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Development of a novel in vitro liver 3D model to assess potential (geno)toxicity of nanomaterials

The liver is the largest internal organ and plays an important part in maintaining the homeostatic balance in the body. It is also one of the primary sites of nanoparticle accumulation. HepG2 spheroids were used as an in vitro model to assess iron oxide (magnetite, Fe3O4 and maghemite, γ-Fe2O3) nanoparticle (NP) toxicity. The development of HepG2 spheroids by the hanging drop method was illustrated through cell viability and tissue morphology assessment of spheroids generated from 1000, 5000, and 10,000 cells per drop. The spheroids generated from 5000 cells per drop had the most optimal configuration. Liver function was assessed by albumin, urea and aspartate transaminase which were expressed in physiologically relevant concentrations by the HepG2 spheroid. Synchrotron X-ray fluorescence (SXRF) was used to assess NP distribution and metal homeostasis. The SXRF studies showed a dose-dependent accumulation of NPs in HepG2 spheroid transverse tissue sections. This accumulation also affected iron homeostasis by significantly increasing intracellular copper levels. The elemental distribution of calcium and selenium also increased upon challenge with NPs, which may be involved in the removal of reactive oxygen species (ROS). Glucose metabolism shifted towards anaerobic respiration in presence NPs, exhibiting the Warburg effect. Transmission electron microscopy also shows intracellular localisation of the iron oxide NPs. Cytokinesis block micronucleus (CBMN) and single-cell gel electrophoresis (comet) assays were used to assess genotoxicity. Both NPs induced a significant increase in micronuclei frequency. Pan-centromeric staining further indicated that the primary mode of action of DNA damage caused by iron oxide NPs was clastogenic. Comet scores showed no significant increases in tail intensities percentages.

In conclusion, the HepG2 spheroid model is representative of an in vivo liver due to its ability to mimic glucose metabolism, liver functionality and metal homeostasis responses. Iron oxide NPs cause the HepG2 spheroids to respire anaerobically and disrupt iron homeostasis which can potentially lead to the generation of ROS resulting in the DNA damage.

Résumé

Le foie est le plus grand organe interne et joue un rôle important dans le maintien de l'équilibre homéostatique dans le corps. C'est également l'un des principaux sites d'accumulation de nanoparticules. Les sphéroïdes HepG2 ont été utilisés comme modèle in vitro pour évaluer la toxicité des nanoparticules (NP) d'oxyde de fer (magnétite,Fe3O4 et maghémite,. Le développement des sphéroïdes HepG2 par la méthode des gouttes suspendues a été quantifié par l'évaluation de la viabilité cellulaire et de la morphologie des tissus des sphéroïdes générés à partir de 1000, 5000 et 10 000 cellules par goutte. Les sphéroïdes générés à partir de 5000 cellules par goutte avaient la configuration la plus optimale. La fonction hépatique a été évaluée par l'albumine, l'urée et l'aspartate transaminase, qui ont été exprimées à des concentrations physiologiquement pertinentes par le sphéroïde HepG2.
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Carbamoyl phosphatase synthesised by carbamoyl phosphate synthetase 1 (CPS1) reacts with ornithine to make citrulline by ornithine transcarbomylase (Clippinger et al.) and is shunted to the cytosol by ornithine transferase 1 (ORNT1). The citrulline then reacts with aspartate and to arginosuccinate by the action of arginosuccinate synthetase 1 (ASS1). Arginosuccinate is converted to arginine by arginosuccinate lysate (ASL) and then hydrolysed to produce urea and ornithine by arginase 1 (ARG1) [START_REF] Morris | Hormonal induction of hepatic mitochondrial ornithine/citrulline transporter mRNA[END_REF]Kepka-Lenhart, 2002, Mew et al., 2015). ........... 28

Figure 1. 5. The metabolic mechanism of glycolysis. Glucose is exported into the cytosol and is catabolised to form pyruvate, while generating four molecules of ATP and two molecules of NADH per glucose molecule. HK: Hexokinase, GPI:

Glucose-6-phosphate isomerase, PFK 6-phosphofructo-1-kinase, G3PD:

Glyceraldehyde-3-phosphate kinase, 3PGK: 3-Phosphoglyerate Kinase, PGM:

Phosphoglycerate mutase, PK: Pyruvate Kinase, LDH: Lactate dehydrogenase (Nelson andCox, 2008, Berg et al., 2015) where electrons donated from NADH are used to pump proton in the intermembrane space by specialised mitochondrial proton pumps. The protons in turn are utilised by ATP synthase to synthesise ATP (Nelson andCox, 2008, Berg et al., 2015)... 34

Figure 1. 8. The pentose phosphate pathway. Glucose is converted to nucleotides in the pentose phosphate pathway, which also generates NADPH for the regeneration of glutathione. G6PDH: Glucose 6-phosphate dehydrogenase (G6PDH), GL:

Gluconolactonase, GR: Glutathione reductase, 6PGDH: 6-phosphogluconate dehydrogenase, R5PI: Phosphopentose isomerase, R5P3E: ribulose 5-phosphate by phosphopentose epimerase (Nelson andCox, 2008, Berg et al., 2015). .............. 37 Spheroids containing an initial cell seeding density of 1000 (S1k, red), 5000 (S5k, grey) and 10000 (S10k, blue) cells per drop were cultured in complete media. Cell viability (%) of 24 disaggregated spheroids was assessed daily over seven days using Trypan blue staining. Data is presented as mean (±SE) of four independent passages expressed as a percentage of viable cells from the total cell population (n = 4). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc Spheroids containing an initial cell seeding density of 1000 (S1k, red) (A), 5000 (S5k, grey) (B) or 10000 (S10k, blue) (C) cells per drop were cultured in complete media. Surface area (µm 2 ) was assessed daily over seven days by selecting regions of interest. A collation of results from the three spheroid sizes is also given (D).

Data is presented as mean (±SE) of eight spheroids (technical replicates) for each of three independent passages (n = 3). Data was compared using one-way ANOVA Studies conducted on spheroids generated from an initial seeding density of 1000 (S1k), 5000 (S5k) or 10,000 (S10k) cells were scored for spheroid performance into three different categories: ideal (orange), suitable (green) and inadequate (blue). An expression heat map was generated with an average linkage clustering method with the Euclidean distance measurement. Data set abbreviations found used in heat map: cell viability (CV), surface area (SA), shape factor (SF), area (A), live xviii | fluorescence surface area (LFSA), relative tissue viability (RTV), relative tissue death (RTD), tissue viability combined with area (Bestvater et al.), tissue death combined with area (TDA), tissue viability combined with shape factor (TVSF) and tissue death combined with shape factor (TDSF) on Day 1 to Day 7 (D1-D7). .. 137 Selected points illustrated as "1" and "2" in Fig. 4.5B, were assessed using EDX to determine their elemental composition. Spectrogram (A) corresponding to point "1" outside the endosome shows the elemental composition of the cytosol. Spectrogram Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. Cells were challenged with benzo-α-pyrene (B[α]P, 8 µM) ferric nitriloacetate (FeNTA, 10 µM), maghemite NPs (γ-Fe2O3 NP, 100 µg.mL -1 ) or magnetite NPs (Fe3O4 NP, 100µg.mL -1 ) for 24 h (■) or 48 h (■). Liver function was measured by measuring secreted albumin (A), aspartate transaminase (AST, B) and urea (C). Data is presented as mean (±SE) of 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two- Monolayers of HepG2 cells (2D) were generated from 10 5 cells cultured in complete media or 16 spheroids containing an initial seeding density of 5000 cells per drop (3D) were cultured in complete media for 5 days. Spheroids on Day 5 and monolayers were exposed to 4 μg.mL -1 of cytochalasin B for 24h. Cells were harvested, fixed and stained with Giemsa. Stained cells were manually scored and frequencies of mono-, bi-and multinucleated cells was recorded after scoring a total of 500 cells. Data is presented as mean (±SE) of 10 6 cells (2D) or 16 spheroids (3D)

for three independent passages (n = 3). Data was compared using an unpaired t test.

Significantly different data P-value are denoted by an asterisk (***P <0.001). . 195 Table 1. 1. Key historical events driving the progress of nanotoxicology [START_REF] Oberdörster | Toxicology of nanoparticles: A historical perspective[END_REF][START_REF] Santamaria | Historical overview of nanotechnology and nanotoxicology[END_REF][START_REF] Pastrana | Nanomaterials in Cosmetic Products: the Challenges with regard to Current Legal Frameworks and Consumer Exposure[END_REF][START_REF] Halappanavar | A systematic process for identifying key events for advancing the development of nanomaterial relevant adverse outcome pathways[END_REF] [START_REF] Mueller | 3D Hepatic In Vitro Models as Tools for Toxicity Studies[END_REF][START_REF] Katt | In Vitro Tumor Models: Advantages, Disadvantages, Variables, and Selecting the Right Platform[END_REF][START_REF] Carragher | Concerns, challenges and promises of high-content analysis of 3D cellular models[END_REF] Step 1: O2

•-+ Fe 3+ → Fe 2+ + O2
Step 2: Fe 2+ + H2O2 → Fe 3+ + OH -+ OH Therefore, NPs are categorised differently from other materials and require appropriate characterization and safety evaluation. These NPs have existed in our environment from millennia as they can occur naturally. However, the introduction of synthetic materials including NPs, has led to an interest in the study of their interaction with biological surfaces, giving birth to the field of nanotoxicology (Lal Verma, 2018).

Definition of Abbreviations

A novel material should be evaluated and monitored throughout its lifetime, particularly in the development, application and disposal phases of use. Robust frameworks and platforms must be instigated to thoroughly evaluate any associated hazard. Studies conducted in the initial developmental stages of any substance, which highlight issues in safety during its later stages are vital in shaping the hazard assessment process. These aide in reducing or avoiding the risk of harmful substances being released to the public, costly products recalls and legal repercussions for their manufacturers. Lessons from the past, such as incidents involving the lead paint and asbestos crisis demonstrate that the dissemination of harmful materials without proper hazard assessment can impact public health adversely [START_REF] Donaldson | A short history of the toxicology of inhaled particles[END_REF].

It was recently demonstrated that silver nanowire toxicity can be greatly diminished by reducing nanowire diameter without affecting device performance for future use to flexible and safe touchscreens. Therefore, leading to increased interest in the development of safer-by-design nanomaterials [START_REF] Lehmann | Crumpling of silver nanowires by endolysosomes strongly reduces toxicity[END_REF].

To accurately assess the negative effects of a new material, studies or tests undertaken must closely mimic the circumstances under which these materials may be deployed. This is done by exposing the novel material to possible organs of exposure, such as human skin, or their models to simulate the results of the interaction. If this simulation is not representative of the in vivo interaction where the material comes in contact with a biological surface, then the discernment of the true potential hazards of a novel material will remain imprecise or unknown. To ensure accurate hazard assessment, a tailored approach is required for the assessment of each novel material to mimic its commercial application. It follows that the simulated targets or models must be thoroughly evaluated to assess their compliance with current regulatory frameworks.

The compatibility of simulated biological targets must also be assessed for its integration with current biochemical analysis techniques. If successful, these models could be integrated into the current hazard assessment guidelines for novel materials [START_REF] Knight | Advances in 3D cell culture technologies enabling tissue-like structures to be created in vitro[END_REF].

1.1 Toxicology: from science to risk assessments

The importance of toxicology

Toxicology involves the study of mechanism of action of xenobiotics, which cause an adverse effect on the host or target organism. As a science, toxicology utilises knowledge assimilated from various fields to obtain data for observational results [START_REF] Casarett | Casarett & Doull's Toxicology: The Basic Science of Poisons[END_REF]. This data is used to extrapolate or postulate outcomes such as; adverse effects of a substance in various environments. The dynamic field of toxicology required the integration of various techniques and disciplines of knowledge such as medicine, biology, chemistry, mathematics, and physics throughout its evolution. Current toxicology it not only limited to assess the negative impacts of substances but also to assess how these might be utilised.

For almost half a century, the field has also contributed to the disciplines of safety evaluation and hazard assessment, which has resulted in many toxicologists in the academic, industrial and public sectors. More recently, toxicology has involved the evaluation of newly discovered or synthetic substances by determining the mechanism(s) of action of toxicity and quantification of hazards resulting from their occupational exposure. The interdisciplinary nature of toxicology requires a multilateral approach where many experts collaborate by sharing knowledge and methodologies. This collaborative approach is necessary for the development of standards and regulations to safeguard public health and the environment (Singh et al., 2018).

Toxicology can be described as a synergy of descriptive, mechanistic, and regulatory scientists [START_REF] Casarett | Casarett & Doull's Toxicology: The Basic Science of Poisons[END_REF]. Descriptive toxicologists focus on designing experiments to acquire knowledge related to the risk of substances. They provide an indication of the mechanism of action by which a substance may cause toxicity.

Mechanistic toxicologists further study the mechanism of toxicity of a substance and provide further evidence to support the observed responses. Regulatory toxicologists evaluate the descriptive and mechanistic toxicity data of the substance to establish the degree of risk in various environments and whether it is safe to be utilised.

Nanotoxicology

The existence and exposure to nanomaterials is a natural occurrence due to many environmental factors such as dust storms, volcanic ash, forest fires and other incidental combustion by-products (Lal Verma, 2018). These naturally occurring nanomaterials are usually ultrafine particles and have heterogeneous physicochemical properties. However, with the increasing development of man-made nanomaterials in everyday technologies, they have given rise to concern regarding their exposure to consumers and the environment [START_REF] Malysheva | Bridging the divide between human and environmental nanotoxicology[END_REF]. Synthetic nanomaterials are of greater concern to human and environmental health as they have not evolved in their presence. The human body has physiological mechanisms in place to remove natural NPs, unlike their synthetic counterparts. Additionally, synthetic NPs are made from compounds which are otherwise encountered less frequently or in trace amounts and, therefore, these materials can lead to the human body eliciting a stronger toxicological response.

History

Development of materials in the nanometre scale has led to the rise of nanotoxicology, as a new subdiscipline of particle toxicology. This field was first mentioned by Robert Service, and Ken Donaldson and colleagues, who suggested how the subdiscipline could address the knowledge gaps that NP toxicology posed (Donaldson et al., 2004[START_REF] Service | Nanotechnology Grows Up[END_REF][START_REF] Donaldson | A short history of the toxicology of inhaled particles[END_REF]. The physicochemical properties of the ionic or zero valent form of an element or compound are markedly different when the same element or compound are in a NP or macroscopic state. It follows that the mechanisms by which these three states (elemental, NP and macroscopic) lead to toxicity may be different. The toxicological effects can be directly associated with the physical and chemical properties of their composition, speciation, size, shape, surface coating and, exposure dose and route [START_REF] Raja | Nanotoxicology: Role of Physical and Chemical Characterization and Related In Vitro , In Vivo , and In Silico Methods[END_REF]. Similar toxicological endpoints can be observed for elemental, NP or macroscopic forms of the same material.

Initial studies in late 1990s, elucidating the effect of NPs in in vivo systems indicate the induction of an immune response after exposure [START_REF] Clift | Nanotoxicology: A Brief Overview and Discussion of the Current Toxicological Testing In Vitro and Suggestions for Future Research[END_REF]. These studies show that expressing the dose as surface area rather than the mass of the substance allowed for the inference of a dose-response relationship between NPs and the inflammatory response in in vivo models. However, the foundations of nanotoxicology are not only limited to particle toxicology but also encompass fibre, metal and radionuclei toxicology, virology, and disposition modelling [START_REF] Oberdörster | Toxicology of nanoparticles: A historical perspective[END_REF].

Nanotoxicology is a highly interdisciplinary field encompassing various cross cutting themes. Progress in this field has been driven by the development of various technologies and the introduction of regulations (Table . 1.1). 

Modes of exposure

The advancement of engineered nanomaterials has provided a specific advantage in providing novel functional propertied to existing materials. However, these nanomaterials may enter the human body by different routes and cause adverse effects, which may occur after deposition, intravenous injection, inhalation, or ingestion of nanomaterials (Fig. 1.1) [START_REF] Gupta | Nanoparticles in Daily Life: Applications[END_REF]. Cell-based cytotoxicity assays follow a dose-dependent exposure experimental design. However, due to the nature of NPs, consistent exposure and the selection of the exposure parameter e.g. particle size distribution, shape and surface coating, etc. along with the route of exposure can all have a confounding effect of toxicity. Moreover, the route of exposure can affect the biological response of the administered NPs [START_REF] Li | Hazard characterization of silver nanoparticles for human exposure routes[END_REF]. 

Dermal

The skin is the largest organ of the human body comprising of complex structure composed of epidermis, dermis, follicles and glands (Brouwer et al., 2016[START_REF] Larese Filon | Occupational dermal exposure to nanoparticles and nano-enabled products: Part I-Factors affecting skin absorption[END_REF] 

Intravenous

This route bypasses the clearance process of the respiratory and gastrointestinal tract that allows NPs to enter the circulatory system and interact with tissues. Organs that are responsible for filtering and detoxifying blood e.g. spleen and liver could be primary targets for NPs present in blood [START_REF] Yildirimer | Toxicology and clinical potential of nanoparticles[END_REF] The retention of NPs after exposure via the intravenous route can exceed 24 h. Functionalisation of NP surfaces can direct tissue specific deposition after injection, which can prolong their persistence in the body. Highly biocompatible coatings such as polyethylene glycol on NPs have shown enhanced deposition in the spleen and have a long blood circulation [START_REF] Pang | Demonstrating approaches to chemically modify the surface of Ag nanoparticles in order to influence their cytotoxicity and biodistribution after single dose acute intravenous administration[END_REF]. The route of action of NPs resulting after intravenous exposure can be highly varied depending on the physicochemical properties of administered NPs. Other concerns arise due the systematic effects this kind of exposure might have and specific effects particularly with blood brain barrier [START_REF] Sahu | Toxicity of nanomaterials found in human environment[END_REF].

Ingestion

The entry of NPs through the gastrointestinal tract can be due to liquids containing

NPs, but also in some nanoscale food additives like titanium oxide, a whitening agent, or silicon dioxide, an anticaking agent, or other consumer products containing them e.g. plants and animals exposed to NPs during manufacturing [START_REF] Berg | Nanoparticle toxicity by the gastrointestinal route: evidence and knowledge gaps[END_REF]. Other oral contact routes may involve transfer of NPs to food items by transfer from contaminated surfaces. During ingestion, various mechanical, pH and biological interactions cause alterations to the physicochemical properties of NPs. The gastrointestinal tract is conducive to a complex mix of interactions between the NPs, ingested product, enzymes and gut microflora that can drastically alter the composition of the protein corona around the NP. Subsequently, nanomaterials have the potential to be absorbed into the blood stream through the intestinal barrier, after which they can come into contact with various organs [START_REF] Karimi | Human exposure to nanoparticles through trophic transfer and the biosafety concerns that nanoparticle-contaminated foods pose to consumers[END_REF].

Inhalation

Nanomaterials can disperse in air resulting in their inhalation into the human body where they interact with the respiratory system. Around 80% of total inhaled nanoparticles of 20 nm should deposit in the respiratory system. In contrast, only 30% of nanoparticles sizes 100 nm are deposited in the respiratory system after inhalation [START_REF] Londahl | Measurement techniques for respiratory tract deposition of airborne nanoparticles: a critical review[END_REF]. The impact of the inhaled NPs on the respiratory system is not only governed by their physicochemical properties, but also their retention time. In particular, NPs can be phagocytosed by pulmonary macrophages where they may undergo dissolution in lysosomes. Therefore, the retention time of NPs is influenced by their rate of dissolution after deposition in the lungs. Some NPs may cross the pulmonary air-blood barrier, which can also affect their route of action [START_REF] Bierkandt | The impact of nanomaterial characteristics on inhalation toxicity[END_REF].

Superparamagnetic iron oxide nanoparticles

The magnetic, chemical stability and biocompatibility properties of superparamagnetic iron oxide NPs (SPIONs) have made them highly applicable in cancer theranostics (therapy and diagnostics) [START_REF] Kandasamy | Recent advances in superparamagnetic iron oxide nanoparticles (SPIONs) for in vitro and in vivo cancer nanotheranostics[END_REF]. The application of SPIONs such as maghemite (γ-Fe2O3) and magnetite (Fe3O4) is extensive in magnetic resonance imaging (MRI) and magnetic hyperthermia. The superparamagnetic behaviour of SPIONs is observed at room temperature at a size <30 nm. The SPIONs can achieve high susceptibility and saturation magnetisation when a magnetic field is applied and have a zero magnetic remanence and coercivity in the absence of a magnetic field [START_REF] Kandasamy | Recent advances in superparamagnetic iron oxide nanoparticles (SPIONs) for in vitro and in vivo cancer nanotheranostics[END_REF].

Due to these properties several SPIONs have been clinically approved, which include AM125, Code 7228, SHU555A, OMP and AMI12 [START_REF] Mohammed | Magnetic nanoparticles for environmental and biomedical applications: A review[END_REF]. The SPIONs AM125 and SHU555A were commercially available under the brand names Feridex® and Resovist®, respectively, are used as contrast agents for liver MRI.

However, both SPIONs have been removed from the market as they were not economically viable [START_REF] Hood | The Rise of Off-Label Iron-Based Agents in Magnetic Resonance Imaging[END_REF].

Interest in the toxicology of SPIONs and their applicability was increased when several Gadolinium-based contrast agents were reported to cause nephrogenic systemic fibrosis [START_REF] Malikova | Nephrogenic systemic fibrosis: the end of the story?[END_REF]. The main concern regarding the safety of SPIONs may be due to their potential for generating reactive oxygen species (ROS) [START_REF] Nedyalkova | Iron oxide nanoparticles -In vivo/in vitro biomedical applications and in silico studies[END_REF]. The SPIONs have been shown to degrade upon internalisation by endocytosis inside the endolysosome due to the acidic pH (Singh et al., 2012[START_REF] Patil | Comprehensive cytotoxicity studies of superparamagnetic iron oxide nanoparticles[END_REF]. This caused the release of iron ions that can be transported into the cytosol and undergo Fenton-type reactions with mitochondrial H2O2, forming hydroxyl radicals (Eq. 1.1) [START_REF] Gupta | A Free Radical Primer[END_REF].

Equation 1. 1.

Fe 2+ + H2O2 → Fe 3+ + OH -+ OH •
The presence of superoxide ions (O2 •-) in mitochondria can also cause iron (III) ion to catalyse Haber-Weiss reactions (Eq. 1.2) [START_REF] Gupta | A Free Radical Primer[END_REF].

Equation 1. 2.

Step 1: O2 •-+ Fe 3+ → Fe 2+ + O2

Step 2: Fe 2+ + H2O2 → Fe 3+ + OH -+ OH • Overall reaction: O2 •-+ H2O2 → OH -+ OH • + O2

The differences between the crystal structure of Fe3O4 and γ-Fe2O3 NP have to be considered as their internalisation and subsequent breakdown would result in different amounts of iron being released inside the cell [START_REF] Singh | The role of iron redox state in the genotoxicity of ultrafine superparamagnetic iron oxide nanoparticles[END_REF][START_REF] Phan | Exchange Bias Effects in Iron Oxide-Based Nanoparticle Systems[END_REF].

The crystal lattice characteristics of Fe3O4 and γ-Fe2O3 are presented and compared with their respective NP specification in Table 1.2. The variations in lattice volumes indicated that γ-Fe2O3 NP have about 2.25% more iron atoms than Fe3O4 NPs. This would result in less NPs at the same concentration of Fe. The formation of larger agglomerates by Fe3O4 NPs could also be favoured by the presence of more NPs at the same Fe concentration. These larger agglomerates would also affect and change cellular internalisation rates. The variations in agglomerate size and the amount of iron being trafficked could lead to different outcomes when evaluating similar endpoints.

In vitro toxicology

The principles of in vitro toxicology are founded on the 3R principles of reduction, refinement and replacement. These were stated in 1959 by Russel and Burch in their book, "The principles of humane experimental technique" [START_REF] Kirk | Recovering The Principles of Humane Experimental Technique: The 3Rs and the Human Essence of Animal Research[END_REF]. Their statement supported the revolution promoting the minimisation of animal testing in favour of in vitro studies that provide results that can be correlated to in vivo outcomes.

Understanding of the mechanism of chemical-induced toxicity is necessary for the improvement of current hazard assessment procedures. The use of in vitro models allows for the exploration of various parameters associated with risk in an efficient, cheap, simple and high-throughput manner. In vitro models allow for more cost effective toxicological testing of the variety of novel substances introduced annually in the global market, whereas a single novel substance may cost around $2 million in the United States of America (USA) if assessed through whole animal testing [START_REF] Jain | Models and Methods for In Vitro Toxicity[END_REF]. Enhancing in vitro toxicology is, therefore, essential in the promotion of alternative methods to animal testing that correlate well with observed in vivo responses.

The 3R (replacement, reduction and refinement) principles form the first step in the selection of the most appropriate test model for further investigations [START_REF] Srivastava | Chapter 2 Principles for In Vitro Toxicology[END_REF]. Following the principles of 3Rs, an appropriate analogous model; such as in vitro cell culture, should be used instead of an animal during the preliminary testing of a novel material to elucidate its effect and mechanism on possible targets. The model can be used to establish dose-response relationships for toxicity assessing desired endpoints for toxicity, or the identification of specific biomarkers used to monitor exposure to the test compound. Once key dose parameters have been established to elucidate the mechanism of action along with robust toxicological endpoints, in vivo testing can be carried out on the test compound. However, to utilise in vitro testing to minimise in vivo testing the validation of new in vitro systems must be undertaken. The in vitro models must maintain the same functionality as the targets they are trying to mimic. For example, lung cells cultured in vitro must illicit the homeostatic and toxicological responses as they would in situ [START_REF] Berube | Human primary bronchial lung cell constructs: the new respiratory models[END_REF][START_REF] Clippinger | Pathway-based predictive approaches for non-animal assessment of acute inhalation toxicity[END_REF].

Current status of liver in vitro models

Numerous studies have been conducted to elucidate which nanomaterials show adverse toxicity and how this is caused. Initial studies in the late 2000s started addressing the kinetic issues of the cellular and molecular mechanism utilising in vitro and in vivo studies [START_REF] Oberdörster | Toxicology of nanoparticles: A historical perspective[END_REF]. These studies demonstrated the importance of the physiochemical parameters of NPs in influencing the outcome of various toxicological endpoints. However, these studies also suffered limitations in their descriptions of physico-chemical characteristics of the test materials, exposure methodology and metabolic routes that the different classes of nanomaterials exhibited. It also became more evident around 2008 that the potential of nanomaterials to cause DNA damage must be assessed. This is crucial in determining whether exposure to such materials can cause mutagenic effects, ultimately leading to carcinogenesis [START_REF] Singh | NanoGenotoxicology: the DNA damaging potential of engineered nanomaterials[END_REF]). An increasing number of studies reveal other limitations in nanomaterial toxicity evaluation. The lack of resemblance of in vitro test models to their target in vivo environment and the need for in-situ assessment of nanomaterials in these complex environments also became more evident. Approaches in bridging the gap between the in vitro and in vivo environment involved the use of 3D cellular models that exhibit more organotypic properties (Singh et al., 2018).

Hepatic competent cell lines

The use of accurate and reliable in vitro cell models requires the appropriate choice of liver-like cells that can model the necessary hepatic mechanisms and hepatoxicity end points. Drug-induced liver injury and absorption, distribution, metabolism, excretion and toxicity profiles are required for the assessment of novel compounds [START_REF] Kyffin | Impact of cell types and culture methods on the functionality of in vitro liver systems -A review of cell systems for hepatotoxicity assessment[END_REF]. Several parameters dictate the selection of these cells; such as, reliably replicating in vivo hepatic functions in an in vitro setting, easily procurable and integratable in current toxicology streams. This is essential in pushing ahead the 3Rs principles for the minimization of animal testing. It is important to note that the focus is to investigate the relevant end points that might be affected by the test compounds.

The in vitro model therefore does not have to exactly mimic the entire in vivo microenvironment to successfully assess these specific end points (Brouwer et al., 2016), thus minimising its level of complexity.

Selecting a specific cell type has always its advantages and disadvantages [START_REF] Donato | Hepatic Cell Lines for Drug Hepatotoxicity Testing: Limitations and Strategies to Upgrade their Metabolic Competence by Gene Engineering[END_REF][START_REF] Lee | Cell sources, liver support systems and liver tissue engineering: alternatives to liver transplantation[END_REF]. Primary human hepatocytes are considered the 'gold standard' for hepatic toxicology investigations yet they suffer from donor to donor variability that causes phenotypic instability and batch-to-batch functional variability.

Their availability and ethics restrictions also diminish their applicability for routine and long-term studies. ExPASy platform has at least 800 listed entries as different liver related cell types in its database [START_REF] Artimo | ExPASy: SIB bioinformatics resource portal[END_REF][START_REF] Bairoch | The Cellosaurus, a Cell-Line Knowledge Resource[END_REF], SIB-ExPASy, 2019).

From this huge availability of cell types, the hepatocarcinoma cell line, HepG2 with over ten thousand scientific reports in PubMed is amongst one of the most widely used and readily available to conduct hepatoxicity studies [START_REF] Kammerer | Human hepatocyte systems for in vitro toxicology analysis[END_REF].

The cell line was isolated from a primary hepatoblastoma of an 11-year old Argentinian youth [START_REF] Aden | Controlled synthesis of HBsAg in a differentiated human liver carcinoma-derived cell line[END_REF]. The isolated cells resembled liver parenchymal cells with an epithelial-like morphology and high plasma proteins excretion. The expression of Phase I and Phase II enzymes make these cells applicable for studying the activation and detoxification of genotoxic pro-carcinogens and pharmacokinetics [START_REF] Soldatow | In vitro models for liver toxicity testing[END_REF].

2D Culture of Liver cells

The utilisation of 2D cell culture depends on the adherence of cells to a flat surface; such as glass or plastics such a polystyrene, providing a support mechanism for the cells to grow on. The nutrients required for cell growth provided in the growth media are homogenously accessible to all the cells. This allows for all the cells to proliferate in a similar manner resulting in a monolayer of cells coating the surface of the growth substrate. Although, cells can be grown in a simple and high-throughput manner.

There are several disadvantages to 2D cell culture as the cell shape is not controlled resulting in a lack of biochemical signals that are induced by mechanical cues in vivo.

The lack of these biochemical signals affects the activity of the in vitro cell culture.

This is a particular challenge as hepatic cells do not proliferate well under these conventional 2D cell culture conditions, and lose native morphology and have altered gene expression [START_REF] Mueller | 3D Hepatic In Vitro Models as Tools for Toxicity Studies[END_REF].

To model the physiology of the liver with cell lines is indeed a challenging task.

However, to exploit the advantages of 2D cell culture using cell lines, this technique has been modified to provide a simulated 3D response whilst cells are still growing in a monolayer. The "Sandwich culture" technique involves the growth of cells between two layers made of collagen, polyacrylamide or extracellular matrix (ECM) and has been shown to produce hepatic cells with morphology and functionality similar to native or in vivo hepatocytes. Hepatocytes grown with the Sandwich culture technique can maintain optimal albumin production compared to conventional 2D cell culture [START_REF] Duval | Modeling Physiological Events in 2D vs. 3D Cell Culture[END_REF]. In the liver, hepatocytes proliferate with ECM in their surroundings reducing polarity of the in vivo cells. In 2D cell culture, the cells start to become polarised with apical and basolateral membrane markers. The Sandwich culture technique has been shown to reduce or delay polarisation of hepatic cells.

Apical membrane markers have been observed at the canalicular membranes which form part of bile canaliculi. The establishment of bile canaliculi through the Sandwich culture technique aides in the study of pharmacokinetics as the uptake of molecules can be monitored. The Sandwich culture method is particularly relevant in the area of drug discovery and toxicology, allowing for the study of pharmacokinetics in relation to the liver.

The topology of the surface on which cells are growing also has an impact on their development, proliferation and differentiation. The stiffness and roughness of the surface provide a microenvironment for the cells which distinguishes them from cells grown on a homogeneous surface. Micro-patterning of the growth surface can be exploited to illicit specific cellular responses. An in vitro primary human hepatocyte model developed using micropatterned surfaces and cocultured with supportive fibroblasts has been maintained for several days. This model has been utilised to study the host-pathogen interactions of between the liver and pathogenic viruses such as hepatitis B and C, and shows potential for drug and vaccine development [START_REF] March | Micropatterned coculture of primary human hepatocytes and supportive cells for the study of hepatotropic pathogens[END_REF].

Adding another dimension to in vitro toxicology

The technique of 2D cell culture was developed by Rose Harrison in 1907 (Harrison et al., 1907, Breslin and[START_REF] Breslin | Three-dimensional cell culture: the missing link in drug discovery[END_REF] and has been in use for over a century. This involved the placement of pre-differentiated neural tissue explanted from frog embryos maintained in a drop of lymph. The setup was kept sealed and in a moist chamber. It provided a means to continuously monitor tissue growth and demonstrated that cells can be grown outside their host organism. Further developments resulted from this research such as the creation of dedicated containers for culturing cells with ease and the substitution of blood plasma with synthetic nutrient mediums. The continuous development throughout this century and the simplicity, reproducibility, and low cost of 2D cultures, further heralded their importance in the screening of substances [START_REF] Chatzinikolaidou | Cell spheroids: the new frontiers in in vitro models for cancer drug validation[END_REF]). Yet shortcomings were also highlighted as results obtained from 2D cultures and their correlation to in vivo environments are becoming increasingly subject to speculation leading the insurgence of 3D cell culture (Fig. 1.2).

Figure 1. 2. A schematic representation of monolayer of cells (A) and microtissue (B).

Comparative studies between 2D and 3D cell cultures show differences in cell morphology, polarity, receptor expression, oncogene expression and ECM [START_REF] Nunes | 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors resistance to therapeutic drugs[END_REF]. Within in vivo tissues, the ECM mediates cell differentiation, proliferation, and homeostasis. The 3D structure causes cells to experience a heterogeneous spatial environment that changes the diffusion and transportation of mass such as metabolites and oxygen. The development of various 3D cell models is currently being explored so that the in vivo 3D architecture, cell-cell and cell-ECM contacts are better mimicked. One approach involves the use of spheroid microtissues [START_REF] Laschke | Life is 3D: Boosting Spheroid Function for Tissue Engineering[END_REF]. This 3D cell model allows for the incorporation of different cell types and the introduction of ECM components to support the self-assembly of the microtissue.

Current approaches for the development of 3D models

The inability of 2D in vitro models to simulate in vivo conditions has led to the development of 3D in vitro models that bridge these gaps. Such gaps include the lack of tissue morphology, difference between extracellular matrices and metabolic patterns [START_REF] Pampaloni | The third dimension bridges the gap between cell culture and live tissue[END_REF][START_REF] Achilli | Advances in the formation, use and understanding of multi-cellular spheroids[END_REF][START_REF] Baker | Deconstructing the third dimension: how 3D culture microenvironments alter cellular cues[END_REF][START_REF] Mueller | 3D Hepatic In Vitro Models as Tools for Toxicity Studies[END_REF]. Various approaches have been developed in forming 3D cellular spheroid aggregates, the most popular are hanging drops [START_REF] Foty | A simple hanging drop cell culture protocol for generation of 3D spheroids[END_REF], bioreactors [START_REF] Tostoes | Human liver cell spheroids in extended perfusion bioreactor culture for repeated-dose drug testing[END_REF], layered [START_REF] Yoshii | The use of nanoimprinted scaffolds as 3D culture models to facilitate spontaneous tumor cell migration and well-regulated spheroid formation[END_REF], matrix scaffolds [START_REF] Ulrich | Probing cellular mechanobiology in three-dimensional culture with collagen-agarose matrices[END_REF] and microfluidic devices [START_REF] Zervantonakis | Three-dimensional microfluidic model for tumor cell intravasation and endothelial barrier function[END_REF]. Combined approaches such as incorporating hanging drops with microfluidic devices have also been developed [START_REF] Frey | Reconfigurable microfluidic hanging drop network for multi-tissue interaction and analysis[END_REF].

The different methods of producing 3D microtissues has highlighted several advantages and disadvantages in the utilisation of these techniques (Table . 1.3) (Mehta et al., 2012, Breslin and[START_REF] Breslin | Three-dimensional cell culture: the missing link in drug discovery[END_REF]. Several challenges have been identified in the utilisation of 3D microtissues for hazard assessment. For example, methods such as the use of bioreactors can be expensive. Conversely, the hanging drop method is inexpensive with controlled microtissue growth but can be very labour intensive.

Other microtissue production methods require expensive and/or specialised equipment and difficulties with biocompatibility, microtissue retrieval and retention of microtissue phenotype and morphology.

The biocompatibility of the surface material on which the target microtissue is grown is also crucial [START_REF] Harjumaki | Quantified forces between HepG2 hepatocarcinoma and WA07 pluripotent stem cells with natural biomaterials correlate with in vitro cell behavior[END_REF]. This allows the cells to disperse homogenously in the device and prevent adverse cell configurations. Cells can also differentiate and transform into other cell types depending on surface interactions.

Issues harvesting microtissues are inherently tied with the method used to grow them (Table 1.4). Some equipment such as bioreactors and microfluidic devices, require disassembly to harvest microtissues. The homogeneity of the microtissue is also an important factor which can have a confounding effect on the measurement of toxicological endpoints. The sterility of the scaffolding material is a crucial factor.

However, most scaffolding starting materials cannot be autoclaved making them one time use only [START_REF] Dai | Sterilization techniques for biodegradable scaffolds in tissue engineering applications[END_REF].

Table 1. 3. The advantages and disadvantages associated with 3D cellular microtissue preparation methods as pointed out by [START_REF] Mehta | Opportunities and challenges for use of tumor spheroids as models to test drug delivery and efficacy[END_REF] and [START_REF] Breslin | Three-dimensional cell culture: the missing link in drug discovery[END_REF].

3D cellular method Advantages Disadvantages

Bioreactors -Simple to culture cells -Large-scale production -Long-term retention [START_REF] Mueller | 3D Hepatic In Vitro Models as Tools for Toxicity Studies[END_REF][START_REF] Katt | In Vitro Tumor Models: Advantages, Disadvantages, Variables, and Selecting the Right Platform[END_REF][START_REF] Carragher | Concerns, challenges and promises of high-content analysis of 3D cellular models[END_REF]. 

3D cellular method Harvesting outcomes Issues

Bioreactors

Applicability of 3D in vitro models in hazard assessment

Nanoparticles may undergo physical, chemical and biological transformation when they are released into the environment. There perceived as posing a serious threat to the environment and human health. Metal and metal oxide NPs account for the largest proportion of engineered nanomaterials used in various fields, such as, defence, energy, healthcare, transportation and medicine [START_REF] Gupta | Nanoparticles in Daily Life: Applications[END_REF]. After being released in environment they may become enriched in an organism through the food chain. A model for the assessment of both exposure levels and toxicity of these nanomaterials can be helpful for evaluation of the impact of NPs, which may be used as therapeutics, within the food industry or released from textile or fabrics. These models can be used to assess the biotransformation of xenobiotics and cell specific responses to them [START_REF] Rim | In vitro Models for Chemical Toxicity: Review of their Applications and Prospects[END_REF].

The use of these 3D in vitro models may be limited as it is not representative of the target organ [START_REF] Antoni | Three-dimensional cell culture: a breakthrough in vivo[END_REF]. Models are composed of single cells, whereas tissues are a composed of a complex mixture of specialised cells. Moreover, these models do not have a blood supply, therefore, the impact of the any signalling molecules on auxiliary tissues cannot be assessed in these systems. In vitro 3D models are often utilised for specific assessments of cytotoxicity and genotoxicity for a specific target organ [START_REF] Carragher | Concerns, challenges and promises of high-content analysis of 3D cellular models[END_REF]. Other complex physiological interactions or effects on reproduction and developmental toxicity cannot be assessed.

The initial stages of hazard characterization can be performed in 2D cell cultures, where basic parameters may be characterised. Translation of the 2D studies into 3D in vitro models provide a useful intermediary step before proceeding to in vivo studies in animal models [START_REF] Roth | The application of 3D cell models to support drug safety assessment: opportunities & challenges[END_REF]. The 3D in vitro models aid in the implementation of the 3R research approach in in vitro toxicology. Moreover, the 3D in vitro models can corroborate the extrapolation of studies performed in animal models to humans (Fig. 1.3). A combination of 3D in vitro models may be used to elucidate potential toxic effects on specific organs, which may guide tests within in vivo models. Therefore, a 3D in vitro model provides a secondary point of hazard characterisation that can be used to supplement standard in vitro test methods for hazard characterization [START_REF] Fitzgerald | Life in 3D is never flat: 3D models to optimise drug delivery[END_REF]. 

The liver as a metabolic hub

The liver is the largest internal organ in the human body and is located in the right upper quadrant of the abdominal cavity. It accounts for around 2 to 4% of the total average body weight. The liver can be considered as an accessory digestive organ as it produces bile and cholesterol required for the emulsification and breakdown of lipids. The liver also serves as the store for glycogen and regulates its maintenance, production and degradation [START_REF] Mitra | Metabolic functions of the liver[END_REF]. It is a hub for metabolic activity as it detoxifies the body from many harmful substances and acts as a filter.

Upon ingestion and digestion of food, biomolecules absorbed by the small intestine are diverted to the liver and processed. Various new metabolites and biomolecules are synthesised in the liver, whereas those harmful for the body are degraded. The liver also serves as a site for the decomposition of red blood cells and is also the target of several hormones. This variety of high-volume biochemical reactions are carried out by parenchymal hepatocytes which form most (70-85%) of the biomass of the liver [START_REF] Zhou | Hepatocytes: a key cell type for innate immunity[END_REF].

One crucial metabolic function of the liver is the removal of glucose from the bloodstream and its conversion into glucose 6-phosphate that is further converted into several important intermediates such as glycogen, acetyl-Coenzyme A (acetyl-CoA)

and reduced nicotinamide adenine dinucleotide phosphate (NADPH). The production, storage of glycogen and it release back as glucose, is crucial for the regulation of glucose homeostasis in the bloodstream. Exposure to nanomaterials have been known

to disrupt mitochondrial metabolism thus leading to the impairment of glucose metabolism. Pathways influenced by glycolysis such as the Tricarboxylic acid (TCA) cycle, electron transport chain and the pentose phosphate pathway may also be affected by nanomaterials.

Lipid metabolism is also regulated extensively by liver. The organ causes the esterification of absorbed fatty acids and their secretion back into the bloodstream as very-low-density lipoproteins. The liver is essential in the metabolism of amino acids for the synthesis of proteins rather than catabolism. The α-ketoacids generated through this process are important intermediates in gluconeogenesis and fatty acid synthesis.

The generation of reactive oxygen species (ROS) upon stimulation by nanomaterials may lead to lipid peroxidation causing perturbation in lipid metabolism.

Metal homeostasis of iron and copper are also systematically regulated by the liver (Anderson andFrazer, 2017, Baker et al., 2017). Systemic metal homeostasis is carefully regulated through a system of specific protein transporters, which are transferred back to the bloodstream depending availability and metabolic requirements. The imbalance of these functions would cause a dysregulation in liver metal homeostasis that would lead to disorders that might cause the development of cirrhosis and hepatocellular carcinoma [START_REF] Aigner | Dysregulation of iron and copper homeostasis in nonalcoholic fatty liver[END_REF]. Within hepatocytes, Fe 2+

ions form the labile iron pool (LIP) which is determined by the rate of iron uptake, utilization, storage, and export [START_REF] Crichton | Iron Metabolism: From Molecular Mechanisms to Clinical Consequences[END_REF]. The exposure of hepatocytes to SPIONs can interfere with normal iron homeostasis leading to toxicity.

Being the key organ in metabolising absorbed xenobiotics, evaluation of how novel materials would react in this hepatic environment is crucial. Novel substances developed as potential therapeutic and diagnostic agents require 12-15 years and around two billion dollars for their validation and to bring a single agent to the market [START_REF] Onakpoya | Worldwide withdrawal of medicinal products because of adverse drug reactions: a systematic review and analysis[END_REF]. Still drug withdrawals occur after they have gone through all the stages required for their market. In the USA and EU markets, 20-30% of drug withdrawals happen due to hepatotoxicity and 40% of all withdrawals happen due to drug-induced liver injury [START_REF] Poloznikov | In vitro and in silico liver models: Current trends, challenges and opportunities[END_REF]. These failures can be associated with the lack of resemblance of in vitro cultures to the liver itself, human genetic variants and limitations in animal to human-specific correlations due to differences in metabolic pathways and genetic variation. Most of the withdrawn drugs that cause human liver injury are only identified after marketing even though they have gone through the process of preclinical cellular or animal testing to determine potential toxicities. The following sections summarize the metabolic pathways within hepatocytes which may be disrupted by exposure to nanomaterials.

The liver as a target organ for toxicology studies

Albumin

Albumin is a globular protein that makes up 50% of the total protein (3.5-5 g.dL -1 ) in the plasma present in the human body, making it the most abundant protein [START_REF] Bernardi | Role of human albumin in the management of complications of liver cirrhosis[END_REF]. The liver is the only site of albumin synthesis. Its rate of production is enhanced by hormonal factors such as insulin and cortisol and inhibited by inflammatory cytokines such as Interleukin -6 and Tumour Necrosis Factor -alpha.

The most important role of albumin is to maintain oncotic pressure of plasma, where 70-75% of this is maintained due to its osmotic properties [START_REF] Fanali | Human serum albumin: from bench to bedside[END_REF]. It is involved as a ligand and carrier for a variety of compounds such as metals, fatty acids and drugs and improve transportation, solubilization and metabolism of such compounds [START_REF] Tuan Giam Chuang | Pharmaceutical Strategies Utilizing Recombinant Human Serum Albumin[END_REF][START_REF] Fasano | The extraordinary ligand binding properties of human serum albumin[END_REF]. These conjugates also inhibit the toxicity of the unbound compounds and nanomaterials. The unbound cysteine residue within albumin make it a potent extracellular scavenger for ROS due to the reduced sulfhydryl (R-SH) groups [START_REF] Cha | Glutathione-Linked Thiol Peroxidase Activity of Human Serum Albumin: A Possible Antioxidant Role of Serum Albumin in Blood Plasma[END_REF]Kim, 1996, Fanali et al., 2012), such as glutathione. In high free radical environments, the sulfhydryl groups are irreversibly oxidized to sulphinic (R-SO2H) and sulphonic (R-SO3H) acid groups.

Albumin also has a high affinity for haem groups that can provide a lipid antioxidant effect. Metal binding to albumin's N-terminal portion further contributes to its antioxidant potential. Copper, cobalt, iron, nickel and zinc have been observed to bind to this N-terminal (Garcia-Martinez et al., 2013). Unbound copper and iron ions can catalyse free radical reactions in physiological environments thus increasing ROS.

Albumin conjugates with iron and copper ions therefore decreases the potential oxidative stress damage they can cause.

Albumin is secreted rapidly in cell culture media from HepG2 cells. A 43% decrease in albumin production in HepG2 cells is observed upon challenge with citrate-coated AgNPs or PVA-coated AgNPs [START_REF] Vrcek | Comparison of in vitro toxicity of silver ions and silver nanoparticles on human hepatoma cells[END_REF]. In this study, albumin was affected in a dose-dependent manner with increase Ag + ions. In contrast, albumin secreted by HepG2 cells was found to increase a dose-independent manner after exposure to citrate-coated AgNPs. The decrease albumin synthesis along with reduced expression of alanine transaminase (ALT) indicate that AgNPs and Ag + cause damage to HepG2 cells. ZnO NPs are used in animal feed at 300-600 mg/kg and were found to cause liver and kidney injury in rats [START_REF] Tang | The effect of ZnO nanoparticles on liver function in rats[END_REF]. A significant decrease in albumin levels is observed upon exposure to ZnO NPs. CYP450 enzymes, liver and intestinal enzymes, liver and kidney histopathology, and hematologic indices in rats were also found to be affected by ZnO NPs.

