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Abstract 

Alzheimer’s disease (AD) is the most common form of dementia, with sporadic AD accounting 

for over 95% of cases and thought to be influenced by lifestyle and environmental factors. 

Magnetite pollutant particles have been found in abundance in brains of people with AD in 

densely populated cities. This observation highlighted the need for increased understanding of 

the potential impact on human health. Therefore, chapter 3 commenced an extensive systematic 

and bibliometric analytical review of the characteristics and applications of magnetite from 

1990-2020, identifying the formation and broad applications in environmental, industrial, and 

biomedical fields, also highlighting the cytotoxic effects from overuse as a biomedicine and its 

potential implication in neurodegeneration and AD as an air pollutant. Subsequently, chapter 

4 explored the biological effects that air pollutants (iron, diesel and magnetite) have on AD 

pathologies. This study showed air pollutants, particularly magnetite, increased anxiety, stress, 

and cognitive impairment, and increased neuronal cell loss in the hippocampus of the double 

transgenic APP/PS1 and W/T mice. Air pollutants also increased amyloid plaques and 

inflammation, in both the in vivo and in vitro models, neuroblastoma SH-SY5Y cells, with 

oxidative stress found to be induced via NFkB pathway, suggesting a global inflammatory 

response that occurs through activated microglial and astrocytes. 

 

The current therapies for AD, while effective in managing symptoms do not delay or reverse 

disease progression. Oxidative stress is a central process in AD pathogenesis therefore the 

antioxidant, cerium oxide has emerged as a potential therapy. Cerium oxide has been used as 

a biomedicine for cancer therapy and ischemic stroke, however not for AD. This inspired the 

systematic and bibliometric review on cerium oxide from 1990-2020 (chapter 5), bringing to 

light the catalytic and redox properties used for innumerable environmental/industrial and 

biomedical applications. The advanced nanotechnology engineering was a focus in increasing 

nanoparticle efficiency for a wide range of applications, including AD. Consequently, because 

air pollutant magnetite induces AD pathologies, chapter 6 explored if cerium oxide 

nanoparticles could delay or reverse this. Cerium oxide nanoparticles decreased cognitive 

impairment, neuronal death, amyloid-beta species formation and inflammation in the APP/PS1 

and W/T mice, and decreased inflammation and oxidative stress in SH-SH5Y and microglial 

BV-2 cells.  

 



xxi 

In summary, air pollutants induce neurological changes associated with AD, and after exposure 

to cerium oxide nanoparticles these changes are delayed or reversed. Overall, this study 

concludes that cerium oxide nanoparticles are promising potential therapeutics for air pollutant 

induced AD pathologies.   
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Chapter 1: Introduction 

 

 

 

 

 

 

 

Chapter Summary 

Background information on the pathogenesis of sporadic Alzheimer’s disease is presented in 

this chapter, as well as the potential role that air pollutant iron, diesel and magnetite particles 

may play in the progression of the disease. A potential therapy for Alzheimer’s disease, cerium 

oxide, is also introduced in this chapter highlighting its advantages in delaying or reversing 

Alzheimer disease pathologies.  



2 

1.1 Alzheimer’s disease 

Dementia is the second leading cause of death in Australia with approximately 420, 000 

Australians currently living with the disease. Alzheimer’s disease (AD) is the most common 

form of dementia and is the underlying cause of death in the aging population (>65 years of 

age) (1, 2). AD symptoms include the inability to retain new information, memory loss, 

difficulty in completing familiar tasks, changes in mood, poor judgement, increased anxiety 

and the failure to undertake basic bodily functions such as walking or swallowing (3, 4). AD 

is a very complex disease arising from either genetic mutation, accounting for less than 1% of 

cases or sporadic Alzheimer’s, accounting for over 95% of all cases (5). The exact cause for 

development of sporadic AD is unknown but is suspected to occur due to lifestyle and 

environmental factors (5-9).  

1.2 Alzheimer’s disease pathogenesis 

AD is pathologically defined by the extensive neuronal loss, accumulation of extracellular 

amyloid-beta (Aβ) plaque deposits and intracellular neurofibrillary tangles (NFTs) (10, 11). 

There are many theories regarding its initiation, including the Aβ cascade, Tau, cholinergic, 

oxidative stress and neuroinflammation hypotheses (12). While the pathogenesis and 

progression of AD does involve and indeed closely links all hypothesis listed, pinpointing the 

initial trigger of AD is still under investigation.  

The amyloid cascade hypothesis is the most researched and has the greatest influence for AD 

initiation, which refers to Aβ plaque deposition once initiated leads to NFTs and 

neurodegeneration (13). Under normal conditions Aβ peptides are cleaved from the amyloid 

precursor protein (APP; a transmembrane protein associated with neuronal development and 

axonal growth and transport) by a- (cleaving 90%), g- and β-secretase enzymes releasing the 

peptide outside of the cell, where they are rapidly degraded or removed (14, 15). However, 

when there is a homeostatic imbalance the metabolic activity changes, and the ability to 

degrade Aβ peptide is reduced leading to its accumulation (14). Aβ plaque deposits are large 

accumulations of Aβ peptide aggregates which occurs as a result of differential cleavage of the 

APP producing Aβ fibrils which then oligomerize and further polymerize forming the Aβ40 

(soluble) and more favourable and neurotoxic, Aβ42 (insoluble) peptide aggregates. These 

structures then migrate into synaptic clefts causing synaptic signalling disruption. The 
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accumulation of Aβ42 peptides, induces Aβ fibril formation in turn forming Aβ plaque deposits 

(16). In AD pathogenesis Aβ plaques are found in hippocampus, neocortex, amygdala, basal 

ganglia and diencephalon (11). The presence of Aβ plaques induces an immune response, 

activating glial cells (microglial and astrocytes) leading to local inflammatory response which 

contributes to neurotoxicity, which can induce tau pathology and eventually neurodegeneration 

(5, 17-19). This hypothesis is supported by the genetically predisposed AD or familial AD, 

consistent with pathogenic mutations of APP increasing the cleavage of Aβ42 production and 

in turn Aβ plaque deposits, known to cause early onset AD (14, 20). There are many genetically 

modified in vivo murine model that have been genetically modified having mutations of APP 

(e.g., APP/PS1, PDAPP, Tg2576, APP23, TgCRND8, PSAPP, APPSwe, BRI2-AB etc.) to 

induce the development of Aβ plaque deposits, without the coinciding NFT pathologies (21). 

Which indicates that Aβ plaques may not induce NFTs formation (14). Studies have also found 

that extensive Aβ plaque deposits in the brains of non-demented people, suggesting that Aβ 

plaques also are not the only sign for AD development (14). While Aβ plaques are the central 

pathogenic cause of AD, there are other significant contributing factors which also play a role 

in AD pathogenesis.  

 

NFTs are another hallmark of feature of AD pathogenesis, with the “tau hypothesis” proposed 

as the fundamental pathogenic initiator of the pathological events which result in the onset of 

AD. NFT’s are composed of hyperphosphorylated microtubule-associated protein tau, 

independently of Aβ plaque deposition (14, 22). Tau is a microtubule-associated protein is 

localized mainly in the axons of neuronal cells in adult neurons under normal conditions, 

directly binding microtubules, promoting scaffold structure and stability (12, 22). Tau protein 

has also been found in dendrites, plasma membrane, Golgi complex, rough endoplasmic 

reticulum, nucleus and nucleolus and has been found to play important roles in regulating 

synaptic function and RNA and DNA protective properties during an early stress response (22, 

23). Neuronal cells are the fundamental units of the brain and nervous system, responsible for 

receiving sensory input and sending motor commands to our muscles (24). The mechanism by 

which tau becomes phosphorylated and therefore dysfunctional is unknown, however is 

thought to be triggered by homeostatic imbalance, where the tau microtubule proteins become 

destabilized, rendering it prone to extensive phosphorylation, in turn leading to aggregates 

forming in bundles and eventually NFTs, resulting in enhanced cellular stress and eventually 

neuronal apoptosis (11, 25). Hyperphosphorylated tau is more closely associated with the 
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development of cognitive decline in AD pathogenesis and is thought to be closely associated 

with increased neurogenesis, which is consistent with studies using a transgenic in vivo murine 

model with tau mutations (e.g., human tau four-repeat domain with aggregation-promoting 

FDTY-17 mutation DK280) (26). Opposingly, tau dysfunction has been found to be associated 

with reduced neurogenesis in various in vivo murine models (27). Tau dysfunction and 

pathology has also been found to be associated with neuroinflammatory and oxidative stress 

response in the development of AD, depending on the extent of the response (28). Like Aβ 

plaque deposits, NFTs appear to be insufficient as the primary initiator for AD and therefore 

other modulators or mediators of AD need to be investigated.   

 

Neuroinflammation is another hallmark feature of AD development and is another theory in 

the pathogenesis of AD.  Microglial and astrocytes (glial cells) are macrophagic cells that play 

a significant role in the innate immune response in the brain (29). Microglia are phagocytic 

cells and can ingest the Aβ plaques, therefore the inability of microglia to digest Aβ plaques 

may be a contributing factor to its accumulation, further signified by the close proximity of Aβ 

plaques to microglia (29). Astrocytes under pathological conditions, exhibit morphological 

changes, including hypertrophy and upregulation of glial fibrillary acidic protein (GFAP) (29). 

They can detect aggregated proteins, like Aβ and can polarize its processes around Aβ plaques, 

leading to its degradation (30). This polarized M2 state of glial cells becomes activated, 

exhibiting neuroprotective mechanisms, releasing anti-inflammatory mediators and cytokines 

(e.g., interleukin 4; IL-4, IL-10, transforming growth factor beta; TGF-β, insulin-like growth 

factor 1; IGF-1 and brain derived neurotrophic factor; BDNF etc.) (30). Alternatively, 

microglial and astrocyte cells can be M1 polarized, releasing pro-inflammatory mediators and 

cytokines (e.g., tumour necrosis factor; TNF, interferon-g; IFN-g, IL-6, IL-1β, IL-8, GFAP and 

intercellular adhesion molecule-1; ICAM-1) (12, 30). This M1 polarized state is activated and 

associated with the presence of Aβ plaques in and around neuronal cells, which plays an 

integral role in the pathogenesis of AD and contributes to the low-grade chronic inflammation 

(31-35). Low-grade chronic inflammation is neurotoxic, leading to immune cell infiltration and 

neuronal dysfunction and death. This neuronal cell dysfunction results in protein misfolding 

and mutated processes further contributing to Aβ plaque deposition and NFT formation (12, 

30).  
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There has been increased interest in the role of oxidative stress and an increase in free radicals 

as a significant factor in the development of AD pathologies (36). Oxidative stress is a state of 

redox imbalance resulting from the generation and detoxification of free radical (reactive 

oxygen species; ROS, and reactive nitrogen species; RNS) formation exceeding the capacity 

of antioxidant defence mechanisms (36). Free radicals are molecules with unpaired electrons 

with high reactivity which react with another electron or hydrogen atom to become more stable 

(37). Oxidative phosphorylation is important in respiratory pathway of mitochondrial cells, 

producing water (H2O), whilst producing superoxide (O2-), hydroxide (OH-), hydroxyl (OH) 

and hydrogen peroxide (H2O2), volatile ROS (37). Neurons are highly reliant on oxidative 

phosphorylation reactions to generate adenosine triphosphate (ATP) as an energy source, 

therefore, susceptible to oxidative damage due to its high oxygen content compared to other 

organs in the body (38, 39). The response of neurons to oxidative stress is not uniform and 

while many neurons can cope with the imbalance, certain populations (i.e., hippocampal 

neurons) are vulnerable, leading to cell death and neurodegeneration (40). Neurodegeneration 

is known to correlated with iron overload, which is commonly formed via the Fenton reaction 

(i.e., formation of OH- and OH from the interaction between Fe2+ and H2O2), along with various 

enzymatic, non-enzymatic and glial cellular mechanisms the formation of ROS and RNS is 

increased (16, 37, 38, 41). The increased generation of ROS like superoxide (O2-) leads to 

interactions with nitric oxide (NO) producing peroxynitrite (ONOO-), a volatile RNS thereby 

further mounting the OS in the brain (40). An increase in oxidative stress has been associated 

in various neurodegenerative diseases, coinciding with persistent neuroinflammation they both 

act to progress both Aβ plaques and NFTs in AD development (37, 42).  

While the amyloid and tau hypothesis do offer rational basis for the development of AD, they 

do not take into account the underlying homeostatic changes which influence and perhaps 

induce these pathologies that may be occurring simultaneously. Therefore, investigating 

further the intimate and perhaps causal relationship between neuroinflammatory signalling and 

oxidative stress, might suggest that appropriate antioxidant strategies that could also 

antagonize negative CNS immune reactions (38). Investigating these broad pathological 

pathways is relevant to my dissertation.  
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1.3 Air pollutant particulate matter and neurodegeneration 

Air pollution has surfaced as being implicated in neurodegeneration and AD development in 

recent years, with a study by Calderon-Garciduenas et al. (2016) (43) suggesting that there is 

a correlation of people living in cities or in close proximity to highways having a higher risk 

of neurodegeneration compared to those people living in less air polluted cities (43-45). Air 

pollution is any chemical biological pollutant that can form from natural or manmade sources 

that alter the atmosphere and become part of our ambient air. Both natural pollutants (e.g., dust, 

wildfires and volcanoes) and manmade sources (e.g., power plants, industries and 

transportation) of air pollution are human health hazards, however manmade air pollution has 

been recognized as the main source affecting human health (46).  

Manmade air pollutant particular matter (PM) includes carbonaceous aerosol particles, 

presenting a broad range of chemically and physically diverse mixture of compounds 

comprised of solid particles or liquid droplets suspended in the air. Primary PM, which is of 

particular interest for this thesis, are PM directly emitted into the atmosphere by combustion 

sources. These consist of electrical power plants, vehicle emissions or any industrial source 

which uses the burning of fossils fuels (e.g., coal, petrol, natural gas, oil shales, and diesel 

exhaust) for energy (47, 48). Urbanization and industrialisation in the past two centuries have 

led to increased and uncontrolled production of hazardous air pollutant PM. Manmade air 

pollutant PM is one of the biggest health hazards worldwide, accounting for up to 9 million 

deaths per year (49).  

Short-term exposure to air pollutants is closely related to coughing, shortness of breath, 

wheezing, asthma, chest tightness, cause headaches, nausea, dizziness and irritation of eyes, 

nose, skin and throat (50). These can be aggravated and extend into long-term exposure to 

pollutants, like chronic asthma, pulmonary insufficiency, cardiovascular diseases, 

cardiovascular mortality, diabetes and neurological diseases (51, 52). Air pollutant PM has also 

been linked to DNA damage causing diseases like lung, breast and pancreatic cancer (53). 

Furthermore, long-term exposure to air pollutants have been founds to effect mental health and 

perinatal effects resulting in infant mortality or chronic diseases (52). In developing countries, 

due social disparities, lack of education and poor management of the environment, urbanization 

and industrialization has led to poor air quality that is continuing to increase (54). China is 
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facing a serious health concern from exposure to air pollutant PM due to the industrial 

development and overpopulation, similar to that of India and Nepal (54-58). Extremely high 

levels of air pollution have also reported in Mexico City, Rio de Janeiro, Milan, Ankara, 

Melbourne, Tokyo, and Moscow (59). Epidemiology studies in the 1950’s and 1960’s in 

London and New York respectively found that air pollutant PM, consisting of fine sulphur 

dioxide and smoke particles was lethal and led to approx. 4000 deaths in London and 400 in 

New York (59). The mortality rate in this study was associated with the fine particle size of 

sulphate PM compared to the other components of air pollutant PM (e.g., various aerosols and 

nitrogen dioxide) (60).This suggests that the small size of PM is directly associated with the 

extent of their penetration into the lungs (50) PM ranging from 1-10 µm in diameter (PM1-

PM10), with ultrafine particles, generally defined as 0.1 µm (PM0.1) or smaller, sanctioning 

them to be easily inhaled in the respiratory system where they can translocate across the 

alveolar-capillary barrier into systemic circulation and subsequently extrapulmonary organs, 

including the brain (47, 61, 62).  

Air pollutants have also been implicated in neurodegenerative diseases like AD and 

Parkinson’s disease as PM can also pass directly through the nasal canal and olfactory bulb, 

and also inhaled into the lungs and translocate into the circulatory where the enter the brain via 

the blood brain barrier (BBB), as seen in Figure 1.1 (61). Various studies have found that 

ambient air is neurotoxic, contributing to various CNS disease like neurodegeneration (63). A 

study by Anderson et al. (2018) (64) found that PM2.5 consisting of nitrogen oxide affects the 

CNS causing systemic inflammation, neuroinflammation and oxidative stress (64). Fine dust 

PM (PM2.5) has been found to trigger cognitive impairment and neurodegeneration through 

changes in mitochondrial structure and function, particularly affecting oxidative 

phosphorylation leading to the formation of NFTs in cortex of middle-age C57BL/6 female 

mice (65). Another study found that PM contributes to oxidative stress and inflammation in 

the brain and also implicated in NFT increase in the frontal cortex of the brain (18, 66). The 

cortex (outermost region) and frontal cortex (most anterior part) brain regions in these in vivo 

murine models studied are responsible for high cognitive functions like memory, emotions, 

impulse control, social interaction and motor function (18, 66). Furthermore, it has been found 

that continual exposure to PM2.5 causes neurotoxicity, metabolic abnormalities, oxidative 

damage and atrophy of the grey matter resulting in cognitive decline (65, 67). These studies 

show that various forms of air pollutant PM play a role in increasing oxidative stress and 
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neuroinflammation, and therefore PM could be a causative factor to the growth and 

manifestation of AD (46, 68).  

Figure 1.1.  Schematic diagram of air pollutant PM entering the brain through the nasal 

canal via the olfactory bulb, alternatively inhaled into the lungs then translocating into the 

circulatory system into the brain via the BBB. Created with BioRender.com.  

1.3.1 Diesel exhaust air pollutant PM 

In populated urban environments, diesel engine emissions make up a large majority of the PM 

in ambient air (62, 69). There are many forms of diesel PM that have proven harmful to 

humans, including compounds like sulphates, nitrates, carbon, ammonium, hydrogen ions, and 

graphite (70). Diesel exhaust PM are formed through the burning of fuels through a combustion 

reaction at high temperatures and very quickly allowing for the mass production of ultrafine 

nanoparticles (70, 71). The size of diesel exhaust PM varies greatly, however have been found 

to permeate the BBB and therefore can be as small as 50-200 nm in diameter (72). Previous 

studies have found that diesel exhaust PM promote inflammation through the increase in 

interleukin 6 (IL-6), tumour necrosis factor (TNF) and interleukin 1β (IL-1β) expression 

causing DNA and RNA damage, eventually cell death and promoting Aβ deposition (72-75). 
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Recent studies have found that there is a clear correlation of residential proximity to highways 

and the development of sporadic AD (69).  

1.3.2 Iron air pollutant PM 

Magnetic particles including iron (Fe2+ and Fe3+) are known to be present and form naturally 

in human brains as they are necessary to sustain normal brain function of the central nervous 

system (CNS) including neurotransmitter synthesis, myelination of neurons, and mitochondrial 

function (76, 77). Iron in the brain is present in three main forms; iron-bound haemoglobin, 

ferritin for iron storage and magnetite and iron oxide, relying on a careful balance of Fe2+ and 

Fe3+ (77). While iron is an important feature in the CNS function, excess amounts of free iron 

have been found to increase as age increases, consistent with the development of AD (78, 79). 

Research has found that the tau protein, a component of NFTs, binds to iron, providing an 

explanation as to why excess iron is found in NFTs (80). An accumulation of excess iron has 

also been found to trigger the formation of ROS, which increases oxidative stress affecting 

numerous pathways, progressing the pathogenesis of AD (81, 82). Further, iron species 

accumulation (reduced; Fe2+ and oxidised; Fe3+) has been found to participate in Fenton and 

Fenton-like (a heterogenous process generating both hydroxyl radicals and higher oxidative 

states of iron) reactions leading to the generation of ROS and higher oxidation states of iron 

(reduced; Fe2+) inducing oxidative stress (76, 78). Externally derived iron nanoparticles are 

formed from combustion reactions, similarly to diesel emission PM and therefore are also 

produced in abundance. High levels of externally derived iron have been found in the brain 

tissue of people with neurodegeneration, suggesting that these particles can also penetrate the 

BBB (80, 81, 83).  

1.3.3 Magnetite air pollutant PM 

Magnetite (Fe3O4), an iron oxide mineral forms biogenically (i.e., forming naturally) in 

bacteria, protists and a variety of animals, including humans. Like excessive quantities of iron 

in the brain, large amounts of magnetite can also have detrimental impacts due to its potent 

redox activity and highly magnetic behaviour (84). Magnetite can alternate its lattice structure 

from Fe2+O4- (reduced) to Fe3+O4- (oxidised) enhancing its redox activity due this unique 

structural property (84-86). Magnetite, like iron is a highly efficient catalyst for ROS 

production, due to its oxygen component making it more reactive than iron, and therefore more 
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damaging in the brain (41, 85). This is supported by evidence of severe brain tissue damage 

found at the sites of magnetite accumulation surrounding both NFTs and Aβ plaques (41, 87). 

Air pollutant magnetite nanoparticles (MNPs) are produced in copious amounts from 

combustion sources (84). Maher et al. (2016) and colleagues found MNPs in excessive 

quantities in the brain tissue of people suffering from AD (85, 88). Biogenic magnetite is 

formed naturally in the brain from normal metabolic processes, either of the tetrahedral or 

octahedral shape with blurred edges, quite different to combustion derived MNPs with smooth 

surfaces in a cuboidal shape with a diameter of ~200 nm, small enough to permeate the BBB 

(88). While the exact mechanism of magnetite or MNPs in the brain is not well understood, it 

is evident that it can form in unfavourable conditions and therefore there is an association 

present between MNPs and the progression of AD (87). 

 

1.4 Current treatment options for Alzheimer’s disease 

The management of AD has always been a challenging area of interest (89). There are a number 

of drugs currently on the market as symptomatic therapeutics for AD; cholinesterase inhibitors, 

donepezil, rivastigmine, galantamine, and tacrine, and N-methyl-D-aspartate (NMDA)-

receptor modulator memantine. Despite being unable to prevent or reverse the disease 

progression, they have been extremely effective (90). These treatments aim at replacing 

mediators that become damaged or dysfunctional, rather than targeting the underlying drivers 

of the disease. There are many proposed pathogenic mechanisms that have been theorised for 

AD, including the amyloid cascade, hyperphosphorylated tau, inflammation and oxidative 

stress (89). As such, disease-modifying with various studies focusing on the amyloid 

hypothesis and associated targets by blocking its aggregation into Aβ plaques and dissembling 

the existing Aβ plaques, therefore may delay or reverse the progression of AD (90, 91).  

 

Immunotherapies using an active immunisation AN-1792 (synthetic Aβ42 plus adjuvant) 

seemed to show some ability to clear Aβ plaques associated tau lesions through plaque 

removal, however, did not continue due to the limited tau removal seen in phase II of the trial 

and also the continuing cognitive decline seen regardless of the treatment (92, 93). Various 

studies have also focused on tau-inhibitors, like methylene blue as it has been found to block 

the polymerization of tau monomers, however when this was given over extended period of 

times it showed no notable difference between any treatment groups (94, 95). Another study 
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used leuco-methylthionium bis (hydromethanesufnate; LMTM), which acts as a selective 

inhibitor of tau protein aggregation, finding gastrointestinal and urinary side effects and 

therefore was discontinued (96). While some studies show promising results, targeting the 

wholistic pathogenic mechanisms of AD proves difficult, and therefore research focus has 

shifted to oxidative stress and inflammation, the underlying instigators of AD progression. 

Various studies have looked into anti-inflammatory inhibitors, like prostaglandin H synthase 

(97) inhibitors, IL-1 receptor agonists, somatostatin receptor-2, vitamin D receptor, endothelial

cell protein C receptor and adenosine 2A receptors, which aim to down regulate the pro-

inflammatory response (98-101). While all of these targets have been characterized as

inflammatory paradigms, they have yet to be used as potential AD therapeutic targets (102).

Oxidative stress is a central pathogenic process implicated with AD and therefore antioxidants

have surfaced as potential therapies to slow the progression of senile plaques and NFTs (103).

The brain is the most active organ in the body, highly susceptible to oxidative stress due to the

high oxygen content and utilization. Antioxidant therapies like acetylcholinesterase inhibitors

(e.g., Reminyl, Aricept and Exelon) have been researched as AD therapies along with vitamin

E and C (102, 104). These studies show contradictory results, with many limited in their ability

to cross the BBB, therefore development into smaller antioxidant molecules that would more

readily pass the BBB would offer much promise (105).

1.5 Cerium oxide nanoparticles as a therapy for Alzheimer’s disease 

Cerium oxide (CeO2) is a rare Earth metal, with CeO2 nanoparticles used in industrial and 

environmental applications as a strong catalyst in renewable energy (105-107). CeO2

nanoparticles have also been extensively used as a biomedicine for cancer therapies, diabetes, 

inflammatory diseases and neuro-associated diseases (e.g., ischemic stroke and brain tumours) 

(105, 106). Due to its enzymatic activity and potent ROS scavenging abilities, CeO2
nanoparticles have surfaced as promising oxidative stress and neuroinflammatory mediators 

(106). The scavenging of free radicals is controlled and reduced through the action of 

endogenous enzymatic antioxidants like superoxide dismutase (SOD), catalase (CAT) and 

glutathione peroxidase mimetic enzymes, either inside or outside the mitochondria. SOD, CAT 

and glutathione peroxidase are all in the first line of defence category and can break down ROS 

and RNS (107). CeO2 nanoparticles are able to efficiently breakdown hydroxyl radicals (OH; 

the strongest and most biologically free ROS) and also peroxynitrite (ONOO-; the most volatile 

RNS) using its enzymatic mimicking abilities of SOD and CAT (106, 108). CeO2 nanoparticles 
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can effectively switch valence states from the Ce3+ (reduced form) to the Ce4+ (oxidised form) 

donating an electron, allowing it to act as an efficient free radical agent, while enabling its own 

neutralization by other antioxidants and also allows its regeneration (106, 109).   

 

Studies have also found that CeO2 nanoparticles have excellent cancer targeting abilities, 

generating ROS to be cytotoxic towards cancer cells, whilst having little effect to surrounding 

healthy cells (110). In acidic conditions the antioxidant ability of CeO2 nanoparticles is lost, 

behaving instead much like a strong oxidant, which may influence the oxidation of intracellular 

and extracellular components to induce apoptosis (111). This ability to become cytotoxic has 

been found to induce oxidative stress, could be attributed to cancer cells being more acidic than 

normal cells (112, 113). The bifunctional characteristic of CeONPs allows it to exhibit both 

ROS scavenging and cytotoxic effects is possible due to its ability to change structural 

composition in valency depending on the environment (106, 114). This makes it an extremely 

versatile and remarkable compound for various biomedical applications including 

neurodegeneration and AD, as oxidative stress plays a significant role in the progression of 

neurodegenerative diseases (106).  

 

The advancements in nanoparticle technology have allowed a greater understanding into 

characterizing nanoparticles, which is essential for toxicity studies as the size, shape, surface 

reactivity, solubility are all significant factors when in a biological system (115, 116). Bare 

CeO2 nanoparticles have been found to agglomerate more so than coated CeO2 nanoparticles, 

therefore increasing their diameter size to ~ 40 nm in diameter. This reduces cellular uptake 

resulting in cytoplasmic accumulation and an increase in ROS production, thereby reducing 

overall efficiency (29). Doping of CeO2 nanoparticles with polymer, starch, silica have been 

found to reduce agglomeration and increase the oxygen vacancies on the nanomaterials surface 

(enhancing its catalytic and redox properties). This development has enhanced the ROS 

scavenging abilities, in turn improving its antioxidant and anti-inflammatory capabilities (117). 

Silica coated CeO2 (SiCeO2) nanoparticles have been studied previously demonstrated to 

decrease CeO2 induced lung fluid inflammatory responses, in the male Sprague-Dawley rats 

(118). Silica coating also has found to improve biocompatibility, through increased 

dispersibility, increased retention rates and thereby evading the immune response, however 

there is little evidence about its potential benefits for neurodegenerative diseases (118, 119).  
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1.6 Significance 

Though a link is present, the influence that iron, diesel and most interestingly, magnetite has 

regarding the development of AD is still unknown. There are many properties of magnetite not 

yet understood and therefore the size, composition, morphology, and surface texture could 

influence their characteristics and their effect on the brain (88). Understanding the mechanisms 

of these air pollutant particles in the brain could lead the development of potential therapies 

for air pollutant induced AD, and other neurodegenerative disorders that may be caused by air 

pollutant PM.  

 

CeO2 has emerged as a fascinating and versatile biomedicine, found to be effective anti-cancer 

and drug delivery agents due to their remarkable ROS scavenging properties, and therefore 

show potential as an antioxidant therapy for neurodegeneration and AD (108). CeO2 
nanoparticles have also proven to be effective anti-cancer and drug delivery agents (107). Silica 

doped CeO2 nanoparticles, in an amorphous structure (silicon dioxide structure that does not 

have a crystalline structure) have been used for this study enhancing the antioxidant abilities, 

improving biocompatibility through increased retention time, and reduced toxicity. 

Understanding the exact antioxidant mechanisms of CeO2 nanoparticles on the brain is 

important and necessary, while also investigating any other underlying effects that may be 

taking place. These are important factors to establish whether CeO2 nanoparticles have 

potential as an AD therapy in a clinical setting.   

 

1.7 Aims and Hypothesis  

The proposed project will therefore test the hypotheses (i) that air pollutant iron, diesel and 

magnetite particles induce the onset of AD and (ii) that CeO2 nanoparticles can delay or reverse 

the onset of AD.  

Specific Aims 

Study 1 aims to investigate the properties and mechanisms of magnetite formation, as well as 

identify the gaps in knowledge about the long-term exposure impacts as an air pollutant 

particle. Chapter 3 of this thesis consists of a systematic and bibliometric analysis of magnetite 

and MNPs over the past three decades and their applications in (Biomedical) research. 
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Study 2 aims to investigate the potential role that air pollutant iron, diesel and magnetite 

particles play in the development of neurodegenerative diseases like AD. Chapter 4 examines 

the biological effects of air pollutant particles (iron + iron oxide; IRON, diesel exhaust 

emission; DE, and magnetite particles; MAG) in the pathologies of AD, using both an in vitro 

human neuroblastoma SH-SY5Y cell and an in vivo double transgenic murine model 

(APP/PS1) for AD.  

Study 3 aims to provide an analysis of the research on cerium oxide from 1990 - 2020 and 

identify the gaps in knowledge to permit a relevant assessment on its emerging application(s) 

in the scientific field. Chapter 5 examines the literature on CeO2 from 1990 - 2020 in a 

bibliometric analysis determining research trends. 

Study 4 aims to explore the antioxidant, anti-inflammatory properties of CeO2 nanoparticles 

mechanisms in counteracting the air pollutant induced AD pathologies. This study also 

investigated the biological of effects of bare CeO2 nanoparticles and amorphous blue silica 

doped CeO2 nanoparticles. Chapter 6 examines the effects of CeO2 nanoparticles on the 

delay/alleviation of AD pathologies after exposure to magnetite particles on both an in vitro 

human neuroblastoma SH-SY5Y cell and murine microglial BV-2 cell models, and an in vivo 

double transgenic murine model (APP/PS1) for Alzheimer’s disease. 
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Chapter 2: Materials and Methods 

 
 

 

 

 

 

Chapter Summary 

There are two key research focuses presented in this thesis. The first was to investigate the 

effects of air pollutant particles (iron oxide, diesel and magnetite) in an AD mouse model and 

their mechanism of action in key cells that play a role in the development of AD. The second 

was to assess the potential of CeO2 nanoparticles as an antioxidant therapy for AD. Most 

methods have been included in the papers submitted for publication, methods that referred to 

previous publications in the papers have been presented in detail in the following chapter.   
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2.1 Synthesis of particles 

2.1.1 Synthesis of air pollutant particles 

The diesel emission nanoparticles (DE) and iron oxide (IRON) sample were synthesised by 

A/Prof Fraser Torpy and Dr Peter Irga. Briefly, the iron and iron oxide (IRON) sample was 

produced by grinding hardened cast iron (rail track) with a fibreglass-reinforced grinding 

wheel, 25 mm in diameter, at 37, 000 rpm. The sample contained a broad range of particle sizes 

and a range of iron oxides (Fe3O4) along with un-oxidised iron (Fe2+). The diesel emission 

nanoparticles (DE) were produced by burning retail grade diesel fuel in a spirit burner 

collecting the effluent in an inverted conical flask, then immersing it in hexane which then 

evaporated off overnight, leaving the particles to be collected. The sample contained remnant 

high boiling hydrocarbons along with a range of sulphur and nitrogen compounds. The 

magnetite particles (MAG) were purchased from Sigma Aldrich (MO, USA) to pure 97 % 

sample (molecular weight 231.53) and approximately 100 - 400 nm in diameter. 

2.1.2 Synthesis of cerium oxide nanoparticles 

The cerium oxide (CeO2) and blue silica oxide CeO2 (SiCeO2) nanoparticles were synthesized 

by Dr Ali Asghar Esmailpour and Dr Rose Amal (UNSW) using flame spray pyrolysis (FSP), 

described previously (120, 121). For CeO2 nanoparticles, cerium (Ce) 2-ethylhexanoate (Alfa 

Aesar, 49 % in 2-ethylhexanoic acid) was dissolved in xylene with a final Ce concentration of 

0.5 M, fed to the centre of the flame by a syringe pump at 1-10 mL/min, then dispersed with 5 

L/min oxygen to control to rate of combustion and manipulate nanoparticle size. A constant 

pressure drop of 1.5 bar was maintained by adjusting the orifice gap. The spray flame was 

surrounded and ignited by a premixed methane/oxygen (1.5/3.2 L/min, respectively) flame 

from an annular gap (0.15 mm spacing, at a radius of 6 mm from the centre of nozzle). A 

sintered metal plate ring (8 mm wide, at inner radius of 9 mm from the centre of nozzle) 

provided an additional 5 L/min O2 as a sheath for the supporting flame. Additionally, a 

modified set up was used where the flame was enclosed in a quartz tube to maintain the sheath 

gas at 20 L/min O2 and preserve heat. This temperature gradient causes the metal vapour to 

supersaturate to form nuclei as the flame temperature reduces downstream. The nuclei 

coalesce, sinters and agglomerates before leaving the flame as nanoparticles, and is then 

collected on glass fibre filter. The average nanoparticle diameter was 7 nm. Two separate 
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precursors (Si:Ce) in a 20:80 ratio, were combined by adding hexamethyldisilane, (HMDSO, 

Sigma Aldrich) and cerium 2-ethylhexanoate (Alfa Aesar, 49 % in 2-ethylhexanoic acid) 

dissolved in xylene, with a final Si:Ce concentration of 0.5 M, which was fed to the centre of 

the flame by a syringe pump at a rate of 3 mL/min. “Blue” SiCeO2 was prepared by 

hydrogenation of these nanoparticles, by heating 1200 mg of the sample in a carbonite tube 

furnace. A constant flow of 50 mL/min of 10% H2 in N2 was implemented and the furnace was 

heated at a rate of 5°C/min to 500°C and then held for 180 mins. The average diameter of 7.5 

nm.  

2.2 Transmission electron microscopy (TEM) 

High resolution (HR)-TEM analysis was performed by Dr Roong Jien Wong and Dr Rose Amal 

(UNSW) for the assessment of primary particle size and morphology of IRON, DE, MAG, 

CeO2 and blue SiCeO2 nanoparticles. Samples were dispersed in 95 % (w/v) ethanol and 

sonicated for 30 mins at room temperature. A drop of suspension was added to the copper grid 

and air dried before each measurement took place. TEM measurements were performed using 

a Phillips CM200 operating at 200 kV with an SIS CCD camera.  

2.3 Double Transgenic APP/PS1 in vivo models 

The effects of the air pollutant particles and CeO2 nanoparticles were assessed in APP/PS1 

transgenic mice and C57BL/6 wild-type (W/T) littermates for comparison (purchased from 

Professor Anna King, University of Tasmania, Tasmania Australia). The APP/PS1 model is a 

double transgenic mouse that expresses a chimeric mouse/human amyloid precursor protein 

(Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1) on C57BL/6 (B6. Cg-Tg 

(APP6953DboTg (PSEN1dE9) S9Dbo) background (APP/PS1) (122). This model exhibits 

amyloid pathology that closely resembles the Aβ deposits in the initial stages of AD and has 

been extensively used to study mechanisms of AD neuropathology (123). This model exhibits 

Aβ deposition as young as 6 weeks of age in the cortex and 3 - 4 months in the hippocampus 

(124, 125). Reactive glial cells appear around Aβ deposits at about 6 weeks of age, coinciding 

with a pro-inflammatory response (126). While global neuronal loss is not observed in the 

APP/PS1 model, modest neuronal loss in the dendate gyrus granule cells (127). Synaptic loss 

and cognitive impairment are also observed in this animal model at approximately 3 and 7 

months of age (128). This animal model was chosen as the relevant AD pathological 
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biomarkers are expressed at 5 - 7 months of age which coincides with the experimental time 

period of both animal study 1 and 2. The mice were house according to sex, with 2 - 5 mice 

per cage, and kept on a 12-hour light/dark cycle at room temperature 22/5 ± 2°C. Before 

commencing the in vivo experiments, the mice were allowed to acclimatize for 1 week.  

