phospholipid bilayer, or energy dependent mechanism such as
endocytosis can lead to uptake (further described in Section 1.2). Additionally, NP size has
been shown to strongly affect the binding and activation of membrane receptors to trigger
receptor mediated endocytosis or alters subsequent signalling pathways (Jiang et. al. 2008).

For example, the smallest silica NPs have a greater apoptotic effect against certain cell lines,
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with greater toxicity exhibited by 20 nm silica NPs than negatively-charged 100 nm silica NPs
(Kim et. al. 2012, Park et. al. 2013). Several NPs are reported to be more toxic than their
larger counterparts with the same chemical composition, but there are examples where this
is not always easily demonstrated, therefore a consensus has yet to emerge (Karlsson et. al.
2009). Therefore, due to the wide variance in the behaviour of different NPs the relationship

of size and/or shape to NP toxicity has to be investigated on a case by case basis.

When particle size decreases, there is an increase in both the number of particles per unit of
mass and the overall surface area. The dimensions of NPs will also influence the overall
surface area, for example octagonal nanostructures will have a slightly bigger surface area
than sphere shaped structures of the same size. Due to the unsatisfied high energy bonds of
surface atoms that need to be stabilized, the catalytic activity of the material is enhanced;
therefore, with bigger surface area the reactivity of a NP is increased (Oberdorster et. al.

2005).

1.1.2 Shape and Agglomeration

The shape and morphology of the NP influences its effects on cellular systems by governing
cellular uptake, biocompatibility and retention in tissues and organs (George et. al. 2012,
Jiang et. al. 2013, and Sunkhanova et. al. 2018). Interestingly, several publications support
the fact that the cellular uptake is highly influenced by the shape of a NP. Chithrani and
colleagues have shown that protein coated-gold NPs with a spherical shape show higher
uptake than nanorods (Chithrani and Chan 2007); this is explained by greater membrane
wrapping time required for the elongated particles. In addition, the dimensions of
cylindrical shaped materials influence strongly their ability to be internalized; this is

observed in particles with high aspect ratio and some symmetry (Granton et. al. 2008).

Phagocytosis of NPs by macrophages is also dependent on carrier shape (Decuzzi et. al.
2009,Champion and Mitragotri, 2009, Sunkhanova et. al. 2018). Ispas and colleagues have
shown that spherical nickel NPs had lower levels of toxicity compared to dendrimer NPs
with the same composition towards zebrafish embryos (Ispas et. al. 2009). In another
example, different shapes of silver NPs were tested against E.coli and zebrafish embryos;
interestingly plate-shaped NPs were more hazardous than rod, spherical, or wire shaped
NPs (George et. al. 2012).
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The state of agglomeration also influences translocation of NPs in the organism (Powers et.
al. 2009). The tendency of several NPs to agglomerate under physiological conditions is due
to their innate hydrophobicity, which is determined by the material the surface consists of.
An in vitro study of silica NPs revealed that a potential trigger of pulmonary pathogenesis
might be shape-driven agglomeration (Brown et. al. 2007). The formation of agglomerates is
controlled by the chemistry and the charge of the surface, the behaviour depends on their
surrounding environment, and in particular factors such as the pH or ionic strength (Jiang et.

al. 2009).

A major change in free energy occurs in the case of large and elongated NPs; the reason is
that only one particle bound by several receptors is transported by one vesicle (Gao et. al.
2005, Sunkhanova et. al. 2018). This also results in the decreased uptake of other particles
due to less available binding sites (Chithrani et. al. 2006, Sunkhanova et. al. 2018). More
time is needed to wrap large (agglomerated) particles (Chithrani and Chan 2007). In
contrast multiple small particles can be internalized in one vacuole, the downside is that
single attachments per NP are present therefore the energy release is weaker. For
endocytosis to be energetically possible a minimum size of a single particle in proportion to
the density of a ligand must exist in order for the decrease in the Gibbs free energy to

induce membrane wrapping (Yuan and Zhanga 2010, Sunkhanova et. al. 2018).

1.1.3 Surface Properties

Interaction between NPs and their surrounding environment are due to their surface
functionality, including both the presence of physical surface structures and their molecular
or atomic composition (Patri et. al. 2006. Powers et. al. 2006, Sunkhanova et. al. 2018).
Several important surface parameters affect interactions with organisms, including surface
composition, surface energy, surface charge and species absorbance or adhesion (Ratner et.

al. 2004, Sunkhanova et. al. 2018).

The dissolution/agglomeration status, aggregation and accumulation of NPs are relevant to
the surface energy. Surface charge of NPs is estimated via the { potential and this regulates
the aggregation and dispersion stability of NPs. Surface charge has a possible effect on

receptor binding and physiological barrier penetration. The absorbance or adhesion of the
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NPs is highly determined by their surface charge due to the ability to alter the surface of

NPs, therefore it affects also the interaction with the attached species (Powers et. al., 2006).

Receptor mediated endocytosis is induced when serum proteins are attached on the surface
of NPs while they are incubated with cells in media (Khan et. al. 2007, Sunkhanova et. al.
2018). Xie and colleagues have shown that iron oxide (Fe3O4) NPs coated with PEG when
incubated in cell culture reduced aggregation and non-specific uptake by macrophage cells
(Xie et. al. 2007). In another study non-coated Quantum dots were compared with Quantum
dots of the same composition but coated with 700 and 6000 MW PEG; interestingly the PEG
coated NPs showed a five-fold higher uptake by endocytosis (Chang et. al. 2005). However,
during the process pores are created in the plasma membrane that may result in cellular
toxicity and eventually the disturbance of the normal functions of the cell. This is due to
destruction of the transmembrane proteins and the disturbance in the concentration

balance of intracellular versus extracellular ions (Baoum et. al. 2010. Luyts et. al. 2013).

Several studies have shown greater uptake of positively charged NPs into the cell and/or
lysosome in comparison with their neutral or negatively-charged counterparts (Baoum et.
al. 2010, Luyts et. al. 2013). One of the explanations for the higher uptake of positively
charged NPs is that phospholipids on the outer surface the plasma membrane are negatively
charged, as is the intracellular environment, and therefore it is easier and faster for cationic

NPs to be endocytosed in comparison to anionic NPs.

Interestingly, positively-charged NPs appear to be more toxic than their negatively charged
counterparts. For example, the positively-charged amino-modified polystyrene-formulated
NPs induce DNA damage to certain cell lines (Liu et. al., 2011). Positively charged silver NPs
(polyethyleneimine coated), were also highly toxic as a result of membrane damage caused
to Bacillus species (El Badawy et. al. 2010). In contrast, negatively charged silica NPs
demonstrated enhanced cytotoxicity and reactive oxygen species generation compared with
NPs of the same composition but with weaker negative charge (Park et. al. 2013). Thus,
indicating that surface charge alone cannot always be considered in isolation, when

evaluating the potential hazard presented by NP exposure.
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1.1.4 Chemical Composition and Purity

An important aspect that influences the toxicity of NPs is their chemical composition (Buzea
et. al. 2007, Hardman 2006, Sunkhanova et. al. 2018). Several types of NPs exist such as
carbon nanotubes, quantum dots, titanium dioxide (TiO;), zinc oxide (ZnO), cerium oxide
(Ce0,), iron oxides and silver NPs and others. To form a complex (e.g. capsule, chelate) in
biomedical applications two or even more types of NPs are usually needed. Therefore, the
difficulty of a chemical composition analysis of the NP complex is not comparable to that of
a single entity (Patri et. al. 2006, Sunkhanova et. al. 2018). In addition, metal contaminants
that are left behind by synthesis processes or purification processes (e.g. ultra-sonication,
washing) have been shown to either modify the surface of NPs or oxidise them (Sayes et. al.
2006, Sunkhanova et. al. 2018). For example, NP quantum dots with core metalloids
complexes that usually consist of widely used metals (e.g. cadmium, selenium) have been

observed to induce cytotoxicity (Hardman 2006).

A number of different NPs with distinct chemical composition have been found to induce
oxidative stress, including fullerenes, carbon nanotubes and metal oxides (Bonner 2007). A
reactive particle composition is pointed out by a number of researchers as one of the most
notable ways for reactive oxygen species (ROS) generation (Schins 2002). To generalise, if
the surface is bound with metals and chemical compounds, a ROS response is accelerated
(Wilson et. al. 2002). Interestingly when either free radicals or oxidants come into contact
and bind to a NP’s surface, further production of free radicals is observed. Quartz NPs have
been identified to produce ROS (e.g. OH and O, ') because their surface is bound with SiO-
and SiO,- (Knaapen et. al. 2004, Sunkhanova et. al. 2018). Oxidative stress is also observed
when ambient matter such as ozone and NO, are trapped on the surface of a particle (Buzea

et. al. 2007, Sunkhanova et. al. 2018).

1.2 Nanoparticle Cellular Uptake

Cellular uptake of NPs is a key factor that influences toxicity (Hachani et. al., 2013,Patri et.
al., 2006). Important mechanisms for cellular uptake of NPs are phagocytosis, endocytosis
and diffusion (Lu et. al.2009, He et. al. 2010, Behzadi et al., 2017), as illustrated in Figure
1.1.
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A) Phagocytosis ofa large
particle or agllomerate/aggregate

D) Diffusion of the nanoparticles
through the lipid bilayer.

NP by micro-
pinocytosis.

C) Ligand binding
resulting in receptor-
mediated endocytosis.

B) Internalization of

Cell
Membrane

Negatively charged membrane
with receptors-specific ligand
binding.

m‘, Lipid bilayer

=

E) Channel-/transporter
pratein

Endosome

Figure 1.1: A synopsis of the different cellular uptake mechanisms for the internalization

of particles at both nano- and macro- scales. A) Uptake of a large particle by phagocytosis.

B) Liquid internalization with included particles by micropinocytosis. C) Specific binding of

ligands to cell surface receptors and subsequent receptor-mediated endocytosis. D)

Diffusion of NPs through the lipid double layer forming the cell membrane. E)

Transporter/channel proteins.
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1.2.1 Phagocytosis

Phagocytosis is a process by which solid and liquid particles such as proteins and other
nutrients are enclosed by the cell membrane into vesicles. Static particles together with
pathogenic microorganisms and dysfunctional and apoptotic cells with a diameter between
0.5 um and 10 um are engulfed by phagocytes and broken down (Aderem and Underhill
1999, Behzadi et al., 2017).

Clearance of particles smaller than 10um that are able to reach the alveoli of lungs (Ng et.
al. 2004, Behzadi et al., 2017) is primarily carried out by macrophage phagocytosis, which
are responsible for the physical removal of particles from the alveoli across the alveolar
epithelium or mucociliary escalator, to the lymph nodes of the lung (Peters et. al. 2006,
Behzadi et al., 2017). Phagocytic cells such as the neutrophils (white blood cells) from the
circulatory system are recruited to help in the removal of particles when extended exposure

occurs.

Small NPs can pass through the epithelium of the alveolus to the interstitial space, since the
mechanisms that keep the alveoli clean is not always efficient (Oberdorster et. al. 2005).
From there the NPs can penetrate the circulation and the lymphatic system and affect other
parts of the body (Sioutas et. al. 2005, Behzadi et al., 2017). Phagocytes are found at
different sites in the body for example in the lungs, liver and spleen, and according to their
location are given different names e.g. alveolar macrophages, Kupffer cells and splenic

macrophages respectively (Thibodeau and Patton 2003, Behzadi et al., 2017).

1.2.2 Endocytosis

Endocytosis has been characterized as “the de novo production of internal membranes from
the plasma membrane lipid bilayer” (Doherty and McMahon 2009). The major endocytic
pathways are briefly described at Table 1.1 but are also further analysed in the following
paragraphs. Endocytosis and more specifically, pinocytosis is the process used to internalize
large amounts of particles in solute form. According to the size of the vesicle and the protein
used to form it, the mechanisms of pinocytosis is divided to four different processes (Table
1). The dimensions of vesicles are restricted therefore limited cargo size is internalized

(Patel et. al. 2007). The assumption of a maximum size of NPs that could be internalized is
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based on the size of the vesicles created by each species and cell types (Xu et. al. 2009). NPs
of 200nm in size are not easily internalized by classical endocytosis (Patel et. al. 2007), while
those that have a size above 200nm will not be internalized via a single clathrin-coated

vesicle (McMahon and Boucrot 2011, Behzadi et al., 2017).

In highly ruffled areas of the cell membrane, a process known as micropinocytosis is
continuously occurring regardless of the needs of the cell. In this process surrounding
solutes are enclosed by the tips of the ruffles when they bend back toward the cell surface

(Pastan and Willingham 1981).

Present in all mammalian cells, clathrin-mediated endocytosis occupies an important
process for facilitating cellular entry. The process of regulating the molecular composition of
the cell membrane to internalize either nutrients or pathogens is the product of several
biochemical activities and the change in shape of the cell membrane (Merrifield 2004,
Conner and Schimd 2003). A number of studies in both mammalian and yeast cells using
multicolour real-time fluorescence microscopy have proven that the schism of vesicles and
membrane invagination in the endocytic site is due to the recruitment of several proteins
depending on the type of endocytosis which is taking place (Conner and Schmid 2003. Sun
et. al. 2006. Merrifield et. al. 2006).

When receptors on the cellular membrane interact with NPs, the polymerization on the
endocytic site of the cytosolic protein known as clathrin-1 takes place (Rappoport 2008).
The NP is wrapped in a clathrin coated vesicle (CCV), which is formed due to the activity of
dynamin’s GTPase that pinches it off (Pucadyil and Schmid 2009). Which type of
endocytosis is going to be used is determined by numerous factors alongside the particle’s
size (Mercer and Helenius 2009). Some of factors that influence the rate by which the
particles are internalized by receptor mediated endocytosis (RME) are the availability of
binding site, the rate of receptor diffusion towards the bound particle, wrapping time, the
ability of the cell to create more vesicles and most importantly the interplay of energy

liberated by bound receptors to drive the cargo into the cell (Gao et. al. 2005).
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Table 1.1: A brief description of the major cellular uptake pathways.

molecules. Nonspecific mechanism by which
fluid contents are taken up in the same

Type of Brief description Size of vesicle
endocytosis formed
1) Phagocytosis Internalization of solid particles such as | Dependent on the
bacteria and yeast by specialized cells. particles being
engulfed.
2) (A)Pinocytosis Fluid-phase uptake of extracellular (A) >1um

(B) Macro | concentration as in the surrounding medium. (B) 100 nm-5um
pinocytosis Multiple pinocytic pathways are possible

(classed by size of the resulting vesicles).
4) Clathrin- | Concentration of transmembrane receptors | =120 nm
mediated/ and bound ligands in “coated pits” on the
Receptor- plasma membrane formed by the assembly
mediated of cytosolic proteins, the main assembly unit
Endocytosis being clathrin.
5) Caveolae- | Flask-shaped invaginations in the plasma | =50-60 nm
mediated membrane that mediate uptake of
endocytosis extracellular molecules into the cell by

specific receptor binding.

1.2.3 Non-Endocytic Mechanisms

NPs are also proven to be internalized by non-endocytic mechanisms, such as diffusion or
active transport (Lead 2009). Uncharged and hydrophobic molecules (e.g. O,, CO,) and lipid
soluble substances are able to move from high to low concentration by the process of
diffusion. In the process of facilitated diffusion water-soluble molecules pass passively
through the membrane via pores. Because molecules with certain electrical charge and size
are only allowed through the pores, specialized and/or larger molecules are assisted by
carrier molecules to pass actively against the concentration gradient (Alberts et. al. 2002,

Behzadi et al., 2017).

It was previously demonstrated that the uptake of particles with various sizes, namely

78 nm, 200 nm, and 1000 nm were not bound to the membrane suggesting that the
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transport occurred via either pores or diffusion (Geiser et. al. 2005). The size of channel
pores is 10-30nm; therefore NPs exceeding this size could not pass (Lead 2009).
Additionally, charged particles are not able to pass through the cell membrane by diffusion
(Lead 2009). The evidence to date however, suggests that cellular uptake of NPs by diffusion
is unlikely and active transport mechanisms are more predominant for these materials (Lead

2009, Behzadi et al., 2017).

1.3 The Toxicological Effects of NPs

Several articles in the scientific literature have demonstrated that NPs of different
compositions can contribute to the induction of oxidative stress, inflammation, DNA
damage and cell death (Johnston et. al. 2010, Li et. al. 2008, Manke, Wang and Rojanasakul,
2013). In a biological system oxidative stress can be caused as a result of the excessive
production of reactivate oxygen species (ROS) and the ability of the organisms to repair the
resulting damage or readily detoxify the reactive intermediates; this can have potentially
damaging biological responses. Either non- or enzymatic antioxidant systems are utilized by
cells to overcome the excessive production of ROS (Sies 1991). Cellular and tissue
mechanisms responding to increased oxidative stress include the production of antioxidant
enzymes, this is also known as the hierarchical model of oxidative stress (Li et. al. 2008).
Some of the functions of the antioxidants mentioned is illustrated in Figure 1.2. The balance
in the generation and the neutralization of ROS by cellular antioxidants is referred to as a

reduction-oxidation (redox).
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Figure 1.2: A schematic diagram summarizing the formation of ROS from nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase and mitochondria and the mechanisms
involved in scavenging of ROS. SOD: superoxide dismutase; CAT: catalase; GPX: glutathione

peroxidase; e-: electron; GR: glutathione reductase; and GSSG: Glutathione disulphide.

When an organism is presented with conditions of mild oxidative stress, nuclear factor
(erythro-derived 2)-like 2 (Nrf2) is induced and activates (via transcription) phase Il
antioxidant enzymes. At an intermediate level a pro-inflammatory response is initiated, due
to the effect of both the nuclear factor kappa-light-chain (Nf-kB) that enhances activated B-
cells cascades, and redox-sensitive mitogen-activated protein kinase (MAPK) (Buzea et. al.
2007, Manke, Wang and Rojanasakul, 2013). Interestingly, when the levels of oxidative
stress are extremely high, electron chain dysfunction and damage of the mitochondrial
membrane occur that eventually lead to cell death. The increased production of ROS and
the depletion of antioxidants favour the pro-oxidant effects of engineered NPs (Buzea et. al.
2007, Manke, Wang and Rojanasakul, 2013). Figure 1.3 presents a schematic summary of
some of the steps involved in oxidative stress that can arise in cells following exposure to

NPs.
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Figure 1.3: Suggested Mechanisms for the induction of Toxicity by Nanoparticles. The molecular incidents that lead to the induction of toxic
effects at the cellular level after treatment to NPs.
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As previously mentioned, NP physicochemical properties (e.g. size, shape, chemical
composition and surface charge) can affect uptake and therefore induce ROS and eventually
mediate injury (Shvetova et. al. 2012). Signalling pathways result in the increase of the
expression of fibrotic and pro-inflammatory cytokines due to oxidative stress caused by
carbon nanotubes in the lungs (Li et. al. 2010). Oxidative stress signalling cascades are
induced when subcellular organelles and the cellular surface are bound by certain types of
NPs, namely, titanium dioxide (TiO,), zinc oxide (ZnO), cerium oxide (CeO,), IONPs and silver
NPs (Buzea et. al. 2007 Kennedy et. al. 2009, Evans et. al. 2017). Some NPs induce
production of ROS but the exact underlying cellular mechanism for ROS generation is not
fully understood and appears to be NP dependent. A number of mechanisms have been
identified for several types of NPs; for example, carbon nanotubes damage the
mitochondrion resulting in ROS generation (He et. al. 2011), while free radical mediated
toxicity is a result of metal-based NPs inducing Fenton-type reactions (Huang et. al. 2010,
Manke, Wang and Rojanasakul, 2013, Evans et. al. 2017). However, numerous studies have
reported that toxicity arises following NP exposure without the presence of ROS, suggesting
different pathways for the induction of cell death (Wang et. al. 2010, Manke, Wang and
Rojanasakul, 2013).

NM oxidative stress potential is however not limited to those comprised of transition
metals, a number of materials have been shown to catalyse ROS production at their surface
in aqueous suspension including silica and carbon nanotubes (Magdolenova et al., 2014b).
Furthermore, the mitochondria can be a major NM target, resulting in ROS stimulation via
impairment of the electron transport chain and structural damage to NADPH like enzymes
(Sioutas et al., 2005). Finally, there is evidence to suggest that NM exposure can cause a
reduction in intracellular antioxidants. TiO, for instance has been shown not only to
promote ROS production in human osteoblast cells but also decreased SOD activity (Niska et

al,, 2015).
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Reactive species of molecular oxygen, for example superoxide anion (02:-), hydroxyl radical
(OH:), hydrogen peroxide (H,0,), singlet oxygen (10;), and hypochlorous acid (HOCI), have a
key role in modifying cell signalling cascades. Interestingly ROS can be generated as a result
of processes originating inside or outside of the cell. Intracellularly, nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase) catalyses the reduction of one electron to
produce the primary ROS O,- , whereas metal catalysed Fenton reaction and dismutase
reactions can lead to the production of OH- and H,0, respectively (Thannicka and Fanburg
2000). Extracellularly derived factors such as environmental pollutants and engineered NPs
act as inducers of ROS production, often triggering endogenous generation of ROS from
sources including microsomes, peroxisomes, mitochondrial respiration, and through an
inflammatory response. Thus, transition metal ion-catalysed Fenton-type reactions and
mitochondrial respiration generate free radicals as a by-product (Vallyathan and Shi 1997,
Manke, Wang and Rojanasakul, 2013); while the oxidative burst is induced by inflammatory
phagocytes as a mechanism for defence against environmental pollutants, tumour cells, and
microbes. Finally, while ROS production is induced by MONPs and other NPs as a principal
mechanism of cytotoxicity via the production of free radicals, NPs can influence signalling
processes such as modulation/activation of intracellular Ca®* concentrations, cytokine
production and transcription factors (Li et. al. 2010, Risom et. al. 2005, Manke, Wang and
Rojanasakul, 2013).

Nevertheless, increased production of peroxide and free radicals can negatively influence
the cell by disrupting proteins, lipid peroxidation or even damaging DNA. Carcinogenesis,
loss of cell growth and fibrosis can also be a result of oxidative stress by activating
intracellular/extracellular signalling networks (Huang et. al. 2010, Manke, Wang and
Rojanasakul, 2013, Evans et. al. 2017). Oxidative stress from both controlled experimental
and occupational exposures with various MONPs (TiO,, ZnO, CeO,, SPIONs ) lead to airway
inflammation and interstitial fibrosis (Donaldson et. al. 2006, Manke, Wang and
Rojanasakul, 2013). Accordingly, the intracellular signalling systems such as MAPK and NF-
kB mentioned earlier are shown to be more active in the presence of metal NPs (Smith et.
al. 2001). ROS production is also induced endogenously in the mitochondrion, “via impaired
electron transport chain, structural damage, activation of NADPH-xidase like enzyme system,

and depolarization of the mitochondrial membrane” (Sioutas et. al. 2005). When murine
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macrophages were cultured with cationic polystyrene nanospheres that are able to target
mitochondria, apoptosis was induced due to high concentrations of O, (Xia et. al. 2006,
Manke, Wang and Rojanasakul, 2013). Given the role of NADPH oxidase in generation of
ROS during the ‘oxidative burst’ of immune cells, it is interesting to note that ROS and
reactive nitrogen species concentrations are increased with the activation of the immune
system, an effect which might occur as a result of NP cell internalization (Knaapen et. al.

2004, Risom et. al. 2005, Wang and Rojanasakul, 2013, Evans et. al. 2017].

Finally, in addition to oxidative damage, reactive nitrogen species (RNS) have been identified
in lungs that were exposed with NPs. When particles are deposited in the lung leading to
the recruitment of inflammatory cells (e.g. phagocytes), clastogenic factors, RNS and
cytokines are produced, in addition to the production of ROS (Bonner et. al. 2007). Reactive
nitrogen species such as NO and peroxy-nitrite that is produced from the reaction of NO-
and O, are produced in large amounts by phagocytes and are considered highly genotoxic.
The nitric oxide synthase (iNOS) ability of phagocytes may result in DNA fragmentation, lipid
oxidation, and protein dysfunction (Pryor et. al. 1993). For example, phagocyte influx
observed in vivo after the exposure of lung tissue to quartz and SiO2 NPs resulted in the

highly genotoxic production of RNS (Castranova et. al. 1998, Sunkhanova et. al. 2018).

1.4 DNA Damage and Genotoxicity

A key area in the toxicity assessment of NPs is its ability to promote DNA damage. If a test
NM is capable of causing damage to genetic material it can ultimately result in
carcinogenesis or if promoted in germ cells result in reproductive damage or the transfer of
defects to subsequent generations (Singh et al., 2009). There are various mechanisms by
which a NM could potentially induce genotoxicity, these mechanisms are categorised as

either primary (direct or indirect) or secondary.

Direct primary DNA damage can result when a NM directly interacts with DNA. Depending
on NP characteristics direct access to DNA maybe gained by penetration though nuclear
pores or by simply becoming trapped there during mitosis. The number of studies providing
evidence of direct primary DNA damage by NPs is limited in comparison with other
mechanisms. However, NM nuclear uptake has been demonstrated in a number of studies;

Ahlinder et al (2013) for instance showed via Raman spectroscopy that both a-FeO(OH)
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(goethite) and TiO, are capable of passing though the nuclear pore (Ahlinder et al., 2013).
Similarly, quantum dots have been shown to be able to locate to the nucleus of a human
macrophage derived from the THP-1 cell line with subsequent binding to histone proteins

(Nabiev et al., 2007).

Indirect primary DNA damage will stem from means other than direct NM-DNA contact. It
may be caused by a NM damaging proteins associated with DNA maintenance/cell division
or via the induction of oxidative stress through reactive oxygen species (ROS) production
(Magdolenova et al., 2014a, Evans et al., 2016). The key mechanism by which NPs may
induce indirect DNA damage is via oxidative stress. Transition metal-based NM’s such as
iron, copper, nickel, cobalt, and zinc may therefore release ions that can take part in the
Fenton reaction promoting an increase in intracellular eOH formation. This free radical
presents a significant risk for DNA damage as ¢OH is capable of attacking the DNA backbone
and nucleotide bases promoting the formation of DNA lesions. More than 20 oxidative base
lesions have been identified, the most notable being 8-hydroxyguanine (8-OH-dG) which
frequently mis-pairs with thymine resulting in double stranded breaks and point mutations
(Cooke and Evans, 2003). When tested in HepG2 cells Ag NPs promoted increased ROS
production (quantified by the DCFDA assay) promoting downstream double stranded DNA
breaks (Kim et al., 2009). The interaction of NPs with vital cellular proteins can potentially
result in downstream damage. A NP may for instance interact with protein kinases
associated with the regulation of the cell cycle. Progression through each phase of the cell
cycle requires the completion of the previous phase; during G1 the cell prepares for growth
followed by DNA replication in S phase. During G2/M phase essential proteins for division
are synthesised and division is promoted resulting in two daughter cells (Norbury and Nurse,
1992). TiO, has been shown to be capable of damaging this process by deregulating the
PLK1 protein which supports the maturation the centrosome in late G2/early prophase

among other mitotic processes (Huang et al., 2009).

With substantial risk of NPs promoting genotoxicity, evaluation of this potential hazard is
highly important. Due to the variety of potential mechanisms that can lead to DNA damage
there are various in vivo and in vitro tests available. To fully establish the genotoxicity of a
substance a battery of tests need to be undertaken to assess a number of genotoxic end

points: point mutations, aneuploidy and chromosomal breakages (Doak et al., 2012). The
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guidelines for this assessment include the in vitro bacterial reverse gene mutation assay
(Ames; OECD 471), an in vitro chromosomal aberration or micronucleus assay (OECD 487
and 473) and an in vitro mammalian cell gene mutation test such as the (HPRT) assay (OECD
476). The in vitro CBMN assay is a OECD approved robust quantitative assay of
chromosomal damage induced by a test chemical or material (OECD, 2014). The technique is
based on the use of cytochalasin B (Cyto B), a cell permeable mycotoxin that inhibits actin
filament polymerisation and blocks the formation of contractile microfilaments
(Theodoropoulos et al., 1994). This actin inhibition freezes cell mitosis during anaphase
preventing the cell from undergoing more than one round of cell division and results in the
formation of binucleated cells. During anaphase small membrane bound nuclei known as
micronuclei may become visible; these micronuclei may be the result of aneugenic (whole
chromosome gain / loss) or clastogenic (chromosome breakage) damage (Fenech, 2000).
Following treatment with a test agent micronucleus quantification in binucleated cells

therefore provides an assessment of chromosomal aberration.

1.4.1 Iron Oxide NPs (IONP’s)

A major focus of the present study is superparamagnetic iron oxide NPs (SPIONs). SPION’s
have several applications industrially and have also been proven to be an effective negative
contrast agent in clinic imaging technologies such as MRI, optical imaging/MRI and MRI/PEP
due to their ability to decrease T2 signals. Interestingly they can also disrupt the
homogeneity of a magnetic field by causing a magnetic field gradient that affects water
molecules (Clemente-Casares and Santamaria 2014). This magnetic field disruption can not
only be viewed by MRI, but can also provide a mechanism that could be used in gene

therapy for the tracking of transplanted cells (Maciony et. al. 2006, Arias et. al. 2018).

Macrophages are extravagated in inflamed tissue, in both the common inflammation
process and autoimmune diseases, and as a result of the activation of endothelium in blood
vessels. Because SPION’s are endocytosed by macrophages the signals of this event can be
enhanced when visualized by MRI. This compelling application of SPION’s (Ferumoxytol)
enhanced the prognosis of active ulcerative colitis, also it was shown to improve the
diagnosis of Crohn’s disease (D’ Arienzo et. al. 2001, Maciony et. al. 2006, Arias et. al. 2018).

In comparison to the previously used T1-gadolinium, ferumoxtran was proven to be a
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massive improvement for the detection of pancreatic islet inflammation in Type 1A diabetes
patients (Velinga et. al. 2009, Arias et. al. 2018). Additionally, of great importance was the
discovery that the previously labeled as normal-appearing white matter in patients with
multiple sclerosis was easily identified in USPION-based MRI due to the labelling of larger

and better-defined areas (Vellinga et. al. 2009, Tourdias et. al. 2012, Arias et. al. 2018).

Aside from MRI imaging, SPION have been used in other therapeutic forms. For example,
treatment with ferumoxytol via intravenous injections has been approved by both the FDA
and EC in 2012 as a treatment therapy for iron deficiency for patients with chronic kidney
disease; this was also particularly beneficial for patients that were unfit for oral iron
treatment (Vadhan-Raj et. al. 2014, Hetzel et. al. 2014). Additionally, SPION’s have been
evaluated for use as a solid tumor thermotherapy, usually used after the initial cancer
treatment alongside chemotherapy or radiation. To promote the warming of the region to
high temperatures, IONPs fluid is administered within the tumor and an alternating
magnetic field is applied. Numerous outcomes at both tissue and cellular level are seen
when the temperature in the area is raised between 41-46 2C (Wankhele et. al. 2012, Arias
et. al. 2018). At a cellular level the hyperthermia induces the expression of heat-shock
protein in elevated quantities, denatures proteins and finally induces apoptosis. The
temperature elevation also affects the organisms at the tissue level in the tumor region in a
number of ways such as changes in the pH, and in perfusion that results in oxygenation
(Wust et. al. 2012). In combination these effects on the tissue for long periods of time may

lead to necrosis.

The most common reason for the induction of toxicity and cellular damage by magnetic
IONPs is due to the excessive production of ROS (e.g. O,, -OH, H,0,) (Shafiri et. al. 2011,
Singh et. al. 2012). Four sources for the creation of oxidative stress as a response to the
exposure to IONPs’ iron have been demonstrated (Kim et. a/.2012), namely: generation of
ROS from the surface of the IONP’s; dissolved iron molecules produce ROS; alteration of the

organelle (e.g. mitochondrial) functions; and induction of cell signalling pathways.

The importance of SPIONs size, composition and surface coating has been identified as the
main reasons for the generation of toxicity by SPIONs (Rivet et. al. 2012, Singh et. Al. 2012,

Hong et. al. 2011). Cytotoxicity caused by Fe;O3; NPs on A349 cells, a human alveolar
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epithelial cell line, was identified via trypan blue exclusion; in contrast FesO,4 NPs did result
in the same cytotoxic effects (Karlsson et. al. 2009). A number of different IONP’s coated
with polyvinyl alcohol (Mahmoudi et. al. 2009) and Fes0, mesosporous silica composites
(Huang et. al. 2012) cause minimal to no cytotoxicity when tested in the L-929 cell line. In a
similar test where a tetrazolium salt assay was used instead of MTT, IONP’s induced
significant cytotoxicity in the fibroblast cell line L-929, showing that the test used to detect
cytotoxity may influence the assay outcome (Hong et. al. 2011). Using trypan blue exclusion
assay, the cytotoxic effects of uncoated Fes04 were compared with oleate-coated Fe30y4; the
coated NPs were proven to be cytotoxic while in contrast were uncoated ION’s were not,
but sodium oleate alone was excluded as a cause of toxicity, thus demonstrating the
important influence surface coating can have on the subsequent toxic response
(Magdolenova et. al. 2013). Additionally, a study comparing the cytotoxic effects of IONPs in
two cell lines, namely, HeLa and human retinal pigment epithelial cell line (RPE), proved that
high concentrations of uncoated IONP induced significant cytotoxicity in both cell lines,
whereas low concentrations were only significantly toxic to Hela cells (Li et. al. 2012). A
carboxy-dextran coated SPIONs that is already approved for use as an MRI negative contrast
was incubated with human mesenchymal stem cells for 24 and 72 hours, but neither the
significant toxicity nor successful chondrogenesis were induced (Yang et. al. 2011). In a
study by Begini and colleagues IONPs coated with carboxy-dextran were used to treat
human Amniotic Fluid Cells (hAFC); the internalization of the NPs had no effect on either the
metabolism or the cell cycle of the cells (Bigini et. al. 2012). The studies perform in the past
indicate that IONs with different characteristics such as size, composition and surface
coating can have variable effects on the same cell line. In addition, the same IONPs may

produce different results dependent upon the cell line used.

As exposure of cells to IONP’s often induces cytotoxicity as a result of oxidative stress and
ROS generation, several studies have investigated the relationship between antioxidant
defense and NP cytotoxicity (Dwivedi et. al. 2014, Malvindi et. al. 2014). Chinese hamster
lung cells were treated with to L-glutamic acid coated Fe,03 for 36 hours and caused ROS
induction, plus inactivation of a number of antioxidant enzymes and glutathion depletion,
(Zhang et. al. 2012). In another example, exposure for 24 hours to magnetite (Fe304) in the

nano-range led to endocytosis by A549 cells, and whilst cytotoxicity was not observed,
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production of ROS and increased depolarization of mitochondria was significantly induced

(Konczol et. al., 2011).

The ability of iron to change from ferrous to ferric ions by readily accepting and donating
electrons makes it important for maintenance of life (Kim et. al. 2012), as it has a prominent
role in numerous metabolic pathways such as DNA synthesis, mitochondrial oxidative
phosphorylation and cytochrome P450 function (Shander et. al. 2009). When IONP’s are
metabolized, the free iron that is produced from the endocytic compartments is
incorporated to the cellular iron pool (Soenen and De Cuyper 2010). Excess iron quantities
could be extremely toxic, therefore large doses of IONP’s should be avoided (Kunzmann et.
al. 2011). Studies have shown that excess iron targets the mitochondrial genome, therefore
organs that have high mitochondrial activity such as the heart or liver have high vulnerability
to iron toxicity (Eaton and Qian 2002). In one intriguing study by Malvindi et. al. it was
shown that when IONP’s coated with silica were suspended in an acidic environment that
mimic the lysosomal pH~4.5, iron ions were released, whereas when suspended in either
ultrapure water and cell culture medium that have neutral pH 7, ions were not observed.
This finding suggests that these IONP’s must be endocytosed releasing ions (Malvidi et. al.
2014). Additionally, the rate of degradation of the iron oxide NP’s and therefore their ability
to release iron ions is dependent on whether or not the physicochemical properties of the

coating allow it (Mahon et. al. 2012, Singh et. al. 2012).

A key aspect of toxicity of NPs is their ability to induce DNA damage, therefore after
reviewing the research published in the literature that explore the genotoxicity produced by
IONP’s, the most commonly used tests are the in vitro comet assay and micronucleus assay
(used to test chromosomal aberrations in the cells). A positive genotoxic response after the
treatment of A549 alveolar cells with nano-magnetite (Fes04) was observed using both the
comet assay and the micronucleus assay; interestingly when the cell line was either pre-
exposed to butylated hydroxyanisole or simultaneously exposed to N-acetylcysteine, both
potent antioxidants that would reduce changes in the cellular redox state, the results were
significantly reduced (Konczol et. al. 2011). When primary human leukocytes and human
lymphoblastoid TK-6 cells were treated with oleate-coated nano-magnetite primary and
oxidative DNA damage was observed using the comet assay, but interestingly when the cells

were treated with uncoated nano-magnetite, no DNA damage was present (Magdolenova
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et. al. 2013). This allows the conclusion that the coating reduced the production of
transition metals from the surface of SPIONs, hence the reduction of catalyse ROS
production and toxicity. In addition, when skin epithelial A431 and lung epithelial A549 cells
were treated with nano-magnetite using the comet assay, DNA damage was observed
(Ahamed et. al. 2012). The effect of nano-hematite was investigated on human IMR-90 lung
fibroblasts and human BEAS-2B bronchial epithelial cells, results suggested it was also able

to induced DNA damage (Bhattacharya et. al. 2009).

In two publications by Karlsson et. al. the ability of Fe,03 and Fe3z04 to induce primary DNA
damage was observed using the comet assay; additionally, increased oxidative stress was
observed when A549 cells were treated with Fes04 NPs (Karlsson et. al. 2009). In contrast,
the frequency of micronuclei was not increased when human lymphoblastoid cells were
treated with uncoated Fe,03 NPs or with either uncoated or dextran-coated Fe304 (Singh et.
al. 2012). The exposure of Syrian hamster embryo cells to Fe,03; and Fe3O4 NPs similarly did
not show any increase in DNA damage or micronuclei formation (Guichard et. al. 2012). In a
similar study Chinese hamster lung cells were treated with glutamic acid-coated Fe,0s5,
while disturbed cell redox status was observed, interestingly no significant genotoxic

response was reported (Zhang et. al., 2012).

Whilst there are many in vitro studies in the literature on SPION induced genotoxicity, there
are fewer in vivo studies as they are more complexity, high in cost, time-consuming and
most importantly are associated with ethical concerns surrounding the use of animals.
However, a small number of in vivo genotoxicity have been performed that have generated
important insights. In a study performed on Wistar rats, a single dose of Fe,03 NPs was
administered orally and demonstrated the ability of IONP’s to penetrate the intestinal
barrier (Singh et. al. 2013). The NPs were found to accumulate in organs such as the liver,
spleen, kidney, heart and bone marrow; interestingly genotoxicity was not induced in
leukocytes and the bone marrow cells when evaluated by the comet assay, while the
micronucleus assay showed no significant results (Singh et. al. 2013). In other studies, mice
were exposed to IONP’s and significant induction of micronuclei were reported in the bone
marrow after either the exposure to magnetite NPs intraperitoneally or polyaspartic acid-
coated magnetite NPs following intravenous administration (Freitas et. al. 2002, Sadeghiani
et. al. 2005).
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Evaluating the results from the studies mentioned above allows the conclusion that the
IONP’s ability to induce genotoxicity is due to either oxidative stress-triggered DNA damage
or DNA breaks. However, it must be pointed out that this ability is determined by the
physicochemical characteristics of the particular IONP used (e.g. size, composition, or type
of surface coating). As most studies have focused on oxidative stress induction, further
investigation is however needed to determine if other mechanism are involved in DNA
damage induction caused following IONPs exposure. Additionally, it is notable that a wide
range of cell lines have been used in the scientific literature, which can introduce conflict as
they each have varying capacities for cell uptake and sensitives to subsequent damage
induced by NPs. Thus, it is important that relevant cell lines are selected, which relate to
tissues associated with the primary or secondary (sites of accumulation following

translocation) exposure sites in the human body.

1.4.2 Titanium dioxide polymorphs (Titania NPs/TiO, NPs)

Widespread use of titanium dioxide NPs (TiO, NPs) in both industrial and biomedical
applications has resulted in an increasing need for identification and characterization of
their effects on human health. Titania NPs are naturally occurring in three distinct
polymorphs: rutile, anatase and brooklite. Rutile and anatase have a stable atomic
structure/surface that makes them suitable for numerous applications. The two polymorphs
form distinct crystalline structures in the form of TiOg¢ octachedra chains; interestingly,
anatase is known to transform to rutile in high temperatures (Vittadini et. al. 1998). The
different crystalline structures have been reported to induce distinct biological effects to
cells, with both their cytotoxic and genotoxic behaviour previously shown to be mediated by

oxidative stress (Petkovic et. al. 2011, De Angelis et. al. 2012, Shukla et. al. 2013).