Aspartate transaminase

Protein are mainly degraded in the liver, where they are broken into the their constituents. These components are degraded into secondary products and enter the metabolic mainstream. The carbon chain of an amino acid can be metabolized into glucose or acetyl-CoA to be catabolised by glycolysis or the TCA cycle, respectively.

The first step for the transformation of proteins is catalysed by the aminotransferases and aides the removal and transfer of the α-amino group of the amino acids to αketoglutarate. The transfer of the α-amino group from aspartate to α-ketoglutarate is catalysed by aspartate transaminase (AST), which results in the formation of oxaloacetate whereas the α-ketoglutarate forms L-glutamate (Eq. 1.3) [START_REF] Berg | Nanoparticle toxicity by the gastrointestinal route: evidence and knowledge gaps[END_REF].

Equation 1. 3.

Aspartate + α -ketoglutarte AST → oxaloacetate + L -glutamate

The AST enzyme exists in two isoenzyme forms; mitochondrial and cytoplasmic [START_REF] Gowda | A review on laboratory liver function tests[END_REF]. Elevated serum AST levels are associated with liver tissue degeneration conditions such as hepatocellular carcinomas and hepatitis C leading to hepatic cirrhosis. Elevated expression of AST is indicative of liver damage, which may be induced upon exposure to nanomaterials.

The cellular viability of C2C12 cell has been shown to decrease upon exposure to 1 -5 mg/mL ZnO NPs after 48 and 72 h. The gene expression of ALT, AST, alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) as measured through expression of mRNA and protein expression in C2C12 cell were found to increase upon exposure to ZnO NPs [START_REF] Pandurangan | ZnO nanoparticles augment ALT, AST, ALP and LDH expressions in C2C12 cells[END_REF]. ZnO NPs were also found to increase the activity of AST and ALT in adult male Wistar rats in a dose-dependent manner. [START_REF] Abbasalipourkabir | Toxicity of zinc oxide nanoparticles on adult male Wistar rats[END_REF]. Similarly, AgNPs also significantly elevated AST and ALT activity in mice compared to control unexposed mice. Moreover, oral exposure of AgNPs increased the expression of serum levels of AST and ALT and caused histological liver damage in male and female mice [START_REF] Heydrnejad | Toxic Effects of Silver Nanoparticles on Liver and Some Hematological Parameters in Male and Female Mice (Mus musculus)[END_REF].

Urea

The L-glutamate produced by the degradation of proteins undergoes oxidative deamination producing ammonium ions and α-ketoglutarate, by glutamate dehydrogenase (GDH). This reversible reaction is close to equilibrium and shifts accordingly depending on the concentrations of reactants and roducts, with the rapid removal of ammonium ions driving the reaction forward (Eq. 1.4).

Equation 1. 4.

L -glutamate

NAD(P) + + NH 4 - ⇌ NAD(P) + + H 2 O α -ketoglutarate
The α-ketoglutarate is then metabolized in the TCA cycle leading to ATP synthesis, providing an alternative to glucose as an energy source. The ammonium ions are converted to urea in the ornithine cycle as the excessive accumulation of ammonium ions is toxic (Fig. 1.4). Disorders in the formation of urea are due to enzyme level abnormalities that cause various metabolite imbalances [START_REF] Parmeggiani | Oxidative stress in urea cycle disorders: Findings from clinical and basic research[END_REF]. The high levels of ammonia could cause the depletion of α-ketoglutarate by glutamate formation, therefore severely inhibiting the TCA cycle due to the lack of important intermediates. where the mitochondrial metabolites are given in yellow boxes, the cytosolic metabolites are given in blue boxes and the enzymes are given in green boxes. Carbamoyl phosphatase synthesised by carbamoyl phosphate synthetase 1 (CPS1) reacts with ornithine to make citrulline by ornithine transcarbomylase (Clippinger et al.) and is shunted to the cytosol by ornithine transferase 1 (ORNT1). The citrulline then reacts with aspartate and to arginosuccinate by the action of arginosuccinate synthetase 1 (ASS1). Arginosuccinate is converted to arginine by arginosuccinate lysate (ASL) and then hydrolysed to produce urea and ornithine by arginase 1 (ARG1) [START_REF] Morris | Hormonal induction of hepatic mitochondrial ornithine/citrulline transporter mRNA[END_REF]Kepka-Lenhart, 2002, Mew et al., 2015).

Oral administration of TiO2 NPs to rats was found to cause hepatic and renal toxicity. Levels of total protein. Glucose AST, ALT and ALP in serum were found to be significantly affected indicating liver damage. Moreover, changes in blood urea nitrogen and uric acid indicated renal damage upon exposure to TiO2 NPs. [START_REF] Vasantharaja | Oral toxic exposure of titanium dioxide nanoparticles on serum biochemical changes in adult male Wistar rats[END_REF]. The level of ALT, AST, blood urea nitrogen and creatine increased upon exposure to CuO NPs in rats. Many pathological changes were observed in the hepatic and renal systems of the rats exposed to CuO NPs. Moreover, changes in oxidant-antioxidant balance as increased expression of caspase-3 and nuclear factor kappa B protein and changes in the expression of the bax and bcl2 genes indicate the initiation of apoptosis in these organs [START_REF] Hassanen | Pomegranate Juice Diminishes The Mitochondria-Dependent Cell Death And NF-kB Signaling Pathway Induced By Copper Oxide Nanoparticles On Liver And Kidneys Of Rats[END_REF].

Cellular respiration

Glycolysis

The uptake of glucose in hepatocytes occurs through glucose transport proteins, GLUT1 and GLUT2. The GLUT2 protein allows for high capacity uptake independent of insulin. Upon the transfer of glucose into the cytosol it can become involved in several different metabolic pathways [START_REF] Karim | Hepatic expression and cellular distribution of the glucose transporter family[END_REF]. Glucose is highly involved in the pentose phosphate pathway to produce NADPH, used in the maintenance of reduced glutathione. The pentose phosphate pathway is also important for the synthesis of nucleotides essential for the formation of DNA and ribonucleic acid (RNA). Glucose is used for glycogen synthesis where it is then stored in the liver.

Hepatocytes are capable of performing glycolysis, which converts glucose into pyruvate. Glycolysis occurs in three stages (Fig. 1.5) (Nelson andCox, 2008, Berg et al., 2015).

The pyruvate generated from glycolysis is then transferred into the mitochondrial matrix. The oxidation of pyruvate yields acetyl-CoA that is required in the TCA cycle.

When oxygen is highly available for cells allowing for aerobic respiration, complete oxidation of glucose to carbon dioxide yields 32 to 34 ATP molecules through oxidative phosphorylation. This process enables the conversation of ADP to ATP in the presence of sufficient NADH, phosphate and oxygen that are generated from the glycolysis, pyruvate oxidation and acetyl-CoA oxidation/ TCA processes. In tumours, due to the hypoxic conditions, there is a limited supply of oxygen yet higher glucose uptake and glycolysis rates are observed when compared to normal tissues. This is known as the Warburg effect, where the higher rate of anaerobic glycolysis yields pyruvate which converted to lactate by LDH to recycle NADH [START_REF] Liberti | The Warburg Effect: How Does it Benefit Cancer Cells?[END_REF]. (Nelson andCox, 2008, Berg et al., 2015).

The reducing NADH equivalents required for oxidative phosphorylation are mostly produced by the TCA cycle (Fig. 1.6), also known as the citric acid cycle (Nelson andCox, 2008, Berg et al., 2015). The enzymes required for the TCA cycle are located inside mitochondria. The three NADH molecules produced in the TCA cycle by processing one pyruvate are essential reducing agents required for the mitochondrial electron transport chain (Nelson andCox, 2008, Berg et al., 2015). Only minimal oxidative phosphorylation occurs in hypoxic conditions while the rate of glycolysis increases. This results in an overall yield of four ATP molecules per glucose molecule which is considerably lower than that of oxidative phosphorylation. Tumour cells, therefore, express more GLUT1 transporters increasing glucose uptake. Enzymes present in the glycolysis pathway are also more resistant to lower pH environments as more lactic acid is being produced in these cells under anaerobic glycolysis, making it the preferred mode for ATP synthesis in tumour cells. Carbon dots (CD) have been shown to enter HepG2 cells, where they affect their cell viability in a dose-dependent manner. Exposure to CDs significantly decrease extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) and as well as reduced the activity of key enzymes hexokinase and pyruvate kinase in the glycolytic pathway [START_REF] Li | Adverse effects of fluorescent carbon dots from canned yellow croaker on cellular respiration and glycolysis[END_REF]. Glucose metabolism was also found to be impacted by CuO NPs after 24 h of exposure. where both glucose consumption and lactate production significantly increased in astrocytes. The Cu ions realised from the CuO NPs is thought to increase glycolytic flux as well as increase the synthesis of glutathione and metallothioneins [START_REF] Bulcke | Copper oxide nanoparticles stimulate glycolytic flux and increase the cellular contents of glutathione and metallothioneins in cultured astrocytes[END_REF].

The electron transport chain

The electron-transferring proteins that make up the mitochondrial electron transport chain (Fig. 1.7) are ordered in sequence within the inner mitochondrial membrane (Nelson andCox, 2008, Berg et al., 2015). The NADH reducing equivalent from (Nelson andCox, 2008, Berg et al., 2015).

Iron is a crucial component for all the cytochromes involved in this process as it is part of various haem groups and iron-sulphur clusters. The ferrous and ferric oxidative states allow for the transfer of electrons between Complex III and cytochrome c.

Copper is involved in Complex IV. The two copper centres are essential for the acquisition of electrons from cytochrome c and their transfer between cytochrome a1 and a3 found within Complex IV. The transfer of electrons in Complex I and III, and formation of water in Complex IV are possible due to the translocation of protons from the mitochondrial matrix to the intramembrane space. The ejection of protons into the intramembrane space is required to create a proton gradient that allows for the synthesis of ATP. The ATP is generated by F1F0-ATPase (Complex V) located on the inner mitochondrial membrane that is required for the completion of oxidative phosphorylation. Oligomycin can be used as an inhibitor of ATP synthase as it blocks its proton channel. Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) can also be used to disrupt ATP synthesis as the proton ionophore allows for the transportation of protons back into the mitochondrial matrix bypassing Complex V (Nelson andCox, 2008, Berg et al., 2015).

Monitoring of the electron transport chain can be done using Seahorse XF analysers by Agilent by observing in real-time, changes in the oxygen consumption rate (OCR) and extracellular acidification rate (Platel et al.) [START_REF] Koopman | A screening-based platform for the assessment of cellular respiration in Caenorhabditis elegans[END_REF]. Oxidative phosphorylation that is involved in mitochondrial respiration can be monitor through OCR and glycolysis through ECAR. The system utilised a 96-well plate sensor cartridge, where each well has an individual sensor probe that contains polymerembedded fluorophores sensitive to either oxygen or protons. These analytes in media are sensed by their quenching effect on the fluorophores. The concentration of either analyte can be determined from the fluorescence intensity and their rates of change over time. The measurement is done by lowering the sensor cartridge into the wells that creates a transient microchamber. The fluorophores are then excited by light emitted on the sensor probes through fibre optic bundles. The emitted light is then transmitted back by these fibre optic bundles and measured at the detector. The measurement over a specific period of time allows the determination of the linear decline in oxygen concentration or incline of proton concentration. This allows the calculation of the OCR (pmol/min) and ECAR (mpH/min), respectively. The sensor cartridge also allows for the time defined administration of four compounds per well in a user-defined manner. The sequential administration of oligomycin, FCCP and rotenone plus antimycin A in this order, allows for the determination of basal respiration, ATP-linked respiration, proton leak, maximal respiration and nonmitochondrial oxygen consumption, respectively [START_REF] Salabei | Comprehensive measurement of respiratory activity in permeabilized cells using extracellular flux analysis[END_REF].

The role of the ETC in toxicology has been investigated as it is linked to other metabolic pathways, which when disrupted can lead to adverse effects. The ETC in human HepG2 hepatocarcinoma cells has been shown to be affected by SPIONs, which in turn has an effect on ATP production and mitochondrial membrane potential [START_REF] He | Mitochondrial electron transport chain identified as a novel molecular target of SPIO nanoparticles mediated cancer-specific cytotoxicity[END_REF]. The distribution of calcium within the cells is also affected by SPIONs which induced cellular apoptosis. Moreover, SPIONs induce the formation of ROS in the mitochondria leading to higher levels of oxidative activity is cells due to the reduced production of GSH produced in cancer cells. Human lung fibroblasts have also been found to be susceptible to CuNPs released in aerosols generated by electronic cigarettes leading to elevated levels of mitochondrial ROS levels [START_REF] Lerner | Electronic cigarette aerosols and copper nanoparticles induce mitochondrial stress and promote DNA fragmentation in lung fibroblasts[END_REF]. This in turn perturbs the ETC by reducing the activity of Complex IV and fragmenting nuclear DNA. The levels of interleukin-6 and 8 are also increased indicating the induction of a proinflammatory response. These findings show the importance of monitoring the ETC for toxicological assessment of NPs.

The pentose phosphate pathway and the reduction of reactive oxidative species.

The pentose phosphate pathway occurs in the cytosol and primarily produces pentose phosphates for the synthesis of DNA and RNA nucleotides. This pathway is divided into two parts, the irreversible redox stage followed by a reversible interconversion stage. The irreversible redox stage produces NADPH and pentose phosphates (Fig.

1.8). When pentose phosphates are in excess the reversible interconversion stage enables their recycling back to the glycolysis intermediates of fructose 6-phosphate and glyceraldehyde 3-phosphate. Another major product of the pentose phosphate pathway is NADPH. In the liver, the generation of NADPH is important as it is involved in multiple redox reactions such as the biosynthesis of fatty acids, cholesterol and bile acids. The liver also requires NADPH for the detoxification and excretion of xenobiotics via hydroxylation reactions. Another important role of NADPH is the maintenance of the reduced cysteine-containing tripeptide, glutathione that is an important antioxidant [START_REF] Lu | Glutathione synthesis[END_REF].

The importance of the pentose phosphate pathway is the formation of NADPH for the regeneration of glutathione (GSH) from glutathione disulphide (GSSG). The GSH molecule is involved in many regulatory functions such as cell cycle, storage of cysteine, fibrogenesis, antioxidant defence and xenobiotic detoxification [START_REF] Lu | Glutathione synthesis[END_REF].

The GSH molecule, γ-L-glutamyl-L-cysteinylglycine, is a tripeptide that is comprised of a peptide bond that links the glutamate and cysteine units through the γ-carboxyl group of glutamate. This, therefore, will only be hydrolysed by γglutamyltranspeptidase present on the external surface of certain cells, making it resistant to intracellular degradation. The GSH molecule is present in most tissues and particularly abundant in the liver. Within cells, it is mostly abundant in the cytosol but also available in the mitochondria and to a lesser extent the endoplasmic reticulum. Glucose is converted to nucleotides in the pentose phosphate pathway, which also generates NADPH for the regeneration of glutathione. G6PDH: Glucose 6-phosphate dehydrogenase (G6PDH), GL: Gluconolactonase, GR: Glutathione reductase, 6PGDH: 6-phosphogluconate dehydrogenase, R5PI: Phosphopentose isomerase, R5P3E: ribulose 5-phosphate by phosphopentose epimerase (Nelson andCox, 2008, Berg et al., 2015).

Most of plasma GSH originates from the liver and its hepatic dysregulation impacts systematically its interorgan homeostasis systematically. The thiol-reduced GSH form provides a sulfhydryl buffer as it cycles from its reduced form to the oxidized GSSG forms converting hydrogen peroxide (H2O2) into water and preventing excessive oxidative damage. The oxidation of GSH to GSSG in the presence of peroxide is catalysed by glutathione peroxidase. The active site of this enzyme contains a selenium atom in the form of a selenocysteine, a cystine analogue where selenium replaces sulphur [START_REF] Brigelius-Flohe | Glutathione peroxidases[END_REF]Maiorino, 2013, Mehdi et al., 2013). Initially the peroxide reacts with the selenohydryl group of glutathione peroxidase that is oxidised to selenenic acid and forms waters. Afterwards, a glutathione molecule interacts with selenenic acid via a condensation reaction that forms a selenosulfide adduct. The attack of a second glutathione molecule on the selenosulfide adduct regenerates glutathione peroxidase and forms oxidised GSSG. Glutathione reductase regenerates GSSG into GSH using NADPH as its electron donor [START_REF] Couto | The role of glutathione reductase and related enzymes on cellular redox homoeostasis network[END_REF].

Human liver cell lines HepG2 and Huh7 challenged with AgNPs for 3 h did not affect the gene expression of hexokinase 2 or 6-phosphofructo-1-kinase (PFK) [START_REF] Lee | Silver nanoparticles affect glucose metabolism in hepatoma cells through production of reactive oxygen species[END_REF]. However, the amount of PFK present in HepG2 cells was found to be elevated.

Nuclear factor erythroid 2-related factor 2 affects antioxidant response element in the upstream promoter region of genes such as G6PDH and 6PGDH had reduced gene expression after exposure to AgNPs. Collectively, these finding suggests the disruption of glycolysis and the pentose phosphate pathway.

The balance of metabolites of the ETC e.g. FADH2, NADH and NADPH were found to be elevated after exposure of liver cells to ZnO NPs leading to increased ATP production [START_REF] Guo | Deciphering the particle specific effects on metabolism in rat liver and plasma from ZnO nanoparticles versus ionic Zn exposure[END_REF]. The enhanced mitochondrial activity may be attributed as an effort to reduce oxidative stress. The production of the pentose phosphate pathway intermediates and products, in particular purines and pyrimidines, also increased after challenge with ZnO NPs. Moreover, DNA degradation products were found to be elevated in liver cells after challenge with ZnO NPs.

Iron and copper homeostasis in the liver

Iron homeostasis

Iron is an important element as it is involved in various biological functions such as oxygen transport, cellular metabolism, DNA synthesis, innate immunity, growth, and development [START_REF] Sangkhae | Regulation of the Iron Homeostatic Hormone Hepcidin[END_REF]. The element's ability to offer two different valency states, ferrous (iron (II) or Fe 2+ ) or ferric (iron (III) or Fe 3+ ) further promotes it use in these various functions. The average human being has between 2-4 g of iron [START_REF] Anderson | Iron homeostasis in the liver[END_REF]. Most of this iron, about 80%, is contained within erythroid cells that form part of the haem (an iron porphyrin) complex in haemoglobin [START_REF] Gottlieb | Physiologically aged red blood cells undergo erythrophagocytosis in vivo but not in vitro[END_REF]. Ingested iron gets absorbed by intestinal enterocytes located in the duodenum and the upper portions of the jejunum. Within heptaocytes, after absorption, ferric ions (Fe 3+ ) are converted into the unbound ferrous (Fe 2+ ) through a series of mechanisms (Fig. 1.9) [START_REF] Gkouvatsos | Regulation of iron transport and the role of transferrin[END_REF]. These unbound ferrous (Fe 2+ ) is oxidised to the ferric form via membrane-bound hephaestin and plasma ceruloplasmin proteins. Subsequent ferric loading to apo-transferrin (apo-Tf) enables the formation of transferrin-bound iron (TBI). The liver imports predominately TBI but non-TBI forms are also absorbed. This iron is stored as cytoplasmic ferritin and is readily available when high amounts of iron are required [START_REF] Ganz | Hepcidin and iron homeostasis[END_REF]. For TBI uptake, transferrin (Hirschhaeuser et al.) binds to transferrin receptor-1 (TfR1) that initiates its uptake via receptor-mediated endocytosis. The increasing acidic conditions of the endocytic vesicle during endosome formation enable the release of iron from Tf. The ferric iron is then reduced by the endosomal ferric reductase STEAP3 to the ferrous form [START_REF] Wallace | The Regulation of Iron Absorption and Homeostasis[END_REF]. This is transported to the cytosol via the DMT1 and ZIP14 metal transporter proteins. Both apo-Tf and TfR1 bound proteins are recycled back to the cell surface. In iron overload situations, NTBI uptake occurs where the high levels of iron plasma exceed the uptake capacity of apo-Tf. The exact mechanisms of how this occurs is still subject to further research. The general proposed mechanisms involve NTBI compounds undergoing a series of degradation and reduction steps to form free ferrous ions. These ions are then transported into cytoplasm of hepatocytes via ZIP14 [START_REF] Brissot | Non-transferrin bound iron: a key role in iron overload and iron toxicity[END_REF][START_REF] Knutson | Non-transferrin-bound iron transporters[END_REF]. Extracellular transfer of ferrous ions occurs via FPN and requires oxidation to ferric ions via ferroxidase CP proteins so that it can be incorporated again by apo-Tf [START_REF] Kono | Chapter 45 -Aceruloplasminemia[END_REF].

Within hepatocytes, Fe 2+ ions form the labile iron pool (LIP) which is determined by the rate of iron uptake, utilization, storage, and export [START_REF] Crichton | Iron Metabolism: From Molecular Mechanisms to Clinical Consequences[END_REF]. These processes all must therefore coordinate effectively to avoid iron deficiency or iron overload. Initially, the majority (>95%) of iron is either directly bound to amino acids or further processed by mitochondria to form haem and Fe-S cluster prosthetic groups. The remainder that is not utilised can either be exported outside of the cell via FPN or stored in ferritin. The synthesis of ferritin in hepatocytes is modulated by a posttranscriptional mechanism consisting of iron responsive element (IRE) and an iron regulatory protein (IRP) [START_REF] Hentze | Two to tango: regulation of Mammalian iron metabolism[END_REF]. When cells experience low levels of intracellular iron, IRPs can bind with the IRE at the 5' untranslated region of ferritin mRNA that inhibit its translation. When high levels of intracellular iron are present, more Fe-S cluster assemblies bind to IRPs. This causes a conformational change that prohibits these from binding with IREs not hindering ferritin mRNA translation. Extracellular transfer of ferrous ions occurs via FPN that requires oxidation to Fe 3+ ions via CP proteins [START_REF] Kono | Chapter 45 -Aceruloplasminemia[END_REF]. This oxidation enables ferric ions to bind with apo-Tf and is the link between iron and copper metabolism in hepatocytes. The CP copper-containing enzymes are mostly synthesised by hepatocytes and are found both as glycosylphosphatidylinositol anchored and extracellular unanchored forms. Initially, copper bound to α2-macroglobulin or albumin is delivered to the liver. The cupric (Cu 2+ ) ions in these carrier proteins are reduced to cuprous ions (Cu + ) via reductase proteins. The intracellular transfer of cuprous ions is then possible via CTR1 cell membrane proteins. The copper metallochaperone protein, ATOX1 transports copper to the trans-golgi network (TGN) [START_REF] Collins | Metabolic crossroads of iron and copper[END_REF]. Here the P-type ATPase, ATP7B, also known as Wilson disease protein inserts copper into apo-CP as it places through the TGN. Both cell membrane bound glycosylphosphatidylinositol anchored CP and extracellular CP can than oxidise extracellular ferrous to ferric ions are required.

After internalisation, SPIONs can be trafficked by an early endosome that matures to a late endosome where SPIONs are degraded in the acidic environment due to the presence of protons. Late endosomes containing NPs can also fuse with lysosomes containing specific digestive enzymes. The gene expression of iron-regulatory protein-2, heme-transporter Slc48A1, siderophore-transporter Lcn2 and iron-exporting gene Slc40A1 remain unaffected in bone marrow-derived macrophages and differentiation THP-1 cells. In contrast, after challenge with SPIONs, the expression of genes regulation by IRE e.g. iron importers Slc11A2 and Tfrc was reduced. After exposure to SPIONs, fewer transferrin receptors were found to be located to the membrane of bone marrow-derived macrophages and differentiated THP-1 cells, which indicated NP degradation. A reduced transferrin receptor expression may be a result of protein downregulation of iron uptake proteins due to SPIONs degradation. The expression of FPN in differentiated THP-1 cells increased in a dose-independent manner over time, whereas only low levels of ferritin were produced indicated that IRE-dependent regulatory pathways may be activated by SPIONs exposure [START_REF] Rojas | Superparamagnetic iron oxide nanoparticle uptake alters M2 macrophage phenotype, iron metabolism, migration and invasion[END_REF].

Copper homeostasis

Most of the copper present in the human body is found as cuprous (Cu + ) and oxidized cupric (Cu 2+ ) forms, used as intermediaries in electron transfer and redox reactions.

With a daily intake of 0.5-1.5 mg per day, most of this requirement is mainly absorbed at the duodenum and proximal jejunum with some being absorbed also in the stomach and small intestine. Here enterocytes employ the copper transport protein 1 (CTR1) to transports cuprous into the cytosol following its reduction from cupric form (Fig. 1.7). This is released from the basolateral membrane into the portal blood supply by the copper-transporting ATPase ATP7A [START_REF] Aigner | Dysregulation of iron and copper homeostasis in nonalcoholic fatty liver[END_REF]. Cuprous is absorbed by hepatocytes through CTR1 and binds to metallothioneins, reduced GSH and various copper chaperones such as the copper chaperone for superoxide dismutase that is required for the formation of copper-zinc-dependent superoxide dismutase (SOD1), mitochondrial cytochrome oxidase (Complex IV), antioxidant-1 (ATOX1) protein and copper-dependent ferroxidase ceruloplasmin (CP) [START_REF] Manto | Abnormal Copper Homeostasis: Mechanisms and Roles in Neurodegeneration[END_REF]. The CP protein makes up 65-90% of all cupric species found in blood serum. The rest is composed of albumin, transcuprein, α-2-macroglobulin, and other lower molecular weight complexes. The liver is the organ that contains most copper and is mainly responsible for the synthesis of CP. The CP protein has multiple roles such as a ferroxidase, an amine oxidase, a ROS scavenger and a glutathione peroxidase [START_REF] Bhattacharjee | Cellular copper homeostasis: current concepts on its interplay with glutathione homeostasis and its implication in physiology and human diseases[END_REF]. Its iron oxidase ability that causes the oxidation of exported ferrous ions via FPN to ferric ions allowing for their incorporation by apo-Tf is the link between copper and iron metabolism.

In hepatocytes, ATP7B is involved in the transferring of copper into the Golgi apparatus so that it can be incorporate into cuproenzymes [START_REF] Antonucci | Non-Alcoholic Fatty Liver Disease and Nutritional Implications: Special Focus on Copper[END_REF].

The distribution of ATP7B between post-Golgi vesicles and cellular membranes is dependent on the concentration of copper. During high levels of copper, ATP7B is mostly located on the cell membrane to facilitate copper export and removal into bile canaliculi. In these situations, CTR1 is also internalized. During low levels of copper, ATP7B is mostly located on the post-Golgi vesicles to maximize the production of copper dependant enzymes. It has been shown that low and insufficient levels of copper due to improper diets causes iron accumulation in the liver and can be associated with the development of non-alcoholic fatty liver diseases (NAFLD). The pathogenesis of NAFLD due low copper levels in this case is most often due to increased oxidative stress. The decrease in SOD1 activity is a factor for this increase, as well as the decrease in CP activity coupled with the increased iron accumulation [START_REF] Aigner | Dysregulation of iron and copper homeostasis in nonalcoholic fatty liver[END_REF]. Increased iron accumulation by hepatocytes is caused by decreased levels of FPN, as it was observed that CP is required to maintain the expression of FPN. Mitochondrial dysfunction is also caused by low copper levels that affects lipid and glucose metabolism [START_REF] Baker | The mitochondrion: a central architect of copper homeostasis[END_REF].

The expression of genes involved in the oxidative stress such as metallothionein 1X, haem oxygenase 1, were found to be upregulated after exposure to CuO NPs [START_REF] Cuillel | Interference of CuO nanoparticles with metal homeostasis in hepatocytes under sub-toxic conditions[END_REF]. However, both ATP7B and SOD1 gene expression remained unaffected in rat hepatoma/human fibroblast hybrid cell line. Moreover, evidence for Cu detoxification has been observed in these cells as ATP7B is trafficked from the Golgi bodies to bile canaliculi indicating increased intracellular Cu.

Cross-cutting themes in nanotoxicology and in vitro toxicology

Genotoxicity

Cell cycle

The cell cycle is a primary function of the cell and the homeostatic maintenance of this function is crucial for the survival of an organism. During the cell cycle, cells divide from a mother cell into two daughter cells by duplicating the deoxynucleic acid (DNA) in the chromosomes and separating it in into two identical copies. The cell cycle can be divided into four phases, the first gap (G1), synthesis (S), second gap (G2) and mitosis (M) (Fig. 1.10) [START_REF] Kaldis | Cell Cycle Regulation[END_REF][START_REF] Alberts | Molecular Biology of the Cell[END_REF]. The length of the G1 phase is dependent on the extracellular conditions and signals from other cells. In order to commit to cell division, the cell must go through a check called the restriction point after which the cell is committed to divide. However, if the extracellular conditions are not suitable the cell remains in a specialised resting state called the G0 phase or quiescence. The cell can remain in this state indefinitely if the extracellular environment does not improve, or until the cell or the organism dies. The cell size increases during the G1 phase as mRNA synthesis occurs providing the necessary proteins and enzymes required for DNA synthesis. The cell then enters the S phase where the cell commits to DNA replication and each chromosome is duplicated by DNA polymerase [START_REF] Bartek | Checking on DNA damage in S phase[END_REF].

The cell cycle checkpoints are heavily dependent of serine/threonine kinases such as cyclin-dependent kinases (CDK), which are activated or deactivated upon binding to a cyclin. Cyclins are nuclear proteins responsible for orchestrating the cell cycle in a synchronised manner. For example, the restriction point is under the control of the activity of CDK2 which is stimulated by cyclins E1 and E2. The G2 checkpoint is induced by the production of cyclins B1 and B2 which act on CDK1, and tumour protein p53 [START_REF] Vermeulen | The cell cycle: a review of regulation, deregulation and therapeutic targets in cancer[END_REF]. The G2 phase is a major checkpoint during which any DNA damage or mistakes in DNA replication are repaired and corrected.

Faults such as double-stranded (dsDNA) breaks are repaired by homologous recombination using the sister chromatid as a template. If the DNA damage is not repaired the cell can become apoptotic, which prevents its division. However, if the cell bypasses this checkpoint due to a dysfunction or mutation of the p53 protein then such cells can potentially retain DNA damage. The G2 phase also involves an intense protein synthesis required for the M phase. The G1, S and G2 phase form the interphase. Following the intense synthetic requirements of interphase, nuclear division occurs during which the duplicated chromosomes are segregated into two daughter nuclei during metaphase, anaphase and telophase. The cell then undergoes cytoplasmic division through cytokinesis resulting in two daughter cells each containing one nucleus [START_REF] Alberts | Molecular Biology of the Cell[END_REF].

All these phases comprise mitosis during which the nuclear envelope disassembles, and the sister chromatids become attached to microtubules by their kinetochores. The microtubules in turn attach to mitotic spindles on the opposite poles of the cell and eventually align at the equator of the cell during metaphase. The sister chromatids are pulled apart by the microtubules towards the opposite poles of the cell leading to their separation into chromatids during the anaphase. The spindle is then disassembled, and the segregated chromosomes are enveloped into nuclei at telophase. Cytokinesis then cleaves the cell in two, so that each daughter cell inherits one of the two nuclei [START_REF] Kaldis | Cell Cycle Regulation[END_REF][START_REF] Alberts | Molecular Biology of the Cell[END_REF]. 

DNA damage

DNA damage can occur at any stage of cell cycle and could be repaired through a variety of DNA repair mechanisms. Several classes of genotoxic compounds have been identified which result in aneugenicity, clastogenicity or point mutations (Table 1.2) [START_REF] Luzhna | Micronuclei in genotoxicity assessment: from genetics to epigenetics and beyond[END_REF]. An aneugenic agent causes the improper segregation of chromosomes into cells resulting in aneuploidy, leading to a change in the total number of chromosomes, whereas a clastogen causes chromosomal breakages.

Additionally, DNA damage may be caused by point mutations, which is the transformation of one nucleotide to another. Point mutations may be silent due to the degeneracy of the genetic code. However, when present in the translated region of DNA, point mutation may be lead a change in the amino acid sequences, Conversely, point mutations in non-translated DNA can lead to changes in gene regulation. unsuitable nucleotides (e.g. Uracil) from adjacent and complementary strands can also lead to dsDNA breaks. These can also come from acentric fragments leading the formation of micronuclei [START_REF] Fenech | Molecular mechanisms of micronucleus, nucleoplasmic bridge and nuclear bud formation in mammalian and human cells[END_REF].

Table 1. 5. An overview of genotoxic compounds and their possible mode of action. The table was adapted from Luzhna et al. (2013).

Compound

Mode of action Effect

If micronuclei are formed, they may be reincorporated into the nucleus, extruded, degraded or persist in the cell. The cells in which the micronuclei persist may undergo apoptosis or premature chromosome condensation. Formation of micronuclei causes aberrations in the normal functionality of the cell. If the micronuclear DNA is degraded but the cell survives then this cell may become initiate another round of cellular division, which if further mutagenic events arise in the cell, could promote carcinogenesis. This may occur due to loss of DNA which is crucial for regulation, DNA replication or repair. However, if the micronuclear DNA is maintained in the cell and the damaged DNA is adsorbed into the main nucleus, a viable daughter cell containing damaged DNA can be produced. Micronuclei are formed after cell division, i.e. after DNA repair has occurred and the damage has not been corrected. If cells with micronuclei are allowed to continue through cell division & the cell doesn't die, then that damaged DNA will remain in the cell leading to viable mutated cells.

Hypermutated chromosomes can arise from premature chromosome condensation. If the micronucleated cells undergo apoptosis or is defunct in further cellular division then they do not increase the risk of cancer development. In fact, micronuclei can also form part of the mechanisms that remove atypical cells, therefore, decreasing the survival of cells with DNA damage [START_REF] Hintzsche | Fate of micronuclei and micronucleated cells[END_REF].

The single-cell gel electrophoresis (comet) assay and the cytokinesis block micronucleus (CBMN) assay have been developed to assess genotoxicity [START_REF] Olive | The comet assay: a method to measure DNA damage in individual cells[END_REF]Banath, 2006, Fenech, 2007). The comet assay assesses the amount of DNA and strand breaks whereas the CBMN assay can quantify the formation of micronuclei. Novel materials are screened using these assays to assess their potential for mutagenicity.

More recently, the field of nano(geno)toxicity has emerged as nanomaterials may increase the risk of DNA damage in exposed cells. The comet and CBMN assays have also been utilised for assessing the potential genotoxicity of nanomaterials [START_REF] Singh | NanoGenotoxicology: the DNA damaging potential of engineered nanomaterials[END_REF][START_REF] Doak | NanoGenotoxicology: present and the future[END_REF].

Synchrotron X-ray fluorescence microscopy

The presence of NPs in biological structures; such as tissue can be assessed with various techniques such as laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS), TEM coupled to EDX or electron energy loss spectroscopy (EELS), and laser confocal microscopy (LCM), all can be used to assess biodistributions of nanomaterials [START_REF] Jurowski | Bioanalytics in Quantitive (Bio)imaging/Mapping of Metallic Elements in Biological Samples[END_REF][START_REF] Laborda | Detection, characterization and quantification of inorganic engineered nanomaterials: A review of techniques and methodological approaches for the analysis of complex samples[END_REF][START_REF] Schaumlöffel | Novel Methods for Bioimaging Including LA-ICP-MS, NanoSIMS, TEM/X-EDS, and SXRF[END_REF]. They all suffer from disadvantages that make them unable to provide thorough assessments for such investigations. The LA-ICPMS technique suffers from low resolutions of 10-50 µm and the analysis of certain elements in trace amounts such as iron is susceptible to spectroscopic (non-analyte ions with same m/z ratio as the analyte) and non-spectroscopic (matrix effects or instrument drift) interferences. Analysis using TEM both suffers from low detection limits in the low mg.g -1 range and are unable to assess nanomaterials in trace amounts properly.

Nanomaterials analysed with LCM need to be tagged with a fluorescent marker. Such modification requires further manipulation of the nanomaterial and might affect their mode of action and cellular uptake dynamics.

Synchrotron X-ray fluorescence (SXRF) is another way to identify the localisation of NPs within biological matter and assess their subsequent interactions. With the advancement, improvement and availability of several synchrotron radiation facilities like at the Advanced Photon Source (Chicago, USA), the ESRF (Grenoble, France) (Fig. 1.11), Spring-8 (Hyogo, Japan) and Shanghai Synchrotron Radiation Facility (Shanghai, China) led to the refinement of these SXRF analysis techniques [START_REF] Wang | New methods for nanotoxicology: synchrotron radiation-based techniques[END_REF][START_REF] Bohic | Biomedical applications of the ESRF synchrotron-based microspectroscopy platform[END_REF]. The SXRF technique has proven to have several advantages over conventional techniques such as higher spatial resolutions, quantitative and non-destructive analysis of multiple compounds with various elemental compositions and detection limits in the range of 100 ng.g -1 [START_REF] Majumdar | Applications of synchrotron mu-XRF to study the distribution of biologically important elements in different environmental matrices: a review[END_REF][START_REF] Jurowski | Bioanalytics in Quantitive (Bio)imaging/Mapping of Metallic Elements in Biological Samples[END_REF]. X-rays properties are also very well characterized, therefore having high polarizability, tunability and focus. These further improve signal to noise ratios and resolution with faster acquisition times [START_REF] Li | Synchrotron radiation techniques for nanotoxicology[END_REF]. Analysis is carried out by irradiating the sample with X-rays, the atoms eject a core (K shell) electron with a binding energy lower than that of the bombarding X-rays. The electron hole produced is filled by an electron from a higher energy shell. This decrease in energy state is possible by releasing secondary X-rays, known as XRF emission. The emitted XRF is characteristic of each specific excited atoms and sample scanning allows for mapping their distributions. Such analysis of higher atomic number (Z ≥10) elements offer greater sensitivity due to the emission of higher energy XRF [START_REF] Schaumlöffel | Novel Methods for Bioimaging Including LA-ICP-MS, NanoSIMS, TEM/X-EDS, and SXRF[END_REF]. Synchrotron radiation has the advantage to provide a high brilliance i.e. the photons that are emitted in a small solid angle, and this allows focusing the radiation effectively in a small excitation spot. Synchrotron X-ray fluorescence microscopy (Fig. 1.12) uses a small X-ray focal spot by the spectral analysis of the secondary emitted photons [START_REF] Willmott | An introduction to synchrotron radiation : techniques and applications[END_REF]. The sample is then raster scanned throughout. The mechanism involved here consists of incident photons knocking core electrons out of the inner shells of various elements of the material illuminated within the focal spot. An electron from the higher shells relaxes in this vacant state thus releasing an X-ray fluorescent photon. The energy of this photon is characteristic of the particular excited element.

An elemental map of the sample can then be formed by analysing these characteristic energies over the scanned area for each illuminated pixel over them sample scanned area. Indeed, the excitation energy can be selected and it is possible to excite an element of interest just above its absorption edge in order to optimise excitation or just below the absorption edge to avoid XRF emission from this element.

Figure 1. 12. The conventional setup for XRF microscopy.

The synchrotron radiation is linearly polarised and, therefore, the scattering in the plane of polarisation is minimised and the detection limits are improved. This achieves sensitivities in the femtogram and part-per-billion range [START_REF] Sakdinawat | Nanoscale X-ray imaging[END_REF]Attwood, 2010, Wang et al., 2015). By varying the energy around the absorption edge of a selected element using a monochromator, the transmitted photons or the XRF emitted photons can be recorded, and one can achieve full-field spatially resolved X-ray absorption spectroscopy imaging in transmission or XRF mode. A variation of this technique is X-ray absorption near-edge spectroscopy (XANES). This technique enables the quantitative assessment of the biodistribution of nanomaterials with submicrometre spatial resolution and the chemical environment in which they are found [START_REF] Zhu | Synchrotronbased X-ray microscopic studies for bioeffects of nanomaterials[END_REF]. X-ray fluorescence spectroscopy is a useful technique used to assess samples with trace amounts of compounds, determine their chemical forms (speciation) through XANES and their fate in biological environments. The drawback of this technique it that it is very time consuming and very limited by the accessibility to synchrotron facilities.

Studies have been conducted to assess NP interactions and changes in metal homeostasis in multicellular spheroids using SXRF [START_REF] Zhang | The use of spectroscopic imaging and mapping techniques in the characterisation and study of DLD-1 cell spheroid tumour models[END_REF][START_REF] Liu | Quantitative synchrotron X-ray fluorescence study of the penetration of transferrinconjugated gold nanoparticles inside model tumour tissues[END_REF][START_REF] Leitão | Study of the differential response to zinc of prostate cell spheroids using the synchrotron radiation X-ray microfluorescence technique[END_REF]. 

Aim and objectives

The aim of the present thesis was to develop a novel in vitro liver 3D model and apply it to assess its capacity for evaluating the potential (geno)toxicity of nanomaterials.

The nanomaterials investigated during this study were γ-Fe2O3 and Fe3O4 NPs.

To achieve this aim, there were several key objectives, which are summarised in The final objective of the study was to assess changes in iron homeostasis and the induction of genotoxicity in the HepG2 model, presented in Chapter 5. Initially the quantification of iron content localised to the periphery of the spheroid was assessed, followed by fluctuation in macronutrients. This allowed for the association of how iron homeostasis might be related to the homeostasis of other elements present in the liver and how these might be affected by the presence of iron NPs. The optimisation for the integration of the HepG2 model with the CBMN assay are presented. This was followed by applying the test to evaluate the genotoxic potential in the test battery of compounds and nanomaterials. To further assess the DNA damaging potential of the test materials, they were also examined using a comet assay. Finally, these studies were repeated in 2D HepG2 monolayers to compare the outputs from the 2D versus 3D models established. 

Reagents and Consumables

General consumables such a centrifuge tubes, tips and other plasticware were purchased from Fisher Scientific (Loughborough, UK). Distilled water used throughout all these studies was double distilled water (ddH2O) obtained from a Milli-Q/ Elix Millipore system (Millipore, UK) unless otherwise stated.

Ferrous nitrilotriacetic acid (FeNTA) was prepared by dissolving 0.164 g of NaHCO3 

Cell Culturing Techniques

HepG2 cell line specifications

Human Caucasian hepatocyte carcinoma cells, HepG2 (Fig. air. This culture media formulation is referred to complete media in the rest of this study. The culture medium was stored at 4ºC until required and was warmed to 37ºC in a water bath prior to use.

HepG2 monolayers

The HepG2 cells were cultured in tissue culture flasks in complete media prior to spheroid formation and further experiments. The cell line was cultured from nitrogen stocks by seeding 1.8 mL of stock cell suspension in 10 mL complete media in a 25 cm 2 tissue culture flask. The cell suspension was incubated at 37ºC in a humidified incubator (Nuaire ™ , UK) with 5% CO2: 95% air for 2-3 days or until 80% confluent when examined under a light microscope.

The cells were sub-cultured by washing cells with phosphate buffered saline (PBS) (Cat No. 10010, Gibco, USA) prior to suspension with 0.05% trypsin-EDTA (Cat No. 25300, Gibco, USA). Briefly, each 25 cm 2 flask was aseptically washed with 12 mL PBS. To suspend cells, 7 mL of trypsin-EDTA was added to the flask which was incubated for 8 min at 37ºC in a humidified incubator with 5% CO2: 95% air. Cell detachment was visually assessed periodically until the monolayer was completely detached and suspended. The cell suspension was further disaggregated in the flask by pipetting. The cell suspension was then transferred to a centrifuge tube with an equal volume of complete culturing media. This was centrifuged for 5 min at 160 RCF to sediment cells. The supernatant was discarded and cells were resuspended in 5 mL of fresh media which was split in equal volume between 3-5 flasks. The flasks were topped up with complete media to a final volume of 12 mL and incubated at 37ºC in a humidified incubator with 5% CO2: 95% air. The volumes of complete media, PBS and 0.05% trypsin-EDTA for other flasks configurations are described in Table 2.2.

Flasks were manufactured from Greiner Bio-One GmbH, Germany. 

Cell counting

Before transferring the required volume of cell suspension to a fresh flask, 100 µL of the cell suspension was diluted in 10 mL of Coulter Counter diluent (Beckman Coulter, UK). The concentration of the stock cell suspension was determined using a Z1 Coulter Counter (Beckman Coulter, UK). The counter was set to detect cells with a size range of 5-17 µm. Equation 2.1 was used to determine the volume of stock cell suspension to be transferred to specific flask configurations. This equation was also used to determine any other volume required irrespective of the culturing vessel.

Otherwise cell concentration of the stock suspension was determined using a glass haemocytometer (Hawksley, UK). This was done by drawing 10 µl of stock culture between the haemocytometer and a coverslip by capillary action and manually scoring four 1mm 2 quadrants using a light microscope (Axiovert 40 C, Carl Zeiss, UK).

Equation 2. 1.

Volume of initial cell suspension required =

Final cell concentration Determined initial cell concentration × Required final volume

Cryopreservation

Cryopreservation of the cell line for long-term storage was done by disaggregating and harvesting HepG2 cells as previously described (Section 2.2.3). The cell pellet was resuspended in FBS supplemented with 5% (v/v) Dimethyl sulfoxide (DMSO) (Cat No. 276855, Sigma-Aldrich, UK) with a final concentration of 10 6 cells.mL -1 .

This was transferred in 2 mL cyrovials (Elkay Laboratory Products, UK) and placed in Nunclon iso-propanol biovessels (Thermo Scientific, UK) overnight at -80°C. The 2 mL cryovials containing the stock cell suspension were transferred to liquid nitrogen dewars for long term storage. When initialising new cultures, a cryovial was quickly thawed in a 37°C water bath, transferred to a T-25 flask containing 8 mL complete media and incubated at 37°C with 5% CO2: 95% air until 80% confluent.

HepG2 spheroids

The liver model was made from disaggregated HepG2 monolayers. The spheroid model was validated by assessing its growth and proliferation with trypan blue.

A HepG2 cell suspension prepared from monolayers grown in flasks (Section 2.2.3) was washed in PBS and resuspended in 5 mL complete media. Cell concentrations were determined (Section 2.2.4) and equation 2.2 was used to determine the volume of initial cell suspension stock needed to generate spheroids. This volume depended on the initial cell seeding density and number of spheroids required.

Equation 2. 2.

Volume of initial cell suspension required =

Initial cell seeding density for drop Drop volume × Cell stock concentration × Required final volume

The final volume was estimated depending on the number of hanging drops required.

Hanging drops (Fig. 2.2) were prepared using a multichannel pipette and pipetting 20 µL drops on the lid of a petri dish. Distilled water was poured in the base of the dish to maintain moisture levels. The lid was carefully inverted and placed on top of the base. Liquid and petri dish surface adhesion prevents the drop from sliding off the lid if the drop volume does not exceed 40 µL. The Petri dishes were placed in a humidified incubator at 37°C, 5% CO2: 95% air. After four days, 10 µL of media was added to each drop and the incubation period could be extended up to seven days.

Spheroids were harvested daily, or on a specific day as required. Specifications for the Petri dishes (Greiner Bio-One, Germany) used to grow spheroids are shown in 

Spheroid disaggregation

This required number of spheroids was collected in a centrifuge tube by aspirating hanging drops. The spheroids were centrifuged at 160 RCF for 5 min. The supernatant was removed, and spheroids were washed once with PBS. For every 24 washed spheroids, disaggregation was done by adding 500 µL of 0.05% trypsin-EDTA solution and incubation for 8 min at 37°C. Disaggregation was further assisted by gentle pipetting until a homogeneous cellular suspension was produced. An equal volume of complete media was added to inhibit the 0.05% trypsin-EDTA and centrifuged at 60 RCF for 5 min. The disaggregating cells were treated as required for the various endpoints measured in this study.