 

2.4 Preparation and administration of particles and nanoparticles for the in vivo 

models 

The IRON, DE and MAG particles used for this study were prepared at a concentration of 3.3 

mg/mL, in sterile saline solution. The CeO2 and blue SiCeO2 nanoparticles were prepared at a 

concentration of 1.65 mg/mL, in sterile saline solution. Samples were sonicated using the Q500 

Sonicator (Q500 Sonica Sonicators, CT, USA) for 5 mins at 50 % amplitude to disperse 

particles. Once sonicated, all particles were ready for intranasal administration to the mice in 

their designated treatment groups. Sonication of air pollutant particles and CeO2 and blue 

SiCeO2 nanoparticles is essential to prevent agglomeration. Intranasal administration was 

completed by inducting the mice with 4 % isofluorane and 2 L/min oxygen in a chamber until 

no movement was observed, then immediately administering particle solution. 

 

2.4.1 Animal study 1 - Exposure to air pollutant particles (Chapter 4) 

In week 1 of the animal experiment (13 weeks of age; W/T; n = 37, APP/PS1; n = 38), the mice 

were grouped according to genotype and gender (male; n = 55 and female; n = 20), as shown 

in Table 2.1, to receive intranasal administration every third day of (i) saline (ii) IRON (47) 

DE or (iv) MAG (66 µg/20 µL) for 4 months. The concentration of iron, diesel and magnetite 

particles for this model (66 µg/20 µL) was established based on previous air pollutant studies 

which have found that the average ambient PM2.5 is between 12-35 µg/m3 with an intake of 

approximately 6-17.5 µg/day/person (based on urban environments in India, Portugal, Italy, 

Spain, Belgium, England and Poland etc.) (129, 130). This administration was completed every 

third day from week 1 through to week 16 of the animal experiment. The mice were monitored 

daily, and their weight was recorded weekly (Figure 2.1). All animal experiments were 

conducted with the approval from the University of Technology Sydney Animal Care and 

Ethics Committee (ACEC ETH17-1418) and in accordance with the guidelines described by 

the Australian National Health and Medical Research council code of conduct for animals. 
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Figure 2.1.       A timeline summary of animal study 1. After 1 week of acclimatizing the mice 

were divided into eight groups to receive either saline, IRON, DE or MAG (66 µg/20 µL) every 

third day. In week 15 the mice underwent behavioural testing and in vivo brain imaging, and 

in week 16 the tissue was collected.  

Table 2.1.  Summary of treatment and genders grouped for animal study 1 

Genotype Treatment Male Female 

W/T Saline 6 4 

IRON 7 2 

DE 9 1 

MAG 7 1 

APP/PS1 Saline 7 3 

IRON 7 2 

DE 6 2 

MAG 6 5 
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Total 55 20 

2.4.2 Animal study 2 - Treatment with cerium oxide nanoparticles (Chapter 6) 

In week 1 of the animal experiment (11 weeks of age; W/T; n = 37, APP/PS1; n = 28) the mice 

were grouped according to genotype and gender (male; n = 41 and female; n = 24), as shown 

in Table 2.2, to receive intranasal administration every third day of either (i) saline or (ii) MAG 

(66 µg/20 µL of saline). This administration continued every third day from week 1 to week 

32 of the animal experiment. In week 16, the mice were further subdivided to receive either (i) 

saline, (ii) MAG, (47) MAG + CeO2 or (iv) MAG + blue SiCeO2 nanoparticles (CeO2 

concentration 33 µg/20 µL of saline) every third day for the remainder of the experiment. 

Previous in vivo studies assessing C57BL/6, 5xFAD, ApoE-/- mice in one study and Sprague-

Dawley rats in another, after subacute inhalation exposure to high amounts of CeO2 

nanoparticles (4 mg/m3 for 3 hours/day, 5 days/week for 4 weeks and 2.7 mg/ m3 2 hours/day, 

4 days respectively) (131, 132). Another study used CD-1 (133) mice that were administered 

CeO2 nanoparticles intranasally at a daily dose of 40 mg/kg for 2 weeks (134). Due to the long 

treatment period required for this experiment including in vitro studies determining that CeO2 

nanoparticles were effective against decreased cell viability and increased ROS and NO levels 

induced by magnetite exposure, half the concentration CeO2 nanoparticles to magnetite 

particles was to be used as the treatment dose. All mice were monitored daily, and their weight 

recorded on a weekly basis (Figure 2.2). All animal experiments were conducted with the 

approval from the University of Technology Sydney Animal Care and Ethics Committee 

(ETH19-4326) and in accordance with the guidelines described by the Australian National 

Health and Medical Research council code of conduct for animals. 
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Figure 2.2.   A timeline summary of animal study 2. After 1 week of acclimatizing the mice 

were divided into four groups to receive saline or magnetite particles (66 µg/20 µL) every third 

day. At week 16 the mice were further subdivided into eight groups, with continued magnetite 

particles administration (66 µg/20 µL) every third day, with the addition of CeO2 or blue 

SiCeO2 nanoparticle (33 µg/20 µL) administration to the specified groups every other third day 

for remainder of the experiment. In week 31 the mice underwent behavioural testing and in 

vivo brain imaging, and in week 32 the tissue was collected. 
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Table 2.2. Summary of treatment and genders grouped for animal study 2 

Genotype Treatment Male Female 

W/T Saline 4 3 

MAG 6 5 

MAG CeO2 7 3 

MAG SiCeO2 5 4 

APP/PS1 Saline 3 2 

MAG 5 2 

MAG CeO2 5 2 

MAG SiCeO2 6 3 

Total 41 24 

2.5 Behavioural testing 

Behavioural testing was performed as indicated in Figures 2.6.1-3. At week 15 and 31 of the 

in vivo studies (animal study 1 and 2 respectively) the mice were subjected to behavioural 

tasks. The mice were acclimatized to the testing room for 1 hour prior to testing. All testing 

sessions were conducted between 10:00 - 16:00 hours and were video recorded. The APP/PS1 

animal model is known to exhibit cognitive deficits and spatial learning and memory defects 

as young as 6-7 months of age (128) which is relevant to the behavioural testing time points in 

both animal study 1 and 2.  

2.5.1 Novel object recognition test 

The novel object recognition (NOR) test was used to assess short-term memory, a key symptom 

in AD development (135, 136). This test is a commonly used behavioural assay for testing 

cognitive deficits in learning and memory in murine models (135, 136). The mice were 

acclimatized to the testing room for 1 hour prior to testing. This test consists of two phases 

(Figure 2.3), the first phase is the familiarisation phase where the animal was placed in the 

apparatus with two identical objects for 5 mins. The animals were removed for an interval of 
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1 hour, before the test phase was completed, which consisted of the mice being placed back 

into the same apparatus for 5 mins, however exchanging one “familiar” object for a “novel” 

object. The total time spent investigating each object was recorded. Between each test the 

apparatus and objects were cleaned with 80 % ethanol.  

Figure 2.3.   Schematic representation of the NOR experiment. This test consists of two 

phases, the first is a familiarisation phase with two familiar objects and the test phase with one 

familiar and one novel object. The interaction with each object is recorded. Created with 

BioRender.com.  

All data from the NOR test was calculated using the recognition index as a score of short-term 

memory retention. The recognition index was calculated using the time spent exploring the 

novel object (Tn) divided by the total time spent on both objects (Tn + Tf), shown in the 

equation below. 

It was expected that a normal animal would spend equal amounts of time on the identical object 

in the familiarisation phase but more time on the novel object in the test phase. This would 

indicate that the animal recognises an object that it has seen previously and therefore does not 

explore the object as often compared to the novel object.  
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2.5.2 Elevated plus maze 

The elevated plus maze (EPM) is widely used assessment of anxiety and stress, which are 

significant symptoms in AD pathogenesis (137, 138). C57BL/6 (WT) mice are not expected to 

exhibit age-related anxiety changes, however APP/PS1 model is expected to exhibit age-

related anxiety behavioural changes at approximately 9 months old (139). The EPM test is a 

(+) shaped apparatus that consists of four arms. The east and west arms consist of 

“closed/walled” arms and the north and south arms are “open/exposed” with only the platform 

(Figure 2.4). No acclimatization was necessary as this would affect the anxiety and stress 

response of the mice. Each animal was placed in the centre of the maze facing the same 

orientation and allowed to move freely for 3 mins whilst being video recorded. The time spent 

investigating the open and closed arms were recorded along with the number of head dips, 

whole body stretches in the open arm and closed arm (protected arm). An “open arm” or 

“closed arm” was when the mouse had 3 or more limbs in and open (exposed) or closed arm 

of the maze respectively. Head dips were defined when the mouse had 3 or more limbs in a 

specified region (i.e., open arm or closed) and it dips its head over the edge of the maze. An 

“arm stretch” is when the mouse had 3 or more limbs in a specified region outstretched in that 

designated area. The number of times each animal crossed the centre of the EPM was also 

recorded. Video recording was analysed and to keep consistent arm entries were defined as 

when the animal had more limbs in the newly chosen arm on the apparatus. Between each test 

the apparatus and object were cleaned with 80 % ethanol.  
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Figure 2.4.  Schematic representation of the EPM test – bird’s eye view. The mice were 

placed in the centre of the maze facing the same orientation and their movement recorded. 

Created with BioRender.com. 

2.5.3 Tail suspension test 

The tail suspension test (TST) is widely used method for measuring depressive-like symptoms, 

as people with depression have a higher risk of developing AD, therefore it is a common 

symptom coinciding with AD development (140). After acclimatization each animal was 

placed upside down hanging from the centre of the apparatus as indicated in Figure 2.5. A 

plastic tube was placed around the base of the tail to prevent the mouse from climbing up its 

tail whilst its tail was taped to the bar. The mice were then hung for a total of 3 mins which 

was video recorded. For consistency, when analysing the video recording, mobility was 

defined as when they were trying to reach for walls of the apparatus, suspension bar, strong 

shaking of the body, and movement of the limbs akin to running (140). The mobility of the 

animal was then video recorded for a total of 3 mins. Decreased mobility time (secs) indicates 

depressive-like symptoms. Between each test the apparatus and object were cleaned with 80 

% ethanol.  
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Figure 2.5.  Schematic representation of the TST experiment. The mice were placed upside 

with their tails taped to the bar, and the mobility time was recorded. Created with 

BioRender.com. 

2.6 Near-infrared (NIRF) in vivo brain imaging 

At week 15 and 31 of the animal experiments (animal study 1 and 2 respectively) the 

development of Aβ species formation, detecting both the soluble (Aβ40) and insoluble (Aβ42) 

peptide aggregates, was assessed in the mice brains using a NIRF molecular imaging probe, 

CRANAD-2 (Abcam, Cambridge, UK) (141). The in vivo CRANAD probe detects for 

presence of the insoluble Aβ42 peptide. The CRANAD-2 probe was prepared in a mixture of 

15 % DMSO, 15 % cremaphor and 70 % PBS at a concentration of 5 x 103 mg/mL. The mice 

heads were shaved and inducted in a chamber using 4 % isofluorane and 2 L/min oxygen. 

Baseline fluorescence of the brain was obtained using the IVIS fluorescent scanning machine 

(IVIS Lumina II; Caliper Life Sciences, MA, USA). The mice were then intravenously injected 

with the CRANAD-2 (5 mg/kg) before they were inducted again and fluorescence signals from 

the brain was recorded 5 mins after injection. A small circular region of interest (ROI), in the 
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centre of the fluorescence region was established to be consistent, between mice 

measurements. The average radiance (p/s/cm2/sr) in the region of interest was recorded. 

2.7 Tissue harvest and blood collection 

At experimental endpoint the mice were euthanized with isofluorane in an induction chamber 

and then placed on a nose cone until no reflex to pedal or ocular stimulation was observed.  

Cardiac puncture was performed via the left ventricle to collect approximately 1 mL of blood 

using an 18-gauge syringe pre-coated with heparin (100 I.U/mL DBL Heparin Sodium 

Injection, Hospira, Vic, Australia). Following collection, the whole blood sample was 

immediately centrifuged (13, 500 RCF, 5 mins). The plasma layer was removed and stored at 

-80°C. To ensure the mouse was deceased before any further procedures, cervical dislocation

was performed. For this study many different techniques were of interest, therefore the brains

were halved; the right hemisphere was fixed in 4 % paraformaldehyde (PFA), while the left

was dissected and the hippocampus and cerebral cortex were snap frozen in liquid nitrogen,

then stored at -80°C until required.

2.8 Biochemical analysis of plasma 

2.8.2 Beta-secretase assay 

β-secretase plasma levels have been shown to be increased in both the peripheral blood and 

cerebrospinal fluid of AD patients and therefore has been identified as a suitable early 

diagnostic biomarker (142, 143).  To assess β-secretase levels in the plasma samples collected 

at experimental endpoint, the β-secretase fluorometric assay activity kit (BioVision, CA, USA, 

cat. K360) was completed following the manufacturer’s protocol. Briefly, plasma samples 

were prepared in duplicate in a 96-well plate (50 µL) per well, along with appropriate controls, 

with 50 µL of reaction buffer added to all wells and incubated at 37°C for 20 mins. β-Secretase 

substrate (2 µL) was then added to all wells, which was then covered and incubated at 37°C 

for 20 mins. The plate was read on the infinite M1000 PRO microplate reader (Tecan Sunrise, 

Grödig, Austria) at 335 Ex/ 495 Em (excitation/emission). The results are expressed as 

percentage increase from control. 
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2.9 Tissue fixation, processing, embedding, and cutting 

The right hemisphere was fixed in 4 % PFA (Sigma-Aldrich, MO, USA) overnight, then rinsed 

with phosphate buffered saline (PBS) before being stored in 70 % ethanol for one week. Brain 

tissues were then placed in cassettes and processed using the ExcelsiorTM AS Tissue Processor 

(Thermo Fisher Scientific, MA, USA) for an overnight process involving two changes of 

formalin, increasing grades of ethanol and two changes of paraffin wax. After processing, brain 

tissues were embedded in paraffin wax and cut in sagittal sections using microtome (Epredia, 

MICH, USA). Brain sections were cut at a thickness of 10 µm, through the entire right 

hemisphere, resulting in approximately 25-30 slides (e.g., slide labelled #1 is closest to the 

midline) per tissue. Three brain tissue sections were mounted on every Platinum PRO adhesive 

glass slides (Trajan, VIC, AU), left to dry at 37°C overnight and stored at room temperature 

until required.  

2.10 Histological analysis of the hippocampus 

2.10.1 Cresyl Violet staining for the identification of neurons 

Three slides (slides #1, #3, #5) for all brain tissue samples were stained with cresyl violet to 

differentiate neurons from other cells within the hippocampus and somatosensory cortex. 

Briefly, paraffin was removed from tissue sections by soaking in two changes of xylene for 3 

mins each. Sections were then rehydrated through decreasing concentrations of ethanol (100 

%, 95 %, 70 %) for 3 mins each before being immersed completely in water for at least 6 mins. 

After rehydration, sections were stained with cresyl violet (0.1% cresyl violet powder (wt/vo); 

Sigma-Aldrich, MO, USA) for 3.5 mins. Sections were then rinsed in water (5 mins) and 

dehydrated in two changes of 100% ethanol and two changes of xylene (3 mins each). Sections 

were then cover-slipped using dibutyl phthalate polystyrene xylene (DPX) and left to air dry 

overnight. To quantify neurons stained in regions of interest, images of the stained slides were 

visualised on the ZEISS AxioScan Digital Slide Scanner (Carl Zeiss Microscopy, Germany). 

The sagittal section for all tissue sections on each slide were imaged at 20 x magnification. The 

hippocampal region is associated with memory and spatial recognition, and the somatosensory 

region in the cortex is responsible for receiving and processing sensory information (e.g., 

touch, temperature and pain etc.) (144, 145). The number of neuronal cell bodies were counted 

(10-400 µm2) using the QuPath Software Quantitative Pathology & Bioimage Analysis 

(QuPath) Software 0.2.3 (Edinburgh, UK) in regions of interest (ROI) in the hippocampus: 
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cornu ammonis (Ca) 1, Ca3 and dentate gyrus (DG), and the somatosensory cortex (SS 2, 3, 4, 

5, 6a) (146). Every brain tissue sample (n = 5-11 biological replicates) that was analysed had 

9 technical replicates accounting for staining, imaging and analysis bias.  

2.10.2 Thioflavin S staining for the identification of Ab plaques 

Three slides (slides #2, #4, #6) for all brain tissue sample were stained with thioflavin S for 

quantification of Ab plaque formation. Slides were re-hydrated as described above (section 

2.10.1). Rehydrated sections were then stained with thioflavin S (1 % thioflavin S stain (wt / 

filtered aqueous solution); Sigma-Aldrich, MO, USA) for 10 mins. Slides were washed well 

with water for 5 mins, followed by dehydration in two changes of 100 % ethanol and two 

changes of xylene (3 mins each). Finally, slides were cover-slipped using DPX and left to air 

dry overnight. Slides were visualised on the ZEISS AxioScan Digital Slide Scanner (Carl Zeiss 

Microscopy, Germany) and the entire sagittal section fields of view were imaged at 20 x 

magnification. The number of fluorescent Ab plaque formations were counted using Image J 

(IJ1.46r Revised Edition), by implementing a fluorescent threshold highlighting the Ab plaque 

formations in each brain tissue. W/T (C57BL/6) mice do not develop Ab plaques, however 

APP/PS1 mice that are 6-12 months of age develop round dense Ab plaque formations that are 

approximately 50-150 µm in diameter that form throughout the entire neocortex region (147, 

148). The number of fluorescent Ab plaque formations were automatically counted in a region 

of interest (ROI) in the neocortex above the hippocampus, using Image J (IJ1.46r Revised 

Edition), by implementing a fluorescent and size (50-150 µm2) threshold, highlighting the Ab 

plaque formations in the brain tissue. Every brain tissue sample (n = 5-11 biological replicates) 

that was analysed had 9 technical replicates accounting for staining, imaging and analysis bias. 

2.11 Cell culture in vitro models 

To determine the effects of an immune response in the brain, two key cell types have been used 

that are important in CNS function. Human neuroblastoma (SH-SY5Y) cells (Chapter 4 and 6) 

were used to represent neuronal cells and murine microglial (BV-2) cells (Chapter 6) were used 

for microglia representation. The SH-SY5Y cells (provided by Dr Cathy Gorrie, University of 

Technology Sydney) are a subline of the neuroblastoma SK-N-SH line derived from a 

metastatic bone tumour. These cells were grown in Falcon® T75 flasks and maintained in 

DMEM/F12 GlutaMAXTM medium (Gibco, MA, USA) supplemented with 5% FBS and 5 mM 
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HEPES. Growth media was changed every 3-4 days and the cells were passaged when they 

reached confluency (80-90 %). To prevent cell senescence the passage was kept under 40. The 

cells were cultured at 37°C in a humified atmosphere containing 95 % air and 5 % CO2. 

 

The BV-2 cells (kindly donated by Dr Alessander Cassorina, University of Technology 

Sydney) were grown in Falcon® T75 flasks and maintained in DMEM F12 GlutaMAXTM 

media supplemented with 5 % FBS and 5 mM of HEPES. Growth media was changed every 

3-4 days and the cells were passaged when they reached confluency (80-90 %). To prevent cell 

senescence the passage was kept under 30. The cells were cultured at 37°C in a humified 

atmosphere containing 95 % air and 5 % CO2. 

 

For each biochemical assay that was performed with both cell lines, cells were seeded in a 96-

well plate with 8 technical replicates per plate and per assay. Each assay was repeated 4 times 

(n = 4 biological replicates), at different passages to account for reproducibility issues (149) 

which is stated in the results.   

 

2.11.1 Cell study 1 – Air pollutant particle preparation and exposure (Chapter 4) 

Iron, diesel and magnetite air pollutant particles were prepared in filtered Dulbecco Modified 

Eagle Medium (DMEM) F12 GlutaMAXTM media supplemented with 5 % foetal bovine serum 

(FBS) and 5 mM of HEPES at a concentration of 100 µg/ml. Samples were sonicated, using 

the Q500 Sonicator (Q500 Sonica Sonicators, CT, USA) for 5 mins at 50 % amplitude, to 

disperse particles. Sonication of air pollutant particles after sonication is essential to prevent 

agglomeration. The SH-SY5Y cells were seeded onto 6-well plates (80, 000 cells/well) for 

RNA/protein extraction or 96-well plates (30, 000 cells/well) for biochemical assays and 

allowed to settle overnight. The cells were then serum starved for 24 hours before exposure to 

100 µL IRON, DE, MAG particles (100 µg/mL) in DMEM/F12 containing 5 % FBS for a 

further 24 hours. By which point the cells were ready for further testing. Cells not exposed to 

nanoparticles acted as controls. This concentration was established based on in vitro studies 

(e.g., human lung epithelial A549 and murine macrophage RAW 264.7) testing air pollutant 

induced toxicity for the same exposure time and concentration (150, 151).  
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2.11.2 Cell study 2- Treatment with cerium oxide nanoparticles (Chapter 6) 

The SH-SY5Y cells and BV-2 cells were seeded onto 6-well plates (80, 000 cells/well) for 

protein extraction or 96-well plates (30, 000 cells/well) for biochemical assays and allowed to 

settle overnight. The cells were then serum starved for 24 hours before exposure to 100 µL 

magnetite particles (100 µg/mL) in DMEM/F12 containing 5 % FBS for a further 24 hours. To 

assess the effects of magnetite particles, the cells were left to incubate for a further 24 hours – 

48 hours exposure in total. To assess the effects of CeO2, following exposure to magnetite 

particles for 24 hours, the cells were treated with either CeO2 or blue SiCeO2 nanoparticles (50 

µg/mL) and incubated for another 24 hours. The magnetite particles used for this study were 

prepared as previously described (section 2.12.1). The CeO2 and blue SiCeO2 nanoparticles 

were prepared in the same medium, at 50 µg/mL, then sonicated and administered as previously 

described (section 2.12.1). The concentration of both CeO2 and blue SiCeO2 nanoparticles was 

established based on preliminary in vitro studies investigating the effects of CeO2 nanoparticles 

in various concentrations on both SH-SY5Y and B-V2 cells (Chapter 6, Figure S4A-D), where 

the concentration of 50 µg/mL for 24 hours was chosen (152, 153). The cell viability, ROS and 

NO production was further tested on both cell types with LPS being used as the inflammatory 

stimuli (Chapter 6, Figure S4E-J). By which point the cells were ready for further testing. Cells 

not exposed to nanoparticles acted as controls.  

2.12 Biochemical assays 

2.12.1 Methylthiazolydiphenyl-tetrazolium bromide (MTT) assay 

The MTT assay is a widely used method for cell viability and cytotoxicity (154). A stock 

solution of MTT dye (Sigma Aldrich, MO, USA) was prepared at a concentration of 5 mg/mL 

with PBS. After the cells had been starved and treated an aliquot of the MTT dye (10 µL) was 

added to each well (96-well plate) and then incubated in dark sterile conditions at 37°C for 3-

4 hours. The MTT dye is utilised by cell mitochondria, converting the dye to formazan, forming 

insoluble purple granules. Once the purple-coloured formazan crystals were observed visually, 

the media and dye are then removed followed by adding 100 µL of DMSO (Sigma Aldrich, 

MO, USA) each well to solubilize formazan and turn the solution purple. The absorbance at 

570 nm was obtained on the infinite M1000 PRO microplate reader (Tecan Sunrise, Grödig, 

Austria). The results are expressed as percentage increase from control. 
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2.12.2 2’7’-Dichlorofluoerscein (DCF) assay 

The DCF assay is a measure of ROS (Sigma Aldrich, MO, USA). The DCF assay uses the 2’ 

7’-dichlorofluorescein diacetate, a cell-permeable non- fluorescent probe that becomes highly 

fluorescent upon oxidation. Fluorescence was used as a measure of ROS production in the 

cells. The DCF powder is dissolved in DMSO at a concentration of 10 µM and stored in the 

dark -20°C. After the cells had been starved and treated the DCF stain (100 µL) was added to 

each well in a 96-well plate and incubated at 37°C for 12 mins. Excess stain was removed from 

the cells by washing twice with PBS (2 x 100 µL). The plate was then measured at 485 nm 

excitation and 535 nm emission using the infinite M1000 PRO microplate reader (Tecan 

Sunrise, Grödig, Austria). The results are expressed as percentage increase form control.  

2.12.3 Griess assay 

The Griess assay detects nitric oxide (NO) production in a variety of mediums (Sigma Aldrich, 

MO, USA). The Griess reagent is based on a chemical reaction that uses naphthyl 

ethylenediamine dihydrochloride suspended in water and sulphanilamide in phosphoric acid. 

This reaction reacts with nitrite in samples to form a purple azo product. To prepare the solution 

Griess powder is dissolved in milliQ water at a concentration of 40 mg/mL. Following cell 

treatments, the media was collected and aliquoted (100 µL) in duplicates into wells on a 96 

well plate. The Griess reagent was then added to each well (100 µL). The reaction mix was 

then incubated at room temperature for 15 mins followed by 30 mins in the dark at 37°C. An 

absorbance reading was obtained at 540 nm on the infinite M1000 PRO microplate reader 

(Tecan Sunrise, Grödig, Austria). The results are expressed as percentage increase from 

control. 

2.13 Quantification of gene expression by RT-qPCR 

2.13.1 Total RNA extraction 

The Total RNA was extracted from the SH-SH5Y cells (Chapter 4) by the addition of 

TRIsureTM (Bioline, MA, USA) to each well on a 6 well plate. Cells were lysed by repeatedly 

washing the cell monolayer with the added TRIsureTM before transferring to a clean Eppendorf 
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tube containing 100 µL of 1-bromo-chloropropane in each sample. The samples were vortexed 

and centrifuged at 12, 000 RCF for 15 mins at 4°C. The aqueous phase was transferred to a 

clean tube and 500 µL of isopropanol was added. The samples were briefly vortexed and 

incubated at room temp for 10 mins to precipitate the RNA. Following the incubation, the 

samples were centrifuged (12, 000 RCF for 15 mins, 4°C). The supernatant was removed, and 

the RNA pellet washed with 1ml of ice-cold ethanol, followed by another centrifugation (12, 

000 RCF for 10 mins, 4°C). After removing the ethanol wash, the RNA pellet was air dried for 

at least 5 mins before resuspending in approximately 30 µL of nuclease free PCR water 

(Bioline, UK). The RNA samples were stored at -80°C until required.  

 

Total RNA was extracted from the hippocampal regions (Chapter 4) of the brains using the 

Isolate II RNA/DNA/Protein Kit (Phenol free) (Bioline, UK). All components were extracted 

the from tissue following the manufacturer’s instructions. Briefly, for RNA extraction, the 

entire left hemisphere hippocampus was lysed, and the lysate loaded into a column for DNA 

extraction. The flow-through containing the RNA was washed with ethanol and loaded onto 

the RNA/protein column. RNA bound to the column was washed and eluted in RNA elution 

buffer. RNA was stored at -80°C until used.   

 

2.13.2 RNA quality check 

The integrity of the extracted RNA was assessed using an ExperionTM RNA standard 

Sensitivity Analysis Kit (Bio-Rad, CA, USA) and the ExperionTM Automated Electrophoresis 

Station (Bio-Rad, CA, USA), as per manufacturer’s instructions, to ensure that the RNA was 

of satisfactory quality and purity for downstream qPCR analysis. An electropherogram and 

virtual gel (Figure 2.6) was produced displaying distinct peaks/bands corresponding to 18S and 

28S ribosomal RNA respectively, when aligned with the ladder provided in the sample 

preparation kit. An RNA Quality Indicator (RQI) was also generated which indicates the 

quality of sample tested. An RQI of 10 indicates intact RNA and an RQI of 1 indicates 

completely degraded RNA, with samples with an RQI above 7 deemed acceptable for further 

analysis.  
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Figure 2.6.   A representative virtual gel and electropherogram generated by the Experion 

RNA StdSens Analysis Kit. (A) The virtual gel showing two bands for 18S and 28S ribosomal 

RNA. (B) An electropherogram showing two peaks representing 18S and 28S ribosomal RNA. 

2.13.3 Synthesis of cDNA using reverse transcription 

After the integrity was assessed, the RNA was normalised to 220 ng/µL using the NanoDrop 

2000 spectrophotometer (Thermofisher Scientific, MA, USA). Following this, the samples 

were reverse transcribed in duplicate using the Tetro cDNA Synthesis Kit (Bioline, UK). 

Briefly, a master mix was prepared containing 0.5 µL each of random hexamer, 10mM dNTP 

mix, RiboSafe RNase Inhibitor and Tetro Reverse Transcriptase, 2 µL of 5 x RT buffer and 

4.7 µL of PCR water. Total RNA (1.3 µL) was added to give 1 µg of RNA per 10 µL reaction. 

Samples were incubated in the T100TM Thermocycler (Bio-Rad, CA, USA) for 10 mins at 

25°C followed by 30 mins at 45°C. The reaction was terminated by incubating at 85°C for 5 
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mins. Duplicate samples were then pooled and diluted 1:3 with nuclease free water and stored 

at -20°C until testing was completed.  

2.13.4 Real-Time PCR (qPCR) 

Gene expression levels were quantified via real-time PCR (qPCR) using the SensiFast SBR 

No-ROS mix (Bioline, UK). Each reaction mix comprised of 5 µL of 2x SensiFAST SYBR 

No-ROS mix, 0.4 µL each of the forward and reverse primer (primer sequences shown in Table 

2.3; 20 pmol/µL) and 1.2 µL of PCR water. The cDNA (3 µL) prepared as described (section 

2.13.3) was then added to give approximately 100 ng of cDNA in a 10 µL reaction. The PCR 

plate was covered using a Microseal “B” PCR plate sealing film (Bio-Rad, CA, USA) followed 

by a brief centrifugation. Samples were then amplified in the CFX96 thermocycler (Bio-Rad, 

CA, USA) at 95°C for 2 mins for polymerase activation, 40 cycles of 5 secs at 95°C for 

denaturation, 10 secs at 60°C for annealing, and 10 secs at 72°C for extension. A melt curve 

was generated by incubating the cDNA at 65°C for 5 secs, then increasing the temperature to 

95°C in 0.5°C increments.  

2.13.5 Calculation of the fold changes in gene expression 

Relative changes in mRNA levels were determined using the comparative analysis method 

ΔΔCq. The difference between the quantification cycle (155) value of the gene of interest (156) 

and the reference gene is given by ΔCq. The baseline ΔCq is set as the ΔCq for the W/T Saline 

administered mice. The ΔΔCq calculation was then determined by subtracting each sample’s 

ΔCq and the baseline ΔCq. The Cq is exponentially related to copy number. Therefore, the 

absolute value for comparative expression level is given by the formula 2-ΔΔCq. For the current 

study the reference gene chosen was GAPDH (157, 158).  
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Table 2.3.  PCR Primer Sequences for the in vivo experiment 
Species Gene ID Description F/R Primer Sequences (5’-3’) 

Mouse IL-6 Interleukin 6 
F GAACAACGATGATGCACTTGC 

R TCCAGGTAGCTATGGTACTCC 

TNF Tumour necrosis factor 
F CTATGTCTCAGCCTCTTCTC 

R CATTTGGGAACTTCTCATCC 

GAPDH 

Glyceraldehyde 6-

phosphate 

dehydrogenase 

F GCTCACTGGCATGGCCTTCCG 

R GTAGGCCATGAGGTCCACCAC 

2.14 Protein extraction 

Whole protein lysate was extracted from the cerebral cortex, hippocampus and SH-SY5Y cells, 

using RIPA lysis buffer (150 mM sodium chloride, 1 % triton X-100, 0.5 % sodium 

deoxycholate, 0.1 % sodium dodecyl sulphate, 50 mM Tris pH 8.0) supplemented 1/10 volume 

of protease inhibitor cocktail (Sigma Aldrich (MO, USA) containing 1.4 mm Zirconium oxide 

beads (Precellys 24, France) using a Minilys (Bertin Technologies, France). The samples were 

homogenised and incubated in the buffer on ice for 30 mins before being centrifuged at 12, 

000 RCF to form a pellet. The supernatant containing the extracted protein was collected and 

stored at -80°C until required. The concentration of the extracted protein was quantified with 

a Pierce BCA Protein Assay Kit (Thermofisher Scientific, MA, USA, cat. 23225).  

2.15 Aβ42 ELISA 

To investigate whether air pollutant particles and CeO2 nanoparticles are having an effect on 

insoluble Aβ42 aggregation, Aβ42 Human ELISA Kit (Thermofisher Scientific, MA, USA, 

cat. KHB3441) was completed with the extracted protein from SH-SY5Y cells. The protein 

(30 µg) was prepared in duplicate (50 µL) and added to the wells, along with standards and 

appropriate controls. The Aβ42 Detection antibody solution (50 µL) was added to each well 

and incubated at room temperature for 3 hours. Following this, the plate was aspirated and 

washed. The anti-rabbit IgG HRP (100 µL) was added to each well and incubated for 30 mins 

at room temperature. The plate was then aspirated and washed, and the stabilized Chromogen 

(100 µL) then incubated for a further 30 mins at room temp. Finally, the stop solution (100 µL) 
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was added, and the plate was read on the infinite M1000 PRO microplate reader (Tecan 

Sunrise, Grödig, Austria) at 450 nm. The results are expressed as Aβ42 (pg/mL). 

2.16 Western blot analysis 

For western blot analysis protein extracts (30 µg for the cerebral cortex and hippocampus and 

20 µg for SH-SY5Y cells) were denatured by heating at 95°C for 5 mins, then mixed with 1:1 

ratio of Laemmli loading buffer (BioRad, CA, USA). The samples were then loaded into wells 

on a 4-15 % Mini Protean TGX stain free protein gel (Bio-Rad, CA, USA). Electrophoresis 

was performed in the 10 x Tris/Glycine/SDS running buffer (BioRad, CA, USA) for 80 mins 

at 110v. The Precision Plus Protein Kaleidoscope™ ladder (BioRad, CA, USA) was included 

in each gel run. Resolved protein samples were transferred to a mini PVDF membrane 

(BioRad, CA, USA) using the Trans-Blot® Turbo™ Transfer System (Biorad, CA, USA), then 

blocked with skim milk (5 % (v/v) in 1 X TBST) for 2 hours at room temperature. Blots were 

then incubated with primary antibodies (Table 2.4) overnight at 4°C. After washing with TBST 

(3X), the membranes were incubated with appropriate secondary antibodies for 2 hours at room 

temperature, antibodies are listed in Table 2.4. Proteins were then visualised using ECL 

substrate (Bio-Rad, CA, USA) and a Bio-Rad Chemidoc Imaging SystemTM. Protein bands 

were quantified by densitometry using the ImageJ 1.53a software (National Institute of Health, 

Maryland, USA).  
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Table 2.4. Antibodies used for Western Blot analysis 

Protein Dilution Company Catalogue 

β-Actin 1:1000 Cell Signalling Technology, MA, USA 4970S 

BDNF 1:1000 Abcam, UK 108319 

GFAP 1:1000 Abcam, UK 33922 

ICAM-1 1:1000 Abcam, UK 53013 

iNOS 1:200 Cell Signalling Technology, MA, USA 12282S 

Cox2 1:500 Cell Signalling Technology, MA, USA 13120S 

Phospho-Tau (pS214) 1:500 Invitrogen, CA, USA 44742 

ChK Total Tau 1:500 Abcam, UK 75714 

Iba-1 1:1000 Abcam, UK 178847 

NF-κB p65 (D14E12) 1:1000 Cell Signalling Technology, MA, USA 8242T 

Phospho-NF-κB p65 (Ser536) 1:1000 Cell Signalling Technology, MA, USA 3033T 

MAPK 1:1000 Cell Signalling Technology, MA, USA 8690S 

Phospho-MAPK 1:1000 Cell Signalling Technology, MA, USA 4511S 

JNK 1:1000 Cell Signalling Technology, MA, USA 9258S 

Phospho-JNK 1:1000 Cell Signalling Technology, MA, USA 4668S 

Tumour necrosis factor (TNF) 1:1000 Santa Cruz, CA, USA sc-1350 

Interleukin 6 (IL-6) 1:1000 Santa Cruz, CA, USA sc-1265 

Anti-rabbit Secondary 

(HRP conjugated) 

1:5000 Cell Signalling Technology, MA, USA 7074P2 

Anti-mouse Secondary 

(HRP conjugated) 

1:5000 Cell Signalling Technology, MA, USA 7076P2 

Anti-goat Secondary (HRP conjugated) 1:2000 Santa Cruz, CA, USA sc-2350 

2.17 Statistical Analysis 

One-way ANOVA with Bonferroni’s post-hoc test was used to determine statistical power in 

EPM, TST, NIRF in vivo brain imaging, b-secretase assay, neuronal cell counting, Ab plaque 

counting, MTT assay, DCF assay, Griess assay, RT-qPCR, Ab42 ELISA and western blot 

analysis. A an unpaired two-tailed t-test was used to determine the statistical significance of 

the NOR data. All statistical analysis was performed using the Graph-Pad Prism 9 software 
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(Graph-Pad, CA, USA) and the results are expressed as mean ± SEM. The treatment groups 

were considered significantly different if the p value was less than 0.05.  
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Chapter Summary 

The novel properties and potential for nanotechnological applications have generated 

increasing scientific interest in the use of nanoparticles. Of interest in this thesis, are magnetite 

particles which have been a popular nanomaterial. However, air pollutant magnetite particles 

found in human brains of people with AD, highlighting that a better understanding of 

magnetite’s uses is pertinent. Herein, this chapter describes a systematic and bibliometrics 

analysis conducted on magnetite research from 1990-2020, highlighting the mechanism of 

formation, along with its extensive applications in various fields including environmental, 

industrial, and biomedical. 
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3.1 Abstract: 

Recent reports show air pollutant magnetite nanoparticles in the brains of people with 

Alzheimer’s disease. Considering various field applications of magnetite nanoparticles because 

of developments in nanotechnology, the aim of this study was to identify major trends and data 

gaps in research on magnetite to allow for relevant environmental and health risk assessment. 