TiO, fine particles (FP) have been previously thought as poorly soluble entities that induce
low toxicity, as a result they have been traditionally used as a “negative control” in both in
vitro and in vivo toxicological studies (ACGIH 1992, Zhao et. al. 2009). However, based on
recent studies this view was questioned. After two years of exposure of rats to high
concentrations of TiO, FP lung tumours were developed (Lee et. al.1985). As a result, the
International Agency for Research on Cancer (IARC), classified TiO, as a Group 2B carcinogen

(possibly carcinogenic to humans) (IARC 2006). In 2017 an opinion was published by the
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committee for Risk Assessment of the European Partnership for Chemicals Risk Assessment
that suggested a harmonisation of the classification of TiO, NPs into a Group 2B carcinogen

by inhalation that will come into effect in September of 2021.

The nanoparticulate form of TiO, has a greater catalytic activity when compared to TiO,FPs,
and as a result the use of TiO,; NPs in both industrial and consumer products has greatly
increased. The catalytic activity of these NPs has been attributed to their larger surface area
per unit mass, which in turn is the result of their smaller sizes. As a result, a great concern
was raised, that the same properties of TiO, NPs that make them attractive for industrial
and consumer use may present unique bioactivity and challenges to human health
(Maynard and Kuempel 2005). Due to their high stability, anticorrosive and photocatalytic
properties TiO, NPs are used widely (Riu et. al. 2006, Ziental et. al. 2020). The catalytic
ability is attributed to the high surface are of TiO, NPs, although it is suggested that anatase
polymorph has a higher catalytic ability (Warheit et. al. 2007). TiO, NPs are widely used as a
white pigment, this is due to its brightness and high refractive index, and therefore it is one

of the most used NPs worldwide (Ortlieb 2010, Shukla et. al. 2010).

Among other applications, TiO, can be used in paints, coatings, plastics, papers, inks,
medicines, pharmaceuticals, food products, cosmetics, and toothpaste (Wolf et. al. 2003,
Ziental et. al. 2020). TiO, is also used as a component for articulating prosthetic implants
(e.g. hip, knee), but it was observed that a high number of these implants fail, possibly as
the result of degradation of the materials in the implant and a chronic inflammatory
response to the implant material (Patri et. al. 2009, Ziental et. al. 2020). It is suggested that
these NPs can be a useful tool in advanced imaging and nanotherapeutics. Some of the
examples include use in photodynamic therapy as photosensitizers (Szacitowski et. al. 2005,
Ziental et. al. 2020, Yuan et. al. 2010). Interestingly, TiO, NPs have also shown antibacterial
properties under UV light irradiation (Wiesenthal et. al. 2011, Ziental et. al. 2020). The
unique physical properties of TiO, NPs make them ideal for use in various skin care
products: accordingly, these NPs are also investigated for treatments for acne wvulgaris,
recurrent condyloma accuminata, atopic dermatitis, hyperpigmented skin lesions
(Wiesenthal et. al. 2011). Finally, as was described for IONPs, TiO, NPs are functionalized for
use as nanocarriers, as they can increase the concentration of drugs in the locations of the
body mostly needed (e.g. cancer cells) (Wiesenthal et. al. 2011, Ziental et. al. 2020).
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Titania NPs have been described by multiple studies to exhibit low solubility in different
environments, due to their high agglomeration and aggregation status (De Angelis et. al.
2012, Andersson et. al. 2011, and Baranowska-Wéjcik et. al. 2019). However, in lower
concentrations (e.g. 80ug/ml), the stability of TiO, NP suspensions is significantly increased
(Shukla et. al. 2013). The mechanism for induction of genotoxicity associated with NPs with
low solubility, such as TiO,, is commonly reported to be the result of damage caused by ROS

(Shukla et. al. 2013).

In vitro assessment of the toxicity induced by NPs, including the expression of inflammatory
mediators and activation of intracellular transduction pathways, is strongly correlated with
size/agglomeration dependent NP uptake and interaction with distinct cell lines (Andersson

et. al. 2011, Baranowska-Wodjcik et. al. 2019).

In the various in vivo studies different exposure routes have been used including, inhalation,
dermal exposure, intra-tracheal instillation, oral gavage, intragastric application and
intraperitoneal or intravenous injection. One of the first articles that reported a greater
hazard produced by TiO, NPs (21nm) in comparison to TiO, FP was produced by
Oberdorster and colleagues, whose article reported that when both the particles at the
same mass burden were used, greater amounts of TiO, NPs entered the alveolar interstitial
in the lungs and induced greater pulmonary inflammatory response (Oberdorster et. al.
1994). In the work done by Sager and colleagues in a rat model, intra-tracheal instillation of
well-dispersed suspensions of a mixed batch of both TiO, NP polymorphs (80/20
anatase/rutile; 21 nm, P-25) and TiO, FPs (100% rutile; 1um) were conducted. After
administration in an equal mass burden, TiO, NPs had a 40-fold greater potency in inducing
lung inflammation and damage at both the first and 42nd day post-exposure than TiO, FP
(Sager et. al. 2008).

The results of numerous studies in vitro revealed that TiO, NPs are more toxic than FPs
(Zhao et. al. 2009,Fabian et. al. 2008, Oberstroder 2001, Baranowska-Woaijcik et. al. 2019).
As shown by Shukla et. al., anatase NPs with a diameter of 192.5nm were internalized by HepG2
cells after a 20h exposure, and interestingly accumulated close to the nuclear region. In addition, in a
dose range of 0-80u/ml an increase of flow cytometric side scattering (cell internal complexity) was
observed, which can be correlated with a dose dependent increase in the concentration of

internalized NPs (Shukla et. al. 2013). Uptake and distribution of different TiO, NPs was investigated
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using Raman spectroscopy, this allowed both visual identification through the optical micrographs,
and analysis of the intensity of the Raman spectra obtained at different locations of A549 cells. Using
transmission electron microscopy (TEM), endosomal uptake of both rutile and anatase TiO, was
observed within a 15min period. Distribution of TiO, in the intracellular environment was highly
dependent on the dispersion of the NPs in solution. Preferential uptake of equally dispersed titania
with a smaller size was observed, whereas the polymorph type had no effect on the extent of
uptake. Additionally, Raman mapping showed that small concentrations of anatase were observed in
the cellular nuclear region (Anderrson et. al. 2011). Finally, De Angeli et. al. and colleagues
quantified the levels of titanium in colorectal cells after treatment with anatase for 6h using
inductively coupled plasma mass spectrometry (ICP-MS): a greater dose dependent increase was
identified when CACO-2 cells were cultured with fetal calf serum (FCS) than without (De Angeli et.
al.2012).

With regard to impact on cell viability, after treatment of HepG2 cells with anatase TiO, over
a dose range of 0-80ug/ml for both 24h and 48h, showed significant reduction in cell
viability using both the MTT assay and neutral red uptake, while apoptosis due to NP
exposure was induced via the caspase-dependent pathway(Shukla et. al. 2013). Significant
genotoxicity was observed using both the comet and cytokinesis block micronucleus assays.
Reduction in glutathione levels with concomitant increase in lipid peroxidation and reactive
oxygen species generation was observed. Thus, the genotoxic behaviour of anatase TiO; is
mediated via the induction of oxidative stress (Shukla et. al. 2013). In another study by
Petrovic and colleagues, both anatase and rutile TiO, NPs, were used to treat HepG2 cells for
a period of 20h at concentrations of up to 250ug/ml. In contrast to Shukla et. al. the cellular
viability of the cells was not significantly affected, although no data for the stability of the
colloidal suspension were provided at this high concentration. Using the DCFH-DA assay,
significant elevation of intracellular ROS formation was identified in all applied
concentrations of anatase NPs after a 5h exposure. In contrast, the rutile polymorph
showed minimal increase in DCF fluorescence. The results for production of ROS correlated
with the results observed for DNA strand breaks and oxidative DNA damage (2, 4, 24h), with
anatase being the significantly more hazardous polymorph. Interestingly, mRNA expression
of DNA damage responsive genes p53, mdm2, gadd45a and p21, was altered after
treatment with the distinct TiO, polymorphs (anatase and rutile) (Petrovic et. al. 2011). A

third study by Andersson and colleagues reported minimal effects on the cellular viability of
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A549 cells at concentrations of TiO, rutile and anatase lower than 200ug/ml. However,
supporting previous research, significant intracellular oxidative stress (as identified using
DCF fluorescence) was induced in A549 when treated with all five distinct TiO, NP
suspensions, 3 Anatase (A14, A60, P25) and 2 Rutile (R5,R9). On the contrary, generation of
superoxide anion observed using a nitroblue tetrazolium after a 1h exposure to the cells,
showed significant increase only in one of the two larger anatase NPs (A60, P25) that had
the most significant uptake. Interestingly, when the NP effects on the production of pro-
inflammatory (IL-8 and MCP-1) responses were investigated, rutile NPs showed more
significant results than the more-readily endocytosed A60 NPs (Anderson et. al. 2011). In a
fourth study De Angelis and colleagues however noted that a significant increase in ROS
production was observed after 6h that reduced when the CACO-2 cells were exposed for
24h to anatase TiO,, this was accompanied with no reduction in cellular viability. Despite
this, no significant results were observed when IL-8 production was investigated following

exposure to the non-soluble TiO, (De Angelis et. al. 2012).

In synopsis, the hazardous effects observed in distinct cell lines are strongly dependent on
the degree of TiO, uptake. Uptake is in turn dependent on both the agglomeration status
and the colloidal stability of TiO, NP in suspension. The technique currently considered as
the gold standard for uptake assessment is TEM, which can allow not only the identification
of the NP presence but also their localization in the cellular environment. However, a
combined application with other techniques that allow quantification is preferable, and such
guantitative techniques have shown a dose dependent increase in cellular interaction and
uptake (Evans et. al. 2016). A certain time point for the exposure of cells must be chosen, or
the correlation of the results from different outpoints is not possible. Even though uptake
and the induction of oxidative stress are strongly dependent on the
agglomeration/dispersion status of the TiO, NPs, results suggest that the production of pro-
inflammatory responses to be a size dependent effect. To conclude, evidence in the
literature suggests that the genotoxic behaviour of titania NPs is induced via the indirect
mechanism of genotoxicity. An explanation for the more significantly hazardous effects
(oxidative stress) induced by anatase TiO, in comparison to rutile, may be related to the
reactivity of the surface of the different crystalline structures (Vittadini et. al. 1998,

Baranowska-Waijcik et. al. 2019).
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1.5 Introduction to Ca** Signalling

The actions of both extrinsic and intrinsic signals have been proven to be mediated by the
divalent Ca®" ion (Ca2+) which is proven to be a universal intracellular messenger (Bootman
et. al. 2012). The versatility of the Ca®" controlled biological functions is incredible; among
these functions are the ability to move, process information and store memories (Berridge
et. al. 1998). On the cellular level Ca**is involved in the process of fertilization/birth, and the
monitoring of the differentiation to specialised types (Clapham et. al. 2007). The universal
effect of Ca®* on cell death should also be pointed out. In general a significant number of the
cellular activities that will be mentioned in the following paragraph are moderated by Ca**
(Carafoli 2003). These incredible phenomena are the result of Ca® acting as an intracellular

messenger to regulate the activity of cells by transferring signalling information.

During recent years of research to identify the organelles included in cellular calcium
signalling included in has been identified that includes Ca®* channels, Ca** pumps and
cytosolic buffers that control Ca’* levels, additionally a number of proteins whose functions
has been found to be managed either directly or indirectly by Ca®* (Beridge et. al. 2000).
Ca’* signals can be the result of the entry of ions from the extracellular environment
through the plasma membrane, or from the release of ions from intracellular stores
(Bootman et. al. 2012). The precise coordination of a number of functions is strongly
dependent on both the flexibility and acute regulation of ca® signals. The incredible range
of functions that Ca®" can mediate arises through the versatility of Ca®" signals (Berridge et.
al. 2000). Advanced subcellular imaging techniques, alongside a number of intracellular Ca®
probes (e.g. Fluo-4, Fura 2 etc.) have revealed a complexity in the myriad of Ca®" signalling
patterns. The variability of the patterns is due to the changes in Ca®* concentration with
regard to either the intracellular space, time or the amplitude (Berridge et. al. 1998,
Brownlee 2000). The specificity of these complex spatio- temporal patterns is interrelated

with the nature of the cellular stimuli (Galione et. al. 2003).

Different cell types will not have the same ca® transporters, as they are directly correlated
with their distinct functions and physiology that links to their unique ca® signalling
pathways (Berridge et. al. 2003). Non-electrically excitable cells have been shown to

produce oscillated ca* signals repeated within minutes and these oscillations can last for
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several seconds (Dupont et. al. 2011). In contrast, cells that are required to generate
contraction such as cardiac myocytes have been shown to change Ca®* levels within a
matter of milliseconds (Bers 2002). Ca** channels found on the plasma membrane that are
voltage operated result in the rapid influx of Ca** which triggers the release of Ca®* from the
SR (Fearnley et. al. 2011). Non excitable cells rely on other Ca’* stores, such as the
endoplasmic reticulum (ER) and the activation of a protein known as the inositol 1.4.5-
triphosphate receptor (InsPsRs); or the acidic organelles (e.g. lysosomes) where a nicotinic
acid adenine dinucleotide phosphate (NAADP)-gated channel operates (Galione 2011). Thus,
for the majority of cells, signalling functions are generated when Ca®* concentrations are
elevated in the cytosol, and several simultaneous mechanisms that oppose each other are
responsible for the control of cytosolic Ca** levels. A summary of the ‘on and off
mechanisms’ known to be responsible for ca® regulation can be seen at Figure 1.4

(Bootman et. al. 2012).

A diversity of Ca?* channels found on the plasma membrane are responsible for both the
intake of extracellular Ca**, and the regulation of a number of Ca’* release channels found
on intracellular organelles specialised for Ca** storage (e.g. ER, SR, Golgi, mitochondria,
lysosomes and other acidic vesicles) (Bootman et. al. 2012). These intracellular organelles
are able to maintain high concentrations of Ca®’, for example the ER has an estimated Ca**
content of ~0.5—-2 mM (Burdakov et. al. 2005) whereas the cytosolic concentration of Ca’tis
as low as ~100nM (Tsien et. al. 1992). A number of mechanisms exist to which cells rely on
for the reduction of cytoplasmic Ca’* levels. The ‘off mechanisms’ that are responsible for
removing Ca’* from the cytosol are ATPases (PMCA, which pumps Ca®* outside the cells
located on the plasma membrane and the SR/ER Ca®* ATPase (SERCA) pumps). Additionally,
exchangers such as Na*/Ca?* (NCX) are able to utilize electrochemical gradients of other ions
(Na*) in order to reduce intracellular Ca®* levels (Bootman et. al. 2012). Several protein
channels, pumps and co-factors are responsible for the maintenance of cytosolic and

. 2
organelle concentrations of Ca“".
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Stimulus Ca?* - entry Channels:

Hormone/ Growth + Receptor operated (ROC)
Factor Receptors * Store Operated (SOC)
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Figure 1.4: Ca®* “On and Off mechanisms”, the cellular calcium transporters and calcium storage organelles. The orange color represents the
mechanism for reduction of Ca®*, and the red arrows represent the mechanisms for increasing Ca’* levels in a cell. These mechanisms are
responsible for the facilitation of the spatio-temporal characteristics of distinct signals. Oxidants cause the influx of Ca®* from either the
extracellular environment, SR/ER or other cellular organelles (via: InsP3, RYR etc). Simultaneously the mechanisms that transfer Ca® out of the

cytoplasm (e.g. ATPase pumps, Na*/Ca®" exchangers) are inhibited by oxidants, leading to further increases in intracellular Ca**.
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A number of other channels release Ca®* in response to ligands such as the intracellular
second messengers NAADP, InsP; and cADPR (cADP-ribose). Responsible for the transfer of
Ca’* in the lumen of ER/SR sarco-endoplasmic reticulum is the Ca**-transporting ATPases
also known as SERCA. SERCA transfers Ca** against its concentration gradient and it reduces
cytoplasmic Ca?* antagonizing the function of InsPs. This Ca®* can later be released to the
cytoplasm through InsP; operated channels (Marin et. al. 1999, Ermak et. al. 2002). Inositol
1.4.5-triphosphate receptors (InsP3Rs) are almost universally expressed in mammalian cells
particularly in the ER. InsP3Rs are responsible for the release of Ca" into the cytoplasm as a
response to external stimuli (Ermack and Davies 2001). Specific receptors on the plasma
membrane when bound by a number of hormones and growth factors lead to the activation
of phospholipase C that mediates the production of InsP; by catalysing the hydrolysis of
phospholipids. Interestingly even though InsP3 derives from a lipid, it is water soluble, this
makes it able to diffuse into the cytoplasm and bind to InsP3Rs in the ER/SR. After the two
are bound the structure of InsP3Rs changes, as a result the Ca®* that was stored in high
concentrations in the ER/SR enters the cytoplasm (Bootman et. al. 2012). A number of
fundamental biological processes have been found to be either regulated or activated by
InsP3, such as fertilization, secretion and gene transcription (Malcuit et. al. 2006, Pittersen
and Tepikin 2008, Lewis 2001). A pivotal role in the propagation of Ca®* signals in the
mitochondria is associated with InsPs located in the vicinity of mitochondria; depending on
the conditions, ATP synthesis could be enhanced or apoptotic signalling can be initiated

(Szalai et. al. 1999).

An additional store important to cellular Ca** signalling; that is crucial for numerous cellular
functions from fertilization through to cell death are the lysosomes (Babcock et. al. 1997). In
a number of studies that utilized different Ca** probes the content of macrophage cell
lysosomes was measured to have a content of ~400-600 uM Ca’" (Barrow et. al. 2008, Patel
and Cai 2015). Results from various studies have shown similar concentration levels of ca*
to those within the ER, indicating that the lysosome is a substantial Ca®* store (Arnaudeau
et. al. 2001, Patel and Cai 2015). Two pore channels (TPC) have been recently identified to
operate in acidic organelles and NAADP was demonstrated to target TPC. Therefore,
molecular evidence presented in numerous articles give proves that NAADP (one of the

most potent intracellular ca® releasing second messengers) targets acidic organelles (Feng
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and Yang, 2016, Galione et. al. 2011). As previously described in Section 1.2, uptake of NPs
is greatly observed to be through endocytic and phagocytic pathways suggesting a great
presence of NPs in the lysosomes. Therefore, there is a possibility that NPs may have a
negative impact on lysosomal calcium. In a study presented by Lorente and colleagues,
lysosomal dysfunction/damage after exposure to NPs decreases their capacity of Ca’* and
eventually results in the aberrant regulation of intracellular Ca’* levels (Lorente et. al. 2013).
In a recent study by Manshian and colleagues the impact of gold and SiO, NPs on the
lysosomes integrity of human bronchial epithelial cells (BEAS-2B) and mouse mesenchymal
stem cells (MSCs) was investigated. In the study, clear evidence have been presented that
the NPs reduced lysosomal activity by alkalinisation of the lysosomal lumen (Manshian et.
al.2018). The alteration of lysosomal functions further arouses curiosity on the limited
understanding the impact of NPs have on lysosomal calcium concentrations and hence the
impact that has on intracellular Ca2" homeostasis. GPN can be used, is cleaved by the
lysosomal enzyme cathepsin C which gives rise to osmotic stress and so ruptures lysosomal
membranes, as a result lysosomal calcium is released as a result the concentration of

lysosomal calcium can be identified (Lloyd Evans et al 2008).
1.5.1 Altered Ca®* homeostasis, cellular function and the effect of NP treatments

Ca’* signalling is able to control numerous processes including gene expression, which
results from the merge with other signal-transduction pathways (Dolmetsch 2008). A
relevant example of altered Ca** homeostasis is in cancer development: interestingly, in
contrast to all non-carcinogenic eukaryote cells, some tumour cells do not depend on ca®
signalling to preserve cell proliferation (Cook and Lockyer, 2006). A growing
acknowledgment and understanding of how Ca® signalling pathways are remodelled in

carcinogenesis has grown, however it is still debatable whether these changes are

fundamental for the facilitation of cancer (Wood et. al. 2007).

Interestingly, ROS such as NO or O2. can be produced by the cell as a result of a Ca** signal,
these signals can be initiated by oxidative stress (Brown et. al. 2002). Therefore, oxidative
stress and the elevation of intracellular Ca®* are interrelated. Mild oxidative stress due to the
presence of hydrogen peroxide has been observed to dramatically increase the cytoplasmic

Ca** levels. In ROS stimulated Ca** signalling, the exact role of InsP3Rs is yet unclear.
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Recently research conducted on three different cell lines HepG2 (human), RBL-2H3 (rat) and
DT40 (chicken) have proven that superoxide anion causes oxidation of the InsP3Rs, as a
result cytoplasmic Ca?* oscillations are produced that enhance mitochondrial uptake
(Bangashi et. al. 2014). However, the production of InsPs is directly affected by oxidants; as a
result the release of Ca®* from the ER/SR is directly regulated. For example, in endothelial
cells hydrogen peroxides were observed to cause the release of Ca’* from internal stores
(Doan et. al. 1994). After the addition of thapsigargin one of the many agents that modulate
ca* homeostasis, the release of Ca* by H,0, from the stores was shown to decline, this

proves H,0, has access to InsP;regulated stores.

Reactive oxygen species (ROS) stimulate the activation of NF-kB and activator protein-1(AP-
1), which in turn can induce the production of inflammatory mediators. Such redox sensitive
transcription factors have been observed to be directly activated by intracellular thiol status
(Wilhelm et. al. 1997). Additionally, other pathophysiological responses such as gene
expression or signal transduction are also affected by cellular redox status (Rahman and
MacNee 2000). While increase in intracellular Ca** can be traced back to the elevation of
ROS, the cellular chain of protein members of the mitogen activated kinase (MAPK)-
pathway are also activated after the phosphorylation of MAPK, and this eventually results in
increased gene transcription (Thannickal, and Fanburg 2000). The activation of members of
the MAPK-pathway are trans-activating transcription factors, including, c-Jun, activating
factor 2 (ATF2), cyclic AMP response element binding protein (CREB)-binding protein (CBP)
(Rahman, and MacNee, 2000). These proteins subsequently induce the expression of genes

responsible for the regulation of inflammatory responses and chromatin remodelling.

Brown and colleagues published a series of articles where rat alveolar macrophages and a
human monocytic cell line were treated with ultrafine carbon particles and polysterene NPs:
in these experiments the induction of transcription factor activation and cytokine expression
were a result of both the presence of oxidants and observed ca® signalling events (Brown
et. al. 2002). A rapid increase of Ca’" was observed after the exposure of the cells to the
particles, interestingly this was not associated with cell death (stone et. al. 1998).
Thapsigargin  (50nM) was used in the experiments to increase the cytosolic Ca®'
concentration. Thapsigargin is a known agonist able to increase the cytosolic Ca’* levels by
emptying the ER stores, this is achieved by inhibiting the SERCA ATPase pumps (Thastrup
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1990). Increases to the response to pre-exposure to thapsigargin in macrophage cells were
observed after exposure with ultrafine latex beads (64 nm); in contrast, treatment with fine
latex (202 nm) alone did not show a significant effect. Similarly, ultrafine carbon black (CB)
induced a significant increase in the response to thapsigargin by 2.6-fold, whereas fine CB
alone had no significant effect (Stone et. al. 2001). The experiments were repeated in the
absence of extracellular Ca®* to support the finding that ultrafine particles in contrast to fine
particles with the same chemical structure are able to reverse the current of Ca** through
the plasma membrane, and that this is distinct from any effects which agents such as
thapsigargin may exert on ER Ca?* (Stone et. al. 2001). Additionally, an increased production
of InsP; as a result of oxidative stress was reported in several cell lines, including,
endothelial cells and macrophages (Graier 1998). When the antioxidants nacystelin (NAL)
and manitol were used, alongside to the exposure of carbon black NPs and thapsigargin, no
significant elevation of cytosolic Ca’" was observed (Stone et. al. 1998). These results

suggest that oxidative stress plays a principal role in the elevation of intracellular Ca®".

The effects of ZnO NPs (20nm) on the induction of oxidative stress, cytotoxicity and Ca®*
homeostasis were observed in Human bronchial cells (Huang et. al. 2010). Cytotoxicity was
eliminated when the antioxidant N-acetylcysteine (NAC) was used. Interestingly,
intracellular Ca?* was partially reduced when cells were exposed to NAC and ZnO NPs for 6
hours, whereas no immediate response was observed after the exposure. The use of
nifedipine allows the assumption that a portion of Ca®" is imported from the extracellular
environment; the peroxidation of membrane lipids may play a role in this Ca?* influx (Huang
et. al. 2010). In contrast, a correlation between the levels of oxidative stress and
intracellular Ca** was not observed when macrophage cells were treated with organic
Quantum dots (QT), or COOH and PEG coated QT. Interestingly, organic QT (which had the
most significant increase in cytosolic Ca®*) induced the mildest oxidative stress in
comparison to the other QTs (Clift et. al. 2010). Similarly, intracellular Ca®* could not be
linked to increases in either ROS levels or lysosomal damage, when endothelial cells were
exposed to several polystyrene and silica NPs. In addition, differences between the changes
in Ca®* levels were observed when non-cytotoxic membrane damage and severe membrane
damage occurred (Meindl et. al. 2015). Recently, Gilardino and colleagues suggested that

the oscillatory changes in intracellular Ca*, after the exposure of neuronal cell in silica NPs,
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were a result of interactions in the cell membrane, with influx from the extracellular
environment being the only pathway responsible (Gilardino et. al. 2015). In the presences of
NPs the levels of intracellular Ca?* return to their baseline in about 4h (Miletto et. al. 2010,

Gilardo et. al. 2015).

The exposure of rat macrophages and human derived monocytes to carbon black NPs
induced increased production of tumour necrosis factor-a protein (TNF-a) after only 4h of
exposure (Brown, Donaldson and Stone 2002). Interestingly, the production of TNF-a was
the result of modifications in Ca®* signals. The involvement of Ca?* in the increased
production of TNF-a was supported by an inhibited response (to calcium signalling); a result
of cells treated with an intracellular Ca®* chelator a BAPTA-AM and the Ca®' antagonist
verapamil (Brown, Donaldson and Stone 2002, Duffin et. al. 2002). Additionally, when the
antioxidants NAL and trollox were used, a partial inhibition of the production of TNF-a and

Nf-k was observed (Brown et. al. 2002).

Chen and associates observed that mast cells exposed to a mixture of anatase and rutile
TiO, NPs produced oxidative stress that led to both the opening of L-type Ca®" channels and
the influx of extracellular Ca®* by permeation of the plasma membrane (Chen et. al., 2012b).
In contrast, histamine secretion was observed as a result of the sustained elevation in
cytosolic Ca%*, achieved by releasing of Ca®* from the ER (Chen et. al. 2012a). Epithelial cells
treated with TiO, NPs exhibited both extracellular Ca”* influx and release of Ca®* from the ER
that leads to the stimulation of mucin secretion (Chen et. al., 2011). Glioblastoma cells and
human lung fibroblasts were exposed in vitro to Ag NPs; these were mainly internalized
through endocytosis, and measurements of intracellular Ca** revealed significant increase in
both cell lines after exposures of 4h, 24h and 48h. Therefore, the toxicity of Ag NPs was
concluded to be a result of changes in Ca®' signalling; interestingly this also resulted in
mitotic arrest (Asharani et. al., 2009). The effects ZnO NPs (20nm) on the induction of
oxidative stress, cytotoxicity and Ca®* homeostasis were evaluated on Human bronchial
cells. Cytotoxicity levels were eliminated when the antioxidant N-acetylcysteine (NAC) was
used. Interestingly, intracellular Ca®* was partially reduced when cells were exposed to NAC
and ZnO for 6 hours, with no immediate response was observed after the exposure. The use
of nifedipine allows the assumption that a portion of Ca’* can enter from the extracellular
environments, the peroxidation of membrane lipids may also play a role in the Ca®" influx
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(Huang et. al. 2009). A correlation between the levels of oxidative stress and intracellular
Ca’* was not observed when macrophages cells were treated with organic quantum dots,
COOH and PEG coated quantum dot NPs (QT). Interestingly, organic QT that had the most
significant increase in cytosolic Ca** induced the mildest oxidative stress in comparison to

the other QT (Clift et. al. 2009).

In literature a lot of evidence has been presented that connect NP treatments with the rapid
increase of intracellular Ca®* (iCa**) concentrations, but not a lot of work has been done to
identify the effect of NPs on iCa®" for extended periods of time. Varied are the results
suggesting a strong connection between oxidative stress and increase in iCa**. Different
antioxidants have been used prior to treatments to identify if a reduction in the increase in
Ca’* after treatment with NPs. A partial reduction was identified suggesting that
iCa’*increase are not only affected by changes in the redox state of the cells, whereas
concurring increase in cytokines and chemokines remained increased. As it was previously
mentioned the connection between changes in iCa’*homeostasis and changes in the
production of chemokines and chemokines is well established. The link between Ca®'
increase and inflamatotoxicity should be further investigated. In order to do that the origins
of the identified increase of iCa**should be investigated in different ca® storages organelles

(e.g. ER, lysosomes) for extended periods of time where oxidative stress is more potent.
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1.6 Physioxic Cell Culture Environment

In aerobic life forms oxygen is utilized and distributed to various organs and tissues by a
complex respiratory system. Ambient atmospheric oxygen is 21%0,, which is the equivalent
of 150mm/Hg. However, after inhalation, O, levels decrease as it reaches the various
internal organs, where it presents at different concentrations. In humans, under
physiological conditions, the arterial blood pressure of O, is 100mm/Hg (14% 0,), while the
pressure in the different organs such as the lungs and kidneys vary, ranging between 1-14%
0O, (Miller et. al. 2010, Muller et. al. 1998). The concentration of O, in the liver has been
recorded at 5.6%, which is substantially lower than ambient levels (Brooks et. al. 2007, Leary
et. al. 2002). Oxygen tension in certain pathological conditions has been documented to
vary, examples include hyperoxia associated lung injury and hypoxia in cancer and wound

healing (Ames et. al. 1993).

Although, traditional in vitro cell culture is performed under ambient oxygen levels (21% O,
hyperoxia (21% O,), this is substantially higher than the oxygen levels that cells in the
human body experience under normal physiological conditions (Atkuri et. al. 2007).
Interestingly, numerous studies have observed that when cultured under physiological
oxygen conditions (physioxia) the replicative life span of the cells is increased (Ithana et. al.
2003, Parinello et. al. 2003). The non-physiological consequences of culturing immortalized
cells under hyperoxia (21% O,) have been overlooked. Evidence in the scientific literature
suggests that the physiology of cells cultured under hyperoxia are greatly affected due to
elevated ROS and the induction of oxidative stress associated with the high oxygen levels.
This, in turn may have a subsequent effect on experimental outcomes when using cells

cultured under these conditions (Halliwell 2014).

The majority of cellular ROS are generated by the mitochondrial respiratory chain and is
modulated by the rate of electron flow. It was previously reported that 1-4% of the oxygen
consumed by the mitochondria is diverted for the formation of ROS. Considering the
amount of oxygen utilized by each cell is ~ 2.5 x 10—18 mol/s, then almost a billion ROS are
being produced every day in vivo (Wagner et. al. 2011). This can be increased greatly when
the cells are cultured in vitro under hyperoxic conditions compared to physiological

conditions (10-13% 0O,).
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Excessive production of ROS for an extended period of time contributes to reduced
antioxidant capacity and ultimately chronic inflammation (Sesti et. al. 2012). It was
previously observed that freshly isolated peripheral blood monocytes (PBMCs) cultured
under hyperoxia (21%0,) produced inflammatory signals resembling those produced during
an infection. When the same cells were cultured under lower oxygen concentrations (5%
and 10% O,), production of inflammatory signals was also identified but at considerably
lower levels (Atkuri et. al. 2005, Atkuri et. al. 2007). After treatment of PBMCs with mitogen
in under both hyperoxia (21% O,) and physioxia (5% O,), a significant increase in conA and
CD3/CD28 crosslinking alongside the increase in production of NOS and reduction of GSH
was identified under the hyperoxia condition as compared to physioxia (Atkuri et. al. 2005,
Atkuri et. al. 2007). After culturing primary T-cells under hyperoxia (21% O,) compared to
physioxia (8% 0,), an increase in the expression of cell death/repair and stress responses
were identified, indicating an increase in the response to oxidative stress (Haddad et. al.

2004).

After rat liver sinusoidal cells (LSECs) were cultured under physioxia (5% O,) a reduction of
the production of the pro-inflammatory mediator, interleukin-6 (IL-6) and increased
production of the anti-inflammatory cytokine, interleukin-10 (IL-10) were observed
compered to hyperoxia (21% O,). Additionally, improved survival of LSECs was identified
alongside the increase in scavenger receptor-mediated endocytic activity (Martinez et. al.
2008). Following the isolation of primary hepatocytes from C57BL/6 mice, they were
cultured under both hyperoxia (21% O,) and physioxia. Guo and colleagues were able to
prove that when the primary hepatocytes were cultured under hyperoxia (21% 0,), they
undergo epithelial-to-mesenchymal transition in addition to obtaining fibroblast-like
morphology and decreased hepatic functions. On the contrary, when the primary
hepatocytes were cultured under physioxia (5% O,) they maintained many of the cellular
functions for up to five days. More importantly, a reduction in the presence of oxidative
stress was identified alongside the decrease of the levels of DNA damage in the physioxic

environment when compared with hyperoxia (Gao et. al. 2017).

Given that culturing cells in a more physiological culture environment can alter their cellular
functions in comparison to culturing them in a hyperoxic environment, it can by
hypothesised that cell interaction and/or uptake and toxicity arising as a result of NPs
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exposure could be altered when treatments take place in the physioxic culture environment
(5% 0,). In recent years, gold NPs have emerged as one of the novel agent for cancer
therapies, studies have therefore focused upon their ability to interact with cells in an
oxygen environment that represents the levels observed in tumours in vivo (hypoxia; less
than 0.7%) (Jain et. al. 2014, Neshatian et. al. 2015). For example, studies on breast cancer
cells (MCF-7 and MDA-MB-231) and cervical cancer cells (HeLa) demonstrated that changes
in oxygen culture conditions can greatly alter the uptake and interaction of gold NP with
different cell lines in hypoxic oxygen culture conditions (Jain et. al. 2014, Neshatian et. al.
2015). Whilst these studies provide evidence to suggest that the cell culture environment
has a significant impact on biological interactions between NPs and cells, the research in this
area is highly limited. There is therefore an urgent need to expand our knowledge on the
role that oxygen tension has on hazard evaluations following NPs exposure to ensure that in

vitro toxicological studies are more representative of the in vivo situation.
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1.7 Aims of thesis

The overarching aim of this thesis was to investigate and understand the potential of
different MONPs (dextran coated-SPIONs, Anatase-TiO, and Rutile TiO;) to exert toxic
(genotoxic, cytotoxic and proinflammatory) effects on human cells and the associated
damage mechanism. All the experiments in this thesis were conducted in both in hyperoxia
(21% 0,) and physioxia (5% O,) in mono-cultures of hepatocellular carcinoma cells (HepG2),
primary monocytes (THP-1) and differentiated-THP-1 macrophages resembling cell line
(dTHP-1), to investigate the impact of varying environmental oxygen content on MONPs

toxicity profiles.

To achieve this aim in Chapter 3, a series of experiments in which physicochemical
characterisation of the NPs in question was carried out prior to cell treatments.
Characterization of the behaviour the different MONPs exhibit under experimental
conditions was a vital undertaking because the toxicological profile of a NP is strongly
dependent on its physico-chemical characteristics. A secondary aim of this chapter was to
compare a range of technical approaches to define the hydrodynamic diameter of the

MONPs agglomerates.

The second objective contributing to the thesis aim was the assessment and comparison of
the ability the MONPs to induce toxicity in the hyperoxic and physioxic culture
environments, evaluated in Chapter 4. The possible toxic effect of NPs depends on
their concentration and duration of their interaction with cells. Therefore, the level of
interaction and uptake of MONPs with the cells was investigated in both hyperoxic and
physioxic culture environments. The ability of MONPs to promote toxicity and
chromosomal DNA damage in HepG2 cells was then quantified and compared in the

different culture environments.

The final objective of this thesis that is described in Chapter 5 was to investigate the
mechanisms underlying the MONPs toxicity identified in Chapter 4. Evaluation of pro-
inflammatory response of the test materials was undertaken as the induction of an immune
response may lead to cytotoxicity and genotoxicity. The effects of MONPs treatments under
hyperoxia and physioxia on the induction of oxidative stress were investigated by identifying
depletion of the cellular antioxidant glutathione. Furthermore, their ability to alter iCa*

signalling was investigated.

42| Page



Chapter 2: General Materials and Methods
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2.1 Chemicals and Reagents

All chemicals and reagents were purchased from Sigma-Aldrich (UK), unless otherwise
stated. Flasks and pipettes used were acquired from Greiner Bio-One (Gloucester, UK).
Roswell Park Memorial Institute 1640 (RPMI), Dulbecco's Modified Eagle Medium (DMEM),
foetal bovine serum (FBS), L-glutamine, antibiotics (streptomycin 100 mg/ml-1/penicillin 100
IU/ml™) and Trypsin/ Ethylenediaminetetraacetic acid (EDTA) were purchased from Gibco,
UK.

2.2 Particle Preparation and Characterization

Dextran-coated Fes04 NPs (dSPIONs) were purchased from Liquids Research (Bangor, UK).
The stock of dSPIONSs prior to cell treatments was vortexed for 10s and then suspended in
the appropriate growth media [RPMI 1640 or Dulbecco’s modified medium (DMEM)].
dSPIONs were used to treat the cell lines in concentrations of 0, 2, 4,8,10,50 and100ug/ml.
The TiO, NPs were supplied from the joint research centre (JRC) NPs repository in dry
powder. Furthermore, their secondary characteristics have been identified in a dispersion
buffer “0.05% BSA dH,0,“(DB) (Rasmussen et. al. 2014). The two different types of titanium
dioxide NPs (TiO, NPs) were used for this study were anatase (NM-102) and rutile (NM-104),
they were used to treat the cell-lines in concentrations of 0,2,4,8,10 and 50ug/ml.
Characterization of the distinct metal oxide NPs (MONPs) (dSPIONs, NM-102 and NM-104)

was investigated; the techniques applied are described in the following sections.
2.2.2 Dispersion SOP for TiO,

Dispersion buffer was produced by diluting sterile filtered bovine serum albumin (BSA)
(Sigma Aldrich, UK) in deionized/distilled water (ddH,0) in the volume of 6.25ml into in
50ml flat bottom centrifuge tube followed by 0.125g BSA, to reach a concentration of 1%
w/v. An additional 6.25ml of ddH,0 was added and the flask. Following a 24h incubation at
4°C, the solution was transferred in Class Il tissue culture hoods (Scanlaf Mars, Denmark)
where a 0.2um sterile disposable filter ware (Corning incorporated, UK) was used to sterile

filter the solution, producing the Dispersion Buffer “0.05% BSA dH,0, “ (DB).
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TiO, NPs (NM-102 & NM-104) were weighed to stock samples of 1.5-2g within Eppendorf
tubes. Depending on the weight of the NPs in the scintillation vessel, the calculated amount
of ethanol (EtOH) was added at a concentration of 0.0015mg/ml (e.g. 2mg NPs diluted in 3ul
EtOH) and the vial was gently mixed by tapping the top. The final concentration of the stock
was 1mg/ml in EtOH & “0.05% BSA Water”). Dispersion buffer (“0.05% BSA Water”) was
added along the sidewalls of the scintillation vessel using a pipette in order to wash down
NPs that have adhered to the sidewalls. The sonicating water bath was filled with water and
ice to keep the temperature constant the vial that contained the diluted NPs was placed in a
mixture of ice (80%) and water (20%) in the sonicating water bath. Sonication of the NP
suspensions commenced for the period of 1h at a frequency of ~30Hz, which produced the

final product for characterization

2.2.3 NP Endotoxin Identification

The Limulus Amebocyte Lysate (LAL) PYROGENT™ (Lonza, UK) was used to determine the
presence of endotoxin in all stock NP samples. On three independent occasions (n=3), the
protocol followed was that as described in the manufacturers kit manual. For each replicate
three vials containing Control Standard Endotoxin (CSE) which was diluted from 1.0 EU/ml
to give the final product of 0.5 EU/ml were used as positive controls. Test samples include,
the negative control, LAL Reagent Water. The NPs were tested by diluting them with LAL
free water in their higher concentration under investigation dSPIONs (100ug/ml) and both
TiO, NP types (50 pug/ml). Preparation of the samples to be tested was carried out by adding
0.10 ml of the reconstituted lysate provided in the kit which was followed by mixing the
content of the tube thoroughly. The samples were then incubated in a tissue culture
incubator at 37°C for a period of 60 min. The assay was carried out as a positive/negative
outcome test. After the incubation the samples where then carefully removed from the
incubator and invert in a 180°. Positive reactions were characterized by the formation of a
firm gel that remains intact momentarily when the tube is inverted. The reaction in each

tube was recorded as either positive or negative.
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2.2.4 TiO, NP Sedimentation Studies

Visual identification of the TiO, NP sedimentation as a result of agglomeration was
investigated in different concentrations and time points. Photographs (seen in Section 3.3.1)
of the sample were taken for each of the steps and different concentrations described

below:

e The samples were imaged following the dispersion of the TiO, NPs (as described in
Section 2.1.1) at a concentration of 1mg/ml. Pictures of the samples were taken after
incubation for 2h in 37°C. The NPs that remained in suspension were used to prepare
three samples. The first sample is 400ul of the supernatant (NPs in suspension). Sample
two and three are 200ul of the supernatant in 800l of the distinct medium used for cell

culture as described in Section 2.2.

e The dispersed sample (1mg/ml) was used to prepare a sample with a concentration of
100ug/ml. The sample was incubated for 2h and as with the previous experiment the

supernatant was used to prepare three samples.