Cell viability and proliferation

Monolayers were seeded (Section 2.2.2) at a density of 10 6 cells.mL -1 and incubated for 48 h in a humidified incubator at 37°C, 5% CO2: 95% air. Studies carried out over 7 days (Fig. 3.10), were done by seeding cells at a density of 10 6 cells.mL -1 in a T-75 flask, which were incubated for 96 h after which they were sub-cultured by dividing the monolayer into two T-75 flasks equally. For shorter experiments (Fig. 4.15 and 4.17), T-25 were seeded with 10 6 cells.mL -1 and incubated for 24 h in a humidified incubator at 37°C, 5% CO2: 95% air after which they were 50% confluent. The cells were then treated with test compounds for 24 or 48 h and incubated at 37°C, 5% CO2: 95% air.

All cell viability assessments unless otherwise stated, were conducted using trypan blue exclusion staining. Trypan blue is an azo dye that is not accumulated by viable cells. Dead cells do not exclude the dye from being accumulated therefore non-viable cells become stained, whilst viable cells remain unstained. Monolayers were disaggregated as previously described (Section 2.2.3). The cell suspension was centrifuged at 160 RCF for 5 min. The supernatant was discarded, and the cell pellet was washed with PBS and resuspended in 5 mL complete media. A 100 µL volume of the resultant cell suspension was then taken and mixed with 100 µL of 0.4% trypan blue solution (Cat. No. T8154 Sigma-Aldrich, UK and France) filtered through a 0.2 μm Polytetrafluoroethylene (PTFE) syringe filter (Millex Millipore, UK). The resultant cell suspension was incubated for 10 min at room temperature and 10 μL was counted using a haemocytometer as previously described (Section 2.2.4). Cell viability was expressed as shown in Equation 2.3.

Equation 2. 3.

Cell Viability (%) = Total viable cells counted (unstained) Total cells counted (stained and unstained) × 100

Spheroid proliferation was also determined using a trypan blue exclusion stain procedure. Spheroids were made as previously described (Section 2.2.6). Studies carried out over 7 days (Fig. 3.10), where 200 spheroids were harvested from hanging drops per time point, which required replenishment with media on day 4 by the addition of 10 µL complete media onto the droplets.

For all other experiments, 24 spheroids per passage were grown for four days and dosed by the addition of 10 µL test compounds in complete media. The spheroids were disaggregated as previously described (Section 2.2.6, Spheroid disaggregation). The supernatant was removed, and 100 µL of media was homogeneously mixed with 100 µL of filtered 0.4% trypan blue solution. This was gently pipetted and incubated for 7 min at 37°C before 10 µL of the cell suspension was transferred to a haemocytometer.

The stained cells were counted as dead cells, and clear cells were counted as viable cells.

Microscopy

Light microscopy

Studies were conducted to observe the development of the tissue structure of spheroids and measure changes in tissue surface area. Fifty-six HepG2 spheroids were cultured as previously described (Section 2.2.6). Eight spheroids were harvested from hanging drops per time point and required replenishment with media on day 4 by the addition of 10 µl complete media onto the droplets. This experiment was repeated four times with four independent HepG2 passages. Spheroids still within their hanging drop were observed under a light microscope (Olympus, UK) and images were taken with its associated software (CellSens Entry 1.6, 2011). On each day, images of eight spheroids were recorded. The surface area of eight spheroids was also determined by manually selecting the boundary of tissue using the aforementioned software and was designated the he selected region of interest (Raja et al.). The software processed the ROI and calculated its surface area.

Fluorescence microscopy

Further studies were conducted to visualize spheroid tissue morphology and viability 

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to obtain 3D images of the microtissues. The principles of SEM are based on the interaction between an incident beam of electrons and the target atoms. The images obtained during this study were acquired by the detection of secondary and backscattered electrons. Secondary electrons are caused due to the ionization of the target by the incident beam. This causes the electrons near the target's surface to exceed the ionization potential and be emitted by inelastic scattering. Backscattered electrons are reflected beam electrons that originate from deeper within the target sample due to elastic scattering.

A 4% (w/v) paraformaldehyde (PFA) solution was used to fix HepG2 spheroids. In a beaker, 800 mL of PBS was added and placed on a heating stir plate in a ventilated hood. The PBS was heated while stirring to 60°C, without boiling. To this, 40 g of PFA powder (Cat. No. 158127, Sigma-Aldrich, UK) were added. To dissolve the PFA the pH of the suspension was slowly raised with the addition of 1 N NaOH (Cat. No.

S8045, Sigma-Aldrich, UK) dropwise until the PFA dissolved. Once the PFA was completely dissolved, the solution was cooled and filtered with a 0.2 μm PTFE filter.

The volume of the solution was adjusted to 1 L with PBS. The pH was rechecked and adjust to pH 6.9 with 1 M HCl (Cat. No. H1758, Sigma-Aldrich, UK). The solution was aliquoted and could be stored at 2-8°C for up to one month. For long term storage, the PFA solution aliquots were stored at -20ºC.

HepG2 spheroids were grown as previously described (Section 2.2.6). Spheroids were harvested and washed with PBS. To remove the PBS, the spheroids were centrifuged for 5 min at 1200 rpm, the supernatant discarded. The spheroids were then incubated for 5 min in 4% (w/v) PFA at room temperature. The spheroids were washed once with PBS. Dehydration of the microtissues was undertaken by an ethanol (Cat. No.

A4094, Fisher Chemical, UK) series starting at 70% (v/v), with 10% increments up to 100% for 5 min each. Samples could be stored in 95%/ (v/v) ethanol at 4°C for up to 2 months.

Spheroids were imaged using the Hitachi S4800 SEM (Hitachi, UK) with an yttrium aluminium garnet scintillator detector. Fixed samples were transferred on a silicon wafer (Cat. No. AGG3390, Agar Scientific, UK) and left to air dry. The samples could be mounted on to the silicon wafer directly after dehydration in 100% (v/v) ethanol or from samples stored in 95% (v/v) ethanol. If the imaging of fixed spheroids was done directly, spheroids in 100% ethanol were transferred on a silicon wafer and left to air dry. The wafer was mounted on the imaging platform and imaged at 1 kV.

Transmission electron microscopy

Transmission electron microscopy (TEM) uses the interaction between the sample and the transmitted electron beam to form an image. Scanning TEM offers brightfield (BF)

and high angle annular dark field (HAADF) imaging options. In BF mode, the unscattered transmitted electrons are only viewed by the aperture. This causes the sites that have high atomic mass to appear dark. In HAADF mode, the scattered transmitted electrons are only viewed by the aperture. This causes high atomic mass to appear brighter and very useful in visualising crystalline features. Modern scanning TEM

have usually an integrated energy-dispersive X-ray spectrometer (EDX). The EDX uses the scanning TEM electron beam to excite the atoms at the target. When the excited atom returns to its ground state, its releases an X-ray of specific energy that is characteristic to that element.

Spheroids were made as previously described (Section 2.2.6) and challenged with media containing 300 µg.ml -1 γ-Fe2O3 or Fe3O4 NPs in 10 µl of complete media on day 4 so that the resultant concentration of NPs in the droplet was 100 µg.ml -1 .

Twenty-four spheroids were challenged with each NP and incubated for 24 h in a humidified incubator at 37°C, 5% CO2: 95% air. After 24 h exposure to either nanoparticle, the spheroids were embedded in epoxy resin using the following procedure. All solutions required for this method are illustrated in Table 2.4. Spheroids were washed with PBS twice, rewashed in maintenance buffer and transferred into 0.5 mL Eppendorf tubes. Spheroids fixation was done by resuspending them in 100 mM phosphate buffered 2.5% glutaraldehyde 2% paraformaldehyde solution for 30 min at 37°C. The wash was pipetted out, and spheroids were resuspended again in glutaraldehyde solution for 1 h at 4°C. This was again pipetted out and 0.5 mL of maintenance buffer was added and incubated overnight night. Afterwards, the maintenance buffer was removed, and spheroids was again with maintenance buffer.

In a fume hood, spheroids were then fixed with 1% osmium tetroxide solution for 1.5 h at 4°C in the dark on a rocker (Stuart SSL3, Bibby Scientific Ltd., UK) and was then removed. h. The propylene oxide was removed from the spheroids and it was replaced by a 1:1 volume ratio of resin and propylene oxide mixture for 1.5 h. It was then replaced by 100% resin and left overnight at 4°C. The remaining resin was also stored at -20°C.

The spheroids in 100% resin were re-equilibrated back to room temperature on a roller.

The resin was replaced with 100% fresh resin again. Any residual propylene oxide was removed by placing the samples in an oven set at 60°C for 24 h. Sample moulds were now ready for sectioning.

The moulds were removed from the 0.5 mL Eppendorf vial. A glass knifemaker (EM-KMR3 Leica Microsystems, UK) was used to produce glass knives. An ultramicrotome (EM-UC7 Leica Microsystems, UK) was then used to trim the resin blocks at variable speeds (≤100 mm/sec) and the approach distance was set at 100 nm to give a flat face edge for the tissue pellet. A mesa was then cut with dimensions 750 μm x 750 μm and 50 μm deep. Afterwards, 70 nm think sections were made using with an Ultra 45° diamond knife (Diatome, Switzerland) with cutting speed set at 1 mm/sec and approach distance set a 70 nm. Sections were picked up on 150 square mesh copper grids (Cat. No. AGG2150C, Agar Scientific, UK) held with self-closing tweezers (T5296 Agar Scientific, UK). Grid boxes were used to store loaded grids.

Prior to imaging, grids were coated with carbon (~ 3.5 nm think) using a Q150-TE carbon coater (Quorum Technologies, UK). Carbon coated grids were ready for imaging.

Images were taken at the Leeds EPSRC Nanoscience and Nanotechnology Equipment Facility at the University of Leeds. Images taken at 300 kV were recorded using a FEI Titan Themis Cubed 300 TEM, operated in STEM mode at 300 kV equipped with X-FEG, Monochromator, Super-X EDX system with windowless 4-detector design, HAADF, ADF, ABF and BF detectors. Velox imaging software was used for both STEM and EDX data. Images collected at 20 kV were recorded using FEI Helios G4

CX DualBeam, operating in STEM mode at 20 kV equipped with FEG, Oxford instruments 150 mm X-max EDX detector, HAADF, ADF, ABF and BF detectors.

Aztec and Oxford Instruments programs were used to collect EDX and STEM data respectively.

The spheroids were sectioned by Dr Steve Evan from Swansea University and imaged by Dr Mark S'Ari from University of Leeds.

Assessment of liver functionality markers

Quantification of albumin (Cat. No. MAK124, Sigma-Aldrich, UK), aspartate transaminase (Cat. No. MAK055, Sigma-Aldrich, UK) and urea (Cat. No. MAK006, Sigma-Aldrich, UK) was done with colorimetric kits.

For monolayer cultures, HepG2 cells were grown in a T-25 flask to 80% confluency.

The media was harvested and centrifuged at 160 RCF for 5 min to remove any cell debris. The supernatant was transferred in a new tube and stored at -20°C for subsequent liver function studies. For spheroids, 24 microtissues were harvested and were pooled together per test condition. The pooled spheroids were centrifuged at 160

RCF for 5 min. The supernatant was transferred in a new tube and stored at -20°C for subsequent analysis. The experiment was repeated with 3 different passages of HepG2 cells. Spheroids were challenged for 24 or 48 h by the addition of 10 µl control untreated complete media or media containing benzo-α-pyrine (B[α]P, 24 µM), ferric nitrilotriacetate (FeNTA, 30 µM) or 300 mg.mL -1 of each iron oxide NP so that the resultant concentration of the rest compounds in the 30 µl droplet was 8 µM B[α]P, 10 µM FeNTA, 100 mg.mL -1 of each iron oxide NP. Then, 24 spheroids per test condition were pooled and centrifuged at 160 RCF for 5 min and the supernatant was retained for subsequent analysis.

Quantification of serum albumin

Extracellular albumin was quantified by using a bromocresol green (BCG) albumin assay following the manufacturer's protocol. The BCG is classed as a triarylmethane dye of sulfonephthalein subtype. Albumin proteins bind to this dye that changes its colour to blue and causes a bathochromic (red) absorbance shift. The dye forms resonance structures that are more stable due to further electron delocalisation. The colorimetric changes of BCG have close linear correlation with albumin which enable its quantification using this method.

Prior to analysis, assay reagent and albumin standard and samples stored at -20°C, were thawed and equilibrated to room temperature. A stock solution of albumin (50 mg.mL -1 ) was used to generate a series of dilutions and blank to generate a standard curve. A clear flat-bottomed 96-well plate (Nunc, Denmark) was used to carry out the assay. A 5 µL volume of standards or sample was transferred per well to the plate. To each well containing sample or standard, 200 µL of assay reagent was added and incubated for 5 min at room temperature. The absorbance was measured at 620 nm using a POLARstar ® Omega microplate spectrophotometer (BMG Labtech, UK).

An albumin standard curve (Fig. 2. 

Quantification of aspartate transaminase

The quantification of extracellular AST was done using an enzyme activity assay kit following manufacturer's guidelines. The assay uses the catalytic reaction of AST that converts aspartate and α-ketoglutarate to form oxaloacetate and glutamate. The glutamate is converted into a colorimetric product which causes a change in absorbance at 450 nm, which is proportional to the AST enzymatic activity.

For the first test, several components had to be reconstituted in their respective solvent.

All vials were briefly centrifuged before opening. The AST enzyme mix was reconstituted in 220 µL of ddH2O and mixed well by pipetting. This was aliquoted and stored at -20°C. The AST Developer mix was reconstituted in 820 µL of ddH2O and mixed well by pipetting, aliquoted and stored at -20°C. The AST substrate reagent was reconstituted in 1.1 mL of AST assay buffer and mixed by pipetting, aliquoted and stored at -20°C.

Prior to analysis, all assay reagents and samples were thawed and equilibrated to room 

Quantification of urea

For the first test, several components had to be reconstituted in their respective solvent.

All vials were briefly centrifuged before opening. Enzyme mix, developer, and converting enzyme were each reconstituted in 220 µL of urea buffer assay and mixed well by pipetting. This was aliquoted and stored at -20°C.

Prior to analysis, all assay reagent components and samples were thawed and equilibrated to room temperature. A 0.5 mM working urea standard solution was first prepared by diluting 5 µL of urea stock solution (100 mM) in 995 µL of urea assay buffer. This was used to generate a series of dilutions in urea assay buffer to create a urea standard curve. For each standard or sample, 5 µL was transferred in to a well of a plate followed by 45 µL of urea assay buffer. A master reaction mix was prepared that consisted of 42 µL urea assay buffer, 2 µL enzyme mix, 2 µL developer, 2 µL converting enzyme and 2 µL peroxide substrate for each sample. To each well containing sample or standard, 50 µL of this master reaction mix was added. Blanks 

Synchrotron X-ray fluorescence microscopy

Synchrotron X-ray Fluorescence imaging studies were performed at the ESRF in Grenoble, France. The experiment (ESRF Experimental number LS-2442) was conducted at the ID-16B Nano-analysis (ID-16B-NA) beamline (Fig. 2.6). HepG2 spheroids were grown for four days and had a diameter of about 500 µm. On day 4, the spheroids were exposed to 0 µg/mL, 100 µg/mL and 1000 µg/mL of γ-Fe2O3 NP for 24 h by the addition of 10 ul of complete media containing 0 µg/mL, 300 µg/mL and 3000 µg/mL of γ-Fe2O3 NP to the hanging droplet in a humidified incubator at 37°C, 5% CO2: 95% air. Spheroids were harvested and washed twice with PBS. Eppendorf tubes were used as moulds and filled with Tissue-Tek optimum cutting temperature (OCT) cryomatrix (Sakura, France). Spheroids were then inserted in the cryomatrix with the use of a pipette. Moulds were then snap frozen in 2-methylbutane (Cat. No. M32631, Sigma-Aldrich, UK) that was cooled to -159°C in a liquid nitrogen bath. The temperature was measured using a temperature probe (ThermoFisher, France). Care was taken to prevent the 2-methylbutane from solidifying (melting point: -159.42°C). Moulds were manually immersed in the 2-methylbutane vessel and left to cool for 10 min. These

were then stored at -80°C.

Cryo-sections were prepared using a cryo-microtome (Leica, France) (Fig. 2.7), set at a temperature of -20°C. Microtome blades (Thermo Scientific, France), blade stand, moulds, tweezers and 500 nm thick silicon nitride (Si3N4) membrane imaging frames (Silson, Blisworth, U.K.) were left to equilibrate for 30 min in the cryostat. Cryomatrix sections of 20 μm were then prepared and placed directly onto the membrane imaging frames. This was done manually with the aid of tweezers. Sections were visually checked to see if they contained cellular tissue. When a section was observed to have cellular material, this was manually transferred with the aid of tweezers on to an imaging Si3N4 membrane. The membrane has an opening area of 5 x 5 mm surrounded by a silicon frame, the total size of these supports being 7.5 x 7.5mm. The silicon frame was briefly kept on a gloved hand to enable the cryo-section to stick to the membrane's surface and put back at -20°C. Care was taken so that a maximum number of tissue sections were placed on the central Si3N4 membrane part of the frame, away from the metal boundaries. These imaging frames were then placed on a copper holder and inserted in a vacuum freeze dryer (Emitech K750, Quorum, UK) at -60°C and 5.10 -3 mbars. Sections were left overnight to freeze dry and stored in a desiccator until further use. [START_REF] Martinez-Criado | ID16B: a hard X-ray nanoprobe beamline at the ESRF for nano-analysis[END_REF], where XRF hyperspectral images were acquired in air at room temperature, with a pink beam fixed photon energy of 17.5 keV; the beam is focused to 60 × 75 nm 2 (V × H) with Kirkpatrick-Baez mirrors; and a photon flux at sample was ∼2 × 10 11 photons.s -1 . For the analysis of spheroid section that are ~500 μm diameter, a compromise between spatial resolution and a decent acquisition time has to be set. Thus, the sample was analysed slightly out of focus to achieve a 1um spatial resolution for the XRF scanning of the whole spheroid section. A single-element

Vortex SDD detector and 3-elements silicon drift detector arrays from SGX Sensortech were simultaneously used to collect XRF emission from the sample.

Elemental concentrations were extracted from fundamental parameters with the Python Multichannel Analyzer (PyMCA) software [START_REF] Solé | A multiplatform code for the analysis of energy-dispersive X-ray fluorescence spectra[END_REF] and the detector response was calibrated with thin film XRF standards (AXO Dresden GmbH, Germany).

Quantification of iron using the ferrozine assay

HepG2 monolayers and spheroids were cultured as previously described (Section 2.2.3 and 2.2.6). HepG2 monolayers were seeded in a T-25 flask at a density of 10 6 cells.mL -1 for 24 h before treatment with test compounds. Spheroids were made and incubated for four days before treatment with test compounds. Both cell configurations were challenged with 0, 1, 5 or 10 µM FeNTA or, 0, 1, 10 or 100 mg.mL -1 of each iron oxide NP. For treatment, the monolayers were washed with 10 mL PBS and 8 mL of complete media containing test compound at the desired concentration was added. For the 3D cell configuration, 24 spheroids were treated for each test compound by the addition of 10 µl of complete media containing the three times more than the desired concentration of the test compound so that the resultant concentration could be achieved in the droplets. The cultures were incubated for 24 or 48 h and then disaggregated as previously described (Section 2.2.3 and 2.2.6). The disaggregated cells were washed three times with PBS. The supernatant of the final wash was removed, and the cell or spheroid pellets were stored at -20°C. This was repeated with three independent passages of HepG2 cells.

On the day of analysis, reagent solution required for ferrozine assay were prepared fresh. Reagent A was made from a 4.5% (w/v) potassium permanganate (KMnO4) solution with 1.2 M HCl. This was prepared by adding 1. The wells of a XFe96 spheroid microplates were coated with 30 μL of a 0.1 mg.mL -1 poly-D lysine (Cat. No. P6407, Sigma-Aldrich, UK) solution and incubated for 20 min at ambient temperature under aseptic conditions. The poly-D lysine was then removed;

each well was washed twice with 200 μL of ddH2O and allowed to air dry for 30 min at ambient temperature under aseptic conditions. The plates were warmed to 37°C in a non-CO2 incubator for 30 min. Finally, 165 μL of XF cell culture media were added to each well of the XFe96 spheroid microplate which was stored at 37°C in a non-CO2

incubator until further use.

Twenty-four spheroids were cultured as previously described (Section 2.2.6) and incubated for four days in a humidified incubator at 37°C, 5% CO2: 95% air. This was done for three independent passages of HepG2 cells so that 96 spheroids were made.

Eight spheroids from each passage were treated with control untreated media or media containing 100 mg.mL -1 of each iron oxide NP for 24 h by the addition of 10 µl media containing three times more than the desired final concentration of the test compound.

A total of 24 spheroids, eight from each passage were treated for each test condition and incubated for 24 h in a humidified incubator at 37°C, 5% CO2: 95% air. Each spheroid was individually harvested using a pipette set at 10 μL and transferred to a tube containing 1 mL of pre-warmed XF cell culture media as a gentle wash. The spheroids were again individually harvested, and one spheroid per well was transferred in the coated XFe96 spheroid microplate. The final XFe96 spheroid microplates were assessed using an inverted light microscope to confirm that each well contained a spheroid which was centrally positioned.

After calibration of the XF cell mito stress plate, the utility plate was ejected and the final XFe96 spheroid microplate was inserted. The programmed test run was initialized, and the outputs interpreted and exported using the Wave analysis software. 

Quantification of glucose uptake

Glucose Uptake-Glo™ assays (Cat. No. J1342, Promega, UK) were used to measure glucose uptake in HepG2 cells by detecting 2-deoxyglucose-6-phosphate (2DG6P) according to the manufacturer's protocol with minor modifications.

All components of the kit were thawed in a water bath set to 25ºC. The Luciferase Reagent, Stop Buffer and Neutralization Buffer were kept at room temperature, whilst the other components were stored on ice. Thawed components were mixed prior to use for homogeneity. Reactions were performed in white cell adherent clear bottomed 96well plates (Corning, UK). The 2DG6P Detection Reagent was prepared on the day of analysis by adding 1 μL of NADP + , 2.5 μL of G6PDH, 0.5 μL of Reductase and 0.0625 μL of Reductase Substrate to 100 μL of Luciferase Reagent per reaction as required.

The final reagent was left to equilibrate at room temperature for 1 hour after preparation. The 2DG was diluted from 100mM to 10mM in PBS.

HepG2 monolayers and spheroids were cultured as previously described (Section 2.2.3 and 2.2.6). HepG2 monolayers were seeded in a white flat-bottomed 96-well plate (Corning, UK) at a density of 10 4 cells.mL -1 per well for 24 h before treatment with test compounds. Spheroids were made and incubated for four days before treatment with test compounds in Petri dishes. Both cell configurations were challenged with 8 µM B[α]P, 10 µM FeNTA, 10 µM FeCl3, 10 µM CuSO4 or 100 mg.mL -1 of each iron oxide NP. For treatment, the monolayers were washed with 200 µl PBS and 200 µL of complete media or complete media containing test compound at the desired concentration was added.to 8 wells per treatment. For the 3D cell configuration, 24 spheroids were treated for each test compound by the addition of 10 µl of complete media or complete media containing three times more than the desired concentration of the test compound so that the resultant concentration could be achieved in the droplets. The cultures were incubated for 24 or 48 h in separate 96-well plates. This was repeated for three individual passages.

The spheroids were harvested in a centrifuge tube and washes with PBS twice. The PBS was removed by aspiration. Th spheroids were transferred to a white 96-well plate contained with 10 μL of PBS. Three spheroids were transferred to each well and then topped with an additional 15 μL of PBS. The 2D cells were washed with 200 μL of PBS twice and then 45 μL of PBS was added to each well followed by 5 μL of 10 mM 2DG. The plate was shaken briefly and incubated for 10 min at room temperature.

To halt the reaction, 25 μL of Stop Buffer was added to each well and briefly shaken.

This was followed by the addition of 25 μL of Neutralization Buffer and 100 μL of 2DG6P Detection Reagent per well, followed by brief shaking. To ensure that the signals measured were above background, an assay control was prepared with no 2DG present in well. The plate was incubated for 1 h at room temperature prior to measurement of luminescence using a POLARstar ® Omega microplate reader (BMG Labtech, UK).

Cytokinesis block micronucleus assay

Cell culture

Monolayers were seeded at a density of 10 6 cells per T-25 flasks and incubated for 24 h. The following day the old media was removed and 8 mL control untreated complete media, or complete media containing test compounds was added to the cells and incubated for a further 24 h. The monolayers were challenged with 8 µM B[α]P, 10 µM FeNTA or 1, 10 or 100 µg.mL -1 of both γ-Fe2O3 and Fe3O4 NPs. After the treatment, media was removed, cells were washed with 10 mL PBS and 8 mL complete media containing 4 µg.mL -1 Cytochalasin B (Cyto B) (Cat. No. C6762, Sigma-Aldrich, UK) was added, which was incubated for a further 24 h. All incubation steps were carried out in a humidified incubator at 37ºC with 5% CO2: 95% air. The cells were then washed with 10 mL PBS twice and disaggregated as previous described (Section 2.2.3). This was repeated with three independent passages of HepG2 cells.

Spheroids were made as previously described (Section 2.2.6) and incubated for four days. On the day of treatment, 10 µL of control untreated complete media or complete media containing test compounds was added to the droplets containing spheroids and incubated for 24 h. The 10 µL media added was formulated so that it contained three times the desired concentration of the test compounds. This so that when the final droplet volume is 30 µL, the desired concentration is achieved in the droplet. For technical replicates, 16 spheroids were used per test condition and this experiment was repeated with three independent passages of HepG2 cells. After the determination of the optimal Cyto B concentration, spheroids were challenged with 8 µM B[α]P, 10 µM FeNTA or 1, 10 or 100 µg.mL -1 of both γ-Fe2O3 and Fe3O4 NPs and incubated for 24 h. For centromere staining, 8 µM Carbendazim (C-ben, Cat. No. 378674, Sigma-Aldrich, UK) was used as a positive control for aneugenicity.

Cytochalasin B optimisation and CBMN treatment

A preliminary experiment was carried out to optimise the concentration of CytoB required for staining spheroids. Sixteen spheroids were made and incubated for four days to allow for optimal spheroid morphology to form. The spheroids were then treated with 10 µL control untreated complete media for 24 h. To induce the cytokinesis block, spheroids were aspirated from their droplets and pooled into a centrifuge tube and centrifuged at 160 RCF. The media was removed, and the spheroids were washed twice with 1 mL PBS. The spheroids were then resuspended into 1 mL of complete media and aspirated into one well of a 6-well tissue culture plate (Griener, UK). Then 3 mL of a stock Cyto B were added to the well containing the spheroids so that the final concentration of 4 µg.mL -1 Cyto B was achieved. The preliminary experiment was performed to assess the formation of multinucleated cells in a 3D configuration. The 4 µg.mL -1 concentration of Cyto B was used as it is recommended for monolayer (OECD, 2016). The optimal concentration of Cyto B was then determined in a similar manner by challenging the spheroids with 1, 4 or 8 µg.mL -1 of Cyto B. The Cyto B optimal concentration of Cyto B was determined to be 4 µg.mL -1 , after which the test compounds were used for spheroid challenge and cytokinesis block.

After treatment with test compounds and cytokinesis block, the spheroids were aspirated out of the 6-well plate and pooled into a centrifuge tube. The media was removed by centrifugation at 160 RCF and the spheroids were washed twice with 1 mL PBS. The spheroids were then disaggregated as previously described (Section 2.2.6, Spheroid disaggregation). All incubation steps were carried out in a humidified incubator at 37ºC with 5% CO2: 95% air.

Fixation and staining

For fixation, 100µL of cells resuspended in PBS were transferred to a cytospin funnel (Thermo Shandon, UK). A cytospin filter paper (Cat. No. 5991022, ThermoSandon, UK) was sandwiched between two glass slides and the cytospin funnel was clamped to the glass slides. Slides were centrifuged using a cytospinner (Thermo Shandon, UK) at 1000 rpm for 5 min. The slides were examined for optimal cell spreading. If a high density of cells was observed, the volume of the cell suspension was adjusted as necessary. Slides were air dried prior to fixation in ice cold 90% (v/v) methanol (Cat.

No. 10284580, Fisher Chemical, UK) for 10 min. The fixed slides were air dried and stored at -20ºC until further use.

For staining, a 20% (v/v) Giemsa solution was prepared by diluting 5 mL of Giemsa No. 15538321, Fisher Chemicals, UK) was pipetted over slides and a coverslip was placed on top ensuring that no air bubbles were formed. The slides were left to dry for 24h in a fume hood and then stored at room temperature for subsequent scoring.

For each sample, two slides were stained with Giemsa per replicate. These were then manually scored using a light microscope (Olympus, UK). Micronuclei frequencies were determined by scoring 500 binucleate cells on each slide, therefore 1000 binucleates per replicate (n = 3) and the number of micronuclei observed was recorded.

Frequencies were then expressed as percentages against the total number of binucleates scored. The degree of cytostasis was assessed for each sample by measuring the replicative index (RI). This was done to ensure that cytostasis which is related to the level of cytotoxicity induced by the test compound was above 50% as per Organisation for Economic Co-operation and Development (OECD) Test guideline 487 (OECD, 2016). From each slide, 250 cells were scored and the frequencies of mono-, bi-and multinuclear cells was recorded. Equation 2.4 was used to express the frequency as a percentage of the control culture. It was ensured that all test doses resulted in RI scores above 50%, so that any genetic damage observed did not result from secondary cytotoxicity effects.

Centromere staining

Centromere staining of micronuclei was conducted to assess the potential aneugenicity and/or clastogenicity of test compounds in HepG2 cells from monolayers and spheroids. The following procedure was established by incorporating other published protocols [START_REF] Doherty | A rapid, semi-automated method for scoring micronuclei in mononucleated mouse lymphoma cells[END_REF][START_REF] Doherty | The In Vitro Micronucleus Assay[END_REF]. Binucleates (BN) formed that contained a micronucleus were categorised as centromere negative (K-) or positive (K+). Scale bar: 25 µm Cells from either monolayers and spheroids were treated, harvested and disaggregated as previously described (Section 2.11.1). Cytospinning and 90% methanol fixation was initially performed as described previously in CBMN assay (Section 2.12.1).

Fixed cells on glass slides were placed in an incubator set at 42°C for 10 min. A container containing PBS was also placed in the incubator to maintain moisture. A 70 % (v/v) formamide (Cat. No. 10052370, Fisher Chemicals, UK) 2x SSC solution was heated to 70°C in a water bath. For chromosome denaturation, slides were immersed in the heated 70% (v/v) formamide 2x SSC solution for 2 min and the temperature maintained at 70°C. This temperature was maintained using a water bath.

The centromeric probe (8.5 μL) was added to each slide and covered with a coverslip.

These were left for 5 mins at room temperature. Probe denaturation was achieved by placing the slides in an incubator set at 70°C for 10 min. Hybridisation was performed by decreasing the incubator temperature to 42°C for 20 h. The coverslips were removed, and the slides were immersed in a 0.3% (v/v) Tween-20 (Cat. No. P9416, Sigma-Aldrich, UK) and 0.4x SSC solution at 73°C for 2 min. This temperature was also maintained using a water bath. The slides were then immersed in a 70% (v/v) formamide 2x SSC solution at room temperature for 2 min. The slides were stained with 30 μL of DAPI Vectashield ® mounting agent (Cat. No. H-1200, Vector Laboratories, USA). These were then sourced manually with an AxioImager Z2 fluorescent microscope (Carl Zeiss, UK) with a DAPI filter. When a micronucleus was identified, a fluorescein isothiocyanate (FITC) filter was used to check if the micronucleus was centromere positive. For each sample, 35 binucleated cells containing micronuclei per replicate (n = 3) were inspected and scored for the presence or absence of a centromere.

Alkaline single cell gel electrophoresis studies

Agarose slide preparation

Prior to conducting studies, the agarose slides, freezing buffer, lysis buffer, electrophoresis buffer and 1.2 M Tris-HCl (pH 7.4) were prepared. For the agarose slides, a 1% (w/v) agarose solution was prepared. No. 480507, Carlos Erba, France). The resultant solution was made up to 1 L with ddH2O and stored at room temperature. The final lysis buffer was made prior to use as required by adding 15 mL DMSO and 1.5 mL Triton X-100 (Cat. No. T9284, Sigma-Aldrich, France) to 133.5 mL of the previously made stock lysis buffer.

Electrophoresis buffer was made by adding 30 g NaOH and 5.7 mL 0.5 M EDTA to 2.5 L of ddH2O. This was stored at 4°C until further use. The 1.2 M Tris-HCl wash solution was made by adding 145.5 g Tris (Base) to 700 mL of ddH2O. The pH of the solution was adjusted to 7.4 using concentrated 12 N HCl (Cat. No. H1758, Sigma-Aldrich, France). The final solution was made up to 1 L with ddH2O and stored at 4°C.

Cell and spheroid preparation, treatment and disaggregation

Monolayers were seeded at a density of 10 6 cells per T-25 flasks and incubated for 24 h. The following day the old media was removed and 8 mL control untreated complete media, or complete media containing test compounds was added to the cells and incubated for a further 24 h. The monolayers were challenged with 1, 4 or 8 µM B[α]P, or 1, 10 or 100 µg.mL -1 of both γ-Fe2O3 and Fe3O4 NPs. All incubation steps were carried out in a humidified incubator at 37ºC with 5% CO2: 95% air. The cells were then washed with 10 mL PBS twice and disaggregated as previous described (Section 2.2.3). This was repeated with three independent passages of HepG2 cells.

Spheroids were made as previously described (Section 2.2.6) and incubated for four days. On the day of treatment, 10 µL of control untreated complete media or complete media containing test compounds was added to the droplets containing spheroids and incubated for 24 h. The 10 µL media added was formulated so that it contained three times the desired concentration of the test compounds. This so that when the final droplet volume is 30 µL, the desired concentration is achieved in the droplet. As technical replicates, 96 spheroids were used per test condition and this experiment was repeated with three independent passages of HepG2 cells. Spheroids were challenged with 1, 4 or 8 µM B[α]P, or 1, 10 or 100 µg.mL -1 .

After treatment with test compounds, the spheroids were aspirated and pooled into a centrifuge tube. The media was removed by centrifugation at 160 RCF and the spheroids were washed twice with 1 mL PBS. The spheroids were then disaggregated as previously described (Section 2.2.6, Spheroid disaggregation). All incubation steps were carried out in a humidified incubator at 37ºC with 5% CO2: 95% air.

Cell deposition on agarose slides

Disaggregated HepG2 cells from either monolayers or spheroids were transferred and mixed with freezing buffer. This was aliquoted in 1mL amounts and stored at -80°C until use. On the day of analysis, tubes containing cells were thawed and pelleted after centrifuging at 4°C for 5 min at 200 RCF. The supernatant was removed, the cell pellet was resuspended in 220 μL of PBS and placed on ice. Low melt agarose (0.6% w/v) solution was made by adding 60 mg of low melt agarose (Cat. No. A9414, Sigma-Aldrich, France) to 10 mL of warm ddH2O maintained at 37°C using a hot plate. The The following steps were performed in a dark room. The coverslips of the other slides were then removed and left in lysis buffer for 1 h at room temperature. The 1.2 M Tris-HCl wash solution was diluted with water to make 0.4 M Tris-HCl solution. The slides were then rinsed three times with 0.4 M Tris-HCl solution.

Cell electrophoresis and tail % intensity

Electrophoresis was performed by placing slides in the electrophoresis cells containing the electrophoresis buffer at 4°C. Slides were left to stabilised in the buffer for 30 min.

Migration was performed at 25 V for 30 min. The buffer was removed, and the slides were soaked three times with 0.4M Tris-HCl solution, for 5 min each wash. Slides were then left to air dry for 30 min.

Slides were stored in a closed container with a damp paper towel covered in aluminium foil at 4°C. On the day of scoring, the slides were stained with GelRed ® nucleic acid gel dye (Biotin, USA). The dye was diluted by adding 10 μL stock solution to 10 mL of PBS. Each slide was then stained with 50 μL of the diluted dye, covered with a coverslip and left for 15 min. Slides were scored with a fluorescence microscope integrated with the Comet IV software. For each slide, 75 nucleoids were scored, and two slides per replicate were scored (n = 3). DNA damage was assessed by the degree of Tail % Intensity. 

Synchrotron X-ray fluorescence data processing

The raw data acquired for individual ROIs from SXRF microscopy generated .edf files, were stack normalised against their respective maximum transmittance flux values using PyMCA version 5.4.2. Batch fitting was subsequently performed using the specifically generated .config files to apply the appropriate experimental parameters to the data being processed. The concentration of the selected macrominerals was acquired from .dat files for the respective scanned tissue sections.

The .dat files were then converted into .xlsx files.

Iron and Sulphur distribution analysis

To assess the iron and sulphur distribution throughout different tissue sections, specific scripts were written in MATLAB to 'call' the .xlsx files corresponding to iron and sulphur elemental distribution values for the specified scans for each respective tissue section. The scans then generated grey scale image from the corresponding to individual ROIs. These grey scale images were collated together for collages to represent the whole tissue section. Both iron and sulphur images were then overlayed on top of each other.

This script also generated 3D graphs that plotted the iron XFR intensity (z-axis) against its pixel location on scan (x and y-axis). The generated iron SXRF intensity 3D graphs allowed for the mapping of these intensities to their corresponding pixel location. The collaged sulphur grey scale image of the respective tissue scan was also inserted at the bottom of each graph to better visualise the iron XFR intensity distribution and identify sites of interest.

SXRF macromineral determination

The XRF intensity maps were generated by 'calling' the .xlsx files corresponding to the individual ROIs for each macromineral. Prior to this, selected macrominerals were initially specified in PyMCA that extracted the selected elemental data separately.

Data matrices corresponding to a tissue section containing the concentration of each macronutrient were generated individually.. The grey scale images previously generated (Fig. 2.12A) were used to generate ROIs of different sizes from the periphery of the spheroids (Fig. 2.12B) using ImageJ version 1.52a. This generated whole spheroid section (Fig. 2.12C), 10 µm (Fig. 2.12D), 20 µm (Fig. 2.12E) and 40 µm (Fig. 2.12F) in ImageJ, which were used for further post-processing. The whole spheroid or various depths from the periphery of the spheroid were selected using a MA script to convert the grey scale image from logic to binary matrix and then further converted from a binary to a decimal matrix. This resulted in unselected pixels having a value of '0' and selected pixels a value of '1'. The script then multiplied the pixels of the ROI decimal matrix (selection matrix) with that of the concentration matrix for each macronutrient, so that the same addressed values were multiplied with each other (element-wise multiplication). This allowed for the selective removal of unwanted macromineral amounts, as the '0' values in the selection matrix (describing unselected ROI areas) removed unnecessary macromineral data values. The matrix was exported as an .xlsx file for individual macronutrients.

Figure 2. 12. The image post-processing schema for SXRF analysis. A grey scale image was generated from the XRF intensities (A). Regions of interests were highlighted in Image J (B). The resultant black and white images of the whole spheroid (C) and 10 µm (D), 20 µm (E) and 40 µm (F) from the periphery of the spheroid were used for further post-processing.

The final amount of each macronutrient in the selected ROIs for the different spheroid sections was calculated using equations 2.5 to 2.7, where cn denotes the concentration in each pixel for a specific element, gn denotes amount (nmoles) of element in each pixel, n denotes the number of pixels in scan, a denotes pixel area (1 μm 2 ) and h denotes the width of the tissue section (20 μm). The above calculations were done in Excel and calculated values were compiled into a resultant .xlsx file using a MATLAB script. The results obtained by Equation 2.7

provide us with the total amount (in nmoles) of the respective elements in the selected ROIs for each tissue section scan. The previous exclusion of unwanted regions allows for better assessment of the peripheral tissue regions.

The optimal ROI width was determined as 40 µm because it represents the macronutrient distribution of each element from the whole tissue as shown in Fig.

2.13.

Figure 2. 13. The distribution of macronutrient in spheroids imaged with SXRF microscopy. The amount of each macronutrient in spheroid sections generated from 10 µm, 20 µm. 40 µm and the whole spheroid from the periphery was normalised to the macronutrient concentration from the whole spheroid section. The normalised concentrations are presented as a heat map. Data is presented as mean amount of macronutrient present in two spheroid section dosed with complete media containing with 1000 mg.mL -1 of γ-Fe2O3 NPs.

Data analysis and statistics

General statistics

All data were recorded in Microsoft Office Excel for initial processing and calculations. Further analyses of the data were carried out in GraphPad Prism 8.01.

All standard curves were generated in GraphPad prism by performing a linear regression on standard values. A regression (R 2 )score of 0.9 or more was required for the standard curve to be used for further calculations. The equation of the line of best fit generated from the linear regression as used to calculate the known values.

Briefly, the equation of the line y = mx + c; where 'y' is the measurable independent variable, 'm' is the slope of the line, 'x' the concentration of the unknown analyte and 'c' is the constant. In this case c = 0 because the blank reading was corrected from all data points. The equation of the line of best fit was rearranged to calculate 'x'.

The data sets were tested for normality using the D'Agostino-Pearson omnibus normality test (P > 0.05). Data sets that did not have a Gaussian distribution were transformed until a normal distribution was achieved. A paired T-test was performed to test the variation between two populations. Normally distributed data sets comprising of one independent variable and one dependent variable were assessed using One-way analysis of variance (ANOVA) with Dunnett's pairwise post hoc modification. On occasions when datasets with one independent variable and one dependent variable did not adhere to a Gaussian distribution a non-parametric test such as Kruskal-Wallis ANOVA test with Dunn's pairwise post hoc modification was performed.

The interaction of two independent variable and one dependent variable from normally distributed datasets was assessed using Two-way ANOVA with Bonferroni's pairwise post hoc modification. A Friedman-test with Dunn's pairwise post hoc modification was applied to datasets with a non-Gaussian distribution. Data interdependency was assessed using Pearson's correlation. Correlation matrix elements were presented as correlation coefficient (r) values. Higher values of r (r→1) show a greater positive correlation in between the variables. Other values (0 < r < 1), show that there is a tendency of correlation between the two variables. Cluster analysis was performed using Heatmapper [START_REF] Babicki | Heatmapper: web-enabled heat mapping for all[END_REF] generating a cluster heatmap with an average linkage clustering method displaying the Euclidean distance.

Introduction

The liver is one of the main organs concerned with the clearance of xenobiotics, that can potentially disrupt liver homeostasis, inducing severe adverse effects (Gu andManautou, 2012, Almazroo et al., 2017). As many pharmaceutical and chemical (e.g. pesticide and herbicides) products have to be assessed for their safety before they become available for general use, toxicological studies became critical particularly in determining possible liver impairment in the risk analysis of any substance, especially those internalised by the body (Guguen-Guillouzo and Guillouzo, 2010). In general, investigations to detect the adverse health effects of xenobiotics follows a step-wise approach, beginning with a basic battery of in vitro tests followed by in vivo testing and sometime can be complemented by biomolecular approaches to gain a better understand of the mechanisms of action of chemicals studied. Yet, these tests have several restraints such as high costs, up-scalability, ethics, and welfare. Additionally, there are increasing arguments against the use of in vivo systems across species due to their lack in reliability predicting toxicological outcomes in particular when extrapolating to human hepatic conditions [START_REF] Jennings | The future of in vitro toxicology[END_REF][START_REF] Wetmore | Quantitative in vitro-to-in vivo extrapolation in a highthroughput environment[END_REF].

In vitro models offer an alternative to overcoming costs, up-scalability and welfare restraints associated with in vivo testing [START_REF] Soldatow | In vitro models for liver toxicity testing[END_REF]. These models also allow mechanistic metabolic studies to be conducted with relative ease. A variety of competent hepatic cells are available; these include immortalized cell lines, stem-cell derived hepatocytes (SHEP) and the 'gold standard' isolated primary human hepatocytes (iPHH) [START_REF] Lecluyse | Organotypic liver culture models: meeting current challenges in toxicity testing[END_REF]. The use of SHEPs and iPHHs suffer from limited availability and the gradual loss of cell viability and liver-specific functionality, even though they mimic the human hepatic responses in a more realistic manner. In contrast, immortalized hepatic cell lines are can serve as an adequate alternative for high throughput and long-term studies as they are readily available and remain highly stable overtime [START_REF] Mueller | Organotypic Cultures of Hepg2 Cells for In Vitro Toxicity Studies[END_REF].

Conventional in vitro hepatocyte cell culture usually involves growth of the cells in a 2D monolayer arrangement. These 2D monolayers lack tissue structure, which hampers the ability of the model to mimic in vivo liver-specific functionality. The decreased cell-to-cell communication, lack of extracellular matrix, and absence of tissue morphology result in limited resemblance of the hepatic in vivo situation. In a 3D model (Chapter 1, Section 1.1.6) , cells can organise themselves to mimic a hepatic in vivo tissue environment [START_REF] Van Zijl | Hepatospheres: Three dimensional cell cultures resemble physiological conditions of the liver[END_REF]Mikulits, 2010, Imparato et al., 2015).

The of spheroid micro-tissues using the human liver cancer cell line, HepG2, can be done using the hanging drop cell-culture method. As discussed in Chapter 1, Section 1.2.4, this method is simple, low-cost, controllable and easily up scalable. The HepG2 cells were used as they are nontumorigenic cells that are commonly used in toxicology research and found to be an alternative to primary cells Further, such immortalized cell line has a stable phenotype over low passage conditions, are easy to handle and are highly available [START_REF] Guo | Similarities and differences in the expression of drug-metabolizing enzymes between human hepatic cell lines and primary human hepatocytes[END_REF].

This chapter illustrates the development and optimization of a 3D liver cell model for nanotoxicology studies. The aim of the studies in this chapter was to develop a HepG2 3D spheroid model. A selection of spheroids was made from hanging droplets containing variable initial cell seeding densities. These spheroids were assessed for tissue structure and cellular viability over time using light microscopy, fluorescence microscopy and SEM. The optimal cell density and volume to generate differentiated HepG2 spheroids with a uniform size, a high degree of tissue structure homogeneity (no signs of necrosis in the centre due to hypoxia) and cellular viability throughout was determined. These spheroids were designated as S5k. The liver functionality of S5k spheroids was then assessed by looking at the levels of albumin, AST and urea in tissue culture media used to maintain them over a seven-day period.

accumulation of ammonia within liver cells. This impairment could also indicate possible adverse effects caused to mitochondria. The amount of secreted urea was quantified using a couple enzyme colorimetric kit, following the manufacturer's protocol. The assay utilises a coupled enzyme reaction that produces a colorimetric product that is proportional to the amount of urea present. For this, 504 HepG2 spheroids in the S5k configurations were made. To measure the liver functionality markers, 24 spheroids were collected each day over a seven-day period and processed according the method in Section 2.5. As a control, media collected from a 48 h 2D

HepG2 culture was used. This was repeated for three independent passages.

Statistical analysis

Statistical analysis as previously described in Section 2.14.1 was carried out after assessment of normality. For graphs displaying data with a single independent variable, a One-way ANOVA with Dunnett's pairwise post-hoc modification for parametric data or a Kruskal-Wallis ANOVA with Dunn's pairwise post-hoc modification for non-parametric data was carried out. Similarly, for two or more independent variables, a Two-way ANOVA with Bonferroni's post-hoc modification was carried out for parametric data, whereas a Friedman's test was carried out for nonparametric data. Cluster analysis was performed using Heatmapper to generate a cluster heatmap.

Results

Optimisation of the HepG2 spheroid model

The HepG2 spheroid model was optimised by microscopic and cell viability studies.