Herein, a bibliometric and systematic analysis of the published magnetite literature (n = 31, 

567) between 1990 to 2020 was completed. Following appraisal, publications (n = 244) were

grouped into four time periods with the main research theme identified for each as 1990-1997

“oxides”, 1998-2005 “ferric oxide”, 2006-2013 “pathology” and 2014-2020 “animal model”.

Magnetite formation and catalytic activity dominated the first two time periods, with the last

two focusing on the exploitation of nanoparticle engineering. Japan and China had the highest

number of citations for articles published. Longitudinal analysis indicated magnetite research

for the past 30 years shifted from environmental and industrial applications, to biomedical and

its potential toxic effects. Therefore, whilst this study presents the research profile of different
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countries, the development in research on magnetite nanoparticles, it also reveals that further 

studies in the effects of magnetite nanoparticles on human health is much needed.   

 3.2 Introduction 

Magnetite is an iron oxide (Fe3O4) rock mineral occurring naturally on Earth. Magnetite 

belongs to the spinel crystallizing group of minerals, with the formula FeFe2O4 (5). In the 

natural environment, magnetite is found in the form of igneous (basic rocks, basalts) and 

sedimentary rocks (banded iron formations, beach sands) formed via different ways, usually, 

the reaction between ferric iron mats and ferrous iron anaerobically (159). Magnetite can 

readily react with oxygen to produce hematite (Fe2O3) where it can be used to determine 

oxygen concentrations in rocks, due to the changes in the atmospheric oxygen content (160). 

Magnetite exhibits ferrimagnetism where dipole forces align in the same direction, permitting 

active magnetization to occur. This property of magnetite is influenced by size of the particles 

and is essential for the reconstruction of tectonics plates on the Earth’s crust (160, 161). 

Overall, magnetite is a unique iron oxide compound that is it extremely versatile due to its 

magnetic, structural and redox characteristics (162).   

Material and life scientists have shown particular interest in substances at nanoscale, referred 

to as nanomaterials or nanoparticles (163). Iron oxide magnetic nanoparticles or magnetite 

nanoparticles (MNPs) have become the focus for studies across various fields, including 

industrial, environmental, and biomedical applications of the nanoparticles. MNPs have been 

used extensively due to the fundamental properties of MNPs in the closely packed cubic 

lattice structure with the iron ions located at interstices between the oxygen ions, in either the 

tetrahedral or octahedral sites. The crystal structure of magnetite allows the movement from 

one ion to another (transitioning of valence states), exhibiting high conductivity, high 

catalytic performance, and regenerative abilities exhibiting ferromagnetic or 

superparamagnetic properties, which means the external magnetic field can magnetize the 

particles to a paramagnetic (weakly attracted to magnets) but with much larger magnetic 

susceptibility (161). MNPs can be chemically synthesised and is relatively cheap to 

manufacture on a large scale, thus it is abundantly available (164). The pliability of synthetic 

MNPs has allowed them to be used in various environmental, industrial and biomedical 

applications. For example, MNPs have been previously used to remove chromium, zinc, lead, 
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arsenic, palladium, copper and chloroform from polluted water and soil (165-169). In 

industries, MNPs (combined with carbon) have been shown to improve sodium and lithium 

battery life, improve rechargeable device efficiency, aid in the advancements of solar cells 

and biofuels due to thermal and catalytic properties (164, 170). In biomedical applications, 

superparamagnetic synthetic MNPs coated with organic materials has been shown to increase 

its stability and biocompatibility making it a safe and efficient biomedicine (163, 171). For 

example, in magnetic resonance imaging (MRI), MNPs have been used as a contrasting agent 

for tumour diagnosis, and hypothermia-based cancer therapies and for inflammatory diseases 

(172-177). The various applications of synthetic MNPs show their versatility, with 

manufacturer’s exploiting the remarkable properties that they possess, which have been 

improved in many applications through the advancements in nanoparticle engineering and 

manufacturing (178, 179).    

  

Whilst magnetite research over the last 30 years has yielded progress in our understanding of 

the properties of magnetite, and the ways in which we can exploit its properties for various 

uses, there are aspects of MNPs which are unknown, which include the way in which they 

are harmful to human health (180). For example, a study by Maher et al. has shown that air 

pollutant externally derived MNPs have been found in abundance in the brains of people 

suffering from Alzheimer’s disease (AD) (181). The aim of this study therefore is to conduct 

a bibliometric analysis of the literature over the past three decades on MNPs related research 

and highlight future research needs.  

 

 

3.3 Results  

The term “magnetite” was searched in three different databases for scientific literature. A 

large difference in the number of publications was returned between each database, as seen 

in Table 3.1. However, the trend for all searches was similar, with the term “magnetite” 

producing the highest number of publications for all databases. Scopus database returned the 

highest number (31, 567 publications) of publications for all search terms compared to both 

Web of Science Core Collection (WoS) (8, 529 publications) and PubMed (938 publications). 

With the search term of “magnetite AND pathology” returning the smallest number of 

publications within the Scopus (2, 121 publications) and WoS (20 publications) database.   
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Table 3.1.   Summary of the number of papers identified in searches of different databases 

in the years 1990-2020. Databases Web of Science (WoS), PubMed® and Scopus were 

accessed on the 14th of December 2020 and covered the article, title, abstract and keywords.  
Search Terms PubMed WoS Scopus 

Magnetite 938 8529 31 567 

(Magnetite) 

AND 

nanoparticle 

741 1034 19 007 

(Magnetite) 

AND pollution 

22 58 4132 

(Magnetite) 
AND pathology 

222 20 2121 

Topic Modelling 

The dataset extracted on the PubMed database, from the search term “magnetite” was imported 

into the SWIFT-Review Software for topic modelling. The articles were triaged based on 

keywords, categorised into topic models and organised in ranking order. SWIFT-Review 

returned 100 topic models with an overview of the top 19 presented in Figure 3.1. Table 3.2 

presents the top 19 topic models and includes a summary description of each topic formulated 

to provide a theme for each model identified (based on the topic model in the review by Reichel 

et al. 2020) (178). Most of the topics identified are associated with the magnetic properties and 

applications MNPs with the latter mostly focusing on advanced imaging techniques. This 

search was completed to identify the main research themes of MNPs studies conducted from 

1990-2020, and to identify the main focus and applications of their use.  
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Figure 3.1.    Topic models generated from PubMed dataset (938 publications) by SWIFT-

Review software, using the search term “magnetite”. This search was refined to clinical trials, 

meta-analysis, review, and systematic review articles. Accessed on 14th December 2020.   
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Table 3.2.   Top 19 topic models generated from PubMed dataset (938 publications) by 

SWIFT- Review software, using the search term “magnetite”. This search was refined to 

clinical trials, meta-analysis, review, and systematic review articles.  The topics have been 

ordered by number of publications contributing to the topic model in descending order, with 

topic words and themes established. Accessed on 14th December 2020.  

Topic Number  Topic Words  
Number of Publications  
Contributing to Topic  

Model  
Theme of Topic Model  

88  
Magnetic, applications, nanoparticles, review, 
recent, properties, biomedical, advances  873  Biomedical advances  

81  
Nanoparticles, clinical, applications diagnostics, 

therapeutics  438  Clinical applications  

35  
Magnetic, MNPs, biomedical, synthesis, properties, 

surface, imaging  340  Magnetic imaging 
properties  

15  
Iron, oxide, ultrasmall, MRI, superparamagnetic, 

contrast, imaging  330  
Superparamagnetic 

property as contrast agent  

27  
Future, research, review, current, function, 

perspectives  319  Current research  

2  
Imaging, magnetic, resonance, function, probes, 

vivo, sensitivity  304  MRI use as contrast agent  

23  
Iron, oxide, nanoparticles, SPOINs, properties, 

applications, surface  285  
Surface structure and 

properties  

90  
Size, magnetite, properties, synthesis, control 

distribution, specific, range  275  Formation and synthesis  

18  
Field, separation, particles, fields, external, 
application, surface, area, magnetic,  

nanoparticles  253  Conducting properties  

3  
Drug delivery, targeting, release, targeted, systems, 

anticancer, nanocarriers  217  Targeted drug delivery  

29  
Cells, detection, cancer targeting, early, specific, 

advanced, molecules, tumour, approach  187  Targeted cancer therapy  

67  
Studies, higher, data, larger, medical, form 

obtained, initial  178  Research analysis of 
magnetite  

13  
Clinical, agent, delivery, magnetic, therapy, gene, 

potential  177  Gene therapy agent  

93  
Agents, contrast, imaging, clinical media, tissue, 

extracellular  172  
Clinical use to improve 

methodology  

49  
Human, cells, body, in vitro, external, material, 

found, toxicity, effect, tissues  169  
Toxicity of MNPs to human 

cells  

63  
Nanoparticles, biological, inorganic, chemical, 

surface biomolecules, metal additives  169  
Surface functionalized 

nanoparticles  

34  
Patients, safety, clinical, adverse, efficacy, event, 

injection, phase, safe, received  162  
Clinical trials for 

biomedical applications  

87  
Dose, time, injection, effects, subjects, healthy, 

volunteers  154  
Clinical trials for 

biomedical applications  
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22  
Hypothermia, magnetic, treatment, cancer, therapy, 

heat  153  
Hyperthermia based cancer 

therapy  

  
Bibliographic analysis  

To examine the growth of literature in research associated with magnetite, the Web of Science  

Core collection (WoS) database was used with the search term “magnetite” in the years 1990-

2020, yielding 8, 529 publications. To create a visualisation of the co-occurrence of all 

keyword terms, the extracted dataset (title, abstract, and authors keywords) was imported into 

VOSviewer Software, Universiteit Leiden, Leiden, Netherlands, Version 1.6.15). The main 

characteristics obtained from an analysis of the co-occurrence of keywords included the 

frequency and proximity of similar words. The keywords were refined by a minimum of 20 

occurrences, resulting in 134 keywords which were organised by VOSviewer into six main 

clusters, seen in Table 3.3. The main clusters have been organised to provide an overview of 

the main research that was carried out on “magnetite” from 1990-2020. Key discoveries 

within each cluster were identified with a lay description, seen in Table 3.3 and in a network 

visualisation map, segregated by colours in Figure 3.2.  Cluster 1 (red) is focused on the 

biomedical applications of MNPs as a drug delivery system in cancer therapies and 

nanomedicine. Two of the clusters are closely linked to the magnetite formation and 

methodology used for research purposes (cluster 2 and 4; green and yellow respectively). 

Cluster 3 (blue) focuses on the antibacterial activity, morphology and composition of MNPs 

whilst cluster 5 (purple) highlights the chemical adsorbent properties of magnetite in terms 

of environmental remediation. Cluster 6 (aqua) reveals MNPs additives (e.g., 

nanocomposites, core-shell, doped and surface functionalized) for biomedical purposes.  This 

analysis identified nanoparticle engineering enhancements and specific fields using 

nanotechnology (e.g., as biomedical therapies) which are further investigated.  
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Table 3.3.   Summary of word clusters identified using VOSviewer and the WoS dataset 

obtained using a search for the term “Magnetite”. The network analysis from 8, 529 

publications from 1990-2020. The clusters are represented in a visualisation map (refer to 

Figure 3.2). Accessed on the 14th of December 2020.  

Cluster Lay/Description Keywords 

1 
(red) 

Cancer-based 
therapies 

Cancer, contrast agents, design, drug-delivery, efficiency, ferrofluid, 
functionalization, hyperthermia, in-vitro, magnetite nanoparticles, MRI, 

release, shape, size, superparamagnetic, therapy, toxicity 

2 
(green) 

Formation, structure 
and 

properties 

Behaviour, biomineralization, carbon steel, concrete, corrosion, 
deposition, Fe2O3, hydrogen, kinetics, magnetotactic bacteria, 
magnetosome formation, microstructure, minerals, Mossbauer 

spectroscopy, oxidation, phase, surface 
3 

(blue) 
Surface and 
morphological 
alterations 

Antibacterial activity, chitosan, cytotoxicity, decomposition, gold, 
graphene, green synthesis, mechanical-properties, microspheres, 

nanocomposite, nanoparticle, performance, shell, silica 

4 
(yellow) 

Synthesis, magnetic 
and physical 
characteristics. 

Visualisation methods 

Conductivity, films, goethite, hematite, hydrothermal synthesis, 
maghemite, magnetic properties, magnetization, mechanism, Mossbauer, 
nanostructures, oxide, spectroscopy, system, temperature, transformation, 

transition, XPS spectra 
5 

(purple) 
Environmental 
remediator 

properties and targets 

Acid, adsorption, aqueous-solution, catalyst, copper, efficient, heavy-
metal ions, humic acid, nanomaterials, nanotechnology, oxides, pH 

recovery, removal, stability, wastewater 

6 
(aqua) 

Nanoparticle 
additives, and 
property 

characteristics 

Carbon, nanotubes, dye, enhancement, graphene oxide, impact, 
interspecies electron-transfer, ions, methane production, reduction, 

separation, silver nanoparticles 
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Figure 3.2.    Network visualisation map showing six colour-coded clusters produced using 

VOSviewer and the Web of Science (WoS) dataset, with the search “Magnetite”. The network 

map shows analysis of 8, 529 publications from 1990-2020. The colours represent the clusters 

of keywords displayed referred to in Table 3.3. Accessed on 14th December 2020.  

SciMAT 

Scientific research on magnetite has changed significantly over the last three decades, with 

studies initially investigating the thermal and oxidative properties of MNPs, then shifting 

focus onto the biomedical applications as a drug delivery and diagnostic agent, eventually 

looking into the effects of MNPs on the central nervous system, as seen in Figure 3.3. This 

shift is reflected in the longitudinal study performed using the SciMAT software with the 

Scopus database (31, 567 publications). Between 1990-1997 (1, 286 publications) the term 

“oxides” is associated with terms like “magnetics”, “dextran” and “heat”, indicating an 

additive of dextran coating of MNPs, with electron microscopy appearing as a common 
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technology for sedimentary formation analysis of MNPs (178). In the period of 1998-2005 

(2, 439 publications) the term “ferric oxide” emerged as the main theme that is associated 

with words such as “remediation”, “unclassified drug” and “carbon”. In this period, Raman 

spectroscopy was a common technology used for soil analysis and chemical composition for 

remediation purposes. Of note in this period, studies were beginning to investigate the 

potential of MNPs as experimental drug delivery agents.   

During 2006-2013 (8, 008 publications) the term “pathology” associated with “diagnostic 

use” emerged as the major theme. In line with this theme, high-frequency keywords including 

“tumour” and “diagnostic-agent” were present, with various animal models mentioned 

(“Wistar rats” and “nude mice”) along with tumour cell lines, being used for experimental 

studies. In 2014-2021 (19, 834 publications), analysis showed “animal model” as the main 

theme in association with terms like “inflammatory cell”, “liver function” and “amyloid-

plaque” for studies of this period, suggesting that research focused on the role of MNPs in 

inflammatory and neurodegenerative diseases. The trajectory of MNPs research, initially 

focuses on the formation and characteristics of doped MNPs, as an anti-cancer agent, 

eventually leading to the in vivo and in vitro experiments highlighting the potential toxicity 

and role in neurodegenerative diseases.   
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Figure 3.3.    Main themes that emerged in magnetite-related publications extracted from 

the Scopus database (31, 567 publications), over four time periods using SciMAT ((a) 1990-

1997 (1, 286 publications); ((b) 1998-2005 (2, 439 publications); ((c) 2006-2013 (8, 008 

publications) and ((d) 2014-2021 (19, 834 publications). The figure shows the links between 

the keywords within the four major themes identified for each time-period. Accessed on the 

14th of December 2020.   

Systematic Review of Literature 

The systematic literature analysis, on the Scopus database was completed to provide an 

analysis of literature from each theme established in the SciMAT search. This yielded a total 

of 244 scientific publications, refined by a citation ratio of greater than 6 (peer-acknowledged 
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quality threshold). The first time period (1990-1997) produced 9 publications (“oxides”), the 

second (1998-2005) produced 13 publications (“ferric oxide”), the third time period (2006-

2013) produced 62 publications (“pathology”), and the last time period (2014-2020) produced 

the most with 160 publications (“animal model”), seen in Figure 3.4.   

Figure 3.4.    Frequency histogram of 244 publications derived from a systematic search 

of magnetite literature, conducted in the Scopus database for the search term “magnetite” 

AND oxides/ferric oxide/pathology/animal model, showing a peak publication between 

2015-2020. The year 2019 demonstrated the highest number of publications. Accessed on the 

14th of December 2020.  

Time Period 1990 to 1997 (Magnetite and oxides)   

This period yielded nine publications extracted from the literature search with four 

publications that focused on magnetite formation in sediment and its ability to leach chemical 

pollutants from soil and groundwater (182-185) One publication studied magnetite as an 

oxidising agent to better understand the reactivity of crystalline iron minerals in marine 

sediment formation (183). Two publications focused on magnetite isotope characteristics in 

sediment for geothermometers to measure temperature in deep sea deposits (184, 185). Three 

publications focused on the biomedical application of MNPs coated with polypeptide, 

polyoxymethylene-polypropylene copolymers, ferumoxides, ferumoxtran or ferumoxsil 

(dextran coated, dextran covered, or siloxane coated respectively) found to be superior for 

MRI contrasting and cell labelling compared to bare superparamagnetic MNPs (SPIONs) 

(186-188). Lastly, two publications highlighted the chemical properties and mechanisms of 
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magnetite transitioning between valence states (183, 189). The range of research on magnetite 

in this period covered many fields with the majority focused on naturally forming magnetite 

and the mechanistic properties that magnetite particle possess. This period also highlighted 

the use of coated MNPs as a biomedicine, which are all continued in the successive time 

periods.   

Time Period 1998 to 2005 (Magnetite and ferric oxide)  

A total of 13 publications were included in this time period, with some overlapping themes to 

the previous period; MNPs for environmental remediation and as a contrasting agent for MRI 

(190). Five publications highlighted formation, regenerative abilities, and abundance of 

magnetite in soil, with two studies investigating whether there is a link between the decrease 

in anerobic respiration, and another study focusing on magnetic properties in soil relating to 

future environmental change (191-195). Three publications highlighted environmental 

remediation studies using of MNPs with hydroxide coatings to extract arsenic and other heavy 

metals from soil, assessing the effects of particle size, surface texture and morphology (196-

198). Three publications studied the valence electron transfer mechanism in MNPs coated with 

various organic compounds and its potential application to have increased regenerative abilities 

and improved catalytic capacity to increase battery charge (199-201). Two publications 

focused on MNPs and its potential as a biomedicine with one study adding bipolar surfactants 

to the high temperature synthesis reaction resulting in transition from hydrophobic to 

hydrophilic nanoparticles, increasing dispersibility for biomagnetic applications (e.g., MRI) 

(202). The second study used surface functionalized MNPs with hydrophilic organic molecules 

(e.g., tetramethylammonium hydroxide (N(CH3)4OH)) and reported enhanced MRI contrasting 

effects, increase cell viability in in vitro models (monkey kidney Cos-7 cells) and whole human 

blood samples. The surface modified/functionalized MNPs led to increased dispersion of the 

nanoparticles, enhancing contrasting abilities (190). While most of the publications in this 

period focused on the characterization and physicochemical biological effects of MNPs in soil 

and as an environmental remediator, the advancements in the design and engineering of the 

nanoparticles for biomedical purposes were also significant, the latter being the main theme of 

research in the next period.   
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Time Period 2006 to 2013 (Magnetite and pathology)   

A total of 62 publications were included in this time period, with overlapping themes from 

the previous period where MNPs were investigated in removing contaminated waste in soil, 

as MRI contrasting agents and improvements battery life. The studies on the use of MNPs for 

environmental remediation increased substantially in this period (19 publications) targeting 

the removal of methylene blue, copper, chromium, arsenic, and chlorophenol as waste 

contaminants from water and soil (203-208). These MNPs were coated with various materials 

(e.g., methylene blue) or as nanocomposites (various compounds incorporated into a matrix 

of standard materials; ceria/MNPs, graphene oxide/MNPs and reduced graphene 

oxide/MNPs) and investigated the nanosheet structure for enhanced catalytic activity to 

degrade contaminants in soil (168, 204, 205, 207, 209, 210).  

Three publications referred to MNPs and their role as a biosensor in a variety of biomedical, 

environmental, and industrial applications. One study utilised MNPs as a colorimetric 

biosensor, and proved to be extremely sensitive, detecting allergies, toxins in water and 

chronic diseases (211). The second, highlighted graphene oxide/MNPs nanocomposites, 

found to have improved dispersibility, compared to bare MNPs, thereby increasing 

electrocatalytic properties, indicating promise for energy (212). Lastly, a study used 

dopamine coated MNPs, being found to improve electrochemical efficiency and in turn, 

increasing lithium battery life (213). 

Most of the publications in this period described the biomedical applications of MNPs (31 

publications). Many studies (16 publications) focused on improving the design and 

manufacturing of MNPs, so they are more effective in vivo (209). This was achieved by 

increasing the surface-to-volume ratio of MNPs and specifically superparamagnetic 

nanoparticles (SPIONs), which alter the magnetic property (e.g., as the size decrease, the 

magnetic anisotropy energy decreases; anisotropy is the energy that keeps the magnetic 

particles in a certain orientation) of MNPs (214, 215). Studies investigating the morphology 

of MNPs demonstrated the more compact nano-cubes have less oxygen vacancies and are 

more stable, compared to more oxygen vacancies, less stable and less compact nanorods and 

nanowires (209, 216, 217). There is limited evidence to suggest superior morphology, 

however the most widely used is nano-cubes and nanospheres, with one study suggested that 

nanowires were extremely effective hyperthermia-based cancer therapy (214, 215). The 
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composition of MNPs is the most commonly cited parameter, which is dependent on the 

synthesis method (e.g., gas phase, liquid phase, microemulsion, sol-gel, facile and 

solvothermal and thermal decomposition), nature of the dopant (e.g., magnetic or non-

magnetic), which can affect the stability, dispersibility, coercivity (resistance of a material to 

changes in magnetization) and functionality of the nanoparticles (209, 218, 219). The 

composition is highly specific for the purpose of the nanoparticles (e.g., core-shell design 

also impacts the characteristics of MNPs, enhancing biocompatibility) providing another 

avenue for maximizing coercivity, and therefore biocompatibility (215, 220). Other 

biomedical applications of MNPs are more specialized, with one publication focusing on 

surface-functionalized MNPs with protamine sulphate, which gives a cationic surface charge 

on the magnetic particles, enhanced the transfection efficiency in an in vitro (mouse pLG2 

liver cells) and in vivo (BALB/c mice, liver) model based on HVJ-E technology, finding that 

surface modifications can enhance gene transfer (via magnetic targeting) and potentially 

overcome gene therapy. Two publications investigated SPIONs, dextran coated (found to 

increase nanoparticle presence in blood circulation), mesoporous silica, (for controlled drug 

delivery, isolation of genomic and plasmid DNA), amorphous silica (isolation of 

biomolecules, drug delivery) and polyethylene glycol (221) as a nanowire (drug delivery 

agent, targeting drug resistant cancer cells) (217, 220, 222, 223). Coating the MNPs with 

polymer like materials (e.g., dextran and PEG), increases the targeting efficiency of SPIONs, 

showing these coating materials as a potential transport carrier across the blood brain barrier 

(BBB) (222).  Three publications were found to focus on hyperthermia-based therapies and 

drug delivery applications, with one publication highlighting core-shell MNPs (used for 

chemotherapy, radiation and immunotherapy) and magnetic microcapsules (used for 

hyperthermia and drug delivery), finding that the latter was highly specific and also remained 

in circulation for a longer time (224). Similarly, another publication focuses on the potential 

for multi-functional modalities of hyperthermia and drug delivery having magnetite as the 

nanoparticle core with a polymer shell, as a nanocomposite, with targeting agents on the 

surface. This MNP design allowed for more controlled drug release, increased loading and 

greater stability of MNPs (225).  Another publication found that iron oxide nano-cube chains, 

designed specifically for hyperthermia-based therapy, finding that these structures have 

superior thermal efficiency, as the cubic form can retain heat more readily than particles of 

similar size (226).  
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One publication reviewed the macrophage recognition to evade the immune response, 

however also identified the cytotoxic effects of MNPs in vivo (nude mice), finding that 

oxidative stress was increased, regardless of the composition and even mild exposures of 

MNPs. The observed toxicity was found to be size-dependent, and if small enough would 

escape phagocytosis, and lie within macrophages, promoting oxidative stress and ROS 

mediated activator protein 1(AP-1) and nuclear factor kappa B (NFkB) activation (227). This 

indicates the gaps in knowledge of MNPs as a biomedicine, which is further explored in the 

following period.   

  

The research on MNPs in this period, provided insight into the physical changes of MNPs, 

and the physicochemical characteristics of the nanoparticles for specific environmental, 

biomedical, and industrial application. The various advances in doping, coating and adjusting 

the size, morphology and composition in this period was extensive, however the use of 

nanocomposites prevailed as the most common and effective nanostructure in this period. 

Combining these manipulations is seen in the later years of this period, which is followed 

through in the next.   

 

 

Time Period 2014 to 2020 (Magnetite and animal model): Environmental, industrial, and 

biomedical applications  

This period yielded the highest number of publications (160 publications) making up more 

than 50 % of all included publications in the final literature appraisal. The period also saw 

the highest number of publications (36 publications) from a single year (2019). The broad 

themes for this period are again on the environmental, industrial applications, with significant 

focus on the biomedical applications as well as toxicological studies of air pollutant MNPs. 

Many studies (9 publications) in this period described the synthesis process, characterisation, 

and engineering of MNPs in nanocomposites.    

  

Publications focusing on the environmental applications of MNPs was the most extensive (76 

publications). Research (24 publications) highlighted the ability of graphene oxide, cerium 

oxide, graphene carbon, silver, silica, carbon and polymer like/MNPs nanocomposites ability 

to efficiently adsorb heavy metals (e.g., chromium, lead, copper, caladium, mercury, arsenic, 

uranium and nickel), aromatic compounds (e.g., phenazopyridine, tetracycline, 
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sulfamethazine) and toxic dyes (e.g., methylene blue, organic dyes from polluted wastewater 

and sediment) (228-237). Microwave adsorption using nanocomposites was also extensively 

studied (7 publications) with graphene, carbon, yolk-shell and molybdenum disulfide/MNPs 

nanocomposites (238-240). All these nanocomposites have proven to be highly efficient due 

to the added activated oxygen sites exposed on the surface of these nanocomposites which 

readily form stable chelates with heavy metal ions and adsorb microwaves (229, 238, 241). 

Other publications (5 publications) focused on MNPs with a core shell of poly (m-

phenylenediamine), manganese, and graphene oxide to adsorb/remove pollutants (chromium, 

cationic dyes, lead, copper, and arsenic) from wastewater (228, 233, 242, 243). These 

publications investigated different types of MNPs configuration including nanospheres, 

nanofibers, nanosheets, nanotubes, nanoflowers and nanoring’s and textured surface for their 

distinct capacities to remove pollutant moieties (238, 239, 241, 244-247). The nanosphere 

structure has been most widely used for this purpose, however nanosheets, nanoflower-like 

and nanoring structures are highly efficient adsorbers as more surface area increases active 

sites. Similarly, the more porous a surface the more adsorptive (238, 239, 245, 247-249). 

Many of the advances used for environmental applications of MNPs are also used for 

industrial applications focusing on renewable energy, with one publication using the catalytic 

nature of MNPs to increase methanogenic propionate degradation for renewable energy 

production (250). Nanocomposites are also widely used in this field with graphene oxide, 

sodium potassium and graphene aerogel combined with MNPs for enhanced electrochemical 

conductivity and supercapacitor performance (for efficient energy storage and usage) (251-

253). Other studies used MNPs nanocomposites with lithium-sulphur (enhanced electrical 

conductivity, improved battery life in lithium-ion batteries) and polymethyl methacrylate 

functionalized MNPs (found to be flame retardant and be efficient electromagnetic wave 

adsorbents) as the structure enabled greater dispersion, and recyclable ability (251).   

The biomedical applications of MNPs in this period are extensive, with subtopics reappearing 

in this period like contrasting agents, applications for therapy in cancer and drug delivery 

agents. MNPs as a contrasting agent in this period, focused on SPIONs, with one study using 

a small SPION agents (coated with carbohydrates), ferumoxide, which can be taken up by 

macrophages and the reticuloendothelial system to image lymph nodes and certain tumours 

for MRI imaging up to 11 months after injection (254). Other studies have tested core-shell 
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SPIONS coated with amino-functionalized octahedral carboxylate shells, further 

functionalised with PEG. This modification increased sensitivity, low toxicity, good 

biocompatibility and degradability both in vitro (KB cells - human epithelial carcinoma cells) 

and in vivo (BALB/C mice bearing KB tumours) making it a promising MRI contrasting 

agent (134, 178). Lastly, hyaluronic acid-modified MNPs/Gold (core/shell) nano-stars were 

investigated in in vitro (U87MG cells) and in vivo (BALB/c nude mice) models as an imaging 

and photothermal therapy of tumours, finding that the nanoparticles are water dispersible, 

colloidally stable, and biocompatible and therefore have great potential as a contrasting agent 

(255).  

The use of MNPs as cancer treatments and drug delivery agents are extensively investigated 

in this period. Many studies (10 publications) highlighted the use of MNPs in various forms 

(magnetite fluid, hyaluronic acid-modified magnetite gold core/shell, coated with PEG, as 

ferumoxytol and SPIONs), which accumulate in and around the tumour effectively killing the 

cancer cells (178, 255-259). The photothermal nature (Fenton reaction) of MNPs initiate the 

production of ROS and the application of heat which work to kill cancer cells have been seen 

in in vitro (A549 cells and MMTV- PrMT-derived mammary carcinoma cells) and in vivo 

(female FVB/N mice) models as well as early mammary cancers and cancer metastases in the 

liver and lungs (173, 260-262). These studies found that the biocompatibility and 

physiological stability was improved, along with faster clearance enhanced permeability 

(257, 263, 264). Other publications used mesoporous silica (further functionalized with PEG) 

and gold, polymer-like shell loaded with doxorubicin that enhanced MNPs photothermal 

efficiency in killing cancer cells (162, 265, 266). Using MNPs as a diagnostic testing tool 

have been studied with immobilized surface antigen Hepatitis B on the surface of carbon 

coated MNPs to for better detection of Hepatitis B in serum and protein for diagnostic use 

(267).  

Other biomedical applications of note in this period focus on the immune response, bone 

regeneration, and diagnostic testing methods. One publication uses MNPs surface 

functionalized with oleic acid to form a complex that is able to diagnose egg allergies (268). 

Another study uses dextran coated SPIONs core shell nano-worms incubated in human 

serum, to aid the in removal of proteins which may trigger an immune response to allergies, 

offering sight into safer nanomedicines for human subjects (269). MNPs have also been used 
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for bone regeneration studies, using porous poly-lactide/polyglycolic acid 

(PLLA/PGA)/MNPs nanocomposite to stimulate bone regeneration, tested on in vitro (MG63 

cells) and in vivo (New Zealand white rabbits) models, finding that the bone tissue formation 

was significantly accelerated, along with increase cell proliferation and differentiation (270). 

Of particular interest is the synthesis of molecularly imprinted magnetite nanozymes, with 

one publication finding that is can improve specificity, activity, and mimic peroxidase-like 

activity as a drug delivery method, and another study using a nanozyme MNPs/carbon core 

shell nanocomposite, in the form a nanowires, for an assay to enhance signal amplification, 

and detection of platelet-derived growth factor, in human serum samples to in order to replace 

more costly (271, 272). Another study used PEG coated MNPs, for the detection of 

hydrochlorothiazide (anti-hypertensive agent) from human urine as a low cost, water 

compatible, environmentally friendly methods (273). It is apparent that advances in 

nanoparticle engineering and their exploitation of the physicochemical characteristics in 

conjunction with many other compounds for customised biological functions, has driven the 

significant progress of MNPs biomedical research in this period.   

The advancements of nanoparticle engineering in this period are clear, with the extensive use 

of surface functionalized, coated, nanocomposite or a combination of these structural 

components. The biomedical applications of MNPs in this period are of particular interest, 

showing improvements in drug delivery, and cancer therapies, but also incorporating MNPs 

in a wide range of diagnostic testing methods, along with aiding and evading the immune 

response (e.g., allergies and antimicrobial resistance).   

Time Period 2014 to 2020 (Magnetite and animal model): Toxicity 

In relevance to the in vivo studies, toxicity publications (2 publications) also surfaced in this 

period, describing the potential impact of MNPs use on human health. As the extensive use 

of MNPs in various fields is established, the studies showing that nanoparticles including 

MNPs, may be toxic in many fields that use them. With publications finding the potential 

genotoxic (toxic to DNA) effects of MNPs with various coatings; polyaspartic acid (bone 

marrow cells), silica oxide (Hep3B cells), dextran (MCL5 human lymphoblastoid cell line) 

and bare MNPs (L-929 murine fibroblasts) (274-278). Of concern is bioaccumulation, 

biodistribution and toxicity of various nanoparticles showing damage to cell membranes by 
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increasing permeability, inducing cytotoxicity, and in the environment, inhibiting 

photosynthesis (169, 279). Scholarly research has also investigated the long-term 

repercussions of MNPs, those originating from anthropogenic sources, in neurodegenerative 

diseases. Ultrafine air pollutant MNPs have been previously implicated in cardiovascular 

diseases and neurodegenerative diseases (i.e., AD), as particles smaller than ~200 nm can 

enter the heart via the circulatory system, and the brain via the olfactory nerve through the 

blood brain-barrier (BBB) (280, 281). One publication detected presence of MNPs in the 

brains of AD patients, deducing that the nanoparticles were inhaled air pollutants with distinct 

spherical morphology and smooth surface texture unlike those of biological origins (from 

iron metabolisms) with octahedral morphology (178). Excess magnetite in the brain causes 

toxicity, increasing oxidative stress and ROS, found to be near amyloid-beta (Ab) fibrils in 

the AD brain (181, 281-284). The toxicity studies highlighted the extensive use of MNPs in 

a variety of fields and their impact on human health, which is consistent with the recent 

evidence that air pollutant MNPs have been implicated in various diseases, including 

neurodegeneration (AD).   

Author Network and Countries with Most Citations For “Magnetite” Research 

Over the past 30 years, the direction of research into magnetite has been influenced by the 

catalytic and kinetic properties of magnetite, which has enabled the extensive application in 

the environmental, industrial, and biomedical fields, due to the advancements in technologies 

to direct the research through its manipulation for specific applications across various fields. 

To evaluate the authors involved in the advancements of magnetite research, an author 

network was established using VOSviewer software with the dataset obtained from the search 

“magnetite” in the years 1990 to 2020 from the WoS database (8, 529 publications). A 

bibliographic analysis for co-authorship (full counting method) refining authors with a 

minimum of 14 documents and 20 citations per author (used to as inclusion criteria for peer-

acknowledged quality, h-index) resulted in 80 authors meeting this threshold (285). Figure 

S3.1, represents these authors in an overlay visualisation network providing the years in 

which these authors have published.  The author’s affiliations and number of citations were 

recorded and the percentage of citations per country was calculated and ordered by most to 

least citations (Figure 3.5). The top 13 countries were established, showing the highest 

number of citations from Japan (22 %), followed closely by China (21 %), suggesting that 

these countries have led the world in magnetite research over the past 30 years. Other 
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countries like Germany (13 %), USA (11 %), Iran (6 %), France (5 %), Romania (4 %), Brazil 

(3 %), Singapore, United Kingdom (2 %), Spain, Hungary, and Republic of Korea (1 %) have 

also contributed to magnetite research over the past 30 years.    

Figure 3.5.    Top 13 countries with the highest percentage of citations (minimum 20) and 

publications (minimum 14) of authors, grouped by country affiliations, in descending order. 

Extrapolated from the dataset obtained from the Web of Science (WoS) database using the 

term “magnetite” in the years 1990 to 2020. Accessed on 14th December 2020.  

3.3 Discussion 

This systematic literature analysis revealed that scholarly studies on “magnetite” have been 

increasing worldwide with the highest percentage of publications originating from Japan and 

China. The results show research on “magnetite” have shifted over the last thirty years (Figure 

3.6), from initially focusing on the formation of naturally occurring magnetite, into the 

synthetic development and manipulation of nanoparticles for various environmental, 

industrial and biomedical applications. Ultimately, to the advancements in biomedical 

applications which uncover the potential toxicity of MNPs and air pollutant MNPs being 
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implicated in various diseases including neurodegeneration and AD (181, 282, 286). Progress 

in MNP engineering has allowed applications in environmental remediation, batteries and 

solar cell, diagnostic and cancer therapy applications through tuning of the nanoparticles size, 

shape and surface components, as well as, equally important, the development of MNPs core-

shell, nanocomposite and hybrid nanostructures.  

Figure 3.6.   Timeline showing research on magnetite nanoparticle shifting from 1990 to 
2020. 