2.2.5 Light Scattering

The theory of Brownian motion dictates that NPs randomly move in a suspension due to
forces applied by macromolecules. Brownian motion, also known as pedesis, suggests that
the larger the NP the slower it moves. Based on the formula of the Stoke-Einstein equation,
DLS and NTA allow the correlation of the movement to calculate the hydrodynamic
diameter of agglomerates (Equation 3.1). This equation also requires temperature and

solvent viscosity (Konan et. al., 2002).

KT
3mtnD

Equation 2.1 2D Stokes- Einstein equation: (x,y)2 =

k = Boltzmann’s constant
T = Absolute Temperature
1 = Dynamic viscosity

D = translational diffusion coefficient
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To identify the hydrodynamic diameter of the distinct MONPs, two distinct light scattering
methods incorporating the use of the Malvern ZetaSizer nano ZS (Malvern instruments Ltd.,

UK) and the Malvern Nanosight LM-12 (Malvern instruments Ltd., UK), were used.

The dispersant characteristics used to set-up the method for all measurements in both
Malvern ZetaSizer nano ZS and Malvern Nanosight LM-12 can be seen in table 2.1. The DLS
method was set-up according to each of the instruments operating manual; it is also
important to note that the set-up requires the input dispersant properties outlined in each

of the NPs optical parameters.

Table 2. 1: Dispersant characteristics

PBS and ddH,0 0.05% BSA in ddH,0
Density (g/cm?) 1.0040 1.0095
Dynamic Viscosity (cP) 0.6963 0.7228
Refractive Index 1.3402 1.3414

2.2.5.1 Sample preparation for each of the NPs

e Dilution of dSPIONs at the concentration used for the treatment of cell lines (100ug/ml)

was carried out in PBS (Sigma-Aldrich, UK) and distilled-deionized H,0 (ddH,0).

e Hydrodynamic diameter of TiO, polymorphs was monitored for 24h, prior to the
experiment all the samples were prepared as mentioned in Section 2.1 and further
diluted in the dispersion buffer “0.05% BSA ddH,0”. The initial concentration in
suspension was 100ug/ml, and it was measured in the dispersion buffer “0.05% BSA
ddH,0”. Due to the sedimentation of the NP in suspension the original concentration
was reduced. After determination of the concentration using UV-Vis (as seen in Section
2.1.6) measurements of the highest concentration used to treat the cells (50ug/ml) were

also carried out.
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The Malvern ZetaSizer nano ZS measures the dynamic light scattering intensity of the
particles to identify their hydrodynamic diameter (HD). In DLS the speed the NPs move in a
diluent is determined by passing a laser through and determining the fluctuations of
intensity of the scattered light. The lack of randomness in the fluctuations is presented as a
correlation coefficient. The correlation coefficient is then plotted against time resulting in a
correlation curve. The samples (100ul) were pipetted into micro cuvettes (Sigma-Aldrich,
UK) and inserted into the instrument. The same sample is measured for 3 times in the
period of 2 min. All the measurements were undertaken at a temperature of 37°C. The
instrument attenuator was set to automatic and analysis of the resulting data was

conducted using the ZetaSizer software (Malvern, UK).

The nanosight allows visualization of the NPs and the identification of their every movement
therefore the name of the technique is NP Tracking Analysis (NTA). NTA was programmed to
measure the sample for 60 seconds for five repeats; the temperature of the sample is
manually measured and adjusted in the software. The measurements were undertaken at
room temperature. The prepared samples were loaded into a 1ml syringe and loaded into
the machine. The samples were measured in a static and not using a flow the reason is that
pressure applied on the liquid suspension further induced agglomeration of the NPs in

suspension.

2.2.6 Determination of Zeta potential using DLS

When NPs are suspended in a solution a two part layer of liquid surrounds them. In the first
layer that sits on the outside the ions are weakly associated. In the inner layer the ions are
strongly bound forming a stable entity with the particle. The ions within this perimeter will
move with the particle when a particle moves under Brownian motion. The hydrodynamic
shear at the surface is also known as the {-potential (Malvern, 2011, Kirby 2010). Essentially,
the C-potential is the difference between the bulk solution and the static layer of fluid
adhered to the particle. Therefore, this strongly determines the charge of a particulate

solution.

The charge can be identified by applying an electrical field. Due to the presence of these

charges the particles will interact with the electrical field, charged particles will move
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towards the electrode of the opposite charge. Viscous forces of the fluid will oppose this
movement and when equilibrium is reached NPs will move at constant velocity. This velocity
is known as electrophoretic mobility and zeta potential is related to it by the Henry equation
(Equation 3.2) (Shaw, 1992). The {potential values of the NP’s were determined by a

Zetasizer 2000 (Malvern instruments Ltd., UK.

Samples were prepared as described in Section 2.1.3.1. A total of 500 ul of particle
suspension was then injected into a Folded Capillary Cell (Malvern, UK) using a 1 ml syringe.
The capillary cell was placed into a ZetaSizer (Malvern, UK) and allowed to equilibrate for 2
min before the measurement process. The z-potential values presented are the average of 3

scans; the experiment was done in a triplicate.

2 ez f(xa)

Equation 2.2 Electroporetic Mobility= 3

€ = Dielectric constant

Z = Zeta potential

f(ka) = Henry’s function

H = Dynamic viscosity
2.2.7 Ultraviolet-Visible spectroscopy (UV-Vis)
2.2.7.1 Acquiring UV-Vis Data

Following dispersion of TiO, NPs, as it was described in Section 2.1.1, the suspension of
1mg/ml was further diluted to a concentration of 100ug/ml. Measurements of the optical
absorbance at the whole light spectrum of the NPs was measured. Measurements were
undertaken immediately after dispersion (Oh) and also following by incubations at 37°C in a
NU-5510 DHD Autoflow incubator (Nuaire, UK) for the periods of 2h and 24h. UV-Vis
absorption spectra were recorded using a U3310 spectrophotometer (Hitachi). All the
measurements were carried 3 times for each of the samples; the experiment was carried
out in a triplicate. All measurements were made at 37°C in square cuvettes (Sigma- Aldrich,

UK) with a one cm light path.
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2.2.7.2 Background theory applied to acquire NP concentration in solution

Unlike molecular solutions, the state of the NP suspensions dictates if it will absorb or
scatter light (or both) in distinct wavelengths (Buhren and Huffman 1983). Scattering of
radiation, of wavelength (M), by small particles, of diameter (d) [(d)/(A) < 0.1], was analyzed
by Rayleigh. Mie’s scattering adaption for larger spherical particles, took into account
interference between light scattered from different points on the particle surface
(Metwally, Mensah and Baffou 2015). Mie showed that light scattering depends on both the
ratio [(d)/(A)], and on the refractive index. Refractive index is a complex quantity with real
(n) and imaginary light scattering (k); these respectively represent the refraction and the

attenuation of the wave (Bohren and Huffman 1983).

Therefore, the A (A) of particulate suspensions is calculated using Equation (2.3). The
extinction coefficient (q) of the particle colloidal suspension is the sum of the coefficients of
scattering (gs.,) and absorption (g.ss), EqQuation (2.4). It is often convenient to express both

scattering and absorption on a unit-volume or mass basis.
Equation 2.3 logl;/I7=q.c.l

Equation 2.4 q,ps = Qext — 9sca

When a particle is illuminated by a plane wave of angular frequency w =2mnc/Ay =kc/np, (the
wave vector). The extinction, scattering, and absorption cross sections of a spherical particle
with radius (ro) embedded in a medium with dielectric permittivity em=nm’ at a wavelength
(A) can be represented by the formulas (2.5) and (2.6) (Haiss et. al.2007, Metwally, Mensah
and Baffou 2015).

2T @oo [
2.5, Qoxt = k—: 721(2j + 1) Re(a; + bj)
k=2T[—ij

2T

2.6. Qsoq = ﬁz;ozl(Zj +1) (ajz + bjz)
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Based on the Ricatti-Bessel functions the scattering coefficients can be produced following
the equations provided at (2.7) and (2.8) (Haiss et. al.2007, Metwally, Mensah and Baffou
2015).

. _ W )= () (w)
m =n/n,, 2l O e )
v=k ro

2g o = WO )
o = T g @mE v w)

Data from experiments produced with different NPs suggests that the absorbance and
scattering cross section is strongly affected by multiple parameters, such as the size, shape,
composition, concentration and the dielectric environment (Haiss et. al. 2007, Metwally,
Mensah and Baffou 2015). Consequently the experimental estimation of the amount of
radiation absorbed by a particulate suspension is not straightforward. Both scattering and
absorption depend on the particles diameter, NPs in suspension almost always forms
aggregates or agglomerates; therefore the optic of an aqueous suspension is not relevant to
the size of primary particles. As a general rule, smaller particles will have a higher

percentage of extinction, due to their greater ability to absorb light (Haiss et. al. 2007).

Based on the Mie theory and with results acquired using UV-Vis spectroscopy, methods to
calculate the diameter of NPs suspended in a known and stable concentration are
developed (Zook et. al.2011). When the analytical relations between the extinction
efficiency (gex:) and diameter, acquired by other techniques such as dynamic light scattering
(DLS) or electron microscopy (EM) (e.g. Transmission EM or Scanning EM), are established, a
determination of the particle concentration (c) can be also accomplished (Paramelle et. al.
2014). Optical quantification methods provided by UV-Vis spectroscopy received a great
popularity with gold and silver NP, this is mainly due to the techniques ability to monitor
passivation (e.g. oxidation), and over-time degradation of a sample through aggregation
(Paramelle et. al. 2014, Haiss et. al. 2007). The MatLab coding used to utilize the results
from UV-Vis in order to get the concentration of NPs in suspension can be seen in Appendix

1.

51|Page



2.2.8 Scanning Electron Microscopy (SEM)

The suspension of Titanium dioxide NPs were prepared as described in Section 2.1.1 and
further diluted to 100ug/ml prior to use for the preparation of the samples. The samples
were prepared on silicon mounts (Agar Scientific, UK), 2ul of each of the NPs in suspension
were drop-cast on a silicon wafer that was positioned at a 45° angle and were left to dry for
24h at room temperature. The imaging was carried out on an ultra-high resolution FE-SEM
S-4800 (Hitachi, Japan), in the following magnifications, 10.3 x 6.00K SE(U),10.3 x 35.00K
SE(U),10.3 x 60.00K SE(U) and 10.3 x 180.00K SE(U).

2.2.8.1 Energy-Dispersive X-ray spectroscopy (EDX)

Elemental composition of the sample was identified by EDX. Each element emits specific
energy X-rays, the electron diffraction spectrometer (EDS detector (Oxford Instruments, UK)
is used to separate the characteristic X-rays of different elements, that information are
analysed by the Integrated Calibration and Application Tool (INCA) software (OXFORD

Instruments, UK).

As with SEM, TEM can also provide the ability to determine the presence of the element in
sample by energy dispersive X-ray spectroscopy (EDX). EDX is an analytical technique for
chemical characterisation and can create an elemental composition map of a selected
sample area. In principle the technique works by the incident beam exciting an electron in
an atomic inner shell, this removes it from that shell creating an electron hole. This hole will
be filled by an electron from an outer higher energy ring, this means that the difference in
energy between the higher and lower energy shell can be released in the form of an X-ray.
An energy-dispersive spectrometer within the TEM can measure the number and energy of
the X-rays. This energy will be characteristic of the difference in the energy between the
electron shells and hence the atomic structure of the element. From this a multiple channel

analyser is able interpret the X-ray data and produce an elemental spectrum (Lawes, 1987).

2.2.9 NP protein Corona Purification and identification

Hard protein corona identification of MONPs within biological media and dispersion buffer

was performed by using the steps outlined in the following paragraphs. Initially all MONPs
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at the maximum concertation used for cell treatments and toxicity tests (for dSPIONs was
100ug/ml and for both titanium dioxide NPs it was 50ug/ml), suspensions were incubated in
1.5ml Eppendorf tubes with 1ml of DMEM or RPMI with FBS at a concentration of 10%,
MONPs were also incubated with the developed suspension buffer mentioned in Section
2.1.1 The diluted NP suspensions were thoroughly vortexed for 30s. Samples were then
placed into an orbital shaker at 250g for 1h. Following the above step in order to isolate the
NP hard corona the sample tubes were centrifuged for 45min at 18000g at 37°C and the

supernatant was removed via gentle pipetting.

Following the isolation of a pellet containing the NP-hard protein corona complex a serious
of washes with PBS were carried out. In order for the washes to be performed the pellet
was resuspended in 1ml of PBS by gentle pipetting and centrifuging the samples at
18000RCF for a period of 20min. This step was then repeated at a total of 3 times in order to

remove any traces of the lightly bound to the agglomerates soft protein corona.

The resultant pellet was prepared for Sodium Dodecyl Sulphate Polyacrylamide Gel
Electrophoresis (SDS-PAGE). The NP-hard protein corona complexes were suspended in 20yl
of SDS-Page loading buffer which consisted by nine parts loading buffer (Cell signalling
technologies, UK) one part dithiothreitol (DTT) (Sigma-Aldrich, UK). The final product was
then heated at 100°C for the period of 5min in a heat block. Construction of SDS-PAGE gels
was undertaken using 4% stacking gel and a 10% resolving gel as presented at table. SDS-
PAGE gels were constructed of a 4% stacking gel and a 10% resolving gel as in Table 2.2.
Initially 1.5 mm glass plates were washed with ethanol and assembled in a casting stand.
The resolving gel was cast first (with a 2 cm gab left), gel was overlaid with isopropanol and
allowed polymerise for 1h. The isopropanol was then removed and the stacking gel applied
with a comb to allow well formation and left to polymerise for 1h. The comb was removed
and gels placed into an electrode assembly/clamping frame and filled with running buffer
(25 mM Tris, 192mM glycine, 0.1% SDS). A protein sizing ladder (BioRad Dual colour
standard, BioRad, UK) 3.2.9.1 was loaded in to the first gel (2 ul) well followed by each
sample (15ul) into individual wells. Gel was run at 120v until the dye had reached the

bottom of the gel.
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Visualization of the of the SDS-PAGE protein bands was carried out using the Pierce® Silver
Stain Kit (Thermo scientific, UK). All the washing and staining steps that follow were carried
out in glass staining trays. Initially the gels were washed twice using ddH,0 for the period of
5min. Gels were then fixed using 30% ethanol and acetic acid solution overnight. Fixative
was washed twice using 10% ethanol with and two washes with ddH,0 followed. The gel
was then washed with silver stain sensitizer solution that consisted by 1-part silver stain
sensitizer 500 parts ultrapure water. Staining was performed using a 30min wash with that
consisted by 1-part silver stain enhancer 50 parts silver stain. Staining was subsequently
visualised by addition of developer solution until bands were clear but not over developed

(developing was stopped by the addition of 5% acetic acid).

Table 2. 2: Preparation of 4% and 10% stacking and resolving gels for SDS-PAGE

Stacking gel | Resolving gel
(4% SDS) (10% SDS)

1. 30% Acrylamide (ThermoFisher) 650 pl 5 ml

2.ddH20 3ml 6 ml

3. 1.5M Tris (Sigma-Aldrich, UK) 3.75 ml

4. 1M Tris 1.25 ml

5. 10% Sodium dodecyl sulphate (SDS) (Sigma-Aldrich, UK) 50 ul 150 ul

6. 10% ammonium persulfate (APS) (Sigma-Aldrich, UK) 25 ul 75 ul

7. Tetramethylethylenediamine (TEMED)(ThermoFisher, UK) 5 ul ul
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2.3 Cell culture

All newly prepared cell culture medium was sterility tested and the cell line routinely tested

for Mycoplasma using the MycoAlert detection kit (Lonza, Slough, UK).

All cell types were adjusted to a suspension of 2 x 10° cells/ml in complete medium
(different for each of the cell lines and is described in section 2.3.2) and used for all
subsequent experiments and passaging. Cell concentrations were determined using a Z1
Coulter Counter (Beckman Coulter, UK), 50ul of cell suspension were placed in 50ml of
diluent (Beckman Coulter, UK). Events were counted at a size range 10 — 17 um and cell

concentrations were established using Equation 2. 1:

Concentration required

Volume of stock cells required=( )xNew volume of cells required

Concentration of stock cells

Cell culture examination to assess cell health and confluence was undertaken using an
Axiovert light microscope (Carl Zeiss, Cambridge, UK). Long term cell storage of both cell
lines used in this study was undertaken by suspending cells at a concentration of cells/ml in
a solution of one part dimethyl sulfoxide (DMSO) (Sigma, UK) to nine parts FBS in cryovials
(Elkay Lab Products, Basingstoke, UK). Cells were then frozen at -80°C overnight in a vessel
containing isopropanol. Cryovials were then transferred to liquid nitrogen for long-term

storage.

2.3.1 Oxygen cell Culture Environment

Hyperoxic environment (21% O, 5% CO;) experiments were carried out in A Class Il tissue
culture hood (Scanlaf Mars, Denmark) that was UV sterilised and cleaned with 70% ethanol
prior to cell culture. A NU-5510 DHD Autoflow incubator (Nuaire, UK) was used to maintain
cells at a temperature of 37°C in a 5% CO;, atmosphere. Prior to cell culture the reagents
were pre-warmed to a temperature of 37°C in a water bath in an ambient oxygen

environment (21% O,).

Physioxic environment (5% 0O, 5% CO;) experiments were carried out in a InvivO;
physiological cell culture workstations (Ruskinn International, UK). Prior to use all culture

reagents and media were acclimatised for 48h in the physioxic culturing environment. All
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cell lines were cultured for 48h at a temperature of 37°C in a 5% 0O, 5% CO, atmosphere

prior to any investigated endpoint described in the physioxic environment.
2.3.2 Culturing of the different cell lines

The hepatocellular carcinoma cell line HepG2 was purchased from the European Collection
of Authenticated Cell Cultures (ECACC) and cultured in DMEM supplemented with 10% FBS,
1% L-glutamine and antibiotics. The cells were grown to at least 80% confluence at 37°Cin a
5% CO, atmosphere. Flasks at >80% confluence required splitting; media was removed and
cells washed twice PBS (Sigma, UK), following the second wash cells were then treated with
trypsin, and afterwards transferred to a 15ml centrifuge tube and centrifuged at 230 g for 4
min. Cells were reseeded at 1x10° cells/ml and passaged for at least two weeks prior to use
following resurrection from liquid nitrogen. Passaging of cells was undertaken every 2-3

days.

The monocyte cell line THP-1 was purchased from American Tissue Culture Collection
(ATCC) and cultured in RPMI 1640 containing 10% FBS, 1% L-glutamine and antibiotics. Cell
were passaged every 2-3 days by re-suspending in complete medium after to centrifugation
at 800rpm for 5 min. THP-1 were differentiated to the non-proliferating adherent cell line
dTHP-1, a macrophage resembling cell line, by addition of PMA at 50nmol for 48h, and a

recovery period for 24h.
2.4 Cell section imaging by TEM

Prior to imaging by TEM, cell samples destined for NP uptake analysis required embedding

in epoxy resin and ultra-sectioning to 70 nm thick sections.
2.4.1 Cell Preparation and Resin Embedding for TEM

Following NP treatment, cells were washed and trypsin was used for 5 min to detach the
cells from the tissue culture flask also known as a trypsinization process (trypsinized), cells
were then re-washed in maintenance buffer (Table 2.7) and placed into 0.5 ml Eppendorf
tubes. Cell pellets were resuspended in 100 mM phosphate buffered 2.5% glutaraldehyde
fixative (Table 2.7) for 15 min at 37°C, cells were then pelleted (230 g for 10 min) and re-
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suspended in fresh glutaraldehyde fixative for 4h at 4°C. Fixative was aspirated and 0.5 ml of

maintenance buffer placed over cell pellets, samples were then left overnight.

Following overnight incubation, cells were pelleted (230 g for 10 min) and washed once in
maintenance buffer. Cells were then post fixed in 1% osmium tetroxide fixative (Table 2.7)
for 1.5 h at 4°C in the dark on a rocker. After secondary fixation cells were re-pelleted at 230
g speed for 10 min and the fixative aspirated off. At this stage the TAAB Premix resin kit
(TAAB Laboratory and Microscopy Reagents, UK) was prepared by the addition of the
hardener to the resin and placed on a roller for 1h, after 1h accelerator component was
added. Prior to adding resin to cell pellets dehydration stages were undertaken; cells were
placed in 10% ethanol for 10 min, 70% ethanol for 30 min and then twice in 100% ethanol
for 20 min, all dehydration stages were undertaken under gentle agitation. Cell samples
were place into 100% propylene oxide for 20 min (twice), then placed in 1:1 ratio of resin
and propylene oxide for 90 min, finally cells were placed into 100% resin overnight at 4°C
(resin was stored at -20°C). Resin was pre-warmed at room temperature on a roller, and
then the cell sample resin replaced with 100% fresh resin). Cell samples were then placed in
an oven at 60°C for 24h with the caps left open (to allow any residual propylene oxide to

evaporate).

2.5 Quantification of dSPIONs-Cell Interaction through identification of Iron

concentrations

The Ferrozine assay was used to measure the amount of iron internalized by each cell line
after a 24h exposure to the selected range of doses (Riemer et. al. 2004). The procedure
was adapted from Singh et. al. (2012). The reagents used in this experiment potassium
permanganate (KMnQ,), Neocuproine, Ascorbic acid (Sigma, UK), 3-(2-Pyridyl)-5, 6-diphenyl-
1,2,4-triazine-p,p’-disulfonic acid monosodium salt hydrate (Ferrozine), Ammonium acetate
and Ethylenediammonium sulphate (EAS) (Sigma, UK). Three replicates were carried out for

each cell line and for every culture environment.

Prior to the experiment the reagents were prepared. Reagent A was made with the
following ingredients; 1.8g KMnO4 + 20ml H,0, 20 ml 2.4M HCI, 2.5 ml of each solution was

mixed in new bottle to create reagent A. Reagent B was made with the following
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ingredients; 0.042g neocuproine in 1 ml methanol (13.1mM), 0.8g ascorbic acid, 0.049g
ferrozine in 1 ml d.H,0 (6.5mM) *Reagent B was made in a separate bottle (final volume of
1.961 ml = ~2ml): 1.3 ml ammonium acetate, 131 ul neocuproine, 500 pl ddH,0, 130 pl
ferrozine, 0.8g ascorbic acid. Standards were made with the following ingredients; mixture
of 100 uL of FeCls standards (0—300 uM) in 10 mM HCI, 100 pL 50 mM NaOH, 100 plL

releasing reagent, and 30 plL detection reagents.

Frozen cell pellets were first re-suspended in 200 ul 0.01M HCI (Sigma, UK). 100 pl of
Reagent A was added to pellets and standards and incubated at 60°C for two hours (Belly
Dancer water bath). Samples and standards are then removed and left to cool to room
temperature. 50 ul of Reagent B is then added to standards and samples, a colour change of
brown to purple was observed upon vortexing. If samples appear clear this indicates no iron
uptake. Samples and standards (100 pl) were loaded later added to a 96 well plate and the
absorbance measured by a plate reader at 570nm. Preparation of ferrozine standards: 0.2g
ferrous ethylenediammonium sulphate (EAS) was dissolved in 2 ml 0.01M HCI. Distinct
concentrations (of the standards were prepared by further dilution using 0.01M HCI.
Depending on volume of standards reduce amount of reagents accordingly (e.g. if 100ul use

50ul of reagent A and 10ul reagent B).

2.6 Investigation of TiO, NPs cellular interaction

The laser beam (488 nm) illuminates cells in the sample stream which go through the
sensing area. The laser light scattered at narrow angles to the axis of laser beam is called
forward-scatter(ed) (FS) light. The laser light scattered at about a 90° angle to the axis of the
laser beam is called side-scatter(ed) (SS) light. The intensities of FS and SS are proportional
to the size of cells and the intracellular density, respectively. Increase in cellular-NP
interaction was correlated with the shifting/increase of side scattering (SS), which suggests

an increase in cellular granularity.

Investigation of cellular interaction of the distinct cell lines with the polymorphs of TiO, NPs
(NM-102 and NM-104) was carried out with the use of flow cytometry. The experiment was
based on the paper Zucker and colleagues (2010) that detection of interaction was based on

light scattering principles. Measurements were carried out after a 24h treatment of the
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distinct cell lines in the different oxygen culturing environments. After treatment of the cell
lines for the period of 24h with the NPs, the cells were collected and washed with PBS twice.
The cells were re-suspended in flow cytometry liquid and measurements were carried out.
To identify changes in granularity the results were plotted as histograms of the SS against
the forward scattering (FS). The extent of the increase in granularity and therefore the
interaction of NPs with the different cell lines the measurements were plotted as count
against SS. Statistical comparisons were carried in order to determine if the increase

granularity/cellular interaction were significant when compared with the negative control.

2.7 Pro-Inflammatory cytokine quantification using an Enzyme-Linked Immunosorbent

Assay (ELISA)

Following a 24h treatment of the cells with the mentioned NPs, supernatants were collected
and stored in -20C°. Quantification of TNF-a (DTAOOC) & IL-8 (CXCL8) was carried out using
ELISA Kits that were purchased from R&D, UK. Capture antibody was diluted in a
concentration of 4 pg/ml and loaded in 96-well plates (Corning incorporated, UK) at a
volume of 100 pl. Following loading the plate was covered with parafilm and it was
incubated at room temperature overnight. Cytokines standards were prepared as described
according to manufacturer’s instructions; all supernatant samples were diluted 1 in 10. After
a 1h incubation with the blocking buffer the plate was washed 3 times with wash buffer and
100 pl of standards and samples were loaded and the plate was incubated for 2h. Dilution of
the detection antibody in a concentration of 20ng/ml in 4ml of reagent diluent was carried
out. After incubation samples and standards were removed and the wells were washed 3
times with wash buffer; 50 ul per well of detection antibody was then added to the plate
followed by 2h incubation. Removal and washing of the wells was repeated, 100 ul of
streptavidin-HRP (1:200 dilution of stock) was added to each well and the plate was
incubated in the dark for 20 min at room temperature. The plate was washed for one more
time after incubation with 100 pl of SureBlue™ substrate solution (KPL Inc., USA) in the dark
until the colour had sufficiently developed. The reaction was stopped by the addition 38 pul
of 50 1M HCI. Finally, the optical density (absorbance) of the samples was determined by
using a FLUOstar Omega Multimode microplate reader (BMG LABTECH Ltd, UK) set to 450
nm. Optical density of the standards was used to generate a standard curve which was used

to determine concentrations in the unknown samples. Three replicates of ELISA cytokine
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analysis were performed for each cell type (THP-1, dTHP-1 and HepG2), each dose and for

each of the culture environments (hyperoxic and physioxic).
2.8 Intracellular reduced Glutathione

The Glutathione Detection Assay (fluorometric) (AbCam, UK) was used for the
determination of glutathione concentration. After a 5h treatment with NPs at the
concentrations described in Section 2.1.2, 1x10° cells in 1ml for each of the treatments were
harvested and washed twice using PBS. All centrifugation steps were carried out at a speed
of 250g. After a 5min centrifugation with PBS the pellets were re-suspended in 100ul Cell
Lysis buffer and incubated in ice for 10min. The samples were centrifuged for 10min at 4°C;
the supernatant was collected and transferred in a clean tube. The samples were kept on
ice, a deproteinization of the samples step was initiated by adding 1 volume of ice cold
100% (w/v) trichloroacetic acid (TCA) (Sigma Aldrich, UK) into 5 volumes of sample, each of
the tubes was then vortexed for 30seconds and incubated on ice for 10min. The samples
were then neutralised by adding sodium bicarbonate (Sigma Aldrich, UK) drop by drop till
the pH equals 4-6. The samples were then centrifuged for 15min at 4°C and the supernatant
was collected. Standards were prepared in concentration of 0-1pg/well. A black bottom 96
well assay black plate with clear bottom (Corning incorporated, UK) was loaded with 100ul
of sample and standard. The wells were then loaded with 2ul of each the dye
monochlorobimane and GST reagent. Fluorescence was measured using a Clariostar pate
reader (BMG Labtech, Germany) at excitation 380nm and emission 461nm. Three replicates
were performed for each cell type (THP-1, dTHP-1 and HepG2), each dose and for each of

the culture environments (hyperoxic and physioxic).
2.9 Cell viability assessment

RPD was used to calculate the cellular viability for HepG2 and THP-1 cells, after counting cell
numbers using a Z™ Series COULTER COUNTER® (Beckman Coulter, UK). An initial cell count
was undertaken prior to NPs treatment which was used as the initial cell count number in
Equation 2.8. After treatment for the period of 24h with NPs and standard (Mitomycin-C at
0.05ug/ml) the effects on cell viability were identified using the relative population doubling
(RPD) (Equation 2.8).
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dTHP-1 stop dividing after exposure to PMA (Section 2.2). Therefore, the numbers of live /
dead cells were determined both prior and after treatment using Trypan blue (0.4%
solution) and a haemocytometerThe measurements were used to produce a relative
increase in cell count (RICC). The formulas used for the calculations of RPD and RICC were

found in Lorge et. al. (2008) and are presented below:

No. of population doublings in treated cultures

Equation 2.8: RPD= x 100

No. of population doublings in control cultures

Increase in number of cells in treated cultures (final — starting)

Equation 2.9: RICC= x 100

Increase in number of cells in control cultures (final — starting)

2.10 In Vitro Cytokinesis Block Micronucleus assay (CBMN)

HepG2 cells were cultured as described in Section 2.2 and were seeded in 25cm® flasks at a
concentration of 2x10° cells/ml that were incubated for 24h. Cell treatments of all NPs were
then undertaken for a period of 24h in the concentrations mentioned in Section 2.1.2. The
concentration of the NPs were used to treat the cells in this study are relevant to the
dosages employed in clinical trials, and were adopted from Singh et. al. 2012. Mitomycin-C
(Sigma Aldrich, UK) was chosen as the assays positive control, it was used at a concentration
of 0.05ug/ml. After treatment for a period of 24h the cells were washed three times with
PBS and clean medium was added. Cell cycle arrest was achieved by exposing the cells to
cytochalasin B 0.5ug/ml (Sigma Aldrich, UK) for 24h. NP treated HepG2 cells were washed
with PBS twice, 2ml of trypsin/EDTA solution was added to detach adhere cells from the
flasks. After detaching the cells 5ml of PBS was added and the cell suspension was

transferred in 15ml centrifuge tube and centrifuged for 5min in 230xg.
2.10.1 Cell Harvesting and Micronucleus scoring

All centrifugation steps that follow were performed for 10 min at a speed of 230xg and a

temperature of 4°C. The supernatant was discarded and the cells were re-suspended with
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hypotonic solution (KCI 0.56%) and centrifuged. The supernatant was removed and the cell
pellet was re-suspended in Fixative 1 {methanol: acetic acid: 0.9%NaCl (5:1:6 parts)} and
centrifuged. Four washes with Fixative 2 {methanol: acetic acid (5:1)} were performed by
centrifuging and re-suspending the cells. After the fourth wash the cells were incubated at
4°C overnight. Prior to slide preparation the slights were incubating in Fixative 2 at 4°C
overnight and washed once by rinsing with ddH,0. Slides were prepared by pipetting 100ul
of the cell suspension. The slides were dried for 24h and stained by applying 30ul of 40,’6-
diamidino-2- phenylindole (DAPI) (Vectashield, UK) for the period of 15min. The scoring of
the cell was carried out using the METAFER automated analysis system (MetaSystems, Carl
Zeiss Ltd). 6000 binucleated cells were scored for each of the doses (after three replicates of
2000). Following automated scoring a manual check was performed of the image gallery to

ensure all micronuclei had been appropriately identified by the software.
2.10.2 Centromere Staining

Buffers used for the experiment include, 10*SSC: 43.8g NaCl and 22.05gSodium Citrate in
500ml in ddH,0, Reagent A made by70% Formamide and 2*SSC and Reagent B made
0.4*SSC with 0.3%Tween20.

Supernatant was removed and the pelletized treated HepG2 were re-suspended in 90%
Methanol. Density of the cells in suspension was checked under a microscope and adapted
after visual investigation. Cytospin harvesting commenced, 150ul of the cell suspensions
was dispensed into a Megafunnel ™ and centrifuged at 1,000 rpm for 5min using a cytospin
(Thermofisher, USA). The slides where then removed and left to dry for 24h. A mini-oven
(Hybaid Limited, UK) was prepared at a temperature of 42°C, a tray of PBS was added to
keep the min-oven humid. Prior to staining Reagent A and Reagent B were prepared.
Star*FISH© Human Chromosome Pan-Centromeric Probes (Cambio, UK) were defrosted by
keeping them at room temperature for 15 minutes. The Slides were transferred into the
prepared mini-oven and incubated for 10 minutes. Chromosome denaturation was
performed by incubating the slides for 2 minutes in a coplin jar filled with Reagent A in a
70°C water bath. 8.5ul of the pan-centromeric probe was applied to each of the slides; they
were then covered with cover slips and incubated for 5min at room temperature. The probe

was denatured in a mini-oven providing dry heat, which was set at a 70°C for 15 minutes,
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then the temperature was reduced to 42°C and the slides were incubated for 20h. After
incubation the cover slips were removed and the slides were agitated in a coplin jar filled
with Reagent B for 2 minutes. A coplin jar filled with Reagent A at room temperature was
used for a 2 min wash of the slides. Lastly the slides were stained with 10ul of 40,6-
diamidino-2- phenylindole (DAPI)/ Vectashield (Vector Laboratories, USA) and the cells were

scored using the metafer automated analysis system (MetaSystems, Carl Zeiss Ltd).

DAPI was excited at a wavelength of 360nm, and FITC which the centromeres were labelled
with, was excited at a wavelength 500nm. Further information on what a centromere positive
and centromere negative micronuclei looks like can be found in Section 4.3.5. Clastogenic
responses were deemed when no centromeres were identified in a formed MN, and
aneugenic responses where labelled as such when a centromere was identified in a formed
MN. 100 bi-nucleated cells with present micronuclei (33 from each of the 3 replicates) were
scored for each of the treatments, which allowed the identification of aneunogenicity and

clastogenicity.
2.11 Mitotic Spindle analysis

HepG2 cells were cultured as described in Section 2.2 and were seeded in 25cm® flasks at a
concentration of 2x10° cells/ml that were incubated for 24h. Treatments of HepG2 cells
were carried out only in concentrations of 100pg/ml of dSPIONs, 10pg/ml of NM-102 TiO,

and 10pg/ml of NM-104 TiO2 and a negative control as mentioned in Section 2.1.2.

For staining microtubules, cells were fixed with 3% paraformaldehyde in PBS for 30 min and
permeabilized with 0.1% Triton X-100 in PBS for 10 min in room temperature (Triton-X,
Sigma-Aldrich). All solutions applied directly to slides used a volume of 200 ml per slide.
Slides were incubated in blocking solution (0.3% Triton-X, 1% Bovine Serum Albumin, diluted
in PBS) for the period of 20 min at room temperature. This was followed by an overnight
incubation at 4°C in Anti-alpha Tubulin antibody [DM1A] - Microtubule Marker (AbCam, UK)
at a 1:100 concentration diluted in the blocking solution. After rinsing in 1x PBS, sections
stained by applying 30ul of 40,6-diamidino-2- phenylindole (DAPI) (Vectashield, UK) for the
period of 15min in room temperature. Scoring of dividing cell was carried out on

fluorescent microscope. Three replicates of 100 mitotic cells were investigated (total of 300
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cells) and allocated to each of the following categories; monopolar spindle, bipolar Spindle

(normal) and multipolar Spindle.
2.12 Intracellular Ca** signalling

Following treatment with the distinct NPs in the different culture oxygen environments for
the periods of 30min, 5h and 24h with the concentrations described in Section 2.1.2
investigations on the effects of Ca’* intracellular levels was carried out. All cell lines were
seeded in a 96 well assay black plate with clear bottom (Corning incorporated, UK) at a
concentration of 2*10° cells/ml. lines (e.g. THP-1 cells). All the measurements were carried
at a temperature of 37°C. All physioxic culture measurements were carried at the
mentioned environment (5% O,, 5% CO,) the measuring chamber of the plate reader was
calibrated to resemble that environment. All measurements were carried out using

Clariostar Multimode microplate reader (BMG LABTECH Ltd, UK).

An aliquot of FLUO-4AM (Thermofisher Scientific, USA) was diluted in DMSO stock solution
to a concentration of 2.5mM. The non-ionic detergent Pluronic™ F-127 (20% Solution in
DMSO) (Thermofisher scientific, USA) was added to assist in the dispersion of the non-polar
AM ester in aqueous media. An equal volume of 20% (w/v) Pluronic in DMSO was mixed
with the aliquot of AM ester stock solution before dilution into the loading medium, making
the final Pluronic concentration about 0.02%. The stock solution was further diluted in full
medium used for the culture of each cell line at a final concentration of FLUO4AM to be
2.5uM. The organic anion-transport inhibitors probenecid (Thermofisher Scientific, USA) at a
concentration of 2.5 mM was added to the cell medium to reduce leakage of the de-
esterified indicator. Stock solutions of probenecid are necessarily quite alkaline; it is
therefore important to readjust the pH of media to which they have been added. All cell
lines were incubated with the mixture mentioned above for the period of 45min. The
minimum dye concentration required to yield fluorescence signals with adequate signal to

noise was used.

Before any fluorescence measurements took place cells were washed 2 times using PBS by

spinning them down to remove any dye and then re-suspended in indicator-free phenol red
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medium. Cells were then incubated for a further 20 minutes to allow complete de-

esterification of intracellular AM esters.
2.13 Measurement of intracellular Ca**-antioxidant pre-treatment.

All cell lines were pre-treated with 25 mM of the hydrophobic antioxidant Trolox, diluted in
DMSO for the period of 24h prior to treatment with the distinct NPs for 5h. Control cells
received either cell medium only (complete medium in the absence of phenol red) (control)
and complete medium (in the absence of phenol red) supplemented with either Trolox
(antioxidant control). After treatment to NPs staining with FLUO-4AM and measurements
were carried out as described in Section 2.10. Investigation into the effects of exposing cells

pre-treated with either Trolox was repeated a total of three (n = 3) times.
2.13.1 Determination of the effects in different Ca>* organelles

e Following treatment as described in Section 2.10 the effects of NP treatment had on the
Endoplasmic reticulum Ca®* levels (ER Ca’') were determined using thapsigargin.
Thapsigargin stimulates release of Ca®* from the endoplasmic reticulum (ER). All the cells
were then stimulated with 100 nM of Thapsigargin diluted in DMSO, for the period of

20min, this was carried out during the final step of staining mentioned in Section 2.10.

e Determination on the effects 30min treatments with the distinct NPs had on lysosomal
Ca’* levels was determined using GPN. After treatment and staining with FLuo4-AM (as
mentioned in Section 2.10) the black plate with clear bottom (Corning incorporated, UK)
with the cells was loaded in a clariostar Multimode microplate reader (BMG LABTECH Ltd,
UK). The software was programmed to perform a continuous measurement for the period
of 80s. An injection of Glycyl-L-phenylalanine 2-naphthylamide (GPN) was administered
using the needle/syringe of the machine after a period of 10. Final concentration of GPN
(Sigma-Aldrich, UK) varied depending for each of the cell lines 50uM for THP-1, 100uM for
dTHP-1 and 200uM GPN for HepG2.

2.13.2 Immediate response to changes in intracellular Ca** homeostasis

The immediate effects of treatments with the distinct NPs on the intracellular Ca**

homeostasis were investigated using the injection system of the clariostar multimode
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microplate reader. The different cell lines were seeded and stained as described in Section

2.10 above.

The injection machinery (tow provided pumps) of the plate reader was primed using two
diluted Eppendorf tubes for each of the NPs. The two tubes were at concentrations seen at
table 2.8 a, the volumes used for the treatment of the cells and the final concentration of
NPs in the well can be found in Table 2.3. The measurements were carried for the period of
300seconds in total. The injection of the NPs and the positive control were carried out after
measurement for 30s. As soon all the replicates (n=3) were carried out for the NP
treatments, the pumps were then primed with full medium (pump 1: negative control,
complete medium), and the positive control used for this experiment, the ionophore known

as A23187 (Sigma-Aldrich, UK) at a concentration of 0.5 nmol/mg (Pump 2).