Initially, spheroids made from different seeding densities were imaged using light microscopy and trypan blue assay to assess the morphology and cell viability. A more detailed study using fluorescent stains specific for live and dead cells was performed using fluorescent microscopy. Finally, the model was assessed by SEM imaging the HepG2 spheroids in three dimensions.

Cell viability and morphological assessments of HepG2 spheroids using light microscopy

The growth and cell viability of the spheroids produced from different seeding densities were quantified over seven days using Trypan blue cell viablity assay (Fig.

3.1). Briefly, 2D HepG2 monolayers were disaggregated to make a stock cellular suspension. The concentrations were then adjusted to the required cell seeding quantities to produce S1k, S5k and S10k spheroids using the hanging drop method.

Cell suspensions were made from the respective harvested and disaggregated spheroids. These spheroids were stained with Trypan blue and scored with a hemocytometer. A gradual decrease in cell viability was observed as the days progressed. Spheroids with an initial seeding density of 5000 and 10000 cells per drop retained higher cell viabilities after a seven-day time period. On day two, S10k spheroids had a significantly lower cellular viability than S1k and S5k spheroids (**P<0.01). From day five onwards, the cellular viability of S5k spheroids was significantly greater than that of S1k spheroids (*P<0.05). The same was observed for S10k spheroids on day seven. Spheroids containing an initial cell seeding density of 1000 (S1k, red), 5000 (S5k, grey) and 10000 (S10k, blue) cells per drop were cultured in complete media. Cell viability (%) of 24 disaggregated spheroids was assessed daily over seven days using Trypan blue staining. Data is presented as mean (±SE) of four independent passages expressed as a percentage of viable cells from the total cell population (n = 4). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multicomparison test. Data significantly different to S1k cells compared within the same day is denoted by a red asterisk (*), data significantly different to S5K cells compared within the same day is denoted by a grey asterisk (*) and, *P <0.05 and **P <0.01.

Tissue structure was observed over seven days using light microscopy (Fig. 3.2).

Briefly, digital images were taken of the different spheroids every 24 h for a week. No significant differences in shape factor between the three spheroid configurations were observed. However, there is a trend toward an increase of the shape factor values from Day 1, to Day 4. While, S1k had the highest shape factor values compared to S5k and S10k spheroids on day 4, the shape factor of S5k increased marginally by day 7 making it comparable to the S1k spheroids. The degree of variation from a perfect sphere was determined by the sphericity factor (Figure 3.5C). No significant differences in sphericity were observed between the three spheroid formats. A perfect sphere would have a sphericity of 1. All spheroid formats diverged from perfect sphericity but remain quite close particularly for S5k at day 7 with a sphericity factor of 0.8. To observe how variations in spheroid morphology effected tissue viability (Fig. 3.8), the surface area and shape factor were with relative tissue viability and death. The tissue viability.area ratio increased with increasing spheroid density on Day 1 (Fig.

3.8A

). The S10k spheroids had significantly higher tissue viability.area ratio (***P<0.001) compared to S1k spheroids on Day 1. The same pattern was observed amongst the three spheroid configurations on Day 4. The tissue viability.area ratio of S10k spheroids was higher than that of S1k spheroids (*P<0.05). No differences or patterns were observed amongst the three spheroid configurations on Day 7. The tissue viability.area ratio increased over time for S1k and S5k spheroids. In contrast, the tissue viability.area ratio of S10k spheroids decreased over time. The tissue death.area ratio increased with increasing spheroid density on each day of observation (Fig.

3.8B

). The tissue death.area ratio of S10k spheroids was significantly higher than that of S1k spheroids (**P<0.01) on Day 4. For S1k and S5k spheroids, the tissue death.area ratio increased over the seven days. The tissue death.area ratio of S10k spheroids increased until Day 4 and then reached a plateau.

The interaction between relative tissue viability and death with shape factor was also investigated. The tissue viability. shape factor (AU) ratio of S1k spheroids was significantly higher on Day 7 (*P<0.05) (Fig. 3.8C), indicating an increase in tissue viability and organisation in tissue structure. The cell viability.shape factor ratio of S10k spheroids was significantly lower than that of S1k spheroids on Day 7 (**P<0.01) indicating that fewer cells forming the tissue structure of S10k spheroids were viable and organised. No changes were observed in the tissue viability. shape factor ratio of S5k or S10k spheroids over time. A trend was observed showing tissue viability. shape factor ratio was decreasing with increasing initial cell seeding concentrations (S1k< S5k< S10k) on the day of observation.

The tissue death.shape factor ratio increased significantly for S5k and S10k spheroids (*P<0.05) over seven days. The S5k spheroids on Day 1 had a significantly lower tissue death. shape factor ratio than those of the same configuration on Day 7.

Similarly, the tissue death.shape factor ratio of S10k spheroids was significantly lower on Day 1 when compared to Day 4 and Day 7 of the same configuration. The S5k and S10k spheroids showed increasing tissue death. shape factor (AU) with increasing incubation time. This pattern was not repeated for S1k spheroids as changes in tissue Chapter 3 121 | death. shape factor (AU) with increasing incubation time was not observed. On Day 1, tissue death. shape factor (AU) decreased with increasing initial cell seeding concentrations. This was not repeated on Day 4 and Day 7. An increase in tissue death.

shape factor (AU) with increasing initial cell seeding concentrations was observed on Day 4. A general trend on Day 7 between the different spheroid configurations was not observed.

Figure 3. 8. Area and shape factor are affected more by tissue death than viability. Ratio between relative tissue viability and area (A), relative tissue death and area (B), relative tissue death and area (C), or relative tissue death and shape factor (D) were measured from spheroids containing and initial seeding density of 1000 (S1k, red), 5000 (S5k, grey) and 10000 (S10k, blue) cells per drop in complete media over a seven-day period. Observation of spheroids was conducted at day 1, 4, and 7 by measuring the fluorescence intensity of cells treated with Hoechst 33342 to stain the total cell population and propidium iodide to stain non-viable cells. Data is presented as mean (±SE) of eight spheroids (technical replicates) generated from three independent passages each (n = 3). Data was analysed by Two-way ANOVA and Bonferroni post-hoc multi-comparison test. Data significantly different to S1k cells is denoted by a red asterisk (*), and *P <0.05, **P <0.01 and ***P <0.001. Significant differences amongst same spheroid density over time are annotated by letters and significance is given below the legend.

Cellular proliferation and liver functionality of the HepG2 S5k spheroid model

Cell viability and proliferation studies

Further studies were conducted to compare the cell viability and proliferation of the 3D S5k spheroid model to 2D cultured HepG2 monolayers (Fig. 3.10). The cell viability of disaggregated 2D and 3D cultures were assessed using trypan blue staining. The cell viability of 2D cultured HepG2 monolayers was significantly was significantly higher (***P <0.001) only on Day 3 when compared to 3D cultures (Fig. 3.10A). Overall, both systems had similar cell viability on all other days of observation. The cell viability on Day 0 is of the initial cultures used to prepare the respective test cultures. In parallel, cell counts were done for both 2D and 3D cultures for seven-days and are expressed as cell proliferation percentages (Fig. 3.10B). The 2D cultures cell proliferation rates were all significantly higher (*P <0.05, **P <0.01 and ***P <0.001) from Day 2 onwards when compared to 3D cultures. The rates for both 2D and 3D cultures exponentially increased with incubation. 

Liver function assessments

Liver functionality was assessed for the S5k spheroids. Extracellular metabolites albumin, AST and urea were measured every 24 h for seven days (Fig. 3 

Three-dimensional morphology of the optimised HepG2 spheroid model

A full SEM image comparison was conducted to observe the progression of an individual S5k HepG2 cell until the formation of a spheroid tissue structure (Fig. 3.12). A HepG2 monolayer culture was disaggregated to form a cell suspension which was divided into two equal parts. One part was fixed and deposited on a silicon wafer for SEM imaging. An individual cell from this cell suspension was observed (Fig. 3.12A) to be about 10 µm in diameter. Microvilli protrusions were also observed extending from the circumference of the cell. The other half of the cell suspension was used to make S5k spheroids. After four days of incubation, these were harvested and fixed for SEM imaging. An individual cell on the tissue surface (Fig. 3.12B) was zoomed in.

The cell had an approximate diameter of 10 µm, a rough surface, and uneven pattern.

A zoomed-out image of the same tissue surface (Fig. 3.12C) showed a similar repetitive pattern with deep cracks and crevices. The coronal (Fig. 3.12D) and transverse (Fig. 3.12E) planes of the S5k spheroid were also imaged. The coronal view (Fig. 3.12D) of the spheroid showed that it did not possess a spherical shape but resembled a more ellipsoidal structure. The depth of the spheroid tissue was about 150 µm. The transverse view (Fig. 3.12E) of the same spheroids showed that it had a diameter of about 400 µm. 

Discussion

Factors effecting the morphology of spheroids

The daily evaluation of spheroid cell viability over seven days (Fig. 3.1 and 3.7C) showed fluctuations and gradual decrease in viability. The spheroid structure is dependent on the initial number of cells that actively form the micro-tissue and contribute to its overall shape. The spheroid forms from a flat sheet light structure which organises to form a compact ellipsoidal structure. Various factors are involved in this formation [START_REF] Kim | A hybrid model for tumor spheroid growth in vitro I: Theoretical development and early results[END_REF][START_REF] Weiswald | Spherical cancer models in tumor biology[END_REF][START_REF] Pradhan | A threedimensional spheroidal cancer model based on PEG-fibrinogen hydrogel microspheres[END_REF], as briefly outlined. The outer layer of cells in the structure proliferate and increase the spheroidal size. The increasing size overtime limits the availability of nutrients and oxygen to the cells comprising the inner regions of the spheroid. The availability of nutrients and oxygen to the inner core cells is limited by the expanding spheroid Chapter 3 130 | structure (Factor A) (Fig. 3.13) and increased nutrient and oxygen uptake by the outer core cells (Factor B). Contact inhibition from the compact 3D cellular structure results in a higher ratio of cells to become quiescent state (Factor C). External factors must be considered such as the presence of test substances and physical manipulation of the tissue, where applicable [START_REF] Helmlinger | Solid stress inhibits the growth of multicellular tumor spheroids[END_REF][START_REF] Foty | A simple hanging drop cell culture protocol for generation of 3D spheroids[END_REF]. The gradual daily decrease in cell proliferation is due to these changes. [START_REF] Kelm | Method for generation of homogeneous multicellular tumor spheroids applicable to a wide variety of cell types[END_REF]. This is demonstrated by S1k spheroids. Homogenous peripheral growth and minimal proliferation inhibition decrease with higher initial cell concentrations as demonstrated by S10k spheroids where highly irregular structures were obtained (Fig. 3.2 and 3.4). The denser cellular environment of S10k spheroids contributes towards greater proliferation inhibition, hence decreasing homogenous peripheral growth. This impairment allows for an increase in the imperfection of tissue structure, producing the irregular spheroids observed on Day 7. In S5k spheroids, the balance between homogenous peripheral proliferation and proliferation inhibition appears to be optimal as this initial seeding density produced highly circular spheroids on Day 7 (Fig. 3.2 and 3.4).

Morphology

Homogenous growth and retention of sphericity in the early phases of spheroid formation are also critical for continuous tissue structure integrity [START_REF] Weiswald | Spherical cancer models in tumor biology[END_REF]. The S1k spheroids retained high cell viability (>80%) values until Day 4 after which the viability decreased (Fig. 3.1). However, this decrease did not affect the sphericity of the spheroids on Day 7 (Fig. 3.2 and 3.4). This is further supported by S10k spheroids cell viability which was comparable to that of S5k spheroids throughout the test period (Fig. 3.1). The denser cellular environment of S10k spheroids due to the high initial cell seeding density prevented homogenous growth from an early stage. Light microscope images (Fig. 3.2) showed that S10k spheroids on Day 1 have darker patches in their typical monolayer pattern when compared to S1k and S5k spheroids, which is indicative of necrosis. These patches are indicative of denser cellular regions throughout the monolayer pattern. Non-homogeneous cellular conditions within these dense regions induce proliferation inhibition thus prevent the early establishment of homogenous growth. This leads to nonhomogeneous tissue formation from an early, stage as seen by the decreased sphericity of the S10k spheroids formed on Day 4. The increased proliferation inhibition at an early stage results in more cell death (Fig. 3.4), which further contributes to early irregular tissue structure formation. An increase in cell death impacts the structure of the spheroid because the non-viable cells do not multiply and thus cannot contribute towards homogeneous growth. The non-viable cells obstruct the formation of uniform spheroids as they form obstacles for other viable cells [START_REF] Kim | A hybrid model for tumor spheroid growth in vitro I: Theoretical development and early results[END_REF]. It should be noted that media was refreshed on Day 3 of incubation, which may have led to the decrease in area on Day 4 due to the manipulation (Fig 3 .3).

Sphericity and shape factor were also assessed for the fluorescence microscopy images. Sphericity assessments did not show noticeable variation between spheroid configurations (Fig. 3.5C). This factor is not the most accurate way to assess symmetry, as it is applied to 2D data to obtain a 3D assessment of the tissues [START_REF] Friel | Practical guide to image analysis[END_REF]. Shape factor was found to be a better method of quantitating variations between the different spheroid configurations as it measures the symmetry of the 2D data. The degree of non-homogenous growth present in the different spheroid configurations could be assessed by comparing shape factor trends (Fig. 3.5B). The S1k spheroids had the highest shape factor value due to the lowest degree of nonhomogenous growth. The S10k spheroids had the lowest shape factor values indicating that they had the highest degree of non-homogenous growth. The shape factor values for S5k spheroids were between those of S1k and S10k spheroids until Day 4. On Day 7, the shape factor of S5k spheroids was similar to that of S1k spheroids due to compromise between proliferation inhibition and cellular growth.

The establishment of the monolayer-like pattern on Day 1 provides a base for spheroid formation. Increased ECM secretion enhances cellular accumulation and proliferation on the monolayer-like pattern [START_REF] Cui | Advances in multicellular spheroids formation[END_REF]. The base increases or decreases in size depending on the degree of proliferation inhibition and non-homogenous growth.

The S1k spheroids showed multiple significant deviations (Fig. 3.6A) from their initial surface area due to minimal proliferation inhibition and non-homogenous growth. The opposite was observed for S10k spheroids that had a higher proliferation inhibition and non-homogenous growth. However, these also had significant deviations from their initial 2D surface area. The S5k spheroids had the least number of significant deviations, potentially due to the degree of proliferation inhibition not resulting in extensive non-homogenous growth.

Cellular proliferation

Cellular proliferation and non-homogenous growth both effect spheroid size progression throughout the seven days. This is evident in the deviation shown in the 2D surface areas of S10k spheroids in both the light and fluorescence microscopy experiments (Fig. 3.6C). The S1k spheroids showed significant deviations, but this could have resulted from decreases in cell viability after Day 4 (Fig. 3.1). The S1k spheroids are minimally influenced by non-homogenous growth in contrast with the S10k spheroids. The progressive increase of surface area in S1k spheroids (Fig. 3.6A) measured using fluorescence microscopy shows that non-homogenous growth does not occur. Non-homogenous growth also minimally affects S5k spheroids as no significant differences were observed (Fig. 3.6B). Similar surface areas were observed at Day 7 showing that the S5k models in both experiments were in their final phase of compaction [START_REF] Cui | Advances in multicellular spheroids formation[END_REF].

The fluorescence intensities (Fig. 3.7) both from Hoechst 33342 (blue) (Fig. 3.7A) and propidium iodide (red) (Fig. 3.7B) increased with increasing initial cell seeding concentration (S1k >S5k >S10k) in a time dependent manner. This trend in the fluorescence intensities depends on the degree of proliferation inhibition. The high degree of proliferation inhibition present in S10k spheroids caused the blue fluorescence to decrease with incubation and red to increase. The minimal degree of proliferation inhibition present in the S1k spheroids showed the opposite trends. The balance between proliferation inhibition and cellular growth in S5k spheroids kept the blue fluorescence constant whereas the red fluorescence gradually increased. The combination of both blue and red fluorescence was then used to express relative cell viability (Fig. 3.7C) and death (Fig. 3.7D) on a specific day for each spheroid configuration. The effect of proliferation inhibition becomes more evident when the data is expressed in this manner. The S1k spheroids which had the least proliferation inhibition had constant relative tissue viability and death. This meant that the ratio of live and dead cells was constant throughout the seven days. Both S5k and S10k spheroids showed similar trends in the ratio of live and dead cells. The proliferation inhibition was higher in both S5k and S10k spheroids when compared to S1k spheroids. The degree of proliferation inhibition varied the live and dead cell ratios until Day 4 for both S5k and S10k spheroids, but by Day 7 these were similar. Also, it was noticed that during the cell viability studies (Fig. 3.1 and 3.10) that manipulation of the hanging drop such as by the addition of media to spheroids (after Day 3 or 4), caused a decline in cell viability on the following day. The perturbation of the spheroid environment by the pipetting of media caused this decline (Factor D).

Tissue viability

Tissue viability and death are adequate measures to assess conventional 2D monolayer cell cultures. The assessment of 3D cell cultures should also incorporate further factors which take the tissue morphology into account. The tissue viability/area ratio (Fig. 3.8A) increased for S1k spheroids, remained constant for S5k spheroids and decreased for S10k spheroids. On Day 1 and Day 4 the tissue viability/area ratio increased with increasing initial cell seeding amounts (S1k >S5k >S10k). On Day 7, all three spheroid configurations had similar tissue viability.area ratios. The higher initial seeding density causes the spheroids to have higher initial cellular matter density. This changes the globular structure that the cells form and thus changing the evolution of the tissue structure for each spheroid type. The higher cellular densities in S10k spheroids support the greater accumulation of cells that causes tissue compression. This hinders the growth and expansion of the spheroid. The lower cellular matter densities in spheroids would support less accumulation of cellular matter allowing for greater tissue growth. In the later stage of spheroid growth, too much tissue growth would start impairing tissue viability. On day 7, the compaction phase of the spheroid has a very low contribution towards its shape. This is further corroborated by the increase in tissue death.area ratios (Fig. 3.8B) where tissue death contributed more to spheroid morphology than area. Non-homogenous growth contributions were more evident in the tissue viability.shape factor (Fig. 3.8C) and tissue death/shape factor (Fig. 3.8D) assessment. Decreases in shape factor showed increases in non-homogenous growth with increasing initial cell seeding density (S1k <S5k <S10k). On Day 7, tissue viability/shape factor ratio of S1k spheroids was significantly higher (*P <0.05) than that of S5k and S10k (Fig. 3.8C). This combined with respective shape factor (Fig.

3.5B

) values for the spheroids configurations further elucidates the difference between spheroids. The opposite effect is observed in the tissue death.shape factor ratios (Fig.

3.8D

) where on Day 7 all three spheroid configurations had similar tissue death. This indicates that non-homogenous growth is not necessarily indicative of decreases in tissue viability.

The scanning electron microscopy collage (Fig. 3.9) gave insights into the growth progression of the different spheroids throughout the seven days. The establishment of the monolayer pattern was also observed for all the spheroids. The sedimentation of the suspended cells caused by gravity caused the formation of this pattern. Although ECM markers were not looked at in this study, the lateral distribution may occur instead of focused accumulation due to insufficient ECM formed within the first 24 h of incubation. The necessary base and anchorage provided by increasing ECM allow for the accumulation of cells on the monolayer pattern on subsequent days [START_REF] Xu | Three-dimensional in vitro tumor models for cancer research and drug evaluation[END_REF]. The HepG2 have been reported to produce ECM in 2D cultures [START_REF] Lin | Dynamic analysis of hepatoma spheroid formation: roles of E-cadherin and beta1-integrin[END_REF]. This enables the development of the spheroid microtissues. It was also observed that the monolayer patterns on Day 1 contained empty spaces in their structure at times. This occurrence was greater with spheroids containing higher initial cell seeding concentrations (S5k and S10k). Images taken on Day 4 and Day 7 showed no empty spaces in their tissue structure. The surrounding cellular environment around these gaps directs cells to occupy them [START_REF] Xu | Three-dimensional in vitro tumor models for cancer research and drug evaluation[END_REF].

Spheroid development as a process

Spheroid development can be described as a three-step process [START_REF] Cui | Advances in multicellular spheroids formation[END_REF]. The first stage involves the rapid aggregation of cells that is dependent on the presence of ECM and integrin, and their level of interaction. On Day 1, the cells were distributed laterally with minimal vertical accumulation. This suggested that within the first 24 h HepG2 cells had progressed well within the first stage, possibly surpassing and initiating the next stage. This second phase, the delay period, may be due to cells increasing E-cadherin expression and its accumulation on the cell surface. Monolayers of HepG2 cells have been shown to express E-cadherin [START_REF] Lin | Dynamic analysis of hepatoma spheroid formation: roles of E-cadherin and beta1-integrin[END_REF]. Images taken on Day 4 (Fig. 3.2, 3.4 and 3.9) showed that HepG2 cells had already formed spheroid microtissues. This indicates that sufficient E-cadherin was present allowing cell-cell interactions and reorganisation [START_REF] Lin | Dynamic analysis of hepatoma spheroid formation: roles of E-cadherin and beta1-integrin[END_REF]. The final stage involves the compaction of spheroids.

Selecting a spheroid configuration

The studies presented, provided a comparison of the various configurations of HepG2 spheroids. This enabled the selection of the most suitable spheroid configuration for the subsequent studies presented in the following chapters. The results of each spheroid configuration for each study were classed into three different categories and scored high (score: 2), moderate (score: 1) and low (score: 0). For example, cells with the highest cell viability were given a score of 2, whereas the cells with the lowest cell viability were scored 0. Similarly, shape factor which assesses symmetry was given a score of 2 when the spheroid had the highest symmetry. A symmetrical spheroid would be growing equally in every direction and therefore would not have inactive cells on the periphery. Therefore, when challenged with test compounds the cells in the periphery of the spheroid will have a homogenous response. Similarly, the interaction of the test compounds with the spheroid itself will be homogenous.

Spheroid configuration ranking

For each study, only one spheroid configuration could be classed per category. The scores were then used to rank the spheroid configurations against the sum of their scores and to generate a heat map (Fig. 3.14). It was determined that the spheroid configuration with the highest score were the S5k spheroid configuration (final score: 44). These were followed by S10k spheroid (final score: 42) and S1k spheroids (final score: 39). The cluster analysis performed on the different spheroid configurations concludes that S5k spheroids were slightly more resembling S10k than S1k spheroids.

With the scores of each study and their further evaluation, it was concluded that S5k spheroids were the configuration of choice. S1k), 5000 (S5k) or 10,000 (S10k) cells were scored for spheroid performance into three different categories: ideal (orange), suitable (green) and inadequate (blue). An expression heat map was generated with an average linkage clustering method with the Euclidean distance measurement. Data set abbreviations found used in heat map: cell viability (CV), surface area (SA), shape factor (SF), area (A), live fluorescence surface area (LFSA), relative tissue viability (RTV), relative tissue death (RTD), tissue viability combined with area (Bestvater et al.), tissue death combined with area (TDA), tissue viability combined with shape factor (TVSF) and tissue death combined with shape factor (TDSF) on Day 1 to Day 7 (D1-D7).

The SEM images show the S5k spheroids formed oblate ellipsoids rather than perfect spheres (Fig. 3.12). The hanging drop method is dependent on gravity to force the cell to a specific point and initiate their agglomeration and subsequent accumulation.

Gravity is responsible for the spheroid acquiring an oblate ellipsoid shape and does not its vertical expansion (Fig 3 .12D). Although the harsh fixatives used for SEM may alter the shape of the spheroid, it appears to be unaffected as comparable images are seen with light and fluorescence microscopy where cells were not fixed. Upon closer inspection of the spheroid tissue surface and the individual disaggregated HepG2 cells, microvilli can be noticed (Fig. 3.12A and Fig. 3.12B). This indicated the presence of healthy cellular growth [START_REF] Lan | Long-term cultivation of HepG2 liver cells encapsulated in alginate hydrogels: a study of cell viability, morphology and drug metabolism[END_REF]. Several groves can be noticed on the tissue surface indicating cellular polarisation and the possible presence of bile canaliculi [START_REF] Ng | Improved Hepatocyte Excretory Function by Immediate Presentation of Polarity Cues[END_REF].

The S5k spheroids cell viability and proliferation was further investigated and compared with 2D HepG2 cell monolayers. A decrease in cell viability was observed on Day 3 (Fig. 3.10A), which may be due to the depletion and lack of nutrients in cell culture media [START_REF] Foty | A simple hanging drop cell culture protocol for generation of 3D spheroids[END_REF]. Another possible cause is due to manipulation of the hanging drop environment by external sources. This was also noticeable in other cell viability experiments. It was noted that excessive disruptions and manipulations to the hanging drop environment would impair the progression of spheroid cell viability and might affect the outcome of the investigation (Factor D).

Limitations

The development of this spheroid model is dependent on the translation of techniques designed for 2D culture. The light and fluorescence microscopy techniques used for morphological assessments allow for only two-dimensional assessment of a threedimensional structure. Initially assessments with these techniques led to understanding that the HepG2 in vitro liver model was a spheroid. However, upon investigation with SEM, it was realised that this model is an oblate ellipsoid. This shape is not uniform across different cross-sections, which can lead to uneven exposure of test compounds.

In the case of nanomaterials, they may cling to the surface of the model differentially dependent on the contours of the model. Furthermore, the Hoechst 33342 and PI used for staining can interact with 2D monolayers in a uniform fashion. However, in the 3D model the uptake of these dyes is highly limited by diffusion effects. Therefore, dead or necrotic cells at the core of the spheroid cannot be quantified. Moreover, fluorescence microscopy, even confocal microscopy, is limited by the thickness of the samples. In contrast, in the Trypan blue assay, the cells in the spheroid are disaggregated before staining leading to their uniform exposure to the dye. However, this technique is time consuming and laborious. Time-lapse fluorescence imaging of spheroids might provide a solution to this, yet it requires specialised live-cell analysis systems that are capable to image 3D cell models [START_REF] Bruningk | 3D tumour spheroids for the prediction of the effects of radiation and hyperthermia treatments[END_REF].

Overall, individually these techniques are not perfectly suited for the assessment of 3D tissue models. However, together they each provide important information leading to a more complete picture, to assess the factors impacting spheroid formation.

Do the HepG2 spheroids resemble the liver?

In humans, in vivo liver functionality measurements are used to assess various adverse conditions such as cirrhosis, hepatocellular carcinomas and hepatitis [START_REF] Gowda | A review on laboratory liver function tests[END_REF]. Post substance exposure progression can also be assessed using these measurements. In this study, liver functionality for the S5k spheroids was assessed by measuring extracellular albumin, AST and urea levels to assess normal liver function.

Conventional 2D monolayers cell lines used in in vitro tests also fail to achieve near physiological liver function levels while 3D cellular models close this gap further [START_REF] Ramaiahgari | A 3D in vitro model of differentiated HepG2 cell spheroids with improved liver-like properties for repeated dose high-throughput toxicity studies[END_REF].

The investigations conducted to quantify albumin, AST and urea showed that all their levels increased over time (Fig. 3.11). Significant increases were observed for AST on Day 5, 6 and 7, and urea on Day 7 only. These increases were possible due to the establishment of optimal cell configuration and spheroid structure [START_REF] Cui | Advances in multicellular spheroids formation[END_REF].

Conventional 2D monolayer cell cultures cannot achieve the 3D structure allowing cells to reconfigure themselves and resemble in vivo tissues. This reconfiguration also allows for metabolic differentiation [START_REF] Moriyama | Enzymatically prepared redox-responsive hydrogels as potent matrices for hepatocellular carcinoma cell spheroid formation[END_REF]. However, the level of albumin in the S5k spheroids was 10-fold lower compared to the same in human blood, where the normal concentration is 40-60 mg.mL -1 [START_REF] Limdi | Evaluation of abnormal liver function tests[END_REF]Hyde, 2003, Gowda et al., 2009). The amount of AST started within the normal range of 0-35 mU.ml -1 [START_REF] Limdi | Evaluation of abnormal liver function tests[END_REF]Hyde, 2003, Gowda et al., 2009) and remained within that range until day 4 after which it reached a maximum of 77 mU.ml -1 on day 6. In contrast, the 2D cells had a high secretion of AST which was 88 mU.ml -1

. The level of urea secretion from the spheroid was marginally low after seven days compared to physiological levels of 1.8-7.1 µmol.mL -1 [START_REF] Hosten | BUN and Creatinine[END_REF][START_REF] Muller | Procalcitonin levels predict bacteremia in patients with community-acquired pneumonia: a prospective cohort trial[END_REF], but reached 2.2 µmol.mL -1 by day 7. All these results show that the S5k spheroid model is starting to mimic in vivo liver function.

Comparing the in vivo liver to the in vitro spheroid, the S5k model provides several advantages over the use of 2D monolayers. The cell viability of the model remains stable over the seven-day period much like the monolayer. However, the rate at which the cells proliferates varies greatly. In the monolayer, the cells would continue to divide indefinitely if space and nutrients are not limiting. This is because all the cells in the monolayer have equal access to nutrients. In contrasts, cells in the spheroid are limited to proliferating in the periphery. In fact, they can only proliferate to a certain diameter as the cells at the core of the spheroid would start to die as nutrients may become a limiting factor. This limits the rate of proliferation when compared to the monolayer culture technique. Therefore, this is similar to the in vivo situation where all cells do not have the equal amount of nutrients and some of them are quiescent.

Similarly, test compounds will interact very differently with a monolayer than they would with a spheroid. All the cells in a monolayer would be exposed at once with a test compound unlike the spheroid where the exposure will be stratified. The exposure of test compounds in the spheroid is more similar to the in vivo situation where all the cells are growing in a 3D structure and are not equally exposed to xenobiotics.

Conclusion

From the studies conducted with the S1k, S5k, and S10k HepG2 spheroids models, S5k spheroids were the most suitable model for subsequent investigations. It provided the best compromise between spheroid configurations and the selected test parameters.

The selection of the S5k spheroid model is further supported by improved liver functionality compared to 2D monolayer cultures. The S5k spheroids can be grown for a seven-day period and assume their optimal 3D structure after four days of initial seeding.

Introduction

The determination of the localisation of NPs within biological samples is crucial in fully understanding their toxicological impact. Imaging biological samples require analytical techniques to overcome challenges such as (i) being able to detect chemical elements at very sensitive limits (μg.kg -1 ), (ii) very high lateral resolutions (<1 μm) to image subcellular components and (iii) preservation of sample during preparation and analysis [START_REF] Schaumlöffel | Novel Methods for Bioimaging Including LA-ICP-MS, NanoSIMS, TEM/X-EDS, and SXRF[END_REF].

Exposure to NPs can cause metabolic changes e.g. in the glycolytic pathway, which catalyses the catabolism of glucose to pyruvate. Glucose is taken up by cells via a glucose transporter [START_REF] Chen | The Warburg effect: evolving interpretations of an established concept[END_REF]. In hepatic cells, this is done by GLUT2, which has a low affinity (high Km) for glucose. Once internalised, glucose is converted to glucose-6-phosphate (G6P) by glucokinase. Glucokinase, in turn, is regulated by glucokinase regulatory protein which is sensitive to low amounts of glucose and fructose in the cell and inhibits glucokinase when glucose levels are low and prevent its proteolytic degradation. Even though GLUT2 has a low affinity of glucose, it is not the rate-limiting step of the pathway. The conversion of glucose to G6P ensures a constant flux of glucose is maintained into the cells and therefore glucokinase is the rate-limiting enzyme of glucose. The acetyl-CoA generated from the catabolism of glucose is used in the TCA for the generation of NADH which provided the reductive power to the oxidative phosphorylation chain [START_REF] Boroughs | Metabolic pathways promoting cancer cell survival and growth[END_REF]DeBerardinis, 2015, Hui et al., 2017). Furthermore, The pentose phosphate pathway used for the generation of NADPH is essential for the reduction of glutathione disulphide by glutathione reductase to produce glutathione. The reduction of reactive oxygen species such as H2O2 to water is assisted by the conversion of glutathione into glutathione disulphide which is regenerated by NADPH (Fig. 4.1) [START_REF] Boroughs | Metabolic pathways promoting cancer cell survival and growth[END_REF]DeBerardinis, 2015, Hui et al., 2017). 

Method

HepG2 cell maintenance

The HepG2 cell line was maintained according to methods in Section 2.2. HepG2 monolayers were grown in tissue culture flasks (Section 2.2.3). All studies were performed using S5k spheroids containing 5000 HepG2 cells. The S5k spheroids were made by pipetting 20 µL drops of 2.5 x 10 5 cell.mL -1 of the HepG2 cellular suspension on the lid of a Petri dish and incubating for 4 days to allow spheroid formation.

Iron uptake

Synchrotron X-ray Fluorescence Microscopy

For SXRF microscopy, 24 HepG2 S5k spheroids were cultured with control untreated media and 500 or 1000 µg.mL -1 Fe2O3 NPs for 24 h. This was done for two independent passages. The dosed spheroids were further processed and imaged as described in Section 2.6 of the methods chapter. The data obtained after SXRF imaging was processed to obtain SXRF images and graphs as described in Section 2.13.1.

Transmission Electron Microscopy

To assess the internalisation of Fe2O3 and Fe3O4 NPs, 24 S5k spheroids were exposed with 100 µg.mL -1 Fe2O3 or Fe3O4 NPs for 24 h. The dosed spheroids were sectioned and imaged according to the methodology described in Section 2.4.4.

Ferrozine assay

The ferrozine assay was used to quantify the iron content accumulated by HepG2 cells in monolayers and spheroids. This colorimetric assay utilises ferrozine, a triazine disulphonate compound that selectively binds to ferrous (Fe 3+ ) iron. The iron chelator complex formed strongly absorbs at 570nm allowing colorimetric quantification. Iron contained within biological samples is stored as ferritin in ferric (Fe 2+ ) form and bound to various other protein complexes. These samples are therefore treated with an acidified oxidising agent such as potassium permanganate and hydrochloric acid. The denaturing process releases protein bound iron and oxidises ferric to ferrous iron. To measure the total cellular iron, both 2D monolayers and 3D spheroids were used. For monolayers, HepG2 cells were seeded in T25 flasks as described in Section 2.7. Individual T25 flasks were dosed with 0, 1, 5 or 10 µM FeNTA or 0, 1, 5 or 10 µg.mL - 1 Fe2O3 NPs or Fe3O4 NPs. Similarly, the effect of FeNTA, Fe2O3 NPs and Fe3O4 NPs was assessed on HepG2 S5k spheroids, where 24 spheroids were tested for cellular iron content after exposure. This was repeated for three individual passages.

Metabolic studies

Oxygen consumption and extracellular acidification rate

Seahorse XFe96 analyzers measure the OCR and ECAR through the fluorescence of two different fluorophore polymers that are embed at the base of the analyte cartridge.

One fluorophore is quenched by oxygen and the other is sensitive to protons (H + ). The analyte cartridge is lowered over a specific plate format during measurements containing either cells, islets, microtissues or isolated mitochondria. The Seahorse XFe96 spheroid microplates used were specifically designed to analyse spheroid microtissues in a 96-well plate format.

Mitochondrial function was assessed using a Seahorse XF Cell Mito stress test and Seahorse Wave software analysis package. The Mito stress test involves the sequential injection of chemicals that alter respiration by targeting the electron transport chain.

The sequence of chemicals used are oligomycin (ATP synthase complex V inhibitor), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (mitochondrial membrane proton gradient disruptor) and, a combination of rotenone and antimycin A (complex I and III inhibitors). This allows for the successive measurement of ATP production, maximum respiration and non-mitochondrial respiration. The subsequent determination of proton leak and spare respiratory capacity can then be calculated. The OCR and ECAR were measured as described in Section 2.8. The metabolic activity of 8 control untreated S5k spheroids, or S5k 8 spheroids each treated with 100 µg.mL -1 Fe2O3 NPs or Fe3O4 NPs pre-exposed for 24 h was measured. Oligomycin, FCCP and reaction requires G6PDH to reduce NADP+ to NADPH, which combines with reductase and enables the conversion of proluciferin to luciferin. A luminescent signal that is proportional to the amount of 2DG6P present, is produced by Ultra-Glo™ Recombinant Luciferase. To measure the glucose uptake, 2D monolayer were seeded in a 96-well plate at a density of 10 4 cells.mL -1 . In addition, 720 S5k spheroids were made for testing the HepG2 in vitro model. For 2D monolayers, all tests were performed with 8 technical replicates. Similarly, 24 spheroids were used per test condition. The cells in both configurations were exposed to B[α]P, FeNTA, FeCl3 and CuSO4 for 24 or 48 h. This was repeated for a further two passages to obtain a total of three biological replicates. The NADPH was measured as described in Section 2.8 of the methods chapter. To assess the effect of SPIONs on glucose uptake, 2D monolayers were prepared by seeding 10 4 cells.mL -1 in a 96-well plate. Additionally, 144 S5k spheroids were made. Both the 2D monolayers and spheroids were incubated with control untreated media, 100 µg.mL -1 Fe2O3 NPs or Fe3O4 for 24 or 48h. This was repeated for three independent passages and the glucose uptake was measured.

Liver functionality

Albumin, AST and urea were measured to assess the similarity of HepG2 cells grown in 2D and S5k configurations to normal liver functionality upon exposure to NPs. For this, 240 HepG2 spheroids in the S5k configurations were made. To measure the liver functionality markers, 24 spheroids were collected each day over a seven-day period and processed according the method in Section 2.5. For this, 24 spheroids were exposed to untreated media, B[α]P, FeNTA, 100 µg.mL -1 Fe2O3 NPs or Fe3O4 for 24 or 48h. This was repeated for three independent passages. The liver functionality tests were performed as described in Section 2.5.

Cell viability assay

To assess viability, HepG2 cells as 2D monolayers were harvested to prepare 768 S5k spheroids according to the cell culturing techniques methodology (Section 2.2.4). A total of 24 spheroids were incubated for each test condition. Additionally, 2D monolayers were prepared by seeding 10 6 cells.mL -1 in a T25 flasks. The cells and spheroids were treated with 0, 1, 4 or 8 µM of B[α]P or 0, 1, 5, 10 µM FeNTA, FeCl3 or CuSO4 for 24 or 48 h, The cellular viability was assessed using the Trypan blue assay as described in Section 2.3. This was repeated for a further two passages to obtain an n number of three.

Statistical analysis

Statistical analysis as previously described in Section 2.14.1 was carried out after assessment of normality. A Two-way ANOVA with Bonferroni's post-hoc modification was carried out for all data, which was parametric.

Results

Quantification of iron and sulphur elements in HepG2 spheroids

Six sections from spheroid microtissue (thickness: 20 µm) deposited on Si3N4 windows were scanned at ID-16B-NA beamline. Two sections were obtained from spheroid samples incubated for 24 h in 0 µg.mL -1 , 100 µg.mL -1 and 1000 µg.mL -1 γ-Fe2O3 NP respectively. X-ray scans of the selected areas were analysed to quantify the distribution of elemental iron and sulphur. Iron was selected as the core metal element that composes the NPs and its quantification in microtissue sections could then be associated with the NP's accumulation and distribution within the spheroid sections.

Elemental sulphur was analysed to assess and distinguish spheroid sections. Sulphur was assessed as it is essential and highly present in cellular matter due to its involvement in disulphide bonds. Spheroids were made with an initial seeding density of 5000 cells per drop which were cultured in complete media for 4 day. Spheroids were then incubated in fresh complete media for 24 h and used as the control sample. Spheroids were snap-frozen and sectioned using a microtome. Sections were transferred on Si3N4 windows, freeze-dried and imaged on the ID-16B-NA ESRF beamline. The sulphur (A and C) and iron (B and D) SXRF emission was mapped to generate and image of the microtissue. The element XRF signal intensity was mapped to the microtissue sections for sulphur (E and G) and iron (F and H) region.

X-ray scan images and intensity graphs (

The acquired X-ray data shows the elemental sulphur (Fig. 4.3, A and C) and iron (Fig. 4.3, B and D) distribution maps of a spheroid sections that was incubated for 24h in 100 µg.mL -1 γ-Fe2O3 NP. Their respective XRF intensity graphs of sulphur (Fig. 4.3,E and G) and iron (Fig. 4.3,F and H) are also shown. The sulphur distribution map (Fig. 4.3, A and C) shows a whole lateral section of a spheroid tissue. Discontinuities were also observed in the tissue section. Also, sulphur responses were evenly observed throughout this spheroid tissue. The sulphur XRF intensity graph (Fig. 4.3,E and H) show that sulphur responses were similar throughout the tissue section with the mapped regions displayed at the base of the graph. The maximum sulphur intensity response was lower than those observed in the control tissue sections (Fig. 4.2, E and G) In the iron distribution map, the spheroid section structure is slightly distinguishable from the OCT embedding compound (Fig. 4.3,B and D). This section shows distinct iron responses as NPs (100 µg.mL -1 ) were exposed to this spheroid for 24 h. The distribution map shows that most of the iron responses occurred at the periphery of the spheroid section. These responses were spread evenly around the circumference of the tissue section. The iron XRF intensity graph (Fig. Spheroids were made with an initial seeding density of 5000 cells per drop which were cultured in complete media for 4 day. Spheroids were then incubated in fresh complete media containing 100 µg.mL -1 γ-Fe2O3 NP for 24 h. Spheroids were snap-frozen and sectioned using a microtome. Sections were transferred on SiN3 windows, freeze-dried and imaged on the ID-16B-NA ESRF beamline. The sulphur (A and C) and iron (B and D) SXRF emission was mapped to generate and image of the microtissue. The element XRF signal intensity was mapped to the microtissue sections for sulphur (E and G) and iron (F and H).

The elemental sulphur (Fig. 4.4, A and C) and iron (Fig. 4.4, B and D) distribution maps of a spheroid sections incubated for 24h in 1000 µg.mL -1 γ-Fe2O3 NP, with their respective XRF intensity graphs of sulphur (Fig. 4.4, E and G) and iron (Fig. 4.4, F and H) and given. The sulphur distribution maps (Fig. 4.4, A and C) show that sulphur responses were evenly observed throughout the spheroid tissue. Discontinuities were also observed in the tissue section. The sulphur XRF intensity graph (Fig. 4.4, E and G) confirmed that sulphur responses were evenly spread throughout the tissue section with the mapped regions displayed at the base of the graph. The maximum sulphur intensity response (Fig. 4.4, E and G) is higher than those observed in the control tissue sections. This section shows distinct and high iron responses as NPs (1000 µg.mL -1 ) were exposed to this spheroid for 24 h. The distribution map shows that most of the iron responses occurred at the periphery of the spheroid section (Fig. 4.4, B and D), which appears as an iron halo around the spheroid section. The responses were also observed in the inner regions of the tissue section. The iron XRF intensity graph (Fig. Iron responses were also detected in the OCT embedding compound. The maximum iron intensity response shown in Fig. 4.4, F and H are a lot higher than those observed in the control tissue sections and tissue sections incubated with 100 µg.mL -1 γ-Fe2O3 NP.

Figure 4. 4. Assessment of iron and sulphur in spheroids treated with 1000 µg/ mL γ-Fe2O3 NPs by SXRF. Spheroids were made with an initial seeding density of 5000 cells per drop which were cultured in complete media for 4 day. Spheroids were then incubated in fresh complete media containing 1000 µg.mL -1 γ-Fe2O3 NP for 24 h. Spheroids were snap-frozen and sectioned using a microtome. Sections were transferred on SiN3 windows, freeze-dried and imaged on the ID-16B-NA ESRF beamline. The sulphur (A and C) and iron (B and D) SXRF emission was mapped to generate and image of the microtissue. The element XRF signal intensity was mapped to the microtissue sections for sulphur (E and G) and iron (F and H).

Assessment of the interaction between iron oxide nanoparticles and HepG2 spheroids

The interaction of HepG2 spheroids with iron oxide NPs was further assessed by STEM-EDX. The γ-Fe2O3 NPs were endocytosed by HepG2 spheroids after being dosed at 100 µg.mL -1 for 24 h (Fig. 4.5). A HepG2 cell from the periphery of the spheroid has two endosomes containing γ-Fe2O3 NPs (Fig. 4.5A). Upon magnification, a small endosome can be seen merging into the larger endosome (Fig. 4.5B). To confirm the presence of iron NPs, EDX was performed on selected point "1" and "2" (Fig. 4.5 reveal internalised NPs within an endosome. Selected points illustrated as "1" and "2" in Fig. 4.5B, were assessed using EDX to determine their elemental composition. Spectrogram (A) corresponding to point "1" outside the endosome shows the elemental composition of the cytosol. Spectrogram (B) corresponding to point "2" shows the elemental composition within the endosome. (A) A S5K spheroid was incubated with Fe3O4 NPs at a dose of 100 µg.mL -1 for 24 h and fixed with glutaraldehyde and osmium tetroxide. The fixed spheroid molds were sectioned into 70 nm thick sections and imaged using a STEM-EDX microscope in brightfield mode at x12,000 magnification. (B) An interstitial space containing Fe3O4 NPs in between HepG2 cells at x120,000 magnification, 1 and 2 indicate regions which were analysed with EDX. (A) A S5K spheroid was incubated with Fe3O4 NPs at a dose of 100 µg.mL -1 for 24 h and fixed with glutaraldehyde and osmium tetroxide. The fixed spheroid molds were sectioned into 70 nm thick sections and imaged using a STEM microscope in brightfield mode at x12,000 magnification. (B) Initial steps of Fe3O4 NP internalisation can be seen in a HepG2 cell at x50,000 magnification.

Iron quantification with the Ferrozine assay

The ferrozine assay was used to quantify the iron content associated with HepG2 cells in 2D monolayers or 3D spheroids. Chemical iron accumulation was assessed using FeNTA. For the 2D monolayers exposed to FeNTA (Fig. 4.10A), iron association after 24 h of exposure showed already elevated iron content even at the lowest dose (1 μM) compared to control. The increase in iron content was greater at 5 μM but remained the same at 10 μM. After 48 h of exposure, significant (*P <0.05) increases in iron content were observed both at 1 μM and 10 μM. The iron content determined for the 5 μM dose was comparable to that of the 1 μM and 10 μM doses. The iron content of the 1 μM and 10 μM doses at 48 h were also higher that those after 24 h. The 5 μM dose retained similar iron quantities both after 24 h and 48 h.

The association of iron content in HepG2 monolayers after being exposed to γ-Fe2O3 NPs for 24 h showed slight increases in all doses compared to control (Fig. 4.10B).

The highest dose of 100 μg.mL -1 showed the highest iron content association after 24 h. A gradual increase in iron content with increasing NP dose was also noticed. After 48h of γ-Fe2O3 NP exposure, the highest increase in iron content was given by the 1 μg.mL -1 dose. Iron content than decreased for the 10 μg.mL -1 and 100 μg.mL -1 doses, these were also comparable to each other. With the exception for the 1 μg.mL -1 dose, the iron content accumulated for both 10 μg.mL -1 and 100 μg.mL -1 doses at 24 h and 48 h were comparable.

Monolayers were also exposed to Fe3O4 NPs (Fig. 4.10C) and showed increases in iron content even at the lowest dose of 1 μg.mL -1 after 24 h. At 24 h, the highest iron content was accumulated by the 100 μg.mL -1 dose. A slight increase in iron content with dose was observed. After 48 h of Fe3O4 NP exposure, the highest iron content association was observed by the 100 μg.mL -1 dose. The 1 μg.mL -1 and 10 μg.mL -1 doses had comparable iron content after 48 h. With the exception for the 100 μg.mL -1 dose, the iron content accumulated for both 1 μg.mL -1 and 10 μg.mL -1 doses at 24 h and 48 h were comparable.