The VOSviewer software was used to analyse literature and identify clusters, highlighting 

magnetite research which focused on the kinetic and catalytic properties of MNPs, the 

adsorptive abilities and remediation targets as an environmental tool and the biomedical 

applications of MNPs (largely cancer-based therapies highlighting the surface and 

morphological alterations). The literature analysis using SciMAT software established 

themes for each time period; the first time period from 1990-1997 identified Magnetite AND 

oxides, with environmental remediation and biomedical applications of MNPs as the main 

themes. The environmental studies in this period mainly described magnetite distribution in 

soil, its crystalline reactivity structure and its ability to adsorb contaminants (e.g., arsenic) 
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(182-184). The biomedical applications of MNPs in this period are most interesting, with 

most publications referring to doped/coated MNPs. Doping is a widely used method for 

modifying the nanoparticles to enhance their electrical, optical and biological activities (287, 

288). Doping provides more stability to the nanoparticle structure, as the dopant increases the 

hydrophilicity of the nanoparticle, therefore increasing dispersibility and in turn reducing 

cytotoxicity, thus improving biocompatibility (289). There are various synthesis methods, 

and parameters (e.g., temperature, dipping time and nature of surfactant) that affect the 

coating thickness, and therefore the overall size of the nanomaterial. For example, increasing 

concentration of silica (i.e., thicker coating) allows greater dispersion of nanoparticles and 

enhanced MRI contrasting performance with the use of an external magnetic field (222). 

Organic compounds, including surfactants and polymers represent a good choice for coating 

MNPs. In particular coating with dextran, a complex branched polysaccharide polymer chain 

unit of various lengths (from 1, 000, 000, 000 Da), has surfaced as advantageous with its 

biodegradable and water-soluble properties further enhancing MNP biocompatibility (290). 

Coating with dextran (i) prevented nanoparticle agglomeration and toxicity of magnetic 

particles and (ii) increase dispersibility and rapid clearing by macrophages from the blood, 

liver, spleen and lymph nodes, compared to bare MNPs (186, 291). Dextran is unique as it 

allows magnetite’s magnetic structure to be extremely strong at the surface where strong 

magnetic disorder is usually occurs (290). Doping/coating of MNPs is observed to be 

extremely useful finding that there is reduced cytotoxicity, and consequently improving the 

potential application for diagnostic and therapeutic purposes, which is further investigated in 

later time periods (292). 

The studies in the second period (1998-2005) focus primarily on the environmental and 

biomedical applications of MNPs, particularly focusing on the engineered surface chemistry. 

Both fields further explore the effects of coated MNPs, with adjustments to the surface 

(surface functionalization/modification) and morphology of the nanostructures. The 

environmental application of hydroxide coated MNPs indicated that the cubic spinel structure 

of MNPs (a cubic lattice structure, whereby Fe (III) ions occupy the tetrahedral and octahedral 

sites) renders the nanoparticles more hydrophilic and therefore, dispersing relatively easily in 

aqueous biological systems, enhancing the adsorptive properties. This is consistent with a 

hydrophilic polymer (polyethylene oxide) coated MNP study, in which the adsorption of 

heavy metals was improved due to the increased dispersion rate in solution (293). The 
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biomedical applications exploring surface modification/functionalization in this period is 

extensive, specifically referring to the surface chemistry (i.e., increasing, decreasing or 

neutralizing the surface charge) which strongly influences the properties of the system (e.g., 

polymers, small molecules, surfactants, dendrimers and biomolecules) (294-296). This occurs 

through the treatment of nanoparticles with specific agents, and is extremely valuable in 

enhancing cellular utilisation, cellular uptake, decreased toxicity, improved binding capacity, 

enabling selectivity and specificity, with longer retention time, or non-interactions (for 

evading the immune response) depending on its specific function (294, 295). Polymer surface 

functionalized NPs are extremely versatile, with the hydrophilic coating allowing increased 

circulation time.  One study used dextran coated crosslinked (altering the charge to be more 

positive) surface modified MNPs, which reduced drug concentrations at non-target sites, due 

to increased dispersibility, overall resulting in fewer drug side effects (296). Another study 

used surface modification of MNPs with antibiotics, revealing that they could bind to 

bacterial cell walls, altering the cell wall integrity, due to its positive charge, demonstrating 

effective antimicrobial abilities. This was found to improve the antimicrobial inhibition 

against the pathogenic bacteria Escherichia coli, Staphylococcus aureus and Pseudomonas 

aeruginosa (295, 297). Like doping or coated additives, surface modification/functionalized, 

also increases biocompatibility by altering the surface charge, the nanoparticles can disperse 

more easily, and evade the immune response, due to the biocompatible additives on the 

surface, increasing reactive sites and for biomolecule attachments. This is further examined 

in later time periods, targeting the immune system, transportation of modulating agents and 

as potential vaccines (298).  

In the 2006-2013 period, studies on MNPs focused on various morphological additives, 

particularly the use of nanocomposites due to the small size, increased dispersibility, 

enhanced adsorption and solar energy function for environmental and industrial applications 

(211). Nanocomposites are nanoparticles incorporated into a matrix, displaying 

improvements in thermal stability, increased surface defects, chemical resistance, and 

improved electrical conductivity (204). For example, graphene oxide/MNP and 

polymers/MNP nanocomposites were found to have increased adsorptive capabilities of 

heavy metals and aromatic compounds, due to the increased surface area (increased surface 

defects) of this matrix structure (236, 238, 299). The biomedical applications of MNPs, was 

the major research theme in this period, with MNP nanocomposites also being considerably 
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investigated. The use of nanocomposites has been found to be superior to doped/coated 

nanoparticles, as they behave more similarly to superparamagnetic nanomaterials, with a 

study displaying that polymer-like (PLGA)/MNP nanocomposites are more effective tumour 

targeting MRI contrasting agents compared to dextran coated MNPs of similar size (300). 

Another study using mesoporous dye doped silica MNP nanocomposites, loaded with 

doxorubicin (potent anti-cancer drug), found an improvement in MRI contrasting and tumour 

targeting abilities, whilst also being able to induce targeted cancer cell death (220). The 

combination of adding various nanoparticles into a nanocomposite structure, offers unique 

properties that are suggested to arise from the interactions of these materials in the matrix. 

This further proves the advancements in nanotechnology engineering with the improved 

thermal stability, dispersibility, increased surface exposure, thereby improved compatibility 

as a biomedicine, which is further explored in the successive time-period, targeting the 

immune system, transportation of modulating agents, but also as potential vaccines (298).  

  

The most recent 2014-2020 period showed a shift in MNPs research with less proportion of 

publications dedicated on environmental remediation, and a clear surge in industrial and 

biomedical applications. MNP nanocomposite structures are again explored in this period, 

however there is a trend in studies focusing on the advancement in combining two or more 

additives (e.g., coating/doping, core-shell, surface modification/functionalized) into 

nanocomposite matrix, termed ‘hybrid’. The nanocomposite hybrid was investigated for 

industrial applications with one study, using lithium-sulphur coated MNP nanocomposites, 

surface functionalized with carbon, finding that the catalytic activity excelled due to the 

increased surface defects, enhancing recovery rate, thereby increasing battery life (301). In 

addition to focusing on the nanocomposite structure, the biomedical applications of MNPs in 

this time period, also focus on the MNP hybrid nanocomposites as more efficient contrasting 

agents for MRI and drug delivery agents for cancer therapies (e.g., hyaluronic acid-modified 

gold/MNPs nanocomposites) but extending further into the biomedical field by advancing the 

engineering of nano systems to overcome immunological barriers (255). The immune system 

responds to nanoparticles triggered through mechanisms that recognize surface molecules, 

peptides or foreign materials, modulating an immune response based on the size, morphology, 

surface characteristics and charge of the nanostructure. Therefore, evading the immune 

response relies on several properties of nanotechnological engineering, e.g., reducing 

nanostructure size, adjusting morphology to a more biocompatible shape (i.e., nanosphere 
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compared to nanocubes), and adding surface additives that increase the circulation time and 

overall biocompatibility (302). The manufacturing additives that can be applied to MNPs 

nanocomposites amplify the “stealth” ability, increasing circulation time, by which point they 

can provide active and specific targeting in the body (303). One study found that poly 

(caprolactone) coated MNPs loaded with doxorubicin hydrochloride, further surface 

functionalised with Arg-Gly-Asp enzymes, behaved like SPION nanocomposite 

microspheres, enhancing circulation time, whilst also exhibiting a quick magnetic response, 

advantageous for controlled drug release at tumour target site (304). This further confirms 

MNP nanocomposite hybrids as promising cancer and immune-modulatory therapies. The 

development of nanotechnology in the past three decades, has discovered the study of 

nanoparticle additives and most recently nanocomposite hybrids appear to fulfil the growing 

needs of multifunctional materials, being extremely versatile, with the most increased 

dispersion and retention rate, as well as the binding force and wear of the nanostructure (305).  

Towards the final years of the 2014-2020 period, several research inquiries reported potential 

toxic effects of MNPs, being implicated with the environmental and biomedical applications. 

For example, the use of MNPs for environmental remediation used in wastewater and 

sediment treatment has led to extensive run off leading to an accumulation in aquatic 

environments. This accumulation leads to ROS/RNS production, causing damage to exposed 

organisms, stimulating delays of hatching, damage in cell wall and outer membranes, and 

depletion of oxygen exchange and hypoxia to an in vitro model (rainbow trout spermatozoon) 

(306). For biomedical applications, the cytotoxic effect of MNPs were tested using in vivo 

and in vitro models showing activation of activator protein 1 (AP-1) and nuclear factor kappa 

B (NFkB) pathways that subsequently results in increased oxidative stress and induced 

apoptosis regardless of dosage or composition (227, 307). MNPs coated with oleic acid and 

silica, were found to exhibit cytotoxicity in in vitro models (human neuroblastoma SH-SY5Y 

and glioblastoma A172 cells) through a decrease in cell viability (308). Similarly, MNPs 

coated with silica and polymer like materials for the purpose of cell labelling and 

hyperthermia treatments were also found to permeate cells, accumulating and causing cellular 

dysfunction (309). While these studies show the disadvantages of MNPs, the cytotoxic effects 

were shown to be dose dependent, with one study finding that MNPs cause toxicity to an in 

vitro model A549 cell line only at concentrations of greater than 50 µg/mL and that silica 

coated MNPs caused cellular dysfunction by impairing cellular adhesion properties at 0.1 
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µg/µL (307, 309). Therefore, establishing a safe and effective dose of MNPs as a biomedicine 

should be more closely investigated to prevent adverse side effects.   

Toxicity studies also focused on the biological effects of air pollutant MNPs, more 

specifically on their potential links with the progression of neurodegenerative diseases like 

Parkinson’s disease (PD) and AD (160, 310). Biogenic magnetite can be found in a wide 

range of organisms from bacteria to animals, including humans (311). Physiologically 

biogenic magnetite has been found to aid in the biological metabolism of iron (177, 312). 

Interestingly, Maher and colleagues showed that anthropogenic (synthetic) MNPs can be 

found in abundance in the brains of people suffering from AD, distinguished by differences 

in their morphology to biogenic MNPs (178). MNPs, like other air pollutant particulate matter 

(PM), is formed through frictional pressure at high temperatures. It is therefore no surprise 

that MNPs can be found in abundance in automotive diesel exhaust, grinding of trains on 

railway lines, welding factories, petroleum exhaust, and coal emission (313). Due to the 

formation process of these air pollutant MNP (< 200 nm), they can migrate into the central 

nervous system via the nasal canal and olfactory bulb (310). Inhaled air pollutant 

nanoparticles in the brain tissues are thought to trigger ROS/RNS production, leading to 

oxidative stress (314-316). This increase in oxidative stress, is believed to further contribute 

to chronic inflammation, and consequently increase Ab fibril formation found near Ab 

plaques in AD, however this is not confirmed. Therefore, consequent future studies should 

focus on understanding the effects of air pollutant MNPs in neurodegenerative diseases 

including AD.   

3.4 Conclusion 

In summary, the scholarly research on magnetite over the last three decades has generated 

knowledge of how the characteristics of MNPs affect the nanoparticle physical, catalytic and 

biological activities, and in turn, how the knowledge is being used to guide the engineering 

of the nanoparticles for specific environmental, industrial and biological applications (262). 

For the latter, being the most explored applications of MNPs, the tuning of the nanoparticle 

characteristics is also aimed to optimise biocompatibility, more specifically, for less 

aggregation, lower toxicity as well as enhancing cellular targeting and uptake, for use in 

disease diagnostic and therapy (317). Optimising the engineering of NPs for biomedical 
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applications has proven difficult, with the ability of the NPs to remain in circulation to achieve 

a desired goal, and on the other hand remaining too long in circulation causing toxicity, is a 

balance that has yet to be perfected. Future applications of MNPs in the biomedical field 

should focus on adjusting the size and morphology of the nanostructure, the “stealth” 

mechanism to evade the immune response which makes them an effective therapy or 

detection of human diseases. Considering the increasing evidence on the roles of air-pollutant 

MNPs and the onset and progression of neurodegenerative diseases, the next phase of 

research should also focus on elucidating the exact mechanisms of the nanoparticle-induced 

stress, including activation of inflammatory markers, while also focusing on epidemiology 

studies to determine any correlation between highly polluted sites and disease prevalence.   

 

3.5. Methods   

3.5.1 Topic Modelling  

The database, Pubmed (https://pubmed.ncbi.nlm.nih.gov/), was used to search the term  

“Magnetite” (938 publications). The publications that were within the years, 1990-2020 and 

either a research or review articles were exported (PMID list file). They were then imported 

into the Sciome Workbench for Interactive Computer-Facilitated Text-mining (SWIFT) 

Review software (https://www.sciome.com/swift-review/) where the articles were segregated 

based on keywords, then organized into topic models of magnetite research and ranked in 

order from most to least prevalent topics. To enlarge the search range, other databases were 

used as a source of bibliographic data.   

  

3.5.2 Bibliometric Analysis  

The bibliographic data collected from a “Magnetite” search including, title, abstract, all 

citations, (accessed on 14 December 2020) for the period 1990-2020, was exported from the 

WoS database (txt. file). Duplicates identified were removed before all data were imported 

into the VOSviewer software (www.vosviewer.com). A bibliographic analysis was 

performed based on co-occurrence of authors keywords in the paper title (11, 949 keywords), 

using full counting, with a minimum of 20 occurrences in the dataset was specified (134 

keywords).   
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3.5.3 Longitudinal Study 

To undertake a review of the literature for the research on “Magnetite” over the past three 

decades, the bibliometric data present in Scopus (which included authors key words) for the 

topic “Magnetite” (Accessed on 14th December 2020) was obtained. This data (31, 567 

publications) was imported into Science Mapping Analysis Software Tool (SciMAT) 

(https://sci2s.ugr.es/scimat/) for analyses; singular and plural version of the same words were 

grouped. The publications were arbitrarily assigned to four time periods (1990-1997, 1998-

2005, 2006-2013, 2014-2021) so that changes over this chronological period could be 

analysed, using the workflow described (Figure 3.7). Normalisation was performed using the 

analysis function focusing on words and specifically authors keywords, with a frequency 

reduction minimum of 10, a co-occurrence matrix, the edge value reduction of 8, 

normalization of association strength, simple algorithm centres and core mapper, with quality 

measuring h-index and the longitudinal analysis with an evolution map (using Jaccard’s 

Index) and an overlapping map (using Inclusion Index). Important motor-themes were 

identified by their location in the upper-right hand quadrant of the strategic diagram generated 

by SciMAT software.    
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Figure 3.7.    Graphical depiction of the systematic and bibliometric literature review 

process of the Web of Science (WoS) database (numbers represent the number of papers 

analysed at that step).   

3.5.4 Systematic Review of Literature 

A systematic review of the total available English language peer-reviewed literature on 

Magnetite in a Scopus database (date accessed 14 December 2020) was carried out on the 

four main themes (e.g., Magnetite AND oxides, 1990-1997) identified in SciMAT. 

Publications were restricted to the relevant time period related to the motor theme. The 

publications found were assessed according to the Field Citation Ratio (FCR) for all time 

periods. A total of 244 publications were included in this analysis. A value for the FCR of 

greater than 6 (as a proxy indicating peer-acknowledged quality) was used to justify inclusion 

of a publication in this study. Reviews, editorials and short communication were excluded 

from further analysis.   

3.5.5 Author Network and Citation bursts 

Co-authorship networks were constructed in VOSviewer software using the same dataset from 

the WoS database (new format, RIS file), from the search on “Magnetite” (accessed on 14th 

December 2020). The data was imported into the VOSviewer software, where a bibliographic 

database search was completed, for co-authorship using full counting method, finding a total 

of 46, 800 authors. The authors were further refined by a minimum of 14 documents and 20 

citations per authors (used to as inclusion criteria for peer-acknowledged quality, h-index) 

resulting in 80 authors meeting this threshold. The authors affiliations, number of citations, 

along with the affiliated countries were recorded and the percentage of citations per country 

were calculated to determine the frequency of “magnetite’ research around the world. The 

percentage of citations per country was calculated and ordered by most to least.  

3.6 Supporting Information 

Systematic and Bibliometric Analysis of Magnetite Nanoparticles and their Application in 

(Biomedical) Research  
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Charlotte Fleming, Mojtaba Golzan, Cindy Gunawan*, Kristine McGrath*

Figure S3.1.    Overlay visualisation map of the author network obtained from the Web of 

Science (WoS) dataset using the VOSviewer software, with the search term “magnetite”. The 

network map shows the top 80 authors meeting the publication minimum of 14 and citation 

minimum of 20 from 1990-2020. The colours scale represents the year which these authors 

published (e.g., purple indicates 2010). Accessed on 14th December 2020.  
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Chapter 4: The Biological Roles of Air Pollutant 

Particulate Matters in the Early Onset Pathologies of 

Alzheimer’s Disease  

Intend to submit as: 

Fleming, C., Golzan, M., Amal, R., Wong, R., Torpy, F., Irga, P., Gunawan, C., McGrath, K., 

2022. The Biological Roles of Air Pollutant Particles in the Early Onset Pathologies of 

Alzheimer’s Disease. ACS Nano. 

Chapter Summary 

The systematic and bibliometric review presented in Chapter 3 established that magnetite is a 

versatile particle that can be used for various applications; however, magnetite can exacerbate 

the pathologies associated with AD. For this reason and recent reports demonstrating the 

presence of magnetite particles in the brains of people with AD, has prompted the aim of this 

chapter. This chapter explores whether air pollutant particulate matter, iron, diesel and 

magnetite particles exacerbates the pathologies associated with AD, using a double transgenic 

APP/PS1 murine in vivo model and a human neuroblastoma SH-SY5Y in vitro model. This 

chapter has been written according to the guidelines of ACS nano of which the manuscript will 

be submitted to. 
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4.1 Abstract 

The study describes the biological roles of air pollutant particles on the early onset of 

Alzheimer’s disease (AD) pathologies. Different air particulate models – an iron (Fe0) – iron 

oxide (Fe3O4) particles (dTEM = 500–700 nm, referred to as ‘iron’), particles generated from 

diesel combustion (dTEM = 20 – 60 nm of hydrocarbon-based particles, ‘diesel’) and magnetite 

(Fe3O4, dTEM = 100 - 400 nm, ‘magnetite’), were studied on wild-type and AD-predisposed 

mice models. An increased anxiety and stress levels were seen in wild-type mice, while short-

term memory impairment was observed in AD-predisposed mice. A detailed analysis revealed 

neuronal cell loss was present in both wild-type and AD-predisposed mice in the hippocampal 

and somatosensory cortex regions of the brain. Characteristically, there were no amyloid-beta 

plaque formations in the wild-type mice, however a significant increase was seen in the brains 

of the AD-predisposed mice. The air pollutant particles did however induce an increase in AD-
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relevant inflammatory and oxidative stress responses in both wild-type and AD-predisposed 

mice, regardless of the presence of amyloid plaques in the AD-predisposed mice. The findings 

provide insight into how exposure to iron-based and carbon-based air pollutant particulate 

matter of various sizes can lead to AD-relevant pathological changes. The present work also 

highlights the need to study the pathological features in predisposed disease models.   

4.2 Introduction 

Alzheimer’s disease (AD) is one of the most common forms of dementia affecting 

approximately 90 % of all dementia cases (318). The two characteristic pathologies of the 

disease are the formations of amyloid-beta (Aβ) plaques and neurofibrillary tangles (NFTs) 

(319, 320). Aβ plaques are aggregates of Aβ40 and Aβ42 peptide, derived from the large 

amyloid precursor protein (APP) via proteolytic cleavage (137, 138). NFTs are aggregates of 

hyper-phosphorylated tau protein, a microtubule binding protein (138). The plaque formation 

accumulates around neuron cells, while NFTs form intracellularly, with both pathologies 

known to cause neuronal cell death, leading to brain shrinkage, which is associated with AD-

related behavioural changes, including increased anxiety and stress, memory impairment as 

well as mood changes (137).   

In the present study, we investigated the biological effects of air pollutant particulate matter in 

early onset of AD pathologies. Unlike genetically linked familial AD, sporadic AD accounts 

for over 99 % of AD cases (138) and is thought to be associated with lifestyle and 

environmental factors (135). Among other anthropogenic factors, air pollutant particulate 

matter (PM) has been increasingly implicated in adverse biological activity, including DNA 

damage, neuronal cell death, and has been associated with neurodegenerative diseases (31, 

136, 144, 321-323). Anthropogenic PM varies in composition and size, being primarily emitted 

into the atmosphere through combustion of fossil fuels, including coal, petroleum as well as 

natural gas (324). Pyrolisation (decomposition of materials at elevated temperatures) of 

unburnt fuel and engine wear can produce iron and iron oxide (magnetite; Fe3O4) pollutant 

particles, as well as the hydrocarbon-based diesel particulates (323). PM can range from less 

than 1 µm to 10 µm. Studies have shown that inhaled PM, in particular the sub-micron sized, 

can accumulate in the lower respiratory system, then further translocated across the alveolar-

capillary barrier into the systemic circulation. Inhaled particles can also enter the brain via the 
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olfactory bulb, then travel across the blood brain barrier (BBB) and accumulate in the brain 

(325).  

While studies have connected the presence of air pollutant PM to neurodegeneration, the exact 

pathological trigger and manifestation remains unclear (326). In 2016, Maher et al. found the 

presence of anthropogenically formed magnetite particles in the brain samples of AD patients 

(327). The spherical morphology of the submicron-sized particles (100 - 200 nm) are consistent 

with those formed at high temperature combustion reactions (327). Iron and iron oxides are 

naturally present in the brain and are essential for many metabolic processes, however excess 

iron can be toxic (319). Iron (II) (as Fe2+ ions) can react with hydrogen peroxide (H2O2) in 

biological environments to generate the highly reactive hydroxyl (OH•) radical via the Fenton 

reaction (319). Oxidative stress is a state of redox imbalance resulting from excess presence of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) that overwhelms the 

natural capacity of antioxidant defence mechanisms (328). Iron can mediate overproduction of 

ROS, leading to oxidative damage on proteins, lipids and nucleic acids (123, 329-331). 

Magnetite, is a ferrimagnetic iron oxide with alternating lattices of Fe2+ and Fe3+, rendering the 

particles highly reactive with oxygen species, therefore readily able to generate reactive 

oxygen radicals (331).  Increasing number of studies have indicated that the hallmark 

pathologies of AD, Aβ plaques and NFTs are driven by oxidative stress and neuroinflammation 

(332-334). The brain is a highly oxidative organ, extremely sensitive to foreign invasion, with 

macrophagic brain cells (e.g., microglial and astrocytes) becoming activated in response to 

foreign invasion, infection or an imbalance in homeostasis. These stimuli can activate immune 

responses, triggering various inflammatory and oxidative stress pathways (328, 334). This 

mechanism suggests that exposure to air pollutant particles induce that activation of microglia 

and astrocytic cells. These cells have been found in the vicinity of Aβ plaque deposits, 

suggesting that the plaque formation could also serve as a major stimulus for oxidative stress 

and inflammation in the AD brain (333). Understanding the biological processes that drive the 

pathologies associated with AD is extremely relevant to our study, as determining the role of 

air-pollutants in AD pathologies, will provide insight into the role of air pollutants in early 

onset of the disease. The present work carried out in vivo and in vitro investigations to study 

the AD-relevant biological activity of sub-micron sized air pollutant particulate models: (a) an 

iron (Fe0) – iron oxide (Fe3O4) particles (referred herein to as ‘IRON’), (b) a hydrocarbon-

based diesel particulate emission (‘DE’) and (c) magnetite (Fe3O4; ‘MAG’). In vitro studies 
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were performed using the human neuroblastoma SH-SY5Y cell line, an established neuronal 

cell model in neurodegenerative studies (335, 336). The results showed that the air pollutant 

particles could not only induce behavioural changes, but also induce an increase in oxidative 

stress and inflammation, whilst increasing the formation of Aβ plaques. These AD-relevant 

features interestingly manifest at different extents in the WT when compared to the AD-

predisposed mice models.  

 

4.3 Methods 

Synthesis of model air pollutant particulate matters. The iron and iron oxide (‘IRON’) 

sample was produced by grinding hardened cast iron (rail track) with a fibreglass-reinforced 

grinding wheel (25 mm in diameter) at 37, 000 rpm. The particle samples (500 – 700 nm crystal 

size, irregular shape, Figure 4.1A) contained zero valent iron Fe0   and iron oxide Fe3O4. The 

diesel emission particles (‘DIESEL’ or ‘DE’) were synthesized by burning retail grade diesel 

fuel in a spirit burner, with all effluent collected in an inverted conical flask, then washed with 

hexane and left to dry overnight, the particles were collected the next day. The samples (20 – 

60 nm crystal size, Figure 4.1B) contained high boiling hydrocarbon-based particles, along 

with a range of sulphur and nitrogen compounds. The magnetite particles (Fe3O4, 

‘MAGNETITE’ or ‘MAG’; 100 – 400 nm crystal size, Figure 4.1C) were purchased from 

Sigma Aldrich (MO, USA, 97% purity, molecular weight 231.53).  

Transmission Electron Microscopy (TEM). High resolution (HR)-TEM analysis was carried 

out for the assessment of primary particle size and morphology of iron and diesel and magnetite 

particles. Samples were dispersed in 95 % (w/v) ethanol and sonicated for 30 mins at room 

temperature. A drop of suspension was added to the copper grid and air dried before each 

measurement took place. TEM measurements were performed using a Phillips CM200 

operating at 200kV with an SIS CCD camera.  

Double Transgenic APP/PS1 in vivo model. The effects of the air pollutant particles were 

assessed in APP/PS1 double transgenic mice and C57BL/6 wild-type (WT) littermates for 

comparison (purchased from Professor Anna King, University of Tasmania, Tasmania 

Australia). The APP/PS1 model is a double transgenic mouse that expresses a chimeric 

mouse/human amyloid precursor protein (Mo/HuAPP695swe) and a mutant human presenilin 

1 (PS1) on C57BL/6 (B6. Cg-Tg (APP6953DboTg (PSEN1dE9) S9Dbo) background 

(APP/PS1) (122). This model exhibits amyloid pathology that closely resembles the Aβ 
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deposits in the initial stages of AD and has been extensively used to study mechanisms of AD 

neuropathology (123). This model exhibits Aβ deposition as young as 6 weeks of age in the 

cortex and 3 - 4 months in the hippocampus (124, 125). Reactive glial cells appear around Aβ 

deposits at about 6 weeks of age, coinciding with a pro-inflammatory response (126). While 

global neuronal loss is not observed in the APP/PS1 model, modest neuronal loss in the dendate 

gyrus granule cells (127). Synaptic loss and cognitive impairment are also observed in this 

animal model at approximately 3 and 7 months of age (128). This animal model was chosen as 

the relevant AD pathological biomarkers are expressed at 5 - 7 months of age which coincided 

with the length of the animal study. The mice were house according to sex, with 2 - 5 mice per 

cage, and kept on a 12-hour light/dark cycle at room temperature 22/5 ± 2°C. Before 

commencing the in vivo experiments, the mice were allowed to acclimatize for 1 week. In week 

1 of the animal experiment (13 weeks of age; W/T; n = 37, APP/PS1; n = 28), the mice were 

grouped to receive intranasal administration, every third day of (i) saline (ii) IRON (47) DE or 

(iv) MAG (66 µg/20 µL) for 4 months. The mice were monitored daily, and their weight was

recorded weekly as seen in Figure S4.1. All animal experiments were conducted with the

approval from the University of Technology Sydney Animal Care and Ethics Committee

(ACEC ETH17-1418) and in accordance with the guidelines described by the Australian

National Health and Medical Research council code of conduct for animals.

Preparation of particle suspension for in vivo model. The iron, diesel and magnetite particles 

used for this study were prepared at a concentration of 3.3 mg/mL, in sterile saline solution. 

Before administration particle solutions were sonicated, using the Q500 Sonicator (Q500 

Sonica Sonicators, CT, USA) for 5 mins at 50 % amplitude to disperse particles. Once 

sonicated, all particles were ready for intranasal administration to the mice in their designated 

treatment groups. 

Intranasal administration of particle suspension. Delivery of air pollutant particles was 

administered intranasally. To administer the particles, the mice were inducted in a chamber 

with 4 % isofluorane and 2 L/min oxygen until no movement was observed then 20 µl of air 

pollutant solution (3.3 mg/mL) was administered intranasally, and the mice were monitored 

for recovery. The air pollutant particle concentration was established based on the average 

ambient PM2.5 intake of approximately 6-17.5 µg/day/person, based on urban environments in 

India, Portugal, Italy, Spain, Belgium, England and Poland etc. (129, 130).    

Behavioural Assessments. At week 15 of the animal experiment (mice 28 weeks of age) the 

mice were subjected to behavioural tasks. All testing sessions were conducted between 10:00 
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- 16:00 hours and were video recorded. The assessment of short-term memory and anxiety and

stress were assessed using the novel object recognition (NOR) test and the elevated plus maze

(EPM) as previously described (337). Prior to the NOR the mice were acclimatized to the

testing room for 1 hour prior to the assessment. There was no acclimatization for the EPM.

Schematic representations of the NOR and EPM apparatus is seen in Figure 4.1. The APP/PS1

animal model is known to exhibit cognitive deficits and spatial learning and memory defects

as young as 6 - 7 months of age (128) which is relevant to the behavioural testing time point

in this study. Between each test the apparatus and object were cleaned with 80 % ethanol.

In vivo Quantification of Ab Plaques. Following behavioural testing at week 15 (28 weeks 

of age) the development of Aβ species formation, detecting both the soluble (Aβ40) and 

insoluble (Aβ42) peptide aggregates, was assessed in the mice using a near-infrared 

fluorescence (NIRF) molecular imaging probe, CRANAD-2 (Abcam, Cambridge, UK) (141). 

The in vivo CRANAD probe detects for presence of the insoluble Aβ42 peptide aggregates. 

The CRANAD-2 probe was prepared in a mixture of 15 % DMSO, 15 % cremaphor and 70 % 

PBS at a concentration of 5 x 103 mg/mL. The mice heads were shaved and inducted in a 

chamber using 4 % isofluorane and 2 L/min oxygen. Baseline fluorescence of the brain was 

obtained using the IVIS fluorescent scanning machine (IVIS Lumina II; Caliper Life Sciences, 

MA, USA). The mice were then intravenously injected with the CRANAD-2 (5 mg/kg) before 

they were inducted again and fluorescence signals from the brain was recorded 5 mins after 

injection. A small circular region of interest (ROI), in the centre of the fluorescence region was 

established to be consistent, between mice measurements. The average radiance (p/s/cm2/sr) 

in the region of interest was recorded. 

Tissue harvest and blood collection. At experimental endpoint the mice were euthanized with 

isofluorane then placed on a nose cone until no reflex to pedal or ocular stimulation was 

observed. Cardiac puncture was performed via the left ventricle to collect approximately 1mL 

of blood using an 18-gauge syringe pre-coated with heparin (100 I.U/mL DBL Heparin Sodium 

Injection, Hospira, Vic, Australia). Following collection, the whole blood sample was 

immediately centrifuged (13, 500 RCF, 5 mins). The plasma layer was removed and stored at 

-80°C. To ensure the mouse was deceased before any further procedures, cervical dislocation

was performed. For this study many different techniques were of interest, therefore the brains

were halved; the right hemisphere was fixed in 4 % paraformaldehyde (PFA), while the left

was dissected and the hippocampus and cerebral cortex were snap frozen in liquid nitrogen,

then stored at -80°C until required.
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Beta-secretase assay. β-secretase plasma levels have been found increase as AD patients both 

the peripheral blood and cerebrospinal fluid and therefore has been identified as a suitable early 

diagnostic biomarker (142, 143). To assess β-secretase levels in the plasma, the β-secretase 

fluorometric assay activity kit (BioVision, CA, USA, cat. K360) was completed following the 

manufacturer’s protocol. Plasma samples were prepared in duplicate in a 96-well plate (50 µL 

per well) per well, along with appropriate controls. Reaction buffer (50 µL per well) was added 

to all wells and incubated at 37°C for 20 mins. β-Secretase substrate (2 µL per well) was added 

to all wells, then covered and incubated at 37°C for 20 mins. The plate was read on the infinite 

M1000 PRO microplate reader (Tecan Sunrise, Grödig, Austria) reader at 335 Ex/495 Em 

(excitation/emission). The results are expressed as percentage increase from control. 

Tissue Fixation, Processing, Embedding and Cutting. The right hemisphere was fixed in 4 

% PFA (Sigma-Aldrich, MO, USA) overnight, then rinsed with phosphate buffered saline 

(PBS) before being stored in 70 % ethanol for one week. Brain tissues were then placed in 

cassettes and processed using the ExcelsiorTM AS Tissue Processor (Thermo Fisher Scientific, 

MA, USA) for an overnight process involving two changes of formalin, increasing grades of 

ethanol and two changes of paraffin wax. After processing, brain tissues were embedded in 

paraffin wax and cut in sagittal sections using microtome (Epredia, MICH, USA). Brain 

sections were cut at a thickness of 10 µm, through the entire right hemisphere, resulting in 

approximately 25-30 slides (e.g., slide labelled #1 is closest to the midline) per tissue. Three 

brain tissue sections were mounted on every Platinum PRO adhesive glass slides (Trajan, VIC, 

AU), left to dry at 37°C overnight and stored at room temperature until required. 

Ex vivo quantification of Ab Plaques and neuronal cells. For quantification of Ab plaque 

formation and neuronal cell counting, sagittal brain tissue sections prepared on adhesive slides 

were stained with thioflavin S stain (1 % filtered aqueous solution), which detects the 

characteristic β-pleated sheets of Ab plaque and cresyl violet (0.1 %) for differential neuronal 

cell staining respectively (338). Slides were placed in two changes of xylene followed by 

decreasing grades of ethanol (100 %, 95 %, 70 %) for 3 mins each. They were then hydrated 

in water for 6 mins. Slides were then immersed in thioflavin S stain (1% thioflavin S stain; 

Sigma-Aldrich, MO, USA) for 10 mins or cresyl violet (0.1% cresyl violet powder (wt/acetic 

acid); Sigma-Aldrich, MO, USA) for 3.5 mins. Slides were then rinsed with water for 5 mins, 

followed by dehydration in two changes of 100 % ethanol and two changes of xylene. Slides 

were cover-slipped using Dibutylphthalate polystyrene xylene (DPX) and left to dry overnight. 

All slides were imaged using the ZEISS AxioScan Digital Slide Scanner (Carl Zeiss 
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Microscopy, Germany) on the entire sagittal section at 20 x magnification, using fluorescence 

(thioflavin S stained tissue) or brightfield (cresyl violet stained tissue) imaging settings. W/T 

(C57BL/6) mice do not develop Ab plaques, however APP/PS1 mice that are 6 - 12 months of 

age develop round dense Ab plaque formations that are approximately 50 - 150 µm in diameter. 

The number of fluorescent Ab plaque formations were automatically counted in a region of 

interest (ROI) in the neocortex above the hippocampus using Image J (IJ1.46r Revised 

Edition), by implementing a fluorescent and size (50-150 µm2) threshold, highlighting the Ab 

plaque formations in the brain tissue (147, 148). The hippocampus and somatosensory regions 

are responsible for memory and spatial recognition, and receiving and processing sensory 

information respectively (144, 145). The number of neuronal cell bodies were counted (with a 

range of 10-400 µm2) using the QuPath Software Quantitative Pathology & Bioimage Analysis 

(QuPath) Software 0.2.3 (Edinburgh, UK) in regions of interest (ROI) in the hippocampus: 

cornu ammonis (Ca) 1, Ca3 and dentate gyrus (DG), and the somatosensory cortex (SS 2, 3, 4, 

5, 6a) (146). Every brain tissue sample (n = 5-11 biological replicates) that was analysed had 

9 technical replicates accounting for staining, imaging, and analysis bias. 

Preparation of particle suspension for in vitro model. The iron, diesel and magnetite 

particles were prepared in filtered DMEM/F12 medium (Gibco, MA, USA) supplemented with 

5 % foetal bovine serum (FBS) and 5 mM HEPES at a concentration of 100 µg/ml. Samples 

were sonicated, using the Q500 Sonicator (Q500 Sonica Sonicators, CT, USA) for 5 mins at 

50 % amplitude, to disperse particles, due to the magnetic properties (339). After this, 100 µL 

and 1 mL of particle sample per well to a 96 - well and 6 - well plate respectively. This 

concentration was established based on preliminary testing from our lab, and also in vitro 

studies (e.g., human lung epithelial A549 and murine macrophage RAW 264.7) testing air 

pollutant induced toxicity for the same exposure time and concentration (150, 151).   