Table 2. 3: dSPION, NM-102 and NM-104 volume used for each of the immediate response

treatments. *Only used with dSPIONs

Pump used: Volume injected (ul) Concentration of NP in well (treatment)
(ug/ml)

Pump 1 (70 pg/ml) 5.5 2

Pump 1 (70 pg/ml) 11.5 4

Pump 1 (70 pg/ml) 23 8

Pump 1 (70 pg/ml) 29 10

Pump 2 (500ug/ml) 20 50

Pump 2 (500pg/ml)* 40 * 100*

Pump 1 Negative control (Complete |40 0

medium)
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2.14 Data and Statistical Analysis

GraphPad Prism 6 was used for the plotting and the statistical analysis of all the results. All
data is presented as mean and standard error (SEM). Normality of the data was performed
using the D'Agostino-Pearson normality test. The choice of a parametric or non-parametric test
depended on the outcome of the normality test which was performed using the software GraphPad
PRISM (USA). Two-way ANOVA and Tukey’s multiple comparisons test were used to compare
the results in all cell lines between each dose, the untreated controls and the different
oxygen environments. All of the statistical analyses of the acquired data we were completed
with a p<0.05 considered as significant. Unless otherwise stated all experimental data were

gathered in in three replicates unless it is stated otherwise.
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Chapter 3: Primary and secondary characterization of metal oxide
NPs

68 |Page



3.1 Introduction

The physicochemical characteristics of engineered NPs influence the distinct behaviour they
will have in a biological environment, as discussed in detail in Section 1.2. Thus, evaluation
of the physicochemical characteristics of NPs is necessary prior to toxicological studies in
order to understand their ability to interact with cells and potentially induce toxicity (Rivera-

Gil et. al. 2010).

When the nanotoxicology field was at an early stage, the importance of the assessment of
NPs physicochemical characteristics prior to toxicological screening was not well
understood. Consequently, reports in the literature were highly contradictory when
apparently investigating the same material. However, it became increasingly evident that
differences in NM properties, such as size/agglomeration status, surface charge, shape and
chemical composition could affect the outcome of the toxicological endpoints (Hall et. al.
2007). For example, when different sized TiO, and carbon black were tested in rat lung
tissue for inflammatory responses, the researchers suggested that the bulk material was
non-toxic whereas the nano-sized materials demonstrated toxic potential, and that the
carbon NPs were more toxic than the TiO, (Renwick et. al. 2004). Whereas, in a different
study, nano-sized TiO, and carbon black induced similar behaviour when exposed to lung
alveolar L-2 type Il cells (Barlow et. al. 2005). The limited characterization provided in
studies for materials that are seemingly the same and in similar concentrations, does not

allow detailed comparisons to better understand the different toxicological results.

Characteristics of NPs are divided in to primary and secondary features. NM characterization
conducted following their synthesis is deemed as the primary characterisation. Primary NM
characteristics include size, morphology, surface area, composition/purity, surface charge,
surface chemistry and potentially endotoxin contamination (Saves and Warheit, 2009).
Secondary characterisation of the NPs is conducted after their exposure to a test system
(e.g. biological environment, experimental environment); these may include assessment of
agglomeration state, suspension stability, dissolution and protein corona formation
(Johnston et. al. 2012). It is of critical importance to consider both primary and secondary
physico-chemical features as they can substantially differ from each other. NM behaviour

under experimental conditions, such as their agglomeration status and stability of their
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dispersion in different diluents, can be very different from the primary particle features as
previously discussed in detail within Section 1.2.2, therefore characterisation remains
critical in truly understanding the biological impact of NM exposure (Johnston et. al. 2012).
Evaluation of both primary and secondary NM characteristics is thus a core component of
any nanosafety orientated study, as it allows the comparison of data generated across the

scientific field.

Despite, the critical need of thoroughly evaluating the physico-chemical features of NM
applied in nanosafety studies, a wide range of approaches exist for the characterization of
NM primary and secondary characteristics. Depending on the NM under investigation
certain techniques are not appropriate. For example, in terms of agglomerate sizing DLS and
NTA are some of the most widely used measurement techniques (Filipe et. al. 2017).
Although, one may not be the most appropriate depending on the NM under investigation
and the diluent used for dispersion, this will be further discussed based on the results
produced in this chapter. Better understanding and application of characterization
techniques is required in the field of nanotoxicology in order to archive correct identification

of NM primary and secondary characteristics.

70| Page



3.1.3 Study Aim and objectives

The aim of this Chapter was to characterise the physico-chemical properties, namely,
agglomerate status, hydrodynamic diameter, elemental composition and morphology/shape
of the mental oxides NPs (MONPs) under investigation: NM-102 (Anatase TiO,), NM-104
(Rutile TiO;) and dFe30,4. Undertaking detailed and robust characterisation of the test NPs
was necessary to fully understand the biological and toxicological behaviour of the NPs used
throughout this thesis. The primary characteristics of the NM under investigation in this
study were thoroughly described through previous studies (Evans et. al. 2016 and Singh et.
al. 2012, Rasmussen et. al. 2014). Thus, the focus of this Chapter was to evaluate the
secondary characteristics of the test NPs following dispersion in the range of diluents to be
applied in the later toxicological studies in the thesis: 0.05% BSA, 10%FBS DMEM and 10%
FBS RMPI. These characteristics evaluated included the determination of the stability,
concentration of NM in suspension and the rate of their sedimentation to identify correct
concentrations for exposure regimes, the formation of a protein corona and endotoxin
contamination in the samples. In addition, comparison of different techniques used for
agglomeration assessment of NPs, namely, DLS, NTA and SEM, was applied in order to
determine the best combination of approaches to evaluate NM behaviour in an in vitro

environment.
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3.2 Materials and Methods

3.2.1 Particle Preparation and Characterization

Dextran-coated FesO4 NP’s (dSPIONs) were purchased from Liquids Research (Bangor, UK). A
stock of dSPIONs were vortexed for 10s and then suspended in the appropriate growth
media (10% FBS RPMI or 10% FBS DMEM) prior to cell treatments. Two different types of
titanium dioxide (TiO,) NPs were used for this study, NM-102 and NM-104. The TiO, were
supplied from the Joint Research Centre (JRC) repository and were supplied as a dry powder

(Rasmussen et. al. 2014).

3.2.1.1 Dispersion process for TiO,

Dispersion buffer was produced by using sterile filtered bovine serum albumin (BSA) (Sigma
Aldrich, UK). After sterile filtrations, the final concentration of the Dispersion Buffer was
“0.05% BSA dH,0,“. TiO, NP powders were dispersed at a concentration of 1mg/ml (in the
dispersion buffer). The NP suspension was sonicated for the period of 1h at a frequency of

~30Hz as described in Section 2.2.2.

3.2.2 Dynamic light scattering and NP tracking analysis

To identify the hydrodynamic diameter (or radius) of the dSPIONs, NM-102 and NM-104
different light scattering techniques were used. These include utilization of the widely used
Malvern ZetaSizer Nano ZS (Malvern instruments Ltd., UK) and the Malvern Nanosight LM-
12 (Malvern instruments Ltd., UK). Further information on the background and the set up
according to each of the instruments operating manual can be found in Section 2.2.4. Three

replicates were carried out for each experiment.

e Dilution of dSPIONs at the concentration used for the treatment of cell lines (100ug/ml)
was carried out in PBS (Sigma-Aldrich, UK) and distilled-deionized H,0 (ddH,0).

e The hydrodynamic diameter of TiO, polymorphs was monitored for 24h, prior to the
experiment all the samples were prepared as mentioned in Section 2.1 and further
diluted in the dispersion buffer “0.05% BSA ddH,0”. The initial concentration in

suspension was 100ug/ml.
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3.2.2.1 Determination of Zeta potential using DLS

The z-potential values of the NP’s were determined by a Malvern ZetaSizer Nano ZS
(Malvern instruments Ltd., UK). Samples were prepared as described in Section 3.2.2 and
500 ul of particle suspension was injected into a Folded Capillary Cell (Malvern, UK) using a 1
ml syringe. The capillary cell was placed into a Malvern ZetaSizer Nano ZS (Malvern
instruments Ltd., UK) and allowed to equilibrate for 2 min before the measurement process.
The z-potential values presented are the average of 3 scans and the experiment was

performed in a triplicate.

3.2.3 TiO, NP sedimentation Studies

Visual identification of the TiO, NPs sedimentation as a result of agglomeration was
investigated at different concentrations and time points. For the two experiments that

follow images of the sample were taken for each of the steps as described below:

e The samples were imaged following the dispersion of the TiO, NPs (as described in
Section 3.2.1) at a concentration of 1mg/ml. Pictures of the samples were taken after
incubation for 2h in 37°C. The particles that remained in suspension were used to
prepare three samples. The first sample was 400ul of the supernatant (particles in
suspension). Sample two and three were 200ul of the supernatant in 800ul of the

medium used for cell culture as described in Section 3.2.1.

e The dispersed sample of the TiO, NPs (as described in Section 3.2.1) at a concentration
of 1mg/ml was further diluted in dispersion buffer to prepare a sample with a
concentration of 100ug/ml. The sample was incubated for 2h in 37°C. As previously
described for the experiment above, the supernatant was used to prepare three
samples. The first sample was 400ul of the supernatant (particles in suspension). Sample
two and three were 200ul of the supernatant in 800ul of the medium used for cell

culture as described in Section 3.2.1.
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3.2.4 Ultraviolet-visible spectroscopy (UV-Vis)

Following dispersion of TiO, NPs, as described in Section 3.2.1, the suspension of 1mg/ml
was further diluted to a concentration of 100ug/ml. Measurements of the optical
absorbance by the NPs over the whole light spectrum was measured. Measurements were
undertaken immediately after dispersion (0h) and also following incubations at 37°C in a

NU-5510 DHD Autoflow incubator (Nuaire, UK) for the periods of 2h and 24h.

UV-Vis absorption spectra were recorded using a U3310 spectrophotometer (Hitachi,
Japan). All measurements were made at 37°C in square cuvettes (Sigma- Aldrich, UK) with 1

cm light path. All the measurements were carried in triplicate.

The results were used to calculate the concentration of the NPs in suspension after
incubation. Based on the Mie theory and with results acquired using UV-Vis spectroscopy,
methods to calculate the diameter of NPs suspended in a known and stable concentration
have been developed and were applied in this study (Zook et. al.2011). When the analytical
relations between the extinction efficiency (gex) and diameter, acquired by other
techniques such as DLS are established, a determination of the particle concentration (c) can
also be accomplished (Paramelle et. al. 2014). More information on the theoretical
background for the analysis and computing of the results to identify the NP concentration in

suspension is described in Section 2.2.7.

3.2.4 Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)

The suspension of Titanium dioxide NPs (NM-102 and NM-104) were prepared as described
in Section 3.2.1.1 and further diluted to 100ug/ml prior to use for the preparation of the
samples. The samples were prepared on silicon mounts (Agar Scientific, UK); 2ul of each of
the NP’s in suspension were dropped on a silicon wafer that was positioned at a 45° angle
and were left to dry for 24h at room temperature. The imaging was carried out at an ultra-

high resolution using a FE-SEM S-4800 (Hitachi, Japan).

Elemental composition of the sample was identified by EDX. Each element emits specific
energy X-rays; the EDS detector (OXFORD Instruments, UK) is used to separate the

characteristic X-rays of different elements, which is analysed by the INCA software (OXFORD
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Instruments, UK). The technique can also be used in Transmission Electron Microscopy

(TEM), therefore the techniques theoretical approach is further explained at Section 2.2.8.

3.2.5 NP protein corona purification and identification

Identification of the hard protein corona surrounding MONPs following incubation in
biological media and dispersion buffer was performed. MONPs were incubated in tubes with
1ml of DMEM or RPMI with FBS at a concentration of 10% and suspension buffer as
described in Section 3.2.1. The diluted NP suspensions were vortexed for 30s. Samples were
then incubated for 1h. Following this step and in order to isolate the NP hard corona, the
samples tubes were centrifuged for 45min at 18000xg at 37°C and the supernatant was

removed gently.

Following the isolation of a pellet containing the NP-hard protein corona complex, a serious
of washes were carried out. Further information on preparation, running and visualization
of protein bands by Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) can be found in Section 2.2.9. The experiment was conducted in triplicate and images
of the gels were obtained immediately after staining. Quantification of the gel protein bands

was undertaken using ImageJ (NIH, USA).

3.2.6 NP endotoxin identification

The MONPs suspensions were all investigated for the presence of endotoxin using Limulus
Amebocyte Lysate (LAL) PYROGENT™ (Lonza, UK). The protocol for the endotoxin gel-clot

assay is further described in Section 2.2.3.

3.2.7 Statistical analysis

GraphPad Prism 6 was used for the plotting and statistical analysis of all the results. All data
is presented as mean and standard error (SEM). Normality of the data was performed using
the D'Agostino-Pearson normality test. Two-way ANOVA and Tukey’s multiple comparisons
test were used to compare the results. For all statistical analyses, p<0.05 was considered as

significant. Unless otherwise stated all experimental data were gathered in three replicates.
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3.3 Results

The physicochemical properties of the dry powder form of the two different types of NM-
102, NM-104, were thoroughly investigated prior to delivery by the JRC NPs repository, and
the results were presented by Rasmussen and colleagues in 2014 (Rasmussen et. al. 2014).
NM-102 and NM-104 were provided in the form of powder therefore some of the primary
characteristics had to be investigated to compare and confirm the nature of the NPs.
However, their secondary characteristics after application of the optimised dispersion

protocol had to be identified and were thus the focus of this Chapter.

Similarly, the form of dSPIONs used in the present study was previously used in the In Vitro
Toxicology Group’s laboratory and thorough investigation of their properties has been
previously conducted (Evans et. al. 2016 and Singh et. al. 2012). Nonetheless, their
secondary characteristics had to be investigated as part of the focus of the present Chapter,
to define their secondary characteristics in the experimental environments applied during

this study.

3.3.1 Visual identification of sedimentation of Titanium dioxide NPs

Following the dispersion of the dry powder of TiO, NPs (NM-102 and NM-104) in the
dispersion liquid (0.05% BSA water) at a concentration of 1mg/ml, their stability in different

suspension buffers was investigated.

The stability of the TiO, NP suspensions was investigated in the dispersion liquid (0.05% BSA
water). As is seen in Figure 3.1, immediately after dispersion the NP suspensions of both
NM-102 and NM-104 at a concentration of 1mg/ml seemed to be homogenous with no
visible sediment at the bottom of the tube (Figure 3.1 A & E). After a 2h incubation of the
dispersed NPs at 37°C a layer of sediment was visible in both NP suspensions, in which was
more prominent with the NM-102 (Figure 3.1 B & F). To identify whether the NP suspension
continued to sediment after the 2h incubation, 400l of the supernatant was removed and
placed in a new tube. As is seen in Figure 3.1 D & H the sedimentation after a 24h
incubation at 37°C continued, with the greatest level identified in NM-102 where the

original milky white suspension turned to a clear liquid and a layer of agglomerated NPs
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could be clearly seen at the bottom of the tube. Through visual identification it was evident

that NM-102 sedimented to a much greater extent than NM-104.

Anatase TiO, Rutile TiO,
(NM-102) (NM-104)

(Step 1) Oh: Immediately
after dispersion (1mg/ml)

(Step 2) 2h incubation of
suspension in Step 1

(Step 3) 400pl of the
supernatant in Step 2

(Step 4) 24h incubation of
suspension in Step 3

Figure 3.1: Visual identification of TiO, sedimentation after dispersion at a concentration
of 1mg/ml over time. Immediately after dispersion for (A) NM-102 and (E) NM-104.
Incubations were carried for 2h for (B) NM-102 (F) NM-104. After the 2h incubation, 400ul
of the supernatant of for (C) NM-102 and (G) NM-104 in Step 2 was removed and added in a
new container that was incubated for the period of 24h resulting in the final sedimentation

product for (D) NM-102 and (H) NM-104. (n=3)

The next stage of this study involved suspending the two test materials in 800ul of the cell
culture medium used for cell culture, namely, 10%FBS-RPMI and 10%FBS-DMEM. As
illustrated in Figure 3.2, a white colored homogenous suspension was observed after
dilution of both TiO, NPs in 10%FBS-RPMI (Figure 3.2 A &B). A milky pink color was
identified after dilution of both TiO, NPs in 10%FBS-DMEM, (Figure 3.2 C & D). After a 24h
incubation of the suspension at 37°C, NM-102 NPs formed a clearly visible white sediment
at the bottom of the incubation tube and the liquids took on a clear pink colour (Figure 3.2 E
& F). After incubation of NM-104 for 24h at 37°C, sediment was visible in both incubation

tubes (Figure 3.2 G & H). The colour of the liquid after incubation turned into a cloudy pink
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in both tubes resembling the colour of the original diluent (Figure 3.2 G& H). From the
results it is evident that NM-104 showed a promising stability in suspension while, NM-102

nearly completely sediments out over the time period of 24h.

Anatase TiO2 Rutile TiO,
(NM-102) (NM-104)
RPMI 10%FBS DMEM 10%FBS || RPMI 10%FBS DMEM 10%FBS

Figure 3.2: Visual identification of TiO, sedimentation following suspension in cell culture
medium, 200ul supernatant from Figure 3.1 (D) NM-102 and Figure 3.1 (H) NM-104 was
diluted immediately after dispersion in 800ul RPMI 10%FBS (A) NM-102 and (B) NM-104.
200ul supernatant from Figure 3.1 (D) NM-102 and (H) NM-104 was also diluted
immediately after dispersion in 800ul DMEM 10%FBS (C) NM-102 and (D) NM-104. Images
of the samples were taken after incubation for the period of 24h as is seen in (E) for NM-102
and (F) for NM-104 in RPMI 10%FBS and (G) for NM-102 and (H) for NM-104 in DMEM
10%FBS. (n=3)

To identify whether the sedimentation was the result of the large concentration of NPs, the
suspension was further diluted by ten-fold (100ug/ml) in the dispersion liquid and the same
procedure followed. As is seen in Figure 3.3 B & F after the initial incubation of 2h, sediment
was still visible at the bottom of the tube for both NP suspensions. In contrast, NM-104
remained in suspension in a higher concentration. When the supernatant was moved into
fresh tubes and incubated for 24h, a layer of sediment was not identified at the bottom of
the tubes, although the original cloudy white suspension became a cleared transparent

colour (Figure 3.3 D & H). From the results it is evident that NM-104 showed a promising
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stability in suspension although a great amount of the NPs in suspension formed a

sediment, while, NM-102 nearly completely sedimented out over the time period of 24h.

Anatase TiO, Rutile TiO,
(NM-102) (NM-104)
(Step 1) Oh: Immediately 2

after dispersion
(100pg/ml)

(Step 2) 2h incubation of
suspension in Step 1

(Step 3) 400ul of the
supernatant in Step 2

(Step 4) 24h incubation of
suspension in Step 3

Figure 3.3: Visual identification of sedimentation after dispersion of (A) NM-102 and (B)
NM-104 at a concentration of 100ug/ml. Incubations were carried out for 2h for (B) NM-
102 (F) NM-104. After the 2h incubation 400ul of the supernatant of for (C) NM-102 and (G)
NM-104 in Step 2 was removed and added in a new container that was incubated for the
period of 24h resulting in the final sedimentation product for (D) NM-102 and (H) NM-104.
(n=3)

As is seen in in Figure 3.4, 200ul of supernatant (Figure 3.3 B&F) were diluted in 800ul of the
different cell culture medium used in this study, namely, 10%FBS-RPMI and 10%FBS-DMEM.
No distinct changes were identified in the color of the diluents after the addition of the NPs.
After a 24h incubation at 37°C, no changes were identified in terms of the color of the
dispersion. Additionally, no layer of sediment was identified at the bottom of the tubes
(Figure3.4 E & F & G & H). From these results we can conclude that both of the NPs do
sediment even in concentrations as low as 100ug/ml after 2h incubation. Use of the NPs
that remain in suspension after 2h incubation show increased stability in the dispersion
liquid (0.05%BSA water); however the concentration of NPs remaining in suspension at this

time point needs to be established due to the earlier initial sedimentation.
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Anatase TiO, Rutile TiO,
(NM-102) (NM-104)

RPMI 10%FBS DMEM 10

- —

%FBS || RPMI 10%FBS DMEM 10%FBS

N

Figure 3.4: Visual identification of sedimentation in a suspension of TiO, in cell culture
medium, 200ul supernatant from Figure 3.3 (D) NM-102 and (H) NM-104 was diluted in
immediately after dispersion in 800ul RPMI 10%FBS (A) NM-102 and (B) NM-104. 200ul
supernatant from Figure 3.3 (D) NM-102 and (H) NM-104 was also diluted in immediately
after dispersion in 800l DMEM 10%FBS (C) NM-102 and (D) NM-104. Images of the samples
were taken after incubation for the period of 24h as is seen in (E) for NM-102 and (F) for

NM-104 in RPMI 10%FBS and (G) for NM-102 and (H) for NM-104 in DMEM 10%FBS. (n=3)
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3.3.2 Hydrodynamic Diameter identification

3.3.2.1 Identification of Hydrodynamic diameter using dynamic light scattering

Measurements of the hydrodynamic diameter (HD) of the TiO,, namely, NM-102 and NM-
104, were undertaken using DLS. The average (n=9) of the median HD obtained by DLS was

plotted against time, and the results are presented in Figure 3.5.

As is seen in Figure 3.5 the agglomerates of the Anatase TiO, NPs (NM-102) found in
suspension initially had a median diameter of 540nm. The HD measured under DLS then
gradually reduced with time. After incubation of the suspension for the period of 600min,
the HD reduced to a median HD of 284nm. For the remainder of the incubation, the median
HD reduced to 260nm, which was not different as compared with the measurement made
at 600min. {-potential of the NP suspension fluctuated during the 24h incubation. Although
no significant changes were observed with the NM-102 NP suspension, where the median

was 12.4 +/-3.2mV.

The agglomerates of the Rutile TiO, NPs (NM-104) found in suspension immediately after
suspension and for a period of 24h during their incubation are also illustrated in Figure 3.5.
Initially the NPs in suspension had a median HD of 255nm. {-potential of the NP suspension
fluctuated during the 24h incubation. However, no significant changes were observed in the

NM-104 NP suspension, where the {-potential was 14.6 +/- 2.1mV.
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Figure 3.5: Hydrodynamic diameter (HD) of Anatase (NM-102) and Rutile (NM-104)
dispersed in 0.05% BSA. Anatase HD reduces throughout the 24h period, whereas
agglomerates formed by Rutile NPs have a stable HD for 1500min. The data were plotted as

the median measurements per time point (n=9).

3.3.2.2 Measurements of the Hydrodynamic diameter of dSPIONs using NTA and

NanoZSizer

Comparison of the two different techniques used for the determination of hydrodynamic
diameter was applied using dSPIONs. Given that dSPIONs were stable in suspension no
changes would be identified in the HD, therefore no measurements were undertaken over

time.

The median (n=9) HD of dSPION produced by NTA were 82.75nm in ddH,0 and 89.45nm in
PBS. The mean of the size range identified for dSPIONs of all the replicates (n=9) in NTA is
presented in Figure 3.6A; the two diluents produced almost identical results, ranging from

54.1-126.8nm in ddH,0 and 31.8nm-123.6nm in PBS.

The most commonly used technique DLS was also applied to evaluate the median size of the
dSPION sample. The median size of dSPIONs (n=9) in ddH,0 was 88.56nm and in PBS was
88.73nm. The size range of dSPION in the different diluents had a range from 29.7-457 nm
in ddH,0 and 43.8-463nm in PBS (Figure 3.6B). {-potential_was also measured and it was
neutral at 10.4 +/- 1.3mV (n=3).
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Figure 3.6: Size distribution of dSPION following NP tracking analysis (NTA) and Nano
ZSizer measurements. A) Nanosight: 100ug/ml of dSPION in ddH,0 and PBS (n=3). B)
Malvern Zetasizer dSPION 100ug/ml of dSPION in ddH20 and PBS (n=9)
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3.3.3 Investigation of suspension stability of Titanium dioxide NPs using UV-Vis

spectrophotoscopy

Measurements of the extension light that was absorbed in the ultraviolet-visible light
spectrum by the TiO, NPs, namely, NM-102 and NM-104, were undertaken using UV-Vis
spectroscopy. Measurements were undertaken every Oh, 2h and 24h starting immediately
after their dispersion as was previously described in Section 3.1.1 following dilution to
100ug/ml. The average (n=9) of the measurements of absorbed light was plotted against the
wavelength (nm) and the results are presented in Figure 3.7 for each of the incubation

periods.

The distorted peaks in both the NM-102 and NM-104 samples identified at 300nm were due
to the protein used to prepare the dispersion liquid (0.5%BSA in ddH,0) for the TiO, NPs.
This is based on the results produced for the dispersion liquid alone at all incubation periods
(Figure 3.7 A-C). Peaks of the NPs absorbing light can be seen at approximately at 330nm.
Anatase TiO, NPs (NM-102) had an absorption that initially was 0.3 (a.u), during the
incubation period absorption reduced to 0.2 (a.u) shown with a red line over the period of
24h (Figure 3.7 A & C). Rutile TiO, NPs (NM-104) had an absorption that initially was 1.3
(a.u), but after the incubation period reduced further to 0.8 (a.u) as is clearly visible shown

with a green line (Figure 3.7 A & C).

Based on the measurements of absorbance of each sample in the distinct incubation
periods, the concentration of the NPs in suspension was calculated. As is seen in Figure 3.8
the concentration of both polymorphs of TiO, in suspension, namely, NM-102 and NM-104

reduced after 2h and 24h of incubation in a similar manner.
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(C) Absorbance after Incubation (24h)
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Figure 3.7: Whole spectrum screening of 100ug/ml of NM-102 and NM-104 in dispersion buffer at (A) Oh (B) after 2h of incubation and (C)
after 24h of incubation. In all of the graphs the each of the samples are presented with different colours. Black is the diluent used to disperse
the NPs, the red line is anatase NM-102 and the green line is rutile NM-104 (n=9).
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Figure 3.8: Calculated concentration of NM-102 and NM-104 in suspension after

incubation for Oh, 2h and 24h. Reduction in concentration of NPs through time was

identified using the UV-Vis results presented in Figure 3.7.

The concentrations of NM-102 and NM-104 in suspension calculated from the UV-vis data

after Oh, 2h and 24h is summarised in Table 3.1. The reduction in concentration of NPs

remaining in suspension was greater for NM-104. The rutile polymorph reduced to a

concentration of 93.88 ug/ml after 2h incubation; after a 24h incubation, the concentration

was reduced to 50.24 pg/ml of NPs in suspension. With respect to the anatase NPs NM-102

remaining in suspension after 2h incubation, the concentration reduced slightly to 97.08

ug/ml and after a 24h incubation the concentration reduced further to 51.27 ug/ml.
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Table 3.1: True concentrations of an initially prepared 100ug/ml dose of NM-12 and NM-
104 after incubation for Oh, 2h, and 24h. The concentration of each of the NPs in suspension

was calculated using the results observed by UV-Vis analysis.

Incubation period (h) | Concentration of NM-102 in | Concentration of NM-104 in
suspension (pug/ml) suspension (ug/ml)

0 100 100

2 97.08 93.88

24 51.27 50.24

3.3.4 Electron microscopy imaging of Anatase (NM-102) and Rutile (NM-104) TiO,

The images of theTiO, presented in this section of this thesis, were produced after the NPs
samples were prepared using the hang and dry approach that was described in Section 3.2.6.
Images of dSPION are not concurrently illustrated in this Section as their morphology were

previously characterised using TEM and are presented in Singh et. al. 2012.

Anatase TiO, (NM-102) samples were observed to be polydispersed (Figure 3.9). Variation in
the size of the agglomerates was identified. Based on the topography of the materials and
their structures, smaller agglomerates as low as 150nm were identified, but the majority of the
particles formed large agglomerates (700nm-1um). A representative image of the agglomerate
of the NM-102 samples investigated can be seen in Figure 3.9B which was taken at a
magnification of x60k. Higher magnification images (Figure 3.9D) at x180K indicated that the

NPs formed agglomerates which had crystalline structures.
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Figure 3.9: SEM images of Anatase (NM-102) TiO, prepared using the hang and dry
approach on a silicon wafer. The images are of the same sample area evaluated at different
magnifications. The agglomerates represent in both size and structure the majority of
agglomerates formed by the anatase NPs when they were dispersed in dH,0. (A) Low
magnification image that represents the agglomerate size variability. The indicated with red
circle area is magnified in (B) these agglomerates represent the size and form of the
majority of the particles when suspended in H,0. The indicated with blue circle area is
magnified in (C) Higher magnification of the NPs topography and structure. The indicated
with purple circle area is magnified in (D) Higher magnification illustrated the surface
structure of the agglomerates, where the individual particles within the large agglomerate

can be seen.
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After Rutile TiO, (NM-104) were used to prepare the samples using the hang and dry
approach, SEM imaging suggested that they were polydispersed (Figure 3.10). A variation in
the size of the agglomerates formed was identified based on the topography of the materials
and their structures in the SEM images. Individual particles and smaller agglomerates were
present in the sample, with the majority of the sample being formed by agglomerates within
the size range of 170-300nm. As is seen in Figure 3.10 C&D that were taken at x100k and

x301K, the sample consisted of rod-shaped NP’s that mostly formed small agglomerates.

)
s ~
(AP

$4800 15.0kV 10.3mm x100k SE(U)

Figure 3.10: SEM images of Rutile (NM-104) TiO, prepared using the hang and dry
approach on a silicon wafer. The images are of the same sample area evaluated at different
magnifications. The agglomerates represent in both size and structure the majority of
agglomerates formed by the rutile NP’s when they are dispersed in dH,0. (A) The picture
represents the agglomerate size variability. The indicated with red circle area is magnified in
(B) these agglomerates represent the size and form of the majority of the particles when
suspended in H,0. The indicated with blue circle area is magnified in (C) Higher
magnification of the NPs topography and structure. The indicated with purple circle area is
magnified in (D) Higher magnification illustrated the surface structure of the agglomerates,

where the individual particles within the large agglomerate can be seen.
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3.3.4.1 Elemental analysis of the samples using Electron diffraction X-Ray spectroscopy

(EDX)

The images presented in Figure 3.9 and 3.10 were investigated using an analytical
technique known as EDX in order to identify the elemental composition of each of the
samples evaluated. Large amounts of carbon and silicon were identified as they are the core
elements of the wafer on which the samples were prepared. As is seen in Table 3.2 large
amounts of both titanium and oxygen were also identified. The atomic percentage of
titanium is slightly higher in the anatase (NM-102) polymorph in comparison to NM-104.
Although several impurities were identified, they were at very low (negligible)

concentrations.

Table 3.2: Elemental composition of (A) Anatase NM-102 and (B) Rutile NM-104 TiO,,
based on the results from EDX analyses. The results presented here are in atomic% and
derived from measurements of the samples presented in Figures 3.9 and 3.10. The atomic%

of Carbon and Silicon originated from the silicon wafer and not the particles. (n=30)

Atomic %
TiO, NP C Si Al Br S Ti o
26.22 38.493 0.0491 |5.7 31.618
(A) NM-102 (+-3.695) |(+5.37) [0.0072~ |ND* (+0.982) [(+2.327) |(+10.47)
30.766  [39.79 0.0061 0.403 |2.788  [26.232
(B) NM-104 (¥4.175) |[(¥11.89) |0.008~ |(+0.024) (£0.362) |(£1.287) |(+8.05)

Carbon (C), Silicone (Si), Aluminium (Al), Bromine (Br), Sulfur (S), Titanium (Ti), Oxygen (O)
~Only detected in one of the replicates
* ND (Non-Detectable).
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3.3.5 Identification of the hard protein corona in the different suspension liquids

The protein that forms the hard corona in the different diluents used in this study, namely,
DMEM-10% FBS, RPMI-10%FBS and the dispersion buffer 1%BSA, were isolated. As
illustrated in Figure 3.11, the hard protein corona was comprised of one protein
(represented by a single band) for all the MONPs in the three different media (10%FBS
RPMI, 10% FBS DMEM and 1%BSA). When compared with the protein ladder all the sample
protein bands were approximately 66kDa. These results suggest that the same protein
constitutes the hard corona of the NPs regardless of the different diluents applied. It is safe
to assume that the protein is BSA, as the only protein present in 1% BSA (Figure 3.11 A3) is
bovine serum albumin. Protein bands with a fading color were identified in all the samples
that the NPs were dispersed in, although in the dispersion buffer that contains 1% BSA were
less evident, this is due to the lower amount of protein that accumulates around the NP
agglomerates (Figure 3.11A3). A similar concentration of BSA in the hard corona was
identified in all the NPs when suspended in media. Although, NM-102 appeared to have a
greater affinity for BSA than the other NPs when in the 1% BSA solution (Figure 3.11B).

91| Page



(A3) Dispersion Buffer
(A1) DMEM 10%FBS (A2) RPMI 10%FBS (1% BSA)

\ \ )

(d5P|0N5 NM-102 NM—104H dSPIONs  NM-102 NM-lonsplows NM-102 NM-104\\

250KDa
150KDa

100KDa
75KDa

50KDa

37KDa

25KDa

20KDa

(B) Protein Corona Gel Band Intensity Quantification

10000+
Il DMEM 10%FBS
o, 8000 0 RPMI 10%FBS
= I Dispersion Buffer (1%BSA)
S 6000
5
< 40004
<
0
20004
o-
»
ol N Ry
S

Figure 3.11: Hard protein corona of MONPs separated using SDS-PAGE. (A) Visualisation of
the protein band forming the hard protein corona of MONPs on an SDS page gel after they
were dispersed in (A1) DMEM 10% FBS (A2) RPMI 10%FBS (A3) Dispersion Buffer (1%BSA).

(B) Hard protein corona gel band quantification using ImageJ (n=3).
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3.3.6 LAL Gel Clot Test for Endotoxin Contamination of the different MONPs

During the manufacturing process of a NM there is substantial risk of endotoxin

contamination (Dobrovolskaia et. al., 2013). MONPs samples, namely, dSPIONs and the TiO,

NPs (NM-102 and NM-104) suspended in 0.05% BSA in ddH,0 were investigated for

endotoxin contamination. The NP suspensions were all investigated for the presence of

endotoxin using the Limulus Amebocyte Lysate (LAL) PYROGENT™ (Lonza, UK). As is seen in

Table 3.3 the results were marked as positive or negative depending on the coagulation of

the gel; positive means that there is presence of endotoxin. The level of the contamination

cannot be identified due to the NPs interacting with the chromogenic KITs. As is seen at the

table below (Table 3.3) all the NPs in suspension were positive for endotoxin.

Table 3.3: Gel clot assay results for endotoxin contamination of the different MONPs. The

results of the endotoxin test indicate the presence of endotoxin in the NP stock (n=6).

Sample Constituents Result
Positive Control 50 pl LPS + 50 pl dH,0 Positive (+)
Negative Control 100 pl dH,0 Negative (-)
Dextran coated-Fe30, | 50 pl Fe304 + 50 pl dH,0 Positive (+)
(100pg/ml)

0.05% BSA in ddH,0 50 ul Fe3O4 + 50 pl dH,0 Negative (-)
TiO, Anatase (NM-102) | 50 pl NM-102 + 50 pl dH,0 | Positive (+)
(100pg/ml)*

TiO, Rutile  (NM-104) | 50 ul NM-102 + 50 pl dH,0 | Positive (+)
(100pg/mI)*

*The NPs were dispersed using the protocol previously provided in Section 3.2.1.1. NM-102

and NM-104 were

in a concentration of 100ug/ml

in 0.05%

BSA / ddH,0.
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3.4 Discussion

Understanding the physico-chemical characteristics of NM is vital for nanotoxicology studies
in order to interpret the toxicological profile of the NM under investigation. As previously
discussed in Section 1.2, the evaluation of the physicochemical characteristics of NPs is
necessary prior to toxicological studies in order to understand their ability to interact with
cells and induce toxicity (Rivera-Gil et. al. 2010). Characteristics of NPs are divided in to
primary and secondary features. NM characterization conducted following their synthesis is
deemed as the primary characterisation. Primary NM characteristics include size,
morphology, surface area, composition/purity, surface charge and surface chemistry (Saves
and Warheit, 2009). This chapter aimed to identify the physicochemical characteristics of
NM-102, NM-104 and dSPIONs in comparison to future toxicological studies and others in
the literature that have used these materials. The physicochemical properties of the dry
powder form of the two different types of titanium dioxide (TiO,) NPs NM-102, NM-104,
were thoroughly investigated prior to delivery by the JRC NPs repository, and the results
were presented by Rasmussen and colleagues in 2014 (Rasmussen et. al. 2014). The form of
dSPIONs used in the present study was previously used in the In Vitro Toxicology Group’s
laboratory and thorough investigation of their properties has been previously conducted,
with the results located in Evans and colleagues 2016 (Evans et. al. 2016, Singh et. al. 2012).
This chapter therefore focused on evaluating the secondary physico-chemical characteristics
of the materials under study. In addition, comparison of different techniques used for
agglomeration assessment of NPs, namely, DLS, NTA and SEM, was applied in order to
determine the best combination of approaches to evaluate NM behaviour in an in vitro

environment.

3.4.1 Primary and secondary characterization of dSPIONs and comparison of dynamic light

scattering techniques

The evaluation of the size and the agglomeration status of NPs is necessary in order to
understand their ability to interact with cells, become internalised and interpret their
subsequent biological impact on the cells under investigation (Rivera-Gil et. al. 2010,

Johnston et. al. 2012). In a previous study, the dSPIONs applied in the present Chapter were
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investigated using drop cast technique by TEM, where the size, shape and agglomeration
status of the NPs was identified (Evans et. al. 2016, Singh et. al. 2012). The material was
found to have a primary size of ~8nm, was cubic in shape and formed chain like
agglomerates (Evans et. al. 2016). The small primary NP size would allow entry to cells via
diffusion across the cellular membrane and present a large potentially highly reactive
surface area able to interact with biological components within the cell (Singh et. al., 2009).
However, it is well understood that NPs agglomerate when they are placed into liquid
environments; this tends to happen due to relatively large van der Waals forces of attraction
(Boyd et. al., 2011). Therefore, the agglomeration status of dSPIONs was investigated using
both DLS and NTA. Both techniques are based on the formula of the Stoke-Einstein equation
that allows the correlation of the movement to calculate the hydrodynamic diameter of
agglomerates (Equation 3.1). This equation also requires knowledge on temperature and
solvent viscosity (Konan et. al., 2002). The Malvern ZetaSizer nano ZS measures the dynamic
light scattering intensity of the particles to identify their HD. In DLS the speed the NPs move
in a diluent is determined by passing a laser through and determining the fluctuations of
intensity of the scattered light. The non-randomness in the fluctuations are presented as a
correlation coefficient (Filipe, Hawe and lJiskoot 2010). On the other hand the Nanosight
system allows visualization of the particles and the identification of their every movement,
therefore the name of the technique is NP Tracking Analysis (NTA) (Filipe, Hawe and lJiskoot
2010).

When comparing the output of the DLS and NTA for dSPIONSs, similar results were produced
using both techniques. The hydrodynamic diameter was found to be ~88nm and the
different diluents (l.e. ddH,0 and PBS) seem not to have any effect on the sample
agglomeration. A larger radius range was produced by DLS when compared to NTA. While
DLS provide an insight into a materials’ agglomeration state, the resulting data has the
potential to be seriously flawed when evaluating samples that have a wide range of
variation in agglomerate size. This is because during DLS measurements the ability of a
particle to scatter light is proportional to its diameter to the sixth power (Boyd et. al., 2011).
This means that the greater degree of light scattering by larger agglomerates is capable of
masking the scattering by smaller ones and hence smaller agglomerates may not be

accurately represented in the generated size dispersant peak(s). Moreover, DLS is unable to
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discriminate between NPs and background matter; hence proteins in biological media can
be measured in addition to NPs, consequently skewing the resulting data as these often are
present in great excess as compared to the test NP. Although, NTA allows the visualization
of the NPs Brownian motion, the concentration measurements of the technique are
imprecise due to the inability of the microscope to focus in on all the NP agglomerates and
limitation in the software to track them. This was also identified in a study that used
polystyrene beads to compare the two techniques, DLS and NTA (Filipe, Hawe and Jiskoot

2010).