Quantification of iron content in HepG2 spheroids was also assessed after being dosed with FeNTA (Fig. 4.10D). It was observed that iron content increased even at the lowest dose of 1 μM after 24 h compared to control. The highest association of iron content after 24 h was given by the 10 μM. Both 1 μM and 5 μM dose gave comparable iron content after 24h of exposure. After 48 h of exposure the highest iron content association was observed to given by the 5 μM dose. The iron content given by the 1 μM dose after 48 h was comparable to 5 μM dose. The 10 μM dose had lower iron content compared to both the 1 μM and 5 μM doses. Except for the 10 μM dose at 24h, both 1 μM and 5 μM doses at 48 h gave higher iron content when compared the same dose at 24h respectively. Spheroids were also exposed to γ-Fe2O3 NPs and changes in iron content were assessed (Fig. 4.10E). It was observed that only at 100 μg.mL -1 after 24 h noticeable increases in iron content compared to control were determined. The 1 μg.mL -1 and 10 μg.mL -1 doses after 24 h of exposure had comparable iron content to control. At 48h of exposure, 1 μg.mL -1 and 10 μg.mL -1 doses still had comparable iron content to control. The 100 μg.mL -1 dose at 48 h gave the highest iron content and this was higher than that determined at 24 h. The iron content determined for the 1 μg.mL -1 and 10 μg.mL -1 doses was comparable at both 24 h and 48 h.

The changes in the iron content of HepG2 spheroids were also assessed after 24 h and 48 h exposure with Fe3O4 NPs (Fig. 4.10F). For the 24 h exposures, noticeable increases in iron content were observed after the 10 μg.mL -1 dose. The iron content determined for the 1 μg.mL -1 was comparable to control. The highest iron content association was observed for the 100 μg.mL -1 dose. After 48 h of exposure, all doses showed higher iron content compared to their respective doses at 24 h. A gradual increase in iron content with increasing dose was observed for the 48 h exposures. A,B,C) were generated from 10 5 cells cultured in complete media or 24 spheroids containing an initial seeding density of 5000 cells per drop (D E, F) were cultured in complete media for 4 days. Cells were challenged with a range of doses of Ferric trinitriloacetate (FeNTA, A, D), maghemite NPs (γ-Fe2O3, B, E) or magnetite NPs (Fe3O4, C, F) for 24 h (■) or 48 h (■). Iron uptake was measured by ferrozine assay. Data is presented as mean (±SE) of 10 6 cells (2D) or 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Significantly different data observed for the same time point is annotated with letters, where the comparison between two bars is given under the legend. The P-value is denoted by an asterisk (*P <0.05) and given below the legend.

Oxygen consumption and extracellular acidification in HepG2 spheroids

The effect of NP on glucose metabolism was assessed by an extracellular flux analyser to measure oxygen consumption and extracellular acidification rates in HepG2 spheroids. Spheroids were incubated with 100 µg.mL -1 γ-Fe2O3 and Fe3O4 NPs for 24 h before assessing changes in oxygen consumption and extracellular acidification rates using a Seahorse XFe analyser. During analysis, NP treated spheroids were sequentially exposed oligomycin, FCCP and rotenone to inhibit key enzymes in glycolysis and the oxidative phosphorylation chain.

The OCR (Fig. 4.11, A and B) decreased with the addition of oligomycin for all spheroids. Upon injection of FCCP, the OCR increased to its maximal rate. The maximal decrease in OCR was observed after the addition of rotenone. The spheroids treated with NPs had decreased OCR. The area under the curve was used to calculate the total OCR, which tended to decrease upon challenge with NPs. Although, not significant (P = 0.1067) challenge with Fe3O4 NPs for 24 h reduced the OCR (Fig.

4.11, A and B).

The total OCR was further divided into respiration rates (Fig. 4.11C). Basal respiration decreased upon challenge with NPs. A significant reduction in basal respiration was observed with Fe3O4 NPs (*P <0.05). ATP-linked respiration also decreased upon addition of NPs and reduced the most upon challenge with Fe3O4 NPs (P = 0.085).

Maximal respiration decreased with the addition of NPs, but no significant changes were observed. Reserve respiration tended to decrease with NP challenge. A significant reduction was observed upon incubation of HepG2 spheroids with Fe3O4 NPs for 24 h (*P <0.05). Spheroids conditioned with untreated media (•, Control) or media containing 100 µg.mL-1 of maghemite ( ■, Fe2O3) or magnetite (▲, Fe3O4) for 24 h. Oxygen consumption rate of conditioned spheroids was measured for 120 min. Oligomycin (1 µM), Trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP, 1 µM) and rotenone (0.5 µM) were sequentially added during analysis. Data is presented as mean (±SE) of oxygen consumption rate (OCR, A and B) and mean (±SE) individual respiration rates (C) of eight spheroids per dose per passage for three individual passages (n = 3). Data is compared to control using One way (B) or Twoway ANOVA (C) and Bonferroni's post-hoc multi-comparison tests. Where P-value is <0.10, it has been given above the relevant bar. Spheroids conditioned with untreated media (•, Control) or media containing 100 µg.mL-1 of maghemite ( ■, Fe2O3) or magnetite (▲, Fe3O4) for 24 h. Extracellular acidification rate of conditioned spheroids was measured for 60 min. Oligomycin (1 µM) was added during the analysis. Data is presented as mean (±SE) of total extracellular acidification (ECAR, A and B) and mean (±SE) individual respiration rates (C) of eight spheroids per dose per passage for three individual passages (n = 3). Data were compared to control using One-way (B) or Two-way ANOVA (C) and Bonferroni's post-hoc multicomparison test. The P-value is denoted by an asterisk; where *P <0.05 and **P <0.01.

As significant changes in glucose metabolism were observed with the extracellular flux analyser further investigations were carried out. The uptake of glucose (Fig. Glucose uptake (Fig. 4.13A) remained unchanged in HepG2 monolayers after 24 h of incubation with B[α]P, which decreased by 90% in 48 h (P = 0.053) when compared with control. The glucose uptake in HepG2 spheroids tended to decrease upon incubation with B[α]P in a time-dependent manner but these results were not significant. Incubation of HepG2 monolayers with FeNTA did not affect glucose uptake in 24 h, but a 60% decrease was observed after 48 h of incubation when compared to control. No changes were observed in glucose uptake of HepG2 spheroids upon incubation with FeNTA. Incubation of HepG2 monolayers with FeCl3 does not affect glucose uptake in 24 h but a 60% reduction was observed after 48 h when compared to control monolayers. The glucose uptake decreased in HepG2 spheroids upon incubation with FeCl3 in a time-dependent manner. Incubation with CuSO4 followed the same pattern of glucose uptake as FeCl3. Monolayers of HepG2 cells were generated from 10 5 cells cultured in complete media or spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with untreated control media or media containing benzo-α-pyrene (B[α]P, 8 µM) ferric nitriloacetate (FeNTA, 10 µM), ferrous chloride (FeCl3, 10 µM) or cupric sulphate (CuSO4, 10 µM) for 24 h or 48 h. Glucose uptake (A) and NADPH (B) were measured by assay kits. Data is presented as mean of percentage of control (±SE) of 8x10 4 cells (2D) or 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Data significantly different to the control untreated sample is denotate by asterisks. Data annotated with letters is used for comparison between the different cell and time configurations. An asterisk denotes the P-value; where *P <0.05 and given below the legend.

The uptake of glucose (Fig. 4.14A) and accumulation NADPH (Fig. 4.14B) were measured upon challenge with iron oxide NPs. No significant changes were observed in glucose uptake upon challenge with iron oxide NPs when compared to control.

Glucose uptake dented to decrease upon incubation with of γ-Fe2O3 NPs after 48 h in HepG2 monolayers. A significant decrease was observed in glucose uptake in HepG2 monolayers treated with Fe3O4 NPs (*P <0.05). No significant changes were seen in NADPH accumulation upon challenge with of γ-Fe2O3 and Fe3O4 NPs. Monolayers of HepG2 cells were generated from 10 5 cells cultured in complete media or spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with untreated control media (Control) or media containing 100 µg.mL -1 of maghemite (Fe2O3) or magnetite (Fe3O4) for 24 h or 48 h. Glucose uptake (A) and NADPH (B) were measured by assay kits. Data is presented as mean of percentage of control (±SE) of 8x10 4 cells (2D) or 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA test and Bonferroni post-hoc multi-comparison test. Data annotated with letters is used for comparison between the different cell and time configurations. An asterisk denotes the P-value; where *P <0.05 and given below the legend.

Assessment of albumin, aspartate transaminase and urea in

HepG2 spheroids after chemical or nanoparticle exposure

The liver function proteins and metabolites albumin (Fig. 4.15A), AST (Fig. 4.15B) and urea (Fig. 4.15C) were assessed in HepG2 spheroids after being exposed to B[α]P, FeNTA, γ-Fe2O3 NP or Fe3O4 NP at 24 h and 48 h. Albumin levels (Fig. 4.15A) post exposures were comparable to control after 24 h exposure. Chemical (B[α]P and FeNTA) and NPs (γ-Fe2O3 and Fe3O4) post exposure albumin levels were also comparable. After 48 h, significant (*P <0.05) changes in albumin levels were observed between control and γ-Fe2O3 NP exposure. The albumin levels for B[α]P at 48 h was also higher than control. The γ-Fe2O3 NP albumin levels at 48 h were significantly (*P <0.05) higher than those given by FeNTA and Fe3O4 NP exposure.

The FeNTA and Fe3O4 NP albumin levels were comparable to each other.

The AST levels were assessed after being exposed to the test chemicals and NPs after 24h and 48h (Fig. 4.15B). At 24 h, the AST levels for B[α]P and γ-Fe2O3 NP exposure were significantly (**P <0.01 and ***P <0.001) higher compared to control. The γ-Fe2O3 NP AST levels were significantly higher (**P <0.01) when compared to those of FeNTA and Fe3O4 NP. Comparable AST levels were observed for the FeNTA and Fe3O4 NP exposures. After 48 h, the AST level for control was significantly (*P <0.05) higher than the 24 h control. The B[α]P AST level was slightly higher than that of control at 48h. The FeNTA, γ-Fe2O3 and Fe3O4 NP AST levels were comparable to that of control. Spheroids were assessed for changes in urea levels after being treated with the test chemicals and iron NPs at 24 h and 48 h (Fig. 4.15C). At 24h, no changes in urea levels were observed for B[α]P, FeNTA, γ-Fe2O3 and Fe3O4 NP when compared to control. Significant (*P <0.05 and **P <0.01) increases in urea level were observed at 48h for B[α]P and γ-Fe2O3 NP compared to control. The B[α]P urea level was significantly higher (*P <0.05) compared to the FeNTA exposure at 48 h. The γ-Fe2O3 NP urea level was also significantly (*P <0.05 and **P <0.01) higher compared to the FeNTA and Fe3O4 NP exposures. Comparable levels of urea were observed for the control and the FeNTA and Fe3O4 NP exposures. Significant (*P <0.05) increase in urea level was observed for the γ-Fe2O3 NP at 48 h when compared to its respective Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. Cells were challenged with benzo-α-pyrene (B[α]P, 8 µM) ferric nitriloacetate (FeNTA, 10 µM), maghemite NPs (γ-Fe2O3 NP, 100 µg.mL -1 ) or magnetite NPs (Fe3O4 NP, 100µg.mL -1 ) for 24 h (■) or 48 h (■). Liver function was measured by measuring secreted albumin (A), aspartate transaminase (AST, B) and urea (C). Data is presented as mean (±SE) of 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA test and Bonferroni post-hoc multi-comparison test. Data is annotated with letters is used for comparison between the different time configurations. An asterisk denotes the p-value; where *P <0.05, **P <0.01 and ***P <0.001 given below the legend.

Cell viability of HepG2 monolayers and spheroids

The cell viability of HepG2 monolayers and spheroids was assessed after their exposure to genotoxic compound B[α]P, oxidative stress inducer FeNTA, iron homeostasis manipulators FeCl3 and CuSO4, γ-Fe2O3 NP and Fe3O4 NP at 24 h and 48 h. It was observed for the B[α]P results (Fig. 4.16A) that in both monolayers and spheroids, there was a decrease in cell viability with increasing B[α]P concentration.

Cell viability was lower at 48 h when compared to 24 h in both monolayers and spheroids, respectively. It was notice that at both 24 h and 48 h, monolayer cell viabilities were higher than of spheroids for the same B[α]P concentration and time point. For the monolayers at 24 h, significant (*P <0.05) decreases in cell viability was determined at the 8 μM dose when compared to the 4 μM. There was also a significant (**P <0.01) decrease in cell viability when comparing the 8 μM spheroid result at 48 h against that of the 8 μM for the monolayer at 24h. The FeNTA cell viability results (Fig. 4.16B) showed that noticeable decreases only occurred at the highest dose of 10 μM for both spheroids and monolayers. Lower cell viabilities for the 10 μM dose were reported at 48 h when compared to 24 h for both monolayers and spheroids. It was noticed that spheroids exposed to 10 μM FeNTA had lower cell viability values when compared to those from monolayers at either 24 h or 48 h.

Cell viability results for exposures with FeCl3 (Fig. 4.16C) showed that these decreased with increasing FeCl3 concentration. It was observed that spheroids had higher cell viabilities for the 5 μM dose at either 24 h or 48 h, when compared respectively to monolayers. Noticeable differences in cell viabilities were not present between monolayers and spheroids for either 24 h or 48 h for the 10 μM dose. For spheroids at 48 h, significant (*P <0.05 and **P <0.01) decreases in cell viability were notice for the 10 μM dose when compared to control, the 1 μM and 5 doses, respectively.

The CuSO4, cell viability results (Fig. 4.16D) showed that these also tended to decrease with increasing CuSO4 concentration. For monolayers, lower cell viabilities for the 5 μM and 10 μM doses were reported at 48 h than 24 h. Spheroids had similar cell viabilities at either 24 h or 48 h for all doses. Monolayers had lower cell viabilities at the 5 μM and 10 μM doses for either 24 h or 48 h, when compared to spheroids respectively. Monolayers of HepG2 cells (•, ■) were generated from 10 5 cells cultured in complete media or spheroids (▲, ▼) containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. Cells were challenged with a range of concentrations of benzo-α-pyrene (B[α]P, A) ferric nitrilotriacetate (FeNTA, B), ferrous chloride (FeCl3, C) or cupric sulphate (CuSO4, D) for 24 h (•, ▲) or 48 h (■, ▼). Cell viability was measured daily by trypan blue staining. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 24 spheroids (3D) per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Data annotated with letters is used for comparison between the different cell and time configurations. An asterisk denotes the P-value; where *P <0.05 and **P <0.01 given below the legend.

The cell viability was assessed for both monolayers and spheroids after exposure to γ-Fe2O3 NPs and Fe3O4 NPs at 24 h and 48 h (Fig. 4.17A and Fig. 4.17B). Spheroid cell viability was evaluated for both NPs at 500 μg.mL -1 and 1000 μg.mL -1 concentrations for 24 h only (Fig 4.15C). The γ-Fe2O3 NP results (Fig. 4.15A) showed that lower cell viabilities were obtained at 48 h for both monolayer and spheroids when compared to those at 24 h respectively. Monolayer cell viability did not decrease with increasing dose at 24 h. Spheroids showed cell viability decreases with increasing dose both at 24 and 48 h. Spheroids also showed lower cell viability when compared to monolayers exposed to similar doses at the same time point.

The cell viability (Fig. 4.17B) results after exposure to Fe3O4 NPs also showed that spheroids had lower values when compared to monolayers for the same dose and time point. Monolayer cell viabilities were lower at 48 h when compared to 24 h for the 1 μg.mL -1 and 10 μg.mL -1 doses. The 100 μg.mL -1 dose cell viability was similar at 24 h and 48 h for monolayers. Spheroid cell viability was lower at 48 h when compared to 24 h for all doses. For the 10 μg.mL -1 dose, a significant (*P <0.05) decrease in cell viability was determined for the spheroids at 48 h when compared to that of monolayers at 24 h.

Spheroid cell viabilities at 500 μg.mL -1 and 1000 μg.mL -1 NP concentrations (Fig. 4.17C) at 24 h showed that spheroids exposed to Fe3O4 NPs had lower cell viabilities when compared to those exposed to γ-Fe2O3 NPs. A significant (*P <0.05) decrease in cell viability was determined for the 1000 μg.mL -1 γ-Fe2O3 NP dose when compared to compared to control. For the Fe3O4 NP exposures, significant (*P <0.05 and **P <0.01) decreases in cell viability when compared to control were determined for the were generated from 10 5 cells cultured in complete media or spheroids (▲, ▼) containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. Cells were challenged with a range of concentrations of maghemite NPs (γ-Fe2O3 NP, A) or magnetite NPs (Fe3O4 NP, B) for 24 h (•, ▲) or 48 h (■, ▼). Spheroids were also challenged with high doses (C) of maghemite NPs (γ-Fe2O3 NP, •) or magnetite NPs (Fe3O4 NP, ■) for 24 h. Cell viability was measured daily by trypan blue staining. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 24 spheroids (3D) per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multicomparison tests. Data annotated with letters is used for comparison between the different cell and time configurations. An asterisk denotes the P-value; where *P <0.05 and given below the legend.

Discussion

After the development of the 3D liver model, the interaction of the iron oxide NPs was established by SXRF. The 100 µg.ml -1 and 1000 µg.ml -1 γ-Fe2O3 NPs were retained by the HepG2 microtissue as observed from the emergence of a halo around the tissue section (Fig. 4.3 B and D,and 4.4 B and D). The HepG2 spheroid internalised both γ-Fe2O3 and Fe3O4 NPs when dosed at a concentration of 100 µg.ml -1 . The association of iron with HepG2 monolayers and spheroids was assessed to quantify the interaction of the NPs with the target cells. Significant changes in glucose metabolism were observed by measurement of OCR and ECAR. The uptake of glucose (Fig. NPs on important liver functions was modelled with the HepG2 spheroids and monolayers by measure albumin, AST and urea. A significant increase in Albumin, AST and urea was observed after HepG2 spheroids were incubated with increased significantly upon incubation with 100 µg.ml -1 γ-Fe2O3 NPs. The viability of the spheroids and monolayers when exposed to a test battery of compounds and both iron NPs. The iron oxide NPs did not have a significant effect on cell viability at physiologically relevant doses but decreased viability at the 1000 µg.ml -1 dose.

Uptake of iron by HepG2 spheroids

The SXRF results shows that iron content accumulated mostly at the periphery of the spheroid sections as reported by the other spheroid studies [START_REF] Zhang | The use of spectroscopic imaging and mapping techniques in the characterisation and study of DLD-1 cell spheroid tumour models[END_REF][START_REF] Liu | Quantitative synchrotron X-ray fluorescence study of the penetration of transferrinconjugated gold nanoparticles inside model tumour tissues[END_REF][START_REF] Leitão | Study of the differential response to zinc of prostate cell spheroids using the synchrotron radiation X-ray microfluorescence technique[END_REF]. Microtissue structure being composed of tightly organised cells in a 3D dimensional manner prevent NPs from penetrating deep within its structure. Sites of iron accumulation in the HepG2 spheroids possibly due to the NP were observed in the SXRF images in the gaps at the periphery of the microtissue structure. The uneven and high accumulation of iron responses seen in spheroid sections of Fig. 4.4, is possibly due to the sections being sampled from tissue material in the periphery of the spheroid. However, the selected spheroids sections could not be distinguished between periphery sections or sections containing more core material. Also, the spheroids sectioned had different orientations thus producing the irregular section images. The inhibition of NP penetration by the compact microtissue structure is shown in the ferrozine data (Fig. 4.10) where more iron content was accumulated by FeNTA chemical exposures than the iron oxide NP. Chemical diffusion occurs more readily within cellular tissue structures and chemicals are capable of diffusing through ECM produced by HepG2 cells [START_REF] Nichols | Odyssey of a cancer nanoparticle: from injection site to site of action[END_REF]. This is not the case for NPs as the ECM acts as a rigid barrier against the permeation of NPs within the tissue structure. Another effect that prevents the penetration on of NPs within tumour microtissues is due to the high interstitial fluid pressure (IFP) present within these [START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF]. Elevated IFP is due to the compact structure expanding outwards. Tumours therefore oppose the diffusion of matter within them unlike normal tissues. NPs therefore have to be precisely designed to actively overcome this gradient [START_REF] Hoshyar | The effect of nanoparticle size on in vivo pharmacokinetics and cellular interaction[END_REF]. The retention and accumulation of the iron oxide NPs at the periphery of spheroids is therefore justified.

The association of the NPs with the HepG2 spheroids was not significant when assessed with the ferrozine assay (Fig. 4.10 E and F). This is due to the high level of variability observed in the assay results. The positive control FeNTA has a maximum 0.2-fold increase in iron association; whereas the γ-Fe2O3 NPs had a 0.6-fold and the Fe3O4 NPs has a 4-fold increase in iron association after incubation with 100 µg.mL -1 of the respective agents. Although association and internalisation of both the NPs is observed in the TEM images, the iron load in the cells shows otherwise indicating the need for optimisation and integration of the ferrozine assay for use with microtissues.

The cells in the HepG2 spheroid were found to internalise both NPs. Although the mode of internalisation was not assessed, this is done through the internalisation of surrounding fluid and the NPs by macropinocytosis in HepG2 cells [START_REF] Johnston | Evaluating the uptake and intracellular fate of polystyrene nanoparticles by primary and hepatocyte cell lines in vitro[END_REF][START_REF] Behzadi | Cellular uptake of nanoparticles: journey inside the cell[END_REF]. Within the endolysosome, the iron oxide NPs may be degraded which could lead to changes in cellular homeostasis.

Impact of SPIONs on liver metabolism

To study the impact NPs on respiration; glycolysis and oxidative phosphorylation rates were measured by recording oxygen consumption and extracellular acidification using Seahorse XFe analyzer. The basal, ATP-linked and reserve oxygen consumption decreased significantly (Fig. 4.11) upon challenge with iron oxide NPs. Glycolysis and glycolytic capacity also increased significantly as measured by ECAR after incubation with iron oxide NPs. This shows that aerobic glycolysis increased whereas oxidative phosphorylation decreased indicating the Warburg effect occurring upon NP challenge of spheroids. When oxygen is sufficiently present, the preferred mode of ATP synthesis by normal cells is by oxidative phosphorylation [START_REF] Kamalian | The utility of HepG2 cells to identify direct mitochondrial dysfunction in the absence of cell death[END_REF]. Glucose is taken up by cells and converted to pyruvate during glycolysis yielding two ATP molecules. Cells further process the pyruvate generated during glycolysis to produce NADH in the TCA cycle. During oxidative phosphorylation, the NADH generated during the TCA cycle is oxidised to produce a proton gradient, which drives ATP synthase to catalyse the synthesis of 30-36 molecules ATP and while reducing oxygen to water. Aerobic glycolysis results in the generation of lactic acid from pyruvate when a molecule of glucose is broken down by glycolytic enzymes to generate two ATP molecules. Aerobic glycolysis occurs naturally in cells when conditions are hypoxic and has been shown as the preferred method of ATP synthesis in cancerous cells. The decrease in oxygen consumption and increase in ECAR upon challenge with iron oxide NPs indicates a switch in metabolism from oxidative phosphorylation to aerobic glycolysis in normoxic conditions. To further investigate if the increase in aerobic glycolytic rate was coupled with an increase in the flux through the pentose phosphate pathway; glucose consumption and NADPH generation were measured. NADPH is required for the reduction of reactive oxygen species which may be generated upon incubation of HepG2 cells with iron oxide NPs.

In hepatocytes, glucose transported across the membrane by the GLUT2 transporter which has a low affinity (but high capacity) for glucose [START_REF] Karim | Hepatic expression and cellular distribution of the glucose transporter family[END_REF]. The flux of glucose into the cell is aided by the conversion of glucose into G6P by glucokinase.

The G6P is converted to ribose-5-phosphate in the pentose phosphate pathway, while generating NADPH. The mechanism for the reduction of oxidative stress has been associated with the oxidation of glutathione to glutathione disulphide. In order to regenerate the glutathione, glutathione reductase reduces glutathione disulphide by using NADPH as an electron donor. Addition of iron oxide NPs and their eventual degradation leading to Fenton-like reactions have been associated with increased generation of reactive oxygen species [START_REF] Singh | The role of iron redox state in the genotoxicity of ultrafine superparamagnetic iron oxide nanoparticles[END_REF][START_REF] Mortezaee | Redox interactions and genotoxicity of metal-based nanoparticles: A comprehensive review[END_REF].

Glutathione has been associated with the reduction of oxidative stress [START_REF] Mehdi | Selenium in the environment, metabolism and involvement in body functions[END_REF]. The NADPH accumulation is measured in cells by lysis and reaction with luciferin to produce luminesce. Glucose uptake in the cell is measured by the addition of 2DG for 1 h after the spheroids have been exposed to the test compounds or NPs for 24 or 48 h. The 2DG is converted to 2DG6P by the cells and cannot be further metabolised. This, in turn, allows the measurement of glucose uptake. Glucose uptake remained largely unaffected after incubation with inducers of genotoxicity and oxidative stress, modulation of iron homeostasis and iron oxide NPs. It was expected that an increase in the uptake of glucose would be seen upon incubation with this panel of compounds because cells would require more glucose to synthesise ATP by aerobic glycolysis [START_REF] Molavian | High Concentrations of H2O2 Make Aerobic Glycolysis Energetically More Favorable for Cellular Respiration[END_REF]. The decrease in OCR and increase in ECAR supports the switch of ATP synthesis to aerobic glycolysis after incubation with iron oxide NPs. Additionally, the increased oxidative stress would require the generation of NADPH through the pentose phosphate pathway, and hence more glucose would be required to support this too. However, NADPH accumulation also remained largely unchanged by the panel of compounds, accept upon challenge with B[α]P which is genotoxic.

The assessment of glucose uptake and NADPH accumulation does not show any significant change upon challenge with both NPs. In fact, glucose uptake is not affected by B[α]P, FeNTA, FeCl3 or CuSO4. In contrast, the NADPH accumulation significantly decreases after 48 h in 2D monolayer cells after incubation with B[α]P.

Incubation with FeCl3 also significantly decreased NADPH accumulation in HepG2 spheroids after 24 h, which increased to the same level as the untreated control after 48 h.

Impact of SPIONs on liver function and viability

The liver function assessments (Fig. 4.15) showed that most significant changes occurred when spheroids were dosed with B[α]P and γ-Fe2O3 NP. For changes in albumin levels (Fig. 4.15A), the significant increase in the albumin could have been to re-equilibrate copper homeostasis. Albumin is a copper protein transporter [START_REF] Prohaska | Role of copper transporters in copper homeostasis[END_REF]. The presence of elevated albumin provides more readily available copper to offset imbalance in iron homeostasis created by the high amount of Fe 3+ ions. These were released during the γ-Fe2O3 NP exposure. The ferric ions have to be reduced to Fe 2+ ions that are more biologically relevant and required of their uptake and storage by ferritin [START_REF] Takami | Iron regulation by hepatocytes and free radicals[END_REF]. The equilibration of these imbalances in iron homeostasis require therefore necessity of copper homeostasis and cause its subsequent changes. The significant increases in AST after B[α]P and γ-Fe2O3 NP (Fig. 4.15B) compared to untreated, were possibly due to the adverse effects caused to the HepG2 cells during these exposures. Elevated AST levels are associated with liver damage as injured or inflamed livers in vivo are associated with leaking higher amounts of this enzyme [START_REF] Gowda | A review on laboratory liver function tests[END_REF]. The significant elevation in urea levels (Fig. 4.15C) also after B[α]P and γ-Fe2O3 NP exposures when compared to control indicate enhance urea cycle which should result in an enhanced TCA cycle. This does not agree with the glucose and NADPH data (Fig. 4.13 and Fig. 4.14) yet relates to the OCR and ECAR data (Fig. 4.11 and Fig. 4.12). This is another discrepancy between the cells surface of the spheroid where the interaction between the NPs and cells mostly occurs.

The chemical controls B[α]P, FeNTA, FeCl3 and CuSO4 show a greater decrease in cell viability (Fig. 4.16) when compared to both the NPs (Fig. 4.17). This is most likely due to the greater permeability of the chemicals into monolayers as well as the spheroids. Chemicals are taken up into cells by passive diffusion, protein channels or receptor-mediated endocytosis [START_REF] Behzadi | Cellular uptake of nanoparticles: journey inside the cell[END_REF]. It was ensured that the highest concentration of the chemical controls did not cause more than 50% loss of cell viability as this would cause severe cytotoxicity. The nanoparticles require uptake by endocytosis, which results in their breakdown, therefore, their mode of toxicity varies. This is apparent in the results (Fig. 4.17) as a greater level of variability is observed in the viability of both monolayers and spheroids after exposure to NPs. The method of cell viability assessment required the disaggregation of the spheroid, which can also cause some cell death itself. Furthermore, two populations of cells exist within the spheroid, the dividing cells on the outer periphery and the quiescent or necrotic cells in the core. These may contribute towards the high variability in the results as the assay endpoint is based on the average of these populations. No significant difference was observed in cell viability after exposure to up to 1000 µg.mL -1 magnetite or maghemite.

In the next chapter, genotoxic assessments will be carried out. Therefore, if severe cytotoxicity was induced in HepG2 spheroids then the genotoxic results would be biased as they would predominantly be due to cytotoxic impairment and not specific genotoxic events.

Limitations

After incubation in physiological media containing cells, SPIONs may leech iron ions.

Both the SPIONs and the iron ions may be uptaken by the cells. To measure the uptake of iron by the spheroids, several techniques were employed. The use of SXRF imaging requires highly specialised facilities, which may not be accessible to many researchers.

Moreover, there are often long waiting lists and a competitive selection process for access to be granted. The SXRF imaging technique is conducive to 3D imaging but is limited by the size of the section and the orientation of the spheroid. Although the complete 20 µm tissue section could be assessed the complete 500 µm spheroid could not be assessed unless a three-dimensional image acquisition device is available. If the section size is increased, then the resolution of the image would be impacted in a way that localised effects would be lost. In contrast, the ferrozine assay gives a global assessment of iron content. However, the ferrozine assay lacks sensitivity at the lower limit and does not discriminate between ionic iron and iron present as nanomaterials.

Moreover, the localisation of the iron cannot be assessed through the ferrozine assay.

Imaging with TEM lends itself to assessment of NPs due to the thinner sections used in this technique. However, within these thin sections, the localisation of the NPs can still be disputed as they may lie outside the cellular membrane but parallel to the plane of image acquisition. This may be further investigated using Electron Tomography, in which the sample is rotated to acquire a series of tilted images allowing for the discernment of the localisation of the NPs [START_REF] Clift | Investigating the interaction of cellulose nanofibers derived from cotton with a sophisticated 3D human lung cell coculture[END_REF]. More recently, synchrotron soft X-ray microscopy was shown to be useful in identifying iron nanoparticules intracellular distribution within single cryopreserved cell (Chiappi et al., 2016, Conesa et al., 2016) During the metabolic assessment of the liver model after challenge with NPs, several discrepancies were observed as the extracellular flux analyser measured the changes in ECAR and OCR at the surface of the spheroid where the interaction between the NPs and cells occurs. The contribution of the cells at the periphery of the spheroids to the overall result is far less than that of the core and intermediate cells as they simply outnumber the peripheral cells. Therefore, the use of the extracellular flux analyser is not representative of the complete tissues. However, effects localised to the surface with which the NPs interact could be assessed in a sensitive manner.

The assay used for the assessment of glucose uptake is designed to assess monolayers.

As glucose uptake and NADPH are measured by disaggregation of the whole spheroid, cells which were never in contact with NPs titrate the results of the surface cells that are in contact with NPs. Therefore, in the microtissue format, glucose uptake and NADPH accumulation does not show any significant results upon incubation with NPs, which is contrary to the OCR and ECAR measurements. Additionally, 2DG may permeate the spheroid in a different manner to NPs. The 2DG will therefore be accumulated in cells which have not been exposed to NPs. The lack of penetration of test compounds as well as the titration of the results with non-exposed cells result in no changes being observed in glucose uptake and NADPH even though OCR and ECAR change.

Conclusion

From the studies conducted, the S5k spheroid models showed that they accumulated and retained NPs in their tissue structure. This accumulation of iron content was observed at NP concentrations of 100 μg.mL -1 . The exposure of both γ-Fe2O3 and Fe3O4 NPs decreased OCR and increase ECAR, yet no significant changes were observed in glucose consumption and total NADPH content. The γ-Fe2O3 NP effected all liver functions investigated. Still high cell viabilities were retained for chemical and NPs tested but a high level of variability was observed in these responses. It was therefore concluded that the NP exposures resulted in uptake and affected the glucose metabolism pathways of the HepG2 cells when grown as spheroids, however this did not result in severe cytotoxicity.

Introduction

More research is required to improve in vitro test systems to reduce animal testing and provide more safety test protocol for nanomaterials [START_REF] Doak | NanoGenotoxicology: present and the future[END_REF].

However, current bioassays are designed to assess genotoxicity in a 2D in vitro models. It is, therefore, essential to assess the integration of these assays into the 3D in vitro models.

Two assays that assess genotoxicity are the CBMN and comet assay. Chromosomal damage may be classed as clastogenic or aneugenic, and the CBMN assays assess both these modes of actions [START_REF] Fenech | Cytokinesis-block micronucleus cytome assay[END_REF]. The partial loss of a chromosome can occur by dsDNA breaks in chromosomes generating acentric DNA fragments. Complete chromatids or chromosomes can also be lost from the cell leading to aneuploidy [START_REF] Luzhna | Micronuclei in genotoxicity assessment: from genetics to epigenetics and beyond[END_REF]. These DNA moieties become enveloped in nuclear membrane to generate micronuclei, which can be assessed with the CBMN assay. Cytochalasin B is an inhibitor which blocks formation of the actin contractile microfilaments hence halting cellular division by stopping cytokinesis [START_REF] Choi | Direct block of cloned hKv1.5 channel by cytochalasins, actin-disrupting agents[END_REF][START_REF] Van Goietsenoven | In vitro growth inhibitory effects of cytochalasins and derivatives in cancer cells[END_REF]. The Cyto B shortens actin filaments by blocking monomer addition to the growing end of the polymer. This results in a binucleated cell if proper DNA segregation has occurred.

However, if DNA segregation has not occurred correctly then the cell will also contain a micronucleus making it multinucleated. The nuclei can be stained using histological or fluorescent stains and scored by counting 1000 binucleated cells per replicate. This can be further extended by staining the centromeres of the chromosomes to assess clastogenicity and aneuploidy. The centromeres are DNA sequence of a chromosome that links a pair of sister chromatids and are present in both chromatids and chromosomes, but not in acentric DNA fragments. Staining the centromere can further qualify the type of DNA damage in the cell if a micronucleus is formed.

The comet assay measures the amount of DNA damage by DNA strand breaks [START_REF] Collins | The comet assay: a heavenly method![END_REF]. After challenge with test compounds, cells are deposited on an agarose coated glass slide. Challenged cells are suspended in a low melting point agarose and deposited on the slide. The deposited cells are lysed so that nucleoids containing supercoiled loops of DNA linked to the nuclear matrix are free to move. The nucleoids are electrophoresed under high pH leading to their migration. Under the high pH conditions, DNA damage other than DNA strand breaks is also detectable. Abasic sites in DNA which do not contain a purine or pyrimidine nucleotide, as well as sites where excision repair is occurring can be assessed with the comet assay [START_REF] Tice | Single cell gel/comet assay: guidelines for in vitro and in vivo genetic toxicology testing[END_REF]. After electrophoresis, the nucleoids can appear like comets if DNA damage has occured. The tail intensity is measured to quantify the DNA damage by scoring 150 nucleoids.

The aim of this chapter was the optimisation of the CBMN and comet assays for integration with the HepG2 model and assess cellullar division in a three-dimensional format. This was done by optimising the concentration of Cyto B and the time-point at which it was added to the spheroids. This was followed by the assessment of micronucleus in presence of B[α]P, FeNTA, and nanomaterials. Pan-centromeric fluorescent staining of micronuclei was then conducted to assess whether micronuclei formation was due to clastogenic or aneugenic effects. Carbenzamin (C-ben) was used as the positive control for aneugenicity [START_REF] Khoury | Evaluation of four human cell lines with distinct biotransformation properties for genotoxic screening[END_REF]. To further contrast the genotoxic studies conducted with the CBMN, test substances were also assessed with a comet assay. These studies were also conducted in 2D HepG2 monolayers to further compare the results obtained. Finally, localised iron content was assessed, followed by fluctuation in other macrominerals from SXRF scans of HepG2 spheroids treated with maghemite NPs. This allowed for the association of iron homeostasis with the homeostasis of macrominerals present in the liver in presence and absence of iron oxide NPs.

Method

HepG2 cell maintenance

The HepG2 cell line was maintained according to methods described in Section 2.2. HepG2 monolayers were grown in tissue culture flasks (Section 2.2.3). All studies were performed using S5k spheroids containing 5000 HepG2 cells. The S5k spheroids were made by pipetting 20 µL drops of 2.5 x 10 5 cell.mL -1 of the HepG2 cellular suspension on the lid of a Petri dish and incubating for 4 days to allow spheroid formation. 

Cytokinesis block micronucleus assay

Optimisation of Cyto B dose

The scoring frequency of 2D monolayers and 3D spheroids were compared by seeding for mononucleated, binucleated and mononucleated cells with 4 µg.mL -1 of CytoB.

However, the optimal day of dosage and the concentration of Cyto B were yet to be determined for spheroids. For this the cell viability of the spheroids was assessed by making 384 S5k spheroids. From these, 24 spheroids were used for assessments by dosing with 0, 1, 4 or 8 µg.mL -1 of CytoB after 4, 5, 6 or 7 days of initial spheroid seeding. Similarly, the optimal dosage and day of exposure was determined for assessing the micronucleus frequencies in spheroids. Initially, 256 S5k spheroids were made and incubated at 37ºC with 5% CO2 : 95% air. On the day of dosage 16 spheroids were dosed with 0, 1, 4 or 8 µg.mL -1 of CytoB after 4, 5, 6 or 7 days of initial spheroid seeding. All these parameters were assessed for a total of three independent passaged as described in section 2.11.2.

Micronucleus scoring upon exposure to SPIONs

The micronucleus frequencies of 2D monolayers and 3D S5k spheroids was assessed after exposure to 0, 1, 10, 100 µg.mL -1 of Fe2O3 or Fe3O4 NPs, 8 µM B[α]P or 10 µM FeNTA on 16 spheroids per dose and test chemical for 24 h. This was repeated for a total of three independent passages. The micronucleus frequencies in 1000 binucleated cells per replicate were then assessed for a total of three independent biological samples using the CBMN assay. This was done for each control, chemical and NP exposure.

Centromere staining

To assess if the test compounds were aneugenic or clastogenic, 80 S5k spheroids were made. 16 spheroids were each dosed with 100 µg.mL -1 of Fe2O3 or Fe3O4 NPs, 8 µM B[α]P or 10 µM FeNTA after 4 days of spheroid formation. The centromeres were stained in micronuclei were scored positive as described in Section 2.11.4. of the methods chapter. For each sample, 35 binucleated cells containing micronuclei per replicate were inspected and scored for the presence or absence of a centromere. This was done for three independent biological replicates for each control, chemical and NP dose.

Comet assay

Alkaline single gel electrophoresis studies were performed to assess DNA strand breaks in HepG2 cells post substance exposures. This assay is more commonly known as the comet assay due to the 'comet' pattern produced by the migrated DNA breakages. The assay initially requires cell to be embedded on agarose coated microscope slides. These are washed with a lysis buffer containing detergents and a high salt content. The detergents remove cell and nuclear membranes whilst the high salt content removes DNA attached histones. The remaining supercoiled DNA and matrix forming the nucleoid undergoes alkaline electrophoresis. The high pH conditions allow the already loosely bound single strand breaks to migrate further away from the nucleoid core towards the anode. The nucleoid core and the migrated single strands breakages form the characteristic pattern that can be assessed using fluorescence microscopy. To assess the suitability of 3D spheroids for Comet assay, both 2D and 3D cell configurations were compared. The 2D monolayers were seeded at a density of 10 5 cells. mL -1 in a T25 flask and 960 S5k spheroids were made. One T25 flask for monolayers or 96 spheroids were dosed with 0, 1, 4 or 8 µM B[α]P and H2O2 for 24 h or 48 h. Similarly, SPIONs were tested by dosing 2D monolayers and 96 spheroids with 0, 1, 10, 100 µg. mL -1 of Fe2O3 or Fe3O4 NPs of each. The Tail% intensity was quantified as described in Section 2.12. In brief, 150 nucleoids were scored per replicate for three independent passages for each treatment. DNA damage was assessed by the degree of Tail % intensity.

Other endpoints may be used to quantify DNA damage by the Comet assay, such as tail moment and length. However, the %Tail DNA intensity is linearly related to the breaking frequency of DNA and is a suitable descriptor for DNA breakage frequency [START_REF] Langie | The comet assay: past, present, and future[END_REF], Lu et al., 2017). It should be noted that when using the alkaline comet assay single-stranded DNA (ssDNA) and dsDNA breaks, but also alkali liable sites and ssDNA breaks containing incomplete excision repair sites may lead to increased DNA migration forming the characteristic 'comet tail'. Contrarily, DNA-DNA or DNA-protein crosslinks will diminish this effect leading to decreased DNA migration [START_REF] Tice | Single cell gel/comet assay: guidelines for in vitro and in vivo genetic toxicology testing[END_REF][START_REF] Tarantini | Relative contribution of DNA strand breaks and DNA adducts to the genotoxicity of benzo[a]pyrene as a pure compound and in complex mixtures[END_REF][START_REF] Collins | The comet assay: a heavenly method![END_REF]. As a positive control of oxidative stress, H2O2 is used, which causes ssDNA breaks. In contrast, B[α]P which causes the formation of DNA adducts can be used as a negative control [START_REF] Tarantini | Relative contribution of DNA strand breaks and DNA adducts to the genotoxicity of benzo[a]pyrene as a pure compound and in complex mixtures[END_REF]. Exposure to B[α]P should not cause a high number of ssDNA breaks.

Macromineral quantification

For SXRF microscopy, 24 HepG2 S5k spheroids were dosed with control untreated media and 500 or 1000 µg.mL -1 Fe2O3 NPs for 24 h. This was done for two independent passages. The dosed spheroids were further processed and imaged as described in the Section 2.6 of the methods chapter. The data obtained after SXRF imaging were analysed as described in Section 2.13.2.

Statistical Analysis

Statistical analysis as previously described in Section 2.14.1 was carried out after assessment of normality. An unpaired t-test was carried out for graphs displaying two groups of data. For graphs displaying data with a single independent variable, a Oneway ANOVA with Dunnett's pairwise post-hoc modification for parametric data was carried out. Similarly, for two or more independent variables, a Two-way ANOVA with Bonferroni's post-hoc modification was carried out for parametric data. A correlation matrix was created to assess data interdependency using Pearson's regression analysis.

Results

Genotoxic effects of iron oxide nanoparticles on HepG2 spheroids

The DNA damaging potential of γ-Fe2O3 and Fe3O4 NPs in HepG2 spheroids and monolayers was assessed by measuring changes in micronuclei frequencies.

Optimisation studies were conducted to integrate cells grown in a 3D configuration and assess the potential for DNA damage using chemical controls B[α]P, FeNTA and C-ben using the CBMN assay. The comet assay was also verified using chemical controls B[α]P and H2O2 and was used for comparation with the CBMN assay as it is a well-characterised assay for the assessment of genotoxicity.

Optimisation of the cytokinesis blocked micronucleus assay for the assessment of micronuclei in a HepG2 spheroid model

Studies were conducted to observed changes in proliferation rates when spheroids were exposed to Cyto B, a mitosis inhibitor. This is required to conduct cytokinesis block micronucleus studies. The frequencies of micronucleated and binucleated cells were determined by scoring 500 cells per replicate.

The frequency of mononucleated cells (Table . 5.1) in spheroids was significantly higher (***P <0.001) when compared to monolayers after 24h exposure to Cyto B (Fig. 5.1A). Mononucleated cells were 1.7-fold higher in spheroids when compared to monolayers. Binucleated cell frequencies were also significantly lower (***P <0.001) in spheroids when compared to monolayers with Cyto B (Fig. 5.1B). Binucleated cells were 0.5-fold lower in spheroids when compared to monolayers. Significant changes in multinucleated cells were not observed between spheroids and monolayer with Cyto B (Fig. 5.1C). Multinucleated cells were 1.3-fold higher in spheroids when compared to monolayers. Monolayers of HepG2 cells (2D) were generated from 10 5 cells cultured in complete media or 16 spheroids containing an initial seeding density of 5000 cells per drop (3D) were cultured in complete media for 5 days. Spheroids on Day 5 and monolayers were exposed to 4 μg.mL -1 of cytochalasin B for 24h. Cells were harvested, fixed and stained with Giemsa. Stained cells were manually scored and frequencies of mono-, bi-and multinucleated cells was recorded after scoring a total of 500 cells. Data is presented as mean (±SE) of 10 6 cells (2D) or 16 spheroids (3D) for three independent passages (n = 3). Data was compared using an unpaired t test.

Significantly different data P-value are denoted by an asterisk (***P <0.001).

To further optimise the CBMN assay in HepG2 spheroids, different concentration of Cyto B and the day of exposure were investigated. The Cyto B concentrations were varied from 1, 4 and 8 μg.mL -1 and added 24 h prior to assessment to cell viability.

Initially cell viability tests were conducted using trypan blue staining. The cell viability tended to decrease with increasing Cyto B concentration and increasing day of exposure (Fig. 5.2). When comparing the cell viability of exposed spheroids to untreated spheroids, significant differences were not observed. A significant decrease was observed when spheroids were dosed with Cyto B after 6 days of initial seeding and the cell viability assessed on day 7 (P <0.05). No significant decrease in cell viability was observed after dosing of spheroids with 4 µg.ml -1 . Spheroids with an initial seeding density of 5000 cells per drop were cultured in complete media between 3-6 days. For each assessment, 24 spheroids were prepared. Spheroids were exposed to various concentrations of Cyto B for 24h to prior to assessment of cell viability. Cell viability was determined on (A) Day 4, (B) Day 5, (C) Day 6 and (D) Day 7 of initial seeding. Cell viability was assessed by harvesting spheroids, washing and disaggregation with trypsin-EDTA. Followed by Trypan blue cell viability assay. Data is presented as mean (±SE) of 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Significantly different data is annotated with letters, the P-value is denoted by an asterisk (*P <0.05). The Pvalues below 0.1 are also indicated.

Changes in mono-, bi-and multinucleated cells were evaluated from Day 4 to Day 7 (dosing day) after 24 h of exposure with Cyto B (Fig 5 .3). Nucleated cell scores were therefore determined on Day 4 to Day 7 respectively. For changes in mononucleated cells (Fig. 5.3A), the exposures on Day 4 did not show any significant changes between doses. The 1 μg.mL -1 dose of Cyto B had 67% mononucleated cells which was lower compared to the 4 μg.mL -1 and 8 μg.mL -1 doses, which had 52% and 57%, respectively. On Day 5, exposures showed significant differences in mononucleate cells scores when compared to the 1 μg.mL -1 dose. The 8 μg.mL -1 dose of Cyto B had 51% mononucleated cells, which was significantly lower (**P <0.01), when compared to the 1 μg.mL -1 dose that had 75%. On Day 6, both 4 μg.mL -1 (48%) and 8 μg.mL -1 (55%) exposures of Cyto B gave significantly lower mononucleate scores (*P <0.05) than those of the 1 μg.mL -1 exposure (79%). The mononucleate scores of the 4 μg.mL -1 dose were slightly lower than that of the 8 μg.mL -1 dose. The exposures on Day 6, showed that the 4 μg.mL -1 mononucleate score was significantly lower (*P<0.05) than those of the 1 μg.mL -1 exposure. The 8 μg.mL -1 mononucleate score was also observed to be considerably lower (P = 0.0835) than that of the 1 μg.mL -1 dose. Mononucleate scores for the same dose concentrations but across different dosing days remained similar. With the exception of the 8 μg.mL -1 exposure that was significantly higher (*P <0.05) on Day 7 when compared to Day 6.