Cell culture and particles suspension treatment. Human neuroblastoma (SH-SY5Y) cells 

were cultured in DMEM/F12 medium (Gibco, MA, USA) supplemented with 5 % foetal 

bovine serum (FBS) and 5 mM HEPES. The cells were cultured at 37°C in a humified 

atmosphere containing 5 % CO2 until 80 – 90 % confluency. Unless otherwise stated, cells 

were seeded onto 6-well plates (80, 000 cells/well) for protein extraction or 96-well plates (30, 

000 cells/well) for biochemical assays and allowed to settle overnight. The cells were then 

serum starved for 24 hours before exposure to 100 µL (96-well plate) or 1 mL (6-well plate) 

per well of iron, diesel, or magnetite particles (100 µg/mL) in DMEM/F12 containing 5 % FBS 
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for a further 24 hours, after which point, they were ready for protein and RNA extraction and 

biochemical assay analysis. Cells not exposed to nanoparticles acted as controls. 

Total RNA and Protein Extraction. Total RNA was extracted from the snap frozen 

hippocampus, using the Isolate II RNA/DNA/protein kit following the manufacturer’s 

instructions (Bioline, UK) (340). Whole protein lysate was extracted from the cerebral cortex 

and SH-SY5Y cells using the RIPA lysis buffer (1 % nonidea P-40, 0.1 % SDS, 0.5 % 

deoxycholate, 150 mM NaCl, 50 mM Tris pH 8) as previously described (341). The 

concentration of protein was quantified with the Pierce BCA Protein Assay Kit (Thermofisher 

Scientific, MA, USA, cat. 23225) and stored at -80°C.   

Aβ42 quantification in SH-SY5Y cells. The extracted protein from SH-SY5Y cells was used 

to investigate Aβ42 concentration, using a Aβ42 Human ELISA Kit (Thermofisher Scientific, 

MA, USA, cat. KHB3441). This protocol was completed as per the manufacturer’s 

instructions. The protein (30 µg) was prepared in duplicate and added to all wells with 

appropriate standards and controls. The Aβ42 detection antibody solution (50 µL per well) was 

added to each well and incubated at room temperature for 3 hours. Following this, the plate 

was aspirated and washed. The antirabbit IgG HRP (100 µL per well) was added to each well 

and incubated for 30 mins at room temperature. The plate was aspirated and washed, and the 

stabilized Chromogen (100 µL) was added and incubated for a further 30 mins at room temp. 

Finally, the stop solution (100 µL) was added, and the plate was read on the infinite M1000 

PRO microplate reader (Tecan Sunrise, Grödig, Austria) at 450 nm. The results are expressed 

as Aβ42 (pg/mL).  

Western Blot Analysis. Protein extracted from the cerebral cortex (30 µg) and SH-SY5Y cells 

(20 µg) were used for western blot analysis, as previously described (342). Proteins were 

visualized using ECL substrate (Bio-Rad, CA, USA) and a Bio-Rad Chemidoc Imaging 

SystemTM. Protein bands were quantified by densitometry using the ImageJ 1.53a software 

(National Institute of Health, Maryland, USA) (342). All primary and secondary antibodies are 

listed in Table S4.1.   

qPCR mRNA expression. Total RNA (1µg) was reverse transcribed to cDNA using Tetro 

cDNA synthesis kit (Bioline, MA, USA) following the manufacturer’s instructions (340). 

Following this, cDNA samples were amplified by real-time PCR in master mixtures containing 

SensiFast SYBR No-ROX kit (Bioline, CA, USA) and primers (20 pmol of both forward and 

reverse primers). Amplification of samples was completed using the CFX96 thermocycler 
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(Bio-Rad, CA, USA) with the protocol; 95°C for 2 mins, followed by 40 cycles of 5 secs at 

95°C, 10 secs at 60°C, and lastly 10 secs at 72°C. Relative mRNA levels were determined 

using the comparative analysis method ΔΔCq, using the difference between the gene of interest 

(156) and reference gene, glyceraldehyde 6-phosphate dehydrogenase (GAPDH) (157, 342).

Primers are listed with sequences in Table S4.2.

Measurement of nitric oxide and intracellular reactive oxygen species levels. Following 

cell treatments, the media was collected and used to measure nitric oxide levels. The media 

collected was aliquoted (100 µL) in duplicates into wells on a 96-well plate before the addition 

of 100 µL of Griess reagent (40 mg/mL; Sigma Aldrich, MO, USA) was added into each well. 

The reaction mix was then incubated at room temperature for 15 mins followed by 30 mins in 

the dark at 37°C. An absorbance reading was obtained at 540 nm on the infinite M1000 PRO 

microplate reader (Tecan Sunrise, Grödig, Austria). The results are expressed as percentage 

increase from control. After the media was collected, intracellular ROS levels were measured 

in the remaining cells from each well using the DCF stain (Sigma Aldrich, MO, USA) as 

previously described (343). The results are expressed as percentage increase from control. Each 

biochemical assay that was performed with both cell lines, cells were seeded in a 96-well plate 

with 8 technical replicates per plate and per assay. Each assay was repeated 4 times (n = 4 

biological replicates), at different passages to account for reproducibility issues (149) which is 

stated in the results.   

Statistical analysis. One-way ANOVA with Bonferroni’s post-hoc test was used to determine 

statistical power in EPM, NIRF in vivo brain imaging, neuronal cell counting, Ab plaque 

counting, RT-qPCR, western blotting, Ab42 ELISA, DCF assay and Griess assay analysis. A 

an unpaired two-tailed t-test was used to determine the statistical significance of the NOR data. 

A two-way ANOVA test was used when comparing the WT and APP/PS1 relative saline or air 

pollutant particle administered mice. All statistical analysis was performed using the Graph-

Pad Prism 9 software (Graph-Pad, CA, USA) and the results are expressed as mean ± SEM. 

The treatment groups were considered significantly different if the p value was less than 0.05. 
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4.4 Results and Discussion 

Exposure to air pollutant particles caused behavioural changes and neuronal cell loss in wild-

type and AD-predisposed mice models 

To evaluate the behavioural changes in the WT and the APP/PS1 mice following exposure to 

air pollutant ‘iron’ (Figure 4.1A), ‘diesel’ (Figure 4.1B) and ‘magnetite’ (Figure 4.1C) 

particles, we carried out the NOR and EPM behavioural tests. The EPM test assesses anxiety 

and stress levels (137, 138), while the NOR test assesses short-term memory impairment (135, 

136). Anxiety and stress and short-term memory impairment are common symptoms of early 

onset AD (318-320). For the EPM test, the mouse was placed in a maze with open and closed 

arms and was allowed to move freely for 3 mins. The WT mice upon exposure to air pollutant 

particles spent more time in the closed arm (p < 0.0018 for iron, p < 0.0309 for diesel, p < 

0.0140 for magnetite), relative to the WT saline-administered mice (Figure 4.1D). The 

increased time spent in the enclosed arm suggest that all pollutant particles induce anxiety and 

stress in the WT mice (138). This is consistent with studies that have reported that excess iron 

is associated with anxiety-like behaviours, seen in an in vitro rat study (Sprague-Dawley rats) 

upon daily administrations of iron (321). To assess the anxiety effects on the AD-predisposed 

mice, we first compared the test results between the saline-administered APP/PS1 mice to WT 

mice (Figure S4.2A). The APP/PS1 saline mice spent more time in the closed arm (p < 0.0225) 

compared to the WT saline mice, indicating that this murine model exhibits an already anxious 

and stress response, even regardless of exposure to air pollutant particles. The observations are 

consistent with previous studies that show increased anxiety- and stress-like behaviours in 

APP/PS1 mice compared to WT mice (322). Exposure to the air pollutant particles did not 

seem to exacerbate the anxiety and stress responses of the APP/PS1 mice, with similar time 

spent in the closed arm, compared to that of the APP/PS1 saline mice (Figure 4.2E). 
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Figure 4.1.    In vivo behavioural studies of the WT and APP/PS1 mice, following exposure 

to the air pollutant particles. Transmission electron microscopy (TEM) images of (A) IRON, 

(B) DE and (C) MAG. (D) The EPM test showing the time spent in the closed arm for W/T

mice, **p < 0.0018 (WT-IRON), *p < 0.0309 (WT-DE), *p < 0.0140 (WT-MAG) with respect

to WT-Saline, (E) Time spent in the closed arm for the APP/PS1 mice, note that there is no

statistical significance for the particle-exposed groups relative to the A-Saline. (F) The NOR

test showing the familiarization and test phase recognition indexes for the WT mice, ****p < 
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0.0001 for all particle groups and saline, (G) Recognition indexes for the APP/PS1 mice, ***p 

< 0.0005(A-Saline), *p < 0.0196 (A-IRON), *p < 0.0147 (A-DE), **p < 0.0015 (A-MAG). 

For the NOR test, the statistical significance represents discrepancies between the time spent 

in the test phase relative to the familiarization phase. All error bars indicate mean +/- SEM (n 

= 8). The schematic of the EPM and NOR tests are also shown. 

The NOR test, in which a recognition index (RI) is used to refer to the time spent by the mice 

both the familiar and novel object (136). The test included a familiarisation phase, in which 

each mouse spends time with two identical objects, followed by a test phase, in which each 

mouse spends time with one ‘familiar’ and one ‘novel’ object. For the familiarisation phase, a 

RI is defined as the time spent exploring the familiar object relative to the total time spent 

exploring both the familiar and novel object. For the test phase, it is the time spent exploring 

the novel object relative to the total time spent exploring both the familiar and novel object. 

An indication of cognitive impairment is not present when the RI for both the familiarisation 

and test phase is statistically significant, as the ‘novel’ object is perceived as being ‘novel’ 

interpreted by more time spent with the object. The WT mice exhibited significantly different 

RI in the familiarisation phase compared to the test phase indexes in all WT mice groups, seen 

in Figure 4.1D. This suggests that no short-term memory loss has occurred after exposure to 

air pollutant particles in the WT mice. The APP/PS1 mice, on the other hand, exhibited 

discrepancies in the statistical significance of the familiarisation-test phase recognition indexes 

in all mice exposed to air pollutant particles (p < 0.0196 for iron, p < 0.0147 for diesel, p < 

0.0015 for magnetite respectively), when compared to the saline system (p < 0.0005). Taken 

together, the results indicate short-term memory impairment upon the air pollutant particle 

exposures in the AD-predisposed mice, but not on WT mice. Of note, both WT and APP/PS1 

saline administered mice, showed similar familiarisation and test phase RI, indicating that the 

predisposition of Ab plaque development, which the APP/PS1 murine model possess, does not 

necessarily indicate the development of the associated human symptom of memory 

impairment.  

Given the known association of anxiety, stress and memory impairment to neuronal cell loss 

in the hippocampal region of the brain, we next studied the effects of the air pollutant particles 

on cells in this region (324, 325). The hippocampus is important for memory storage and 
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retrieval, which is closely associated with stress and anxiety. Memory impairment can lead to 

increased stress and anxiety and vice versa with stress and anxiety known to disrupt working 

memory (322). The memory storage and retrieval process involves a chain of neuronal 

signalling, also known as the perforant pathway, that ‘connects’ the outer layer of the brain 

(cerebral cortex) – the parietal, temporal and prefrontal lobes, to hippocampus (344). More 

specifically, the pathway projects neuronal signalling from the lobes (including the 

somatosensory cortex (SSC) in the parietal lobe) via the entorhinal cortex (the primary input 

structure in hippocampus), which extends to the dentate gyrus (DG), cornu ammonis (Ca) 3 

and Ca1 regions in the hippocampus (144, 145). As presented in Figure 4.2B and C, neuronal 

cell counting for the WT mice showed a decreased number of cells in the hippocampal DG 

region after exposure to air pollutant particles, with magnetite displaying a significant decrease 

in neuronal cells (p < 0.0083), when compared to saline-administered mice. Similar 

observations were also seen in the Ca3 (p < 0.0010 for magnetite, Figure 4.2D) and Ca1 (p < 

0.0001 for magnetite, Figure 4.2E) regions, as well as with SSC cells (p < 0.0394 for diesel, p 

< 0.0008 for magnetite, Figure 4.2F). The neuronal cell loss results coincide with the increased 

anxiety and stress levels observed in the air pollutant particle-exposed WT mice in the EPM 

test. Neuronal cell dysfunction and death results in a loss of synaptic density and projections 

(transmission of electrical impulses between neuron cells) into various brain regions, including 

the DG and Ca3 regions in the hippocampus which has been known to correlate with increased 

stress in animal studies (31, 325).  

 

In the EPM test, the APP/PS1 mice expressed predisposed anxiety and stress behaviour 

regardless of air pollutant particle exposure which is consistent when looking at the APP/PS1 

saline administered mice, with less neuronal cell counts seen in the DG, Ca3 and Ca1 regions, 

compared to the WT saline administered mice (Figure S4.2B, C and D). This is consistent with 

studies finding that a decrease in Ca3 and Ca1 neuronal cell density has previously been 

reported in the APP/PS1 murine model (323, 345, 346). Following air pollutant particle 

exposure, neuronal cell counting in the APP/PS1 mice saw further neuronal cell loss with diesel 

particles inducing a significant decrease in the DG region (p < 0.0369, Figure 4.2B and G). 

Magnetite particles also induced a significant decrease in neuronal cell counts in the Ca3 (p < 

0.0428, Figure 4.2H) and the Ca1 (p < 0.0048, Figure 4.2I) regions, with both diesel (p < 

0.0115) and magnetite (p < 0.0057) responsible for a significant neuronal cell count in the SSC 

region (Figure 4.2J), compared to the APP/PS1 saline administered mice.  
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Figure 4.2.    In vivo analysis of neuronal cell loss following exposure to air pollutant 

particles in the hippocampus (DG, Ca3 and Ca1 regions) and somatosensory cortex (SSC 2, 3, 

4, 5, 6a in the parietal lobe in cerebral cortex). (A) A schematic diagram showing the 

hippocampus and SSC regions in relation to the perforant pathway. (B) Brightfield microscopy 

images of the hippocampus – first column shows the overall hippocampus regions, with a 

zoomed in DG, Ca3, Ca1 regions in subsequent columns, and the SSC regions of the WT-

Saline, WT-MAG, A-Saline and A-MAG mice. (C, D, E, F) Cell counting for particle-exposed 

WT mice; in the DG region **p < 0.0083 (WT-MAG) with respect to WT-Saline; in the Ca3 

region **p < 0.0010 (WT-MAG) vs. WT-Saline; in the Ca1 region ****p < 0.0001 (WT-

MAG) vs. WT-Saline; in the SSC region *p < 0.0394 (WT-DE), ***p < 0.0008 (WT-MAG) 

vs. WT-Saline. (G, H, I, J) Cell counting for the particle-exposed AD-predisposed mice; in 

the DG region, *p < 0.0369 (A-DE) vs. A-Saline; in the Ca3 region *p < 0.0428 (A-MAG) vs. 

A-Saline; in the Ca1 region *p < 0.0048 (A-MAG) vs. A-Saline; in the SSC region *p < 0.0115

(A-DE), **p < 0.0057 (A-MAG) vs. A-Saline. All error bars indicate mean +/- SEM (n = 6 -

8).

In summary, our air pollutant particle studies observed adverse behavioural changes in both 

WT and APP/PS1 mice, consistent with the detected neuronal cell loss observed. All air 

pollutant particles increased anxiety and stress levels in WT mice, with no further effect in the 

predisposed anxious and stressed APP/PS1 mice. Instead, the particles were found to cause 

memory impairment in the APP/PS1 mice. Neuronal cell loss was observed in the hippocampal 

regions (DG, Ca3 and Ca1) and the SSC regions for both WT and APP/PS1 mice suggesting 

that air pollutant particles induce a disruption in the perforant pathway associated with anxiety, 

stress and memory impairment. Studies have reported that disruptions of the perforant pathway 

in early onset AD patients, increase anxiety and stress levels whilst affecting short-term 

memory, including spatial recognition memory (323, 326, 327). In fact, studies have found that 

anxiety and stress-related symptoms are often linked to memory impairment in AD patients 

(347). Recalling the earlier mentioned link between behavioural changes and neuronal cell 

death to Ab formation, we next looked for the development of the characteristic AD 

pathologies in the brain of the mice. 
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Exposure to air pollutant particles increased Aβ plaque formation and neurofibrillary tangles 

We studied the potential formation of Aβ plaques using in vivo and ex vivo whole brain imaging 

on the WT and APP/PS1 mice. The in vivo NIRF CRANAD-2 probe detects for the presence 

of soluble (Aβ40) and insoluble (Aβ42) peptide aggregates (348), while the ex vivo 

fluorescence thioflavin S staining detects the characteristic β-pleated sheets of Aβ plaque 

(338). Unlike humans, C57BL/6 W/T mice do not develop Aβ plaques during the course of 

normal aging, however they are still able to develop Aβ peptide aggregates (349, 350), seen in 

the representative images of in vivo NIRF brain imaging (Figure 4.3A). These images display 

a brighter fluorescence was emitted in the WT and APP/PS1 mice that had been exposed to all 

air pollutant particles, compared to the saline administered mice. The NIRF probe (CRANAD-

2) detects the presence of both soluble (Aβ40) and insoluble (Aβ42) peptides, and therefore

does not accurately represent the formation of Aβ plaque deposits (large deposits of peptide

principally Aβ42 peptide aggregates) (141). Therefore, the ex vivo fluorescence thioflavin S

staining was completed to verify these results. Thioflavin S. stain detects the characteristic β-

pleated sheets of Ab plaques and as expected, no Ab plaque formations were found in all W/T

mice. There is a significant increase in Ab plaque counting in the diesel (p < 0.028) and

magnetite (p < 0.0004) particle exposed APP/PS1 mice, compared to the saline administered

mice, seen in Figure 4.3B and 4.3C. The observations are indeed consistent with the elevated

presence of β-secretase enzyme detected in the plasma of the particle-exposed WT mice, in

particular with magnetite (p < 0.0353, Figure 4.3E). The enzyme β-secretase 1 (BACE1)

catalyses the cleavage of APP (amyloid precursor protein) to form Aβ peptides (including

Aβ42), which further aggregates to form the plaques (Figure 4.3I) (328, 330, 331, 351). The

plasma levels of the β-secretase enzyme in the air pollutant particle-exposed APP/PS1 mice

also seemed to increase, although with no statistical significance when compared to the saline

administered mice (Figure 4.3F). Of note there is a correlation in the high plasma β-secretase

enzyme levels (p < 0.0283, Figure S4.2E) presence in the APP/PS1 mice relative to the WT

mice when comparing just the saline administered mice, which is anticipated (123, 329). Of

note, the β-secretase levels in the plasma of WT particle exposed mice shows no difference

from that of the APP/PS1 particle exposed mice, suggesting that particle exposure is inducing

an increase in β-secretase plasma levels regardless of pathological vulnerability (Figure S4.2A,

B, C). The observations indicate that exacerbation of Aβ plaque formation in the APP/PS1

mice is due to air pollutant particle exposure, with magnetite particles inducing the most

consistent and detrimental effect.
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Figure 4.3.    In vivo and in vitro studies of hallmark AD characteristics. (A) Aβ42 

aggregates detected in the brain of the particle-exposed WT and AD-predisposed mice, 

showing fluorescent radiance before (baseline) and after (post 5 mins) intravenous injection of 

the NIRF probe (CRANAD-2). Ab plaque counting (based on thioflavin S staining) for (B) 

AD-predisposed mice *p < 0.028 (A-DE), ***p < 0.0004 (A-MAG) vs. A-Saline, (n = 8). (C) 

Thioflavin S fluorescence imaging of Ab plaque in A-Saline and A-MAG mice groups (with 

zoomed-in hippocampal images). (D) Percentage increase of plasma β-secretase (BACE-1) 

levels, for (E) WT mice *p < 0.0409 (WT-MAG) vs. WT-Saline (n = 8), (F) APP/PS1 mice (n 

= 8), note that there is no statistical significance for the particle-exposed groups relative to the 

A-Saline. (G) In vitro detection of phosphorylated (Ser214) Tau/total Tau protein in SHSY5Y

cells *p < 0.0468 (DE) vs. Control (n = 5-6). (H) Aβ42 peptide levels in SHSY5Y cells *p <

0.0244 (IRON), **p < 0.0022 (DE), **p < 0.0017 (MAG) vs. Control (n = 8). (I) Schematic
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showing Ab plaque formation after cleavage with β-secretase. All error bars indicate mean +/- 

SEM. 

Taken together, it is evident that exposure to the air pollutant particles increased the formation 

of Ab species in the WT mice, and even more in APP/PS1 mice leading to the exacerbated 

formation of Ab plaques. The formation of Ab plaques are associated with NFT formation in 

AD development. For example, it has been shown that Ab plaques can destabilise microtubule-

associated tau protein (found predominantly in axons, promoting tubulin polymerization for 

axonal function) by rendering it prone to extensive phosphorylation (333, 334, 352). The 

hyperphosphorylated tau protein, in turn, aggregates into bundled filaments and subsequently 

forms the NFTs inside the neuronal cells (333, 334, 352). NFTs are known to be toxic to 

neuronal cells, and is often associated with neuronal degeneration and death, resulting in the 

release of intracellular NFTs into the extracellular environments, which then cause toxicity to 

surrounding neurons. Hyperphosphorylated tau contains a unique double-site phosphor-

epitope AT100 which consists of both anti-phosphoThr (Thr212) and anti-phosphoSer214 

(Ser214) (61, 62). Phosphorylation of tau at Ser214 inside the neuron decreases the binding of 

tau to microtubules, affecting the stability of the cytoskeleton and promotes tau fibrillation 

(353). Therefore, investigating the protein expression of phosphorylated Ser214 protein-to-

total tau ratio inside neuronal cells was completed with the SH-SY5Y cells to gain insight into 

the potential development of NFTs and associated neuronal damage, after exposure to air 

pollutant particles. Figure 4.3G shows SH-SY5Y cells after exposure to air pollutant particles 

particularly diesel (p < 0.0468), resulted in an increase in phosphorylation of Ser214-to-total 

tau protein ratios, compared to control samples. While the presence of phosphorylated Ser214 

tau does not necessarily mean that NFTs are present or that they will form, phosphorylated 

Ser214 tau is important as it alone can potentially disrupt microtubule binding, leading to 

destabilised microtubules resulting in the eventual formation of NFTs, and subsequently 

neuronal death, hallmark features of AD (332). We also detected elevated presence of Aβ42 

peptide in the particle-exposed cell samples (p < 0.0244 for iron, p < 0.0022 for diesel, p < 

0.0017 for magnetite, Figure 4.3H) relative to the control. In the next study, we investigated 

the effects of the pollutant particles on AD-relevant biomarkers and inflammatory molecules. 

These findings agree with the earlier described changes in mice behaviour as well as neuronal 

cell loss, indicative of early onset AD, and indeed, our in vitro studies also detecting increased 

presence of phosphorylated tau protein after exposure to air pollutant particles. 
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Air pollutant particles increased levels of immune system biomarkers and inflammatory 

molecules 

To obtain insights on the roles of air pollutant particles on AD pathologies, we studied how the 

particles are affecting a number of AD-relevant inflammatory biomarkers and mediators. 

Herein, we focused on the presence of biomarkers that are produced by major immune cells in 

the CNS, microglia and astrocytic cells. Microglia and astrocytes are macrophagic cell, 

responding to foreign entities, whereby microglia have enhanced phagocytic capacity to 

remove debris, while astrocytes increase their size to physically guard the BBB and protect the 

brain (354). In the case of AD progression, microglial and astrocytes have been known to 

upregulate specific biomarkers and inflammatory cytokines (38, 355), which have been 

assessed in brain samples of the WT and APP/PS1 mice. Our study also assessed biomarkers 

that are associated with central MAPKs (mitogen-activated protein kinases) pathway, a major 

signalling network that initiates a physiological response, including the activation of various 

inflammatory molecules when exposed to external stimuli (356, 357). 

Firstly, we had a look on the levels of the biomarkers and inflammatory molecules in WT mice. 

Exposure to the air pollutant particles were found to induce an increase in immune system cells 

in the WT mice, with increased BDNF protein expression detected in the cerebral cortex brain 

regions through western blot analysis (p < 0.0001 for iron, diesel and magnetite normalised to 

b-actin) compared to WT saline administered mice (Figure 4.4A). Exposure to air pollutants

also saw higher protein expression of ICAM-1 (p < 0.010 for magnetite normalised to b-actin,

Figure 4.4C) in the cerebral cortex samples. BDNF is a growth factor released by microglia

cells to repair neuron cells (358), while ICAM-1 is a transmembrane glycoprotein presented

on the surface of both microglia and astrocytes to facilitate interactions of immune system cells

(359). Studies have found that increased presence of Ab species, observed in this study in the

whole brain fluorescence imaging, can indeed upregulate BDNF synthesis (358), as well as

increase the surface presentation of ICAM-1(360). AD studies have reported increased BDNF

levels in damaged brain regions, as well as increased ICAM-1 levels (serum), when compared

to healthy individuals (361-365). In the APP/PS1 mice, exposure to air pollutant particles

increased BDNF protein expression (p < 0.021 for iron normalised to b-actin, Figure 4.4B) and

ICAM-1 protein expression (p < 0.010 for iron normalised to b-actin, Figure 4.4D) compared
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to the APP/PS1 saline mice. Particle exposures on the APP/PS1 mice also saw higher protein 

expression of cerebral cortex Iba-1 (p < 0.0385 for iron normalised to b-actin, Figure 4.4F) 

compared to the APP/PS1 saline mice. Iba-1 is expressed in microglia with studies indicating 

its role in the actin (cytoskeletal protein) cross-linking involved in membrane ruffling of 

microglia (366). The latter is a process essential for microglia activation and in turn, the 

phagocytic activity of microglia (367). Studies have correlated upregulation of Iba-1 synthesis 

with activation of microglia (367), and indeed, an increased cerebral cortex Iba-1 levels have 

been detected in AD cases (366). We also compared in air pollutant particles APP/PS1 mice, 

relative to the air pollutant particle exposed WT mice. 
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Figure 4.4.    In vivo and in vitro studies of AD-relevant inflammatory biomarkers and 

mediators. (A, B) Relative BDNF protein expression levels in the cerebral cortex of WT mice 

(n = 5-8) ****p < 0.0001 (for all particle groups) vs. WT-Saline; and the APP/PS1 mice (n = 

5-8) *p < 0.021 (A-IRON) vs. A-Saline. (C, D) Relative ICAM-1 protein expression levels in

the cerebral cortex of WT mice (n = 5-8) *p < 0.01 (WT-MAG) vs. WT-Saline; and the
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APP/PS1 mice (n = 5-8) *p < 0.010 (A-IRON) vs. A-Saline. (E, F) Relative Iba-1 protein 

expression levels in the cerebral cortex, WT mice (n = 5-8), note that there is no statistical 

significance for the particle-exposed groups relative to WT-Saline; and the APP/PS1 mice (n 

= 5-8) *p < 0.0385 (A-IRON) vs. A-Saline normalised to β-actin. (G, H) TNF mRNA 

expression in the hippocampus, WT mice (n = 8) *p < 0.0291 (WT-DE), **p < 0.0054 (WT-

MAG) vs. WT-Saline; and the APP/PS1 mice (n = 8), no statistical significance for the particle-

exposed groups relative to the A-Saline. (I, J) IL-6 mRNA expression in the hippocampus, 

WT mice (n = 8), *p < 0.0137 (WT-MAG) vs. WT-Saline; for the AD-predisposed mice (n = 

8), no statistical significance for the particle-exposed groups relative to the A-Saline. (K) 

Relative pNFκB/NFκB in SH-SY5Y cells (n = 5-6), **p < 0.007 (DE and MAG) vs. Control. 

(L) Relative pJNK/JNK in SH-SY5Y (n = 5-6), *p < 0.030 (MAG) vs. Control. (M) Relative

pMAPK/MAPK in SH-SY5Y (n = 5-6), **p < 0.007 (IRON), *P<0.030 (DE and MAG) vs.

Control. All error bars indicate mean +/- SEM.

The results so far indicate that exposure to air pollutant particles increases the activity of the 

CNS immune system, evident from the higher levels of microglia and astrocytic biomarkers in 

the mice cerebral cortex, in both WT and APP/PS1 mice. Next, we looked for the potential 

upregulation of inflammatory molecules. During the early stages of the CNS immune response, 

both microglia and astrocytes have been known to upregulate cytokine synthesis (355) and 

herein, we detected higher TNF and IL-6 gene expressions in the air pollutant particle exposed 

WT mice, in particular with diesel (p < 0.0291 for TNF) and magnetite (p < 0.0054 for TNF 

and p < 0.0137 for IL-6, Figure 4.4G and 4.4I), in their hippocampal regions, relative to the 

WT saline-administered mice. The observations agree with earlier studies detecting increased 

expression of TNF and IL-6 genes in the hippocampal regions of AD patients (355). The 

Inflammation is a biological immune response, and these inflammatory cytokines have been 

known to induce a number of physiological responses in AD pathologies, including oxidative 

stress, as later described (368). Although not statistically significant, a trend towards an 

increase in TNF and IL-6 mRNA gene expression levels were also seen in the APP/PS1 mice 

relative to the saline group (Figure 4.4H and 4.4J). The increased levels of inflammatory 

markers in the WT mice compared to that of the APP/PS1 mice is interesting and is somewhat 

consistent with a study testing for low-grade chronic inflammation, which showed that there 

was an increase in microglial activation observed in the cortex of the APP/PS1 mice, and in 

the hippocampus of the WT mice 2 hours after peripheral LPS injection as the inflammatory 
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stimuli (369). This suggests that the hippocampus in the WT mice can exhibit an increased 

inflammatory response compared to the APP/PS1 equivalent particle exposed groups, perhaps 

due to the neuronal loss and other AD pathologies associated with 7-8-month-old APP/PS1 

transgenic mice. 

Next, we investigated the biomarkers associate with the major physiological MAPK signalling 

pathways involved in the immune system. Activation of the MAPK pathway has been known 

to subsequently activate the three-tier NFκB, JNK and p38 MAPK modules in the development 

of AD (357). We found that exposures to the air pollutant particles increased the levels of 

biomarkers for these modules. Our in vitro studies with the SH-SY5Y cell line detected higher 

levels of phosphorylated nuclear-factor kappa B p65 (p-NFκB subunit 65)-to-total NFκB (p < 

0.007 for diesel and magnetite), phosphorylated c-Jun N-terminal Kinase (p-JNK) (p < 0.030 

for magnetite)-to-total JNK and phosphorylated (p38) MAPK (p < 0.007 for iron, p < 0.030 

for diesel and magnetite)-to-total MAPK protein expression in cells exposed to air pollutant 

particles compared to control samples (Figure 4.4K, L and M respectively). The protein 

complex NFκB is a family of transcription factors that controls expressions of genes various 

biological processes, including cytokine production (370). The levels of these biomarkers, 

more specifically, the p65 NFκB, p-JNK and p38 MAPK, have been found to increase in AD 

studies (344, 371). NFκB has in fact been indicated to upregulate the synthesis of β-secretase 

1 enzyme (BACE1), this is also seen with the particle-exposed mice (in particular the WT 

mice), and in turn the formation of Aβ peptides (344, 372). Further, recalling the observed 

short-term memory impairment in the AD-predisposed mice (from the NOR behavioural test), 

research inquiries have indeed linked cognitive decline in mice to activation of the JNK 

pathway (371). Studies have also linked the activation of the p38 MAPK pathway to an 

increase in tau phosphorylation (371), which is consistent with our in vitro results. 

Taken together, exposure to the air pollutant particles increased a number of AD-relevant brain 

microglia and astrocytic immune responses, increasing the protein expression of the 

neurotrophic growth factor, BDNF and the surface glycoprotein, ICAM-1. The latter plays a 

significant role in immune cell interactions, along with proteins that are involved in the immune 

cell activation of Iba-1. These responses were seen in both the WT and AD-predisposed mice. 

Our studies further observed an increase in the mRNA gene expression of the inflammatory 
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cytokines, TNF and IL-6. These inflammatory cytokines are known to be produced by 

phosphorylated transcription factors like p38-MAPK, p65-NFκB and JNK, which is consistent 

with the in vitro data, showing an increase in expression of these cytokines in SH-SY5Y cells 

exposed to air pollutants. Next, in our final studies, we investigated the oxidative stress 

phenomena, with studies linking immune responses to oxidative stress in AD pathologies. 

Immune system stimuli, including cytokines, as well as the transcription factor NFκB, have 

been indicated to mediate the generation of damaging ROS, therefore we next investigated the 

effects of exposure to air pollutant particles on the oxidative stress phenomena.  

Air pollutant particles induce oxidative stress 

We studied the levels of the oxidative stress-related microglia and astrocytic enzymes, iNOS 

and Cox2, in brain samples of the WT and APP/PS1 mice. Exposure of WT mice to the air 

pollutant particles saw an increase cerebral cortex iNOS protein expression, particularly with 

diesel (p < 0.0406 normalised to b-actin) and magnetite (p < 0.0014 normalised to b-actin), 

when compared to the WT saline-administered mice (Figure 4.5A). We also observed an 

increase in cerebral cortex iNOS protein expression in the APP/PS1 mice exposed to the air 

pollutant particles compared to the saline mice, however there was no significance (Figure 

4.5B). This indicates that the air pollutant particles do not exacerbate the effects on APP/PS1 

mice due to similar iNOS protein expression levels observed in the APP/PS1 saline 

administered mice, which is evident when comparing the iNOS protein expression in the WT 

and APP/PS1 saline administered mice (p < 0.0451 normalised to b-actin, Figure S4.2F). 

iNOS, an inducible nitric oxide synthase which catalyses the synthesis of nitric oxide (NO) 

from the amino acid L-arginine. NO is a cellular signalling molecule important for neural 

development (373). Increased presence of iNOS and in turn, excess of NO, has been seen in 

AD studies (374). Indeed, we detected higher cellular NO levels in the SH-SH5Y cells exposed 

to air pollutant particles (p < 0.018 for iron, p < 0.0001 for diesel, p < 0.0023 for magnetite, 

Figure 4.5E), compared to the controls. We also detected higher cellular presence of other ROS 

(general ROS presence) in the SH-SY5Y cells exposed to air pollutant particles (p < 0.0239 

for iron, p < 0.0001 for diesel, p < 0.0147 for magnetite, Figure 4.5F). Earlier AD studies have 

reported increased cellular ROS levels closely linked to increased Cox2 protein expression. 

Cox2, a cyclooxygenase enzyme, mediates ROS generation with studies indicating its 

stimulation is due to excess presence of cellular NO (375-377). Indeed, we detected increased 

protein expression of Cox2 in the cerebral cortex of WT mice exposed to air pollutant particles 
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(p < 0.040 for iron, p < 0.0236 for diesel, p < 0.0155 for magnetite normalised to b-actin, 

Figure 4.5C). As with iNOS, there is no significant increase in Cox2 protein expression levels 

in the APP/PS1 mice after exposure to air pollutant particles, compared to the APP/PS1 saline 

mice (Figure 4.5D). Neurons are sensitive to oxidative stress which have been known to 

correlate with neuronal cell loss, consistent with the neuronal cell loss seen in the hippocampal 

and SSC regions of both the WT and APP/PS1 mice seen in this study (316).   

 

To determine the mechanism of ROS generation, we incorporated an NFκB inhibitor into in 

vitro air pollutant particle exposure systems. As shown in Figure 4.5G and 4.5H, less cellular 

ROS levels (p < 0.0001 for all particles), including NO levels (p < 0.0012 for iron, p < 0.0001 

for diesel, p < 0.0167 for magnetite), were detected when in the presence of the NFκB inhibitor 

for all air pollutant particle exposed SH-SY5Y cells. The observations suggest that ROS 

generation is inhibited from transcription of iNOS and Cox2 in the presence of the NFκB 

inhibitor (378, 379) indicating that NFκB plays a significant role in ROS generation, whilst 

also confirming the close relationship that neuroinflammation and oxidative stress hold. 
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Figure 4.5.    In vivo and in vitro studies of oxidative stress responses. (A, B) Relative iNOS 

protein expression levels in the cerebral cortex of the particle-exposed wild-type mice (n = 5-

8) *p < 0.0406 (WT-DE), **p < 0.0014 (WT-MAG) vs. WT-Saline; for the particle-exposed

AD-predisposed mice (n = 5-8), note that there is no statistical significance for the particle-

exposed groups relative to the A-Saline, normalised to β-actin. (C, D) Relative Cox2 protein

expression levels in the cerebral cortex, WT mice (n = 5-8), *p < 0.040 (WT-IRON), *p < 



105 

0.0236 (WT-DE), *p < 0.0155 (WT-MAG) vs. W/T-Saline; for the AD-predisposed mice (n = 

5-8), no statistical significance for the particle-exposed groups relative to the A-Saline,

normalised to β-actin. (E) NO levels (relative to the cell-only control) in SH-SY5Y cells (n =

4) *p < 0.0180 (IRON), ****p < 0.0001 (DE), ** p < 0.0023 (MAG) vs. Control. (F) ROS

levels (relative to the cell-only control) in SH-SY5Y (n = 4) * p < 0.0239 (IRON), ** p <

0.0001 (DE), ** p < 0.0147 (MAG) vs. Control. (G) NO levels in SH-SY5Y in the presence

of NFkB inhibitor (n = 4) ** p < 0.0012 (IRON), **** p < 0.0001 (DE), * p < 0.0167 (MAG)

vs. NO levels without the inhibitor. (H) ROS levels in SH-SY5Y in the presence of NFkB

inhibitor (n = 4) **** p < 0.0001 (IRON, DE, MAG). All error bars indicate mean +/- SEM.