Agglomeration and aggregation status of a NPs in a suspension strongly depends on the -
potential;, the range of strong agglomeration is considered to be <-10mV and 210mV
(Riddick, 1968, O'Brien, 1990, Buzea et. al. 2007). From the observed {-potential results
(10.4 +/- 1.3mV) in this study, it is suggested that dSPIONs would form agglomerates in
solution. When compared with previous studies on dSPIONs the results are similar,
suggesting that the surface charge of dSPIONs would have been greatly affected by their
dextran coating (Singh et. al., 2012, Easo and Mohanan, 2016, Saraswathy et. al., 2014,
Remya et. al., 2016). Other surface coatings for SPIONs were previously observed to result in
different surface charges. Such as the polyethylene glycol (PEG) and polyvinylpyrrolidon
(PVP) co-modified SPIONs that led to a completely neutral surface charge (Yang et. al.,
2016). Thus, this demonstrates that the application of different SPION surface coating
allows for a degree of control over the materials surface charge, agglomeration status and
hence their colloidal stability. As previously discussed by Xie and colleagues, PEG coated
Fe3s04 NPs when incubated in cell culture reduced agglomeration and thereby resulted in a
greater uptake by macrophage cells (Xie et. al. 2007). Furthermore, Singh and colleagues
demonstrated that the formation of larger agglomerates reduced the reactive surface area
that is eventually able to interact with biological components within the cell and thus, lower

agglomeration results in greater cellular damage (Singh et. al., 2009).

3.4.2 Primary and secondary characterization of TiO, NPs

Agglomeration status of the different TiO, NPs polymorphs was investigated with SEM and
DLS. Use of the NTA for measurements of non-spheroid, unequally dispersed NP’s (based on

the visible observation of sedimentation), such as the TiO,, is not recommended (Boyd et.
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al., 2011). SEM images of the sample were not representative of the agglomerates formed
by the particle in suspension for two reasons; firstly, the particles were dispersed in ddH,0,
and secondly the drying step in preparation for SEM imaging can induce further
agglomeration. The dispersion buffer from Jensen et. al. 2011 cannot be used for the
preparation of samples for SEM imaging because a high level of image distortion occurs due
to the presence of protein. Agglomerate size of NM-102 formed in the conditions described
for SEM sample preparation reached ~1um. NM-102 were observed to have a crystalline
shape. In contrast, NM-104 was more evenly distributed, in the samples prepared both here
for SEM and in JRC's TEM images provided in previous studies (Rasmussen et. al. 2014). This
might be due to the organic coating deposited on the outside layer of the NM-104 (2% of
dimethicone) (Rasmussen et. al. 2014). This also explains why the agglomeration state
identified in SEM for NM-104 was similar with the data obtained using DLS. NM-104 were
observed under SEM to homogeneously be rounded and rod shaped; this agrees with
previous characterization studies under TEM imaging (Rasmussen et. al. 2014). Primary
particle size was not observed under SEM, although in a previous study was found to be
~25nm for both NM-102 and NM-104 (Rasmussen et. al. 2014). Since a high degree of
agglomeration was identified with both NM-102 and NM-104, this is likely to result in
reduced cellular uptake. As Clithrani and Chan observed, more time is needed to wrap large
particles during phagocytosis than smaller materials, while active uptake and diffusion of

large agglomerates in non-phagocytic cells is highly limited (Chithrani and Chan 2007).

Photographing the visual colloidal stability of NM-102 and NM-104 after incubation for a
period of 24h at 37°C in different diluents and concentrations of protein demonstrated that
the majority of the particles rapidly sediment. This led to further investigation of the
colloidal stability through DLS, {-potential and UV-Vis. HD measurement using DLS allowed
the monitoring of agglomeration status in NM-102 and NM-104 over time. Results provided
by Jensen and colleagues indicated that the HD of NM-102 was 545 +/- 14nm; a similar
radius was observed in the present study immediately after dispersion, where the HD was
544 nm (Jensen et. al. 2011). In contrast, results for NM-102 in other studies deviate slightly,
ranging from 366nm-550nm (Geraets et. al. 2014, Tavares et. a/.2014, Rasmussen et. al.
2014). The HD measurement reported by Jensen and colleagues for NM-104 was 234 +/-

4nm, whereas in the present study a slightly higher measurement was recorded at 260.6nm.
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The difference in the measurements identified in other studies might be due to changes in
the dispersion protocol; for example, not all studies used a probe sonicator for the
preparation of the samples. Instability of the colloidal suspensions when TiO, NP’s were
dispersed in 0.05% BSA dH,O is attributed to the rapid agglomeration, which leads to
sedimentation, particularly of the larger agglomerates (Li and Sun 2011, Alluni et. al. 2009).
In DLS if the colloidal suspension is not stable then the larger agglomerates will precipitate
and as a result will remain un-measured, therefore a higher concentration of smaller
agglomerates will be measured affecting the median hydrodynamic radius. Measurements
of hydrodynamic radius represent the agglomerates that stay in suspension, a
sedimentation trend was observed in the DLS measurements overtime (24h) for NM-102.
Due to the formation of the large agglomerates and the surface reactivity associated with
the crystalline structure of the anatase NM-102 polymorph, it is expected to be highly
genotoxic. In contrast, the smaller agglomerates formed by the rutile isomorph NM-104, in
addition to the lower reactivity of its crystalline structure suggests that are not expected to
induce significant genotoxicity (Magdolenova et. al. 2012). The fact that different degrees of
agglomeration of NPs may cause different biologic responses is now something that has
been well understood for over 10-years, with early studies demonstrating this phenomenon
in a carbon nanotube cytotoxicity study (Wick et. al. 2007). The TiO, NPs used in the present
study have been previously used in other investigations to examine how the agglomeration
state (using two dispersion protocols) may affect the kinetics of cellular binding/uptake and
ability to induce cytotoxic responses in THP1, HepG2 and A549 cells (Lankoff et. al. 2012).
The agglomeration size depended on the molecule size used for the preparation of a
dispersion buffer (Lankoff et. al. 2012). Cellular binding/uptake showed no straight relation
of the particle size, but rather a complex relation of particle and cell type properties (Lankoff

et. al. 2012).

Both NM-102 and NM-104 are unstable in suspension, although NM-102 sediments at a
higher rate because larger agglomerates are formed.  potential, low measurements were
identified throughout the 24h for both of the NM’s, indicating that the colloid is not
electrically stable and that NP agglomeration is occurring. Both NP’s (NM-102 and NM-104)
were observed to be unstable in suspension when other diluents were used (e.g. dH,0,

HNO3 10-2 M) (Rasmussen et. al. 2014). As it was previously mentioned the agglomeration
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and aggregation status of a NPs in a suspension strongly depends on the Z-potential; the
range of strong agglomeration is considered to be <-10mV and >10mV (Riddick, 1968,
O'Brien, 1990, Buzea et. al. 2007). In previous studies on colloidal chemistry it was found
that surface charge can affect the colloidal stability of the NM in suspension. The incipient
instability of the T potential that was identified in both of the TiO, NPs (NM-102 and NM-
104) samples could be one of the reasons for the agglomeration and sedimentation
observed visually and by DLS. Furthermore, { potential has a possible effect on receptor
binding and physiological barrier penetration, absorbance or adhesion; therefore it has an

important impact on the interaction of NPs with cells (Powers et. al. 2006).

As sedimentation of the initial TiO, preparations clearly occurred rapidly, it became obvious
that the initial sample concentration applied to cells would not be an accurate
representation of the delivered dose. Thus, to more accurately identify the concertation of
the NPs in suspensions, measurements of the change in absorbance were required. The
absorbance can be correlated with concentration of the particles in suspension using the
Beer-Lambert Law as described in Section 2.2.7. Absorbance in UV-Vis measurements was
reduced through time for both NPs, therefore the concentration of dispersed NP’s was
reduced, which also supported the fact that the NP suspensions were agglomerating and as
a result sedimenting. Visibly when pictures were taken during a 24h period of incubation,
NM-102 appeared to sediment to a greater extent than NM-104. However, results from the
UV-Vis analysis suggest that the rate of sedimentation between NM-102 and NM-104 was
not significantly different and the visual variation was due to the greater size in
agglomerates of NM-102, which made them more visible to the naked eye when in
suspension. Similar absorbance results were obtained when NM-104 was dispersed in Luria
Britani medium and artificial waste water, where absorbance peaks were identified at
325.1nm and 340.5nm respectively (Mallevre, Fernandez and Aspray 2014). The
concentration of the NP’s that remain in suspension after incubation of 2h in the 0.05% BSA
ddH,0 diluent was identified and an optimal dose range for both TiO, NP’s was developed
based on the data. The concentration range selected for future studies in this thesis using

TiO, were therefore 0-50 pg/ml.
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3.4.3 Protein Corona and endotoxin contamination of MONPs

Cellular uptake and interaction is greatly affected by the attachment of protein on the NP
surface. What is important about the formed NP protein corona is that it changes the
biological identity; this is because the corona will initially come in contact with biological
components such as the cell surface, rather than the particle itself (Walczyk et. al., 2010). As
a result of the attachment of BSA on the surface of NPs, its ability to enter the cell could be
enhanced. In multiple cell lines a number of albumin receptors were identified on the cell
surface, these can act as cellular uptake mediators by increasing the interaction with the
protein attached on the NP surface (Merlot et. al., 2014). As previously observed, receptor
mediated endocytosis was greatly induced when serum proteins are attached on the surface
of NPs while they are incubated with cells in media (Khan et. al. 2007). In another study by
Fleischer and Payne, it was observed that BSA coated polystyrene NPs had an increased

binding with the cellular scavenger receptors (Fleischer and Payne, 2014).

In all the diluents applied in this Chapter, the hard protein corona of dSPIONs and both TiO,
polymorphs was formed by BSA. The biological entity of the NP’s is therefore altered when
suspended in different diluents that include BSA. The hard protein corona infers the identity
of the NPs within a biological environment, therefore in this study, the environment was the
biological cell culture medium used during cell toxicity treatments and the dispersion
diluent. The presence of a protein corona had an impact on the dispersion of the TiO,
polymorphs; this was evident in both the visual and DLS media results. This has previously
been demonstrated to be the case with ZnO NPs where corona formation resulted in
electrostatic repulsion and hence smaller agglomerates developing (Wells et. al., 2012). It is
well documented that the presence of protein in the dispersion buffer interferes with both
DLS and NTA (Bai et. al. 2017). In this study the buffer was sterile filtered prior to dispersion
of the different NPs; Bai and colleagues showed that no interference was identified after
filtering the dispersion buffer in both DLS and NTA (Bai et. al. 2017). The identified protein
corona in this study on all three of the NPs (dSPIONs, NM-102, NM-104) may therefore
influence agglomerate size and aid in the cellular uptake of the materials, increasing the

potential for toxicity to be induced.
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NMs and NPs can easily become contaminated with endotoxin, which is a wide-spread
contaminant (Evans et. al. 2016). The NPs used in this study were provided for research
purposes from the JRC, but also bought through the public sector (dSPION), thus providing a
real life scenario of the form in which NPs are provided to both researchers and consumers.
Furthermore, these materials have been actively applied in a range of other toxicological
studies in the literature (Kermanizadeh et. al. 2013, Farcal et. al. 2015, Louro et. al. 2014,
Mallevre et. al. 2014). Endotoxin contamination assessment showed that dSPION, NM-102
and NM-104 tested positive for the presence of endotoxin as low as in the picomolar range.
The observed contamination with endotoxin was vital to understand due to its high
immunostimulatory potential (Dobrovolskaia and McNeil, 2013). Thus, the observed
presence of endotoxin may result in inflammatory response in follow up studies. However,
a disadvantage of the gel-clot assay for endotoxin detection is that the extent of endotoxin
presence of endotoxin could not be quantified. Identification of the concentration of
endotoxin in samples is possible with the use of chromogenic detection kits, but the
presence of nano-particulate matter makes the use of such kits unreliable due to
interference during the measurement and quantification of endotoxin (Li et. al. 2017). The
reason for the interference is due to the absorbance of light by the NPs at the wavelength of
absorbance or excitement of the different test. Thus, a challenge remains in accurately
guantifying endotoxin presence in NM samples. Whilst the samples provided for this study
clearly demonstrated some endotoxin contamination, this was important information to
take forward when interpreting the outcome of further toxicological analyses using these

materials, particularly inflammatory response.

101 |Page



3.4.4 Summary and Conclusion

As previously mentioned in Chapter 1, primary and secondary physico-chemical
characteristics that differ between the NPs under investigation, such as the chemical
composition, shape and the agglomeration status, may have an effect on their cellular
uptake/interaction and eventually their toxicity. This Chapter therefore focused on
establishing those characteristics for the test materials under study. Through extended
characterisation analysis, dSPIONs were found to have a spherical morphology, their
primary particle size was ~ 8nm, and they had near neutral charge (in both ddH,0 and PBS)
and were not endotoxin free, which may have implications with immunological testing.
Agglomeration was observed for dSPIONs by both DLS and NTA, with agglomerates being
~88nm in PBS and ddH,0. Both TiO; polymorphs were found to have a primary particle size
of ~¥25nm. NM-102 and NM-104 under SEM were observed to be rod shaped, but with a
variation in agglomeration size and shape. The suspensions of both the polymorphs were
not endotoxin free. Whilst, the formation of a BSA protein corona led to a more stable
suspension of both TiO, NPs, this did not fully inhibit agglomeration and sedimentation,
which were observed visually, and using DLS and UV-Vis. NM-102 resulted in the formation
of non-homogenous, large agglomerates with a median size of 540nm, while NM-104
resulted in the formation of a non-homogenous suspension of agglomerates with a median
size of 250nm in size. The concentration after sedimentation was identified and a dose
range was developed for both TiO, polymorphs for future toxicological studies. From the
defined characteristics we can conclude that each of the MONPs under evaluation have
distinct physico-chemical features that may highly influence their capacity for cellular

internalisation and toxicity potential.
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Chapter 4: Comparison of NP-cell interactions and toxicity under
culture environments with distinct oxygen levels.
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4.1 Introduction

The physiological oxygen environment (physioxia) of mammalian cells that reside at
locations distant from blood vessels in vivo typically ranges from 0.5-10% (Brahimi-Horn et.
al...2007). In humans under physiological conditions, the arterial blood pressure of O, is
100mm/Hg (14% 0,), while the pressure in the different organs such as the lungs and
kidneys varies in a range of 1-14% O, (Miller et. al... 2010, Muller et. al... 1998), while the
concentration of O, in the liver is 5.6% (Brooks et. al.. 2007, Leary et. al... 2002). A standard
in vitro Mammalian cell culture is normally carried out under humidified air supplemented
with 5% CO2, resulting in an environment containing approximately 18.6% O,, which is

substantially higher than cells experience in vivo.

The culture of different types of human originated cell lines under a hyperoxic environment
(21% 0O,) has been previously identified to lead to phenotypic changes to cells when
compared with in vivo. The absence or excess of oxygen in the culture of cells may lead to
the production of reactive oxygen species (ROS) which in turn leads to the induction of
oxidative stress (Jagannathan et. al. 2016). Changes to the redox status of the cells cultured
under hyperoxia or hypoxia may lead to an altered cell proliferation, migration and invasion
(Jagannathan et. al. 2016). It is therefore evident that a distinct cellular behaviour is
observed when cells are cultured in different oxygen culture environments, in order to
identify a more accurate toxicological profile and cell interaction of NPs and rule out
external stimuli. As is noted a stimulus of significant importance would be oxygen levels.
Therefore, culturing cells in physiological resembling oxygen culture environments would
allow more precise insight on NPs toxicological profiles. The ability of the NPs under
investigation in this chapter to be uptaken and interact and their toxicological profiles was
thoroughly investigated in the literature. Although, no previous studies were able to
characterize identify, characterize and eventually compare the ability of these MONPs to
cause toxicity in a more physiological culture environment. These will increase the validation

of in vitro studies and will allow them a greater comparability to future in vivo studies.

An important parameter for the assessment of potential toxicity induced by NPs is the
ability of interaction and uptake with the exposed cell systems. These strongly depend on

the physicochemical characteristics identified and described in Chapter 3. Cells are naturally
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permeable, larger macromolecules or other objects are transported via energy dependent
mechanisms such as phagocytosis or endocytosis. The assumption of a maximum size of NPs
that could be internalized is based on the size of the vesicles created by each cell type (Xu
et. al... 2009). The dimensions of vesicles are restricted therefore limited cargo size is
internalized (Patel et. al... 2007). The mechanisms involved in NP uptake by cells were
extensively discussed in section 1.2.1. Based on the previously observed alteration of
cellular behaviour in different culture environments, questions arise if the ability of cells to

interact and internalise NPs will be also altered, and if yes in what exact way.

The SPIONs ability to induce toxicity is well researched and documented in scientific
literature; an extensive review can be found in section 1.5.1. Based on the previous studies
we can conclude that a mild to non-existent ability of SPIONs to induce cell toxicity is due to
the alterations in the cellular redox status (Singh et. al. 2012). The ability of distinct iron
oxide NPs to induce oxidative stress depends on the extent of the NPs uptake and
interaction with the cells, and the redox status of the NPs therefore uptake and interaction
of iron oxide NPs strongly depends on the coating and its size (Evans et. al. 2017). Iron
oxides ability to induce toxicity is well documented, in literature under hyperoxic culturing

environment but was never previously identifies in a physioxic culture environment.

Titanium dioxide NPs have been described by multiple studies to exhibit low solubility in
different environments, due to their high agglomeration and aggregation status (De Angelis
et. al. 2012, Andersson et. al. 2011). The mechanism for induction of genotoxicity associated
with NPs with low solubility, such as Titanium dioxide, is commonly reported to be the
production of reactive oxygen species (ROS) (Shukla et. al. 2013). As it was shown by Shukla
and colleagues anatase NPs with a diameter of 192.5nm were internalized by HepG2 cells
after a 20h exposure, and interestingly accumulated close to the nuclear region (Shukla et.
al. 2013). In addition, in a dose range of 0-80ug/ml an increase of the side scattering (cell
granularity) in flow cytometry was observed, which can be correlated with a dose
dependent increase in the concentration of internalized NPs (Shukla et. al. 2013). Shukla
and colleagues after treatment of HepG2 with anatase in a dose range of 0-80ug/ml for both
24h and 48h showed significant reduction in cell viability using both the MTT assay and
neutral red uptake. Significant genotoxicity was observed using both the comet and
cytokinesis block micronucleus assays. Reduction in glutathione levels with concomitant
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increase in lipid peroxidation and reactive oxygen species generation was observed. This
resulted in the conclusion that the genotoxic behaviour of anatase Titanium dioxide is
mediated via the induction of oxidative stress (Shukla et. al. 2013). Both anatase and rutile
Titanium dioxide were used to expose HepG2 cells for a period of 20h and concentrations of
up to 250ug/ml. In contrast to Shukla et. al. the cellular viability was not significantly
affected, although, no data for the stability of the colloidal suspension were provided at
these high concentrations. In summary, the hazardous effects observed in different cell lines
are strongly dependent on titanium dioxide degree of uptake. Uptake is in turn dependent
on both the agglomeration status and the colloidal stability of Titanium dioxide NP in
suspension. As two of the most thoroughly investigated material in nanotoxicological
studies titanium dioxides NPs will allow great comparability when results are observed in a

more physiological oxygen culture environment.

4.1.2 Study Aim and objectives

The aim of this chapter was to assess the effect of oxygen content in the culture
environment on cellular interaction/uptake and toxicity of the distinct MONPs. Anatase
Titanium dioxide, Rutile Titanium dioxide and dSPIONs were studied in monocultures of
hepatocellular carcinoma cells (HepG2), THP-1 monocytes and macrophages derived from
the THP-1 cell line (dTHP-1). The cytotoxicity, genotoxicity and cellular interaction/uptake
of MONPs were investigated under physioxic (5%0,) and hyperoxic (21%0,) culturing

conditions.

Cellular uptake in the distinct environments was investigated prior to any toxicological
studies. Cellular uptake was analysed by the ferrozine assay, flow cytometry and TEM
imaging. Finally, the ability of MONPs to promote chromosomal DNA damage in HepG2
cells was quantified by the CBMN assay. Kinetochore staining was also applied to investigate
the ability of the distinct MONPs to induce either clastogenicity or aneugenicity. The effects

of the MONPs on the mitotic spindle were also investigated.
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4.2 Materials and Methods

Unless it is stated otherwise all the cell treatments in this chapter were for dSPIONs were
used to treat the cell lines in concentrations of 0-100ug/ml. The two different types of
titanium dioxide NPs (TiO, NPs) were used for this study are Anatase (NM-102) and Rutile
(NM-104); they were used to treat the cell lines in concentrations of 0-50ug/ml. The cells
were cultured in 25cm? flasks at a concentration of 2x10° cells/ml that were incubated for
24h before treatments. Unless is stated otherwise all the experiments were conducted in 3
replicates (three distinct occasions with cells seeded at the same passage number, following

the same procedure and analyses).
4.2.1 Cell culture

The cell lines used for this study were the hepatocellular carcinoma cell line (HepG2) that
was purchased from ECACC and the monocyte cell line (THP-1) that was purchased from
ATCC. Further information on cell culture of the primary cell lines and the differentiation of

THP-1 to the macrophages resembling cell line dTHP-1 can be found in Section 2.1.
4.2.2 Physioxia (5%0,) experiments

All experiments were carried out in an InvivO, physiological cell culture workstation (Baker
Ruskin Ltd, UK). Cells were characterised after culture in two different oxygen
environments; physioxia (5% O, 5% CO;) and hyperoxia (21% O, 5% CO,). Further

information on experiments carried out under physioxia can be found on Section 2.2.
4.2.3 Cell viability assessment

The relative population doubling (RPD) was calculated for HepG2 and THP-1 after counting
using a Z™ Series COULTER COUNTER® (Beckman Coulter, UK). Cell viability for dTHP1 was
determined using Trypan blue (0.4% solution) and a haemocytometer, the measurements
were used to produce a relative increase in cell count (RICC). Further information can be

found Section 2.8.
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4.2.4 Pro-Inflammatory cytokine quantification using an Enzyme-Linked Immunosorbent

Assay (ELISA)

Following a 24h treatment of the cells with the mentioned NPs, supernatants were collected
and stored in -20C°. Quantification of IL-8 (CXCL8) was carried out using ELISA KITs that

were purchased from R&D, UK. More information can be found in section 2.7.
4.2.5 Intracellular reduced Glutathione

The Glutathione Detection Assay (fluorometric) (AbCam, UK) was used for the
determination of glutathione concentration. After a 5h treatment with NPs at the
concentrations described at Section 2.1.2, 1x10° cells in 1ml for each of the treatments

were harvested and washed twice using PBS. More information can be found in section 2.8.
2.4.6 Cell Preparation and Resin Embedding for TEM

Following NP treatment the cells were washed and trypsinized, cells were then re-washed in
maintenance buffer (Table 2.7) and placed into 0.5 ml Eppendorf tubes. Cell pellets were
resuspended in 100 mM phosphate buffered 2.5% glutaraldehyde fixative. The cells were
then stained using post fixed in 1% osmium tetroxide fixative and embedded in resin. Prior
to imaging by TEM, cell samples destined for NP uptake analysis required embedding in
epoxy resin and ultra-sectioning to 70 nm thick sections. More information of the technique

can be found in section 2.4.1.
4.2.7 Iron-cell interaction

A ferrozine assay was used to measure the amount of iron internalized by each cell line after
24h exposure to the selected dose of NP (Riemer et. al... 2004). The procedure was followed
as described in Section 2.3. Three replicates were conducted; each replicate was the

average of three measurements.

4.2.8 Flow cytometry for identification of cellular interaction with titanium dioxide

polymorphs

Investigation of cellular interaction of the distinct cell lines with the polymorphs of Titanium

dioxide NPs (NM-102 and NM-104) was carried out with the use of flow cytometry. The
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experiment was based on the paper Zucker and colleagues published in 2010, where
detection of interaction was based on light scattering principles. Further information of the

method applied for this experiment can be found in Section 2.6.
4.2.9 Micronucleus assay

The sequential cytokinesis-blocked micronucleus (CBMN) assay is described here briefly,
more information can be found at section 2.9. .After treatments were carried out for 24h,
cell cycle arrest was achieved by exposing the cells to cytochalasin B 0.5ug/ml (Sigma
Aldrich, UK) for 24h. More information on fixing of the cells, harvesting and staining with
40,6-diamidino-2- phenylindole (DAPI) (Vectashield, UK) was performed was described in
Section 2.9. The cell scoring was carried using the metafer automated analysis system
(MetaSystems, Carl Zeiss Ltd); the presence of micronuclei (MN) was evaluated in 6000
binucleated cells scored from three replicates (2000 cells per replicate*3) of the distinct NP

doses.
4.2.10 Centromere staining

Centromere staining was performed using Star*FISHO Human Chromosome Pan-
Centromeric Probes (Cambio, Cambridge, UK). The protocol used for staining is further
described in Section 2.10.2. In total, 35 micronucleated cells were evaluated from 3
replicates, and scored for the presence of both positive and negative signals representing
aneugenicity and clastogenicity respectively. Only doses with a significant increase in MN

were evaluated by centromere staining.
4.2.11 Mitotic spindle analyses

After a 24h treatment of HepG2 cells with the distinct MONPs their ability to affect the
mitotic spindle was investigated. HepG2 cells were cultured as described in Section 2.2 and
were seeded in 25cm® flasks at a concentration of 2x10° cells/ml that were incubated for
24h. The doses of MONPs that produced significant genotoxic results were investigated for
their ability to disrupt the mitotic spindle by evaluating 300 mitotic cells (altering the spindle
from a normal polarity to either monopolar or multipolar). Treatments of HepG2 cells were

carried out only at concentrations of 100ug/ml of dSPIONs, 10ug/ml of NM-102 Titanium
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dioxide and 10pug/ml of NM-104 Titanium dioxide and a negative control as described in

Section 2.11.
4.2.12 Statistical analysis

GraphPad Prism 6 was used for the plotting and the statistical analysis of all the results.
Two-way ANOVA and Tukey’s multiple comparisons test were used to compare the results
in all cell lines between each dose, the untreated controls and the different oxygen
environments. All of the statistical analysis of the acquired data we were completed with a
p<0.05 considered as significant. Further information on the statistical analysis can be

found in Section 2.14.
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4.3 Results

4.3.1 Characterization of cellular behaviour in culture environments with differing oxygen

content

Before exploring the impact of NP exposure to cells under environments with varying
oxygen content, it was important to evaluate and compare the cellular behaviour under
physioxia versus hyperoxia conditions. Cellular behaviour would include the growth
characteristics (relative population doubling and genotoxicity) cellular antioxidant

production and production of pro-inflammatory cytokines (IL-8).

Relative population doubling of the cell lines, namely, THP-1 and HepG2 in the physioxic and
hyperoxic culture environments was characterized over a period of 120h. A continuous
increase in cell number was identified over this time period in both the cell lines. As is seen
in Figure 4.1 no increase in cellular number of THP-1 was identified after 24h incubation in
physioxia in comparison to hyperoxia in both of the cell lines as is seen in Figure 4.1.
Increase in the numbers of THP-1 cells in the time period between 72-120h was almost
identical in the two environments. The cellular number of HepG2 cells followed the same
trend observed in Figure 4.2 in THP-1. The cell number of HepG2 was similar in physioxia to

hyperoxia.
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Figure 4.1: Relative population doubling (RPD) of THP-1 cells cultured in different oxygen

culture environments. (n=3).
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The background levels of DNA damage of cells cultured the different oxygen culture
environments were investigated after incubation of HepG2 over 120h. No statistical
significance was identified in the induction of micronuclei by untreated HepG2 regardless of
the oxygen content of the culture environment. Although, the number of micronuclei in the

cells was slightly lower in physioxia, this difference was not significant (Figure 4.2).
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Figure 4.2: Relative population doubling and MN concentration of HepG2 in the distinct
oxygen culture environments. Results were gathered over a 120h incubation and induction

of micronuclei in HepG2 in the different oxygen culturing environments. (n=3)
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The concentrations of glutathione (GSH) after 72h incubation in the two distinct culture
environments with varying oxygen content were also investigated. As is seen in Figure 4.3A
the concentration of GSH in both the cell lines, namely, HepG2 and THP-1 was slightly higher
in the physioxic (5%0,) environment. The concentration of GSH in the distinct environments
was not, however significantly different in any of the cell lines. In both cell lines and
environments GSH was similar at 24h compared to 72h. There was however, a slightly

greater level of GSH measured in the monocytic cell line (THP-1) than in HepG2.

The levels of the pro-inflammatory cytokine, IL-8 was measured in cell culture supernatants
for HepG2 and THP-1 after culture for 24h and 72h under physioxia and hyperoxia, as
presented in Figure 4.3B. In hyperoxia HepG2 secreted more IL-8 than when cultured in the
physioxic environment. Under both conditions, there was very little difference in the levels
of IL-8 secretion at 72h culture in comparison with 24h. The difference between the

secretions of IL-8 was significantly greater in the hyperoxic environment.

With respect to THP-1 cells, there were no differences in the concentration of IL-8 in across
culture times. However, as is seen in Figure 4.3 B a significant increase was identified in the
production of IL-8 in hyperoxia when the results were compared with the same time point in

physioxia.
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Figure 4.3: Antioxidant and inflammatory cytokine production in the different oxygen
culture environments. (A) Glutathione production after incubation in the both a hyperoxic
and physioxic oxygen culture environment (n=3) (B) Production of IL-8 in THP-1 and HepG2.

(n=3) * comparison of the incubation with the same incubation period in the different

environment P<0.05
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4.3.1.1 Characterization of THP-1 differentiation to dTHP-1

Before exploring the impact of NP exposure to cells, it was important to evaluate and
compare the cellular behaviour and optimise the differentiation of THP-1 cells to d-THP-1
using PMA under physioxia versus hyperoxia conditions. Cellular behaviour would include
cellular morphology, growth characteristics (relative population doubling) cellular

antioxidant production and production of pro-inflammatory cytokines (IL-8).

The behaviour of the macrophage-resembling cell line dTHP-1 using 50nmol PMA was
investigated in the different oxygen culture environments over a period of 72h. The
morphology of the cells was studied by light microscopy. After visual identification within
the first 24h, cells treated with PMA in hyperoxia were slightly inflated with no
morphological changes identified (Figure 4.4A). When treated with PMA in physioxia more
cells developed macrophage like morphological characteristics than those treated with PMA

in physioxia (Figure 4.4D).

After 48h of incubation with PMA the cells morphologically differentiated into macrophages
in both of the environments. No further differences on cellular morphology were observed

after the first 48h of culture in the two oxygen culture environments (Figure 4.4 B and E).

After 72h culture in the presence of PMA the membrane of dTHP-1 cells in the physioxic
culturing conditions seemed to forming blebs, suggesting the cells were undergoing

apoptosis (Figure 4.4F). This blebbing was not observed in cells cultured in physioxia.
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conditions with 50nmol PMA for the period of (A and D) 24h, (B and E) 48h and (C and F)
72h.

The effects of the different oxygen culturing environments on the cellular viability of THP-1
cells undergoing differentiation using 50nmol of PMA were determined over a period of 72h
using RICC. As is seen at Figure 4.5 no significant difference in the cell number was identified
in the two environments. The cell number over the period of the first 48h remains constant,

but was reduced slightly after 72h, no statistical significance was identified.
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Figure 4.5: Effect of PMA (50nmol) on cell number in a Hyperoxic and a physioxic

environment. (n=3).

Glutathione concentrations, after 48h incubation with 50nmol PMA, were investigated in
the physioxic and hyperoxic environments. As is seen in Figure 4.6 A after the differentiation
of THP-1 monocytes to the macrophage resembling cell line dTHP-1, a greater reduction in
glutathione concentration was identified in the hyperoxic environment. The reduction was

not found significantly greater.

The cells were also investigated for changes in the production of the pro-inflammatory
chemokine IL-8. A significant increase was identified in both environments over the period
of the incubation (72h), which was significantly greater in the hyperoxic environment. As is
seen in Figure 4.6B after a 48h and 72h incubation with 50nmol the presence of IL-8 was

found to be significantly greater in the physioxic environment.
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Figure 4.6: Antioxidant and inflammatory cytokine production in the different oxygen
culture environments. (A) Glutathione concentration after incubation of THP-1 with
50nmol of PMA for the period of 48h. (B) 50nmol PMA effects in different environments on
the production of pro-inflammatory chemokine IL-8. (n=3) * comparison of the incubation
time with results on the same environment at 24h * comparison of the results at the same

time point in the different environments P<0.05
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4.3.2 NP-cell interaction

4.3.2.1 Ferrozine Assay-dSPION cell interactions

In order to identify cellular interaction with dSPIONs after treatment to different
concentrations the ferrozine assay that allows identification of Fe concentration in the cells
was applied. After treatment for 24h with the NPs the cultured cells were investigated for
their interaction with distinct MONPs. Interaction of cells with dSPIONs was investigated
using the ferrozine assay. As is seen in Figure 4.7A a dose dependent significant increase in
Fe concentration was identified in both THP-1 and dTHP-1 cells in both environments. A
dose dependent increase was identified in both hyperoxia across doses 10-100ug/ml and in
physioxia across doses 8-100ug/ml in both immune cell lines (THP-1 and dTHP-1). The
identified increase was generally greater in the physioxic environment; however this
difference was only significantly greater at the top dose of 100ug/ml in THP-1 when
compared with the Fe concentration in the hyperoxic environment. In contrast, no increase
in dSPION-HepG2 interaction was identified in the hyperoxic environment at any of the
doses when compared with the negative control (Oug/ml). Yet, a dose dependent increase
in the Fe concentration was identified in HepG2 cells treated with dSPIONs under physioxia.
Doses over 8ug/ml were significantly greater than the negative control. In summary a
distinct interaction with dSPIONs was identified in all of the cell lines with the greater being

identified in dTHP-1 and the lowest being identified in HepG2.
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Figure 4.7: Iron content of cell lines after treatment with dSPIONs under physioxia and
hyperoxia environments; (A) THP-1 cells (B) dTHP-1 cells and (C) HepG2 cells. (n=3) **
Comparison of the dose with results at Oug/ml in the same environment * comparison of the

results of the same in the different environments
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4.3.2.2 Identification of Titanium dioxide-Cell interaction through flow cytometry

Cellular interaction of TiO, NPs was investigated using flow cytometry after a 24h treatment.
The increase of the interaction was identified by a shifting/increase in the cellular side
scattering which indicated changed granularity of the cells. This change in granularity
suggested an increase in the interaction with the NPs (either attachment to the cell
membrane, free in the cytoplasm or in encapsulated intracellular vesicles). The results
presented here indicate that in the physioxic environment for both NM-102 and NM-104, no
differences were identified in the NP-cell interaction between the treatments in the distinct
environments. All the negative controls in Figure 4.8 and 4.9 were presented with the
colour red whereas the highest NP doses (50ug/ml) were presented with blue. Only data for
the highest dose are illustrated as the doses of 2-10ug/ml for both NM-102 and NM-104 did

not result in a significant increase in interaction (data not presented here).

As is seen in the flow cytometry dot plots presented in Figure 4.8 Al, Bland C1, NM-102
were able to increase the side scattering in all the cell lines when the cells were compared
with the negative control. The greatest shift in side scattering was identified in the immune
cell lines (dTHP-1>THP-1). The results were also expressed using histograms (Figure 4.8 A2,
B2 and C2). There is a large increase in cells with high granularity in the dTHP-1 following

treatments but only minor changes in cellular granularity in the HepG2 cells.

The NM-104 material induced a similar response to NM-102. As illustrated in Figure 4.9 Al,
B1 and C1, NM-104 increased the side scattering in all the cell lines when the cells were
compared with the negative control. The largest shift in side scattering according to the dot
plots was identified in the macrophages resembling cell line dTHP-1. When the results were
expressed in histograms (Figure 4.9 A2, B2 and C2), the count of cells that increased in
granularity after treatments were highest in dTHP-1 and the lowest was in HepG2,

suggesting of highest cellular interaction in the immune cell lines when compared to HepG2.
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Figure 4.8: NM-102-cellular interaction investigated using flow cytometry. (Al and 2) THP-1; (Bland 2); dTHP-1 (Cland 2); HepG2 (n=3). In
Al, Bland C1 the results are represented by flow cytometry dot plots. The data has also been converted into histograms in A2, B2 andC2. TIO

red is the 50 pg/ml of NM-102 and in blue is the negative control of Oug/ml.
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Figure 4.9: NM-104-cellular interaction investigated using flow cytometry (Aland 2) THP-1 (Bland 2) dTHP-1 (Cland 2) HepG2 (n=3). In A1,
B1 and C1 results were presented in the flow cytometry dot plots. The results were also presented in histograms A2, B2, C2. In red is the 50

pg/ml of NM-14 and in blue is the negative control of Oug/ml.
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4.3.3 Uptake and cell compartmentalization determined by TEM

After exposure of THP-1 and HepG2 for 24h in the physioxic environment, to the maximum
concentration for each of the NPs (for dSPIONs 100ug/ml and for the Titanium dioxide
polymorphs 50ug/ml), cellular interaction, uptake and compartmentalization/localization
were investigated by TEM. Images of the cells were taken to determine the ability of the

different cell lines to internalise the NPs being investigated.

Only one oxygen environment was investigated, this choice was based on previously
obtained results in other experiments that have shown a greater NP-cell interaction in the
physioxic environment. Due to time limits, the expenses for this technique and the small
number of dTHP-1 cells obtained after the cells underwent treatment with the NPs and
prepared for imaging samples for were not obtained. Instead THP-1 monocytes were chosen

as a representative immune cell line for the experiment.

4.3.3.1 Cellular Uptake and compartmentalization in THP-1 (primary monocyte)

A representative control immune cell, monocytic THP-1, is presented in Figure 4.10 where

THP-1 cells exhibit a large, round, single-cell morphology with a visibly lobulated nucleus.

After treatment of THP-1 cells with dSPIONs at a concentration of 100pug/ml for the period
of 24h in the physioxic environment, no visual interaction or uptake was identified. Cells
were investigated in a total of 6 sample grids that were prepared after treatment for two
distinct replicates. The results observed in the samples treated with dSPIONs were no

different with what is presented in the control illustrated in Figure 4.10.
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Figure 4.10: TEM image of a untreated THP-1 single cell, this is a control image in the
untreated control. THP-1 were observed to have a large, round, single-cell morphology. As

is seen the ability of the cells to produce pseudopodia was identified in the control image.

As is seen in Figure 4.11 A and B, exposure of THP-1 cells to NM-102 NPs resulted in uptake
after a 24h treatment, with the internalised material enclosed in a cellular vesicle. As is seen
in the images at figure 4.11 A and B agglomerates of NM-102 varied in size after uptake,
sizes were in the range of 200-500nm. To confirm the observed NP agglomerates were
indeed titanium dioxide, EDX was applied in the image at Figure 4.11B. As is seen in Figure
4.11C, EDX mapping on the identified internalised entities indicated that they mainly
consisted of titanium, shown in red colour. The analyses of the whole spectrum presented in
Figure 4.11C can be seen in Figure 4.11D where Ti is identified as the highest concentration
in the area. Osmium peak was identified as well that was greater than titanium. This is due

to the staining procedure the cells underwent with osmium.
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Figure 4.11: TEM imaging for the investigation of NM-102 uptake and
compartmentalization in THP-1 cells (A)internalised NM-102 agglomerate, and
compartmentalization.(B) A greater magnification of (A) of the internalised NP
agglomerate(C) EDX mapping on the area of the agglomerate indicated by the red circle in
(A), where the red colour represents elemental titanium internalised in the cell. (D)
Spectrum analysis of the EDX mapping, peaks were identified in Titanium, Oxygen and

Osmium.

Electron micrographs presented in Figure 4.12 A and B demonstrate the interaction, uptake
and localization of NM-104 NPs by THP-1 cells after a 24h treatment. Agglomerates of NM-
104 varied in size, 50-250nm, after uptake. NP agglomerates in different amounts were seen
to be enclosed in cellular vesicles within the cell. EDX was applied on the image in Figure
4.12B in order to determine if the observed uptaken body consist by titanium and hence

NM-102 that was used to treat the cells. From the image presented in Figure 4.12 C, it is
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evident that the bodies uptaken by the cell mainly consisted by titanium, shown in red
colour. Whole spectrum analyses of the area presented in Figure 12C can be seen at Figure
4.12 D, where Ti is identified at the highest concentration on the area. Osmium peak was

identified as well that was greater than titanium. This is due to the staining procedure the

cells underwent with osmium.
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Figure 4.12: TEM imaging for the investigation of NM-104 uptake and
compartmentalization in THP-1 cells (A)internalised NM-104 agglomerate, and
compartmentalization.(B) A greater magnification of (A) of the internalised NP
agglomerate(C) EDX mapping on the area of the agglomerate indicated by the red circle in
(A), where the red colour represents elemental titanium internalised in the cell. (D)
Spectrum analysis of the EDX mapping, peaks were identified in Titanium, Oxygen and

Osmium.
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4.3.3.2 Cellular Uptake and compartmentalization in Hepatocellular carcinoma cell line

(HepG2)

A representative untreated Hepatocellular Carcinoma cell (HepG2) is presented in Figure
4.13; under TEM an epithelial morphology was observed. HepG2 were found to be

polygonal in cell shape and nucleus (Figure 4.13).

After treatment of HepG2 cells with dSPIONs at a concentration of 100ug/ml for the period
of 24h in the physioxic environment no visual interaction or uptake was identified. These
were investigated in the total of 6 sample grids that were prepared after treatment for two
distinct replicates. The results observed in the samples treated with dSPIONs were no

different with what is presented in the control illustrated in Figure 4.13.