For changes in binucleated cells (Fig. 5.3B), the exposure of Cyto B on Day 4 significantly increased binucleated cells to 46% with the 4 μg.mL -1 dose when compared to the 1 μg.mL -1 (*P <0.05). The 8 μg.mL -1 dose was also observed to have a higher binucleated score when compared to the 1 μg.mL -1 dose but wasn't significant. On Day 5, exposures of Cyto B significantly increased binucleate cell scores to 48% for the 8 μg.mL -1 dose when compared to the 1 μg.mL -1 dose (**P <0.01). The 4 μg.mL -1 dose was observed to be considerably higher (P = 0.1223) when compared to the 1 μg.mL -1 dose but not significant. That binucleate cell frequency increased with increasing concentration of Cyto B followed by a small decrease at the 8 μg.mL -1 dose. Both 4 μg.mL -1 and 8 μg.mL -1 exposures of Cyto B increased binucleate scores to 52% and 45%, respectively. This was significantly higher (*P <0.05) than those of the 1 μg.mL -1 Cyto B exposure, which had 21% binucleated cells.

The 4 μg.mL -1 Cyto B dose gave a slightly higher number if binucleated cells than that of the 8 μg.mL -1 dose on Day 6. The exposures of Cyto B on Day 7 at the 4 μg.mL -1 dose gave a binucleate score of 41% was significantly higher (*P <0.05) than 23% observed for the 1 μg.mL -1 exposure. The 8 μg.mL -1 Cyto B dose also increased binucleate score to 35%, which was considerably higher (P = 0.0731) than the 1 μg.mL -1 dose. Binucleate scores for the same dose concentrations but across different dosing days remained similar. With the exception of the 8 μg.mL -1 exposure that was significantly lower (*P <0.05) on Day 7 when compared to Day 6.

For changes in multinucleated cells (Fig. 5.3C), the exposures to Cyto B on Day 4 showed no significant increases when compared to the 1 μg.mL -1 . The 4 μg.mL -1 Cyto B also dose had the highest binucleated score when compared to the 1 μg.mL -1 and 8 μg.mL -1 doses. On Day 5, Cyto B exposures significantly increased multinucleated cells to 1% (*P <0.05) for the 4 μg.mL -1 dose when compared to the 1 μg.mL -1 dose.

The 8 μg.mL -1 dose of Cyto B was observed to be considerably higher (P = 0.1132) when compared to the 1 μg.mL -1 dose. Multinucleate cell frequency also increased with increasing concentration on Day 5. On Day 6, exposure to Cyto B had no significant effect when compared to the 1 μg.mL -1 . The 4 μg.mL -1 dose of Cyto B had 0.26% multinucleated cells which was significantly lower (****P <0.0001) when compared to the multinucleate score of the 8 μg.mL -1 dose, which had 0.47%. The 1 μg.mL -1 dose of Cyto B had 0.6% multinucleate cells which was the highest compared to the other doses on that Day 6. The exposures on Day 7, also showed no significant increases when compared to the 1 μg.mL -1 . Multinucleate score for the same dose concentrations fluctuated across different dosing days, a considerable decrease (P = 0.0794) was observed for the 8 μg.mL -1 exposure of Cyto B on Day 5 when comparedto that on Day 3. It was also observed that multinuclear cells were not detected (N.D.) for the control (0 μg.mL -1 Cyto B) spheroid cultures on any day. Spheroids with an initial seeding density of 5000 cells per drop were cultured in complete media between 3-6 days. For each assessment, 24 spheroids were prepared. Spheroids were exposed to various concentrations of Cyto B for 24h to prior to assessment of cell viability. After 24h, the spheroids were harvested, washed and disaggregated with trypsin-EDTA. Cells were harvested, fixed and stained with Giemsa. Stained cells were manually scored and frequencies of (A) mono-, (B) bi-and (C) multinucleated cells was recorded after scoring a total of 500 cells per replicate. Data is presented as mean (±SE) of 16 spheroids per dose per passage for three independent passages (n = 3). Data was compared to 1 μg.mL -1 Cyto B dose using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Significantly different data is annotated with letters, the P-value is denoted by an asterisk (*P <0.05, ****P <0.0001) and given below the legend. The P-values below 0.1 are also indicated by the side of each graph.

Determination of micronucleus frequency after exposure to iron oxide nanoparticles

To assess the genotoxic potential of the maghemite (γ-Fe2O3) and magnetite (Fe3O4) NPs, the CBMN assay was conducted. The micronucleus frequencies of B[α]P (8 μM), a genotoxic carcinogen and FeNTA (10 μM), an iron oxidative stress inducer, were assessed and used as a positive control for genotoxicity and for iron ion release respectively. The CBMN assays assessed the frequency of micronuclei (Mn/ BN %) formed while cells were exposed to test compounds. The percentages were expressed as the number of micronuclei per 1000 binucleates per biological replicate (n = 3).

Replicative index (RI %) was used as a measure of cytotoxicity by measuring variations in cytostasis when compared to control. The RI % was assessed by counting the frequencies of mono-, bi-, and multinucleated cells within a population of 500 scored cells per biological replicate (n = 3). When HepG2 monolayers were exposed to γ-Fe2O3 NPs for 24 h (Fig. 5.4A), a 1.2% and 1.3% increase in Mn/ BN % compared to untreated control with the 1 μg.mL -1 and 10 μg.mL -1 doses respectively was recorded. A 1.5% increase in Mn/ BN% was observed for the 100 μg.mL -1 dose compared to untreated control. The Mn/ BN % tended to increase with increasing dose whereas the RI% showed decreases with increasing dose of γ-Fe2O3 NPs. When HepG2 monolayers were exposed to Fe3O4 NPs for 24 h (Fig. 5.4B), the Mn/ BN % tended to increase with Fe3O4 NPs compared to untreated control. The RI% decreased to 94% for both the 1 μg.mL -1 and 100 μg.mL - 1 doses when compared to untreated control. These decreases were significantly lower (*P <0.05 and **P <0.01) when compared to untreated. For the chemical controls, the Mn/ BN % increased to 2.5% for the monolayers exposed to B[α]P and 1.2% for those exposed with FeNTA. The Mn/ BN % for B[α]P was significantly higher (****P <0.0001) when compared to untreated. The RI% decrease to 58% for B[α]P and increased to 124% for FeNTA when compared to untreated control. The RI% decrease for B[α]P was also considerably low (P = 0.0746) when compared to untreated control. Monolayers of HepG2 cells were generated from 10 6 cells cultured in complete media. These were than exposed for 24h to a range of doses of maghemite NPs (Fe2O3, A) or magnetite NPs (Fe3O4, B). They were also exposed separately to either 8 μM benzo-α-pyrene (B[α]P) or 10 μM Ferric trinitriloacetate (FeNTA). Cells were washed and incubated again for another 24 h with Cyto B (4 μg.mL -1 ). Cells were harvested, fixed and stained with Giemsa. Stained cells were manually scored, and frequencies of the micronuclei was recorded after scoring a total of 3000 binucleates. Frequencies of mono-, bi-and multinucleated cells were also recorded after scoring a total of 1500 cells to express their respective replicative index values. Data is presented as mean (±SE) of three independent replicates (n = 3). Data was compared using a One-way ANOVA test and Dunnett's multi-comparison test. Significantly different data and its associated the pvalue are denoted by an asterisk (*P <0.05, **P <0.01, ****P <0.0001). The P-values below 0.1 are also indicated by the side of each graph.

When HepG2 spheroids were exposed to γ-Fe2O3 NPs for 24 h (Fig. 5.5A), a 1.6% and 1.7% increase in Mn/ BN % compared to untreated was observed for the 1 μg.mL -1 and 10 μg.mL -1 doses respectively. A 2.1%increase was observed for the 100 μg.mL - 1 dose compared to untreated control. The Mn/ BN % for the 100 μg.mL -1 dose was significantly higher (*P <0.05) when compared to untreated. For the 10 μg.mL -1 dose, a considerable (P = 0.0857) increase in Mn/ BN % was also observed when compared to untreated control. The Mn/ BN% tended to increase with increasing dose of γ-Fe2O3

NPs. The RI% tended to decrease with increasing concentration of γ-Fe2O3 NPs but this was not significant. When spheroids were challenged with Fe3O4 NPs for 24 h (Fig. 5.5B), increases of 2.1% were observed for Mn/ BN % for the 1 μg.mL -1 to 100 μg.mL -1 doses when compared to untreated control. A significant (**P <0.01) increase in Mn/ BN % was observed for the 100 μg.mL -1 dose of Fe3O4 NPs when compared to untreated control. The RI% remained unchanged upon exposure to Fe3O4 NPs. For the chemical controls, the Mn/ BN % increased by 3.3% for the spheroids exposed to B[α]P and 1.3% for those exposed with FeNTA. The Mn/ BN % for B[α]P was significantly higher (****P <0.0001) when compared to untreated. The RI% decreased to 54% after exposure to B[α]P, which was significant significantly lower (****P <0.0001) when compared to the untreated control. Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. For each assessment, 16 spheroids were prepared. These were than exposed for 24h to a range of doses of maghemite NPs (Fe2O3, A) or magnetite NPs (Fe3O4, B). They were also exposed separately to either 8 μM benzo-α-pyrene (B[α]P) or 10 μM Ferric trinitriloacetate (FeNTA). Spheroids were washed and incubated again for another 24 h with Cyto B (4 μg.mL -1 ). These were disaggregated, fixed and stained with Giemsa. Stained cells were manually scored, and frequencies of the micronuclei was recorded after scoring a total of 3000 binucleates. Frequencies of mono-, bi-and multinucleated cells were also recorded after scoring a total of 1500 cells to express their respective replicative index values. Data is presented as mean (±SE) of 16 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a One-way ANOVA and Dunnett's multi-comparison tests. Significantly different data and its associated the p-value are denoted by an asterisk (*P <0.05, **P <0.01, ****P <0.0001). The P-values below 0.1 are also indicated by the side of each graph.

Comparisons were also made to see variations in Mn/ BN % between the different types of NPs in either monolayer or spheroid cell culture formats. Exposures to both iron oxide NPs in 3D spheroids showed notable differences in Mn/ BN% when compared to that of the 2D format or monolayers. The γ-Fe2O3 NP exposures in 2D monolayers and 3D spheroids showed the Mn/ BN % scores were higher in spheroids when compared to monolayers. Spheroids Mn/ BN % scores were between 1.8 to 2.0fold higher than those of monolayers for similar doses. Significant (*P <0.05 and **P <0.01) differences in Mn/ BN % scores were observed between cell culture formats for the 1 μg.mL -1 , 10 μg.mL -1 and 100 μg.mL -1 doses. The Fe3O4 NP exposures in 2D monolayers and 3D spheroids also showed the Mn/ BN % scores were higher in spheroids when compared to monolayers from the 10 μg.mL -1 dose. Spheroids Mn/ BN % scores were 1.5-fold and 2.1-fold higher than those of monolayers for the 10 μg.mL -1 and 100 μg.mL -1 doses. A significant (**P <0.01) difference in Mn/ BN % scores was observed between for the 100 μg.mL -1 dose.

Micronuclei centromere staining

Further investigations were conducted to elucidate the possible genotoxic mode of action of the maghemite (Fe2O3) and magnetite (Fe3O4) NPs. Centromere staining was conducted to assess whether the micronuclei formed after exposures contained a chromosome (centromere positive, K+) or a chromosomal fragment (centromere negative, K-). This was done to determine whether a clastogenic or aneugenic event had taken place, respectively. The micronuclei scores (Fig. 5.6) for the chemical and NP test battery, showed that both NPs predominantly induce clastogenicity. The only significant differences (***P <0.001) were seen by C-ben, the aneugenic positive control when compared to the untreated control. After 24h of exposure with B[α]P (8 μM), higher (25.7) K-and lower (9.3) K+ scores were observed when compared to the untreated control. These were comparable to those observed for the γ-Fe2O3 (100 μg.mL -1 ) NPs. For the Fe3O4 (100 μg.mL -1 ) NPs, higher (28) K-and lower (7) K+ scores were observed when compared to the untreated control, where scored were 23 and 12 respectively. The K-score for the Fe3O4 NPs was higher and K+ score was lower than those of B[α]P and the γ-Fe2O3 NPs respectively. Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. For each assessment, 16 spheroids were prepared. These were than exposed for 24h to benzoα-pyrene (B[α]P, 8 μM), carbenzamin (C-ben, 8 μM), maghemite NPs (Fe2O3, 100 μg.mL -1 ) or magnetite NPs (Fe3O4, μg.mL -1 ). Afterwards, spheroids were washed and incubated again for another 24 h with Cyto B (4 μg.mL -1 ). These were disaggregated, fixed and stained with Star*FISH© Human Chromosome Pan-Centromeric probes following a series of denaturation and hybridisation steps. The number of centromere negative (K-) or positive micronuclei (K+) per compound was obtained after assessing 35 micronuclei per biological replicate (n = 3) (B). Data is presented as mean (±SE) of 16 spheroids per dose per passage for three independent replicates. Data was compared using a One-way ANOVA and Dunnett's multi-comparison tests versus untreated control. Significantly different data and its associated the P-value are denoted by an asterisk (***P <0.001). The P-values below 0.1 are also indicated by the side of the graph.

Determination of DNA strand breaks using the alkaline single cell gel electrophoresis assay after exposure to iron oxide nanoparticle

The DNA damaging potential of benzo-α-pyrene (B[α]P), maghemite (γ-Fe2O3) and magnetite (Fe3O4) NPs in HepG2 spheroids and monolayers was also assessed using the comet assay. After 24h of exposure with B[α]P (Fig. 5.7A), monolayers showed a 1.6-fold increase in DNA tail intensity (%) compared to control in 1 μM and 4 μM doses. A 1.9-fold increase was observed for the 8 μM dose. For the spheroids, the 1 μM and 4 μM doses showed a 1.3-fold increase in DNA tail intensity (%) compared to control. The 8 μM dose showed a 1.5-fold increase. Similarly, after 48h of exposure with B[α]P (Fig. 5.7B), monolayers showed a 1.4-fold increase in DNA tail intensity (%) compared to control in 1 μM and 4 μM doses. A 1.6-fold increase was observed for the 8 μM dose. For the spheroids, all doses showed a 1.2-fold increase in DNA tail intensity (%) compared to control. The positive control H2O2 for both time points were not significantly different compared to the control. of HepG2 cells were generated from 10 6 cells cultured in complete media or 96 spheroids (■) containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with hydrogen peroxide (H2O2, 500 μM) as a positive control or a dose range of benzo-α-pyrene (B[α]P). Monolayers and spheroid were exposed to B[α]P for either 24h (A) or 48h (B). For single cell gel electrophoresis, cells were resuspended in low melt agarose and transferred onto agarose coated slides. Cells were than lysed prior to electrophoresis. Migration was performed at 24V for 30 mins. Slides were stained with GelRed® nucleic acid gel dye and scored with a fluorescent microscope. For each slide, 75 nucleoids were scored per slide and two slides per sample were assessed. A total of 450 nucleoids were scored per sample. DNA Tail intensities (%) were determined using the Comet IV software. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 96 spheroids per dose per passage three independent replicates (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests.

Exposures with γ-Fe2O3 NP for 24 h (Fig. 5.8A), monolayers showed a 1.4-fold increase in DNA tail intensity (%) compared to control in 1 μg.mL -1 and 100 μg.mL -1 doses. A 1.6-fold increase was observed for the 10 μg.mL -1 dose. For the spheroids, all doses showed a 1.1-fold increase in DNA tail intensity (%) compared to untreated control. At 48h of exposure with γ-Fe2O3 NP (Fig. 5.12B), monolayers showed no changes in DNA tail intensity (%) compared to untreated control for all doses. For the spheroids, the 1 μg.mL -1 dose showed a 0.8-fold decrease in DNA tail intensity (%) compared to untreated control. The 10 μg.mL -1 and 100 μg.mL -1 doses showed a 1.1fold increase. The positive control H2O2 for both time points were not significantly different compared to the control. Monolayers (■) of HepG2 cells were generated from 10 6 cells cultured in complete media or 96 spheroids (■) containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with a dose range of maghemite NPs (γ-Fe2O3 NP). Hydrogen peroxide (H2O2, 500 μM) and benzo-α-pyrene (B[α]P, 8 μM) were included as positive controls. Monolayers and spheroid were exposed to γ-Fe2O3 NP for either 24h (A) or 48h (B). For single cell gel electrophoresis, cells were resuspended in low melt agarose and transferred onto agarose coated slides. Cells were than lysed prior to electrophoresis. Migration was performed at 24V for 30 mins. Slides were stained with GelRed® nucleic acid gel dye and scored with a fluorescent microscope. For each slide, 75 nucleoids were scored per slide and two slides per sample were assessed. A total of 450 nucleoids were scored per sample. DNA Tail intensities (%) were determined using the Comet IV software. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 96 spheroids per dose per passage three independent replicates (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests.

The Fe3O4 NP exposures at 24h (Fig. 5.9A), showed that monolayers had a 1.4-fold increase in DNA tail intensity (%) compared to untreated control for the 1 μg.mL -1 and 10 μg.mL -1 doses. A 1.3-fold increase was observed for the 100 μg.mL -1 dose. For the spheroids, the 1 μg.mL -1 dose showed no changes in DNA tail intensity (%) compared to control. The 10 μg.mL -1 and 100 μg.mL -1 doses showed a 0.8-fold decrease. At 48h of exposure with Fe3O4 NP (Fig. 5.9B), monolayers showed no changes in DNA tail intensity (%) compared to control for the 1 μg.mL -1 and 100 μg.mL -1 doses. A 1.3-fold increase was observed for the 10 μg.mL -1 dose. For the spheroids, the 1 μg.mL -1 and 10 μg.mL -1 doses showed a 0.8-fold decrease in DNA tail intensity (%) compared to untreated control. The 100 μg.mL -1 dose showed no changes in DNA tail intensity (%) compared to untreated control. Figure 5. 9. Effect of Fe3O4 NPs on DNA Tail intensity (%). Monolayers (■) of HepG2 cells were generated from 10 6 cells cultured in complete media or spheroids (■) containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with hydrogen peroxide (H2O2, 500 μM) as a positive control or a dose range of magnetite (Fe3O4) NPs (Fe3O4 NP). Hydrogen peroxide (H2O2, 500 μM) and benzo-α-pyrene (B[α]P, 8 μM) were included as positive controls. Monolayers and spheroid were exposed to Fe3O4 NP for either 24h (A) or 48h (B). For single cell gel electrophoresis, cells were resuspended in low melt agarose and transferred onto agarose coated slides. Cells were than lysed prior to electrophoresis. Migration was performed at 24V for 30 mins. Slides were stained with GelRed® nucleic acid gel dye and scored with a fluorescent microscope. For each slide, 75 nucleoids were scored per slide and two slides per sample were assessed. A total of 450 nucleoids were scored per sample DNA Tail intensities (%) were determined using the Comet IV software. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 96 spheroids per dose per passage three independent replicates (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests.

Macromineral quantification in HepG2 spheroids upon challenge with maghemite nanoparticles.

Studies were conducted to assess changes that γ-Fe2O3 NPs have on the distribution of macrominerals within the HepG2 microtissues. The SXRF scans used to generate HepG2 spheroid maps in the previous chapter, were further analysed to elucidate the elemental distributions of sulphur (S), iron (Fe), calcium (Ca), copper (Cu), zinc (Zn), selenium (Se) and phosphorus (P) in presence or absence γ-Fe2O3 NPs (Fig. 5.10).

For the untreated control, the distribution of S, P and Zn were distributed evenly throughout the tissue section. The concentrations of S and Zn tended to accumulate mostly in the core regions of the tissue sections. The distribution of Se, Ca, Fe and Cu was not as distinct as that of S, P and Zn. The Cu distribution map also showed regions where its accumulation was higher. When 100 μg.mL -1 of γ-Fe2O3 NPs were exposed for 24h to the spheroids, the distributions of S, P and Zn seemed to be unaffected and mirrored what was observed in the control samples. The responses for Se and Ca could be distinguish from the background matrix upon exposure to 100 µg.mL -1 γ-Fe2O3

NPs. The high accumulations of Fe were observed at the periphery of these microtissue sections after treatment with 100 µg.mL -1 γ-Fe2O3 NPs. Overlapping the Fe responses, high concentrations of Cu were observed at the periphery of the spheroid after treatment 100 µg.mL -1 γ-Fe2O3 NPs. When 1000 μg.mL -1 of γ-Fe2O3 NPs were exposed to the spheroids, the distributions of S, P and Zn appeared to be higher also at the periphery. The responses for Se and Ca elements became even more distinguishable. The Fe and Cu responses became more correlated and prominent at the periphery of the spheroid. For each assessment, 32 spheroids were prepared and exposed for 24h to 0 µg.mL -1 , 100 µg.mL -1 or 1000 µg.mL -1 γ-Fe2O3 NPs. After 24h, the spheroids were harvested, washed and transferred into cryomatrix moulds. These were snap frozen in 4methylbutane cooled with liquid nitrogen. Sections of 20 µm thickness were prepared using a cryo-microtome. Tissue sections were deposited on silicon nitride imaging frames, freeze-dried overnight and stored in a desiccator. X-ray fluorescence imaging was performed at the European Synchrotron Radiation Facility (ESRF) ID16B beamline. Quantitative multi-element analysis for sulphur (S), iron (Fe), calcium (Ca), copper (Cu), zinc (Zn), selenium (Se) and phosphorus (P) was conducted for two spheroids for each test condition using PyMCA software. The data collected was reconstructed into multichannel images using MATLAB. Scale bar: 50 µm. shows that for the 100 μg.mL -1 dose, all the assessed elements increased by at least 2.3-fold up to a maximum of 12.5-fold. The lowest increases were observed for Fe and Se, and the highest were for Zn and Cu. For the 1000 μg.mL -1 dose, all the assessed elements increased by at least 2.7-fold up to a maximum of 26.6-fold. The lowest increases were observed for Se and Ca, and the highest were for P and Zn. The degree of interdependence between chemical elements at the various NP doses was assessed using Pearson's correlation (Fig. 5.12B). The positive relationship of S content per area with increasing γ-Fe2O3 NP concentration had very high (r >0.9) correlation coefficients when considering Fe, Cu, Zn and P results. The tendency of this positive relationship decreased with Ca and Se. The Fe content per area and increasing γ-Fe2O3 NP concentration had a positive relationship with very high (r >0.9) correlation coefficients when considering all the assessed elements. This trend was also shown by Cu. The Ca content per area and increasing γ-Fe2O3 NP concentration had a positive relationship with very high (r >0.9) correlation coefficients when considering Fe, Cu, Zn, and Se. The tendency of this positive relationship decreased with S and P. This tendency was also shown by Se. The Zn content per area and increasing γ-Fe2O3 NP concentration had a positive relationship with very high (r >0.9) correlation coefficients when considering Fe, Ca, Cu, Zn, and Se. The tendency of this positive relationship decreased with P. The P content per area and increasing γ-Fe2O3 NP concentration had a positive relationship with very high (r >0.9) correlation coefficients when considering S, Fe, and Cu. The tendency of this positive relationship decreased with Ca, Zn and Se. 

Discussion

Upon interaction with HepG2 spheroids, iron oxide NPs were internalised into cells resulting in alterations in OCR, ECAR, albumin, AST and urea. Even though the cell viability of the HepG2 spheroid remained unchanged, DNA damage could have occurred resulting in the changes being observed in OCR, ECAR, albumin, AST and urea. To assess the amount of DNA damage, the CBMN assay was optimised for integration with the 3D in vitro spheroid. Upon assessment iron oxide NPs were found to increase Mn/ BN%. The DNA damage was also assessed by comet assay. The effect of the iron oxide NPs on macronutrients was also assessed, which gave some insight into the metabolic pathways that may be affected.

Genotoxic effects of SPIONs of HepG2 spheroids

CBMN assay

The frequencies of mononucleated cells and binucleated cells were 65.4% and 33% in spheroids which was significantly different than the 2D monolayers (Table . 5.1) (***P <0.001). The higher mononucleated and lower binucleated counts in the spheroids showed decreased cellular proliferation rates. Studies have shown that compressive stress on microtissue structure inhibits cellular proliferation [START_REF] Montel | Isotropic stress reduces cell proliferation in tumor spheroids[END_REF]. In a spheroid, the dividing cells are on the periphery of the microtissue leading to compaction of the 3D structure, which leads to increase in the pressure exerted on the cells present in the core [START_REF] Delarue | Compressive stress inhibits proliferation in tumor spheroids through a volume limitation[END_REF]. This results in further contact inhibition experience by the cells in the spheroid. In contrast, this does not occur in monolayers and therefore cellular proliferation is not affected by such cellular arrangement. However, cells in 2D monolayers also become static upon contact inhibition. The variations in the internal pressure thus change the degree of contact inhibition in spheroids, resulting more cells becoming static or non-proliferative [START_REF] Sambale | Three dimensional spheroid cell culture for nanoparticle safety testing[END_REF]. The effect of Cyto B concentration on spheroid cell viability (Fig. 5.2) and induction of binucleated cell (Fig. 5.3) frequencies were also investigated. The lower cell viabilities obtained at the higher concentrations of Cyto B could have been due to the impaired ion channel activity [START_REF] Van Goietsenoven | In vitro growth inhibitory effects of cytochalasins and derivatives in cancer cells[END_REF]. The excessive amounts of Cyto B have been reported to cause its inhibitory cytostatic effects to become cytotoxic via the activation of apoptotic mitochondrial pathways [START_REF] Chang | Mechanisms underlying effect of the mycotoxin cytochalasin B on induction of cytotoxicity, modulation of cell cycle, Ca(2+) homeostasis and ROS production in human breast cells[END_REF]. The further inhibition of glucose transporters [START_REF] Kapoor | Mechanism of inhibition of human glucose transporter GLUT1 is conserved between cytochalasin B and phenylalanine amides[END_REF] at these high concentrations could also contribute to the observed decreases. The slight differences in binucleated counts in between the higher Cyto B concentrations suggests resistance to the penetration and diffusion of Cyto B within the microtissue.

The high degree of interstitial fluid pressure within the microtissue environment reported in other studies [START_REF] Tredan | Drug resistance and the solid tumor microenvironment[END_REF][START_REF] Nunes | 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors resistance to therapeutic drugs[END_REF] might have caused this, due the close physical interactions in between cells. Additionally, only the cells in the periphery of the spheroid are actively proliferating, whereas the cells in the core remain static resulting in fewer binucleated cells.

The micronucleus results (Fig. 5.4) showed no significant differences in between the different NP exposures for the HepG2 monolayers. Studies [START_REF] Sadeghi | In vitro toxicity of iron oxide nanoparticle: oxidative damages on Hep G2 cells[END_REF][START_REF] Valdiglesias | Effects of iron oxide nanoparticles: cytotoxicity, genotoxicity, developmental toxicity, and neurotoxicity[END_REF] agree that the genotoxic potential of iron oxide NPs is most probably due to their induction of oxidative stress when internalised. Yet it is also pointed that amongst various studies contradictory results are obtained when reporting genotoxic endpoints [START_REF] Wang | Toxic effects of metal oxide nanoparticles and their underlying mechanisms[END_REF][START_REF] Arias | Iron Oxide Nanoparticles for Biomedical Applications: A Perspective on Synthesis, Drugs, Antimicrobial Activity, and Toxicity[END_REF]. These inconsistencies are often due to variation in experimental setup, NP physiochemical properties, cell type and dose range. A study by [START_REF] Seo | Investigation of the genetic toxicity by dextran-coated superparamagnetic iron oxide nanoparticles (SPION) in HepG2 cells using the comet assay and cytokinesis-block micronucleus assay[END_REF] showed that dextran coated Fe3O4 NPs (Feridex ® ) caused significantly higher micronuclei formation in HepG2 at concentrations of 5 μg.mL -1 and 10 μg.mL -1 . The CBMN assay utilised by [START_REF] Seo | Investigation of the genetic toxicity by dextran-coated superparamagnetic iron oxide nanoparticles (SPION) in HepG2 cells using the comet assay and cytokinesis-block micronucleus assay[END_REF], followed a delayed co-treatment for the addition of Cyto B, as opposed to the post-treatment approach used for both monolayers and spheroids in this study. The exposure of the Fe3O4 NPs (Feridex ® ) to the HepG2 monolayers was for 48 h, which could result in the increased Mn/ BN% [START_REF] Seo | Investigation of the genetic toxicity by dextran-coated superparamagnetic iron oxide nanoparticles (SPION) in HepG2 cells using the comet assay and cytokinesis-block micronucleus assay[END_REF]. The Cyto B concentrations used were also different in both studies, 3 μg.mL -1 and 4 μg.mL -1 respectively. Several publications [START_REF] Gonzalez | Adaptations of the in vitro MN assay for the genotoxicity assessment of nanomaterials[END_REF][START_REF] Arora | Nanotoxicology and in vitro studies: the need of the hour[END_REF], Doak et al., 2012[START_REF] Golbamaki | Genotoxicity of metal oxide nanomaterials: review of recent data and discussion of possible mechanisms[END_REF] have pointed out the need to standardize the CBMN assay for the evaluation of nanomaterials, particularly in the manner of how Cyto B is administered.

It was advised that post-treatment is favourable, unless aneugenicity is suspected to be the main mode of action and therefore a delayed co-treatment should be used. The centromere staining results (Fig 5.6) showed that both iron oxide NPs had a predominantly clastogenic mode of action in spheroids. It is also known that endocytosis inhibition is caused by Cyto B, drastically decreasing NP cellular uptake causing their accumulation on the cell surface during delayed Cyto B co-treatments [START_REF] Magdolenova | Can standard genotoxicity tests be applied to nanoparticles?[END_REF]. It was also previously pointed out that changes in Cyto B concentration might affect cellular metabolism (glucose uptake) and replication, therefore potentially change the outcome in between studies further [START_REF] Van Goietsenoven | In vitro growth inhibitory effects of cytochalasins and derivatives in cancer cells[END_REF][START_REF] Kapoor | Mechanism of inhibition of human glucose transporter GLUT1 is conserved between cytochalasin B and phenylalanine amides[END_REF]. The variation in the results obtained by [START_REF] Seo | Investigation of the genetic toxicity by dextran-coated superparamagnetic iron oxide nanoparticles (SPION) in HepG2 cells using the comet assay and cytokinesis-block micronucleus assay[END_REF] for their monolayers could have due to these variations in methodology.

For both NPs, significant increases in micronucleus frequencies were observed in HepG2 spheroids (Fig. 5.5). This may be due to the increased exposure of the NPs at the surface of the spheroid (Fig. 4.3,4.5 and 4.7). If these experiments were repeated at different time points and with a broader range of doses, the micronucleus frequencies may change. Although the time and dose of Cyto B were optimised for the translation of the CBMN assay to 3D culture, the exposure time to NPs and their dose was not optimised for this assay. Moreover, the CBMN assay requires that the cells go through cellular division. Therefore, the amount of time that the NPs must be incubated with the HepG2 spheroids can be no less than one day.

It has been well documented that cells in a 3D in vitro environment act differently to the same cells in a 2D arrangement. Different studies show that changes in the metabolic activity of cells in a 3D arrangement compared to 2D, does alter the micronucleus frequencies for similar compounds [START_REF] David | Using 3D MCF-7 mammary spheroids to assess the genotoxicity of mixtures of the food-derived carcinogens benzo[a]pyrene and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine[END_REF]Gooderham, 2016, Shah et al., 2018). This was observed by the changes in micronucleus frequencies of B[α]P that is a metabolically activated pro-carcinogen. The 3D microtissue structure also causes changes in the degree of hypoxia experienced by the cells. This is important as in vivo tissues have a higher degree of hypoxia, thus increasing the in vitro model resemblance. Hypoxia has been reported to enhance the frequency of micronucleus formation [START_REF] Kisurina-Evgenieva | Biogenesis of Micronuclei[END_REF]. This can be due to hypoxic stress being involved in the regulation of DNA repair pathways. Depending on the duration and degree of hypoxia, DNA damage signalling pathways, primarily via post-translational modifications can be activated for briefly [START_REF] Scanlon | Multifaceted control of DNA repair pathways by the hypoxic tumor microenvironment[END_REF]. However, longer durations of hypoxia can lead to transcriptional and/or translational downregulation of most DNA repair pathways that include DNA double-strand break repair, mismatch repair, and nucleotide excision repair (Bristow andHill, 2008, Scanlon and[START_REF] Scanlon | Multifaceted control of DNA repair pathways by the hypoxic tumor microenvironment[END_REF]. Furthermore, extended hypoxia can lead to long term persistent silencing of certain DNA repair genes such as BRCA1 and MLH1 [START_REF] Bindra | Hypoxia-induced down-regulation of BRCA1 expression by E2Fs[END_REF][START_REF] Nakamura | Human mismatch repair gene, MLH1, is transcriptionally repressed by the hypoxia-inducible transcription factors, DEC1 and DEC2[END_REF][START_REF] Scanlon | Multifaceted control of DNA repair pathways by the hypoxic tumor microenvironment[END_REF]. This downregulation of DNA damage repair mechanisms could have therefore contributed to the increase in the genotoxic potent of the NPs and thus the higher micronucleus frequencies observed.

Comet assay

The comet assay results (Fig. 5.7-5.9) showed no significant increases in tail intensity percentages for B[α]P and both NPs. During sample preparation, spheroids require disaggregation, which results in all the cells within the spheroid being analysed. A global representation of the DNA tail intensity % of all the cells within the spheroid was therefore assessed. The localised effect of the NPs at the periphery of the microtissue was therefore was titrated by the inner core cells. The percentage of inner core cells was much higher than those of the periphery where the damage is more likely to be induced; thus, reducing the sensitivity of the assay when the whole spheroid is evaluated. The study of [START_REF] Seo | Investigation of the genetic toxicity by dextran-coated superparamagnetic iron oxide nanoparticles (SPION) in HepG2 cells using the comet assay and cytokinesis-block micronucleus assay[END_REF] also showed discrepancies between the comet and micronucleus assay using 2D monolayers. The tail moment of the highest dose of NPs was not significantly differently when compared to untreated controls as the micronucleus frequency was. Another study by [START_REF] Kimura | A combination of in vitro comet assay and micronucleus test using human lymphoblastoid TK6 cells[END_REF] showed that for significant chemical genotoxic responses to be observed in TK6 cells, the doses required were 2 to 4-fold higher compared to the micronucleus assay [START_REF] Kimura | A combination of in vitro comet assay and micronucleus test using human lymphoblastoid TK6 cells[END_REF]. This study pointed out a sensitivity issue with the comet assay.

In a review published by [START_REF] Karlsson | Can the comet assay be used reliably to detect nanoparticle-induced genotoxicity?[END_REF] is was reported that the comet assay had a general consistency of 69% when compared to the micronucleus assay. This variation in consistency were associated with NP-comet tail interactions.

The association of NPs with nucleoid DNA can cause impaired migration during electrophoresis, reducing the amount of damage caused by the NPs. This could have also contributed to the decreases in tail intensity % values recorded. Although H2O2 tended to increase the %Tail length, this was not significant for both 2D monolayers and 3D spheroids. This may be due to the formation of ssDNA breaks. However, after 48 h the ssDNA break caused by exposure to H2O2 would be repaired. The small changes observed in %Tail length with B[α]P and Fe NP exposure may be due to the repair of DNA adducts [START_REF] Tarantini | Relative contribution of DNA strand breaks and DNA adducts to the genotoxicity of benzo[a]pyrene as a pure compound and in complex mixtures[END_REF].

Macromineral quantification

The SXRF results (Fig. 5.11) show that in the presence of NPs, S, Fe, Ca, Cu, Zn, Se and P elements present in HepG2 spheroid microtissues increased when compared to untreated control. The increases in S, P and Zn content can be related to changes in cellular metabolism as these are present in a variety of biomolecules. The increases in Ca content can also be associated to higher cellular proliferation rates at the periphery of the spheroid [START_REF] Amaya | Calcium signaling in the liver[END_REF]. The homogenous Ca response throughout the tissue section after it was exposed to iron NPs is an indication of Ca cell-to-cell signalling responses. Cell-to-cell Ca signalling has been known to occur within the liver through Ca 2+ waves (Guerra et al., 2020, Murray and[START_REF] Murray | Gap and Tight Junctions in Liver[END_REF]. This type of cell-to-cell communication is dependent on the gap junctions (intracellular spaces). These spaces have been known to be permeable to both Ca 2+ and inositol trisphosphate, acting as messenger molecules. It was also observed that the inhibition of gap junction proteins block intercellular Ca 2+ waves [START_REF] Kim | Role of gap junction communication in hepatocyte/fibroblast co-cultures: Implications for hepatic tissue engineering[END_REF]. This potentially indicates that the HepG2 3D model has functional gap junctions mimicking what might occur within in vivo liver tissue.

Various studies have shown that elevated Fe environments can increase the proliferation rate of cancer cells [START_REF] Steegmann-Olmedillas | The role of iron in tumour cell proliferation[END_REF][START_REF] Pourcelot | Iron for proliferation of cell lines and hematopoietic progenitors: Nailing down the intracellular functional iron concentration[END_REF].

The increase in Fe content at the periphery during NP exposure could have resulted either from NP retention or their breakdown and subsequent increase in free iron. This increase could have increased the cellular proliferation rate of HepG2 in the microtissues. The overlapping accumulation of Cu also re-enforces the fact that the HepG2 cells are responding to a higher free Fe environment after NP degradation. This overlapping and increased amount of Cu shows that the cells are accumulating high amounts of Cu internalised from culture media. These high amounts can indicate an enhancement in the metabolic pathways requiring copper, such for the formation of CP that has ferroxidase activity. The extracellular breakdown of the γ-Fe2O3 NP would result in the higher presence of Fe 3+ ions. These could then have been readily incorporated in apo-Tf, not requiring the presence of the ferroxidase CP. Internalisation of the NPs through endocytosis would cause the release of Fe 3+ ions within the endosome and its subsequent reduction by STEAP2 membrane reductases to Fe 2+ ions. These are then transferred in the cytosol via DMT2 or ZIP14 transporter proteins. Excess Fe 2+ ions not stored in ferritin are than externalised again by the action of DMT2 or ZIP14. The high amounts of Fe 2+ ions cannot be integrated into apo-Tf. This therefore requires higher amounts of CP to counter the increased amounts of Fe 2+ ions. The increases in Fe content might have also caused an elevation in the ROS present within the cells as more Fenton reactions could occur. The elevated ROS environment would cause HepG2 cells to increase their antioxidant capacity. This can be associated to the increases in Se as glutathione peroxidase enzymes [START_REF] Zwolak | Selenium interactions and toxicity: a review. Selenium interactions and toxicity[END_REF]. This is essential for the reduction of lipid peroxides and H2O2. The overlap between Zn and copper content could also be associated with cytosolic SOD1 [START_REF] Mondola | The Cu, Zn Superoxide Dismutase: Not Only a Dismutase Enzyme[END_REF][START_REF] Sakiyama | Cu,Zn-SOD deficiency induces the accumulation of hepatic collagen[END_REF].

Limitations

The higher in vivo resemblance of 3D in vitro models has encouraged their integration in nanotoxicology assays [START_REF] Evans | Critical review of the current and future challenges associated with advanced in vitro systems towards the study of nanoparticle (secondary) genotoxicity[END_REF], Singh et al., 2018). In the present study, the proliferating segment of the microtissue that is assessed by the CBMN assay excluded the bias from the inner core cells as this assay only assesses proliferating cells. From the iron content distribution maps (Fig. 5.10), it was observed that the higher iron contents are located approximately within 20 μm from the periphery of the tissue, which was most probably due to iron oxide NP accumulation. The CBMN assay by design focuses on the segment of cells that are most exposed to the NPs. This therefore makes it more sensitive and reduces false-negative results. In contrast, the Comet assay loses such sensitivity to localised effects as the complete spheroid is disaggregated before assessment. However, since the CBMN assay is not performed on the intact spheroid, it is impossible to comment on the localisation of the multinucleated cells within the spheroid. Moreover, micronuclei may be ejected from cells as part of the cellular DNA repair mechanism.

It should be noted that cell viability assays such as trypan blue and the MTT assay underestimate the degree of cell death as G1 arrested cells can still appear to be viable even though this is irreversible [START_REF] Chung | Evaluation of MTT and Trypan Blue assays for radiation-induced cell viability test in HepG2 cells[END_REF]. The clonogenicity of these cells would therefore be underreported and underestimated induced lethal effects. The use of RI values that represent the degree of cytostasis is more applicable to assess the level of arrested cells. Moreover, the uptake of NPs may be affected by the exposure to Cyto B [START_REF] Magdolenova | Can standard genotoxicity tests be applied to nanoparticles?[END_REF]. The use of Cyto B is required in the CBMN assay that allows for the discrimination of cells that have undergone cell division.

However, the OECD 487 Test Guideline stipulates that the protocol may be used without Cyto B if the majority of the cells analysed have undergone mitosis (OECD, 2016). In absence of Cyto B, NP uptake would not be inhibited yet cells which are scored cannot be specifically identified from those that have divided in the presence of Cyto B and that were mostly likely exposed to the test compounds. The CBMN assay was therefore preferred and cells were exposed to NPs prior to incubation with Cyto B and not simultaneously.

The SXRF technique for macromineral quantification provides a lot of data but the processing of this data requires programming skills. This may be a limiting factor for some individuals until a software package specialised for the analysis of SXRF data is developed. Even then the specialised nature of this technique would require some user intervention.

Conclusion

The studies conducted showed that the accumulation of γ-Fe2O3 NPs caused changes in several biologically relevant chemical elements and copper homeostasis.

Optimisation of the spheroids model for the CBMN assay showed that higher Cyto B concentrations used at longer incubation periods resulted in decreased cell viabilities in spheroids too, which has not been reported previously. Micronucleus frequencies in spheroids were significantly higher than those observed in monolayers for γ-Fe2O3 and Fe3O4 NPs. Centromere staining confirmed that both iron oxide NPs had a predominantly clastogenic genotoxic mode of action. Significant changes in tail intensity % were not observed for either NPs. This might suggest that the CBMN assay is more sensitive in assessing the genotoxic potential of nanomaterials in 3D in vitro models.

General Discussion

The necessity for more representative hazard assessment models whilst implementing the 3R principles and narrowing differences between in vitro and in vivo studies requires careful assessment of the in vitro models. Research and development of 3D cellular models have allowed in vitro studies to resemble the in vivo tissue physiology to some extent. The 3D HepG2 model developed and presented throughout these studies adds upon these efforts whilst providing insight into the interaction of NPs with tissues. The testing of NPs further adds to complexity of these studies as more consideration has to be taken for their physicochemical properties.

In 3D models the in vivo tissue physiology is mimicked due to the 3D environment, which enables total ECM coverage, cellular polarisation and enhancement of cell-tocell communication. Despite these advantages, 3D models suffer from disadvantages such as being time-consuming and laborious to integrate with current biochemical assays [START_REF] Carragher | Concerns, challenges and promises of high-content analysis of 3D cellular models[END_REF]. The HepG2 model presented here has been shown to be easily applicable to several different methods. The versatility demonstrated here by this model allows the user to set up a singular base model were multiple endpoints can be assessed. This is crucial and highly important for investigating the potential toxicity of novel compounds such as nanomaterials as multiple parameters would have to be assessed.

Excessive exposure to iron disrupts liver metabolism

The results in Chapter 3 show that the model has high consistency and is able to 

Iron NP uptake and effect on cellular function

The 3D model was evaluated with various imaging techniques such as brightfield microscopy, fluorescence microscopy, SEM, TEM and SXRF indicating that the model lends itself to image analysis readily. The compatibility of the model with imaging techniques allows for a greater understanding of how NPs interact with a 3D tissue which is more representative of the in vivo conditions rather than a monolayer of cells. For example, NPs are expected to be on the periphery of the spheroid rather than the core, and it is indeed what is observed through the SXRF image analysis. If ingress of the NPs through the spheroid is observed, then we have evidence for tissue retention and perhaps internalisation of the NPs into the cell. However, 2D monolayer cannot be representative of the cellular uptake of NPs in the context of a complex tissue.

Through SXRF analysis, an increase in elemental iron in the periphery of the spheroid is observed. This is associated with the ingress of γ-Fe2O3 NPs into the spheroid. The γ-Fe2O3 NPs are internalised by the cells, as indicated in the TEM images. A significant increase in albumin, AST and urea are observed upon the internalisation of the γ-Fe2O3 NPs. In addition, the CBMN assay shows a significant increase in binucleated cells indicating genotoxicity in response to γ-Fe2O3 NPs. The measurements of the ECAR indicated a significant increase in glycolysis and glycolytic capacity upon incubation with γ-Fe2O3 NPs, which may be revealing a change in basal catabolism. Similarly, a significant decrease in OCR, which measures the rate of oxidative phosphorylation, is observed, confirming the results of ECAR.

The spheroid can be said to be going under the Warburg Effect, which is typical of tumours.

Due to lack of time, Fe3O4 NPs were not assessed by SXRF. However, TEM analysis of spheroids treated with Fe3O4 NPs show that they were also internalised. The CBMN assay also shows a significant increase in the formation of micronuclei, indicating that Fe3O4 NPs are causing genotoxicity through DNA damage. However, no significant differences were observed in LFTs upon treatment with Fe3O4 NPs. An increase in ECAR, reciprocated by the OCR was also observed, which is reflective of the spheroid behaving like a tumour.

Postulated mechanism of Fe NP toxicity in HepG2 spheroids

After treatment, both NPs are internalised possibly by macropinocytosis as seen in the TEM image for Fe3O4 NPs. The internalised NPs are degraded in the endosome by protons, which are transported by proton pumps on the endosomal membrane, resulting in the iron ions leaching out of the NPs [START_REF] Singh | The role of iron redox state in the genotoxicity of ultrafine superparamagnetic iron oxide nanoparticles[END_REF]. The Fe 3+ ions are reduced to Fe 2+ by iron reductases like STEAP3. The reduced iron is imported into the cytosol by DMT1 where it is stored in ferritin. If the Fe 2+ ions are in excess in the cytosol, then they are exported out of the cell by FPN [START_REF] Coffey | Iron homeostasis: An anthropocentric perspective[END_REF].

However, the excess Fe 2+ ions in the cytosol can give rise to ROS through Fenton reactions. Therefore, Fe 2+ ions exported to the extracellular environment are reduced back to Fe 3+ ions by ceruloplasmin [START_REF] Collins | Metabolic crossroads of iron and copper[END_REF]. The expression of ceruloplasmin is regulated by the influx of copper ions into the cytoplasm by the CTR1. The internalised copper binds to copper metallochaperone ATOX1 and chaperons it to the trans-Golgi network, causing the ceruloplasmin [START_REF] Antonucci | Non-Alcoholic Fatty Liver Disease and Nutritional Implications: Special Focus on Copper[END_REF]. It is of interest that an increase in elemental copper was also observed upon incubation with γ-Fe2O3 NPs, as seen by SXRF (Fig. 5.10 and Fig. 5.11). This poses new questions and highlights need for further evaluation of copper distribution at a higher spatial resolution and the expression of cuproproteins by protein quantification.