A working model and differential effects of air pollutant particles on AD pathologies 

The present in vivo and in vitro studies aimed to determine the potential roles of exposure to 

air pollutant particle on the early onset of AD. Firstly, consistent with the detected neuronal 

cell loss in the hippocampus and SCC regions, we found that all the tested particles; iron, diesel 

and magnetite caused anxiety and stress in the WT mice, while prompting short-term memory 

impairment in the APP/PS1 transgenic mice. The exposure to the air pollutant particles is 

thought to disturb the outer brain lobes (including SSC)-to-hippocampus neuron signalling via 

the perforant pathway, which plays a significant role in working memory. The impairment of 

this pathway has also been linked to anxiety and stress (319). Next, we found that exposure to 

air pollutant particles increased the formation of the Ab species in both the WT and APP/PS1 

mice, when considering the in vivo NIRF probe brain imaging and the b-secretase plasma 

levels. There was also an increase in Ab plaque development in the APP/PS1 mice, which 

correlates with the short-term memory impairment in this mice model. An increase in Ab42 

protein aggregation was also seen in the SH-SY5Y cell after exposure to the air pollutant 

particles. We also observed an increase in phosphorylated tau protein levels, in the SH-SY5Y 

cells exposed to the air pollutant particles. While this does not reflect the AD hallmark feature 

of NFTs, phosphorylated tau is a precursor to the paired helical tau tangles that make up the 

NFT formation in the neuronal cell. Seen herein with both the WT and AD-predisposed mice, 

we hypothesized that exposure to air pollutant particles induces an increase in Ab species 

formation (as also implied in earlier study (358)) an increase in microglia and astrocyte 

activation leading to increased production of inflammatory biomarkers, like BDNF, ICAM-1 

and Iba-1 in the cerebral cortex, which repair damaged neuronal cells, mediate immune cell 
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interactions and further activates microglial cells respectively. It is also apparent that exposure 

to air pollutant particles can initiate AD-relevant inflammation as well as oxidative stress seen 

in both the WT and APP/PS1 mice. The air pollutant particles induced an increase in the 

hippocampal mRNA expression of TNF and IL-6 inflammatory cytokines. Our in vitro data 

(with SHSY5Y cells) linked the inflammation, at least in part, to the activation of the MAPK 

signalling pathway, that is, on the activity of the three-tier NFκB, JNK and p38 MAPK 

signalling modules. Indeed, we also deduced the role of NFκB in the generation of ROS and 

oxidative stress. Exposure to the air pollutant particles exposures were found to increase the 

levels of cellular NO (as well as reactive oxygen species (ROS) in general). The transcription 

factor NFκB is thought to control the expression of the NO-synthesizing enzyme iNOS, as well 

as Cox2, an enzyme that mediates ROS generation. Elevated presence of these enzymes were 

detected in the cerebral cortex regions in the mice exposed to the air pollutant particles.  

Taken together, the exposure to air pollutant particles can induce AD-relevant behavioural 

changes and neuronal cell loss, with the detection of the hallmark Ab species. The exposures 

were also shown to increase AD-relevant immune responses including those involved in 

inflammation, as well as oxidative stress. These air pollutant particle-induced biological effects 

were seen in both the WT and APP/PS1 mice. This study also revealed that among the tested 

air pollutant particle models, magnetite seemed to inflict the most changes (increased anxiety 

and stress, neuronal cell loss, Ab species formation, as well as increasing the inflammatory and 

oxidative stress responses), followed by diesel particles on the WT mice. The air pollutant iron 

particles in this study are the largest (500 - 700 nm crystal diameter), and they appear to have 

the least consistent damaging effects in the WT mice and in the in vitro studies compared to 

both diesel and magnetite air pollutant particles. The smaller the size of air pollutant particles is 

directly associated with extent of migration and penetration (50). The air pollutant diesel particles 

in this study are the smallest in size (20 - 60 nm crystal diameter) and show consistent toxicity 

in both the WT mice and in the in vitro studies, however the air pollutant magnetite particles 

appear to induce the most damage in the WT mice and in vitro studies overall. The magnetite 

particles are 100 – 400 nm crystal diameter in size, suggesting that the size of the air pollutant 

particles is associated with the extent of damage, however the composition of magnetite 

(transitioning from Fe2+O4- (reduced) to Fe3+O4- (oxidised) state) is the most significant factor 

in a highly oxygen rich environment like the brain (76, 78). The trends were, however, rather 

inconclusive with the APP/PS1 mice, with no clear tendencies on which particles induced the 
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most damaging effects. Finally, comparing the WT and APP/PS1 groups, we can deduce that 

in general there is no particle-induced exacerbation of the effects in the APP/PS1 mice, more 

specifically on the immune system and oxidative stress responses, despite detection of the high 

Ab plaque presence. 

4.5 Conclusion 

In summary, the present work reported the ability of air pollutant particles to induce 

pathological features implicated in early onset AD. In both WT and APP/PS1 mice models, 

exposure to the iron-based and carbon-based particles of varying sizes led to behavioural 

changes and different extents of neuronal cell loss, inflammatory as well as oxidative stress 

responses, with magnetite particles appearing as the most consistent in inducing the 

development of AD-related changes.  Exposure to the particles, however, does not seem to 

exacerbate the inflammatory and oxidative stress response in the APP/PS1 mice, with pre-

existing AD pathological vulnerabilities, despite the more abundant presence of the AD 

hallmark Ab plaques in the latter. Future studies are needed to investigate the exact trigger of 

the air pollutant particle-induced AD pathologies, which will also give insight into the effects 

currently observed in the AD-predisposed cases.  
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4.6 Supporting Information 

Figure S4.1.    A timeline summary of the in vivo study. After 1 week of acclimatizing the 

mice were divided into eight groups to receive either saline, IRON, DE or MAG (66 µg/20 µL) 

every third day. In week 15 the mice underwent behavioural testing and in vivo brain imaging, 

and in week 16 the tissue was collected. 
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Table S4.1.  Primary and secondary antibodies used in western blot analysis 

Protein Dilution  Company Catalogue 

β-Actin 1:1000 Cell Signalling Technology, MA, 
USA 

4970 

BDNF 1:1000 Abcam, UK 108319 

GFAP 1:1000 Abcam, UK 33922 

ICAM-1 1:1000 Abcam, UK 53013 

Iba-1 1:1000 Abcam, UK 178847 

iNOS 1:200 Cell Signalling Technology, MA, 
USA  

12282S 

Cox2 1:500 Cell Signalling Technology, MA, 
USA 

13120S 

Phospho-Tau (pS214) 1:500 Invitrogen, CA, USA 44742 

ChK Total Tau 1:500 Abcam, UK 75714 

NF-κB p65 1:1000 Cell Signalling Technology, MA, 
USA  

8242T 

Phospho-NF-κB p65 
(Ser536) 

1:1000 Cell Signalling Technology, MA, 
USA 

3033T 

MAPK p38 1:1000 Cell Signalling Technology, MA, 
USA  

8690S 

Phospho-MAPK p38  1:1000 Cell Signalling Technology, MA, 
USA 

4511S 

JNK 1:1000 Cell Signalling Technology, MA, 
USA  

9258S 

Phospho-JNK 1:1000 Cell Signalling Technology, MA, 
USA 

4668S 

Anti-rabbit Secondary 

(HRP conjugated)  

1:5000 Cell Signalling Technology, MA, 

USA  

7074P2 

Anti-mouse Secondary 

(HRP conjugated)  

1:5000 Cell Signalling Technology, MA, 
USA  

7076P2 
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Table S4.2.  PCR Primer Sequences for qPCR analysis  

Specie  Gene ID  Description F/R Primer Sequences (5’-3’) 

Mouse IL-6 Interleukin 6 
F GAACAACGATGATGCACTTGC 

R TCCAGGTAGCTATGGTACTCC 

TNF Tumour necrosis factor 
F CTATGTCTCAGCCTCTTCTC 

R CATTTGGGAACTTCTCATCC 

GAPDH 
Glyceraldehyde 
6phosphate 
dehydrogenase  

F GCTCACTGGCATGGCCTTCCG 

R GTAGGCCATGAGGTCCACCAC 
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Figure S4.2.   In vivo studies comparing the AD pathologies in WT saline and APP/PS1 

saline mice. (A) Behavioural analysis of time spent in the closed arm in the EPM for WT and 

APP/PS1 saline mice, *p < 0.0225. (B) Neuronal cell counting in the DG region for WT and 

APP/PS1 saline mice, *p < 0.0419. (C) Neuronal cell counting in the Ca3 region for WT and 

APP/PS1 Saline groups, *p < 0.0439. (D) Neuronal cell counting in the Ca1 region for WT 

and APP/PS1 Saline groups, *p < 0.0321. (E) Percentage increase of β-secretase levels in 

plasma, for WT and APP/PS1 Saline groups, (n = 8), *p < 0.0283. (F) Relative iNOS protein 

expression levels in the cerebral cortex, for WT and APP/PS1 saline groups, normalised to b-

actin (n = 5-8), *p < 0.0451. All error bars indicate mean +/- SEM.  
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Figure S4.3.   In vivo studies comparing the AD pathologies in the WT air pollutant particles 

and APP/PS1 air pollutant particles exposed mice. Percentage increase of β-secretase levels 

in plasma, for (A) WT and APP/PS1 iron groups (n = 8), (B) WT and APP/PS1 diesel groups 

(n = 8), (C) WT and APP/PS1 magnetite groups (n = 8). Relative BDNF protein expression 

levels in the cerebral cortex, (D) WT and APP/PS1 iron groups, (E) WT and APP/PS1 diesel 

groups, (F) WT and APP/PS1 magnetite groups, normalised to b-actin (n = 5-8). Relative 

ICAM-1 protein expression levels in the cerebral cortex, (G) WT and APP/PS1 iron groups, 



113 

(H) WT and APP/PS1 diesel groups, (I) WT and APP/PS1 magnetite groups normalised to

b-actin (n = 5-8). Relative Iba-1 protein expression levels in the cerebral cortex, (J) WT and

APP/PS1 iron groups, (K) WT and APP/PS1 diesel groups, (L) WT and APP/PS1 magnetite

groups normalised to b-actin (n = 5-8). Relative iNOS protein expression levels in the cerebral

cortex, (M) WT and APP/PS1 iron groups, (N) WT and APP/PS1 diesel groups, (O) WT and

APP/PS1 magnetite groups normalised to b-actin (n = 5-8). Relative Cox2 protein expression

levels in the cerebral cortex, (P) WT and APP/PS1 saline groups, (Q) WT and APP/PS1 iron

groups, (R) WT and APP/PS1 diesel groups, (S) WT and APP/PS1 magnetite groups

normalised to b-actin (n = 5-8). All error bars indicate mean +/- SEM.



114 

Chapter 5: Insights from a bibliometrics-based 

analysis of publishing and research trends on cerium 

oxide during 1990-2020 

Intend to submit as: 

Fleming, C., Wong, J., Golzan, M., Gunawan, C., McGrath, K., 2021. Insights from a 

bibliometrics-based analysis of publishing and research trends on cerium oxide during 1990 – 

2020. Dovepress. 

Chapter Summary 

The field of nanomaterials as industrial, environmental, and of greater interest for biomedical 

applications has expanded due to the advancements in nanoparticle engineering, and in turn 

the range of pathological conditions for which nanomaterials may be used for. Relevant to this 

thesis, CeO2 has been a prevalent nanomaterial, surfacing as a potential neurodegenerative and 

AD therapy, therefore a greater understanding of its properties and characteristics is necessary. 

Hence, this chapter describes the systematic literature review on the CeO2 research trends from 

1990-2020, discovering its remarkable properties and its extensive use in a variety of 

applications including environmental/industrial and biomedical. 
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5.1 Abstract: 

Background: Research into nanomedicine is influencing the trajectory of therapies for various 

diseases, using nanoparticles (1-100 nm in diameter). Cerium oxide nanoparticles have 

received attention due to their environmental, industrial and more recently, biomedical 

applications. This report aimed to assess research trends on cerium oxide from 1990-2020 and 

identify gaps in knowledge in its emerging application(s). 

Methods: Bibliometric methods were used to identify themes in database searches extracted 

from PubMed, Scopus and Web of Science Core Collection using SWIFT-Review, VOSviewer 

and SciMAT software programs. A systematic review was then completed on the published 

cerium oxide literature extracted from the Scopus database (n = 17, 115), identifying themes 

relevant to its industrial, environmental and biomedical applications. 

Results: A total of 172 publications were included in the systematic analysis and categorized 

into four time periods with research themes; “doping additives” (n = 5, 1990-1997), “catalysts” 

(n = 32, 1998-2005), “reactive oxygen species” (n = 66, 2006-2013) and “pathology” (n = 69, 

2014-2020).  The catalytic features of cerium oxide nanoparticles were prevalent themes in the 

first two periods, followed by a pivot into the biological effects in more recent periods, with 

an increased focus on nanoparticle engineering development. China and the USA showed the 

highest number of citations for articles published in the past 30 years.  

Conclusion: Longitudinal analysis shows cerium oxide has been extensively used for various 

applications due to its catalytic properties. Advancements in nanoparticle engineering like 

doping, and more recently surface modification or functionalization have further enhanced its 

antioxidant abilities.  In more recent years, CeONP additives were able to broaden its potential 

for therapy in a range of pathologies, including neurodegenerative diseases like AD. 

Consequently, this study presents the versatility of cerium oxide, however, addresses the 

necessity to investigate the potential beneficial but also adverse effects that its extensive 

application may have on human health.  

Keywords: nanoceria, nanoparticles, composition, applications, biomedicine, review 
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5.2 Introduction 

Cerium oxide (CeO2), also referred to as nanoceria, is a well-known rare earth element of 

moderate abundance, found in the lanthanide group in the periodic table (380). Over the years, 

CeO2 has received much attention because of as a biomedicine, due to its extraordinary 

catalytic ability (381-385). The numerous applications of CeO2 are due to its unique structural 

properties, altering its electron configuration such that it can exist in both the trivalent (Ce+3) 

reduced state and the stable tetravalent (Ce+4) oxidized state (380). This property enhances 

oxygen storage and release (i.e., antioxidant), resulting in its ability to regenerate, based on the 

redox cycling in its immediate environment (108, 386, 387). Cerium (Ce), when added to 

oxygen (O2) in nanoparticle formulation (CeONPs) adopts a cubic crystalline structure, akin 

to a fluorite type structure, enabling the rapid diffusion of oxygen as a function of the number 

of oxygen vacancies (108, 380). 

CeONPs have been extensively used in the biomedical field, particularly harnessing its 

antioxidant mimetic properties, reflecting the behaviour of enzymes like superoxide dismutase 

(SOD), catalase, and peroxidase, targeting and scavenging reactive oxygen species (ROS) and 

reactive nitrite species (RNS) (388). Widespread application of these nanoparticles includes as 

an antioxidant, anti-inflammatory, antibacterial, anti-cancer activity and as drug delivery 

agents, due to the redox imbalances that play an underlying role in a myriad of pathological 

conditions (107, 389, 390). While this shows the advantages of CeONPs as biomedicines, 

studies have also found that CeONPs can induce toxicity, however it is dependent on dosage, 

and nanostructure size, shape, morphology, and composition. The aim of this study is to 

conduct a bibliometric analysis of the literature on CeO2 over thirty years from 1990 - 2020 

highlighting key research elements, focusing on the various applications of CeONPs but also 

the nanoparticles structural integrity for different research purposes, which will aid in current 

and future studies.  

5.3 Material and methods 

Topic Modelling  

The PubMed (https://pubmed.ncbi.nlm.nih.gov/) database was used to search the term “cerium 

oxide OR ceria OR nanoceria OR nano ceria” from 1990 – 2020 (accessed on 17th September 
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2020). The publications extracted (129 publications; included research and review articles) 

were exported as a PMID list file and imported into the SWIFT (Sciome Workbench for 

Interactive Computer-Facilitated Text-mining) - Review software 

(https://www.sciome.com/swift-review/), where the articles were segregated based on 

keywords, then organized into topic models of cerium oxide research and ranked in order from 

most to least prevalent topics. To enlarge the search range, other databases were used as a 

source of bibliographic data. All databases were accessed in September and October 2020.  

 

Bibliometric Analysis 

Bibliographic data (title, abstract, all citations) for the period of 1990 - 2020 were exported (txt 

file) from the Web of Science Core Collection (WoS) database (accessed on the 17th of 

September 2020) using the search “cerium oxide OR ceria OR nanoceria OR nano ceria”. The 

dataset was then imported into the VOSviewer software (www.vosviewer.com). Any 

duplicates in the search were removed and a bibliometric analysis (yielding 7, 862 

publications), was performed based on co-occurrence of authors keywords in the paper title (9, 

253 keywords) using full counting, which was then further refined to a minimum of 20 

occurrences, yielding 144 keywords.  

 

Longitudinal Study 

A bibliographic search was performed to undertake a review of the literature over the past three 

decades, using the Scopus database (accessed on the 9th of October 2020) with the search term 

“cerium oxide OR ceria OR nanoceria OR nano ceria” from 1990 - 2020. The dataset was 

exported (authors keywords) and imported into Science Mapping Analysis Software Tool 

(SciMAT) (https://sci2s.ugr.es/scimat/) software for analysis. Within the data set, identical and 

similar words were grouped to identify the literature trends and themes. Publications were 

reviewed in four time periods (1990 - 1997, 1998 - 2005, 2006 - 2013 and 2014 - 2020) for 

ease of investigation in a chronological manner, using the workflow presented in Figure 5.1. 

Normalization of all the publications was completed using the analysis function, focusing on 

keywords and specifically authors keywords, with a frequency reduction minimum of 10, a co-

occurrence matrix, the edge value reduction of 8, normalization of association strength, simple 

algorithm centres and core mapping was used. The quality index (h-index) was used, and for 

the longitudinal analysis, the inclusion index was used on the overlapping map and the 
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Jaccard’s index was used for the evolution map. The important motor-themes (main themes) 

in each period were identified by their location in the upper right-hand quadrant of the strategic 

diagram generated by SciMAT software. 

Figure 5.1.  Graphical depiction of the systemic literature review process of the WoS 

database (numbers represent the number of publications analysed at that step). 

Systematic Review of literature 

Using the four main motor themes generated from the SciMAT software, a systematic review 

of the peer-reviewed literature was carried out using the Scopus database (accessed on the 9th

of October 2020). In this search, the four main motor themes identified in SciMAT were 

included in the time frame of 1990 - 2020 (e.g., “cerium oxide OR ceria OR nanoceria OR 

nano ceria AND doping additives AND catalyst AND reactive oxygen species AND pathology, 

1990 - 2020”). The publications were restricted to the relevant time period related to the motor 

theme. The publications were assessed according to the Field Citation Ratio (FCR) for all time 

periods. A total of 172 publications were included in this analysis. A FCR value of greater than 
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6 was included, indicating peer-acknowledged quality for each publication in this review. 

Reviews, editorials and short communication were excluded from further analysis.   

Author Network 

To establish a co-authorship network, the dataset obtained from the WoS database (new format, 

RIS file), from the search cerium oxide OR ceria OR nanoceria OR nano ceria in the years 

1990 – 2020 (accessed on the 9th of October 2020) was imported into VOSviewer software. A 

bibliographic database search, using full counting method, was then completed for co-

authorship which resulted in 25, 580 authors identified. The authors were further refined by a 

minimum of 10 documents and 10 citations per author (used as the inclusion criteria for pear-

acknowledge quality, h-index) yielding 68 authors. The authors affiliations, number of 

citations, along with the affiliated countries were recorded and the percentage of citations per 

country were calculated to determine the frequency of “magnetite’ research around the world. 

The percentage of citations per country was calculated and ordered by most to least. 

5.4 Results 

The results from the three databases using the search terms “cerium oxide OR ceria OR 

nanoceria OR nano ceria” yielded the highest number of publications regardless of the 

database used. A large difference in the number of publications returned between the databases 

was noted, with WoS returning ~ 238 % and ~ 180 % more papers compared to PubMed and 

Scopus, respectively (Table 5.1). The search term “cerium oxide OR ceria OR nanoceria OR 

nano ceria AND pathology” returned the smallest number of publications with ~ 57 % less for 

WoS, ~ 87 % less for PubMed and ~99 % less Scopus.  

Table 5.1.    Summary of the number of papers identified in searchers of different databases 

(PubMed, WoS and Scopus) using the search terms “cerium oxide OR ceria OR nanoceria OR 

nano ceria” from the years 1990 - 2020.   

Search Terms PubMed WoS SCOPUS 

Cerium oxide 122 27674 22467 

Cerium oxide AND nanoparticles 59 16252 738 
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Cerium oxide AND pathology 17 13350 193 

Cerium oxide AND toxicity 29 14533 624 

Notes: Accessed on the 17th of December 2020, and covered the article, title, abstract, and 

keywords.  

Topic modelling  

Using the PubMed database, the search “cerium oxide OR ceria OR nanoceria OR nano ceria” 

was completed, yielding 129 publications which was imported into SWIFT-Review software. 

The SWIFT-Review software analysed the articles and segregated them based on keywords, 

where they were then categorized into topic models and organized in ranking order. The 

SWIFT-Review software found 100 topic models with an overview of the top 19 topic shown 

in Figure 5.2. Table 5.2 presents the top 19 models, including a brief summary and description 

formulated to clearly explain the categorized topics (based on the topic model in the review by 

Reichel et al. 2020) (391). The topics identified mainly focus on the biomedical applications 

of CeONPs, focusing on targeted treatments highlighting the oxidative properties and surface 

modifications. This search was completed to identify the main research themes of CeONPs 

studies conducted from 1990-2020, and to identify the focus and applications of their use.  

Figure 5.2.    The top 19 topic models formulated from the dataset collected from PubMed 

(129 publications) with the SWIFT-Review software, using the search term “cerium oxide OR 
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ceria OR nanoceria OR nano ceria”. This search was refined to review, clinical trials, meta-

analysis, and research articles. Accessed on the 17th of September 2020.  
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Table 5.2.  Top 19 topic models generated from PubMed dataset (129 publications) by 

SWIFT-Review software using the search terms “cerium oxide OR ceria OR nanoceria OR 

nano ceria”. This search was refined to review, clinical trials, meta-analysis, and research 

articles. The topics have been ordered by number of publications contributing to the topic 

model in descending order, with topic words and themes established.   
Topic 
No. Topic word

No. of Publications 
in Topic Model

Brief Description of 
Topic

34  Applications, properties, synthesis, review, biomedical, advances  101  Properties for biomedical 
applications 

97  Nanoparticles, oxide, cerium, review, activity, properties, oxidative, research  85  Oxidative Properties  
8  Ceria, materials, surface, application, energy, properties, systems, structure, material  57  Surface materials and structure  

84  Current literature, include, increase, therapies, existing conditions  49  Therapies  
5  Antioxidant, potential, species, effects vivo reactive, stress, biological, ROS, oxygen  46  Antioxidant properties  

1  Therapy, clinical outcomes, patients, improved, scientific approaches  38  Clinical approaches  
93  Catalysts, catalytic, reactions, oxidation, reaction, ceria-based, catalyst, high activity, 

organic 
28  Catalytic properties  

18  Medicine, role, toxicity, regenerative, promising, industry, recent  26  Medicinal therapies  
21  HIV, trial, study, incarcerated, months, release, randomized, results, observed 

treatment 
23  Randomized trials  

51  Challenges, cells, order, progress, systems, target, addition, improve, medical 
barriers 

23  Targeted treatments  

28  Model, studies, hydrogen, techniques, design, kinetics, water-gas, knowledge, 
modelling, advanced 

21  Kinetic studies  

70  CNPs, surface, oxygen, vacancies, lattice, results, experimental, presence, evidence  20  Surface structure  

86  Nanoceria, cells, CONPs, particles, anti-cancer, data, point, improve, agent normal  19  Anti-cancer agent  

48  Design, role, aims, emissions, reviews, interest, carbon, focusing, develop, materials  18  Carbon emission materials  

69  Health, effects, exposure, fuel, engineered, risk, toxicological, studies, air  18  Air pollution  
72  Synthesis, methods, synthetic, number, template, products, implications, function, 

metals, enhanced 
18  Synthesis methods  

38  Treatment, development, growth, pathway, inhibitors, target, tumour, kinase, 
receptor, phase 

17  Tumour kinase pathway  

63  Review, systematic, studies, outcomes, articles, results, reported, included published, 
gaps 

17  Systematic reviews  

85  Control, research, populations, article, needed, major, practice, describes, provided, 
discussion, gaps 

16  Research gaps  

Notes: Accessed on the 17th of September 2020. Refined to review, clinical trials, meta- 

analysis, and research articles.  
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Bibliometric Analysis 

To examine the broad development of literature in the research associated with CeONPs, the 

search “cerium oxide OR ceria OR nanoceria OR nano ceria” in the years 1990-2020 was 

implemented in the WoS database, yielding 7, 862 publications. To create a visualization of 

the co-occurrence of all keyword terms, the extracted dataset (title, abstract and author 

keywords) was imported into the VOSviewer Software (www.vosviewer.com, Universiteit 

Leiden, Leiden, Netherlands, Version 1.6.15). The main characteristics obtained from an 

analysis of the co-occurrence of keywords included the frequency and proximity of similar 

words. The keywords were further refined to a minimum of 20 occurrences, yielding 144 

keywords, then designated by VOSviewer into 9 main cluster groups (Table 5.3). Each cluster 

represents major themes of CeO2 studies between 1990 - 2020. Important findings within each 

cluster are established with a lay description (Table 5.3) and a corresponding visualization map 

with the clusters coded by colour presented in Figure 5.3. Cluster 1 (red) refers to the 

biocompatibility and antioxidant properties of CeONPs in biomedicine. Some of the clusters 

are closely associated; clusters 2 and 4 (green and yellow respectively) highlight the different 

doping additives, as well as changes in the nanostructure to increase efficiency in various 

applications. Clusters 3 (blue), 5 (purple) and 6 (aqua) all refer to CeONP application in 

environmental remediation and industrial implementation as biofuels. Cluster 7 (orange) refers 

to CeONPs as additives to biofuels and as a potential therapy for wound healing. Lastly, 

clusters 8 (brown) and 9 (pink), mention the oxygen defects (vacancies) on the surface and 

antioxidant activity of CeONPs. This analysis identified nanoparticle engineering 

enhancements and also specific fields of nanoparticle use (i.e., environmental remediation) 

which are further investigated.  
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Figure 5.3.   Network visualization map showing nine color-coded clusters produced using 

the VOSviewer and the WoS Database with the search “cerium oxide OR ceria OR nanoceria 

OR nano ceria”. The network analysis from 7, 862 publications and 144 author key words, 

from 1990 - 2020. The colours represent the clusters of keywords presented in Table 5.3. 

Access on the 17th of September 2020.  
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Table 5.3.  Summary of the word clusters identified using VOSviewer and WoS dataset 

using the search term “cerium oxide OR ceria OR nanoceria OR nano ceria”. The network 

analysis from 7, 862 publications from 1990 - 2020. The clusters are also represented in a 

visualisation map (Figure 5.3).   
Cluster Lay/Description Keywords 

1 Biocompatibility as a biomedical 

application 

Antioxidant, apoptosis, biocompatibility, blood-brain-barrier, catalase, 

cerium oxide nanoparticles, cytotoxicity, drug delivery, genotoxicity, 

inflammation, nanoceria, nanomedicine, nanotechnology, oxidative 

stress, translocation 

2 Surface coating additives Catalyst, cerium oxide, cobalt oxide, copper, hydrogen production, 

hydrogen peroxide, hydrogen production, interface, methane, nickel, 

oxygen reduction reaction 

3 Catalytic properties remediation Biodiesel, catalytic oxidation, cathode, ceria nanoparticles, conductivity, 

electrolyte, manganese oxide, metal oxides, methanol, palladium, 

reaction mechanism, stability 

4 Manufacturing alterations Catalysis, ceramics, coatings, copper oxide, crystal structure, defects, 

doping, nanostructures, optical properties, oxides, photocatalytic activity, 

ramen spectroscopy, solid solution, structure 

5 Advancements in thermal 

stability 

Adsorption, antibacterial activity, co-precipitation, coating, corrosion, 

resistance, electron microscopy, hydrothermal synthesis, kinetics, 

mechanical properties, metal oxide, microstructure, thermal stability, x-

ray diffraction 

6 Advancements in manufacturing 

(nanocomposites) improved 

efficiency 

Corrosion, electrochemical sensors, electrodeposition, ionic conductivity, 

lanthanum oxide, mechanism, nanocomposite, oxygen vacancies, 

photocatalysis, rare earth metals, reduced graphene oxide, thin film, 

titanium dioxide, zinc oxide 

7 Degradation, air pollutant and 

biomedical applicant 

Catalytic ozonation, cerium dioxide, degradation, graphene oxide, 

inhalation, nanomaterial, nanozyme, wound healing 

8 Catalytic interaction of doped 

cerium oxide 

Doped ceria, heterogenous catalysis, metal-support interaction, oxygen 

vacancy, sintering, synergistic effect 

9 Antioxidant activity Aggregation, anti-bacterial, antioxidant activity, morphology, ROS, silver 

nanoparticles, toxicity 

Note: Accessed on the 17th of September 2020. 
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SciMAT 

Scientific research on CeO2 has shifted over the last 30 years, with studies focusing on the 

manufacturing alterations of CeONPs to enhance a specific purpose, followed by the 

exploitation of its remarkable catalytic and antioxidant abilities, into the most recent years 

revealing its application on the biomedical field as a drug agent and therapy (Figure 5.4). This 

is shift is reflected in the longitudinal bibliometric study performed using the SciMAT 

software, from the Scopus dataset (17, 115 publications). The results show a clear trajectory of 

CeO2 research interests, initially focusing on the manufacturing alterations Between 1990 - 

1997 (n = 1, 047) the term “doping additives” emerged as a main theme suggesting the 

manufacturing alterations and additives to CeONPs (e.g. doping/coating, loading, 

nanocomposites and hybrid nanostructures) and morphological alterations with associated 

terms like “copper-oxides”, “crystal defects” and “crystal lattice”, indicating that this period 

aimed to enhance the properties of CeO2 (Figure 5.4A). The term “catalyst” appeared as a main 

theme in 1998 - 2005 (n = 2, 937) associated with the terms “thermostability”, “oxygen 

transport” and “exhaust gas” suggesting its catalytic role as a potential air pollutant adsorber 

or a biofuel (Figure 5.4B). In the period of 2006 - 2013 (n = 7, 858 publications), “reactive 

oxygen species” is a main theme, with terms like “cell survival”, “cell death”, “free radicals”, 

“catalase” and “glutathione”, indicating the research focused on antioxidant properties on 

cellular models (Figure 5.4C). The final period between 2014 - 2020 (n = 5, 273 publications), 

found “pathology” as a main theme, with “apoptosis”, “cell proliferation” and “drug effect” 

appearing as associated terms, suggesting that research in this period, focused on CeONPs and 

its effects on gene expression and cell proliferation as a biomedicine (Figure 5.4D).   
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Figure 5.4.   Main themes in the cerium oxide related publications from the Scopus 

database, over four time periods identified using SciMAT software (a) 1990 - 1997 (n = 1, 

047); (b) 1998 - 2005 (n = 2, 937); (c) 2006 - 2013 (n = 7, 858); (d) 2014 – 2020 (n = 5, 273). 

The figure demonstrates the development of cerium oxide investigation and the links in terms 

of the major themes, identified for each period. Accessed on the 9th of October 2020.  
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Systematic Review of Literature 

A refined search on the Scopus database was then completed to provide a systematic analysis 

of the literature from each theme identified from the SciMAT software. A total of 172 

publications were included in this study, refined by a citation ratio of greater than 6 (peer-

acknowledged quality threshold). Figure 5.5 shows the total publications that met the citation 

criteria; 5 publications were from 1990 to 1997 (“doping additives”), 32 publications from 

1998 to 2005 (“catalyst”), 66 publications from 2006 to 2013 (“reactive oxygen species”), and 

69 publications from 2014 to 2020 (“pathology”). 

Figure 5.5.    Frequency histogram of 172 publications, derived from a systematic search of 

cerium oxide literature, conducted in the Scopus database for search terms: “cerium oxide OR 

ceria OR nanoceria OR nano ceria” AND doping-additives/catalysts/reactive oxygen 

species/pathology, showing the surge of publication activity across all four themes between 

2019 - 2020. The year of 2020 demonstrating the highest number of publications. Accessed on 

17th of September 2020.   

Time period 1990 to 1997 – “Cerium oxide AND Doping-(additives)” 

SciMAT extracted five publications from this period meeting the citation ratio of above 6, 

focusing on the combined environmental and industrial applications of CeONPs. To enhance 
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CeONPs ionic conductivity for electrolyte fuel cell efficiency, one study doped the CeONPs 

with zirconia, samaria and gadolinia which resulted in increased oxygen vacancies (or oxygen 

defects) on its surface, thereby making it more reactive (392). Samaria and gadolinia-doped 

CeONPs exhibit high electrical conductivity due to the close ionic radii of Sm3+ Gd3+ to that of 

Ce4+ (392). The reduction of ceria electrolyte at the fuel side could be suppressed by doping 

with a thin film of stabilized zirconia on the ceria surface (392).  

While the theme of this time periods is “doping-additives” of CeONPs, the remaining studies 

included in this analysis focus mainly on the morphological enhancements of CeONPs due to 

the FCR threshold implemented. Two publications focused on using bare CeONPs to eliminate 

contaminants in automobile gas exhaust (393). Bare CeONPs have less oxygen vacancies 

thereby increasing nanoparticle stability, suitable for interactions between small molecules 

e.g., hydrogen, carbon dioxide, oxygen and nitric oxide (393, 394). Another publication in this

time period focused on the structural properties (i.e., oxygen defects) of CeONPs with

numerous studies finding that morphology and surface characteristics greatly influence the

behaviour of the nanoparticles, e.g., lattice structure with increased surface area exposed,

thereby having more oxygen vacancies, resulting in a less compact nanostructure but increased

reactivity (395). The last publication in this time focused on CeONPs as an effective industrial

catalyst by increasing the efficient of the WGS reaction, which was achieved at low

temperature, thereby conserving energy (394). The research on CeONPs in this period,

highlight its potential as an environmental/industrial fuel cell and energy converting catalytic

alternative to fossil fuel sources, which is a topic further investigated in successive time

periods.

Time period 1998 to 2005 – “Cerium oxide AND Catalyst” 

In this time-period, 32 publications met the citation ratio criteria, overlapping themes from the 

previous period, including the environmental/industrial applications with advancements (e.g., 

additives to CeONPs) in renewable energy and as a potential biomedicine in its pure form.  

The environmental/industrial applications of CeONPs in this period, make up most of the 

publications (n = 23), and extend on the previous period with different additives and structural 

changes were further investigated for example the nanocomposite structure (incorporation of 
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nanosized particles into a matrix of standard material, resulting in improved strength, electrical 

and thermal properties) (396).  Many publications focused on CeONPs as renewable energy 

sources to replace combustion fuel sources (e.g., natural gas, diesel fuel, biodiesel blends, 

petroleum and coal), with one study using poly-alkene doped CeONPs in a crystalline form 

with a porous surface, increasing surface and oxygen vacancies enhancing the thermo-catalytic 

stability in solar cells to replace organic dyes (384, 397). Gadolinia-doped CeONPs, as a solid 

fuel electrolyte, was found to have high stability at reduced oxygen pressures improving fuel 

cell performance while maintaining textural and mechanical integrity, increasing the 

electrolyte composition therefore making it a promising recyclable renewable source for 

turbine power (398-400). Other studies highlighted the use of copper and nickel loaded 

CeONPs, doped with lanthanum in a hybrid nanocrystalline structure (i.e., hybrid - 

combination of doping, loading, surface functionalized or nanocomposite additives) (401). 

These hybrid structures were highly dispersed due to the doping and loaded component 

interactions, enhancing their catalytic activity, through the increased oxygen vacancies of the 

added components, thereby increasing WGS reaction efficiency (401). CeONPs have also been 

used as effective pollutant adsorbers, decontaminating wastewater and sediment, with one 

study using magnesium oxide/ aluminium oxide/titania oxide-CeONPs nanocomposites, for 

the removal of heavy metals and organic compounds finding that the redox potential to adsorb 

the contaminants was increased, suggesting the additives and nanostructure enhanced these 

activities (402-406). CeONPs nanocomposites have also been investigated as highly efficient 

catalysts (e.g., copper, zirconia, nickel, aluminium/CeONPs nanocomposites) for methane 

oxidation (methane is a potent greenhouse gas in the atmosphere and needs to be broken down 

by combustion, producing heat and therefore making it a useful fuel source) (402, 403, 407, 

408). These nanocomposite structures are ideal for methane oxidation due to catalytic nature 

of CeO2, achievable at lower temperatures, hence conserving more energy. Platinum and 

gold/CeONPs nanocomposites in a crystal lattice fluorite structure showed increased reactivity 

and reducibility for a more efficient catalyst in the WGS reaction as the temperature can be 

lowered allowing for enhanced energy to be conserved (409-413). The morphology of CeONPs 

(n = 7) has been studied in this period to enhance the properties for a specific purpose, with 

nano-polyhedral, nano-rods, and nanotubes shown to have increased oxidative properties 

compared to those of the nanosphere (414). The crystal plane structure of CeO2 nano-rods, was 

found to have higher oxidation activity, compared to crystal lattice structure, as more oxygen 

vacancies are exposed making the structure more reactive and superior fuel cells and 

environmental remediators (415, 416). A reoccurring theme for environmental/industrial 
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catalysts in this period, highlight the manipulation in manufacturing nanotechnology to 

increase oxygen vacancies on the surface of the nanostructures which improves the catalytic 

activity. This is further explored in the following time period.   