Figure 4.13: TEM image of an untreated HepG2 single cell, this is a control image in the

untreated control. HepG2 were found to be polygonal in cell shape and nucleus shape.

After treatment of the hepatic epithelial cells HepG2 under physioxic environmental
conditions for the period of 24h internalised NM-102 (50ug/ml) agglomerates were
observed. As is seen in the example image in Figure 4.14A and B, the observed

agglomerates after uptake retained a size of500nm, but variability in size was observed 200-
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500nm but various. The observed agglomerates were not enclosed in by cellular bodies.
Confirmation that the observed internalized agglomerates in figure 4.14B consist by
titanium dioxide EDX was applied. After EDX mapping analyses was applied to the area of
the observed agglomerates their elemental composition was confirmed to be mainly Ti.
Areas with elemental Ti are coloured with red as is seen in Figure 4.14C. The analyses of the
whole spectrum of the area presented in Figure 14C can be found in Figure 4.14D, where Ti
is identified at the highest concentration on the area. Osmium peak was identified as well
that was greater than titanium. This is due to the staining procedure the cells underwent

with osmium.
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Figure 4.14: TEM imaging for the investigation of NM-102 uptake and
compartmentalization in HepG2 cells (A)internalised NM-104 agglomerate, and
compartmentalization.(B) A greater magnification of (A) of the internalised NP
agglomerate(C) EDX mapping on the area of the agglomerate indicated by the red circle in
(A), where the red colour represents elemental titanium internalised in the cell. (D)
Spectrum analysis of the EDX mapping, peaks were identified in Titanium, Oxygen and

Osmium.
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After treatment of the hepatic epithelial cells HepG2 under physioxic environmental
conditions for the period of 24h internalised NM-102 (50ug/ml) agglomerates were
observed. As is seen in the example image in Figure 4.15A and B, the observed
agglomerates after uptake retained a size of500nm, but variability in size was observed 200-
500nm but various. The observed agglomerates were not enclosed in by cellular bodies. EDX
was applied in order to determine if the observed NP agglomerates consist of Ti. In Figure
4.15C EDX mapping on internalised agglomerates by the cell proves that they mainly consist
of titanium, shown in red colour. Whole spectrum analyses of the area presented in Figure
15C can be seen at Figure 4.15D, where Ti is identified as the highest concentration on the
area. Osmium peak was identified as well that was greater than titanium. This is due to the

staining procedure the cells underwent with osmium.
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Figure 4.15: TEM imaging for the investigation of NM-104 uptake

compartmentalization in HepG2 cells (A)internalised NM-104 agglomerate,

and

and

compartmentalization.(B) A greater magnification of (A) of the internalised NP

agglomerate(C) EDX mapping on the area of the agglomerate indicated by the red circle in

(A), where the red colour represents elemental titanium internalised in the cell. (D)

Spectrum analysis of the EDX mapping, peaks were identified in Titanium, Oxygen and

Osmium.
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4.3.4 Toxicity assessment of MONPs in different culture environments

4.3.4.1 Assessment of cellular viability of monocyte THP-1 cells after treatment with

MONPs

The effects of the distinct MONPs to reduce the cellular viability of THP-1 cells was
investigated using the RPD analysis in both hyperoxic and a physioxic culture environment.
As is seen in Figure 4.16A after the exposure to a dose range of 0-100ug/ml dSPIONs no
significant reduction in cellular viability of THP-1 was identified in the hyperoxic
environment. However, a significant reduction in the %RPD was identified at 50 and
100pg/ml under the physioxic culturing conditions when compared with the negative
control (0 ug/ml). A greater significant reduction on THP-1 cellular viability after treatment
with dSPIONs 100ug/ml was identified in the physioxic environment when compared with
the hyperoxic environment. Results for the effects of the Titanium dioxide isomorphs on the
cellular viability of THP-1 are presented in both Figure 4.16 B and Figure 4.16C. After
treatment with NM-102 and NM-104 at 0-50ug/ml, no significant reduction in viability was
observed and there was also no significant difference between the toxicity when comparing

the two distinct oxygen culture environments.
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Figure 4.16: Cell viability of THP-1 after treatment with MONPs under physioxia and
hyperoxia: Treatments of the cell lines were carried for the period of 24h with (A) dSPIONs
(B) NM-102 (C) NM-104. (n=3) **Dose compared to Oug/ml. # Dose compared to the same

treatment in different environment.P<0.05
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4.3.4.2 Assessment of cellular viability of macrophages resembling dTHP-1 after treatment

with MONPs

The effects on the cellular viability of the macrophages resembling dTHP-1 cells after
treatment with the distinct MONPs for a period of 24h was investigated in both a hyperoxic
and physioxic environments. As is seen in Figure 4.17 A, dSPIONs were not able to induce a
significant reduction of cellular viability after a treatment for 24h in the hyperoxic
environment. In the physioxic environment, a significant reduction in cellular viability of
dTHP-1 was identified at both 10and 100ug/ml when the results were compared with the
negative control in the same environment. Additionally, it was notable that 100ug/ml of
dSPION were able to induce a significantly greater cytotoxic behaviour in the physioxic
environment when compared to response in hyperoxia. The ability of both NM-102 and NM-
104 to induce toxicity were investigated in the distinct oxygen-content environments. As is
seen in both Figure 4.17 B and Figure 4.17C after treatment with the Titanium dioxide
isomorphs no significant reduction in cellular viability was identified in either culture

environment.
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Figure 4.17: Cell viability of THP-1 after treatment with MONPs under physioxia and

hyperoxia: Treatments of the cell lines were carried for the period of 24h with (A) dSPIONs

(B) NM-102 (C) NM-104. (n=3) **Dose compared to Oug/ml. # Dose compared to the same

treatment in different environment. P<0.05.
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4.3.4.3 Assessment of cellular viability and genotoxicity in hepatocellular carcinoma

HepG2 after treatment with MONPs

Chromosomal damage and cell viability assessment of HepG2 cells exposed to dSPIONs (0O-
100pg/ml) for 24h was investigated in both physioxic and hyperoxic environments. As from
the results presented in Figure 4.18 A, dSPIONs were unable to induce significant reduction
in cellular viability when compared with the negative control (Opug/ml). A slight reduction

was identified in the physioxic environment, but this did not reach significance.

The ability of dSPIONs to induce chromosomal damage was investigated using the CBMN
assay. After scoring 6000 cells for each of the doses administered to HepG2 cells, no
significant induction of genotoxicity was identified in the hyperoxic environment when
compared with the negative control (Opg/ml). In contrast, in the physioxic environment, a
significant dose-dependent increase in micronuclei were observed over a range of 8-

100ug/ml (Figure 4.18 A).

NM-102 was investigated in the distinct environments for its ability to reduce cellular
viability of HepG2. As is seen in Figure 4.18 B a gradual dose dependent reduction in cellular
viability was identified in both physioxia and hyperoxia. In both environments, the dose of
50ug/ml of NM-102 induced a significant reduction of cellular viability. Results for the
effects of NM-102 on their ability to induce chromosomal damage were also investigated
under physioxia and hyperoxia; where in both cases a gradual increase in the induction of
MN up to a dose of 10ug/ml was identified. Results in both environments were found to be

statistically significant when compared to the negative control only at a dose of 10ug/ml.

The effect of NM-104 on the cellular viability of HepG2 cells was investigated after a 24h
treatment. As is seen in Figure 4.18 C, doses of 8-50ug/ml were found to significantly reduce
viability in both environments. Additionally, NM-104 were investigated for its ability to
induce chromosomal damage, but no significant induction of MN was identified in either of

the two environments after HepG2 were treated for a period of 24h.
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Figure 4.18: Cell viability and Genotoxicity after treatment with MONPs under physioxia
and hyperoxia: Effects of MONPs in the cell viability and their ability to induce MN in HepG2
cells. Treatments of the cell lines were carried for 24h with (A) dSPIONs (B) NM-102 (C) NM-
104. **Dose compared to Oug/ml. # Dose compared to the same treatment in different

environment. P<0.05
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4.3.5 Centromere Staining

The NP doses observed to be significantly genotoxic after the application of the CBMN assay
were investigated to determine if the genotoxicity induced were the result of either
aneugenic or clastogenic mechanisms. In Figure 4.19 representative images of the applied
centromere stain can be seen. These include a centromere stained binucleated cell without
the presence of a MN at Figure 4.19A, a clastogenic response with no centromere-signals
identified in the MN in Figure 4.19B and finally an aneugenic response with multiple

centromeric signals in a MN (centromere numbers in the MN varied) in Figure 4.19C.

(A) Binucleated‘_ o (B) Clastogen = [ (C) Aneugen

Figure 4.19: Aneugenic and clastogenic MN formation determined after centromere
staining of HepG2 cells that were blocked during cytokinesis: (A) Binucleated cell without a
micronuclei present cells; (B) Binucleated cell containing no centromeric signal within the
micronucleus; (C) Centromere positive cell, indicating the MN was formed by an aneugenic

response.

In Table 4.1 the results for aneugenic clastogenic results are presented. The results include
treatments of the NP doses that were found to be significantly genotoxic, untreated cells
which acted as a negative control and carbendazim which acted as a positive control for
aneugenicity. Statistical comparison of the result obtained for treated cells with the
negative control obtained in the equivalent oxygen culture environment were carried out
with no significant statistical difference identified. Only NM-102 showed the ability to
induce a minor aneugenic response, the response was identified in both oxygen culture
environments, was not significant however. In the majority of NM-102 positive results

multiple centromeres were observed in the formed MN.
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Table 4.1: Aneugenic and clastogenic MN formation determined after centromere staining

of HepG2 cells that were blocked during cytokinesis. The average percentages of the

number of cells scored (35 cells each replicate, n=3) were classified as centromere positive

or centromere negative. Results are presented as a %mean and a %standard error of the

mean. (n=3) *Dose compared to Oug/ml. P<0.05

Centromere-negative IMN

Centromere-positive MN

(%) (%)

Mean % (Cells) SEM % Mean %(Cells) SEM %
(A) Control (-) Hyperoxia 60.95 +3.44 39.05 +3.44
(B) Carbendazim (8uM) | 30.47 +3.43 69.53* +3.43
Hyperoxia
(€) NM-102 (10ug/ml) | 57.14 +5.95 |42.86 +5.95
Hyperoxia
(D) Control (-) Physioxia 59.66 +4.95 40.34 +4.66
(E) Carbendazim (8uMm) | 31.42 +1.65 68.58* +1.65
Physioxia
(F) NM-102 (10ug/ml) | 56.18 +3.43 | 43.82 +3.44
Physioxia
(G) dSPIONs 50ug/ml) | 50.19 +2.06 49.81 +2.06
Physioxia
(H)  dSPIONs  (100ug/ml) | 44.76 +5.30 |55.24 +5.30
Physioxia
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4.3.6 Mitotic Spindle Analyses

After a 24h treatment with the distinct MONPs their ability to disrupt the mitotic spindle
was investigated. Staining of the microtubules allowed the identification of changes in the

formation of the mitotic spindle following exposure.

As is seen in Table 4.2 the ability of the previously identified, significantly genotoxic MONPs
doses were investigated for their ability to disrupt the mitotic spindle by evaluating 300
mitotic cells. When dSPIONs (100ug/ml) were used to treat HepG2 in physioxia a slight
increase in the presence of both monopolar spindle and multipolar spindle were identified,

but this did not reach significance.

An increase was identified in the presence of monopolar spindle formation after treatment
with NM-102 (10ug/ml) by 3% although it was not a significant elevation when compared
with the negative control. Additionally, a slight increase in multipolar spindle was also

identified for NM-102 although this too was not significant.

Table 4.2: Analytical results for mitotic Spindle Analysis. The average percentages of the
number of cells scored (100 cells each replicate, n=3) were classified as monopolar spindle,
bipolar spindle and multipolar and negative results. Results are presented as a %mean and a

%standard error of the mean. (n=3) *Dose compared to Oug/ml. P<0.05

Monopolar Spindles| Bipolar Spindles|Multipolar

(%) (normal) (%) spindles (%)

Mean (%)[SEM  |Mean (%) Mean (%)

(Cells) (%) (Cells) SEM (%) |(Cells) SEM (%)

+/-

(A) Oug/ml Physioxia 0.33 0.33 [74.66 +/-0.88  |25.00 +/-1.15
(B) dSPIONs (100ug/ml) +/-
Physioxia 1.000 0.58 |72.33 +/-1.86  |26.67 +/-1.45
(C) NM-102 (10ug/ml) +/-
Physioxia 3.33 0.67 |66.66 +/-0.33 29.33 +/-0.88
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4.4 Discussion

The assessment of NM genotoxicity and cytotoxicity in vitro is primarily undertaken in an
ambient oxygen culturing environment (Hyperoxia 21% O,); this has been proven to provide
useful data. Although as it has been previously discussed cells cultured in a more
physiologically representative environment, with respect to oxygen content have been
previously observed to better express the cellular behaviour identified in vivo (Costa et. al...
2017). Important was the finding that absence or excess of oxygen in the culture of cells
may lead to the production of reactive oxygen species (ROS) which in turn leads to the
induction of oxidative stress (Jagannathan et. al... 2016). These results are of particular
interest based on the array of nanotoxicological studies that suggest NP toxicity arises from
alteration of the cellular redox state (Shafiri et. al... 2011, Anderrson et. al... 2011, Singh et.
al. 2012). Therefore, the purpose of this chapter was to compare the ability of several
MONPs to induce genotoxicity and impact on cellular viability in the commonly used
hyperoxic culturing environment, as compared to a more physiologically representative
(physioxic) oxygen culture environment (5%0,). This study was applied in different cell
lines, two immune cell lines, namely, primary monocyte cell line THP-1 and the macrophage
cells dTHP-1 were chosen to represent the reactions of the immune system. The
hepatocellular carcinoma cell line was chosen as a representative of the liver where NPs

have been previously found to accumulate (Kim et. al. 2016.).

4.4.1 Culturing the different cell lines in the different oxygen culture environments

Prior to any investigation of the effects the MONPs have on the different cell lines, the
cellular behaviour including cell proliferation, glutathione depletion and production of IL-8
were investigated for both of the immortalized cell lines, namely, HepG2 and THP-1 were
characterized under hyperoxia (21%0,) and physioxia (5%0,). Investigation of cellular
genotoxicity in the different oxygen culture environment was also investigated. The
background levels of micronuclei in the two environments was also investigated for HepG2,

to determine if the assay could be applied to evaluate genotoxicity under physioxia.

Oxidative stress due to generation of reactive oxygen species (ROS) in cells cultured at

higher than physiological oxygen levels is implicated in a multitude of deleterious effects
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including DNA damage and genomic instability (Cadet et. al... 2012). In addition, oxidative
stress activates redox sensitive transcription factors related to inflammatory signalling (e.g.
IL-8 production) and apoptotic signalling. The mammalian system is naturally equipped to
deal with oxidative stress. Antioxidants, including glutathione (GSH), vitamins C and E and
antioxidant enzymes such as catalase, superoxide dismutase (SOD) and various peroxidases
help to maintain the cellular redox environment (Chakravarthi et. al... 2018). Evidence
suggests that lower availability of antioxidants including Vitamin E, C and selenium in cell
culture medium could affect the cell’s ability to efficiently scavenge ROS (Leist et. al.. 1996).
The redox effects of varying oxygen content in the culture environment were therefore

investigated by identifying any reduction in the concentration of cellular glutathione levels.

Culturing the immortalized cell line, THP-1, in the different oxygen environments resulted in
important changes in cell growth characteristics. Cellular viability was not affected by the
oxygen content of the culture environment. Glutathione concentration seems to reduce
over time in both of the environments. The observed decrease in GSH seem to be associated
with the significantly greater production of IL-8 identified in the hyperoxic environment in
THP-1 cells. The observed results with reports in the literature focused on freshly isolated
peripheral blood monocytes (PBMCs), where cells isolated in a hyperoxic (21%0,)
environment sent out inflammatory signals that were significantly reduced when the cells
were grown at lower oxygen levels (5% and 10% O,) (Atkuri et. al... 2005, Atkuri et. al...
2007).

When comparisons were made in HepG2 cells in the distinct oxygen culture environments,
similar results were observed in both cell proliferation and the presence of MN. A slight
decrease in the presence of GSH identified in hyperoxia when compared to physioxia and a
significantly greater production of IL-8 also identified in the hyperoxic environment. When
rat liver sinusoidal endothelial cells (LSECs) were cultured at 5% O, and 21% O,, an improved
survival of Liver sinusoidal endothelial cell (LSECs) was identified in 5% O, (Martinez et. al.
2008). Interestingly in addition, the production of the pro-inflammatory mediator
interleukin-6 was reduced, the production of the anti-inflammatory cytokine interleukin-10
was increased and the production of endogenous hydrogen peroxide was decreased

(Martinez et. al... 2008). Under physiological conditions approximately 1-4% of the oxygen
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consumed by mitochondria is diverted for the formation of ROS (Wagner et. al. 2011). This
can be multiplied several fold under in vitro culture conditions at 21% O,. This explains the
greater decrease in the presence of the antioxidant GSH, in addition to the effects such as,
the reduction in the cellular viability and the increased production of IL-8 in a hyperoxic

oxygen culture environment in all the cell lines.

The differentiation of the immortalized monocytic cell line THP-1 to the macrophage-
resembling cell line dTHP-1 was investigated in under physioxia and hyperoxia. Through the
different incubation periods (24-72h) and oxygen culture environment, the concentration of
PMA applied in this experiment was 50nmol. The choice of PMA concentration and the
methodology was based on a previous study applied in the hyperoxic (21%0,) environment
(Evans et. al. 2017). The study demonstrated the visual physical differentiation of THP-1
cells, but most importantly the ability of an immune response to be induced by dTHP-1
when treated with LPS (Evans et. al. 2017). Similar effects on the differentiation of THP-1
cells with PMA were observed in the two distinct oxygen culturing environments. In both
environments a 48h incubation with PMA led to the cells full morphological differentiation.
After a 72h treatment with PMA, dTHP-1 formed apoptotic blebs in the physioxic
environment. In addition, a reduced viability was identified in both environments after a 72h
incubation. 48h incubation with 50nmol of PMA was therefore selected as the optimal
period for differentiation in both physioxia and hyperoxia. After 48h of incubation with PMA,
low concentrations of the antioxidant GSH identified along the greater presence in the

concentration of IL-8 in the hyperoxic environment.

4.4.2 NP-Cell Interaction/Uptake and Future work

Cellular interaction and uptake of the distinct NPs was investigated with different
techniques. Several techniques have been developed in order to identify the level of NP-cell
interaction and the determination of its nature. Certain techniques such as the ferrozine
assay and inductively coupled plasma mass spectrometry (ICPMS), allow the determination
of changes in the levels of an element that the NPs used for cell treatment consist of (Uboldi
et. al. 2016). The changes in the concentration of an element correlate with NP-cell
interaction. Similarly, flow cytometry allows the identification of changes in NP-cellular

interaction by investigating the granularity of the cells after treatment (Zucker et. al.2010).
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Flow cytometry and the ferrozine assay allow identification of the increase in MONPs
interaction with the different cell lines. That being said, these techniques do not allow
determination of the nature of the interaction. In order to identify if the different MONPs
are internalised by the cells or if they are stuck on the cell membrane TEM imaging was
applied. TEM imaging is very high resolution, but low content; it therefore allows
determination of sub-cellular localisation of NPs that have been internalised, but it does not

support quantification of the internalised materials.

In order to identify the level of interaction of dSPIONs with the different cell lines in the
distinct oxygen culture environments the Ferrozine assay was applied. This colorimetric
assay provides a sensitive, cheap, and reliable method for the quantitation of intracellular
iron and for the investigation of iron accumulation in cultured cells (Riemer et. al. 2004). For
guantification of the interaction of titanium based polymorphs, namely, anatase (NM-102)
and Rutile (NM-104) with human cells, a flow-cytometry based technique was utilized
instead. From the results presented in this chapter, the cellular interaction was clearly
increased in dose dependent manner in all the cell lines and NPs in both the hyperoxic and
physioxic environment. The highest interaction was identified in the macrophage-
resembling cell line dTHP-1 and the lowest in HepG2 cells. The difference in uptake capacity
between HepG2 and the other cell lines was due to the proficient phagocyte ability present

in THP-1 and dTHP-1.

In the TEM experiment THP-1 was chosen as a representative immune cell line. This choice
was due to time limits, the expenses for this technique and the small number of dTHP-1 cells
obtained after treatment with the NPs and sample preparation for TEM imaging. Instead
THP-1 monocytes were chosen as a representative immune cell line for the experiment. No
visible interaction was identified after treatments with dSPIONs (of both THP-1 and HepG2
cell lines) in the physioxic environment for the period of 24h. These results contradict the
data observed with the Ferrozine assay. This is due to the difference in the ability of the
techniques, the ferrozine assay does not discriminate between NPs inside the cells or if is
stuck to the outer surface. In the scientific literature, THP-1 cells exposed to dSPIONs under
hyperoxic conditions were previously observed to internalize the material by TEM, with

dSPIONs agglomerates located within membrane bound vesicles and free within the
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cytoplasm (Evans et. al. 2017).The results of this study do not correlate with the literature,
although it has to be highlighted that results here were obtained in the physioxic culture
environment whereas results in literature were obtained in the hyperoxic environment.
Obtained results suggest that, when the titanium polymorphs were evaluated by TEM
following exposure to THP-1 cells, the NPs were internalised as agglomerates with variable
sizes enclosed in membrane bound vesicles. This suggests that a form of endocytosis is the

primary pathway for uptake of the titanium dioxide NPs in the immune cell line THP-1.

To conclude, dSPIONs were the only NP that had an increased interaction in the physioxic
environment when compared with the results identified in the hyperoxic environment.
Previous work done on LSECs would suggest that the observed results are due to the
improved scavenger receptor-mediated endocytic activity identified in a physioxic
representative environment (Martinez et. al... 2008). Increased NP-cell interaction in the
physioxic environment was only identified with dSPIONs, indicating that the observed
results were NP specific. However, it has to be taken into account that the measurements
were acquired using different techniques. Flow cytometry based techniques due to their
nature allow single cell measurements in contrast to the ferrozine assay, which is a bulk cell

measurement with lower sensitivity.

Immune cell lines proficient in phagocytic capacity are able to recognize molecules that do
not belong in the surrounding environment, due to the presence of dedicated receptors
expressed solely on the surface of proficient phagocyte cells, hepatocellular cells also
possess the ability of phagocytosis although they are less proficient (Aderem and Underhill
1999). Based on the size of the NP agglomerates under investigation endocytosis could
occur with all the different pathways mentioned in table 1.1. Further investigation on the
endocytic and phagocytic ability of the different cells should be conducted in future work.
The results of interaction and uptake (e.g. flow cytometry and the ferrozine assay and TEM
images) suggest that the different cell lines utilize a distinct uptake pathway and at a
different extent to interact and internalize the NPs that were under investigation. It also
seems that increase in interaction in the physioxic environments might be the result of
alterations in the phagocytic ability of the cells. In order to further investigate the uptake

pathways utilized for each of the cell lines when treated with the different NPs pathway
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inhibitors can be used. Such blockers were previously described in Kuhn et. al. 2014, it is
suggested that the use of different blockers will allow the determination of the extent the
four different endocytic uptake mechanisms, namely, phagocytosis, micropinocytosis,
clathrin- and caveolin-mediated endocytosis, are involved in uptake of the different NPs.
This will allow a more precise determination why a greater uptake/interaction is identified

in the different cell lines and when cells were cultured in the physioxic environments.

4.4.3 Investigation of the toxicological effects in different oxygen culture environments

The identified toxicological effect of the investigated MONPs under hyperoxia and physioxia
suggests a close relation with NP-cell interactions. Cellular interaction with dSPIONs
identified using the ferrozine assay correlate with the further decrease in cellular viability in
all immune cell lines (THP-1, dTHP-1) across the dose range applied in the physioxic
environment (5%0;). This also agrees with the greater increase in MN concentration
identified in HepG2 cells with multiple doses being identified as significant in the physioxic
environment (21%0,). A slight trend towards aneugenicity was observed in the results,
although spindle analysis suggested that damage to the spindle machinery is unlikely to be
associated with the genotoxicity observed. As previously mentioned in Section 1.5,
substantial evidence in literature suggest that DNA damage as a result of both dSPIONs and
Titanium dioxide is the result of endogenous mechanisms such as production of oxidative
stress (Shafiri et. al... 2011, Anderrson et. al... 2011, Singh et. al. 2012). Evidence point to
change in the cellular redox status in the physioxic environment, which in turn could result
in a greater oxidation of bases and generation of DNA strand interruptions from excessive
reactive oxygen species (Jagannathan et. al. 2016). Further investigation on the mechanism

for the induction of genotoxicity of the MONPs under investigation will follow in Chapter 5.

As it was previously mentioned in Section 4.4.2 dSPIONs were observed to have a greater
interaction with the different cell lines in the physioxic culture environment. Interestingly
this correlates with the greater toxicity identified in all cell lines when cultured in a more
physioxic culture environment. In literature the majority of the studies have been
conducted in a hyperoxic culture environment, these results would suggest that the
scientific field may be underestimating the (geno)toxicity induced by NPs. As mentioned in

Section 1.5.1.2, numerous studies conducted in the hyperoxic environment have

146 |Page



demonstrated the inability of dSPIONs (dextran-Fes0,4) to induce cytotoxic or genotoxic
effects although dextran-Fe,03; have been previously demonstrated to induce genotoxicity
(Singh et. al. 2012). It is of particular interest that dSPION have been demonstrated to
degrade forming Fe®*/Fe*, this effect occurs at a faster rate when exposed to a more acidic
environment such of that of an endosome (Singh et. al., 2012). With that information in
mind these results arouse curiosity on whether an endocytic pathway was increased in the
physioxic environment which in turn allowed the elevated presence of free iron radicals that

resulted in the observed toxicity.

The ability of the distinct Titanium dioxide polymorphs to induce cytotoxic and genotoxic
behaviours was investigated in both a hyperoxic and physioxic environment. In contrast to
dSPIONs, both Titanium dioxide NPs induced an almost identical behaviour in the two
environments. No toxicity was identified in the immune cell lines. Although, both Titanium
dioxide polymoprhs were able to reduce the cellular viability in HepG2, interestingly only
anatase (NM-102) was able to increase the frequency of MN indication after treatment. The
results of this study agree with the results of a recent study that observed anatase titanium
dioxide caused less severe necrosis and lysosomal membrane permeabilization than rutile
titanium dioxide (Li et. al. 2017). Anatase Titanium dioxide NPs were previously found to
have a greater toxic potency than rutile Titanium dioxide NP, this was due to an increased
surface reactivity of anatase Titanium dioxide that results in a greater ability to induce ROS
accumulation, which governs their cytotoxic and inflammatory potential (Johnston et. al...
2009). Observed results of the two polymorphs are not solely associated with their
crystalline structure; the results also depend on their distinct size, agglomeration status and

solubility.
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4.4.4 Summary and Conclusion

This chapter has demonstrated differences between the behaviour of the cells lines (THP-1,
dTHP-1 and HepG2) in the different oxygen-content culture environments. Greater
production of GSH was identified in the physioxic environment, which correlates with the
reduced IL-8 levels identified. Experiments investigating cellular morphology, during the
differentiation of monocyte cell line THP-1 to the macrophages resembling cell line dTHP-1
suggest that 48h incubation with 50nmol of PMA was sufficient for the differentiation of

THP-1 in both oxygen culture environments.

The ability different MONPs [including, dSPIONs, Anatase Titanium dioxide (NM-102) and
Rutile Titanium dioxide (NM-104)] to promote cyto- and genotoxicity with the mentioned
cell lines was investigated under physioxia and hyperoxia. All MONPs were found to interact
with the cell lines under both oxygen-content culture environments. Only dSPIONs showed
a greater cell interaction in the physioxic culturing environment when compared to the
hyperoxic culture environment, suggesting NP dependent uptake is altered in the lower-
oxygen content environment. The observed NP-cell interaction correlates with the results
for cytotoxicity and genotoxicity, where the greater the amount of NP-cell interaction, the
higher the identified hazardous effect. Further investigation of the mechanisms underlying
the NPs toxicity are however required to more fully understand the differences observed in

the physioxic versus hyperoxic culture environments.
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Chapter 5: Understanding the underlying toxicological mechanisms
of metal oxide NPs.

149 |Page



5.1 Introduction

As has been extensively discussed health hazards associated with human exposure to NPs
remains of heightened concern. Primary exposure to NM’s is mostly through the skin,
gastrointestinal tract and most importantly from the lungs (Papp et. al. 2008). Although it is
widely accepted that these are the primary exposure sites, distribution of particles via the
bloodstream to other tissues is observed as secondary exposure (Eisner et. al. 2012). For
example, a study recently carried out using different JRC titanium dioxide NP’s proved that
after oral exposure increased concentrations of titanium were detected in the liver and

mesenteric lymph nodes (Geraets et. al. 2014).

As it was extensively discussed in Section 1.3 generation of excessive amount of reactive
oxygen species (ROS) is the most frequent pathway NPs have for the induction of toxic
actions (Manke et. al. 2013). Induction of oxidative stress via excessive ROS levels was
reported to lead to oxidative DNA damage and micronucleus formation in response to
different metal oxide NP’s (Singh et. al.2012, Shukla et. al. 2011). The ability of different
MONTPs, namely, TiO,, Zn0O, Fe30,4 and Fe,03, CuO, to induce the alteration of cellular redox
state and lead to cellular toxicity in different cell lines (HepG2, A549) has been identified in
several studies in the past (Li et. al. 2008, Singh et. al. 2012, Karlsson et. al. 2015).

It should be noted that oxidative stress induced by the excessive amounts of ROS that are
produced due to the presence of either ambient or engineered NPs, may give rise to the
expression of pro-inflammatory responses via the activation of ica®t signals (Ermak &
Davies, 2002). Involvement in iCa* signalling in the response to MONPs exposure, and the
effects increase in ROS levels can have on iCa®* signalling have been extensively discussed in
Section 1.6. In addition to the known roles of acidic organelles, (such as autophagy and
degradation of intracellular molecules) they have been also identified as one of the most
important intracellular stores of iCa?*; and by their controlled release and uptake of Ca* the
acidic organelles are crucial for the regulation of numerous cellular functions (Lloyd-Evans
et. al. 2010). NP treatments may induce membrane and organelle damage, with the
membranes of acidic organelles (particularly lysosomes) being particularly sensitive to this
(Olsson et. al., 1989). If lysosomal disruption occurs in addition to increase in cytosolic Ca’*a

further increase in the levels of ROS is observed (Sabella et. al. 2014). Moreover, a study
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conducted on three different cell lines [HepG2 (human), RBL-2H3 (rat) and DT40 (chicken)]
have proven that superoxide anion causes oxidation of the InsP3Rs, as a result cytoplasmic

Ca”* oscillation is produced that enhances mitochondrial uptake (Bangashi et. al. 2014).

Thus the induction of oxidative stress and the activation of iCa** signals by MONPs may lead
to expression of pro-inflammatory responses (Ermack and Davies 2002). Therefore, it is
possible the MONP induced increases of iCa®* oxidative stress and the production of pro-
inflammatory responses may coexist with the cytotoxic and genotoxic effects identified in
Chapter 4. The scheme presented in Figure 5.1 summarises all the different parameters that
may be the outcome of the exposure to NPs, and also how these effects may interconnect.
Importantly, in order to identify and understand the cellular, biochemical & molecular basis

by which NP’s exert their toxic effects an investigation of all of these end points must be

carried out.
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Figure 5.1: Mechanisms resulting in the induction of toxicity by NPs.
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5.1.1 Chapter 5 Aim

An investigation of the different MONPs will be carried out in order to evaluate the different
cellular responses induced. Although the toxic effects of the various MONPs currently under
investigation were previously investigated in Chapter 4, the toxicological mechanisms were
not. The aim of this chapter is therefore to investigate the different mechanisms that may
lead to the previously identified cytotoxicity and genotoxicity. Responses to exposure to the
different MONPs that are going to be monitored include among others, the reduction in the
presence of cellular antioxidant glutathione (as a marker of oxidative stress), changes in the
concentration of iCa** (as determined using the Ca’*-activated fluophore Fluo-4), and
production of inflammatory chemokine IL-8 and cytokine TNF-a (as determined via ELISA).
How these mechanisms interact with each other to result in the toxic effects previously
identified will be investigated as well the difference in the mechanism in a physiologically

resembling oxygen culture environment versus a hyperoxic culture environment.

In order to achieve this, the cell lines were exposed to the MONPs over a dose range of 0-
100ug/ml for a period of 0-24h to explore the toxicological mechanism triggered by dSPION
and the two TiO, polymorphs (NM-102 and NM-104). As it was described in previous
chapters the cells selected for this study included the monocytic cell line (THP-1), hepatic
cell line (HepG2) and macrophages (dTHP-1) in order to evaluate the biological impact of
these particles on both inflammatory and liver cells in a hyperoxic (21% O;) and physioxic

(5% 0,).
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5.2 Materials and Methods

Unless stated otherwise all the cell treatments in this chapter were; (a) dSPIONs were used
to treat the cell lines in concentrations of 0-100ug/ml. (b) The two different types of
titanium dioxide NPs (Titanium dioxide NPs) used for this study [i.e. Anatase (NM-102) and
Rutile (NM-104)], they were used to treat the cell lines in concentrations of 0-50ug/ml. The
cells were cultured in 25cm? flasks at a concentration of 2x105 cells/ml that were incubated
for 24h before treatments. Unless stated otherwise all the experiments were conducted in 3

replicates.
5.2.1 Cell culture

The cell lines used for this study were the hepatocellular carcinoma cell line (HepG2) that
was purchased from ECACC and the monocyte cell line (THP-1) that was purchased from
ATCC. Further information on cell culture of the primary cell lines and the differentiation of

THP-1 to the macrophages resembling cell line dTHP-1 can be found in Section 2.1.
5.2.2 Physioxia (5%02) experiments

All experiments were carried out in an InvivO2 physiological cell culture workstation (Baker
Ruskin Ltd, UK). Cells were characterised after culture in two different oxygen
environments; physioxia (5% 0O,, 5% CO,) and hyperoxia (21% 0, 5% CO,). Further

information on experiments carried out under physioxia can be found on Section 2.2.

5.2.3 Pro-Inflammatory cytokine quantification using an Enzyme-Linked Immunosorbent

Assay (ELISA)

Following a 24h treatment of the cells with the mentioned NPs, supernatants were collected
and stored in -20C°. Quantification of IL-8 (CXCL8) or TNF-a was carried out using ELISA KITs

that were purchased from R&D, UK. More information can be found in section 2.7.
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5.2.4 Intracellular reduced Glutathione

The Glutathione Detection Assay (fluorometric) (AbCam, UK) was used for the
determination of glutathione concentrationag as an indicator of oxidative stress. After a 5h
treatment with NPs at the concentrations described at Section 2.1.2, 1x10° cells in 1ml for
each of the treatments were harvested and washed twice using PBS. More information can

be found in Section 2.8.
5.2.5. Intracellular Ca** signalling

Following treatment with the distinct NPs in the different culture oxygen environments for
the periods of 0-30min, 5h and 24h with the concentrations described in Section 2.1.2,
investigations on the effects of iCa®* levels was carried out. All cell lines were seeded in a 96
well assay black plate with clear bottom (Corning incorporated, UK) at a concentration of
2*10° cells/ml. lines (e.g. THP-1 cells). All the measurements were carried at a temperature
of 37°C. All physioxic culture measurements were carried at the mentioned environment
(5% 0, 5% CO,) with the measuring chamber of the plate reader being calibrated to
resemble that environment. All measurements were carried out using clariostar Multimode
microplate reader (BMG LABTECH Ltd, UK) A=490nm A=520nm. Information for the staining
the cells with FLUO-4AM (Thermofisher scientific, USA) were described in Section 2.12. In
some cases measurement of iCa’* were carried out after pre-treatment with the antioxidant
Trolox for 24h at a concentration of 25mM. Further information on the procedure can be
found in Section 2.12. The immediate effects of treatments with the distinct NPs on the
iCa’" homeostasis were investigated by injecting MONP suspensions directly onto the
cultured cells using the injection system of the clariostar multimode microplate reader.
More information on the procedure and the dilutions used for the pumps during treatments

can be found in Section 2.12.

Investigation of the effect NP treatments had on two different Ca®* storage organells
(namely, ER and the lysosomes) was carried out. In order to identify the effects the NP
treatment had on the Endoplasmic reticulum Ca* levels (ER Ca%") were determined using
thapsigargin (100nM) used to stimulate the release of Ca®' from the ER. Further information

on thapsigargin pre-treatments can be found in Section 2.12.
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Determination on the effects 30min treatments with the distinct NPs had on lysosomal Ca**
levels was determined using pre-treatments with NPs, followed by inection of GPN that
triggers immediate release of Ca** from the lysosomes. The cell lines were treated with
50uM GPN for THP-1, 100uM GPN for dTHP-1 and 200uM GPN for HepG2, further

information can be found on Section 2.12.
5.2.6 Statistical analysis

GraphPad Prism 6 was used for the plotting and the statistical analysis of all the results.
Two-way ANOVA and Tukey’s multiple comparisons test were used to compare the results
in all cell lines between each dose, the untreated controls and the different oxygen
environments. All of the statistical analysis of the acquired data we were completed with a
p<0.05 considered as significant. Further information on the statistical analysis can be

found in Section 2.14.
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5.3 Results

5.3.1 Glutathione depletion

In order to determine the oxidative stress effects exerted by the NPs under investigation,
depletion of the levels of the antioxidant glutathione were investigated in the distinct cell
lines, namely, HepG2, THP-1 and dTHP-1. Quantification of intracellular glutathione levels
was carried out in both a hyperoxic (21% O,) and a physioxic (5% O,) environments after

treatment of the cells for a period of 5h.

As is seen in Figure 5.2 (A) concentrations of glutathione after treatment with dSPIONs (O-
100pg/ml) showed a dose dependent decrease in both oxygen culture environments.
Glutathione depletion was found to be significant [when compared with the negative
control (Oug/ml)] in various doses for THP-1 (8 pg/ml -100ug/ml), dTHP-1 (50 pg/ml &
100pg/ml). In HepG2 8-100ug/ml significant depletion was identified only in the physioxic
environment. Interestingly, greater decreases in concentration of glutathione were
identified in the physioxic environment (5% O,) than the hyperoxic environment (21%0,)
after treatment with dSPIONs in THP-1 and HepG2, but the results were found to be
significantly different in the different oxygen culture environments only in HepG2

(100pg/ml).

Treatments of the different cell lines with anatase TiO, (NM-102) (0-50ug/ml) for periods of
5h were also investigated for the resulting reduction of glutathione. As is seen in Figure 5.2
(B) a dose dependent decrease in glutathione was observed in both immune cell lines (THP-
1 and dTHP-1). A slight non-significant decrease was identified in the higher doses in HepG2
(Figure 5.2B2). After treatment of all the cell lines with rutile TiO, (NM-104) (0-50ug/ml) for
the period of 5h, the concentration of glutathione was quantified. As is seen in Figure 5.2 (C)
concentration of glutathione showed a dose dependent decrease in THP-1 and dTHP-1 and a
non-significant decrease after treatments in HepG2. As for dSPIONs greater glutathione
depletion was identified in the physioxic culture environment than in the hyperoxic
environment, with this effect achieving statistical significance at 10-50ug/ml in dTHP-1 cells

and at 50pg/ml NM-104 in THP-1 cells (Figure 5.2B2 and Figure 5.2C1).
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Figure 5.2: Quantification of the reduction In the natural antioxidant glutathione in the distinct cell lines (1) THP-1, (2) dTHP-1 and (3)

HepG2 after treatment with the different metal oxide NM, namely, (A) dSPIONs, (B) NM-102 and (C) NM-104 after treatment for the period

of 5h. *comparison with Opg/ml #comparison between environments. P<0.05 (n=9).
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5.3.2 Quantification of Intracellular Ca** Concentrations
5.3.2.1 Cytosolic Ca** immediate response to MONPs treatments

Immediate response to the exposure of the distinct MONPs was investigated in all the cell
lines. As is seen in figure 5.5 in the hyperoxic culture environment (21% O,) exposures were
carried in the full range of the NPs (e.g. for dSPIONs in concentrations of 0-100ug/ml, for
NM-102 in concentration of 0-50ug/ml and for NM-104 in concentration of 0-50ug/ml). In
the physioxic culture environment (5% O,) exposures were carried only for 2 concentrations
for each of the NPs, for dSPIONs in concentrations of 0, 10, 100ug/ml, for NM-102 or NM-
104 in concentration of 0 pg/ml, 10 pug/ml and 50ug/ml (these results are presented in

Appendix 2).