Iron overload may disrupt glutathione mediated antioxidative activity

It is important to note that GSH plays a crucial role in copper metabolism [START_REF] Bhattacharjee | Cellular copper homeostasis: current concepts on its interplay with glutathione homeostasis and its implication in physiology and human diseases[END_REF]. It has been shown from 67 Cu uptake experiments that more than 60% of cytosolic copper is bound to GSH in hepatoma cell lines before being taken up by metallothionein within the Golgi complex (Freedman et al., 1989, Kaplan and[START_REF] Kaplan | How Mammalian Cells Acquire Copper: An Essential but Potentially Toxic Metal[END_REF]. The depletion of GSH was also shown to decrease cellular copper uptake. It would, therefore, suggest that GSH is the first acceptor of copper once it enters the cell before being delivered to copper chaperones or metallothionein [START_REF] Maryon | Cellular glutathione plays a key role in copper uptake mediated by human copper transporter 1[END_REF]. Excess intracellular copper can therefore also cause GSH imbalance. GSH is also required to regulate the redox condition of cysteines at the Nterminus of copper transporters ATP7A and ATP7B essential for copper homeostasis [START_REF] Singleton | Role of glutaredoxin1 and glutathione in regulating the activity of the copper-transporting P-type ATPases, ATP7A and ATP7B[END_REF][START_REF] Bhattacharjee | Cellular copper homeostasis: current concepts on its interplay with glutathione homeostasis and its implication in physiology and human diseases[END_REF]. These cysteines remain glutathionylated until they interact with glutathione regulated proteins that allow for the binding of copper. It was also shown that the copper chaperone ATOX1 is also sensitive to GSH depletion [START_REF] Hatori | Functional partnership of the copper export machinery and glutathione balance in human cells[END_REF]. The influence of GSH on copper chaperones therefore also affects cellular copper efflux. Disruption of copper and glutathione homeostasis might cause excessive copper accumulation within the cytosol leading to further oxidative damage [START_REF] Nagasaka | Relationship between oxidative stress and antioxidant systems in the liver of patients with Wilson disease: hepatic manifestation in Wilson disease as a consequence of augmented oxidative stress[END_REF][START_REF] Antonucci | Non-Alcoholic Fatty Liver Disease and Nutritional Implications: Special Focus on Copper[END_REF]. Further studies are required to assess the effect of iron oxide NPs on GSH.

Some insights may have been acquired on this subject with the NADPH quantification, nevertheless, changes in OCR and ECAR suggest perturbation of glycolysis, which may be due to G6P shuttling through the pentose phosphate pathway.

Calcium signalling may be activated by Fe NPs

From the quantified elemental distributions presented in Chapter 5, it was observed that the exposure of γ-Fe2O3 dSPIONs caused increases in calcium content. Cellular metabolism, signalling and gene expression are all effected by intracellular calcium homeostasis [START_REF] Huang | Oxidative stress, calcium homeostasis, and altered gene expression in human lung epithelial cells exposed to ZnO nanoparticles[END_REF], Huang et al., 2017). Increases in intracellular calcium (Cain 2+ ) homeostasis are also associated with cellular dysfunction, metabolic and energetic imbalance. External factors such as the internalisation of xenobiotics can also elevate this both directly and indirectly. This can be through increasing the influx of Cain 2+ , inhibiting its efflux or sequestration, or releasing it from intracellular stores.

In hepatocytes, Cain 2+ signalling is responsible for the regulation of metabolic pathways such as glucose metabolism and that of xenobiotics [START_REF] Barritt | Calcium Signalling in Liver Cells. Calcium: The Molecular Basis of Calcium Action in Biology and Medicine[END_REF][START_REF] Cribb | The Endoplasmic Reticulum in Xenobiotic Toxicity[END_REF][START_REF] Rieusset | Endoplasmic reticulum-mitochondria calcium signaling in hepatic metabolic diseases[END_REF]. Furthermore, it was observed that systematic elevation in hepatic cells could be attributed to mitochondria Ca 2+ channels and transporters, plasma membrane Ca 2+ and ATP-ase channels. Thus, the increase in Cain 2+ results in the upregulation of ATP synthesis [START_REF] Gaspers | Calcium-dependent physiologic and pathologic stimulus-metabolic response coupling in hepatocytes[END_REF]. This upregulation happens when there are increased energy demands by the cell that necessitates higher ATP production rates through glycolysis and oxidative phosphorylation. These were also reported to enhance mitochondrial NADPH production [START_REF] Bartlett | Calcium-dependent regulation of glucose homeostasis in the liver[END_REF]. This slightest disbalance within this equilibrium with will rapidly cause the depletion of energy reserves causing tissue dysfunction. The elevated Ca 2+ content can also be coupled with the ECAR responses (Fig. 4.12) that are indicative of higher glycolysis rates. The OCR which is indicative of oxidative phosphorylation significantly decreased upon exposure of γ-Fe2O3 dSPIONs. This shows that the disbalance between glycolysis and oxidative phosphorylation are indicative metabolic disbalance.

The assessment of glucose uptake and NADPH could not be correlated with these results due to the manner in which the assay quantifies these parameters. The assay was found to be unsuitable for the whole spheroid and as just the cells at the surface interact with NPs giving localised effects whereas the assay assessed all the cells.

Studies [START_REF] Bartlett | Calcium-dependent regulation of glucose homeostasis in the liver[END_REF][START_REF] Dandekar | Cross talk between ER stress, oxidative stress, and inflammation in health and disease[END_REF][START_REF] Dong | Role of endoplasmic reticulum stress signalling in diabetic endothelial dysfunction and atherosclerosis[END_REF] have shown that elevated Cain 2+ concentrations were the results of external inflammation, and these elevated concentrations will also result in more ROS generation. The increased ROS production causes more cellular oxidative damage such as lipid peroxidation, DNA damage and endoplasmic reticulum (ER) stress [START_REF] Bechmann | The interaction of hepatic lipid and glucose metabolism in liver diseases[END_REF][START_REF] Orrenius | Calcium and mitochondria in the regulation of cell death[END_REF][START_REF] Rieusset | Endoplasmic reticulum-mitochondria calcium signaling in hepatic metabolic diseases[END_REF]. A positive feedback loop, where free radicals and Cain 2+

amplify each other has also been proposed. Multiple studies [START_REF] Meindl | Intracellular calcium levels as screening tool for nanoparticle toxicity[END_REF], Huang et al., 2017[START_REF] Di Bucchianico | Calcium-dependent cyto-and genotoxicity of nickel metal and nickel oxide nanoparticles in human lung cells[END_REF][START_REF] Mortezaee | Redox interactions and genotoxicity of metal-based nanoparticles: A comprehensive review[END_REF] level was not dose-dependent, instead a sharp 10-fold increase was observed in Ca 2+ distribution, which is characteristic of extracellular Ca 2+ influx (Gaspers et al., 2012, Bagur and[START_REF] Bagur | Intracellular Ca(2+) Sensing: Its Role in Calcium Homeostasis and Signaling[END_REF]. The maximum increase in Ca 2+ is dependent on cell type and the substance that it is exposed. The steep increases trigger efflux pathways that induced a sharp decay in Cain 2+ giving rise to an oscillatory pattern. The sharp increase in Ca 2+ content when exposed to the γ-Fe2O3 NPs and the extended duration of this state (Fig. 5.11) could have resulted in the formation of free radicals that might have caused the increase micronucleus frequencies (Fig. 5.5). The similarity of Ca 2+ and selenium content not increasing in a dose-responsive manner can be attributed to the selenoproteins that are involved in calcium shuttling between the cytoplasm and ER [START_REF] Pitts | Endoplasmic reticulum-resident selenoproteins as regulators of calcium signaling and homeostasis[END_REF]. It must also be noted that elevation in Se content can be due to increasing glutathione peroxidase (GPx) that is involved in the removal of H2O2 via the conversion of glutathione (GSH) to glutathione disulphide (GSSG) [START_REF] Mehdi | Selenium in the environment, metabolism and involvement in body functions[END_REF]. The elevated levels of GPx can lead to a depletion in GSH within the cell if high amounts of H2O2 are present within the cell. The inability of the cell to keep up with GSH demands would lead the excessive H2O2 accumulation and possible DNA damage.

Conclusion

The studies presented in this thesis achieved the aim of developing of a novel in vitro liver 3D model to assess potential (geno)toxicity of nanomaterials. Optimisation of the initial number of HepG2 cells used to generate spheroid microtissues enabled the selection of the most suitable spheroid configuration for subsequent studies.

Classification of each spheroid configuration depending on how well they performed in morphology and viability revealed which spheroid configuration was most suited from studies. The scoring system assessed the three spheroid configurations at each respective test. Cellular viability was determined daily for disaggregated spheroids determined using trypan blue. Tissue viability and death were assessed with fluorescence microscopy using Hoescht 33342 and propidium iodide stains.

Morphology was assessed by measuring the surface area, shape factor using light and fluorescence microscopy accordingly. Both viability and morphology results were combined to provide further contrast between the spheroid configurations. From the results obtained, it was determined that the S5k configuration was the most suitable for our studies by obtaining the highest score amongst the three configurations.

Subsequent cluster analysis of the scoring table revealed that S5k spheroids were more resembling to the S10k than S1k spheroids.

With the S5k configuration being selected for the model of choice, the studies conducted in Chapter 4 were intended to elucidate how γ-Fe2O3 and Fe3O4 SPIONs and control compounds interacted with the selected S5k spheroid configuration. The capability of the model to accumulate and retain the γ-Fe2O3 SPIONs was assessed using SXRF. It was observed that the NPs accumulated mostly at the periphery of the microtissue. Accumulation of the γ-Fe2O3 and Fe3O4 SPIONs was assessed using the ferrozine assay and showed a gradual increase with increasing concentration and exposure time. Metabolic functionality was investigated by observing changes in OCR and ECAR using a Seahorse XFe analyser when the microtissues were challenged with the NPs. Decreases in OCR and increase ECAR rates were measured after spheroids were exposed for either NP for 24h. The glucose consumption rate and total NADPH content were also investigated for similar spheroids and showed no significant changes when compared to untreated spheroids. Liver function tests for albumin, AST and urea were also performed. These showed that γ-Fe2O3 SPIONs caused significant changes in albumin, AST and urea levels. The Fe3O4 SPIONs showed no significant changes with respect to untreated spheroids. For the chemicals and NPs tested, high cell viabilities were measured.

After evaluating the various liver metabolic endpoints, studies in Chapter 5 assessed metal homeostatic and genetic damages the NPs had caused. The SXRF scan was further assessed for changes in the distribution of S, Fe, Ca, Cu, Zn, Se and P elements.

It was determined that γ-Fe2O3 SPIONs caused significant changes in concentration of these elements depending on exposure concentration. It was also confirmed that an increase in iron content caused an increase in copper content, indicating a link between iron and copper homeostasis metabolic pathways and the γ-Fe2O3 NPs. Prior to assessing the genetic damage induced by the NPs and test compounds. The optimisation and integration of the CBMN assay with the S5k spheroids revealed that spheroid binucleated cell scores per 500 cells scored were significantly lower than those of 2D monolayer cultures. The CBMN studies showed that micronucleus frequencies in spheroids were significantly higher than those observed in monolayers for either NPs or test compounds. It was also confirmed that both SPIONS had a predominantly clastogenic genotoxic mode of action. Disaggregated spheroids treated similarly as those assessed with the CBMN, were also assessed with the comet assay.

In contrast, the comet assay results showed no significant changes in tail intensity.

This indicated that the CBMN assay might be more suitable to assess the genotoxic potential of test compounds for this spheroid model when compared to the comet assay.

The development of this novel in vitro HepG2 3D model capable of assessing potential (geno)toxicity of nanomaterials holds great promise and provides an invaluable tool for the evaluation of these novel compounds. The capabilities of the model to mimic closer in vivo environments advances our understanding in the pursuit to bridge the gap between in vitro and in vivo studies. This also furthers the 3R's agenda for the reduction, refinement and replacement of current animal models. The model's successful integration and implementation with the CBMN assay further support its uses in the evaluation of other compounds. This is important in furthering our understanding of novel and conventional substances and would provide critical information for REACH evaluations of these compounds.

Future work

The studies presented within this thesis showed that the 3D HepG2 spheroid model is an essential steppingstone in bridging the gap between in vitro and in vivo studies.

Further studies are yet required to fill-in other gaps and provide more context towards the capabilities this model has in the assessment of novel and known substances.

Future studies in the absence and presence of test compounds should include:

• Assessment of proliferation in the spheroid structure and in response to NP challenge by measurement of proliferation markers such as Ki-67 protein and proliferating cell nuclear antigen (PCNA).

• Assessment of the formation of ECM in the spheroid by measuring ECM markers; such as E-cadherin, which can be associated to the mode of NP uptake.

• Assessment of hypoxia in the spheroid structure by measuring HIF protein levels and its impact on iron homeostasis.

• Evaluation of LDH, γ-glutamyl transferase, ALT and alkaline phosphatase for further assessment of liver functionality.

• Evaluation of metal homeostasis using physicochemical techniques such as LA-ICPMS and XANES for high throughput assessment of elemental distributions in the spheroid and iron speciation within spheroid cryosections.

• Assessment of iron homeostasis biomarkers; such as CP, FPN, hepcidin and ferritin, using qPCR and Western blotting to evaluate changes in gene an protein expression in response to iron oxide NPs.

• The assessment of other DNA damage biomarkers such as γ-H2AX and 8-OHdG levels upon challenge with iron oxide NPs to provide credence to the CBMN and Comet assay results.

• The integration of the model with flow activated cell sorting (FACS) system as an alternative for micronucleus frequency assessments to increase the throughput of the technique.

• Challenge the model with further nanomaterials and chemical compounds to assess its robustness and applicability as an in vitro model for assessment of liver toxicity.
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Figure 4 .

 4 Figure 4. 14. Iron oxide NPs have no effect on glucose uptake and NADPH.Monolayers of HepG2 cells were generated from 10 5 cells cultured in complete media or spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with untreated

  Figure 4. 16. Viability of HepG2 cells decreases upon induction of oxidative stress and manipulation of iron homeostasis. Monolayers of HepG2 cells (•, ■) were generated from 10 5 cells cultured in complete media or spheroids (▲, ▼) containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. Cells were challenged with a range of concentrations of benzo-α-pyrene (B[α]P, A) ferric nitrilotriacetate (FeNTA, B), ferrous chloride (FeCl3, C) or cupric sulphate (CuSO4, D) for 24 h (•, ▲) or 48 h (■, ▼). Cell viability was measured daily by trypan blue staining. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 24 spheroids (3D) per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Data annotated with letters is used for comparison
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 51 Figure 5. 1. HepG2 spheroids have fewer binucleated cells compared to monolayers.

Figure 5 . 2 .

 52 Figure 5. 2. Cell viability of HepG2 spheroids after exposure to Cyto B. Spheroids with an initial seeding density of 5000 cells per drop were cultured in complete media between 3-6 days. For each assessment, 24 spheroids were prepared. Spheroids were exposed to various concentrations of Cyto B for 24h to prior to assessment of cell viability. Cell viability was determined on (A) Day 4, (B) Day 5,
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 57 Figure 5. 7. Effect of benzo-α-pyrene on DNA Tail intensity (%). Monolayers (■) of HepG2 cells were generated from 10 6 cells cultured in complete media or spheroids (■) containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with hydrogen peroxide (H2O2, 500 μM) as a positive control or a dose range of benzo-α-pyrene (B[α]P). Monolayers and spheroid were exposed to B[α]P for either 24h (A) or 48h (B). For single cell gel electrophoresis, cells were resuspended in low melt agarose and transferred onto agarose coated slides. Cells were than lysed prior to electrophoresis. Migration was performed at 24V for 30 mins. Slides were stained with GelRed® nucleic acid gel dye and scored with a fluorescent microscope. For each slide, 75 nucleoids were scored per slide and two slides per sample were assessed. A total of 450 nucleoids were scored per sample. DNA Tail intensities (%) were determined using the Comet IV software. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 96 spheroids per dose per passage three independent replicates (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. .............................................
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 58 Figure5. 8. Effect of γ-Fe2O3 NPs on DNA Tail intensity (%). Monolayers (■) of HepG2 cells were generated from 10 6 cells cultured in complete media or spheroids (■) containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with a dose range of maghemite NPs (γ-Fe2O3 NP). Hydrogen peroxide (H2O2, 500 μM) and benzo-αpyrene (B[α]P, 8 μM) were included as positive controls. Monolayers and spheroid were exposed to γ-Fe2O3 NP for either 24h (A) or 48h (B). For single cell gel electrophoresis, cells were resuspended in low melt agarose and transferred onto agarose coated slides. Cells were than lysed prior to electrophoresis. Migration was performed at 24V for 30 mins. Slides were stained with GelRed® nucleic acid gel dye and scored with a fluorescent microscope. For each slide, 75 nucleoids were
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 11 Figure 1. 1. An illustration of the four routes of exposure that nanoparticles can undergo with the human body. The four routes of exposure are dermal, ingestion, inhalation and intravenous.
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 1 Figure 1. 3. The 2D to 3D in vitro pipelines allows for the translation of results from a cellular level to humans.
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 14 Figure 1. 4. The ornithine cycle. A schematic representation of the ornithine cycle,where the mitochondrial metabolites are given in yellow boxes, the cytosolic metabolites are given in blue boxes and the enzymes are given in green boxes. Carbamoyl phosphatase synthesised by carbamoyl phosphate synthetase 1 (CPS1) reacts with ornithine to make citrulline by ornithine transcarbomylase(Clippinger et al.) and is shunted to the cytosol by ornithine transferase 1 (ORNT1). The citrulline then reacts with aspartate and to arginosuccinate by the action of arginosuccinate synthetase 1 (ASS1). Arginosuccinate is converted to arginine by arginosuccinate lysate (ASL) and then hydrolysed to produce urea and ornithine by arginase 1 (ARG1)[START_REF] Morris | Hormonal induction of hepatic mitochondrial ornithine/citrulline transporter mRNA[END_REF] Kepka-Lenhart, 2002, Mew et al., 2015).
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 15 Figure 1. 5. The metabolic mechanism of glycolysis. Glucose is exported into the cytosol and is catabolised to form pyruvate, while generating four molecules of ATP and two molecules of NADH per glucose molecule. HK: Hexokinase, GPI: Glucose-6-phosphate isomerase, PFK 6-phosphofructo-1-kinase, G3PD: Glyceraldehyde-3-phosphate kinase, 3PGK: 3-Phosphoglyerate Kinase, PGM: Phosphoglycerate mutase, PK: Pyruvate Kinase, LDH: Lactate dehydrogenase(Nelson and Cox, 2008, Berg et al., 2015).

Figure 1

 1 Figure 1. 6. The tricarboxylic acid cycle. Pyruvate is transported into the mitochondria and catabolised in a cyclical metabolic pathway to generate NADH.

  glycolysis, pyruvate oxidation and TCA cycle first interact with NADH dehydrogenase known as Complex I. This causes the oxidation of NADH into NAD + , where the oxidised electrons are transferred to coenzyme Q10. Complex I can also be inhibited by rotenone that prevents the transfer of electrons to coenzyme Q10. The next stage requires succinate dehydrogenase (Complex II), which obtains electrons from the oxidisation of FADH2 that is produced during the conversion of succinate to fumarate. The acquired electrons from Complex II are also transferred to coenzyme Q10 that transfers them to cytochrome bc1 (Complex III). An inhibitor for Complex III is antimycin A. The combined administration of rotenone and antimycin A inhibits total mitochondrial respiration. The electrons of Complex III are transferred to cytochrome c that transports them to cytochrome oxidase (Complex IV). Here the four electrons, oxygen and protons are combined to form water.

Figure 1

 1 Figure 1. 7. The electron transport chain. Mitochondria is the site for ATP synthesis where electrons donated from NADH are used to pump proton in the intermembrane space by specialised mitochondrial proton pumps. The protons in turn are utilised by ATP synthase to synthesise ATP(Nelson and Cox, 2008, Berg et al., 2015).
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 18 Figure 1. 8. The pentose phosphate pathway.Glucose is converted to nucleotides in the pentose phosphate pathway, which also generates NADPH for the regeneration of glutathione. G6PDH: Glucose 6-phosphate dehydrogenase (G6PDH), GL: Gluconolactonase, GR: Glutathione reductase, 6PGDH: 6-phosphogluconate dehydrogenase, R5PI: Phosphopentose isomerase, R5P3E: ribulose 5-phosphate by phosphopentose epimerase(Nelson and Cox, 2008, Berg et al., 2015).
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 19 Figure 1. 9. Iron homeostasis in hepatocytes. Extracellular iron is taken up by the cells into endosomes where it is converted to ferrous ions and exported into the cytoplasm to be secreted out. Copper homeostasis is coupled with iron homeostasis to maintain the osmotic balance of the cell. DMT1: divalent metal transporter-1, FPN: ferroportin, FRT:Ferritin, ATOX1 -antioxidant-1, CP: ceruloplasmin, TGN: transgolgi network.

Figure 1 .

 1 Figure 1. 10. A schematic representation of cellular division and formation of micronuclei. Cellular division occurs during the M phase of the cell cycle where chromosomes align at the equator of the cell and connect to mitotic spindles leading to their segregation into two nuclei. Missegregation of chromosomes can lead to formation of micronuclei. Cytokinesis occurs leading to cell division resulting in two daughter cells.

  DNA damage can lead to the generation of micronuclei, which originate from the formation of a nuclear envelope around chromatids, whole chromosomes or acentric chromosome fragments. This can stem from the improper attachment of chromosomes to the mitotic spindle during metaphase and anaphase resulting in the exclusion of these DNA entities from the daughter nuclei[START_REF] Luzhna | Micronuclei in genotoxicity assessment: from genetics to epigenetics and beyond[END_REF]. Acentric fragments can occur by several mechanisms and are a result of double-standarded DNA (dsDNA) breaks in the chromosome. Most dsDNA breaks are repaired by homologous recombination but can remain unrepaired if the rate of DNA damage exceeds the repair capacity of the cell or if the homologous repair mechanism is dysfunctional. The dsDNA breaks can also remain unrepaired if the nonhomologous end joining pathway is defective. Excision repair of damaged or
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 1 Figure 1. 11. A schematic representation of synchrotron facility with its main components.

Figure 1 .

 1 Figure1.13. The first objective of this study was to establish the in vitro liver 3D model using the human hepatocarcinoma cell line, HepG2, and the hanging drop method. These studies are presented within Chapter 3 and were crucial in optimising the HepG2 spheroids to achieve the optimal tissue characteristics and liver functionality. Spheroid morphology, viability and functionality are dependent on their duration of culturing, thus the establishment of how these parameters vary with the test period were also assessed.

Figure 1 .

 1 Figure 1. 13. A schematic roadmap of the techniques used throughout this thesis and the research focuses they addressed at each stage.

  using fluorescence microscopy, coupled to use of Hoechst 33342 (Cat. No. H3570 Sigma-Aldrich, UK) and propidium iodide (PI) (Cat. No. P4864 Sigma-Aldrich, UK) fluorescent stains. Fifty-six spheroid were cultured as previously described (Section 2.2.6) and were assessed on Day 1, Day 4 and Day 7. This experiment was repeated with three independent passages of HepG2 cells. On each day, eight spheroids were transferred from their hanging drop directly to a chambered cover glass (Cat. No.155383, Thermo Scientific Nunc Lab-Tek, UK). Into each chamber 500 μL of PBS with 10 µg.mL -1 Hoechst 33342 and 10 µg.mL -1 PI were applied. Spheroids were then incubated for 5 min at 37°C. The spheroids were visualized with an inverted fluorescence microscope (IX51 Olympus, UK). Hoechst 33342 stains the nuclear centres of the cells. Propidium iodide is excluded from live cells and is used as an indicator of dead cells. The total cell population stained with Hoechst 33342 was visualised using a tungsten-halogen bulb with a 4',6-diamidino-2-phenylindole (DAPI) filter. The dead cells stained with PI were visualised using a tetramethylrhodamine (TRITC) filter. The two images were superimposed to produce a resultant image which was processed using the CellSens Dimensions 1.7 imaging software. The surface area was determined by manually selecting the boundary of tissue and designated as the selected ROI. The software processed the ROI and calculated its surface area, shape factor and sphericity. The total fluorescent intensities produced from Hoechst and PI were also determined for each of the eight spheroids imaged per time point.

  3) was made to quantify albumin concentration in samples. A linear regression was performed to fit the line of best in GraphPad Prism 6.01 and the equation of the line of best fit was used to calculate the albumin concentration in the samples.
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 23 Figure 2. 3. Standard curve for albumin. A standard curve for albumin concentration between 0 and 40 mg/ mL was used to quantify extracellular albumin produced by HepG2 cell cultures.

  temperature. A 1 mM standard solution was prepared by diluting 10 µL glutamate stock solution (0.1 M) in 990 µL of AST assay buffer. This was used to make a series of dilutions to produce a standard curve. For each standard or sample, 5 µL was transferred per well of a microtitre plate. To each well containing standard solution or sample, 45 µL of AST assay buffer was then added. A master reaction mix was prepared that consisted of 80 µL AST assay buffer, 2 µL enzyme mix, 8 µL AST developer and 10 µL AST substrate per sample. To each well containing sample or standard, 100 µL of master reaction mix was added. A POLARstar ® Omega microplate spectrophotometer (BMG Labtech, UK) was set at a temperature of 37°C and was used to measure the absorbances. The plate was left to equilibrate inside the spectrophotometer for 3 min and the absorbance at 450 nm was then measured after 20 min. The resulting concentrations were determined using a standard curve.The AST standard curve was made through a dilution series from the stock standard and their respective absorption measurements as shown in Figure2.4. A linear regression as performed to obtain a line of best fit. The equation of the line of best fit was used to determine the various sample concentrations.
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 24 Figure 2. 4. Standard curve for aspartate transaminase. A standard curve for aspartate transaminase (AST) concentrations between 0 and 1 mU/ mL was used to quantify extracellular AST produced by HepG2 cell cultures.

  were prepared by omitting the converting enzyme and adding 44 µL urea assay buffer instead. Since ammonium ion, NAD+/NADP+, and pyruvate present in the sample generated background, a blank for each sample was included to subtract any background interference. When adding the blank or master reaction mix, these were mixed by placing the plate on a horizontal shaker (New Brunswick Scientific-Eppendorf, UK) set at 125 rpm for 5 min. The plate was incubated in a pre-heated POLARstar ® Omega microplate spectrophotometer (BMG Labtech, UK) set at a temperature of 37°C for 30 min prior to absorbance measurement at 570 nm. The absorbance readings for the standard solutions were used to create a standard curve by performing a linear regression as shown in Figure2.5. The equation of the line of best fit was used to calculate the concentrations of the unknown samples.
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 25 Figure 2. 5. Standard curve for urea. A standard curve for urea concentration between 0 and 1 μmol/ mL was used to quantify extracellular urea produced by HepG2 cell cultures.
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 26 Figure 2. 6. Image of the ID-16B-NA sample station at the ESRF used for SXRF analysis.
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 27 Figure 2. 7. Embedding and sectioning process for HepG2 spheroids for SXRF analysis. Spheroids were harvested and transferred into OCT matrix (A). After snap freezing, sections were mounted and sectioned with a cryo-microtome (B). Sections were confirmed visually to contain a tissue section as seen in zoom out (C). Spheroids and tissue section are indicated with black arrows.

  8 g ofKMnO4 (Cat. No. 223468, Sigma-Aldrich, UK), to 20 mL ddH2O to 20 mL of 2.4 M HCl. Reagent B was made from a solution containing 6.5 μM ferrozine, 13.1 mM neocuprione, 2 M ascorbic acid and 5 M ammonium acetate. First, 0.49 g of ferrozine (Cat. No. 82950, Sigma-Aldrich, UK) was dissolved in 10 mL ddH2O and 1.3 mL of the resultant solution were transferred in a beaker. Then, 0.42 g of neocuproine (Cat. No. N1501, Sigma-Aldrich, UK) was dissolved in 10 mL methanol (Cat. No. 10284580, Fisher Chemical, UK) and 1.31 mL of this solution were transferred. To this beaker, 13.33 mL of 7.5 M ammonium acetate (Cat. No. A2706, Sigma-Aldrich, UK) were added. Afterwards, 3.52 g of ascorbic acid (Cat. No. A0278, Sigma-Aldrich, UK) was dissolved in 20 mL of ddH2O and 4 mL of this solution were added to the beaker. A standard dilution series was made from a stock solution of 100 μg/ mL ferrous ethylenediammonium sulphate (Cat. No. 414913, Sigma-Aldrich, UK) by dissolving 0.2 g in 2 mL of 0.01M HCl. This stock solution contained 14.65 μg.mL -1 of Fe and dilutions from this stock were made to generate the following standard curve (Fig 2.3). From each standard dilution, 200 μL was aliquoted in a separate tube. HepG2 pellets were thawed to room temperature and 200 μL of 0.01M HCl was added to each tube. To tubes containing either standards or samples, 100 μL of Reagent A was added.These tubes were incubated at 60°C for 2 h. Afterwards they were left to gradually cooldown at room temperature. To each tube, 20 μL of Reagent B was added. Tubes were vortexed and centrifuged at 200 RCF from 5 min to pellet any debris. Afterwards 100 μL from each tube was transferred to a 96-well plate per well. Care was taken not to dislodge and transfer any debris. The absorbance of each well was measured at 570 nm using a POLARstar ® Omega microplate spectrophotometer (BMG Labtech, UK).The absorbance readings for the standard dilutions were used to create a standard curve by performing a linear regression as shown in Figure2.8. The equation of the line of best fit was used to calculate the concentrations of the unknown samples.
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 28 Figure 2. 8. Standard curve for ferrous ethylenediammonium sulphate. A standard curve for ferrous iron concentration between 0 and 6 ng/ mL was used to quantify accumulated iron in HepG2 cell cultures.

2. 9

 9 Quantification of nicotinamide adenine dinucleotide phosphate NADP/NADPH-Glo™ assays (Cat. No. G9081, Promega, Southampton, UK) were used to measure the total amount of NADPH in HepG2 cells. The coupled enzymatic reactions were conducted according to the manufacturer's protocol with minor modifications.The reconstitution buffer was thawed. Both the lyophilized luciferin detection reagent and reconstitution buffer were then equilibrated to room temperature. All the contents of reconstitution buffer bottle were then transferred to the lyophilized luciferin detection reagent vial. The resultant solution was inverted several times to ensure mixing of the luciferin detection solute. The luciferin detection solution was kept at room temperature for analysis on the same day or aliquoted and stored at -20°C. The reductase, reductase substrate and NADP cycling substrates were thawed on ice. These were briefly centrifuged and left on ice. The NADP cycling enzyme was reconstituted with 275 μL of ddH2O water, mixed gently and stored on ice. The NADP/NADPH-Glo™ detection reagent was always prepared freshly prior to use by adding 5 μL of each of the following; reductase, reductase substrate, NADP cycling enzyme and NADP cycling substrate, to 1 mL of luciferin detection solution. The individual components were stored at -20°C.HepG2 monolayers and spheroids were cultured as previously described (Section 2.2.3 and 2.2.6). HepG2 monolayers were seeded in a white flat-bottomed 96-well plate (Corning, UK) at a density of 10 4 cells.mL -1 per well for 24 h before treatment with test compounds. Spheroids were made and incubated for four days before treatment with test compounds in Petri dishes. Both cell configurations were challenged with 8 µM B[α]P, 10 µM FeNTA, 10 µM FeCl3, 10 µM CuSO4 or 100 mg.mL -1 of each iron oxide NP. For treatment, the monolayers were washed with 200 µL PBS and 200 µL of complete media or complete media containing test compound at the desired concentration was added to 8 wells per treatment. For the 3D cell configuration, 24 spheroids per passage were treated for each test compound by the addition of 10 µl of complete media or complete media containing three times more than the desired concentration of the test compound so that the resultant concentration could be achieved in the droplets. The cultures were incubated for 24 or 48 h in separate 96well plates. This was repeated for three individual passages.The spheroids were harvested in a centrifuge tube and washes with PBS twice. The PBS was removed by aspiration. The spheroids were transferred to a white 96-well plate contained with 10 μL of PBS. Three spheroids were transferred to each well and then topped with an additional 20 μL of PBS. The 2D cells were washed with 200 μL of PBS twice and then 50 μL of PBS was added to each well before the addition of 50 μL of NADP/NADPH-Glo™ detection reagent. Plates was gently shaken to facilitate cell lysis and incubated for 1 h at room temperature. The luminescence of each well was recorded using a POLARstar ® Omega microplate reader (BMG Labtech, UK).
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 29 Figure 2. 9. Micronuclei in a binucleated HepG2 cell. A light photomicrograph of disaggregated HepG2 cells were fixed by methanol dehydration and stained with Giemsa stain. Scale bar: 25 μm

Figure 2 .

 2 Figure 2. 10. Disaggregated HepG2 cells stained with Star*FISH© Human Chromosome Pan-Centromeric probes. Spheroids were disaggregated and individual cells were fixed and stained following a series of denaturation and hybridisation steps. Stained cells were manually scored with a fluorescent microscope. Binucleates (BN) formed that contained a micronucleus were categorised as centromere negative (K-) or positive (K+). Scale bar: 25 µm

  Star*FISH© Human Chromosome Pan-Centromeric probes (Cat. No. 1695-F-01, Cambio, UK) were thawed to room temperature for 15 min. Saline-sodium citrate (SSC) solution was prepared by adding 43.8 g of sodium chloride (Cat. No. S9888, Sigma-Aldrich, UK) and 22.05 g of trisodium citrate (Cat. No. 25114, Sigma-Aldrich, UK) to 500 mL of ddH2O. The 10x SSC solution was diluted to make 0.4x SSC and 2x SSC solutions with ddH2O.

  cells were transferred to the low melt agarose by adding 200 μL of cell suspension to 800 μL of low melt agarose. This was gently pipetted to mix. The cells were transferred on top of the agarose coated slides by pipetting 100 μL of the cell suspended in low melt agarose to two slide per replicate. A coverslip was placed on the slide and left on ice for 10 min to set. The box containing the slides and ice was covered with aluminium foil until further use. Positive controls were made by removing the coverslip of non-treated control samples and pipetting 100 μL of 500 μM H2O2 (Cat. No. H1009, Sigma-Aldrich, France). The coverslips were replaced, and slides left on ice for 5 min. The coverslip was then removed, and the slides rinsed with PBS.
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 2 Figure 2. 11. HepG2 comet nucleoids. A photomicrograph of HepG2 comet nucleoids, after alkaline electrophoresis on agarose slides. Scale bar: 50 μm

  𝑎ℎ is constant for all pixels in ROI and equal to the volume of the pixel Equation 2. 7. Absolute amount of element in ROI area:
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 3 Figure 3. 1. 3D HepG2 spheroid cell viability over a seven-day time-period.Spheroids containing an initial cell seeding density of 1000 (S1k, red), 5000 (S5k, grey) and 10000 (S10k, blue) cells per drop were cultured in complete media. Cell viability (%) of 24 disaggregated spheroids was assessed daily over seven days using Trypan blue staining. Data is presented as mean (±SE) of four independent passages expressed as a percentage of viable cells from the total cell population (n = 4). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multicomparison test. Data significantly different to S1k cells compared within the same day is denoted by a red asterisk (*), data significantly different to S5K cells compared within the same day is denoted by a grey asterisk (*) and, *P <0.05 and **P <0.01.

  Tissues formed dark cores at their centers as the days progressed irrespective of initial cell seeding density. Within the first 24 h, cells tended to organize themselves in a monolayer pattern. The cells mostly attached side by side rather than piling up on top of each other. By Day 4, all the spheroid configurations formed compact and dense structures. The 1000 and 5000 cell configurations formed highly circular structures with minimal irregularities. The 10000 cells configuration had an irregular tissue structure at Day 4. On Day 7, the lower initial cell seeding quantities (1000 and 5000) produced tissues with highly spherical structures. The irregularities in tissue morphology observed on Day 4 by the 10000 cells configuration further increased by Day 7.
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 32 Figure 3. 2. Spheroid morphology as observed under a light microscope.Spheroids containing an initial seeding density of 1000 (S1k), 5000 (S5k) and 10000 (S10k) cells per drop were cultured in complete media over seven days. The collage shows representative images taken at Day 1, 4 and 7 using a light microscope, where eight spheroids per day were assessed from each of the three independent passages (n = 3). Scale bar: 100 μm

Figure

  Figure 3. 3. The surface area of HepG2 spheroids increases with seeding density. Spheroids containing an initial cell seeding density of 1000 (S1k, red) (A), 5000 (S5k, grey) (B) or 10000 (S10k, blue) (C) cells per drop were cultured in complete media. Surface area (µm 2 ) was assessed daily over seven days by selecting regions of interest. A collation of results from the three spheroid sizes is also given (D). Data is presented as mean (±SE) of eight spheroids (technical replicates) for each of three independent passages (n = 3). Data was compared using one-way ANOVA and Dunnett's post-hoc test (A, B and C). Data significantly different to measurements made on day one is denoted by an asterisk (*), *P <0.05., **P <0.01., and ***P <0.001. A non-parametric Friedman test and Dunnett's post-hoc multi-comparison test was used for assessing the collated data (D). Data significantly different to S1k cells is denoted by a red asterisk (*), and ***P <0.001.
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 34 Figure 3. 4. Effect of the cell density and culturing time on the morphology and cell viability of HepG2 spheroids.Spheroids containing an initial seeding density of 1000 (S1k), 5000 (S5k)and 10000 (S10k) cells per drop were cultured in complete media over seven days. Observation of spheroids was conducted at day 1, 4, and 7 using a fluorescence microscope by treating cells with Hoechst 33342 (blue) to stain all cells and propidium iodide (red) to stain non-viable cells. During this study, eight spheroids per day were assessed from each of the three independent passages (n = 3). The collage is made of representative images and was compiled by overlaying the separate fluorescence images given by Hoechst 33342 and propidium iodide dyes. Scale bar: 100 µm.
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 35 Figure 3. 5. Morphological analysis of HepG2 spheroids by fluorescence microscopy. Spheroids containing an initial seeding density of 1000 (S1k, red), 5000 (S5k, grey) and 10000 (S10k, blue) cells per drop were cultured in complete media. area (A), shape factor (B) and sphericity (C) of spheroids were quantitated on day 1, 4 and 7 using fluorescence microscopy images generated by staining all cells with Hoechst 33342. Data is presented as mean (±SE) of arbitrary fluorescence units (A.U.) of eight spheroids (technical replicates) generated for three independent passages each (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison test. Data significantly different to S1k cells is denoted by a red asterisk (*), data significantly different to S5K cells is denoted by a grey asterisk (*) and, *** P<0.001.
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 36 Figure 3. 6. Comparison of the HepG2 spheroid areas as determined by fluorescence microscopy or light microscopy. Spheroids containing an initial cell seeding density of 1000 (S1k, red) (A), 5000 (S5k, grey) (B) or 10000 (S10k, blue) (C) cells per drop were cultured in complete media. Spheroids were observed using light microscopy (bars with a diagonal hatch) or stained with DNA-binding Hoechst 33342 and observed with fluoresce microscopy. Data is presented as mean area (±SE) of eight spheroids (technical replicates) generated for three independent passages for fluorescence and four independent passages for light microscopy (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison test. Significantly different data is denoted by letters, and P-value annotated below the legend; *P <0.05 and ***P <0.01.
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 37 Figure 3. 7. Assaying cell viability in HepG2 spheroids. Spheroids containing an initial seeding density of 1000 (S1k, red), 5000 (S5k, grey) and 10000 (S10k, blue) cells per drop were cultured in complete media. Observation of spheroids was conducted at Day 1, 4, and 7 by measuring the fluorescence intensity of cells treated with Hoechst 33342 to stain the total cell population and propidium iodide to stain non-viable cells. Data is presented as mean (±SE) of eight technical replicates for the total cell population (A), non-viable cells (B), relative cell viability (C) and relative cell death (D) for three independent passages (n = 3). Data was compared using a Twoway ANOVA test and Bonferroni's posthoc multi-comparison test. Data significantly different to S1k cells is denoted by a red asterisk (*), data significantly different to S5K cells is denoted by a grey asterisk (*) and *P<0.05, **P<0.01 and ***P<0.001.
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 3 Figure 3. 10. Cell viability and proliferation of HepG2 cells in monolayer and spheroid configurations. A monolayer of HepG2 cells (2D, ■) generated from 10 5 cells or spheroids containing an initial seeding density of 5000 cells per drop (3D, ■) were cultured in complete media for 7 days. Cell viability (A) and proliferation (B) were measured daily by trypan blue staining daily. Data is presented as the mean (±SE) of 10 6 cells (2D) or 200 spheroids (3D) per time point per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA test and Bonferroni post-hoc multi-comparison test. Data significantly different to 2D cells is denoted by an asterisk (*) and * P <0.05, ** P <0.01 and *** P <0.001.

  .11). No significant change was observed in extracellular albumin (Figure 3.11A) over seven days. Albumin levels showed no noticeable differences between Day 1 to Day 4, after which they increased in a time-dependent manner. No significant change in albumin was observed between 2D HepG2 monolayer culture. Accumulation of AST in the extracellular medium (Figure 3.11B) occurred in a time-dependent manner. The extracellular AST concentration was significantly higher on Day 5, Day 6 and Day 7 (**P <0.01 and ***P <0.001) when compared to Day 1. The AST concentration was found to be significantly lower (*P <0.05 and **P <0.01) on Day 1, Day 2 and Day 3 when compared to 2D HepG2 monolayer culture. The concentration of extracellular urea (Fig. 3.11C) increased over time upon incubation. The urea concentration on Day 5, Day 6 and Day 7 was significantly higher (**P < 0.01 and ***P < 0.001) when compared to Day 1. The extracellular urea concentration was also found to be significantly higher (**P < 0.01) than the 2D HepG2 monolayer when compared to the 3D cultured cells on Day 7.

Figure 3 .

 3 Figure 3. 11. Liver functionality tests of S5k HepG2 spheroids. Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for seven days. Culture media of monolayers HepG2 cells (2D) cultured for 48 h was used for comparison. Albumin (A) Aspartate Transaminase (AST) (B), and Urea (C) were measured daily from the supernatant by colorimetric assays. Data is presented as the mean (±SE) of 10 6 cells (2D) or 24 spheroids (3D) per time point per passage for three independent passages (n = 3). Data was compared using a One-way ANOVA test and Dunnett's post-hoc multi-comparison test. Data significantly different to Day 1 is denoted by an asterisk (*) and * P<0.05, ** P<0.01 and *** P<0.001.

Figure 3 .

 3 Figure 3. 12. SEM image of HepG2 cells and spheroids. Image of a disaggregated HepG2 cells (A) that was in spheroid tissue. On closer inspection of the spheroid cellular surface, an individual HepG2 cell (B) was focused upon and an image of the general cellular surface (C) was inspected. A lateral image of the spheroid (D) and another image at a different angle (E) were taken. Spheroid assessed here was generated from an initial seeding density of 5000 cells after four days of incubation. Scale bars shown below each image respectively.

Figure 3 .

 3 Figure 3. 13. Factors effecting spheroid formation. The spheroid formation is affected by (A) depletion of nutrients and oxygen available for the inner core cells, (B) increasing nutrient and oxygen consumption by the outer core cells, and (C) contact inhibition and quiescence.

Figure 3 .

 3 Figure3. 14. Heat map summarising the assessment of an optimal 3D HepG2 model. Studies conducted on spheroids generated from an initial seeding density of 1000 (S1k), 5000 (S5k) or 10,000 (S10k) cells were scored for spheroid performance into three different categories: ideal (orange), suitable (green) and inadequate (blue). An expression heat map was generated with an average linkage clustering method with the Euclidean distance measurement. Data set abbreviations found used in heat map: cell viability (CV), surface area (SA), shape factor (SF), area (A), live fluorescence surface area (LFSA), relative tissue viability (RTV), relative tissue death (RTD), tissue viability combined with area(Bestvater et al.), tissue death combined with area (TDA), tissue viability combined with shape factor (TVSF) and tissue death combined with shape factor (TDSF) on Day 1 to Day 7 (D1-D7).

Figure 4

 4 Figure 4. 1. A schematic representation of the fate of glucose upon its uptake into a hepatocyte.
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 42 Figure 4. 2. Assessment of iron and sulphur in untreated spheroids by SXRF. Spheroids were made with an initial seeding density of 5000 cells per drop which were cultured in complete media for 4 day. Spheroids were then incubated in fresh complete media for 24 h and used as the control sample. Spheroids were snap-frozen and sectioned using a microtome. Sections were transferred on Si3N4 windows, freeze-dried and imaged on the ID-16B-NA ESRF beamline. The sulphur (A and C) and iron (B and D) SXRF emission was mapped to generate and image of the microtissue. The element XRF signal intensity was mapped to the microtissue sections for sulphur (E and G) and iron (F and H) region.

Figure 4

 4 Figure 4. 3. Assessment of iron and sulphur in spheroids treated with 100 µg/ mL γ-Fe2O3 NPs by SXRF. Spheroids were made with an initial seeding density of 5000 cells per drop which were cultured in complete media for 4 day. Spheroids were then incubated in fresh complete media containing 100 µg.mL -1 γ-Fe2O3 NP for 24 h. Spheroids were snap-frozen and sectioned using a microtome. Sections were transferred on SiN3 windows, freeze-dried and imaged on the ID-16B-NA ESRF beamline. The sulphur (A and C) and iron (B and D) SXRF emission was mapped to generate and image of the microtissue. The element XRF signal intensity was mapped to the microtissue sections for sulphur (E and G) and iron (F and H).

  4.4. F and H) was correlated with the sulphur distribution map (Fig.4.4, A and C).

  4.5B) to give the respective spectrogram shown in Fig. 4.6 (A and B). The spectrogram of point "1" (Fig. 4.6A) showed the chemical composition of the cytosol where to iron is present hence confirming the absence of NPs. Point "2" spectrogram (Fig. 4.6B) which assessed a high-density region indicated the presence of iron and confirmed that the selected structures were iron NPs. Further STEM images were obtained for HepG2 spheroids exposed to Fe3O4 NPs. Interstitial accumulation of iron NPs was observed in Fig. 4.7. Selected points "1" and "2" (Fig. 4.7B) were assessed with EDX. The spectrogram of point "1" (Fig. 4.8A) showed the chemical composition of the cytosol showed no presence of iron. Point "2" spectrogram (Fig. 4.8B) which assessed a high-density region indicated the presence of iron and confirmed that the selected structures were iron NPs. It also confirmed that NPs were present within the interstitial cellular spaces and their intercellular retention by the microtissue. For the Fe3O4 NPs, their periphery accumulation on a HepG2 cell was observed in Fig 4.9A. Further magnification of the selected region shown in Fig. 4.9B, reveals that the iron NPs are starting to be enveloped by the cell membrane, potential indicating the initial stages of endocytosis.

Figure 4 . 5 .

 45 Figure 4. 5. Internalisation of γ-Fe2O3 NPs in HepG2 spheroids. (A) A S5K spheroid was incubated with γ-Fe2O3 NPs at a dose of 100 µg.mL -1 for 24 h and fixed with glutaraldehyde and osmium tetroxide. The fixed spheroid molds were sectioned into 70 nm thick sections and imaged using a STEM-EDX microscope in brightfield mode at x15,000 magnification. (B) An endosome containing γ-Fe2O3 NPs in a HepG2 cell at x50,000 magnification, 1 and 2 indicate regions which were analysed with EDX.

Figure 4 . 6 .