The biomedical applications in this period (n = 2) highlighted CeONPs as potential cancer 

therapies. One study investigated the cellular uptake of polymer micelle coated CeONPs in 

human lung fibroblasts in vitro models (ATCC and MRC-9 cell lines), displaying that these 

nanostructures had increased adsorption, agglomeration, dispersion, and retention time 

compared to bare CeONPs, therefore proving to be a superior cancer therapy (417). The second 

demonstrated that bare CeONPs in a crystal lattice structure showed differential effects with 

99% protection against radiation-induced cell death in human breast carcinoma epithelial in 

vitro model (MCF-7 cell line) whilst no protection was conferred for the normal human breast 

epithelial in vitro model (CRL8798 cell line) (418). These studies provide a good foundation 

into the successive periods of CeONPs as a biomedicine, with its potential as a cancer drug 

delivery agent and in chemotherapy radiation.   

Time period 2006 to 2013 – “Cerium oxide AND Reactive Oxygen Species” 

A total of 66 publications met the citation criteria in this period, with overlapping themes from 

the previous period; CeONPs as an effective environmental/industrial renewable resource for 

fuel cells and its biomedical application as a cancer therapy. The environmental/industrial uses 

of CeONPs in this period (n = 47) highlight the manufacturing manipulations focused on 

increasing the amount of oxygen vacancies through nanoparticle engineering in adjusting the 

additives and morphology of the nanostructures. Two studies focused on the effectiveness of 

CeONPs as an electrolyte fuel cell, with studies using samaria- and carbon-based polymer 

doped CeONP hybrids, increasing oxygen vacancies, inducing higher energy conversion rates 

that subsequently improved efficiency, coinciding with low emissions (419, 420). Other studies 

have again highlighted CeONPs as solid electrolyte fuel cells, however in the lattice fluorite 

structure. This structure improved ionic conductivity and overall efficiency when doped with 

lower charged cations like zirconia oxide, aluminium oxide and palladium oxide due to the 

increased oxygen vacancies on the surface and the interactions between these components 

(421, 422). Of particular significance in this period, was the platinum oxide, titania oxide, 

copper oxide, and particularly gold oxides/CeONPs nanocomposites, extensively investigated 
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for further improved efficiency in the WGS reaction (423-431). Adding heterogenous “- oxide” 

nanoparticles to the CeONP nanocomposite further enhanced the facilitation and formation of 

oxygen vacancies on the surface, which increased the catalytic activity of these nanostructures 

(423-431). Various studies used CeONPs nanocomposites (e.g., platinum and 

zirconia/CeONPs) for remediating automotive exhaust gas, finding that the nanowire structure 

(having increased oxygen vacancies) further improving catalytic and recyclable efficiency 

(432-436). These studies display the innovative advancements in nanostructure engineering 

enhancing the efficiency of the catalytic property, which is enhanced through the increased 

amount of oxygen vacancies thereby increasing reactivity with surrounding molecules. This 

increased reactivity allows CeONPs to effectively scavenge and reduce free radicals like 

superoxide (O2-), hydroxide (OH-), hydroxyl (OH) and hydrogen peroxide (H2O2), nitric oxide 

(NO) and peroxynitrite (ONOO-) which are volatile ROS and are produced from various 

biological processes like automotive exhaust gas and other pollutant bio-products, thereby 

appropriate for environmental remediation (37). This ROS scavenging is also prevalent in the 

biomedical application of CeONPs.  

The biomedical research on CeONPs (n = 15) in this period further investigated the potential 

of CeONPs and exploited the advancements in nanoparticle engineering additives like doping, 

surface modification and nanocomposites. CeONPs have been found to be protective against 

ischemic stroke in a cardiac progenitor in vitro model showing no toxicity, in fact increasing 

cell viability and decreasing apoptosis compared to copper and zinc nanoparticles (437-439). 

CeONPs have also been used as probes in bioanalysis and diagnostic tests, in the form of a 

bioactive sensing paper for glucose and H2O2 testing to replace the use of organic dyes, 

measuring multiple cycles (440). Studies have shown that CeONPs have antioxidant catalytic 

properties, having the capacity to mimic superoxide dismutase (SOD), specifically converting 

superoxide to oxygen and hydrogen peroxide with high specificity and efficiency, highlighting 

its ability to scavenge ROS and RNS and therefore an effective antioxidant (222, 441, 442). 

Doping consists of the insertion of a specific ion into a crystal lattice structure, not originally 

present in the starting material whereby coating consists of a thin film, applied to the surface, 

encapsulating a nanomaterial (443). Doping of CeONPs with polymers (e.g., polyacrylic acid, 

animated poly (acrylic acid), dextran-coated) were found to enhance CeO2 ability to mimic 

oxidase-like activity, enhancing targeting abilities and increasing cellular uptake in in vitro 

models (lung carcinoma - A549, cardiac myocytes - H9c2, embryonic kidney - HEK293 and 
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breast carcinoma - MCF-7 cell lines) (444, 445). In addition to enhancing its oxidase-like 

ability, dextran-doped CeONPs was exhibited neuroprotective effects in the human dermal 

fibroblast in vitro (HDF cell line) model via its ROS scavenging ability (112). One study 

investigated polymer-like (polyethylene glycol; PEG) doped CeONPs to enhance circulation 

of the nanoparticles in the blood stream, showed a reduction to non-specific binding and 

increase uptake into organs, in an ovarian hamster in vitro model (CHO-K1 cell line) (446). 

Whilst doping served to enhance its antioxidant catalytic property it has also been found to 

increase retention time, with one study reported in a human bronchial epithelial in vitro model 

(16HBE cell line) that surface modified/functionalized CeONPs with ligands stabilized the 

antioxidant abilities of CeO2 (447). Another study investigated yttrium oxide/CeONP 

nanocomposites on a nerve cell in vitro model (HT22 cell line) finding that they exhibit 

neuroprotective properties, reducing oxidative stress and cell toxicity (448). These studies 

show the broad range of biomedical uses and disease pathologies which CeONPs could be used 

for, highlighting the nanotechnology advancements which improve the biocompatibility of the 

nanostructures (e.g., increased circulation time and cellular uptake). These studies have 

directly influenced the biomedical applications of CeONPs in the following period (2014 - 

2020).  

Four publications in this period reported the potential toxicity and hazards that CeONPs and 

other nanoparticles poses to human health and the environment. Exposing pure CeONPs to a 

human lung epithelial in vitro model (A549 cell line) induced cell death with increased 

catalase, glutathione (GSH) and reductase enzymes reported (449). These enzymes are 

effective ROS scavengers and plays key roles in the inflammatory and oxidative stress 

pathways (449). Another study found that CeONPs induced oxidative damage and led to 

decreased lifespan in an in vivo model (Caenorhabdotis Elegans cell line) (450). Similarly, 

exposure of CeONPs decreased cell viability and increased ROS production in a human skin 

melanoma in vitro model (A375 cell line) (451). In acidic conditions the antioxidant ability of 

CeO2 nanoparticles is lost, behaving instead much like a strong oxidant, which may influence 

the oxidation of intracellular and extracellular components to induce apoptosis (111). This 

ability to become cytotoxic has been found to induce oxidative stress, could be attributed to 

cancer cells being more acidic than normal cells (112, 113). The bifunctional characteristic of 

CeONPs allows it to exhibit both ROS scavenging and cytotoxic effects is possible due to its 

ability to change structural composition in valency depending on the environment (106, 114). 
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These toxicology studies provide insight into the various therapeutic applications of CeONPs, 

which is further examined in the final period of CeO2 research.  

 

Time period 2014 to 2020 – “Cerium oxide AND Pathology” 

This period yielded the highest number of publications (n = 69), with the highest number of 

publications (n = 22) from a single year (2020). Following on from the previous period, the 

broad themes are the same, with most publications highlighting the environmental/industrial 

applications of CeONPs, with several studies focusing on its biomedical uses.  

 

Environmental/industrial applications of CeO2 make up most of the publications in this period 

(n = 63) like the previous period, CeONPs were investigated as renewable resources, efficient 

fuel cells, and remediating the environment through implementing hybrid CeONPs complexes. 

Of particular interest is the advancement of the single atom catalyst, with one study using 

platinum single atoms on the surface of CeONPs (surface modified/functionalized support) 

demonstrating higher reactivity, better selectivity and less agglomeration when heated, 

resulting in a superior compound compared to the platinum/CeONPs nanocomposite complex 

(452). The fluorite lattice structure of CeONPs were exploited in this period with studies using 

various additives (e.g., titania/CeONPs, lanthanum/CeONPs nanocomposites and nickel, 

zirconia oxide/CeONP nanocomposites surface functionalized with palladium) for methane 

combustion and removal of organic dye (e.g., Rhodamine-B dye) with enhanced catalytic 

performance compared to bare CeONPs (453-455). Another study found that CeONPs 

supported platinum-selenium clusters (as surface modified/functionalized additives) extending 

the catalytic reaction which unearthed full regeneration, increased dispersibility and stability 

of the complex for CO oxidation (456). The use of the core-shell nickel encapsulated between 

silica oxide/CeONP nanocomposites was useful in reforming biogas, leading to increased 

nickel dispersion and reductivity, compared to nickel-silica or nickel-ceria alone, therefore 

resulting in the development of a potential sustainable hydrogen fuel source (457). All these 

studies extend on the previous periods of CeONPs research further highlighting the versatility 

of CeO2 manipulation, leading to additional advancements in catalytic control and improved 

performance from an environmentally conscious and industrial perspective.  
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The remaining publications highlight the biomedical applications of CeONPs in this period are 

consistent with the environmental/industrial applications in terms of exploiting the advanced 

nanoparticle engineering of doping, loading, nanocomposite, surface functionalization and 

hybrid complexes to enhance their function. Following on from the previous period, 

montmorillonite loaded CeONP nanocomposites and porphyrin surface 

modified/functionalized CeONPs have been explored as diagnostic tools to detect hydrogen 

peroxide (H2O2) and glucose (458, 459). These nanostructures were found to exhibit 

peroxidase (enzyme that reacts with H2O2 to catalyse oxidation of a number of inorganic 

compounds in samples) like catalytic activity demonstrating a colorimetric sensitive and 

specific method, indicating its potential for biochemical assays, clinical diagnosis and 

environmental monitoring (458, 459). Advancing the idea of CeONP as a therapy in cancer in 

this time period, one study demonstrated the use of manganese doped-CeONP nanocomposites 

inducing higher cytotoxicity effects in an adenocarcinoma in vitro model (MCF7 cell line) 

compared to bare CeONPs (460). The enhanced cytotoxic effect is likely due to the higher 

oxygen vacancies generated from adding manganese, producing increased ROS generation 

which target and kill the cancerous cells, therefore demonstrating its potential as a promising 

cancer targeting therapy (460). The bifunctional properties of CeONPs allow it to change its 

role from antioxidant to pro-oxidant, depending on its surrounding environment, with an acidic 

environment inducing a pro-oxidant cytotoxic property allowing it to target cancer cells (110). 

CeONPs as a drug delivery agent was also investigated for its use in acute kidney injury (AKI). 

In this instance, exposure of surface modified/functionalized CeONPs with 

triphenylphosphine, doped with an ROS-responsive organic polymer (PEG - polylactic acid-

glycolic acid copolymer), and further loaded with atorvastatin, resulted in protection against 

tubular cell apoptosis and tubular necrosis in an LPS-induced AKI in vivo model. This study 

showed the successful modification of CeONPs to target the kidney and selectively release the 

drug in response to ROS (461). Another study highlighted CeONPs as an effective drug 

delivery agent, using CeONPs encapsulated within zeolithic imidazole framework-8. This 

nanostructure could penetrate the blood brain barrier (BBB), accumulate in the brain tissue and 

reduce oxidative damage and apoptosis of neurons, in an ischemic stroke middle cerebral artery 

occlusion (MCAO) in vivo mouse model, indicating its potential as a therapy for ischemic 

stroke (462). CeO2 as neuroprotective agent has further been investigated, with one study 

adding triphenyl phosphonium (TPP)-conjugated CeONPs as potent ROS/RNS scavengers due 

to its recyclable ability, reducing oxidative stress in an in vivo Alzheimer’s disease (AD) mouse 

model (5XFAD transgenic mice) (463). 
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The advancements in nanoparticle engineering in this period is clear, with extensive use of 

doping, nanocomposite, surface functionalized or hybrid (doped and nanocomposite) 

nanostructures, designed for their specific purpose, considering the morphology, surface 

texture and additives. The biomedical applications of CeONPs in this period, for their ROS 

scavenging abilities, as anti-inflammatory therapy, as a diagnostic testing method and of 

particular interest, the neuroprotective properties for neurological diseases and 

neurodegeneration.  

Author Network and Countries with Most Citations for Cerium Oxide research 

The systematic literature search found a wide range of ground-breaking research into CeONPs 

over the last 30 years identifying advancements in nanoparticle engineering which has 

increased the understanding of CeO2 properties whilst uncovering a larger body of scientific 

work for renewable resources, solid fuel cells, along with its potential as cancer, inflammatory 

and neuroprotective therapies. To evaluate the authors contributing to CeO2 research, an author 

network was created from the dataset obtained from the WoS database (7, 862 publications) 

using the term “cerium oxide OR ceria OR nanoceria OR nano ceria” in the years 1990 - 2020 

(accessed on the 17th of September 2020). The data from this search was imported into the 

VOSviewer software, where a bibliographic database search was completed for co-authorship 

using full counting method resulting in a total of 25, 580 authors. The authors were further 

refined by a minimum of 10 documents and 10 citations per author (using as an inclusion 

criterion for peer-acknowledged quality, h-index) which resulted in 68 authors (285). Figure 

S5.1, represents these authors in an overlay visualization network providing the years in which 

these authors have published. The author’s affiliations and number of citations were recorded 

and the percentage of citations per country was calculated and ordered by most to least citations 

(Figure 5.6). The top 11 countries were identified, showing the highest number of citations 

from China, encompassing a total of 37 %, indicating that China has led the world in CeO2
over the last 30 years. Other countries like USA (26 %), Iran and India (8 %), Canada (5 %), 

Sweden and Spain (4 %), Italy (3 %), Czech Republic (3 %), Netherlands (1 %) and Russia 

(0.4 %) have also contributed to CeO2 research over the past 30 years. 
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Figure 5.6.   Top 11 countries, with the highest citations (minimum 10) and documents 

(minimum 10) per authors, grouped by country affiliations. Extrapolated from the dataset 

obtained from the WoS database, using the term “cerium oxide OR ceria OR nanoceria OR 

nano ceria” in the years 1990 - 2020. Accessed on the 9th of October 2020.  

5.5 Discussion 

This systematic literature analysis found that the research on “cerium oxide” has developed 

over the past three decades from initially focusing on understanding the unique 

physicochemical properties of cerium oxide, into the extensive environmental and industrial 

applications, and finally focusing on CeONPs as a biomedicine. The biomedical applications 

of CeONPs in the more recent time periods have uncovered the advancements in nanoparticle 

engineering (e.g., dopants, coating, surface functionalization, core-shell structures, 

nanocomposites, and hybrid structures). CeONPs additives were able to increase the already 

remarkable biological effects of CeONPs as cancer therapeutics, for therapy in inflammatory 

disease and as diagnostic tools. Moreover, its unique ability to induce cytotoxic effects to 

cancerous cells whilst inducing protective effects against cytotoxicity in non-cancerous cells 

indicates its potential for development as therapy for range of pathologies (Figure 5.7).  
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Figure 5.7.   Graphical depiction of the various biomedical applications of cerium oxide 

nanoparticles as therapies for a wide range of pathologies including cancer, diabetes, 

cardiovascular pulmonary disease, macular degeneration, ischemic stroke and bacterial 

infection due to the bifunctional nature of CeO2. In acidic conditions the antioxidant ability of 

CeO2 nanoparticles is lost, behaving instead much like a strong oxidant, which may influence 

the oxidation of intracellular and extracellular components to induce apoptosis. This ability to 

become cytotoxic has been found to induce oxidative stress, could be attributed to cancer cells 

being more acidic than normal cells. Created with BioRender.com  

The scientific literature on CeO2, over the past 30 years, presented in the topic modelling found 

the catalytic applications of CeONPs was prominent particularly in the WGS reaction. 

However, most of the topics that were identified referred to the potential biomedical 

applications, highlighting its oxidative, antioxidant, catalytic and anti-cancer properties. 

Further analysis of the topic models using the VOSviewer software, identified nine clusters, 

highlighting the various fields and developments of CeONP applications largely focusing on 

the surface and morphological alterations of the nanostructures across various 

environmental/industrial and biomedical fields.  
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The SciMAT software was used for a systematic literature analysis, established themes for 

each time-period. The first period (1990 - 1997) focused on the environmental/industrial 

applications of doped and undoped CeONPs, for the enhancement of solid fuel electrolyte cells 

found to increase the efficiency of the WGS reaction to replace non-renewable resources (e.g., 

coal, natural gas, oil and nuclear energy) (464). Replacing non-renewable resources is a major 

problem for humanity, however, is necessary to create an environmentally sustainable lifestyle. 

The WGS reaction is significant for this, reforming hydrocarbons to produce hydrogen as an 

energy source (464). Fuels produced from hydrogen can be used as direct replacements for oil 

and gas as low carbon emitting alternatives, which is more environmentally sustainable (465). 

CeONPs have been found to be a more effective catalysts for the WGS reaction compared to 

noble gases (e.g., platinum and manganese) and transition metals (e.g., copper) due to its 

oxygen storage capacity, facilitated by the ability of transitioning from the trivalent (Ce3+) to 

the tetravalent (Ce4+) state (466). This property is enhanced by doping CeONPs with various 

metal (e.g., platinum, manganese, nickel, cobalt, zirconia and gold) and non-metal (e.g., silica 

and selenium) catalysts, achieving a powerful catalytic system with increased surface area 

exposing more oxygen vacancies, resulting in long-term stability and reproducibility, as well 

as higher CO conversion activity at lower temperatures (464, 467-469). In light of these 

enhanced properties, doping, another manufactured additive is highly utilized in this period 

and has been shown to be crucial in influencing and controlling the surface reactivity of 

CeONPs. The doping of CeONPs in this period, focused on increasing the oxygen vacancies 

(active sites) overall improving catalytic performance and compatibility. This suggests that 

increasing oxygen vacancies for improved performance is an alteration that is still investigated 

currently with various studies using additives like titania, lanthanum, zirconia, palladium, 

yttrium and zinc CeONP structures which have increased oxygen vacancies as environmental 

remediators (e.g., degrade crystal violet dye, Rhodamine-B dye and methane combustion) 

(453-455, 470).  

The environmental/industrial and biomedical application using CeONPs in the second period 

(1998 to 2005) continued to focus on the manufacturing alterations of CeONPs to further 

enhance its performance. The environmental/industrial applications of CeONPs highlight the 

influence that chemical composition has on its catalytic activity regarding the WGS reaction 

and environmental remediation. As the catalytic performance relies heavily on oxygen 

vacancies, the crystal plane and nanorod morphologies of CeONP were found to exhibit the 
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highest catalytic performance compared to crystal lattice, nanocube and nanosphere structures 

(414-416). The increased oxygen vacancies had significant impact on the electrostatic surface 

charge of the nanostructures which affect the agglomeration rate and overall stability of the 

complex (466). Nanocomposites incorporate nanosized particles into a matrix, which has 

increased oxygen vacancies compared to single nanoparticle structures, but also has enhanced 

reducibility due to the interactions that occur between the nanoparticles in the matrix further 

improving catalytic performance (396). CeONPs nanocomposites combined with copper, 

nickel, zirconia, aluminium, platinum and gold nanoparticles have been extensively used for 

the WGS reaction in this period (471). CeONPs nanocomposites are still investigated currently 

in renewable energies, with a study highlighting the use of silica oxide/CeONPs 

nanocomposites in reforming biogas, and a potential sustainable hydrogen fuel source (457).  

 

Consistent with the environmental/industrial applications of CeONPs in this period (1998 to 

2005), manipulations of CeONPs size, morphology, and additives were investigated for its 

biomedical application, particularly as a cancer targeting therapy. CeONPs have been found to 

have anti-tumour properties, becoming cytotoxic towards cancer cells pro-oxidant producing 

ROS to target them (i.e., pro-oxidant), whilst having little to no effect to the surrounding 

healthy cells (110). This is due to the enzymatic abilities in effectively switching valence states 

from the Ce3+ (reduced form) to the Ce4+ (oxidised form) donating an electron (106, 109). 

Nanoparticle studies have found that sharp edged, large nanostructures are less biocompatible 

as they may inflict mechanical damage on cell membranes and organelles while triggering an 

immune response (466). A study using ultrafine bare CeONPs, whilst being an effective ROS 

scavenging agent, also exhibited cell differentiation protective qualities, targeted and inducing 

cytotoxicity in a breast carcinoma in vitro model (MCF-7 cell line) (418). Another study 

showed that tumour cells create an acidic environment, which induces oxidant like behaviour 

in CeONPs. This study used murine fibrosarcoma tumour cells (WEH164 cell line) which were 

injected in the flank of a murine in vivo model (BALB/c). The CeONPs (< 50 nm) were 

extremely efficient in targeting and aggregating at tumour site, finding that enhanced 

permeability and retention plays a crucial role in delivering the CeONPs to tumour cells (472). 

These studies provide further evidence for CeONPs as potent ROS scavengers, and potential 

as effective cancer therapies. Of note, doping CeONPs for biomedical applications surfaced in 

this period, showing clear advantages, in preventing agglomeration and toxicity compared to 

undoped equivalents (466). This is consistent with a study that used dextran-coated CeONPs 
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in an osteosarcoma in vitro model (MG-63 cell line), finding that these nanostructures induced 

increased toxicity compared to bare-CeONPs. This effect was shown to be dose dependent 

with increasing toxicity as dextran coating concentration increased (473). Another study using 

polymer-doped CeONPs in a human lung fibroblasts in vitro model (ATCC and mRC-9 cell 

lines) demonstrated rapid adsorption, increased retention time and increase dispersion, 

compared to the bare CeONP equivalent (417). Doping CeONPs has been found to improve 

its antioxidant abilities, more effectively scavenging ROS/RNS, enhancing solubility, stability 

and dispersion of the nanoparticles, which is further investigated in successive time periods 

(474). These studies suggest that CeONPs are effective anti-cancer therapies due to their 

unique ability to differentiate between healthy and cancerous cells with polymer coated 

CeONPs showing enhanced efficacy in this ability to target the cancerous cells.  

The third period (2006 to 2013), saw further developments in the environmental/industrial 

applications of CeONPs as a heterogenous catalyst (multiple catalysts in a nanocomposite 

structure). The use of metal oxide/CeONPs nanocomposites as heterogenous catalysts were 

used having increased oxygen storage for the WGS reaction (475). This is seen in a study using 

metal (platinum, titania, gold) oxide/CeONPs nanocomposites to generate a more efficient 

catalyst, as the hybrid materials incorporated into the crystal lattice structure provide active 

support and new oxygen vacancies at the metal oxide/CeONPs interface (475, 476). The 

biomedical applications in this period, provided support for CeONPs as an anti-cancer agent, 

however, transitioned into targeting inflammatory driven diseases and wound healing, 

highlighting its antioxidant abilities. CeONPs are effective cancer targeting therapies due to 

the pro-oxidant properties which they exhibit (112, 113). These mechanisms of CeONPs are 

highly reliant on the pH of the surrounding environment being more acidic (pH 6) which is 

attributed to cancer cells being more acidic than normal cells (477-479). In a more alkaline pH 

(e.g., pH 7, 9) the antioxidant abilities of CeONPs are exhibited, inducing strong ROS 

scavenging properties (111). This bifunctional property is due to alternating valence states and 

hence the ability to regenerate oxygen vacancies, which are active sites for redox reactions 

(ROS/RNS scavenging) to take place (388, 466). This property of CeONPs is important 

because oxidative stress is considered central to the progression of chronic inflammation and 

inflammatory diseases (480). A study used micro-RNA 146a (miR146a)/CeONPs 

nanocomposites to treat a colitis in vivo murine model (C57BL/6), finding that this 

nanostructure induced an anti-inflammatory and antioxidant response, decreasing 
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inflammatory cytokines; tumour necrosis factor (TNF) and interleukin 6 (IL-6) coinciding with 

reduced oxidative stress (481). Similarly, in vitro models, adipocyte (3T3-L1 cell line) and 

myoblast (C2C12 cell line) of diabetes mellitus were exposed to selenium/CeONPs 

nanocomposites, showing a decrease in extracellular ROS production (482). These studies 

show that CeONPs nanocomposites are potent ROS scavengers in reducing oxidative stress 

and inflammation. Oxidative stress has been found to increase bone loss and limit bone repair 

through the formation and maintenance of low-grade chronic inflammation. Spherical 

CeONPs, exhibited immune protective effects, by enhancing cell proliferation, osteogenic 

differentiation and mineralization using on a murine macrophage in vitro model (RAW264.7 

cell line) and human bone derived mesenchymal stem cell model (hBMSCs cell line). This 

study showed the multifunctional effects of CeONPs for healthy tissue and bone regeneration 

under acute or chronic conditions (483). These studies further demonstrate the remarkable 

properties of CeONPs as a potent anti-inflammatory and antioxidant agent, demonstrating their 

potential use in a wide variety of inflammatory associated diseases. CeONPs nanocomposites 

emerging in this period highlight the advancements in nanoparticle manufacturing, pioneering 

current nanotechnology research studies.  

The most recent period (2014-2020) showed a significant development in 

environmental/industrial applications of CeONPs in the single atom catalysts for the WGS 

reaction. Single atom catalysts have been developed to increase catalytic performance, due to 

the increased dispersion rate and the active sites encapsulated on the support structure, 

achieving higher turnover rates compared to larger nanoparticles (464). One study used a 

platinum single atom supported on CeONP catalysts (1.7 nm in diameter), reported a high 

number of surface oxygen vacancies and increased dispersibility, due to the synergistic effects 

of platinum and CeO2 (484). Noble metals atomically dispersed on solid oxide supports have 

currently become the superior form of heterogenous catalysis, with palladium doped CeONPs 

single atom catalysts having increased interactions between the metal-support crucial to 

maintain stability (485).  

The CeONPs biomedical applications in this period are the most interesting, identifying a clear 

trajectory of research into CeONPs as therapies for neurological diseases and in particular 

neurodegenerative diseases. CeONPs have emerged as potential neurodegenerative therapies 
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due to the ease at which these nanoparticles can be manipulated to adjust the size and additives, 

for passage through the BBB. One study investigated the effects of CeONPs in an anaplastic 

astrocytoma in vitro model (grade II glioma), displaying selective cytotoxicity targeting 

astrocytoma cells (486). PEG coated CeONPs can easily cross the BBB, therefore various 

studies exploring treatment for ischemic stroke and multiple sclerosis (MS) have emerged 

(487). Studies tested these nanoparticles in in vivo murine models of ischemic stroke and MS 

effectively scavenging ROS/RNS and reducing overall oxidative stress injury (486, 487). 

Another study used citrate EDTA stabilized CeONPs in an in vitro murine model (SOD1G93A 

cell line) of amyotrophic lateral sclerosis (ALS), finding that the ROS/RNS scavenging ability 

assisted in prolonging lifespan after muscle weakness was observed (487). These studies 

demonstrate that CeONPs are able to induce both protective and cytotoxic effects efficient 

against oxidative stress/inflammatory driven diseases as well as cancer (488). This dual effect 

of CeONPs to be both protective and selectively cytotoxic is remarkable and is found to rely 

on the surrounding pH (110). In acidic conditions the cytotoxic ability of CeONPs is activated 

and the antioxidant ability is lost, behaving instead much like a strong oxidant, which may 

influence the oxidation of intracellular and extracellular components to induce apoptosis in the 

presence of cancerous cells (111). This ability to become cytotoxic has been found to induce 

oxidative stress, could be attributed to cancer cells being more acidic than normal cells (112, 

113). The bifunctional characteristic of CeONPs allows it to exhibit both ROS scavenging and 

cytotoxic effects is possible due to its ability to change structural composition in valency and 

its interaction with the surrounding environment (106, 114, 489). The This makes it an 

extremely versatile and remarkable compound for various biomedical applications including 

an efficient drug targeting therapy and also oxidative stress driven diseases like 

neurodegenerative diseases (106).  

 

CeONPs as a therapy for neurodegeneration and particularly AD has emerged in recent years 

due to the driving pathological features where oxidative stress and inflammation is now 

recognized as playing a key role in disease progression (490, 491). Various studies have tested 

CeONPs in human neuroblastoma in vitro model (SH-SY5Y cell line) treated with amyloid-

beta (Ab) protein (protein that aggregates and forms Aβ senile plaques, a hallmark pathology 

of AD) (487, 492). Similarly, the use of CeONPs but coated with an anti-amyloidogenic agent, 

inhibited amyloidogenic activity with no toxicity present in an in vitro human glial model 

(U87MG cell line) (493). These studies highlight CeONPs antioxidant, anti-inflammatory and 
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neuroprotective properties, as well as the ability to permeate the BBB, for its development as 

a promising therapy for neurological and/or neurodegenerative diseases like AD.  

The advancements in nanotechnology over the years have led to the extensive applications of 

CeONPs in the environmental/industrial and biomedical fields. Whilst the use of CeONPs have 

mostly been beneficial, adverse effects have been reported. For example, increased dosage and 

sized of CeONPs was associated with varied toxicity levels and apoptosis in human 

neuroblastoma cells (IMR32 cell line) (494). Similarly, oxidative stress and cytotoxicity was 

increased following exposure to CeONPs in human lung adenocarcinoma cells (A549 cell line) 

(116). In contrast, CeONPs showed neuro- and cardio-protective effects through suppression 

of decrease ROS and oxidative stress (446, 495). These studies indicate that whilst CeONPs 

has great potential for biomedical applications, future research is still necessary to optimize 

CeONPs as a therapy, particularly focusing on dosage, administration, particle composition, 

size and shape which have known effects on their interactions with molecular mechanisms of 

various cells and tissues in biological systems (Figure 5.8).  

Figure 5.8.   Graphical representation of the various nanoparticle engineering manipulations 

of cerium oxide that have been implemented in various biomedical applications (e.g., drug 
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delivery agent, diagnosis, anti-cancer agent and contrasting agent etc.). Created with 

BioRender.com. 

5.6 Conclusion 

The research over the last three decades on CeO2 nanoparticles have made progress in 

environmental and industrial applications as an effective catalyst, for environmental 

remediation and replacing fossil fuels with renewable resources. The biomedical applications 

have also increased our understanding of the properties and characteristics of CeO2, leading to 

the manipulation and enhancements of CeO2 nanostructures. The unique redox property of 

CeO2 makes it a potent antioxidant when compared with other ROS modulators, including 

promising applications in cancer, inflammatory diseases, neurological diseases, and 

neurodegeneration. The key to CeONPs as a neurological therapy, is its facilitation to cross the 

BBB, which is easily obtainable due to the advancements in nanotechnological engineering. 

Further research in both in vitro and in vivo studies need to be undertaken, to fully understand 

the exact anti-inflammatory mechanism that CeO2 possesses and the synergistic therapeutic 

effect of oxidative stress reduction. This will aid in developing therapies for various diseases, 

showing remarkable potential as a biomedicine for inflammatory diseases, but also for 

neurodegenerative diseases like AD.  
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Chapter 6: Effects of cerium oxide nanoparticles in a 

mouse model of Alzheimer’s disease exposed to 

magnetite pollution particles  

Intend to submit as: 

Fleming, C., Golzan, M., Amal, R., Esmailour, A., Gunawan, C., McGrath, K., 2022. Effects 

of cerium oxide nanoparticles in a mouse model of Alzheimer’s disease exposed to magnetite 

pollution particles. ACS Nano.  

Chapter Summary: 

The management of AD is challenging, with current therapies focused on managing the 

symptoms of the disease, rather than targeting the underlying driving pathological 

mechanisms. Oxidative stress is a central pathogenic process in AD development, with the 

antioxidant CeO2 emerging as a promising therapy. Considering the potential risk that air 

pollutant magnetite particles have on the development of AD pathologies, this study was 

conducted to investigate whether CeO2 nanoparticles could delay or reverse the AD pathologies 

induced by air pollutant magnetite particles. This study was conducted using a double 

transgenic APP/PS1 murine in vivo model and human neuroblastoma SH-SY5Y and murine 

microglial BV-2 in vitro models. This chapter has been written according to the guidelines of 

ACS nano of which the manuscript will be submitted to.  
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6.1 Abstract 

Inhalation of air pollutant nanoparticles are likely candidates for triggering oxidative stress that 

can impact human health. In recent years, air pollutant magnetite particles found to be present 

in human brains and has come to light as potentially increasing the risk of Alzheimer’s disease. 

The current therapies for Alzheimer’s disease focus on managing the symptoms, rather than 

targeting the underlying driving forces such as oxidative stress. Herein, we synthesized 

amorphous blue silica doped cerium oxide nanoparticles with increasing reducing properties, 

to compare its effects bare to cerium oxide nanoparticles in in vitro (neuronal and microglial 

cells) and in vivo in an Alzheimer’s disease mouse model that were exposed to air pollutant 

magnetite particles. In vitro, we found that magnetite particles induced oxidative stress and 

inflammation in the key cells that plays a role in Alzheimer’s disease. Both cerium oxide 

nanoparticles (doped vs. undoped) decreased oxidative stress and suppressed inflammation, in 

part, via the MAPK and NFkB pathway. In vivo, exposure of magnetite particles induced an 

increase in (i) pro-inflammatory cytokines, (ii) amyloid plaque, (iii) neuronal loss in the 

hippocampus region and (iv) short term memory loss that was delayed or perhaps reversed 

following treatment with cerium oxide nanoparticles. This study demonstrates the detrimental 

effects of air pollutant magnetite particles whilst showing the potential of cerium oxide 

nanoparticles in air pollutant induced Alzheimer’s disease.  
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6.2 Introduction 

Alzheimer’s disease (AD) is the most common form of dementia, accounting for approximately 

90 % of all cases (496). It is the fifth leading cause of death in adults over 65 years of age, 

estimating a total of healthcare costs to be approximately $305 billion, worldwide in 2020 

alone (496). Whilst genetics can play a role in the development of AD, 95 % of all AD cases 

(called Sporadic AD) develop without genetic predisposition (5). The triggers leading to the 

development of sporadic AD remains largely unknown, however several factors have been 

recognized to significantly contribute its progression. These include lifestyle factors such as 

inactivity and environmental factors such as air pollution and underlying health issues such as 

cardiovascular disease, diabetes, and obesity (497). Air pollution is the fourth greatest overall 

risk factor for human health, and in recent years has been implicated in neurodegeneration and 

AD development (498).  

 

It has been reported that nanosized ambient air pollutant particulate matter (< 200 nm in 

diameter; PM) generated from industrial sources (e.g., fossil fuels, agricultural waste and 

vehicle emissions etc.) contains a diverse mixture of volatile compounds (e.g., graphite, 

organic chemicals, carbon monoxide, nitrates, sulphates, iron and iron oxides (magnetite) that 

can migrate through the blood brain barrier (BBB) and accumulate in the brain (72, 499-501). 

Moreover, air pollutant magnetite particles were found in abundance in brain samples obtained 

at autopsy from older people (< 65 years at death) with AD but also from younger people (< 

40 years at death) who resided in Mexico City where the average concentration of outdoor 

ambient air pollution is > 25 µg/m3, more than double the limit set by the World Health 

Organization of 10 µg/m3 (49, 88). Numerous in vivo studies (e.g., male fisher rats, male 

C57BL/6 mice and CD36-deficient (CD36−/−) have explored various vehicle emission air 

pollutant PM samples, as aerosols to investigate the translocation of air pollutant PM, 

suggesting that it can migrate into the brain (97, 502, 503). Air pollutant PM have been found 

to enter the brain through the olfactory bulb via the nasal canal and BBB or be ingested into 

the lungs translocating into the circulatory system where they are able to enter the brain by 

passing through the BBB (97, 502). The cellular response in the brain varies based on the 

chemical composition, size and shape of the air pollutant particles however an overall immune 

response that is typically activated reflects that of an infection, pathogen or foreign body (502, 

503). The immune response attempts to remove foreign material in the brain, resulting in the 

activation of microglia and astrocytic cells resulting in an increase in neuroinflammation and 
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oxidative stress after exposure to re-aerosolized PM. The microglia and astrocytic cells are 

involved in the activation of transcription factors like nuclear factor kappa B (NFkB) and its 

downstream targets including pro-inflammatory cytokines/mediators such as interleukin-1b 

(IL-1b), IL-6, tumour necrosis factor (TNF), intercellular adhesion molecular 1 (ICAM-1), 

inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (Cox2) (502). Adding to the 

progression of neuroinflammation is oxidative stress which results from an imbalance in 

antioxidative defence and the excessive radical production of reactive oxygen species (ROS) 

and reactive nitrogen species (RNS) (314, 504). This is consistent with an in vitro (mixture of 

astrocyte and microglia primary rat cells) study conducted using the same particulate matter, 

finding a toxic response coinciding with an increase in inflammatory mediators and an increase 

in nitric oxide (NO) production - a free radical that contributes to the formation of RNS (502). 