The results in both of the oxygen culture environments and for all the cell lines and NPs
showed a dose dependent elevation of intracellular ca® immediately after administration of
the NPs (which occurred after 30s of measurements) (Figure 5.3). Some variation of
intracellular Ca*" elevation (immediately after treatment with MONPs) was identified
between the different cell lines and the distinct NPs; also as is seen in Figure 5.4, the oxygen
culture environments. The elevation intracellular Ca®** was maintained for the period of 5min

after treatment in all the experiments.

Comparison of the response in elevation of intracellular ca® immediately after treatment
with the top doses of each of the NPs, in each of the cell lines and the distinct cell culture
environments was carried out and can be seen in Figure 5.4. Both the negative control
(Oug/ml) and the positive control ca® ionophore A23187, produced similar results in both
oxygen culture environments in all the cell lines. The top doses of all the NPs were able to
induce a significant increase in the concentration of intracellular Ca®* in all the cell lines
when the results were compared with the negative control (Opg/ml) in each of the distinct
cell lines. In all the NPs and cell lines, greater increase in the elevation of intracellular ca®
were identified in the physioxic oxygen culture environments (5% O;) than at hyperoxia
(21%0,); statistical analysis revealed that significantly greater responses were found for at
the physioxic environment THP-1 after treatment with dSPIONs and NM-102 for dTHP-1
with  dSPIONs and NM-104; and for HepG2 with dSPIONs and NM-102.
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Figure 5.3: Immediate response of intracellular Ca”* concentrations to treatments of the distinct metal oxide NM, namely, (A) dSPIONs, (B)
NM-102 and (C) NM-104 in the Hyperoxic environment. Continuous measurements were carried for the period of 300s (5min), woth the NPs

being injected after 10s, in the distinct cell lines under investigation, namely, (1) THP-1, (2)dTHP-1 and (3) HepG2. (n=9)
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Figure 5.4: Comparison of the immediate response of intracellular Ca** concentrations in
the different cell lines, namely, (A) THP-1, (B) dTHP-1 and (C) HepG2 to treatments
(immediately after injection at 10s) with the distinct metal oxide NM (namely, dSPIONs, NM-
102 and NM-104) in the different oxygen culture environments. *comparison with Oug/ml

#comparison between environments P<0.05 (n=9)

160 | Page



5.3.2.2 Investigating intracellular Ca”" in the distinct organelles after a 30min treatments
5.3.2.2.1 Thapsigargin pre-treatments

As can be seen in Figure 5.5 the pre-treatment of all the cell lines and oxygen culturing
environments with thapsigargin resulted in the depletion of the ER from Ca®, as the yellow
and red braces are consistently higher than the blue and green braces. In contrast, similar
results were identified with thapsigargin untreated cells in the two oxygen culture
environments. A dose dependent increase in fluorescent intensity was identified in all
thapsigargin untreated cells after treatment with dSPIONs for 30min; although this was
more visible in the immune cell lines (THP-1 and dTHP-1) (Figure 5.5 A&B). Significantly
greater increases were identified in the fluorescent intensity (e.g. the concentration of Ca**)

when THP-1 and dTHP-1 cell were treated with dSPIONs after comparison with the negative

control (Opg/ml) at concentrations of 50 pg/ml or 100ug/ml.

As seen in Figure 5.5, when samples had been treated with thapsigargin, greater fluorescent
intensity was observed in physioxia (5% O,) when compared with hyperoxia (21% O,) in
THP-1 or dTHP-1 (Figure 5.5 A&B). Which suggested that more Ca?* is released from the ER
by thapsigargin under physioxic conditions.This was observed throughout the dose range of
dSPIONs (0 pg/ml -100ug/ml) after treatment for 30min. Significant results were identified
when THP-1 and dTHP-1 cells were treated with both thapsigargin and dSPIONs at
concentration of 100ug/ml. Significantly greater increase was identified when THP-1 cell
were treated with thapsigargin and 100ug/ml of dSPIONs in the physioxic environment in
comparison to the increase identified in the hyperoxic environment (Figure 5.5 A).
Differences between each thapsigargin negative values and the corresponding thapsigargin
positive values decrease as the dSPION concentration increases [suggesting that Ca®'

released by thapsigargin and the Ca”* released by dSPION is largely from the same source].
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Figure 5.5: 30 min treatments with dSPIONs in the distinct environments with and without
Thapsigargin pre-treatment to determine the levels of Ca”" release from the ER. This was
performed in the distinct cell lines (A) THP-1 (B) dTHP-1 and (C) HepG2 and the different

oxygen culture environments. *comparison with Oug/ml #comparison between

environments P<0.05 (n=9).
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The effects of NM-102 on the intracellular Ca®* levels after a 30min treatment were
investigated. Similar results were identified with thapsigargin untreated cells in both oxygen
culture environments in all the cell lines (Figure 5.6). In untreated with thapsigargin samples
a dose dependent increase in Ca* dependent fluorescence were identified after treatment
with NM-102; but this was only found to be significantly significant in dTHP-1 cells treated

with the maximum dose (50ug/ml) in both oxygen environment (Figure 5.6 B).

As is seen in Figure 5.6 A&B after treatment of the immune cell lines THP-1 and dTHP-1 with
thapsigargin greater fluorescent intensity per cell was identified in the physioxic culture
environment in both the negative control (Oug/ml) and the after treatment with NM-102 (2-
50ug/ml) indicating that either thapsigargin alone or a combination of thapsigargin positive
NM-102 elicit release into the cytoplasm. Significantly greater results in fluorescent intensity
per cell were identified in dTHP-1 cells in the hyperoxic culture environments when treated
with 50ug/ml when compared with the negative control (Oug/ml). Significantly greater
increase was identified when dTHP-1 cells were treated with thapsigargin and 50ug/ml of
NM-102 in the hyperoxic environment in comparison to the increase identified in the

physioxic environment (Figure 5.6B).
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Figure 5.6: 30 min treatments with NM-102 in the distinct environments with and without
Thapsigargin pre-treatment to determine the levels of Ca®>* release from the ER. This was
performed in the distinct cell lines (A) THP-1 (B) dTHP-1 and (C) HepG2 and the different
oxygen culture environments. *comparison with Oug/ml #comparison between

environments P<0.05 (n=9).
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Similar results were identified with thapsigargin untreated cells in the two culture
environments in all the cell lines (Figure 5.7). A dose dependent increase in fluorescent
intensity was visible when all the cell lines were treated with NM-104 for 30min without
thapsigargin pre-treatments. Significant results were identified in the fluorescent intensity
when THP-1 and dTHP-1 cell were treated with NM-104 after comparison with the negative

control (Opg/ml) at concentrations of 10 ug/ml &50ug/ml (Figure 5.7 A&B).

Significantly higher fluorescent intensity values were observed in physioxia (5% O,) when
compared to hyperoxia throughout the dose range of NM-104 (0 pug/ml -50ug/ml) when the
cells were pre-treated with thapsigargin. In contrast no significant increases were identified

in thapsigargin pre-treated samples in either of the environments after NM-104 treatments.
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Figure 5.7: 30 min treatments with NM-104 in the distinct environments with and without
Thapsigargin pre-treatment to determine the levels of Ca** release from the ER. This was
performed in the distinct cell lines (A) THP-1 (B) dTHP-1 and (C) HepG2 and the different oxygen

culture environments. *comparison with Opg/ml #comparison between environments P<0.05 (n=9).
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5.3.2.2.2 Intracellular Ca** responses to GPN/ MONPs treatment

After pre-treatment of the distinct cell lines, (namely, THP-1, dTHP-1 and HepG2) with the
distinct MONPs for the period of 30min, GPN was administered as an injection at the time
point of 20sec in each case. As is seen in Figure 5.8, initial measurements (0-20seconds) for
each cell line indicated that each of the doses of the MONPs under study had a distinct
baseline fluorescent intensity/cell. The fluorescent intensity measurements in that period
resemble the results previously observed in Figures 5.5-5.7. [As is seen in Figure 5.8 in the
hyperoxic culture environment (21% O,) exposures were carried in the full range of the NPs,
for dSPIONs in concentrations of 0 pg/ml -100ug/ml, for NM-102 in concentration of 0
pug/ml -50ug/ml and for NM-104 in concentration of 0 pg/ml -50ug/ml. In the physioxic
culture environment (5% O,) exposures were carried only for 2 concentrations for each of
the NPs, for dSPIONs in concentrations of 0 pug/ml, 10 ug/ml, 100pg/ml, for NM-102 in
concentration of 0 pg/ml, 10 pg/ml and 50ug/ml and for NM-104 in concentration of O
ug/ml, 10 pg/ml and 50pg/ml (the results are presented in Appendix 2).

After administration of GPN (50uM for THP-1, 100uM for dTHP-1 and 200uM GPN for
HepG2) at 20 seconds the fluorescent intensity was increased, indicate that increases in
cytosolic Ca** were identified in all cell lines and NPs. The results in both of the oxygen
culture environments, all the cell lines and NPs showed elevation of cytosolic Ca*
immediately after administration of GPN after 20s of measurements in a broadly similar
manner (Figure 5.8). However variation of cytosolic Ca?* elevation was identified between
the cell lines and the distinct NPs but not between the different oxygen culture
environments (Figure 5.9). The elevation intracellular Ca”* was maintained for the period of

80 seconds after treatment in all the carried exposures.

Comparison of the response in elevation of intracellular ca® immediately after treatment
with GPN was carried out and can be seen in Figure 5.9. The difference of the elevation
before treatment at 10s and after the administration of GPN at 20s, at both the top doses
of each of the NPs and the negative control (Opg/ml), in each of the cell lines and the
distinct cell culture environments was plotted and statistical comparison was carried out
and can be seen in Figure 5.9. Both the negative control (Oug/ml) and positive control

(Opg/ml + GPN) produced similar results in both oxygen culture environments and in all the
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cell lines. The top doses of all the MONPs were able to induce a significant increase in the
concentration of intracellular Ca** in immune cell lines, THP-1 and dTHP-1, when the results
were compared with the negative control (Opg/ml) in each of the distinct cell lines. The
positive control in all the cell lines had a lesser increase than the results observed after
treatment with the NPs and GPN. Significantly greater than the positive control were found
the results of THP-1 and dTHP-1 in all the environments. In dTHP-1, greater increase in the
elevation of intracellular Ca** was identified in the physioxic oxygen culture environments
(5% 0,) after treatment with dSPIONs (100ug/ml) and NM-104 (50ug/ml) in dTHP-1 (Figure
5.9).
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Figure 5.8: Continuous measurements of intracellular Ca’* concentrations after treatments of the distinct metal oxide NM, namely, (A)
dSPIONs, (B) NM-102 and (C) NM-104 and administration of GPN (at 20seconds) in the Hyperoxic environment. The continues
measurements were carried for the period of 80s in the distinct cell lines under investigation, namely, (1) THP-1, (2) dTHP-1 and (3) HepG2.

The black arrow at 10s shows the time GPN was administered to the cells. (n=9).
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treatments of the different cell lines, namely, (A) THP-1, (B) dTHP-1 and (C) HepG2 to
treatments with the distinct metal oxide NM (namely, dSPIONs, NM-102 and NM-104) and
the administration of GPN. *comparison with Oug/ml #comparison between environments

~comparison with the positive control Oug/ml+GPN P<0.05 (n=9)
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5.3.2.3 Cytosolic Ca' levels after 5h treatments and Antioxidant (Trolox) pre-treatments

After 5h treatment in both oxygen culture environments with the higher doses of the NM
under investigation, (namely, dSPIONs 100pug/ml, NM-102 50ug/ml and NM-104 50ug/ml)
their ability to induce elevation in the concentration of Ca’*in the cytosol was investigated.
Given the reports in the literature regarding interactions between oxidative stress and Ca**
signalling (Section 1.5.1), investigation was also carried when the cells were pre-treated

with the antioxidant trolox (25mM).

As is seen in Figure 5.10 baseline cytoplasmic Ca?* concentrations showed no differences
when THP-1 cells were pre-treated with trolox (0 ug/ml +trolox) when compared with the
negative control. Similarly, no differences between the fluorescent intensity were identified
in untreated THP-1 cells (negative control) in the different oxygen culture environments. As
is seen in Figure 5.10 concentrations underwent statistically significant elevations in a
similar manner in the distinct oxygen culture environments after treatment of THP-1 cells
with all the NP; statistically significant increases were also identified in fluorescence when
the cells were treated with trolox prior to NP treatments. A visibly higher increase in
fluorescent intensity after treatment with the NP was identified when the cells were not
pre-treated with trolox, but the difference was found to be statistically significant when
compared with the negative control but no significance when cells were pre-treated with

trolox.
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Figure 5.10: Elevation in cytosolic Ca** in THP-1 cells after pre-treatment with Trolox and
then treatment with MONPs (dSPIONs 100ug/ml, NM-102 50ug/ml and NM-104 50ug/ml) in
both hyperoxia (21% O,) and physioxia (5% O;). *comparison with negative controls (e.g.

Opg/ml and Opg/ml +trolox) P<0.05 (n=9)

As is seen in Figure 5.11 Ca** concentrations were elevated in a similar significant manner in
the distinct oxygen culture environments after treatment of dTHP-1 cells with the distinct
NPs for 5h. In the different oxygen culture environments untreated dTHP-1 cells (negative
control) didn’t show difference in fluorescent intensity. The results for all NP treatments of
trolox pre-treated cells 5h were found significant when compared with the negative control
(Opg/ml+trolox). NP-induced increases were also identified in fluorescence when the cells
were treated with trolox prior to NP treatments it was not found significant. A visibly higher
increase in fluorescent intensity after treatment with the NP was identified when the cells
were not treated with trolox compared to the cells treated with trolox although it was not

found significant.
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Figure 5.11: Elevation in cytosolic Ca®* in dTHP-1 cells after pre-treatment with Trolox and
then treatment with MONPs (dSPIONs 100ug/ml, NM-102 50ug/ml and NM-104 50ug/ml) in
both hyperoxia (21% 0O;) and physioxia (5% O,). *comparison with negative controls (e.g.

Opg/ml and Opg/ml +trolox) P<0.05 (n=9)

In the different oxygen culture environments untreated HepG2 cells (negative control) did
not show difference in fluorescent intensity (Figure 5.12). No differences were identified
when the cells were pre-treated with trolox (0 pg/ml +trolox) when compared with the
negative control. After treatment of HepG2 with the varied NPs for a period of 5h,
fluorescent intensity that correlates to Ca®" concentration was significantly elevated in both
oxygen culture environments when compared with the negative control. The increase in
fluorescent intensity after treatment with the NPs when the cells were treated with trolox
had significant differences when compared with the observed results in the negative

control+trolox.
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Figure 5.12: Elevation in cytosolic Ca** in THP-1 cells after pre-treatment with Trolox and
then treatment with MONPs (dSPIONs 100ug/ml, NM-102 50ug/ml and NM-104 50ug/ml) in
both hyperoxia (21% 0;) and physioxia (5% O,). *comparison with negative controls (e.g.

Opg/ml and Opg/ml +trolox) P<0.05 (n=9)

5.3.2.4 Cytosolic Ca’* levels after 24h treatments

The concentrations of cytosolic Ca®* were investigated after treatment of the distinct cell
lines with the various metal oxide NPs for the period of 24h. For this segment of the study
higher concentrations were used only, namely, dSPIONs 100ug/ml, NM-102 50ug/ml and
NM-104 50ug/ml. As is visible in the three graphs presented in Figure 5.13 none of the NPs
induced any elevation of intracellular Ca®* (compared to negative control-untreated cells) in
either of the oxygen culture environments. In addition, pre-treatment with trolox did not

result in any significant changes compared to the responses of the non-pre-treated samples.
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Figure 5.13: Ca** concentrations in the cytosol after treatment with MONPs for 24h in
either the physioxic (5%0,) or the hyperoxic environment (21% O,) for (A) THP-1 (B) dTHP-1

and (C) HepG2 in the presence or absence of pre-treatment with trolox. (n=9)
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5.3.3 Inflammatory cytokine quantification using an Enzyme-Linked Immunosorbent Assay

(ELISA)

The effects the NM under investigation had on the production of IL-8 and TNF-a in the
distinct cell lines, namely, HepG2, THP-1 and dTHP-1 were investigated with ELISA.
Quantification of IL-8 and TNF-a was undertaken after treatment was carried out in both a

hyperoxic (21% O,) and a physioxic (5% O,) environments.

5.3.3.1 Quantification of TNF-a

After treatment of all the cell lines with dSPIONs (0-100ug/ml) for 24h the concentration of
TNF-a secreted in the medium was quantified using ELISA. As is seen in Figure 5.14 (A)
concentration of TNF-a showed a dose dependent increase in all the cell lines and oxygen
environments. Significant doses when compared to the negative control were identified in
dTHP-1 and HepG2 in concentrations over 4ug/ml, in dTHP-1 significant were only the two
top doses (50&100ug/ml). The concentration of TNF-a in the physioxic (5%0;) environment
had a significantly higher increase that in the hyperoxic (21%0,) environment in all cell lines.
Significant differences between the effects observed when the same concentrations of
dSPIONS were administered in the distinct oxygen culturing environments were identified in
THP-1 at concentrations of 8-100ug/ml, in dTHP-1 in concentrations 50 & 100pug/ml and in

HepG2 in concentrations 8-100ug/ml.

Treatments of the distinct cell lines with anatase TiO, (NM-102) (0-50ug/ml) for the period
of 24h were also investigated for the resulting production of TNF-a. As shown in Figure 5.14
(B) high concentration of NM-102 treatments resulted in significant dose dependent TNF-a
increase in all the cell lines and environments (e.g. When the effect exerted for each dose
was compared with the negative control (0 pg/ml significant results were identified in all the
cell lines), in THP-1 when treated at concentrations of 4-50 pg/ml, in dTHP-1 when treated
with 10 pg/ml and in HepG2 when treated with 10-50 pug/ml. In contrast to the dSPION data,

similar results for NM-102 were observed in both environments in all the cell lines.
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Finally, after treatment of all the cell lines with rutile TiO, (NM-104) (0-50ug/ml) for the
period of 24h, the concentration in the production of TNF-a in the medium was quantified
using ELISA. As is seen in Figure 5.14 (C) secreted concentration of TNF-a showed significant
dose dependent increase in THP-1 (8-50ug/ml) and in dTHP-1 at 10&50 pg/ml (Figure 5.14).
For NM-104 no differences were identified in TNF-a secretion between the distinct oxygen

culturing environments for any of the cell lines and doses.
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Figure 5.14: Quantification TNF-a production after treatment with MONPs [(A) dSPIONs (B) NM-102 (C) NM-104] in all the cell lines, namely,
(1) THP-1, (2) dTHP-1 and (3) HepG2. ELISA experiments were completed in either hyperoxia (21%0,) or Physioxia (5% O,).
*comparison with Opg/ml #comparison between environments (n=3) P<0.05
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5.3.3.2 Quantification of IL-8

After treatment of all the cell lines with dSPIONs (0-100ug/ml) for the period of 24h the
concentration of secteted IL-8 in the medium was quantified using ELISA. Data presented in
Figure 5.15(A) indicate that there is a significant dose dependent increase in IL-8 secretion
by all cell types following culture with dSPIONs in both hyperoxia and physioxia. Significant
increases when compared to the negative control were identified in all cell lines at all
concentrations over 4ug/ml. The concentration of IL-8 in the physioxic (5%0;) environment
underwent a significantly greater increases than were seen in the hyperoxic culture
environment (21%0,) in multiple cases. Specifically, significant differences between the
effects was seen when the same dSPION concentrations were administered in the distinct
oxygen culturing environments were identified in dTHP-1 at concentrations of 8 ug/ml and
10pg/ml, and in HepG2 in concentrations 8 pg/ml -50ug/ml. Although trends of larger
magnitude responses were seen in THP-1 samples, these effects did not achieve statistical

significance.

Treatments of the distinct cell lines with anatase TiO, (NM-102) (0 pug/ml -50ug/ml) for the
period of 24h were investigated for the resulting production of IL-8. As is seen in Figure 5.15
(B) concentrations of IL-8 treatments underwent dose dependent increases in all the cell
lines and environments. When the exerted effect for each dose was compared with the
negative control (0 pg/ml) significant results were identified in all the cell lines in
concentration over 8 pg/ml. With dTHP-1, when treated with 4 pg/ml NM-102 in the
hyperoxic environment significant increases in 11-8 when compared with the negative
control (0 pg/ml) were observed. Similar results were observed in both environments in the
immune cell lines, THP-1 and dTHP-1, but increase in IL-8 in the physioxic environment was
of larger magnitude than the corresponding increases at hyperoxia was observed when

HepG2 were treated with NM-102 (8ug/ml).
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After treatment of all the cell lines with rutile TiO, (NM-104) (0-50ug/ml) for 24h, the
concentration of IL-8 secretion in the medium was quantified using ELISA. As is seen in
Figure 5.15 (C) concentration of IL-8 showed a significant dose dependent increase in dTHP-
1. The dose dependent increase was much greater in dTHP-1 with significant increase above
control levels being identified in several concentrations over 4ug/ml and both oxygen
culturing environments (Figure 5.15 3A). In contrast, no significant differences were

identified between the effects by NM-104 in the distinct oxygen culture environments.
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Figure 5.15: Quantification of IL-8 production after treatment with MONPs [(A) dSPIONs (B) NM-102 (C) NM-104] in all the cell lines, namely,

(1) THP-1, (2) dTHP-1 and (3) HepG2. ELISA experiments were completed by samples completed in either hyperoxia (21%0,) or Physioxia (5%

0,). *comparison with Oug/ml #comparison between environments (n=3) P<0.05
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5.4 Discussion

In literature, the assessment of NP genotoxicity and cytotoxicity in vitro is generally
undertaken in an ambient oxygen culturing environment (Hyperoxia 21% O,). Although this
has been proven to provide useful data, cells cultured in a more physiologically relevant
oxygen culturing environment have previously been observed to closely express the cellular
physiology identified in vivo (Costa et. al. 2017). Therefore, the purpose of this chapter was
to characterize and compare the mechanisms of toxicity utilized by the distinct MONPs
under investigation in this study; in both the commonly used hyperoxic culturing

environment and the more physiologically relevant oxygen culturing environment (5% O,).

5.4.2 Cellular antioxidants depletion and Oxidative stress

In order to determine if the ability of the different cell lines to regulate cellular levels of ROS
was hindered after treatment with the distinct metal oxide NPs for the period of 5h, the
depletion of the natural antioxidant Glutathione (GSH) was determined in both the
hyperoxic (21% 0O,) and physioxic (5% O,) environments. As shown in Figure 5.2 the
untreated samples of the cell lines (i.e.negative controls) showed only non-significant
differences in intracellular levels of GSH in the two different environments, whereas the
effects after treatments with the different metal oxides showed significant impact on GSH

levels in each of the cell lines when cultured in the distinct environments.

After treatment with dSPIONs, dose dependent depletions in the antioxidant GSH were
identified. These results suggest that the greater the concentration of the metal oxide the
greater its effect was on the redox status of the different cell lines. Importantly the
magnitudes of these depletions were significantly greater (for THP-1 and HepG2) in the
physioxic culture environment. From the results we conclude that at a cellular level dSPION
were able to affect the ability of the cell to regulate ROS concentrations, and that this effect

was significantly greater in the physioxic environment.

Investigation of GSH levels after treatment with either of the distinct TiO, polymoprhs
showed similar results in the different cell lines and environments. As shown in Figure 5.2B
and C both polymorphs induced dose dependent reductions in the concentration of GSH in

all cell lines, but these reductions were found statistically significant only in the immune cell
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lines, namely THP-1 and dTHP-1. The reductions identified in the physioxic environment
when the immune cell lines were treated with NM-102 were significantly greater than the
corresponding reduction seen in hyperoxia, while significantly greater reductions in the
physioxic environment were only identified in THP-1 (not for dTHP-1 and HepG2) when the

cell lines were treated with NM-104.

Thus it can be concluded that while there is some variation in general the dSPIONs induce
greater oxidative stress in the physioxic culture environment (5%0,). In addition, the TiO,
polymorphs due to their physical characteristics interact in a distinct way with the different

cell lines and thereby induce different amounts of oxidative stress.
5.4.3 Intracellular Ca** signalling

The effects of the distinct metal oxide NPs through the course of time on cytosolic Ca2"
concentrations and hence intracellular signalling homeostasis in the distinct cell lines was
investigated. Each of the chosen time periods, namely, immediate response (Oh-5min),
30min, 5h and 24h were investigated in order to determine the relevant NP concentrations

and also to correlate with other investigated parameters.

As shown in Figure 5.3, when treated with NPs cells concentrations of intracellular ca®
were elevated immediately after treatment with intracellular Ca®* concentrations being
maintained an elevated level for a period of at least 5min. This was evident after treatment
with all NPs in all cell lines and environments in similar dose dependent manners. When the
different cell lines were either at rest or treated with a positive control (e.g. Ca®" ionophore
A23187) the respective concentrations of intracellular Ca?* exhibited no distinct differences
between the different oxygen culture environments. However, after comparison was carried
out, the NP-induced elevations were found to be of different extents in the different cell
lines (dTHP-1>THP-1>HepG2), with the identified increase in intracellular Ca®* being
significantly greater in the physioxic culture environment than in the hyperoxic culture
environment (Figure 5.4) when cells were treated with dSPIONs and NM-102 (while in NM-
104 a similar discrepancy was evident but no statistical significance was identified). The
results suggest that introduction of NPs in the cell culture was associated with an enhanced

initial iCa®* reaction in the physioxic environments.
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Since intracellular Ca** concentrations were elevated for the period of 5 min; measurements
were also carried after a 30min treatment with the MONPs. As shown in Figures 5.5, 5.6 and
5.7 after a period of 30min of treatment with the distinct MONPs statistically significant
dose dependent increases were identified in all cell lines and environments. No significant
differences were identified between the responses seen in the distinct culture environments
in any of the cell lines. In all cases the magnitude of the increase after treatment with the
distinct metal oxides was greater in the immune cell lines (dTHP-1>THP-1>HepG2).
Similarly, as shown in Figures 5.10, 5.11 and 5.12 intracellular levels of Ca®* were
determined after 5h treatment with the different MONPs under investigation, and were
found to undergo significant increase in all cases. The magnitudes of those identified
increases were not found to be significantly different in either of the two culturing

environments as shown in Figure 5.13.

Finally, concentrations of Ca®* were also investigated after a treatment for the period of
24h. In all cases, concentrations of intracellular Ca®" had returned back to the levels of

cytosolic Ca®* observed in the untreated cells.

Thus MONP-associated elevation in the concentrations of cytosolic Ca* for periods of up to
5h suggest that MONPs triggered intracellular Ca® signalling (and/or disrupted the
normality of cellular Ca** homeostasis) in all three cell lines and environments. It should be
also be noted that the changes in the elevation of Ca’* had a distinct character which varied
depending on the period of the treatment, and/or the nature of the cell line, and/or the

levels within the oxygen culture environment.
5.4.3.1 Origins of the increase in intracellular ca*

As the observed increase in cytosolic Ca’* concentrations after a 30min treatment with the
distinct MONPs could originate from the depletion of a variety of different cellular Ca*
storage organelles, the levels of Ca’* released from the ER and the acidic organelles was

investigated.

After Fluo-4 loading into the cytoplasm, and pre-treatment of all the cell lines with
thapsigargin (known to deplete the ER from Ca”, Doan et. al. 1994); as shown in Figures 5.6

significantly higher Ca** dependent fluorescence was identified in the cytoplasm (and
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therefore a greater release of Ca?* from the ER) was identified in the physioxic environment
(including the negative controls of all the cell lines). After a 30min treatment with the NPs
NP-associated increases in cytosolic Ca?* were significantly greater when the cells had not
been pre-treated with thapsigargin suggesting that a proportion of the identified increase
after NP treatments originates from the ER. However, the greater increase in the
concentrations of cytosolic Ca** identified in cells treated both with high doses of the
distinct MONPs and with thapsigargin (compared to those treated with thapsigargin alone)
leads to the conclusion that high dose NP treatments result in the further release in Ca®
from a different Ca?* organelle (e.g. Acidic organelles), or addition from the extracellular
environment. In order to determine the extent of Ca’* addition from the extracellular

environment in future work Ca”* free PBS can be used instead of TC medium.

This aspect of determination of the origin of the increase identified in cytosolic Ca*
commenced with the investigation of the acidic organelles with the use of GPN treatments.
GPN is cleaved by the lysosomal enzyme cathepsin C which gives rise to osmotic stress and
so ruptures lysosomal membranes; as a result lysosomal Ca®* is released into the cytoplasm
(Lloyd Evans et. al. 2008). After a 30min treatment with the distinct MONPs, continuous
measurements of cytosolic Ca’* concentrations were carried before and after injection with
GPN. A MONPs dose dependent increase of cytosolic Ca** was identified in all samples prior
to the administration of GPN (Figures 5.5-5.9). After administration of GPN the
concentration of Ca** further increased in all doses in a similar extent in all NP doses.
Previous observations on NP uptake and interaction (Chapter 4) would suggest that a
greater amount of acidic organelles and hence lysosomal Ca®" should be identified in the
higher doses. These results allow the conclusion that partially the Ca’' increase identified in
the cytosol after treatment with MONPs originates from acidic organelles, and gives rise to
the question if the acidic organelles remain intact after MONPs cellular internalization

through phagocytosis.
5.4.3.2 Oxidative stress and Ca>* signalling

As it was previously discussed, investigation in the concentrations of GSH suggests that the
different MONPs induced changes in the cellular redox state of the distinct cell lines (Figure

5.2). In the literature induction of oxidative stress is interconnected with the elevation in
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cytosolic Ca®* concentrations (Miletto et. al. 2010, Gilardo et. al. 2015). Investigations to
determine if the observed effects of depletion of GSH and elevation of cytosolic Ca**
concentration after a treatment with the NPs for a 5h periods (Figure 5.3 to 5.9) are
interconnected were therefore carried out by applying a pre-treatment to the cell lines with

the antioxidant Trolox.

As shown in Figure 5.10, 5.11 and 5.12 pre-treatments with the antioxidant trolox resulted
in no significant reduction in the concentration of cytosolic Ca**. In contrast minor
reductions in the magnitude of NP induced increases in the concentration of Ca?* were
identified in samples pre-treated with trolox; this reduction archieved statistical significance
for HepG2 cells, but not for THP-1 and dTHP-1 cells. Such slight reductions in the NP exert
increase of cytosolic Ca’* observed after trolox pre-treatments would suggest that the
identified increase in intracellular Ca** could be partially (but pherhaps not solely) due to

the presence of oxidative stress.
5.4.4 Pro-inflammatory responses

The roles of mobilization and activation of the Ca®" signalling and changes in the redox state
of the cells in the production of IL-8 and TNF-a have been previously discussed in the
literature (Watanabe et. al. 1996, yang et. al. 2015, Ermak & Davies, 2002). Therefore the
ability of the MONPs under investigation to promote the activation of an immune response
in THP-1, dTHP-1 and HepG2 was investigated by quantifying the changes in concentrations

of inflammatory cytokines TNF-a and IL-8 released by cells following exposure to MONPs.

The extent in the production of TNF-a and IL-8 after treatment with the distinct MONPs was
cell type dependent (dTHP-1>THP-1-HepG2). A significant dose dependent increase of TNF-a
was identified in all cell lines and environments after treatments with dSPIONs. Environment
dependency was identified when dSPIONs were used to treat the distinct cell lines;
specifically significantly greater increases were identified in samples treated in the physioxic
culture environment when compared with those treated in the hyperoxic culture
environment. A dose dependent increase was identified in the production of IL-8 in all the

cell lines and environments after treatment with dSPIONs. Significantly greater production
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of IL-8 was identified in the physioxic culture environment only in THP-1 and HepG2 after

treatment with dSPIONs.

Significant increases were identified in the production of TNF-a in all the cell lines after
treatment with the TiO, polymorphs (NM-102 and NM-104), except after treatment of
HepG2 with NM-104 where non-significant increases were observed. Dose dependent
increase in the production of TNF-a were identified in both oxygen culture environments,
with no evidence of an environmental specificity in any of the cell lines or NPs. Similar
results were observed in the production of 1I-8, with a dose dependent significant increase
observed after treatment with the distinct TiO, polymorphs but no environmental specificity

being identified.

The observed results regarding production of inflammatory cytokines in all cell lines and
environments agree with the results observed in GSH reduction and intracellular Ca®
increase. Specifically, given the literature reports linking the mechanisms alteration of
cellular redox state and intracellular Ca®* signalling after the treatment with the distinct
MONPs could contribute to (or even be responsible for) the observed increase in the
production of TNF-a and IL-8. More information about the mechanistic details linking the
induction of oxidative stress (i.e GSH reduction), the alteration of iCa®" and the production
of pro-inflammatory responses can be found in Section 1.5 and are further discussed in

Section 6.4.
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5.4.5 Summary and Conclusion of Chapter 5

From the results acquired we can now conclude that treatment with MONPs under
investigation would lead to an alteration of the cellular redox state. This has been found to
induce changes in intracellular Ca®" signalling therefore it is plausible that MONPs-induced
oxidative stress is responsible for the intracellular Ca’" increase seen here (Ermak & Davies,
2002). The underlying mechanism of the Ca** immediate response observed (0-5min) and
its compatibility with oxidative damage of Ca** handling proteins such as IPsR requires
further investigation (Bangashi et. al 2014). However, the results suggest that the
alterations of Ca** signalling (after 5h treatment with MONPs) are not solely dependent on
the presence of oxidative stress. Such synergistic alterations in cellular redox state and
intracellular Ca** signalling could lead to the identified increase in the production of the

inflammatory cytokines TNF-a and IL-8.

Intracellular Ca%* signalling seems to have distinct behaviours in the two environments in
the first 5 min of treatments, although no corresponding environment-specific differences
were identified after treatments for extended periods of time (i.e. 30min-24h). Loss of Ca**
from the ER occurred in greater extents in the physioxic culture environment in all samples
including the negative controls of all the cell lines. Based on the results, at least a proportion
of the increase identified in cytosolic Ca** after treatment with the MONPs originated from
the ER. In addition, additional proportion of the increase after treatment with MONPs in the
concentrations of cytosolic Ca?* may originate from acidic organelles. Based on the results of
this chapter, and results on uptake from Chapter 4) questions are raised about the integrity

of acidic organelles after internalization of MONPs.

In conclusion, the results suggest distinct MONPs induced alterations in cellular signalling
homeostasis (with regards to oxidative stress, iCa’") between the two environments, which
may be the reason for the greater hazardous behaviour identified in the physioxic culture

environment in dSPIONs.
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Chapter 6: General Discussion
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6.1 Fulfilment of the objectives of this Study

The applications of different NPs are greatly increasing in an unconstrained pace for the
development of new and existing technologies. Therefore humanity’s interaction with NPs
will continually increase. Although NPs have proven to have numerous potential
advantages, the health hazard associated with human exposure remains of heightened
concern. Occupational exposure in the form of inhalation is of primary concern to human
health, although systemic exposure through injections is of particularly high importance
given the potential medical applications of NPs (Arora et. al. 2012). Primary exposure to
NM'’s is mostly through the skin, gastrointestinal tract and most importantly the lungs (Papp
et al. 2008). Although it is widely accepted that these are the primary exposure sites,
distribution of particles via translocation through the bloodstream to other tissues is also
observed as a secondary exposure (Eisner et. al. 2012). As a results identifying and
understanding the ability of NPs to induce toxicity has been a pressing issue; accordingly the
overreaching aim of the current study was to contribute to enhance understanding of NP

induced toxicity.

6.1.1 Objectives and Summary of Chapter 3

Current research suggests that it is the unique physico-chemical properties of the NPs which
make them so important for development of new medicine and technology. These unique
physicochemical characteristics are what make NPs highly reactive with biological
environments. Therefore, physico-chemical characterization of the materials under
investigation prior to every nanotoxicological study is necessary. NP characterization
conducted following their synthesis is deemed as the primary characterisation. Primary NP
characteristics include size, morphology, surface area, composition/purity, surface charge,
surface chemistry and potentially endotoxin contamination (Sayes and Warheit, 2009).
Characterisation of the NPs secondary characteristics is conducted after their exposure to a
test system (e.g. biological environment, experimental environment); these may include
assessment of agglomeration state, suspension stability, dissolution and protein corona

formation (Johnston et. al. 2012).
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It has become increasingly evident that differences in NP properties, such as
size/agglomeration status, surface charge, shape and chemical composition could affect
their outcome of the toxicological endpoints (Oberdoster et al. 1992, Hall et. al. 2007).
Additionally, identification of the characteristics allows avoidance of contradictions between
studies that are investigating the same material. However, characterization of NPs under
experimental conditions still faces significant challenges. The mostly commonly used
technologies (such as DLS, NTA) used for evaluating NP secondary characteristics have the
potential to be inaccurate or misused; therefore it is critical that suitable alternative

techniques are identified (Hondow et al., 2012).

The determination of MONPs physico-chemical characteristics in situ was crucial to allow
understanding of any adverse toxicological endpoints that may be observed when
undertaking cyto-, immuno- and genotoxicity analysis. Therefore the assessment of the
primary and secondary characteristic of the NPs used in this study, namely, dSPIONs, NM-
102 and NM-104 was the matter of investigation in Chapter 3. In brief the key properties of all
the MONPs under experimental conditions were that they tested positive for endotoxin presence,
they had a near neutral (albeit slight negative) charge and had a hard protein corona consisting
purely of BSA. Moreover, dSPIONs formed agglomerates in chain like structures that had a
hydrodynamic diameter of 89nm. Both of the TiO, NPs were unstable in suspension; however
agglomerates formed by NM-102 were larger than the agglomerates observed in NM-104. The

characteristics investigated and the results obtained are described in detail in Table 6.1.
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Table 6. 1: Summary of objectives and Results of Chapter 3, MONPs characterization. Characteristics investigated in the study include
stability of the NPs in suspension, visible and using DLS and UV-Vis; hydrodynamic diameter and {-potential; size and chemical purity using SEM
and EDX; the formation and composition of hard protein corona and endotoxin presence in NP suspension.

Objectives of Chapter 3 NPs Results
1) Stability after dispersion in different | (A) dSPIONs (A) Visibly stable after dispersion in the different diluents used for the
diluents. experiments
ith 109 ith 109 (B) NM-102 (B and C)
(DMEM V\;'t 10_/":85' RPMI with 10% * Visibly unstablein suspensionin all the diluents for periods of up to 24h.
FBS, 0.05% BSA in Water) (C) NM-104 * Formation of sediment and stability seems to increase in lower NP
concentrations.
2) Measurements of hydrodynamic (A) dSPIONs | (A) NTA and DLS provided similar results on the HD of dSPIONs at 89nm.
diameter (HD) and Z potential using
DLS and NTA (B) NM-102 « (B) and (C) hydrodynamic diameter reduced through time suggesting
agglomeration and sedimentation of the NPs in the diluent.
(C) NM-104 * NTA measurements could not provide valid results due to the nature of
the technique and the instability of the NPs in diluents.
(B) After 2h incubation HD=540nm and T potential=14.6 +/-2.1mV.
(C) After 2h incubation HD= 284nm and { potential =12.4 +/- 3.2mV.
3) UV-Vis measurements for the (A) NM-102 * Reduction in absorbance of light in both A and B suggested of a reduction
determination of the concentration of (B) NM-104 in concentration of NPs remaining in suspension.
TiO2 NPs after incubation in diluent. * The concentration of NPs in suspension after 2h was calculated:
(A) 97.08 pg/ml and (B) 93.88 pg/ml
(4) Measurements of size through SEM | (A) NM-102 *  Only minimal impurities were identified through EDX in both A and B.
and chemical purity through EDX (B) NM-104 * The sizes of the NP agglomerates and aggregates varied although the
majority resembled the measurements of HD identified of the two using
DLS.
(5) Formation and identification of NP | All MONPs = In all the NPs and diluents under investigation only one protein was
hard protein corona. identified. Its safe to assume from the results that protein was also BSA.
= Quantification suggests that the protein accumulates on the surface of all
Measured in DMEM with 10%FBS, MONPs in a higher proportion in DMEM with 10%FBS, RPMI with 10%
RPMI with 10% FBS, 0.05% BSA in FBS.
Water.
(6) Endotoxin identification in NP All MONPs All MONPs tested positive for the presence of endotoxin.
Suspension
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6.1.2 Objectives and Summary of Chapter 4

Once the characteristics of the NPs were identified (Table 6.1) under experimental
conditions a nanotoxicological assessment could be undertaken. Such investigations may be
carried out using established in vivo techniques, although desire of implementations of the
3Rs initiative for the reduction, refinement and replacement of animal models use has led to
a requirement for robust in vitro alternatives (Kota et. al. 2018, Joris et al., 2013). The
current gold standard for regulation of NPs in the field is the application of 2D mono-culture
based techniques for the assessment of cytotoxic, inflammatory and genotoxic responses
following NP exposure normally carried out under humidified air supplemented with 5%
CO2, resulting in an environment containing approximately 18.6% O,. However as it was
previously discussed, an important novel approach in the current study was to culture cells
in a physiological resembling oxygen culture environment (5% O,) in vitro, this would allow a

more precise insight into MONPs toxicological profiles and cellular interaction in vivo.