 46 Figure 4. 6. An EDX spectrogram of a HepG2 cell containing γ-Fe2O3 NPs. The TEM scans given in Figure4.5 reveal internalised NPs within an endosome. Selected points illustrated as "1" and "2" in Fig.4.5B, were assessed using EDX to determine their elemental composition. Spectrogram (A) corresponding to point "1" outside the endosome shows the elemental composition of the cytosol. Spectrogram (B) corresponding to point "2" shows the elemental composition within the endosome.
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 47 Figure 4. 7. Interstitial accumulation of Fe3O4 NPs in HepG2 spheroids.(A) A S5K spheroid was incubated with Fe3O4 NPs at a dose of 100 µg.mL -1 for 24 h and fixed with glutaraldehyde and osmium tetroxide. The fixed spheroid molds were sectioned into 70 nm thick sections and imaged using a STEM-EDX microscope in brightfield mode at x12,000 magnification. (B) An interstitial space containing Fe3O4 NPs in between HepG2 cells at x120,000 magnification, 1 and 2 indicate regions which were analysed with EDX.
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 48 Figure 4. 8. An EDX spectrogram of interstitial Fe3O4 NPs with a HepG2 spheroids. The TEM scans given in Figure4.7 reveal interstitial NPs in between HepG2 cells. Selected points illustrated as "1" and "2" in Fig.4.7B, were assessed using EDX to determine their elemental composition. Spectrogram (A) corresponding to point "1" inside the cells shows the elemental composition of the cytosol. Spectrogram (B) corresponding to point "2" shows the elemental composition within of the NPs.
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 49 Figure 4. 9. Peripheral accumulation of Fe3O4 NPs in HepG2 spheroids.(A) A S5K spheroid was incubated with Fe3O4 NPs at a dose of 100 µg.mL -1 for 24 h and fixed with glutaraldehyde and osmium tetroxide. The fixed spheroid molds were sectioned into 70 nm thick sections and imaged using a STEM microscope in brightfield mode at x12,000 magnification. (B) Initial steps of Fe3O4 NP internalisation can be seen in a HepG2 cell at x50,000 magnification.

Figure 4 .

 4 Figure 4. 10. Iron uptake increases with increasing iron oxide NPs in HepG2 cells in a dose dependent manner. Monolayers of HepG2 cells (A, B, C) were generated from 10 5cells cultured in complete media or 24 spheroids containing an initial seeding density of 5000 cells per drop (D E, F) were cultured in complete media for 4 days. Cells were challenged with a range of doses of Ferric trinitriloacetate (FeNTA, A, D), maghemite NPs (γ-Fe2O3, B, E) or magnetite NPs (Fe3O4, C, F) for 24 h (■) or 48 h (■). Iron uptake was measured by ferrozine assay. Data is presented as mean (±SE) of 10 6 cells (2D) or 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Significantly different data observed for the same time point is annotated with letters, where the comparison between two bars is given under the legend. The P-value is denoted by an asterisk (*P <0.05) and given below the legend.

Figure

  Figure 4. 11. The oxygen consumption rate of HepG2 spheroids decreases upon exposure to iron oxide NPs.Spheroids conditioned with untreated media (•, Control) or media containing 100 µg.mL-1 of maghemite ( ■, Fe2O3) or magnetite (▲, Fe3O4) for 24 h. Oxygen consumption rate of conditioned spheroids was measured for 120 min. Oligomycin (1 µM), Trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP, 1 µM) and rotenone (0.5 µM) were sequentially added during analysis. Data is presented as mean (±SE) of oxygen consumption rate (OCR, A and B) and mean (±SE) individual respiration rates (C) of eight spheroids per dose per passage for three individual passages (n = 3). Data is compared to control using One way (B) or Twoway ANOVA (C) and Bonferroni's post-hoc multi-comparison tests. Where P-value is <0.10, it has been given above the relevant bar.

Figure

  Figure 4. 12. The extracellular acidification rate of HepG2 spheroids increases upon exposure to iron oxide NPs.Spheroids conditioned with untreated media (•, Control) or media containing 100 µg.mL-1 of maghemite ( ■, Fe2O3) or magnetite (▲, Fe3O4) for 24 h. Extracellular acidification rate of conditioned spheroids was measured for 60 min. Oligomycin (1 µM) was added during the analysis. Data is presented as mean (±SE) of total extracellular acidification (ECAR, A and B) and mean (±SE) individual respiration rates (C) of eight spheroids per dose per passage for three individual passages (n = 3). Data were compared to control using One-way (B) or Two-way ANOVA (C) and Bonferroni's post-hoc multicomparison test. The P-value is denoted by an asterisk; where *P <0.05 and **P <0.01.

  4.13A) and accumulation of NADPH (Fig. 4.13B) in the cell were assessed upon challenge with inducers of genotoxicity and oxidative stress, and manipulation of iron homeostasis. Chemicals B[α]P, FeNTA, FeCl3 and CuSO4 were used as a control to establish responses upon induction of toxicity by different modes.

  The accumulation of NADPH (Fig.4.13B) in HepG2 monolayers remained unchanged upon incubation with B[α]P. A significant decreased was observed in HepG2 monolayers after 48 h of incubation with B[α]P (**P <0.01) compared to control. A similar pattern was observed in NADPH accumulation in HepG2 spheroids after incubation with B[α]P. No significant changes were observed upon incubation of HepG2 cells in FeNTA when compared to control. However, a significant reduction as observed between HepG2 spheroids treated with FeNTA for 24 h and 48 h (*P <0.05). Similarly, no significant changes were observed in the accumulation of NADPH when compared to control upon incubation with FeCl3. A significant decrease in NADPH accumulation was observed between HepG2 monolayers and HepG2 spheroids after 24 h of incubation with FeCl3 (*P <0.05). No significant changes were observed in NADPH accumulation upon incubation with CuSO4.

Figure 4 .

 4 Figure 4. 13. Induction of genotoxicity, oxidative stress and manipulation of iron homeostasis has no effect on glucose uptake and NADPH. Monolayers of HepG2 cells were generated from 10 5 cells cultured in complete media or spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with untreated control media or media containing benzo-α-pyrene (B[α]P, 8 µM) ferric nitriloacetate (FeNTA, 10 µM), ferrous chloride (FeCl3, 10 µM) or cupric sulphate (CuSO4, 10 µM) for 24 h or 48 h. Glucose uptake (A) and NADPH (B) were measured by assay kits. Data is presented as mean of percentage of control (±SE) of 8x10 4 cells (2D) or 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Data significantly different to the control untreated sample is denotate by asterisks. Data annotated with letters is used for comparison between the different cell and time configurations. An asterisk denotes the P-value; where *P <0.05 and given below the legend.

Figure 4 .

 4 Figure 4. 14. Iron oxide NPs have no effect on glucose uptake and NADPH.Monolayers of HepG2 cells were generated from 10 5 cells cultured in complete media or spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with untreated control media (Control) or media containing 100 µg.mL -1 of maghemite (Fe2O3) or magnetite (Fe3O4) for 24 h or 48 h. Glucose uptake (A) and NADPH (B) were measured by assay kits. Data is presented as mean of percentage of control (±SE) of 8x10 4 cells (2D) or 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA test and Bonferroni post-hoc multi-comparison test. Data annotated with letters is used for comparison between the different cell and time configurations. An asterisk denotes the P-value; where *P <0.05 and given below the legend.

Figure 4 .

 4 Figure 4. 15. Liver function profile of HepG2 spheroids is affected by iron.Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. Cells were challenged with benzo-α-pyrene (B[α]P, 8 µM) ferric nitriloacetate (FeNTA, 10 µM), maghemite NPs (γ-Fe2O3 NP, 100 µg.mL -1 ) or magnetite NPs (Fe3O4 NP, 100µg.mL -1 ) for 24 h (■) or 48 h (■). Liver function was measured by measuring secreted albumin (A), aspartate transaminase (AST, B) and urea (C). Data is presented as mean (±SE) of 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA test and Bonferroni post-hoc multi-comparison test. Data is annotated with letters is used for comparison between the different time configurations. An asterisk denotes the p-value; where *P <0.05, **P <0.01 and ***P <0.001 given below the legend.

Figure

  Figure 4. 16. Viability of HepG2 cells decreases upon induction of oxidative stress and manipulation of iron homeostasis.Monolayers of HepG2 cells (•, ■) were generated from 10 5 cells cultured in complete media or spheroids (▲, ▼) containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. Cells were challenged with a range of concentrations of benzo-α-pyrene (B[α]P, A) ferric nitrilotriacetate (FeNTA, B), ferrous chloride (FeCl3, C) or cupric sulphate (CuSO4, D) for 24 h (•, ▲) or 48 h (■, ▼). Cell viability was measured daily by trypan blue staining. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 24 spheroids (3D) per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Data annotated with letters is used for comparison between the different cell and time configurations. An asterisk denotes the P-value; where *P <0.05 and **P <0.01 given below the legend.
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 4 Figure 4. 17. Viability of HepG2 cells decreases upon exposure to iron oxide NPs. Monolayers of HepG2 cells (•, ■)were generated from 10 5 cells cultured in complete media or spheroids (▲, ▼) containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. Cells were challenged with a range of concentrations of maghemite NPs (γ-Fe2O3 NP, A) or magnetite NPs (Fe3O4 NP, B) for 24 h (•, ▲) or 48 h (■, ▼). Spheroids were also challenged with high doses (C) of maghemite NPs (γ-Fe2O3 NP, •) or magnetite NPs (Fe3O4 NP, ■) for 24 h. Cell viability was measured daily by trypan blue staining. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 24 spheroids (3D) per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multicomparison tests. Data annotated with letters is used for comparison between the different cell and time configurations. An asterisk denotes the P-value; where *P <0.05 and given below the legend.

  4.13A) and accumulation of NADPH (Fig. 4.13B) in the cell were assessed upon challenge with inducers of genotoxicity and oxidative stress, and manipulation of iron homeostasis. Chemicals B[α]P, FeNTA, FeCl3 and CuSO4 were used as a control to establish responses upon induction of toxicity by different modes. The effect of iron

  Aneugenic and clastogenic genotoxicity induced by test compounds was assessed using the CBMN assay and centromere staining was performed to further classify the mode of genotoxicity. The CBMN assay was used to assess the micronucleus frequencies in HepG2 monolayer and spheroid cells after exposures to test compounds. Micronuclei are formed from whole chromosome or acentric chromosome fragments that were excluded from the daughter nuclei during the anaphase of mitosis. The formation of micronuclei is restricted to dividing cells. Hence dividing cells must be distinguished from non-dividing cells prior to micronuclei quantification. Dividing cells are characterised by the formation of two nuclei during telophase. Halting cytokinesis at this stage would result in binucleated cells due to incomplete mitosis. Cytochalasin-B (Cyto B) stops cytokinesis by inhibiting microfilament ring assembly, which causes cells to undergo partial mitosis and form binucleated cells. This distinguishes cells that have undergone partial mitosis forming binucleated cells in which micronuclei can be quantitated. The CBMN assay was carried out as described in Section 2.11.
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 51 Figure 5. 1. HepG2 spheroids have fewer binucleated cells compared to monolayers.Monolayers of HepG2 cells (2D) were generated from 10 5 cells cultured in complete media or 16 spheroids containing an initial seeding density of 5000 cells per drop (3D) were cultured in complete media for 5 days. Spheroids on Day 5 and monolayers were exposed to 4 μg.mL -1 of cytochalasin B for 24h. Cells were harvested, fixed and stained with Giemsa. Stained cells were manually scored and frequencies of mono-, bi-and multinucleated cells was recorded after scoring a total of 500 cells. Data is presented as mean (±SE) of 10 6 cells (2D) or 16 spheroids (3D) for three independent passages (n = 3). Data was compared using an unpaired t test. Significantly different data P-value are denoted by an asterisk (***P <0.001).

Figure

  Figure 5. 2. Cell viability of HepG2 spheroids after exposure to Cyto B.Spheroids with an initial seeding density of 5000 cells per drop were cultured in complete media between 3-6 days. For each assessment, 24 spheroids were prepared. Spheroids were exposed to various concentrations of Cyto B for 24h to prior to assessment of cell viability. Cell viability was determined on (A) Day 4, (B) Day 5, (C) Day 6 and (D) Day 7 of initial seeding. Cell viability was assessed by harvesting spheroids, washing and disaggregation with trypsin-EDTA. Followed by Trypan blue cell viability assay. Data is presented as mean (±SE) of 24 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Significantly different data is annotated with letters, the P-value is denoted by an asterisk (*P <0.05). The Pvalues below 0.1 are also indicated.
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 53 Figure 5. 3. Binucleated cell score increases with increasing Cyto B concentration in HepG2 spheroids.Spheroids with an initial seeding density of 5000 cells per drop were cultured in complete media between 3-6 days. For each assessment, 24 spheroids were prepared. Spheroids were exposed to various concentrations of Cyto B for 24h to prior to assessment of cell viability. After 24h, the spheroids were harvested, washed and disaggregated with trypsin-EDTA. Cells were harvested, fixed and stained with Giemsa. Stained cells were manually scored and frequencies of (A) mono-, (B) bi-and (C) multinucleated cells was recorded after scoring a total of 500 cells per replicate. Data is presented as mean (±SE) of 16 spheroids per dose per passage for three independent passages (n = 3). Data was compared to 1 μg.mL -1 Cyto B dose using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests. Significantly different data is annotated with letters, the P-value is denoted by an asterisk (*P <0.05, ****P <0.0001) and given below the legend. The P-values below 0.1 are also indicated by the side of each graph.
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 54 Figure 5. 4. Micronucleus frequencies and replicative index of HepG2 monolayers after chemical and nanomaterial exposure.Monolayers of HepG2 cells were generated from 10 6 cells cultured in complete media. These were than exposed for 24h to a range of doses of maghemite NPs (Fe2O3, A) or magnetite NPs (Fe3O4, B). They were also exposed separately to either 8 μM benzo-α-pyrene (B[α]P) or 10 μM Ferric trinitriloacetate (FeNTA). Cells were washed and incubated again for another 24 h with Cyto B (4 μg.mL -1 ). Cells were harvested, fixed and stained with Giemsa. Stained cells were manually scored, and frequencies of the micronuclei was recorded after scoring a total of 3000 binucleates. Frequencies of mono-, bi-and multinucleated cells were also recorded after scoring a total of 1500 cells to express their respective replicative index values. Data is presented as mean (±SE) of three independent replicates (n = 3). Data was compared using a One-way ANOVA test and Dunnett's multi-comparison test. Significantly different data and its associated the pvalue are denoted by an asterisk (*P <0.05, **P <0.01, ****P <0.0001). The P-values below 0.1 are also indicated by the side of each graph.
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 55 Figure 5. 5. Micronucleus frequencies and replicative index of HepG2 spheroids after chemical and nanomaterial exposure.Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. For each assessment, 16 spheroids were prepared. These were than exposed for 24h to a range of doses of maghemite NPs (Fe2O3, A) or magnetite NPs (Fe3O4, B). They were also exposed separately to either 8 μM benzo-α-pyrene (B[α]P) or 10 μM Ferric trinitriloacetate (FeNTA). Spheroids were washed and incubated again for another 24 h with Cyto B (4 μg.mL -1 ). These were disaggregated, fixed and stained with Giemsa. Stained cells were manually scored, and frequencies of the micronuclei was recorded after scoring a total of 3000 binucleates. Frequencies of mono-, bi-and multinucleated cells were also recorded after scoring a total of 1500 cells to express their respective replicative index values. Data is presented as mean (±SE) of 16 spheroids per dose per passage for three independent passages (n = 3). Data was compared using a One-way ANOVA and Dunnett's multi-comparison tests. Significantly different data and its associated the p-value are denoted by an asterisk (*P <0.05, **P <0.01, ****P <0.0001). The P-values below 0.1 are also indicated by the side of each graph.

Figure 5

 5 Figure 5. 6. Centromere staining of micronuclei formed in HepG2 spheroids following exposure to iron oxide NPs.Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for 4 days. For each assessment, 16 spheroids were prepared. These were than exposed for 24h to benzoα-pyrene (B[α]P, 8 μM), carbenzamin (C-ben, 8 μM), maghemite NPs (Fe2O3, 100 μg.mL -1 ) or magnetite NPs (Fe3O4, μg.mL -1 ). Afterwards, spheroids were washed and incubated again for another 24 h with Cyto B (4 μg.mL -1 ). These were disaggregated, fixed and stained with Star*FISH© Human Chromosome Pan-Centromeric probes following a series of denaturation and hybridisation steps. The number of centromere negative (K-) or positive micronuclei (K+) per compound was obtained after assessing 35 micronuclei per biological replicate (n = 3) (B). Data is presented as mean (±SE) of 16 spheroids per dose per passage for three independent replicates. Data was compared using a One-way ANOVA and Dunnett's multi-comparison tests versus untreated control. Significantly different data and its associated the P-value are denoted by an asterisk (***P <0.001). The P-values below 0.1 are also indicated by the side of the graph.
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 57 Figure 5. 7. Effect of benzo-α-pyrene on DNA Tail intensity (%). Monolayers (■)of HepG2 cells were generated from 10 6 cells cultured in complete media or 96 spheroids (■) containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with hydrogen peroxide (H2O2, 500 μM) as a positive control or a dose range of benzo-α-pyrene (B[α]P). Monolayers and spheroid were exposed to B[α]P for either 24h (A) or 48h (B). For single cell gel electrophoresis, cells were resuspended in low melt agarose and transferred onto agarose coated slides. Cells were than lysed prior to electrophoresis. Migration was performed at 24V for 30 mins. Slides were stained with GelRed® nucleic acid gel dye and scored with a fluorescent microscope. For each slide, 75 nucleoids were scored per slide and two slides per sample were assessed. A total of 450 nucleoids were scored per sample. DNA Tail intensities (%) were determined using the Comet IV software. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 96 spheroids per dose per passage three independent replicates (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests.
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 58 Figure 5. 8. Effect of γ-Fe2O3 NPs on DNA Tail intensity (%).Monolayers (■) of HepG2 cells were generated from 10 6 cells cultured in complete media or 96 spheroids (■) containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days. Cells were challenged with a dose range of maghemite NPs (γ-Fe2O3 NP). Hydrogen peroxide (H2O2, 500 μM) and benzo-α-pyrene (B[α]P, 8 μM) were included as positive controls. Monolayers and spheroid were exposed to γ-Fe2O3 NP for either 24h (A) or 48h (B). For single cell gel electrophoresis, cells were resuspended in low melt agarose and transferred onto agarose coated slides. Cells were than lysed prior to electrophoresis. Migration was performed at 24V for 30 mins. Slides were stained with GelRed® nucleic acid gel dye and scored with a fluorescent microscope. For each slide, 75 nucleoids were scored per slide and two slides per sample were assessed. A total of 450 nucleoids were scored per sample. DNA Tail intensities (%) were determined using the Comet IV software. Data is presented as mean percentage of control (±SE) of 10 6 cells (2D) or 96 spheroids per dose per passage three independent replicates (n = 3). Data was compared using a Two-way ANOVA and Bonferroni's post-hoc multi-comparison tests.

Figure 5 .

 5 Figure 5. 10. Macronutrient distributions within HepG2 spheroid sections exposed to different concentrations of γ-Fe2O3 NPs. Spheroids containing an initial seeding density of 5000 cells per drop were cultured in complete media for four days.For each assessment, 32 spheroids were prepared and exposed for 24h to 0 µg.mL -1 , 100 µg.mL -1 or 1000 µg.mL -1 γ-Fe2O3 NPs. After 24h, the spheroids were harvested, washed and transferred into cryomatrix moulds. These were snap frozen in 4methylbutane cooled with liquid nitrogen. Sections of 20 µm thickness were prepared using a cryo-microtome. Tissue sections were deposited on silicon nitride imaging frames, freeze-dried overnight and stored in a desiccator. X-ray fluorescence imaging was performed at the European Synchrotron Radiation Facility (ESRF) ID16B beamline. Quantitative multi-element analysis for sulphur (S), iron (Fe), calcium (Ca), copper (Cu), zinc (Zn), selenium (Se) and phosphorus (P) was conducted for two spheroids for each test condition using PyMCA software. The data collected was reconstructed into multichannel images using MATLAB. Scale bar: 50 µm.

Figure 5 .

 5 Figure 5. 11. Quantification of macronutrient distributions in HepG2 spheroid sections exposed to different concentrations of γ-Fe2O3NPs. The SXRF scans were assessed with quantitative multi-element analysis using PyMca for (A) sulphur (S), (B) iron (Fe), (C) calcium (Ca), (D) copper (Cu), (E) zinc (Zn), (F) selenium (Se) and (G) phosphorus (P) in HepG2 spheroids after incubation with untreated complete medium or complete medium containing 100 µg.mL -1 or 1000 µg.mL -1 of γ-Fe2O3 NPs. Data is presented as mean (±SE) of two spheroid tissue sections for two independent passages (n = 2). Data was compared using a One-way ANOVA and Dunnett's multi-comparison tests. Significantly different data and its associated the p-value are denoted by an asterisk (*P <0.05, **P <0.01, ****P <0.0001). The P-values below 0.1 are also indicated by the side of graph.
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 5 Figure 5. 12. Macronutrient fold increases for HepG2 spheroid sections exposed to different concentrations of γ-Fe2O3 NPs and correlation analysis. The normalized data against untreated control (A) for the selected ROI on the tissue section was determined to assess the changes occurring after 24h at each of the NP doses. A correlation matrix (B) was generated from the normalized data to better assess and associate variations with the exposures of the γ-Fe2O3 NPs. Data is presented as mean (±SE) of two spheroid tissue sections for two independent passages (n = 2).(A) Data is compared to the untreated control using One-way ANOVA and Dunnett's post-hoc test and the P-values are denoted by an asterisk (*P <0.05, **P <0.01, ****P <0.0001). Data interdependency was assessed using Pearson's correlation. Correlation matrix elements are presented as correlation coefficient (r) values. Higher values of r (r→1) show a greater positive correlation in between the variables. Other values (0 <r <1), show that there is a tendency of correlation between the two variables.

  reproduce and retain liver-like properties. Integration and versatility of the model were evaluated in Chapter 4 where cell viability, SXRF imaging, iron quantification and further LFT parameters were assessed. In Chapter 5, the model is shown to respond to iron homeostasis changes by fluctuations in copper and other physiologically relevant elements such as Ca, S, P, Cu and Se. This chapter also shows the successful integration with micronucleus and comet assays. Some work involving this model has already been published by Shah et al. 2018 demonstrating the model's capability for assessing genotoxic endpoints.

  have already shown that this positive link between increased Cain 2+ and oxidative stress can be induced by metal NPs. Morteazaee et. al. (2019) proposed that the elevated Cain 2+ influx was through calcium pumps, channels and inositol trisphosphate receptors. The elevated Ca 2+ levels seen in the elemental SXRF tissue quantification (Fig. 5.2C) by the HepG2 spheroids is indicative of a possible stress response. The increase in Ca 2+
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Table 1 . 1. Key historical events driving the progress of nanotoxicology (Oberdörster et al., 2007, Santamaria, 2012, Pastrana et al., 2018, Halappanavar et al., 2019).

 1 

	Date	Event	Importance
	1968	Liposomal research	Nanocarriers than an active
			principle used for the delivery of
	1978	Solid lipid particles	other nanomaterials
	1981	Electron microscope	Visualisation of nanomaterials
	1986	Commercialisation of	Anti-aging cream using liposomes
		Nanomaterials in cosmetics	at the nanoscale
	1994	Metal nanoparticles	

Table 1 . 2. Crystal Lattice characteristics of Fe3O4 and γ-Fe2O3, and size specifications of their respective NPs used in this thesis. Data

 1 was obtained and adapted from[START_REF] Phan | Exchange Bias Effects in Iron Oxide-Based Nanoparticle Systems[END_REF] and[START_REF] Singh | The role of iron redox state in the genotoxicity of ultrafine superparamagnetic iron oxide nanoparticles[END_REF].

	Material	Fe3O4		γ-Fe2O3
	Crystal characteristics	
	Crystal unit cell	Face-centered	cubic	Face-centered cubic
		(FCC)		
	Iron atoms present in unit cell 24		24
	Lattice constant (Å)	8.39		8.33
	(For FCC, a=b=c)			
	Lattice volume (nm 3 )	59.06		57.80
	Nanoparticle characteristics	
	Primary particle size (nm)	10		10
	Calculated Spherical volume	523.6		523.6
	(nm 3 )			
	Calculated number of lattice	8.87		9.07
	unit cells per nanoparticle			
	Agglomerate size in 10% FBS	112 ± 2		57.5 ± 11
	(nm)			

Table 1 . 4. The

 1 harvesting outcomes and associated issues for 3D culture techniques

	-Expensive equipment
	-No control of microtissue growth
	-Problems involved in microtissue retrieval as device must be dissembled
	-Integration with cell assessment assays as microtissue are enclosed within device
	-Agitated environment might not be suited to cells

  concentrated at the necrotic core. The[START_REF] Liu | Quantitative synchrotron X-ray fluorescence study of the penetration of transferrinconjugated gold nanoparticles inside model tumour tissues[END_REF] group investigated the biodistribution of the gold NP conjugates with XRF in MCF-7 spheroids, where most of the NPs were concentrated at the periphery. Another study conducted byLeitao et al. (2015) investigated the zinc distribution within DU145 prostate cancer cells and benign prostate hyperplasia spheroids. Here 2D XRF was also employed to determine biodistribution. It was found that spheroids had a heterogeneous distribution intensity that increased for DU145 prostate cancer cells and benign prostate hyperplasia spheroids upon the first treatment of 75 µM of zinc. This decreased upon treatments equal to or higher than 100 µM for the DU145 spheroids. Zinc intensities remained the same for treatments equal or higher than 100 µM when benign prostate

The

Zhang et al. group 

were accurately able to determine the elemental distribution and penetration of their cisplatin compounds with DLD-1 colon carcinoma spheroids with XRF. Elemental accumulation of the platinum was found to be hyperplasia spheroids were analysed. Leitao et al. attributed these trends to the metabolic transformation that causes malignant prostate cancer cells to become citrateoxidizing from citrate-producing, thus diminishing the amount of zinc they can accumulate. This diminishing effect was also coupled with the antiproliferative effects seen in prostate cancers.

Table 2 . 1. The ECACC cell line used for this study.

 2 

	Laboratories used at:	ISL1 Swansea University	CEA and ESRF
	Catalogue No:	85011430	85011430
	Lot No.	11C013	13B023
	Passage No.	P 101	P 101

2. 1), were purchased from the European Collection of Authenticated Cell Cultures, ECACC (Salisbury, UK) for use at Swansea University, UK and the Commissariat à l'énergie atomique et aux énergies alternatives (CEA) and ESRF, in Grenoble, France. The cell lines purchased are described in Table 2.1.

Figure 2. 1. HepG2 cells grown as a monolayer. Cells grown in complete media to 70% confluency imaged using a light microscope as a brightfield image. Scale bar: 100 μm 2.2.2 Culture media Cell culturing was always performed in Class II sterile tissue culture hoods (Scanlaf Mars, Demark). Before use, the surface of the hood was wiped with industrial methylated spirit (Cat. No. 11482874, Fisher Chemical, UK). The HepG2 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) with phenol red (Cat No. 41965, Gibco, USA) supplemented with fetal bovine serum (FBS) (Cat No. 10270, Gibco, USA) and 1% (v/v) penicillin (25 UI/mL) streptomycin solution (25 µg/mL) (Cat No. 15140, Gibco, USA) at 37°C in a humidified incubator with 5% CO2: 95%

Table 2 . 2. HepG2 culture volume specifications depending on tissue culture flasks.

 2 

	T-flask	Cat. No.	Growth area (cm 2 )	Complete media (mL)	PBS wash (mL)	0.05% Trypsin-EDTA (mL)
	T-25	690 175	25	8	6	4
	T-75	658 178	75	16	12	8
	T-175	661 175	175	32	24	16

Table 2

 2 

	.3.

Table 2 . 3. Specification of the Petri dishes used to make spheroids Format and size Cat. No. Maximum number of spheroids contained on the lid Volume of ddH2O in base (mL)

 2 

	Round, 9 cm diameter 664 160	56	15
	Square, 12 × 12 cm 688 161	112	30

Figure 2. 2. Hanging droplet culture technique

  

. A suspension of HepG2 cells was pipetted on the interior of a 9 cm Petri dish lid and inverted to form hanging droplets.

Table 2 . 4. Preparation of TEM spheroid embedding solutions Phosphate Buffer solutions required for maintenance wash, primary and secondary fixing solutions

 2 

	Part A -Disodium hydrogen orthophosphate dihydrate (Cat No. 30412, Sigma
	Aldrich, UK) 200 mM solution was prepared by dissolving 8.9 g in 250 mL of
	ddH2O.
	Part B -Sodium dihydrogen orthophosphate monohydrate (Cat No. S9638, Sigma
	Aldrich, UK) 200 mM solution was prepared by dissolving 2.76 g in 250 mL of
	ddH2O.

Maintenance wash solution preparation:

34.22 g of sucrose (Cat. No. S9378, Sigma Aldrich, UK) was dissolved in 50 mL of ddH2O. In a separate beaker, 128 mL of Part A and 38 mL of Part B were mixed. In a 500 mL storage bottle, 62.5 mL of sucrose solution were transferred and 187.5 mL of ddH2O was added to this. Then 165 mL of the phosphate buffer mix (Part A + Part B) were taken and made up to 250 mL. This was completely transferred to the storage bottle containing the sucrose solution. It was then mixed and stored at 4°C until further use.

2.

5% Glutaraldehyde 2% Paraformaldehyde in 100 mM phosphate buffer (primary fix solution) preparation: 77

  mL of Part A and 23 mL of Part B were transferred in a 500 mL beaker, 100 mL of ddH2O was then added, stirred and pH was adjusted to 7.35 at room temperature.

	1% Osmium Tetroxide (second fix solution) preparation:
	This required to preparation of three other stock solutions:
	Stock A -2.26% sodium dihydrogen orthophosphate was prepared by dissolving
	0.565 g in 25 mL of ddH2O.
	Stock B -2.52% sodium hydroxide (Cat. No. S8045, Sigma-Aldrich, UK) was
	prepared by dissolving 0.63 g in 25 mL of ddH2O.
	Stock C -5.4% glucose (Cat. No. G8270, Sigma-Aldrich, UK) was prepared by
	dissolving 0.135 g in 2.5 mL of ddH2O.
	From the resultant solution, 190 mL was taken and the entire contents of a 10 mL
	EN grade 50% glutaraldehyde (Cat. No. R1314, Agar Scientific, UK) vial were
	added. Also, 4g of paraformaldehyde (Cat. No. 158127 Sigma-Aldrich, UK) were
	added and the resultant solution was mixed thoroughly and stored at 4°C until
	further use.

The second fix solution was then prepared by adding 20.75 of Stock A and 4.25 mL of Stock B in a 100 mL beaker, and the pH was adjusted to 7.3. To 22.5 mL of the resultant solution, all of Stock C was added. Afterwards, all the contents of a 0.25 g osmium tetroxide (Cat. No. R1016, Agar Scientific, UK) vial were added to the 25 mL glucose phosphate buffered solution, by breaking it in a 250 mL bottle. This bottle was wrapped in foil and slowly mixed in the dark for 4 h and stored at 4°C until further use. It was filtered using a 0.2 μm PTFE syringe filter before use. Spheroids were dehydrated using an ethanol (Cat. No. A4094, Fisher Chemical, UK) dehydration series of 10%, 70% and 100%. Each step was left for 10 min, 30 min and 20 min on a roller (Stuart SRT6, Bibby Scientific Ltd., UK) respectively. Spheroids were then immersed twice in 100% propylene oxide (Cat. No. R1080, Agar Scientific, UK) for 20 min. A TAAB premix resin kit (Cat. No. T028, TAAB Laboratory and microscopy, UK) containing hardener and epoxy resin components was used to make the embedding resin. Resin and the hardener were mixed and placed on a roller for 1

(

  Cat. No. 350864X, VWR Chemicals, UK) in 20mL pH 6.8 phosphate buffer. The buffer was prepared by dissolving one phosphate buffer tablet (Cat. No. 10582013, Gibco ™ ThermoFisher, UK) in 1 L of ddH2O. The stain solution was then filtered using a filter paper (Whatman ® qualitative Grade 6, Cat. No. 1006110, Fisher Scientific, UK). Slides stored at -20ºC were equilibrated to room temperature and stained with filtered Giemsa solution for 15 min. The slides were rinsed with phosphatase buffer and then washed by submersion in phosphatase buffer for 2 min.

The slides were left to air dry and then dipped in xylene (Cat. No. 10385910, Fisher Chemical, UK) for 10 seconds. Distyrene plasticizer xylene mounting medium (Cat.

Table 5 . 1. Nuclear frequencies in HepG2 monolayers and spheroid treated with 4 µg.mL -1 cytochalasin B for 24 h.

 5 

	Cell type	2D Monolayer (%)	3D Spheroid (%)
	Mononucleated	38.2	65.4
	Binucleate	59.8	33.0
	Multinucleated	1.6	2.2

Table 6 . 1. A summary of the assessed parameters and the observed outcomes after exposure of HepG2 spheroids to SPIONs.

 6 

	Assessed parameter	Technique	Measured variable	Observed effect
	Iron distribution in tissue SXRF	Fe SXRF intensity	Dose-dependent peripheral accumulation
	Fe NP internalisation	TEM-EDX	Tissue section material	Cellular internalisation of Fe NPs
	Iron uptake	Ferrozine assay	Total iron content	Nonsignificant dose-dependent increase
	Intracellular Fe, Ca, Cu	SXRF	Elemental SXRF intensity	Significant increase in Fe, Ca, Cu
	Cellular viability	Trypan blue	Dye exclusion cell scoring	Nonsignificant dose-dependent decrease
	Cellular proliferation	Replicative index	Nucleated cell scoring	No change relative to untreated control
	Liver function	Albumin assay	Secreted albumin	Significant increase
	Liver function	AST assay	Secreted AST enzyme	Significant increase
	Liver function	Urea assay	Secreted urea	Significant increase
	Metabolism -OCR	Seahorse mitochondrial stress assay Extracellular oxygen consumption Nonsignificant decrease
	Metabolism -ECAR	Seahorse mitochondrial stress assay Extracellular proton release	Significant increase
	Metabolism -PPP	NADPH assay	Intracellular NADPH generation	No change relative to untreated control
	Metabolism -Glycolysis	Glucose uptake assay	Intracellular glucose uptake	No change relative to untreated control
	DNA damage	CBMN assay	Micronucleus frequency	Significant increase
	DNA damage	Centromere staining	Aneugenic and clastogenic	Nonsignificant increase in clastogenicity
			micronucleus frequency	
	DNA damage	Comet assay	%Tail intensity	No change relative to untreated control

La fluorescence des rayons X synchrotron (SXRF) a été utilisée pour évaluer la distribution des NP et l'homéostasie des métaux. Les études SXRF montrent une accumulation dépendante de la dose de NP dans les coupes transversales de tissu sphéroïde HepG2. Cette accumulation a également affecté l'homéostasie du fer en augmentant de manière significative les niveaux de cuivre intracellulaire. Les concentrations du calcium et du sélénium ont également augmenté en présence des NP, ces deux éléments pouvant être impliquées dans l'élimination des espèces réactives de l'oxygène (ROS). Le métabolisme du glucose s'est déplacé vers la respiration anaérobie en présence de NP, montrant l'effet Warburg. La microscopie électronique à transmission montre également la localisation intracellulaire des NP d'oxyde de fer. L'analyse des micronoyaux par blocage de la cytokinèse (CBMN) et l'électrophorèse en gel unicellulaire (comet) ont été utilisées pour évaluer la génotoxicité. Les deux NP ont induit une augmentation significative de la fréquence des micronoyaux. La coloration pan-centromérique a en outre indiqué que le principal mode d'action des dommages à l'ADN causés par les NP d'oxyde de fer était le clastogène. Les résultats comet n'ont montré aucune augmentation significative des pourcentages d'intensité de la queue. En conclusion, le modèle sphéroïde HepG2 est représentatif d'un foie in vivo en raison de sa capacité à imiter le métabolisme du glucose, la fonctionnalité du foie et les réponses à l'homéostasie des métaux. Les NP d'oxyde de fer amènent un métabolisme des sphéroïdes HepG2 anaérobie et perturbent l'homéostasie du fer, ce qui peut potentiellement générer la génération de ROS entraînant des lésions de l'ADN.
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HepG2 cell maintenance

To develop the HepG2 3D liver model, cells were grown by the hanging droplet method. For this, the HepG2 cell line was maintained according to methods in Section 2.2. HepG2 monolayers were grown in tissue culture flasks (Section 2.2.3). HepG2 spheroids were made in three configurations as described in 2.2.6. The S1k configuration was made of 1000 cells by pipetting a 20 µL drop of 5 x 10 4 cell.mL -1 of a cellular suspension of HepG2 cells on the lid of a Petri dish. Similarly, the S5k and S10k configurations were made of 5000 and 10,000 cells respectively. The S5k spheroids were made by pipetting 20 µL drops of 2.5 x 10 5 cell.mL -1 of the HepG2 cellular suspension. Similarly, the S10k spheroids were made with 20 µL of a HepG2 cellular suspension at a density of 5 x 10 5 cell.mL -1 .

HepG2 cell viability

To assess viability, HepG2 cells were harvested to prepare 168 spheroids in each of the S1k, S5k and S10k configurations according to the cell culturing techniques methodology (Section 2.2.4). The spheroids were incubated over a seven-day period, over which 24 spheroids from each configuration were disaggregated (Section 2.2.6, Spheroid disaggregation) each day and scored for viability using the trypan blue assay (Section 2.3).This was repeated for four independent passages.

Morphological assessment of spheroids

Light microscopy

Light microscopy was used for the tissue morphology of S1k, S5k and S10k spheroid configurations as described in Section 2.4.1. For this, 168 HepG2 spheroids were made in each of the S1k, S5k and S10k configurations. For imaging, 8 spheroids were collected and imaged each day. This was repeated for three independent passages.

Fluorescence microscopy

The spheroids were stained with Hoechst 33342 and propidium iodide to assess the cellular and tissue viability of the spheroid in its 3D structure using fluorescence microscopy (Section 2.4.2). For this, 72 HepG2 spheroids were made in each of the S1k, S5k and S10k configurations. For imaging, 8 spheroids were collected and imaged after 1, 4 and 7 days of incubation. This was repeated for three independent passages.

Scanning electron microscopy

To obtain a detailed image of the tissue surface and tissue morphology in different perspectives, SEM was performed on the HepG2 spheroids (Section 2.4.3). Spheroids were made in the S1k, S5k and S10k configurations and incubated for 1, 4 or 7 days prior to extraction, fixation and imaging by SEM.

HepG2 cell proliferation

The cell viability and proliferation were assessed in S1k, S5k and S10k configurations in comparison to 2D monolayers. For the HepG2 monolayers, cells were cultured in seven T75 flasks. Additionally, 1400 spheroids for each of the S1k, S5k and S10k configurations were made. One T75 flask and 200 spheroids were disaggregated to assess cell viability and proliferation using the Trypan blue assay. This was repeated for three independent passages.

Liver functionality tests

To assess the performance of the HepG2 spheroids as a liver model, several liver function parameters were assessed. Markers of liver functionality such as albumin and urea accumulation and aspartate transaminase activity were measured to compare the likeness of the HepG2 spheroids with typical liver function. The determination of extracellular urea is also important to assess the progression of the ornithine cycle within liver cells. This cycle is important for the clearance of ammonia resulting from amino acid catabolism. Impairment of this cycle would lead to the dangerous

Cell viability and morphological assessments of HepG2 spheroids using fluorescence microscopy

The assessment of tissue structure and cell viability was also performed over seven days using fluorescence microscopy (Fig. 3.4). The total cell population of the spheroids was evaluated using Hoechst 33342 nuclear dye. Non-viable cells were distinguished using PI exclusion dye. General observation of the images showed that after 24 h of incubation spheroids formed a sheet-like cellular layer. The sheet layer area increased with the initial cellular concentration. On Day 4, S1k and S5k spheroids formed circular tissue structures. The S10k configuration yielded irregular tissues on the same day. The circularity of the tissue structures for S1k and S5k further increased after seven days of incubation. The S10k tissue structures on this day were more irregular.

Three-dimensional morphology of HepG2 spheroids

Visualisation of the surface structure of the HepG2 spheroids. The SEM imaging was performed to obtain a detailed visualization of the surface structure of the spheroids (Fig. 3.9). The S1k, S5k, and S10k were harvested on Day 1, Day 4 and Day 7. The images acquired after 24 h of incubation showed that sheet-like tissue structures were formed irrespective of initial cell seeding density. The S1k tissue at Day 1 was much smaller than both S5k and S10k tissues, which had similar sizes. The size of S1k and S5k tissues at Day 4 were similar, but both were smaller than the S10k tissue on the same day. All tissue images acquired at Day 4 and 7 had circular resembling structures.

The tissue sizes on Day 7 for S1k and S10k were smaller than their respective tissues on Day 4. Both S5k tissues on Day 4 and Day 7 had similar sizes. 

Cellular NADPH quantification

Biosynthesis of lipids, nucleotides and amino acids require NADPH. It is also involved in the glutathione-ascorbate cycle that maintains the intracellular redox environment through the regeneration of glutathione, which protects against ROS.

In the assay, NADP + is converted to NADPH via a NADP cycling enzyme. The reductase enzyme is then able to produce luciferin from the reductase substrate, as the enzyme oxidises NADPH back to NADP + . The final luminescent signal is produced by Ultra-Glo™ Recombinant Luciferase after incubation, which is proportional to the contribution of both NADP + and NADPH present. To measure the cellular NADPH, 2D monolayer were seeded in a 96-well plate at a density of 10 4 cells.mL -1 . In addition, 720 S5k spheroids were made for testing the HepG2 in vitro model. For 2D monolayers, all tests were performed with 8 technical replicates. Similarly, 24 spheroids were used per test condition. The cells in both configurations were exposed to B[α]P, FeNTA, FeCl3 and CuSO4 for 24 or 48 h. This was repeated for a further two passages to obtain a total of three biological replicates. The NADPH was measured as described in Section 2.7 of the methods chapter. To assess the effect of SPIONs on cellular NADPH, 2D monolayers were prepared by seeding 10 4 cells.mL - 1 in a 96-well plate. Additionally, 144 S5k spheroids were made. Both the 2D monolayers and spheroids were incubated with control untreated media, 100 µg.mL -1 Fe2O3 NPs or Fe3O4 for 24 or 48h. This was repeated for three independent passages and the cellular NADPH was measured.

Glucose uptake assay

In this assay, 2-deoxyglucose (2DG) is converted to 2DG6P in the cytosol by glucokinase in similar manner to glucose. However, 2DG6P cannot be further metabolised through the glycolysis pathway, leading to its accumulation in the cell.

The quantification of 2DG6P is possible by the addition of an acid detergent solution to lyse the cells and remove NADPH. A high pH solution is added for neutralization.

The 2DG6P is oxidised by G6PDH to 6-phosphodeoxygluconate. This oxidation The ECAR of HepG2 spheroids was measured with the addition of iron oxide NPs (Fig. 4.12). The ECAR tended to increase with the addition of iron oxide NPs, but no change was observed after the addition of oligomycin (Fig. 4.12A). The total ECAR increased significantly upon addition of both γ-Fe2O3 and Fe3O4 NPs (*P <0.05) (Fig.

4.12A

). The glycolytic rate and glycolytic capacity (Fig. 4.12B) significantly increased with the addition of γ-Fe2O3 NPs (**P <0.01) and Fe3O4 NPs (*P <0.05).

Chapter 4 24 h level. The B[α]P urea level was slightly higher at 48 h when compared to 24 h. The urea levels for the control, FeNTA and Fe3O4 NP were slightly lower at 48 h when to 24 h.

Chapter 5 -Genotoxicity assessment of iron oxide nanoparticles in the

HepG2 liver model and its impact on macromineral distribution

Quantification of the elemental distributions (Fig 5.11) in a selected region of interest (Raja et al.) for each tissue section was conducted. These allowed for a better comparison and understanding of the responses occurring after γ-Fe2O3 NPs exposures. The S content per area (Fig. 5.11A) showed a significant increase (**P <0.01) after dosing with 1000 μg.mL -1 of γ-Fe2O3 NPs for 24 h, when compared to an untreated control. A 2-fold and 4.5-fold increase in Fe content per area was observed after treatment with 100 μg.mL -1 and 1000 μg.mL -1 γ-Fe2O3 NPs for 24 h, respectively. This increase in Fe was significant increases (***P <0.001 and ****P <0.0001) when compared to an untreated control (Fig. 5.11B). The content per area increased by 4fold after exposure to both γ-Fe2O3 NPs doses when compared to the untreated control (Fig. 5.11C). However, this change was not significant. The Cu content per area by 5.8-fold and 14-fold when exposed to 100 μg.mL -1 and 1000 μg.mL -1 of γ-Fe2O3 NPs, respectively (Fig. 5.11D). These changes were significant relative to the untreated control (**P <0.01 and ***P <0.001). A significant increase in Zn content per area was observed for the 100 μg.mL -1 dose (12.5-fold, P = 0.0839) and a significant increase for the 1000 μg.mL -1 dose (25-fold, *P <0.05) of γ-Fe2O3 NPs when compared to the untreated control (Fig. 5.11E). The Se content per area showed significant increases (**P <0.01) when exposed to both 100 μg.mL -1 and 1000 μg.mL - 1 doses of γ-Fe2O3 NPs, compared to the untreated control (Fig. 5.11F). Finally, the P content per area also showed significant increases for both 100 μg.mL -1 (3-fold, *P <0.05) and 1000 μg.mL -1 (26.6-fold, ***P <0.001) doses of γ-Fe2O3 NPs, relative to an untreated control (Fig. 5.11G).

Chapter 6 -General Discussion

In this study, HepG2 spheroids grown using the hanging drop method developed for this thesis was integrated with two CBMN scoring methodologies. The manual scoring methodology is elaborated in Chapter 5, whereas a semi-automated scoring methodology is also presented. The compounds evaluated in this study were, BαP and 2-amino-1-methyl-6-phenylimidazole[4,5-b]pyridine, which are listed as group 1 and 2B carcinogen, respectively. The integration of the 3D liver model developed through this study is further expanded on by measuring RNA expression of CYP enzyme and their protein expression. This provides further evidence for the versatility that this model offers [START_REF] Shah | A three-dimensional in vitro HepG2 cells liver spheroid model for genotoxicity studies[END_REF]. Several recent publications, referencing [START_REF] Shah | A three-dimensional in vitro HepG2 cells liver spheroid model for genotoxicity studies[END_REF], have also assessed various metabolic and toxicity endpoints such as; DNA damage using comet assay [START_REF] Elje | The comet assay applied to HepG2 liver spheroids[END_REF][START_REF] Stampar | Development of in vitro 3D cell model from hepatocellular carcinoma (HepG2) cell line and its application for genotoxicity testing[END_REF], RNA and protein expression [START_REF] Hurrell | Proteomic responses of HepG2 cell monolayers and 3D spheroids to selected hepatotoxins[END_REF][START_REF] Stampar | Development of in vitro 3D cell model from hepatocellular carcinoma (HepG2) cell line and its application for genotoxicity testing[END_REF] and increased ROS after challenge with NPs [START_REF] Fleddermann | Distribution of SiO2 nanoparticles in 3D liver microtissues[END_REF].

The current study assessed iron homeostasis after exposure to iron nanoparticles, which may induce iron overload. In the human body, peripheral or circulating iron is internalised into cells by the transferrin receptor, STEAP3 or DMT1 eventually making a pool of free or liable iron, where it may be utilised by the mitochondria to produce haem or Fe-S clusters. The excess iron may be stored bound to ferritin or transported out of the cells using ferroportin, where it can bind transferring and can be recirculated around the body (Fig. 1.9). However, when there iron is overload, cellular metabolism is highly affected leading to disruptions and eventually DNA damage. A schematic representation of the impact of iron overload on the HepG2 in vitro model is represented in Fig. 6