An important parameter for the assessment of potential toxicity induced by NPs is the
ability to determine interaction and uptake of NPs with the exposed cell systems (in this
case THP-1, dTHP-1 and HepG2). These strongly depend on the physicochemical
characteristics of the different MONPs, as identified and described in Chapter 3. Interaction
of all the MONPs was identified in a cell type dependent manner (dTHP-1>THP-1>HepG2);
however dSPIONs were the only NP whose interactions with cells expressed culture
environment dependency. Under TEM NP uptake was identified with both TiO, NPs in all cell
lines but not with dSPIONs. However in previous work conducted with the dSPIONs in our
lab has provided uptake by THP-1 and dTHP-1 cells was observed using TEM (Evans et. al.
2017).

When the immune cell lines (THP-1 and dTHP-1) were treated with the different MONPs
cytotoxicity was only identified by dSPIONs and only in the physioxic environment. When
HepG2 were treated with dSPIONs DNA damage was only identified in the physioxic
environment. The characteristics of the identified genotoxicity were further investigated for
aneugenicity. NM-102 were able to produce a minor aneugenic response, details are shown
on Table 6.2. Due to the presence of multiple centromeres in the micronuclei formed in

HepG2 treated with NM-102, investigation on the effects on the mitotic spindle was carried
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out with no positive results. All the objectives of Chapter 4 and the results observed for

each endpoint in the different culture environments are presented in Table 6.2.
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Table 6. 2: Summary of objectives and Results of Chapter 4. Cellular uptake and interaction in the distinct environments was investigated
prior to any toxicological studies. Cellular uptake was analysed by the ferrozine assay, flow cytometry and TEM imaging. Finally, the ability of
MONPs to promote chromosomal DNA damage in HepG2 cells was quantified by the CBMN assay.

Objectives of Chapter4 | NP Cell line Hyperoxic Culture Environment Physioxic Culture Environment

1) NP cellular (A) dSPIONSs (A) Significant dose dependent increase in | (A)

Interaction and Uptake. Immune cell lines | NP cell interaction was identified in the| Significant dose dependent increase in NP cell

(THP-1, dTHP-1) | immune cell lines at 8ug/ml-100pg/ml | interaction was identified in the immune cell lines

Investigated using the and HepG2 when compared with the negative control. at 10pg/ml-100pg/ml and for HepG2 8ug/ml-

ferrozine assay, Flow 100pug/ml when compared with the negative

cytometry and TEM control.

imaging. . Significantly greater results (compared with
hyperoxia) were identified in THP-1 at 100pg/ml
and in HepG2 50ug/ml and 100pg/ml.

(B) NM-102 B and C exhibited

» dose dependentincreaseinin all cell lines (dTHP1>THP-1>HepG2).

(C) NM-104 * TEM imaging showed that the NPs were uptaken by both immune cell lines and HepG2 but
were only located in cellular vesicles in the immune cell lines. No differences were identified
between the culture environments.

2) Cell viability (A) dSPIONSs (A) No reduction (A) Significant reduction in cell proliferation was

Immune cell lines identified in both Immune cell lines when treated
Investigated using (THP-1, dTHP-1) for 24h.
RPD% and RICC% (B) NM-102 and HepG2 (B) Reduction identified only in HepG2 50ug/ml
(C) NM-104 (C) Reduction identified only in HepG2 8ug/ml-50ug/ml

3) Genotoxicity (A) dSPIONs (A) No increase in MN% (A)
+ Significant increase in MN% at 8ug/ml-100pg/ml

Investigated using HepG2 when compared with negative control.

CBMN * Significant difference was identified at 50ug/mil
and 100pg/ml when compared with hyperoxia.

(B) NM-102 (B) significantincrease in MN% at 10pg/ml when compared with negative control

(C) NM-104 (C) No increase in MN%

4) Aneugenicity (A) dSPIONs HepG2 (A) Not applicable (A) Clastogenic, centromere-negative Mn (%)
Investigation (no genotoxicity identified) remained in normal for the cell line.

o (B) NM-102 (B) Clastogenic, centromere-negative Mn (%) remained normal for the cell line in both
Centromere staining environments.
5) Investigation of the (A) dSPIONSs HepG2 No abnormalities in formation of the mitotic spindle following exposure.
mitotic spindle (B) NM-102
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6.1.3 Objectives and Summary of Chapter 5

In Chapter 5 the objective was to investigate the mechanism underlying the observed
genotoxic and cytotoxic effects of the different MONPs that were previously identified in
Chapter 4. This investigation and its respective endpoints, as presented in Table 6.3 and
Table 6.4, were carried out in both a hyperoxic (21% O,) environment and physioxic (5% O5)
environment. In order to identify what resulted in the distinct toxicity identified in the two

environments, comparison of the respective results was carried out.

The MONPs used in this study (dSPIONs, TiO, polymorphs) have been previously observed
to have the potential to elicit inflammatory responses, cause cytotoxicity, promote oxidative
stress and instigate DNA damage (Singh et al., 2009, Hu et al., 2016, Arora et al., 2012,
Shvetova et al., 2016). Therefore in this study the reduction in the presence of cellular
antioxidant glutathione, and the production of pro-inflammatory chemokine IL-8 and
cytokine TNF-a were investigated (Table 6.3). Changes in the concentration of ica®*
following Oh to 24h exposure to the NPs were also investigated, with further investigations
aiming to identify the respective involvements of different cellular calcium storage
organelles (i.e. ER and lysosomes), and to determine if the identified disruptions in cellular

Ca’* homeostasis were the result of changes in the cellular redox state (Table 6.4).

The results suggest that the NPs (particularly dSPIONs) trigger distinct alterations in cellular
signalling between the two environments, which may be the reason for the greater
hazardous behaviour (e.g. genotoxicity/cytotoxicity) identified in the physioxic culture
environment in dSPIONs. Given the evidence for disruption of lysosomal Ca** homeostasis is
within (the results of this chapter, and results on uptake from Chapter 4), questions are
raised about the integrity of acidic organelles after internalization of MONPs. Interestingly,
the literature suggests that a synergistic alteration in cellular redox state and that
intracellular calcium signalling (Forest et al. 2014, as observed in this chapter) could lead to
the identified NP- associated increases in the production of the inflammatory cytokines

TNF-o and IL-8.
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Table 6.3: Summary of objectives and Results of Chapter 5. Cytokine IL-8 and TNF-a production were investigated in both oxygen culture
environments using ELISA. Glutathione depletion was investigated in both oxygen culture environments in order to determine alterations in

the cellular redox state.

Chapter 5 Objectives | NPs Cell lines Hyperoxic Culture Environment Physioxic Culture Environment
(1) 1I-8 and TNF-a (A) dSPIONs (A) (A)
production Dose dependent significant increase was * Dose dependent significant increase was
identified. Significant results were identified identified in all cell lines when compared with the
in all cell lines when compared with the negative control Opg/ml.
negative control Opg/ml. * Significant results were identified both in dTHP-1
Immune cell lines and HepG2; when the response was compared
(THP-1, dTHP-1) to the same dose of the NPs in the hyperoxic
and HepG2 environment.
(B) NM-102 (B) Dose dependent increase in |I-8 production was identified in all cell lines and in both
(C) NM-104 environments. No differences were identified in the different culture environments.
(C) Dose dependent increase was identified in all cell lines but was only found significantin dTHP-1.
* The Increase showed no environment culture specificity,
* Cell line specificity was identified dTHP-1>THP-1>HepG2
(2) Glutathione (A) dSPIONs (A) Dose Dependent decrease in glutathione | (A) Dose Dependent decrease in glutathione was
depletion Immune cell lines was identified in all the cell lines. identified in all the cell lines.
(THP-1, dTHP-1) * The decrease in Glutathione was greater in the
and HepG2 physioxic culture environment. Significantly lower
concentration in glutathion was found in HepG2
at 100pg/ml.
(B) NM-102 (B) Dose dependent decrease was visible in (B) Dose Dependent decrease in glutathione was
all cell lines. No significant results were identified in all the cell lines.
identified. *» The decrease in Glutathione was greater in the
physioxic culture environment. Significantly lower
concentration in glutathione was found in dTHP-1
at 10pg/ml and 50pg/ml.
(C) NM-104 (C) Dose dependent decrease was visible in (C) Dose Dependent decrease in glutathione was
all cell lines. Significant results were identified in all the cell lines.
identified in the immune cell lines. * The decrease in Glutathione was greater in the
physioxic culture environment. Significantly lower
concentration in glutathione was found in dTHP-1
at 50pg/ml.
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Table 6.4: Summary of objectives and Results of Chapter 5; intreacellular calcium signalling. Investigation of changes in intracellular calcium
after treatment with the differenr in various time limits (Oh-24h). Investigation of the effects MONPs had on ER and lysosomal calcium was
carried out after 30min treatment with the MONPs. The effects of oxidative stress on intracellular calcium concentrations was also invetigated

with the use of pretreatments with the antioxidant trolox.

Chapter 5: Intracellular Calcium
Objectives

Cell line

Results

(1) Identify the extent in time the
MONPs have an effect on
intracellular calcium levels.

Measurements were carried at O-
S5min, 30min, 5h and 24h.

Immune cell lines
(THP-1, dTHP-1)
and HepG2

After pre-treatment with Thapsigargin and the different MONPs (A-C):

= All MONPs were able to increase the intracellular calcium concertation in both environments and all cell lines for the period of
0-5h.

* The concentration of intracellular calcium gradually decreased through time.

= Significantly greater increase in calcium was identified in the physioxic culture environment when compared with the hyperoxic
environment.

* Increase in intracellular calcium was cell dependent dTHP-1>THP-1>HepG2

= No NP specificity in the response was identified.

(2) Pre-treatment with Thapsigargin
[non-competitive inhibitor of the
sarco/endoplasmic reticulum Ca2+
ATPase (SERCA)Jto determine if the
identified increase in cytosolic
calcium originates from the ER.

Measurements were carried after a
30min treatment with NPs

Immune cell lines
(THP-1, dTHP-1)

and HepG2

After pre-treatment with Thapsigargin and the different MONPs :
« Adose dependent increase in cytosolic calcium was observed in both environments in all cell lines.

« The increase was significantly greater in the higher doses of NPs in THP-1 and dTHP-1 when compared with Opg/ml, the
equivalent NP dose (ug/ml) without Thapsigargin and Opg/ml + Thapsigargin

+ Significantly greater were the results observed in physioxia (5% O,) when compared with hyperoxia (21% O,) in THP-1 and
dTHP-1.

* No significant difference was identified in HepG2 between the two environments when treated with the MONPs

(3) Treatments with GPN

(permeabilizes lysosomes by osmotic
swelling) and release lysosomal
calcium.

Measurements were carried after a
30min treatment with NPs

Immune cell lines
(THP-1, dTHP-1)
and HepG2

After treatment with the different MONPs :
. A dose dependent increase in cytosolic calcium was observed in both envirenments in all cell lines.

= The increase was significantly greater in the higher doses of NPs+GPN in THP-1 and dTHP-1 when compared with Opg/ml, the
equivalent NP dose (png/ml) without GPN and Opg/ml+GPN and

+ Significantly greater were the results observed in physioxia (5% O,) when compared with hyperoxia (21% O,) in THP-1 and
dTHP-1 only with dSPIONs and NM-104.

* No significant difference was identified in HepG2

(4) Antioxidant trolox pre-
treatment. To determine the effects
of cellular redox state have an effect
on intracellular calcium.

Measurements were carried after a
30min treatment with NPs

Immune cell lines
(THP-1, dTHP-1)

and HepG2

* In all cell lines and environments a significant increase in the concentration of intracellular calcium was identified after S5h
treatment with all the MONPs after both trolox and no trolox pre-treatments.

* No significant decrease in calcium concentration was identified when the concentration of non-trolox were compared with
trolox treated results.
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6.2 Discussion of NP-Cell Interaction findings, and their Implications

The results of the study agree with the reported uptake capacity of the different cell lines.
One of the major functions of monocytes-macrophages in vivo is the removal of foreign
material from tissue. Therefore the higher interaction observed in THP-1 and dTHP-1 when
treated with the different MONPs was consistent with the literature (Kopf et al., 2015). The
identified hydrodynamic diameter (DLS) and size (SEM images) of the different MONPs (i.e.
dSPIONs 89nm, NM-102 540nm, NM-104 255nm) suggest that they would have been
capable of uptake by phagocytic mechanisms (Zhang et al. 2015). All of the NPs have shown
to have a near neutral charge in situ, the slightly anionic charge may have contributed to the
ability of THP-1 and dTHP-1 to internalise the different MONPs. Although in the literature it
has been previously observed that macrophages preferably interact with negatively charge

NPs (Frohlich 2012, Greish et. al. 2012, Radomski et. al. 2012).

The hard protein corona identified in all the MONPs comprised of BSA only. The significantly
greater of interaction and internalization by THP-1 and dTHP-1 suggests that this BSA has a
positive impact on macrophages uptake. In literature is suggested that BSA allows an
increase in interaction and uptake, hence BSA is commonly used as a NP coating. BSA used
as coating for SPIONs and CuO when they were compared with the equivalent uncoated NPs
showed increased uptake in RAW264.7 macrophages (Wilhelm et al., 2003, Zhang et al.,
2016). The formation of a BSA-corona was found to assist the NPs to attach on different
macrophage scavenger protein including the glycoprotein receptors gp30 and gpl8

(Fleischer and Payne, 2014).

Similarly to the results observed in the monocyte/macrophage cell types, HepG2 cells
showed shown increased interaction in the physioxic environment only with dSPIONSs, in the
data observed with the Ferrozine assay. However after investigation under TEM no visible
evidence of uptake (and hence intracellular located NPs) was identified after treatments
with dSPIONs in the physioxic environment for the period of 24h which appeared to
contradict the results of the Ferrozine assay. In contrast, internalised TiO, NPs were
observed via TEM, the prominent difference between dSPIONs and the other two MONPs is

the larger agglomerate HD and size formed by NM-102 and NM-104. This greater size of the
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TiO, NPs may have increased the likelihood of it being taken up by HepG2 by endocytic

mechanisms (Conner and Schmid, 2003).

To summarise the uptake and interaction of the different MONPs in the different immune
cell lines (THP-1 and dTHP-1) was greater than in HepG2 (dTHP-1>THP-1>HepG2). The
results observed are consistent with the expected response of the cell types, with the
immune cell lines exhibiting higher interaction and uptake than the epithelial cells (HepG2)
due to their increased phagocytic abilities (Aderem and Underhill 1999, Behzadi et al., 2017).
As it was previously mentioned the observed uptake was likely aided by the size range,

surface charge and protein corona of the test NPs.

Interesting is the smaller in agglomerate size and hydrodynamic diameter dSPIONs showed
increased uptake and interaction in the physioxic culture environment. This is a matter of
utmost importance given that increase in uptake and interaction can further affect the
toxicity dSPIONs have exhibited. Due to the size identified in dSPIONs this might be due to
an improved scavenger receptor-mediated endocytic activity, as was previously identified in
a physioxic representative environment on LSECs (Martinez et. al. 2008). Therefore, it is
suggested that further investigation is undertaken on the extent certain uptake pathways
are activated and utilized in the different environments. To achieve this certain pathway
inhibitors of the different endocytic uptake mechanisms for dSPIONs in all the cell lines and
environments can be used, such inhibitors can be found in an article published in 2014 by
Kuhnand colleagues. However, it has to be taken into account that the measurements for
dSPIONs and for TiO, NPs were acquired using different techniques. Flow cytometry based
techniques due to their nature allow single cell measurements in contrast to the ferrozine

assay, which is a bulk cell measurement with lower sensitivity.
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6.3 Evaluation of the Cytotoxicity and Genotoxicity of the NPs under investigation

The next step of this study was to assess the genotoxicity and cytotoxicity of the different
MONPs under both a physioxic and a hyperoxic environment in THP-1, dTHP-1 and HepG2
cells. The study produced interesting data, particularly the observation that dSPIONs only
induced chromosomal damage and cytotoxicity in the physioxic environment. As previously
mentioned, dSPIONs were observed to have a greater interaction with the different cell
lines in the physioxic culture environment and also to induce greater toxicity in all cell lines
when cultured in the physioxic culture environment. In literature the majority of the studies
have been conducted in a hyperoxic culture environment; accordingly these results would
suggest that the scientific field may potentially be underestimating the (geno)toxicity
induced by NPsNumerous studies conducted in the hyperoxic environment have
demonstrated the inability of dSPIONs (dextran-Fe;04) to induce cytotoxic or genotoxic
effects (e.g. Singh et al. 2012); this is in contrast to the present study in which it was shown
that results between the hyperoxic and physioxic environment are different, with a
significantly genotoxic result being observed in physioxia. It is of particular interest that the
dSPIONs used for this study have been previously demonstrated to degrade forming
Fe’'/Fe®", this effect occurs at a faster rate when exposed to a more acidic environment
such of that of an endosome (Singh et. al., 2012). With that information in mind, these
results arouse curiosity on whether the increased interaction/uptake identified in the
physioxic environment is associated with increased trafficking via the endocytic pathway,
and whether this would in turn lead to elevated presence of free iron radicals, and

ultimately the observed toxicity.

The ability of the distinct Titanium dioxide polymorphs to induce cytotoxic and genotoxic
behaviours was investigated in both a hyperoxic and physioxic environment. In contrast to
dSPIONs, both Titanium dioxide NPs induced an almost identical behaviour in the two
environments. No toxicity was identified in the immune cell lines, but both Titanium dioxide
polymoprhs were able to reduce the cellular viability in HepG2, interestingly only anatase
(NM-102) was able to increase the frequency of MN indication after treatment. After
centromere staining non-significant abnormalities were identified only with NM-102

treatments, with multiple centromeres being identified in the micronuclei. TiO, has been
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previously shown to be capable of damaging cell division by deregulating the PLK1 protein
which supports the maturation of the centrosome in late G2/early prophase among other
mitotic processes, and that similar mechanisms may be underlining TiO, genotoxic effects

identified in the current study (Huang et al., 2009).

The results of this study agree with the results of a recent study which reported that
anatase titanium dioxide caused less severe necrosis and lysosomal membrane
permealization than rutile titanium dioxide (Li et. al. 2017). In contrast anatase Titanium
dioxide NPs were previously found to have a greater toxic potency than rutile Titanium
dioxide NP, this was due to an increased surface reactivity of anatase Titanium dioxide that
results in a greater ability to induce ROS accumulation, which governs their cytotoxic and
inflammatory potential (Johnston et. al. 2009). In a more recent study the two polymorphs
have been shown to have the same agglomerate size and solubilty have exhibited similar
levels of reactive oxygen species (Yu et al. 2017). In the same study by Yu and colleagues
the distinct toxicity of the polymorphs was attributed to Anatase Titanium dioxide NPs
having a greater impact on mitochondrial dysfunction than rutile NPs; whereas the Rutile
Titanium dioxide NPs cause more severe lysosomal membrane permeabilization than
anatase Titanium dioxide NPs (Yu et al. 2017).Thus Yu and colleagues may point towards
damage to lysosomal integrity (as triggered by endocytosed TiO, NPs) as the predominant
mechanisms underlying the NM-102 induced cytotoxicity and genotoxicity seen in this
study. However, the observed results in this study for the two polymorphs are not solely
associated with their crystalline structure, the results also depend on their distinct size,
agglomeration status and solubility therefore direct comparison with previous studies

cannot be conducted.

In conclusion the most interesting finding of this aspect of the thesis is the significant
change in genotoxic behaviour identified in dSPIONs in the physioxic culture environment. In
order to elicit the mechanism underlying the observed toxicity, and to explore what other
alteration; happen in the cellular behaviour after treatment with the different MONPs the
redox state of the cells alongside with the alteration of intracellular calcium signalling and

finally the production of pro-inflammatory cytokines were investigated in Chapter 5.
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6.4 Elucidation of Cellular signalling mechanics triggered following NP exposure

As extensively discussed previously generation of excessive amount of reactive oxygen
species (ROS) is the most frequent pathway NPs have for the induction of toxic actions
(Manke et al. 2013). Induction of oxidative stress via excessive ROS levels was reported to
lead to oxidative DNA damage and micronucleus formation in different metal oxide NP’s
(Singh et al.2012, Shukla et al. 2011). Therefore investigation of the depletion of the cellular
antioxidant glutathione was carried out in order to identify changes in the cellular redox
state after treatment with the different MONPs. After treatment with dSPIONs, dose
dependent depletions in the antioxidant GSH were identified. These results suggest that the
greater the concentration of the MONPs the greater its effect was on the redox status of the
different cell lines. The magnitudes of these depletions were significantly greater (for THP-1
and HepG2) in the physioxic culture environment when compared with the hyperoxic
culture environment. The NP, cell line and dose specificity seen in the hyperoxic
environment was similar to that described and observed in the literature, but importantly
the impact of the impact of the MONPs in the oxygen culture environment has not been

previously described (Khanna et. al. 2015).

Investigation of GSH levels after treatment with either of the distinct TiO, polymoprhs
showed similar results in the different cell lines and environments. Both polymorphs
induced similar dose dependent reductions in the concentration of GSH in all cell lines. The
reductions were found to be statistically significant only in the immune cell lines, namely
THP-1 and dTHP-1. The reductions identified in the physioxic environment when the
immune cell lines were treated with NM-102 were significantly greater than the
corresponding reductions seen in hyperoxia, but significantly greater reductions in the
physioxic environment were only identified in THP-1 (not for dTHP-1 and HepG2) when the
cell lines were treated with NM-104. Thus it can be concluded that the polymorphs
(presumably due to their physical characteristics) interact in a distinct way with the different
cell lines in the different environments, and thereby induce different amounts of oxidative
stress. Specifically, we conclude that in a cellular level dSPION and NM-102 were able to
affect the ability of the cell to regulate ROS concentrations, and that this effect was

significantly greater in the physioxic environment. However, when cells were treated with
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NM-104 significantly greater reductions in the physioxic environment were only identified in

THP-1 (not for dTHP-1 and HepG2).

The observed induction of oxidative stress (identified through reduction of GSH) generally
correspond with the respective extent of DNA damage being identified. Thus, the results
provide evidence that the different MONPs (due to their physico-chemical characteristics)
interact in a distinct way with the different cell lines in the varying environments; which in
turn results in a distinct induction of oxidative stress and toxicity. The results agree with
previous observations identified in the literature, although the difference in the two oxygen
culture environments arouses curiosity and requires therefore further investigation (Yu et

al. 2017, Evans et al. 2017).

It was previously suggested that treatments with different NPs (e.g. TIO,, quantum dot NPs,
Zn0) via the production of oxidative stress may give rise to the expression of pro-
inflammatory responses via the activation of intracellular calcium signals (Ermack and
Davies 2002, Clift et al. 2010, Huang et al. 200,9 Chen et al.,, 2012b). In this study
experiments also suggested that NPs could induce elevation of cytosolic calcium
immediately after treatment for up to 5h, with the cytosolic calcium returning to the
baseline by 24h. In the literature, induction of oxidative stress is interconnected with the
elevation in cytosolic calcium concentrations (Miletto et al. 2010, Gilardo et al 2015).
Therefore, investigations to determine if the observed effects of depletion of GSH and
elevation of cytosolic calcium concentration after a treatment with the NPs for a 5h period
are interconnected were therefore carried out by applying a pre-treatment to the cell lines
with the cellular antioxidant Trolox. Pre-treatments with the antioxidant trolox resulted in
no significant reduction in the concentration of cytosolic calcium. A minor reduction in the
magnitude of NP induced increase in the concentration of calcium was identified in pre-
treated with trolox Hepg2, THP-1 and dTHP-1 cells after treatment with all MONPs. Such
slight reductions in the NP triggered increase of cytosolic calcium observed after trolox pre-
treatments would suggest that the identified increase in intracellular calcium could be
partially but not solely due to the presence of oxidative stress. These results suggest that
the observed alteration of the intracellular calcium signalling may be at least partly due to

different reasons. In order to investigate and identify the reason of the increase in cytosolic
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calcium and why it is independent from oxidative stress, the effects on key calcium

organelles had to be investigated.

Oxidative stress causes calcium influx into the cytoplasm from the extracellular environment
and from iCa* storage organelles such as the endoplasmic reticulum (ER, or the lysosomes.
Investigation of the origins in the increase of cytosolic calcium would also allow us to
hypothesise how the ca® storage organelles may contribute to the observed cytotoxicity
and inflammation. The greater increase in the concentrations of cytosolic calcium identified
in cells treated with the distinct MONPs when the cell lines were pre-treated with
thapsigargin (compared to those treated with thapsigargin alone) leads to the conclusion
that NP treatments result in the further release in calcium from a different calcium
organelle (e.g. acidic organelles such as the lysosomes), or addition from the extracellular
environment. In order to determine the extent of calcium addition from the extracellular
environment in future work calcium free PBS can be used instead of TC medium. This will
allow to determine if the identified response identified in cytosolic calcium concentrations
involved extracellular calcium via the activation of voltagegated calcium channels and
transient receptor potential (TRP) channels, as it was previously identified with SiO, NPs in

smooth muscle cells (Dubes et. al. 2017).

Determination of the origin of the increase identified in cytosolic calcium commenced with
the investigation of the acidic organelles with the use of GPN treatments. After a 30min
treatment with the distinct MONPs continuous measurements of cytosolic calcium
concentrations were carried before and after injection with GPN. A MONPs dose dependent
increase of cytosolic calcium was identified in all samples prior to the administration of GPN.
After administration of GPN the concentration of calcium further increased in all doses in a
similar extent in all NP only doses. Previous observations on NP uptake and interaction
(Chapter 4) would suggest that a greater amount of acidic organelles and hence lysosomal
calcium should be identified in the higher doses. However, such larger magnitude increases
were not evoked by GPN in NP-treated samples, these results allow to the conclusion that
partially the calcium increase identified in the cytosol after treatment with MONPs
originates from acidic organelles, and gives rise to the question as to whether the acidic

organelles remain intact after MONP cellular internalization through phagocytosis.
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In the literature induction of transcription factor activation and pro-inflammatory cytokine
expression have been reported to result by both the presence of oxidants and calcium
signalling events (Brown, Donaldson and Stone 2002, Stone et al. 2000). There is also the
risk that inflammatory mediators may promote or aid in the promotion of DNA damage in
the form of chromosomal fragmentation, DNA adduct formation and point mutations
(Magdolenova et al., 2014b, Evans et al., 2016). The results of this study showed that all the
MONPs under investigation were able to induce the production of both TNF-a and IL-8 in a
dose dependent manner in both culture environments. Interestingly, only dSPIONs induced
a greater increase in the production of TNF-a and IL-8 in the physioxic culture environment
than what was observed in the hyperoxic culture environment . These results agree with the
environment specific results observed for the impact of dSPIONs on DNA damage, the

change in the redox state of the cells and the alterations of intracellular calcium signalling.

Although alteration of calcium signalling and redox state of the cells could be the reason for
the identified increase in production of excess TNF-a and IL-8, the presence of endotoxin in
the suspensions of the different MONPs has to be pointed out. Presence of LPS (endotoxin)
is well known elicit an immune response, and it has previously been stated that NPs can only
induce an immune response if they are contaminated with endotoxin (Fadeel et al., 2012).
This is due to the fact that presence of endotoxin was reported to induced production of the
cytokines as a downstream consequence of the NP/endotoxin interaction with TLR4
(Janssens and Beyaert, 2002). Although previous studies refuted that theory and
demonstrated that uncontaminated NPs can cause cellular pro-inflammatory cytokine
production (Dobrovolskaia and McNeil, 2013, Xu et al., 2016, Evans et al. 2016). The
probability of contamination during and following synthesis of NPs is extremely high, and
thus it can be argued that investigation of NP toxicity should be seen in the context of both

the presence of LPS and the physicochemical characteristics of the NPs under investigation.

Therefore, based on the observed results and previous reports in the literature it is
hypothesised that a synergistic outcome (of MONPs treatments) of changes on both the
redox state of the cells (identified in this study from the results produced in the depletion of
GSH) and alterations of calcium signalling may lead to the production of excess TNF-a and

IL-8. The alteration of intracellular calcium signalling has been shown to be through the
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effect MONPs have on both the ER Ca®* concentrations and lysosomal Ca®* concentrations.
Functional links between ER Ca’' stores and lysosomal Ca’" stores have been previously
observed by Kilpatrick and colleagues, which suggested membrane contact sites between
endosomes and the ER emerge as Ca2+'dependent hubs for signalling (Kilpatrick et. al. 2017).
Interesting is that the results of the different endpoints investigated in this chapter agree
with the results on the dSPION-cell interaction, cytotoxicity and genotoxicity that were

found to be significantly greater in the physioxic culture environment in Chapter 4.
6.5 Suggestions for Future Research

The current study has numerous limitations and so it is appropriate at this stage to evaluate
those limitations and provide some suggestions for future studies that may address these
limitations. A greater increase in interaction and uptake was identified only in dSPIONs in
the physioxic environment, the only metal oxide with that chemical composition, with
spherical shape and agglomerate size smaller than 100nm in this study. However further
investigation on the uptake pathways affected in the different cell culture environments,
and hence if there is increased presence of dSPIONs in the acidic organelles, certain
pathway inhibitors of the different endocytic uptake mechanisms for dSPIONs in all the cell
lines and environments can be used (Kuhn et. al. 2014). We can also assume that since a
greater interaction and uptake is observed, a greater accumulation of NPs in the acidic
organelles, which from the results of this study the integrity, is questioned. Increase in
cytosolic calcium and activation of the NRLP3 inflammasome have been found to occur after
the damage of calcium organelles alongside the increase in concentrations of cathepsin-p
such as the lysosomes (Jo et al. 2016). To further support this hypothesis in a study by
Laskar and colleagues, dSPION have been found to result in the upregulation of lysosomal
cathepsin-B which was then associated with secretion of both pro- and anti-inflammatory

cytokines (Laskar et al. 2012).
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Therefore initiation of the NRLP3 inflammasome could be the mechanism of the observed
toxicity of MONPs. Although, initiation of the inflammasome is suggested to be the result of

different parameters, which may include:

e The change in redox status of the cells (already measured through changes in the

concentration of the antioxidant GSH).
e Increase in cytosolic calcium (from different organelles i.e. ER, Lysosomes).

e Bursting of acidic organelles (to be further investigated from the increase in

cathepsin B).
e Measurement of Caspase 1 activity, an essential component of the inflammasome.

e Direct interaction and activation of the TLR and triggering of downstream signalling

(e.g. Nf-kB) by the distinct MONPs.

Similarly in previous studies it was suggested, with regard to NPs inducing an inflammatory
response following cellular internalisation, that TiO, NPs MWCNTSs cause IL-1B production
via the initiation of NLRP3 inflammasome assembly and caspase 1 activation (Sun et al.,
2013, Sun et al., 2015, Jo et al. 2016). NP-induced oxidative stress provides an additional
mechanism of pro-inflammatory cytokine production via ROS induction of NF-kB activated
inflammatory pathways (Evans et. al. 2016). Various NPs in the literature have
demonstrated the ability to induce a similar inflammatory response to that shown by the
test materials in this study. Nano polymer rods for instance cause TNFa and IL-8 activation
in THP-1 macrophages, which was shown to be dependent on the test NM shape (Chen et
al.,, 2016). Additionally, as direct interaction of the MONPs with toll like receptors (TLR)
signalling cascades is also suggested, it should be noted that in previous studies graphene
oxide has been demonstrated to promote TLR4 and TLR9 signalling cascades and
subsequent immune activation the CT26 colon cancer cells (Chen et al. 2014). In a more
recent study TLRs’ activation in THP-1 cells by clinically relevant and promising NPs, such as
Fe304, TiO,, ZnO, CuO, Ag,0, and AIOOH was investigated. The study went on to prove that
the NPs under investigation caused an increase of TLR-4 and -6 expression, which was
comparable with the LPS-induced level (Vasilichin et. al. 2020). This further supports the

hypothesis of the activation of the NRLP3 inflammasome.
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A schematic presented in Figure 6.1 summarises the findings of this study and also
hypothesises other effects the different MONPs could have after treatment of the cells. This
is striking that the NLRP3-activating parameters on the list were either directly observed in
the current study, or are plausible companion effects to the phenomena observed in the
current study. This allows the understanding on the mechanism of the induced toxicity

identified but also suggests of future work that has to be investigated.
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Leaking/Bursting of
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Nucleus
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IL-8 IL-18

Figure 6. 1: Suggested mechanism for the induction of DNA damage. Actions supported by the results provided in this study are seen in green
arrows (e.g. Change in cellular redox state, calcium signalling and IL-8 production). Results produced by other studies that support the
hyposthesis of the activation of the NRLP3 inflammasome are seen in orange arrows. Such experiments include Increase in Caspase 1 activity
avital component of the inflammasome. Direct interaction of the different MONPs with the TLR and production of NF-kB. Further study
required to support the hyposthesis of the activation of the NRLP3 can be seen in red arrows and is the bursting of acidic organelles and
release of will of cathepsin B.
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6.6 General Conclusion

The aim of this study was to assess the respective impact of anatase TiO, (NM-102), rutile
TiO, and dSPIONs upon monocytes (THP-1), macrophages (dTHP-1) and hepatocarcinoma
(HepG2) cells in both an in vivo-resembling physioxic environment (5%0,, 5%CO,) and a
hyperoxic cell culture conditions (21%0, 5%C0,), and also to identify the mechanism
underlying those impacts. All MONPs were found to interact with the cell lines (with the
following sensitivity; dTHP-1>THP-1>HepG2) wunder both oxygen-content culture
environments. However, dSPIONs showed a greater cell interaction in the physioxic culturing
environment when compared to the hyperoxic culture environment, suggesting NP
dependent uptake is altered in the lower-oxygen content environment. The observed levels
of NP-cell interaction corresponded with the results for cytotoxicity and genotoxicity, where
the greater the amount of NP-cell interaction, the higher the identified hazardous
cytotoxicity or genotoxicity effect. Further investigation of the mechanisms underlying the
MONPs toxicity allowed the identification of NP-induced changes in the cellular redox state
and increase in cytosolic calcium levels that again were greater in extent in the physioxic
culture environment than under hyperoxic conditions. Interestingly the results suggest that
the alterations of calcium signalling are not solely dependent on the presence of oxidative
stress suggesting that other sequence of NP exposure may also disrupt intracellular calcium
homeostasis. As lysosomes are a main cellular calcium store, from which calcium can
potentially leak into the cytosol, questions are raised about the integrity of acidic organelles
after internalization of MONPs. The synergistic alterations in cellular redox state and
intracellular calcium signalling could lead to the identified increase in the production of the
inflammatory cytokines TNF-a and IL-8. Environment-specific biological interaction and
impacts with regard to NP uptake, genotoxic effects, and consequence on cellular signalling
mechanisms were only observed with dSPIONs, while TiO, induced similar effects in both
environments. These results suggest that changes in magnitude of NP uptake and alterations
in cellular homeostasis in the physioxic environment may contribute to enhanced dSPION
toxicity. In conclusion, the results suggest distinct alterations in cellular signalling between
the two environments, which may be the reason for the greater hazardous behaviour

identified in the physioxic culture environment in dSPIONSs.
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Appendix 1: Use of UV-Vis Results for calculation of NP
concentration in Suspension

As is seen in Figure 1 the MatlLab script developed to calculate the concentration of the two
TiO, polymorphs is presented. The results collected by DLS for the hydrodynamic diameter
of the NPs; in addition to the UV-Vis results for absorbance of the NPs in suspension at Oh,
2h and 24h; were used to determine the concentration of the NPs in suspension. When the
analytical relations between the extinction efficiency (gex:) and diameter, acquired by other
techniques such as dynamic light scattering (DLS) or electron microscopy (EM) (e.g.
Transmission EM or Scanning EM), are established, a determination of the particle

concentration (c) was accomplished by applying the Mie’s theory (Paramelle et. al. 2014).

%% SCATTERING BY A titanium dioxide NANOPARTICLE USING MIE THEORY

%% inputs

%n_m optical index of the medium

%lambda0 wavelength in nm

%r0 radius of the particle in nm

%N=5 maximum n-pole

function [Qext,Qsca,Qabs]=MieScattering2(1ambda0,r0,n_m)

%% parameters

n_An=indexread(1ambda0, 'An"); %any function that returns the optical index of Anatase (An)/Rutile (Ru)
m=n_An/n_m;

k=2*pi*n_m/1ambdao0;

x=k*ro;

Z=m*X;

N=round (2+x+4*xA(1/3))

%% computation
J'=(1:N§; ”

sqr=sqrt(pi*x/2);

sqrm=sqrt(pi*z/2);

phi=sqr. *besselj(j+0.5,x);

xi=sqr. *(besselj(3+0.5,x)+i*bessely(j+0.5,x));
phim=sqrm. *besse1j(j+0.5,2);

phil=[sin(x), phi(1:N-1)];

philm=[sin(z), phim(1:N-1)];

y=sqr*bessely(j+0.5,x);

y1=?-cos(x), y(1:N-1)];

phip=(phil-j/x. *phi);

phimp=(philm-j/z. *phim);

xip=(phil+i*yl)-j/x. *(phi+i*y);

aj=(m*phim. *phip-phi. *phimp). /(m*phim. *xip-xi.*phimp);
bj=(phim. *phip-m*phi. *phimp). /(phim. *xip-m*xi. *phimp);
Qsca=sum( (2*j+1).*(abs(ajg.*abs(aj)+abs(bj).*a s(bj)) );
Qext=sum( (2*]+1).*real(aj+bj) );
Qext=Qext*2*pi/(k*k);

Qsca=Qsca*2*pi/(k*k);

Qabs=Qext-Qsca;

Figure 1: A screenshot of the text script that was used in Matlab. This was based on theoretical and
practical physics from previous work done with Au and Ag NPs (Paramelle et. al. 2014).
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Appendix 2: Additional results acquired in physioxia for i(Ca*")
signalling

1. Cytosolic Ca® immediate response to MONPs treatments

Immediate response to the exposure of the distinct MONPs was investigated in all the cell
lines. As is seen Figure 2 in the physioxic culture environment (5% O,) exposures were
carried only for 2 concentrations for each of the NPs, for dSPIONs in concentrations of 0, 10,

100pg/ml, for NM-102 or NM-104 in concentration of O ug/ml, 10 ug/ml and 50ug/ml.

A dose dependent elevation of intracellular Ca** immediately after administration of the NPs
(which occurred after 30s of measurements) was identified with a variation of intracellular
Ca” elevation between the different cell lines and the distinct NPs. The elevation of
intracellular Ca?* was maintained for the period of 5min after treatment in all the
experiments. The results presented here were used for comparison of the immediate
response of the different cell lines, to the highest concentration of the different MONPs

used for treatment in the different oxygen culture environments (seen in Figure 5.4)
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Figure 2: Immediate response of intracellular Ca®* concentrations to treatments of the distinct metal oxide NM, namely, (A) dSPIONs, (B) NM-102 and (C)
NM-104 in the Physioxic environment. Continuous measurements were carried for the period of 300s (5min), woth the NPs being injected after 10s, in the
distinct cell lines under investigation, namely, (1) THP-1, (2)dTHP-1 and (3) HepG2. (n=9).
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2. Intracellular Ca* responses to GPN/ MONPs treatment

After pre-treatment of the distinct cell lines, (namely, THP-1, dTHP-1 and HepG2) with the
distinct MONPs for the period of 30min, GPN was administered as an injection at the time
point of 20sec in each case. In the physioxic culture environment (5% O,) exposures were
carried only for 2 concentrations for each of the NPs, for dSPIONs in concentrations of O
ug/ml, 10 pg/ml, 100ug/ml, for NM-102 in concentration of 0 ug/ml, 10 pg/ml and 50ug/mi
and for NM-104 in concentration of 0 ug/ml, 10 ug/ml and 50ug/ml (Figure 3).

As with the results observed in the hyperoxic environment the administration of GPN (50uM
for THP-1, 100uM for dTHP-1 and 200uM GPN for HepG2) at 20 seconds let to the increase
in fluorescent intensity, indicate that increases in cytosolic Ca** were identified in all cell
lines and NPs. The increase was broadly similar both oxygen culture environments as is seen
in Section 5.3.2.2.2, all the cell lines and NPs showed elevation of cytosolic ca® immediately
after administration of GPN after 20s of measurements. Interesting was that variation of
cytosolic Ca?* elevation was identified between the cell lines and the distinct NPs. The
elevation intracellular Ca®* was maintained for the period of 80 seconds after treatment in

all the carried exposures.
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Figure 3: Continuous measurements of intracellular Ca>* concentrations after treatments of the distinct metal oxide NM, namely, (A) dSPIONSs, (B) NM-
102 and (C) NM-104 and administration of GPN (at 20seconds) in the Physioxic environment. The continuous measurements were carried for the period
of 80s in the distinct cell lines under investigation, namely, (1) THP-1, (2) dTHP-1 and (3) HepG2. The black arrow at 10s shows the time GPN was
administered to the cells. (n=9).
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