While the pathogenesis of AD is still not fully understood, the two hallmark pathologies: 

extracellular amyloid plaques (Aβ plaques) and neurofibrillary tangles (NFTs) consisting of 

hyperphosphorylated tau, are thought to be driven by inflammation and oxidative stress (10, 

17, 505). A study using an in vivo (male fisher rats) model, showed exposure to aerosolized 

diesel exhaust emissions over 6 months reported a dose dependent increased in inflammatory 

cytokines (IL-6, TNF and IL-1β) and Aβ42 protein aggregation (the main component of Aβ 

plaque deposits) levels in the midbrain (313). While this study refers to carbon-based air 

pollutants, significant neurotoxicity induced by air pollutant PM has occurred with transition 

metals in the mixture, as these structures can increase oxidative potential, thereby increasing 

oxidative stress (502). Maher et al. (2016) (181) found magnetite (a volatile iron oxide 

nanoparticle that is abundant in our ambient air) in the brains of people with AD. The magnetite 

nanoparticles were consistent in morphology to combustion derived nanoparticles, formed at 

high temperatures (e.g., vehicle emissions, electrical powerplants) like the burning of fossil 

fuels, (e.g., coal, petrol, natural gas, oil shales, and diesel exhaust) for energy (47, 48). Such 

findings provide evidence that air pollutant particulate matter can mount neuroinflammatory 

and oxidative responses that can lead to the onset or progression of AD pathologies.   

Current therapies for AD focus on managing the symptoms, e.g., cholinesterase inhibitors, 

donepezil, tacrine, and N-methyl-D-aspartate (NMDA)-receptor modulator memantine (90). 

While they have been very effective at managing symptoms, the underlying pathologies of the 
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disease still progress. Disease modifying strategies have been the recent focus for delaying the 

progression of AD, including targeting the underlying significant factors; oxidative stress and 

neuroinflammation (103). The brain is the most active organ in the body, highly susceptible to 

oxidative stress due to the high oxygen content and utilization, therefore antioxidants such as 

cerium oxide (CeO2) has surfaced as a potential therapy for neurodegeneration and AD (105). 

CeO2 has remarkable enzymatic mimicking abilities of superoxide dismutase (SOD) and 

catalase, transitioning between the more reduced (Ce3+) and oxidized (Ce4+) state, allowing it 

to be a highly efficient ROS and RNS scavenger, therefore a promising therapy for 

neurodegeneration and AD (109, 506). Extensive research on CeO2 nanoparticles reported its 

potential to treat a number of diseases of which includes inflammatory and neurological 

diseases (116). Moreover, CeO2 nanoparticles have been shown to have the ability to 

differentiate between cancer vs healthy cells, inducing cytotoxicity and decreasing cell 

viability via increased ROS production whilst displaying minimal toxicity and providing 

protection against ROS in normal tissues (507, 508). In acidic conditions the antioxidant ability 

of CeO2 nanoparticles is lost, behaving instead much like a strong oxidant, which may 

influence the oxidation of intracellular and extracellular components to induce apoptosis (111). 

This ability to become cytotoxic has been found to induce oxidative stress, could be attributed 

to cancer cells being more acidic than normal cells (112, 113). The bifunctional characteristic 

of CeO2 nanoparticles is possible due to its ability to change structural composition in valency 

depending on the environment (e.g., pH) (106, 114). This makes it an extremely versatile and 

a remarkable compound for various biomedical applications including neurodegeneration and 

AD, as oxidative stress plays a significant role in the progression of neurodegenerative diseases 

(106).  

Limitations to using bare CeO2 nanoparticles however include agglomeration increasing their 

size to ~ 40 nm in diameter, which reduces cellular uptake, resulting in cytoplasmic 

accumulation resulting in an increase in ROS production, thereby reducing overall efficiency. 

Doping of CeO2 nanoparticles with polymer, starch, silica oxide has been found to reduce 

agglomeration, and increase the oxygen vacancies on the nanomaterials surface (enhancing its 

catalytic and redox properties), inducing higher ROS scavenging abilities in turn, improving 

its antioxidant and anti-inflammatory capabilities (117, 119). Silica oxide coated CeO2

(SiCeO2) nanoparticles have been studied previously demonstrated to decrease CeO2 induced 

lung inflammatory responses, in the male Sprague-Dawley rats (118). Silica oxide coating also 
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has found to improve biocompatibility, through increased dispersibility, increased retention 

rates due to the increased amounts of oxygen vacancies on the surface of the nanoparticle 

structure, seen in Figure 6.1 (118, 119). Encouraged by these findings, the aim of the current 

study is two-fold. The first is to investigate the effects of magnetite particles in 

neuroinflammation and oxidative stress and the second is to investigate the potential of 

amorphous silica doped CeO2 that have been further engineered to create more oxygen 

vacancies and therefore enhanced ROS scavenging ability as a potential therapeutic agent for 

AD. The characterization of nanoparticles is essential for toxicity studies as the size, shape, 

surface reactivity, solubility and degree of aggregation is substantial in the differential response 

in biological systems (115, 116).  

Figure 6.1.    Schematic representation of the oxygen vacancies (Ov) in CeO2 and SiCeO2 

nanoparticles, and the SOD-like and catalase-like enzymatic mechanisms that they exhibit. 

Created with BioRender.com.  
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6.3 Methods 

Characterization of nanoparticles. The CeO2 and blue SiCeO2 nanoparticles were 

synthesized using flame spray pyrolysis (FSP), described previously (120, 121). For the CeO2
nanoparticles, cerium (Ce) 2-ethylhexanoate (Alfa Aesar, 49 % in 2-ethylhexanoic acid) was 

dissolved in xylene with a final Ce concentration of 0.5 M, fed to the centre of the flame by a 

syringe pump at 1-10 mL/min, then dispersed with 5 L/min oxygen to control to rate of 

combustion and manipulate nanoparticle size. A constant pressure drop of 1.5 bar was 

maintained by adjusting the orifice gap. The spray flame was surrounded and ignited by a 

premixed methane/oxygen (1.5/3.2 L/min, respectively) flame from an annular gap (0.15 mm 

spacing, at a radius of 6 mm from the centre of nozzle). A sintered metal plate ring (8 mm 

wide, at inner radius of 9 mm from the centre of nozzle) provided an additional 5 L/min O2 as 

a sheath for the supporting flame. Additionally, a modified set up was used where the flame 

was enclosed in a quartz tube to maintain the sheath gas at 20 L/min O2 and preserve heat. This 

temperature gradient causes the metal vapour to supersaturate to form nuclei as the flame 

temperature reduces downstream. The nuclei coalesce, sinters and agglomerates before leaving 

the flame as nanoparticles, and is then collected on glass fibre filter. The average nanoparticle 

diameter of the crystalline structure is approximately 7 nm. Two separate precursors (Si:Ce) in 

a 20:80 ratio, were combined by adding hexamethyldisilane, (HMDSO, Sigma Aldrich) and 

cerium 2-ethylhexanoate (Alfa Aesar, 49 % in 2-ethylhexanoic acid) dissolved in xylene, with 

a final Si:Ce concentration of 0.5 M, which was fed to the centre of the flame by a syringe 

pump at a rate of 3 mL/min. “Blue” SiCeO2 was prepared by hydrogenation of these 

nanoparticles, by heating 1200 mg of the sample in a carbonite tube furnace. A constant flow 

of 50 mL/min of 10 % H2 in N2 was implemented and the furnace was heated at a rate of 

5°C/min to 500°C and then held for 180 min. The average diameter of the crystal structure is 

approximately 7.5 nm. The magnetite particles (MAG) were synthesized by Sigma Aldrich 

(MO, USA) to pure 97 % sample (molecular weight 231.53) and the crystal structure is 

approximately 100 - 400 nm in diameter. 

Transmission electron microscopy (TEM). High resolution (HR)-TEM analysis was carried 

out for the assessment of primary particle size and morphology of CeO2, blue SiCeO2

nanoparticles, and magnetite particles (MAG). Samples were dispersed in 95 % (w/v) ethanol 

and sonicated for 30 mins at room temperature. A drop of suspension was added to the copper 

grid and air dried before each measurement took place. TEM measurements were performed 

using a Phillips CM200 operating at 200 kV with an SIS CCD camera. 
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Preparation of nanoparticles suspensions for treatment in vivo. The magnetite particles 

(MAG) were prepared, at a concentration of 3.3 mg/mL in in sterile saline solution. The CeO2 

and blue SiCeO2 nanoparticles were prepared 1.65 mg/mL in a sterile saline solution. Before 

administration, (nano)particle solutions were sonicated, using the Q500 Sonicator (Q500 

Sonica Sonicators, CT, USA) for 5 mins at 50 % amplitude.  

Alzheimer’s disease animal model. The effects of the magnetite particles and CeO2 and blue 

SiCeO2 nanoparticles were assessed in APP/PS1 transgenic mice and C57BL/6 wild-type 

(W/T) littermates for comparison (purchased from Professor Anna King, University of 

Tasmania, Tasmania Australia). The AD mouse model (APP/PS1) used for this study was a 

double transgenic mouse that expresses a chimeric mouse/human amyloid precursor protein 

(Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1) on C57BL/6 (B6. Cg-Tg 

(APP6953DboTg (PSEN1dE9) S9Dbo) background (APP/PS1) (122). This model exhibits 

amyloid pathology that closely resembles the Aβ deposits in the initial stages of AD and has 

been extensively used to study mechanisms of AD neuropathology (123). This model exhibits 

Aβ deposition as young 6 weeks of age in the cortex and 3 - 4 months in the hippocampus (124, 

125). Reactive glial cells appear around Aβ deposits at about 6 weeks of age, coinciding with 

a pro-inflammatory response (126). While global neuronal loss is not observed in the APP/PS1 

model, modest neuronal loss in the dendate gyrus granule cells (127). Synaptic loss and 

cognitive impairment are also observed in this animal model at approximately 3 - 7 months of 

age (128). The APP/PS1 model can develop age-related depressive-like and anxiety-like 

behavioural changes at approximately 7 - 9 months old and are very prominent at 12 months 

of age (139). This animal model was chosen as the relevant AD pathological biomarkers are 

expressed at 5 - 7 months of age which coincided with the length of the animal study. The mice 

were house according to sex, with 2 - 5 mice per cage, and kept on a 12-hour light/dark cycle 

at room temperature 22/5 ± 2°C. Before commencing the in vivo experiments, the mice were 

allowed to acclimatize for 1 week. In week 1 of the animal experiment (W/T; n=37, APP/PS1; 

n=28) at 11 weeks of age, the mice were grouped to receive intranasal administration of (i) 

saline (ii) MAG (66 µg/20 µL of saline) every third day for 4-months. At weeks 16 of the 

animal experiment (27 weeks of age) the mice were further subdivided to receive (i) saline, (ii) 

MAG, (47) MAG+CeO2 (iv) MAG+blue SiCeO2 nanoparticles for 4 months. All mice were 

monitored daily, and their weight recorded on a weekly basis in Figure S6.1. All animal 

experiments were conducted with the approval from the University of Technology Sydney 

Animal Care and Ethics Committee (ETH19-4326) and in accordance with the guidelines 
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described by the Australian National Health and Medical Research council code of conduct for 

animals. 

Preparation of particle suspension for in vivo model. The magnetite particles used for this 

study were prepared at a concentration of 3.3 mg/mL, and the CeO2 and blue SiCeO2
nanoparticles were prepared at a concentration of 1.65 mg/mL in sterile saline solution. Before 

administration particle solutions were sonicated, using the Q500 Sonicator (Q500 Sonica 

Sonicators, CT, USA) for 5 mins at 50 % amplitude to disperse particles. Once sonicated, all 

particles were ready for intranasal administration to the mice in their designated treatment 

groups. 

Intranasal administration of particle suspension. Delivery of magnetite particles and CeO2 

and blue SiCeO2 nanoparticles was administered intranasally. To administer the particles, the 

mice were inducted in a chamber with 4 % isofluorane and 2 L/min oxygen until no movement 

was observed then 20 µL of air pollutant solution (3.3 mg/mL) was administered intranasally, 

and the mice were monitored for recovery. For the groups receiving both magnetite and CeO2 

or blue SiCeO2 nanoparticles, the administration was conducted on different days, so each 

treatment could be ingested more uniformly. The air pollutant particles concentration was 

established based on the average ambient PM2.5 intake of approximately 6-17.5 µg/day/person, 

based on urban environments in India, Portugal, Italy, Spain, Belgium, England and Poland 

etc.) (129, 130). 

Behavioural assessments. At week 31 of the animal experiment (42 weeks of age) the mice 

were subjected to behavioural assessments. All testing sessions were conducted between 10:00 

- 16:00 hours and were video recorded. The assessment of short-term memory and anxiety and

stress were assessed using the novel object recognition (NOR) test and the elevated plus maze

(EPM) as previously described (337). The tail suspension test (TST) is widely used method for

measuring depressive-like symptoms, seen in Figure S6.2 (140). Prior to the NOR and TST the

mice were acclimatized to the testing room for 1 hour prior to the assessment. There was no

acclimatization for the EPM. For the TST each animal was placed upside down hanging from

the centre of the box by their tail for 3 mins for observation of their mobility during this time.

Decreased mobility time (seconds) indicates depressive-like symptoms which is an indicator

early AD that closely correlate with anxiety and stress and the development of cognitive

impairment (44, 45).
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In vivo quantification of Ab plaques. At week 31 of the animal experiment (42 weeks of age) 

the development of Aβ species formation, detecting both the soluble (Aβ40) and insoluble 

(Aβ42) peptide aggregates, was assessed using a near-infrared fluorescence (NIRF) molecular 

imaging probe, CRANAD-2 (Abcam, Cambridge, UK) (141). The ex-vivo fluorescence 

CRANAD staining probes for presence of the insoluble Aβ42 peptide aggregates. The 

CRANAD-2 probe was prepared in a mixture of 15 % DMSO, 1 5% cremaphor and 70 % PBS 

at a concentration of 5 x 103 mg/mL. The mice heads were shaved and inducted in a chamber 

using 4 % isofluorane and 2 L/min oxygen. Baseline fluorescence of the brain was obtained 

using the IVIS fluorescent scanning machine (IVIS Lumina II; Caliper Life Sciences, MA, 

USA). The mice were then intravenously injected with the CRANAD-2 (5 mg/kg) before they 

were inducted again and fluorescence signals from the brain was recorded 5 mins after 

injection. A small circular region of interest (ROI) in the centre of the fluorescence region was 

established, and the average radiance (p/s/cm2/sr) in the region of interest was recorded, seen 

in Figure S6.3.  

Tissue Collection. At experimental endpoint (43 weeks of age) the mice were euthanized with 

isofluorane then placed on a nose cone until no reflex to pedal or ocular stimulation was 

observed. Cardiac puncture was performed via the left ventricle to collect approximately 1mL 

of blood using an 18-gauge syringe pre-coated with heparin (100 I.U/mL DBL Heparin Sodium 

Injection, Hospira, Vic, Australia). Following collection, the whole blood sample was 

immediately centrifuged (13, 500 RCF, 5 mins). The plasma layer was removed and stored at 

-80°C. To ensure the mouse was deceased before any further procedures, cervical dislocation

was performed. For this study many different techniques were of interest, therefore the brains

were halved; the right hemisphere was fixed in 4 % paraformaldehyde (PFA), while the left

was dissected and the hippocampus and cerebral cortex were snap frozen in liquid nitrogen,

then stored at -80°C until required.

Tissue Fixation, Processing, Embedding and Cutting. The right hemisphere was fixed in 4 

% PFA (Sigma-Aldrich, MO, USA) overnight, then rinsed with phosphate buffered saline 

(PBS) before being stored in 70 % ethanol for one week. Brain tissues were then placed in 

cassettes and processed using the ExcelsiorTM AS Tissue Processor (Thermo Fisher Scientific, 

MA, USA) for an overnight process involving two changes of formalin, increasing grades of 

ethanol and two changes of paraffin wax. After processing, brain tissues were embedded in 

paraffin wax and cut in sagittal sections using microtome (Epredia, MICH, USA). Brain 

sections were cut at a thickness of 10 µm, through the entire right hemisphere, resulting in 
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approximately 25-30 slides per tissue. Three brain tissue sections were mounted on every 

Platinum PRO adhesive glass slides (Trajan, VIC, AU), left to dry at 37°C overnight and stored 

at room temperature until required.  

Ex vivo Quantification of Ab Plaques and neuronal cells. For quantification of Ab plaque 

formation and neuronal cell counting, sagittal brain tissue sections prepared on adhesive slides 

were stained with thioflavin S stain (1 % filtered aqueous solution), which detects the 

characteristic β-pleated sheets of Ab plaque 31 and cresyl violet (0.1 %) for differential neuronal 

cell staining respectively. Slides were placed in two changes of xylene followed by decreasing 

grades of ethanol (100 %, 95 %, 70 %) for 3 mins each. They were then hydrated in water for 

6 mins. Slides were then immersed in thioflavin S stain (1% thioflavin S stain; Sigma-Aldrich, 

MO, USA) for 10 mins or cresyl violet (0.1% cresyl violet powder (wt/acetic acid); Sigma-

Aldrich, MO, USA) for 3.5 mins. Slides were then rinsed with water for 5 mins, followed by 

dehydration in two changes of 100 % ethanol and two changes of xylene. Slides were cover-

slipped using Dibutylphthalate polystyrene xylene (DPX) and left to dry overnight. All slides 

were imaged using the ZEISS AxioScan Digital Slide Scanner (Carl Zeiss Microscopy, 

Germany) on the entire sagittal section at 20 x magnification, using fluorescence (thioflavin S. 

stained tissue) or brightfield (cresyl violet stained tissue) imaging settings. W/T (C57BL/6) 

mice do not develop Ab plaques, however APP/PS1 mice that are 6-12 months of age develop 

round dense Ab plaque formations that are approximately 50-150 µm in diameter (147, 148). 

The number of fluorescent Ab plaque formations were automatically counted in a region of 

interest (ROI) in the neocortex above the hippocampus, using Image J (IJ1.46r Revised 

Edition), by implementing a fluorescent and size (50-150 µm2) threshold, highlighting the Ab 

plaque formations in the brain tissue (147, 148). The hippocampus and somatosensory regions 

are responsible for memory and spatial recognition, and receiving and processing sensory 

information respectively (144, 145). The number of neuronal cell bodies were counted (with a 

range of 10-400 µm2) using the QuPath Software Quantitative Pathology & Bioimage Analysis 

(QuPath) Software 0.2.3 (Edinburgh, UK) in regions of interest (ROI) in the hippocampus: 

cornu ammonis (Ca) 1, Ca3 and dentate gyrus (DG), and the somatosensory cortex (SS 2, 3, 4, 

5, 6a) (146). Every brain tissue sample (n = 5-11 biological replicates) that was analysed had 

9 technical replicates accounting for staining, imaging and analysis bias. 

Cell Culture models. Human neuroblastoma (SH-SY5Y) cells and murine microglial (BV-2) 

cells were cultured in DMEM/F12 medium (Gibco, MA, USA) supplemented with 5 % foetal 
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bovine serum (FBS) and 5 mM HEPES. The cells were cultured at 37°C in a humified 

atmosphere containing 5 % CO2 until 80-90 % confluency. Unless otherwise stated, cells were 

seeded onto 6-well plates (80, 000 cells/well) for protein extraction or 96-well plates (30,000 

cells/well) for biochemical assays and allowed to settle overnight. The cells were serum starved 

(0 % FBS) for 24 hours before exposure to magnetite and CeO2 nanoparticles.  

Preparation of particle suspension for in vitro model. The magnetite particles were prepared 

at a concentration of 100 µg/mL and both CeO2 nanoparticles were prepared at a concentration 

of 50 µg/ml in filtered DMEM/F12 medium (Gibco, MA, USA) supplemented with 5 % foetal 

bovine serum (FBS) and 5 mM HEPES at a concentration of 100 µg/mL. Samples were 

sonicated, using the Q500 Sonicator (Q500 Sonica Sonicators, CT, USA) for 5 mins at 50 % 

amplitude, to disperse particles, due to the magnetic properties (339). After this, 100 µL and 1 

mL of particle sample per well to a 96 - well and 6 - well plate respectively. This concentration 

was established based literature of in vitro studies (e.g., human lung epithelial A549 and murine 

macrophage RAW 264.7) testing air pollutant induced toxicity for the similar exposure times 

and particles concentration (150, 151). The concentration of both CeO2 and blue SiCeO2
nanoparticles was established based on preliminary in vitro studies investigating the effects of 

CeO2 nanoparticles in various concentrations on both SH-SY5Y and B-V2 cells (Figure S6A-

D), where the concentration of 50 µg/mL for 24 hours was chosen (152, 153). The cell viability, 

ROS and NO production was further tested on both cell types with LPS being used as the 

inflammatory stimuli (Figure S6E-J). For each biochemical assay that was performed with both 

cell lines, cells were seeded in a 96-well plate with 8 technical replicates per plate and per 

assay. Each assay was repeated 4 times (n = 4 biological replicates), at different passages to 

account for reproducibility issues (149) which is stated in the results.   

Protein Extraction. Whole protein lysate was extracted from the hippocampus and SH-SY5Y 

cells performed using RIPA lysis buffer (1 % nonidet P-40, 0.1 % SDS, 0.5 % deoxycholate, 

150 mM NaCl, 50 mM Tris pH 8) as previously described (341). The concentration of protein 

was quantified with the Pierce BCA Protein Assay Kit (Thermofisher Scientific, MA, USA; 

cat. 23225) and stored at -80°C.  

Aβ42 Quantification in SH-SY5Y cells. The extracted protein from SH-SY5Y cells was used 

to investigate Aβ42 concentration, using a Aβ42 Human ELISA Kit (Thermofisher Scientific, 

MA, USA; cat. KHB3441). This protocol was completed as per the manufacturer’s 

instructions. The protein (30 µg) was prepared in duplicate and added to all wells with 
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appropriate standards and controls. The Aβ42 detection antibody solution (50 µL) was added 

to each well and incubated at room temperature for 3 hours. Following this, the plate was 

aspirated and washed. The anti-rabbit IgG HRP (100 µL) was added to each well and incubated 

for 30 mins at room temperature. The plate was aspirated and washed, and the stabilized 

Chromogen (100 µL) was added and incubated for a further 30 mins at room temp. Finally, the 

stop solution (100 µL) was added and the plate was read on the infinite M1000 PRO microplate 

reader (Tecan Sunrise, Grödig, Austria) at 450 nm. The results are expressed as Aβ42 (pg/ml). 

Western Blot Analysis. Protein extracted from the hippocampus (30 µg) and SH-SY5Y cells 

(20µg) were used for western blot analysis, as previously described (342). Proteins were 

visualized using ECL substrate (Bio-Rad, CA, USA) and a Bio-Rad Chemidoc Imaging 

SystemTM. Protein bands were quantified by densitometry using the ImageJ 1.53a software 

(National Institute of Health, Maryland, USA). Protein bands were quantified by densitometry 

using the Fiji software. as previously described (342).  All primary and secondary antibodies 

in Table S6.1.  

Measurement of cell viability. The MTT assay is cell viability was assessed using 

Methylthiazolydiphenyl-tetrazolium bromide (MTT) dye (Sigma Aldrich, MO, USA), a widely 

used method for cell viability and cytotoxicity (154). The MTT dye was prepared at a 

concentration of 5 mg/mL in PBS. Following treatment of cells, MTT dye (10 µL) was added 

to each well and incubated in dark sterile conditions at 37°C for 3 - 4 hours - until purple 

coloured formazan crystals were observed visually. The MTT dye is utilised by cell 

mitochondria, converting the dye to formazan, forming insoluble purple granules. Once the 

purple-coloured formazan crystals were observed visually, the media and dye were removed 

followed by adding 100 µL of DMSO (Sigma Aldrich, MO, USA) each well to solubilize 

formazan and turn the solution purple. The absorbance at 570 nm was obtained on the infinite 

M1000 PRO microplate reader (Tecan Sunrise, Grödig, Austria). The results are expressed as 

percentage increase from control.  

Measurement of nitric oxide and intracellular reactive oxygen species levels. Following 

cell treatments, the media was collected and used to measure nitric oxide (NO) levels. The 

media collected was aliquoted (100 µL per well) in duplicates into wells on a 96 well plate 

before the addition of 100 µL of Griess reagent (40 mg/mL; Sigma Aldrich, MO, USA) into 

each well. The reaction mix was then incubated at room temperature for 15 mins followed by 

30 mins in the dark at 37°C. An absorbance reading was obtained at 540 nm on the infinite 

M1000 PRO microplate reader (Tecan Sunrise, Grödig, Austria). The results are expressed as 
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percentage increase from control. After the media were collected, intracellular ROS levels were 

measured in the remaining cells from each well using the DCF stain (Sigma Aldrich, MO, 

USA) as previously described (343). The results are expressed as percentage increase from 

control. 

Statistical analysis. One-way ANOVA with Bonferroni’s post-hoc test was used to determine 

statistical power in EPM, TST, NIRF in vivo brain imaging, neuronal cell counting, Ab plaque 

counting, MTT assay, DCF assay, Griess assay, Ab42 ELISA and western blot analysis. A an 

unpaired two-tailed t-test was used to determine the statistical significance of the NOR data. 

All statistical analysis was performed using the Graph-Pad Prism 9 software (Graph-Pad, CA, 

USA) and the results are expressed as mean ± SEM. The treatment groups were considered 

significantly different if the p value was less than 0.05.  

6.4 Results and Discussion 

Characterization and synthesis of nanoparticles 

CeO2 nanoparticles have emerged as effective nanomedicines, used extensively due to the 

physicochemical properties of transitioning between Ce3+ (fully reduced) or Ce4+ (fully 

oxidized) valence states, exhibiting enzymatic and regenerative capabilities (108). The CeO2 

and blue SiCeO2 nanoparticles used in this study were synthesized using flame spray pyrolysis. 

Representative high resolution transmission electron microscopy (HR-TEM) reveals the 

rhombohedral morphology of the CeO2 nanoparticles with an average crystalline diameter of 

7 nm (Figure 6.2B) in single crystal particles with high crystallinity. The angular shape and 

small size of these nanoparticles exposes more oxygen vacancies on the surface, contributing 

to an increase in the uptake of nanoparticles from surrounding cells that subsequently enables 

effective ROS scavenging activity (489). These properties have been shown to play a role in 

the effectiveness of CeO2 nanoparticles as an anti-cancer, anti-inflammatory and anti-bacterial 

agents (509). CeO2 nanoparticles however have been shown to have a natural tendency to 

agglomerate in their bare state which has been shown to lead to increased inflammation and 

toxicity especially, in the lungs and liver (506). Advancements in nanoparticle engineering for 

biomedical applications have found that doping CeO2 nanoparticles can increase the 

hydrophilicity of the nanostructure, increasing dispersibility and overall improving 

biocompatibility (108, 506, 510).  
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Silica coated CeO2 nanoparticles have been previously found to be protective against 

inflammatory responses in the lung, decreasing fibrosis (118, 119). Doping CeO2 nanoparticles 

with silica has been shown to improve nanoparticle stability, dispersibility and cellular uptake 

(119). The representative TEM image reveals that the blue SiCeO2 nanoparticles were mostly 

uniform in morphology, spherical in shape and with an average crystalline diameter of 7.5 nm 

(Figure 6.2A). In addition, the amorphous silica coating is clearly visible showing the 

crystalline CeO2 core. The nano-thin amorphous silica layer is synthesized through the flame 

spray pyrolysis method and has been designed specifically to reduce CeO2 -mediated toxicity 

(118). Amorphous silica coating has been found to reduce pulmonary inflammatory responses 

in rats, compared to crystalline silica coated equivalents, which are found to be more redox 

reactive however less stable (118). The “blue” component of the silica coated CeO2 

nanoparticles was prepared by hydrogenation, heating 1200 mg of the sample in a carbonate 

tube furnace. This step further reduced the nanostructure (increasing the Ce3+/Ce4+ ratio) 

thereby increasing the oxygen vacancies, resulting in a highly stable and catalytic redox 

nanostructure which is expected to increase its antioxidant and anti-inflammatory capabilities, 

compared to bare CeO2 nanoparticles (108, 506).  

 

The magnetite particles used in this study were a representative for magnetite particles found 

in air pollutant samples. Air pollutant magnetite particles can be formed through combustion 

reactions where the frictional heat generated from brake pads, diesel exhaust emissions, power 

plants or incineration from industrial facilities causes a release of melted, condensed, and 

partially oxidative materials (88, 511). In agreement with Maher et al (2016), the magnetite 

particles used in this study have smooth distinct cuboidal morphology (Figure 6.2C) consistent 

with those formed from frictional pressure at high temperatures. The small size of these 

particles (< 200 nm in diameter) allows easy absorption through the skin and mouth into the 

cardiovascular and respiratory system, where they can enter the brain through circulation. 

Alternatively, they can directly enter the brain through the BBB via the nasal canal and 

olfactory bulb (53, 512-514).  
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Cerium oxide nanoparticles decrease oxidative stress and improve cell viability after exposure 

to magnetite particles in in vitro models 

Oxidative stress plays a significant role in exacerbating AD pathologies, arising as a result of 

an imbalance between ROS and RNS production and their removal (316). ROS and RNS are 

produced by microglia and astrocytic cells in the brain to regulate synaptic and non-synaptic 

communication between neurons and glial cells (314, 316). Two cell lines were used for this 

study, the first; human neuroblastoma SH-SY5Y cells, a well-established model for neuronal 

cells and the second; murine microglial BV-2 macrophage cells, both used for the 

neurodegenerative research (515, 516). To evaluate the effects of CeO2 nanoparticles on 

oxidative stress, a DCF assay was used to measure total ROS, including superoxide, hydroxyl, 

hydrogen peroxide, nitrogen oxide and nitrogen dioxide species. Both SH-SY5Y and BV-2 

cells exposed to magnetite particles showed an increase in ROS levels to 177.3 ± 18.1% (P < 

0.0001) and a 139.8 ± 15.6% (P < 0.05) respectively, compared to the controls (Figure 6.2D 

and G). Treatment with CeO2 and blue SiCeO2 nanoparticles were able to significantly reduce 

ROS levels in the SH-SY5Y cells to 99.9 ± 6.7% (P < 0.0001) and 97.4 ± 9% (P < 0.0001) 

compared to control. This trend was also seen in the BV-2 cell with CeO2 and blue SiCeO2 

nanoparticles reducing ROS levels to 88.7 ± 4.8% (P < 0.0001) and 90.5 ± 6.9% (P < 0.0001) 

compared to magnetite exposed particles, consistent to those observed for both control cell 

types. We next examined the effect of the nanoparticles on NO levels which acts as a precursor 

to nitrogen-oxide, -dioxide and RNS (517). Magnetite particles was shown to increase NO 

levels to 153.3 ± 6.07% in SH-SY5Y and 321.1 ± 26.2% in BV-2 cells (P < 0.0001 for both 

SH-SY5Y and BV-2) compared to control (Figure 6.2E and H). This effect was abrogated in 

the BV-2 cell line, returning the NO levels to 206.4 ± 14.1% (P < 0.0001) and 154.6 ± 11.6% 

(P < 0.0001) after treatment with CeO2 and blue SiCeO2 nanoparticles respectively and in the 

SH-SY5Y cells, returning NO levels to 102.5 ± 7.8% (P < 0.0001) after treatment with blue 

SiCeO2 nanoparticles (Figure 6.2E and H). CeO2 nanoparticles are effective ROS and RNS 

scavengers due to the presence of mixed valence states (Ce3+ and Ce4+), allowing easy 

regenerative abilities, due to the changing number of oxygen vacancies on their surface (518). 

This structural ability allows it to mimic superoxide dismutase (SOD) and catalase enzymatic 

activity (108). It needs to be noted however that no significant decrease was observed in SH-

SY5Y cells treated with CeO2 nanoparticles (Figure 6.2E). Therefore, whilst both CeO2 and 

blue SiCeO2 nanoparticles can effectively scavenge the ROS produced from magnetite particle 

exposure, it can be postulated that CeO2 nanoparticles are less effective in reducing NO 
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production, and therefore have less RNS scavenging ability compared to the blue SiCeO2
nanoparticles. This could be due to the fact that the blue SiCeO2 nanoparticles are in a more 

reduced state (Ce3+/Ce4+ ratio is higher) which allows for more oxygen vacancies, increased 

enzymatic and regenerative ability (519).  

To assess whether both nanoparticle treatments had any effects on SH-SY5Y and BV-2 cells 

without exposure to magnetite particles, we further tested CeO2 and blue SiCeO2 nanoparticles 

on the effects of ROS and NO levels with lipopolysaccharide (LPS) as a positive control 

(Figure S6.4E, F, H and I). LPS is an endotoxin derived from outer membrane gram-negative 

bacteria and is a powerful mediator of systemic inflammation (520). Both SH-SY5Y and BV-

2 cells exposed to LPS showed to have an increase in ROS levels to 119.1 ± 2.6% (P < 0.0001) 

and 116.1 ± 3.64% (P < 0.001) respectively, compared to the controls (Figure S6.4E and H). 

Treatment with CeO2 and blue SiCeO2 nanoparticles, showed significantly less ROS levels 

compared to LPS, which is consistent with the controls in both SH-SY5Y and BV-2 cells. 

Similarly, LPS was found to induce and increase in NO levels to 135.4 ± 3.1% (P < 0.0001) 

and 162.8 ± 3.4% (P < 0.0001) in the SH-SY5Y and BV-2 cells compared to the controls 

(Figure S6.4F and I). Again, treatment with CeO2 and blue SiCeO2 nanoparticles were found 

to be consistent with their corresponding controls for both SH-SY5Y and BV-2 cells. These 

results suggest that both CeO2 and blue SiCeO2 nanoparticles have no ROS or NO inducing 

effects at this concentration.  

An increase in oxidative stress occurs in conjunction with decreased cell viability in the 

development of AD as an accumulation of ROS and RNS, contributes to protein misfolding, 

increased microglial activation and mitochondrial dysfunction, resulting in cellular apoptosis 

(316, 521, 522). Therefore, we next investigated the effects of the nanoparticles on cell viability 

in SH-SY5Y and BV-2 cell lines. After exposure to magnetite nanoparticles cell viability was 

shown to decrease to 75.1 ± 2.5% (P < 0.001) in SH-SY5Y cells and 57.1 ± 5.12% (P < 0.05) 

in BV-2 cells compared to control (Figure 6.2F and I). In contrast, cell viability was increased 

(BV-2 cells) or returned to those observed for control cells (SH-SY5Y) following treatment 

with either CeO2 or blue SiCeO2 nanoparticles, suggesting that they exhibit neuroprotective 

effects. Our results are consistent with studies using the MTT assay on SH-SY5Y cells treated 

with copper ions or alpha-synuclein (a-syn; a neuronal protein associated with the 
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development of Parkinson’s disease) inducing cell death, and that after CeO2 nanoparticle 

administration an increase in cell viability was observed (221, 523). The cell viability of the 

BV-2 cells is noteworthy (Figure 6.2I), with both CeO2 and blue SiCeO2 nanoparticle 

treatments shown to increase cell viability to 220.5 ± 16.0% (P < 0.001) and 227.3 ± 13.7% (P 

< 0.05) compared to the control, further supporting CeO2 nanoparticle’s neuroprotective role 

but also its differential effect on neuronal cells (SH-SY5Y) compared to microglial cells (BV-

2). To assess whether CeO2 or blue SiCeO2 nanoparticles alone had any effect on cell viability 

another MTT assay was performed on both cell lines (Figure S6.4G and I). Exposure to LPS 

induced a decrease in cell viability to 76.4 ± 1.6% (P < 0.05) in the SH-SY5Y and 80.9 ± 2.2% 

(P < 0.001) in the BV-2 cells compared to the controls. Treatment with blue SiCeO2 
nanoparticles alone were found to have significantly increased cell viability to 110.4 ± 8.9% 

(P < 0.001) in the SH-SY5Y cells, compared to LPS treated cells, and in the BV-2 cells both 

CeO2 and blue SiCeO2 nanoparticles showed significantly higher cell viability increased to 118 

± 4.2% (P < 0.0001) and 112.8 ± 6.5% (P < 0.0001) respectively, compared to LPS alone 

treated cells. When compared to neuronal cells, microglial cells are known to proliferate 

particularly during infection or injury and therefore, we suggest that CeO2 nanoparticles are 

inducing a cell proliferation effect on the BV-2 microglial cells. While CeO2 nanoparticles 

have been found to prohibit cell proliferation in a variety of cancer cell studies (e.g., primary 

osteoblasts and colorectal cancer cells; HCT 116) where the surrounding environment is more 

acidic (e.g., pH 6), they have also been found to have anti-apoptotic effects on macrophages 

and can exhibit cell proliferation effects at a pH of 9 (477-479). This anti-apoptotic and cell 

proliferation effect that CeO2 nanoparticles exhibit, coincides with its strong antioxidant 

abilities (479). This is reflected in this study, as cell viability, ROS and NO levels were seen 

to be consistent with the controls after exposure to CeO2 and blue SiCeO2 nanoparticles. This 

suggests that both CeO2 and blue SiCeO2 nanoparticles are having a protective effect on both 

SH-SY5Y and BV-2 cells in reducing oxidative stress and increasing cell survival, perhaps 

through an anti-apoptotic effect or cell proliferation effect which needs to be further 

investigated.  
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Figure 6.2.   In vitro analysis of oxidative stress markers, after exposure to magnetite 

particles and CeO2 nanoparticles. (A) TEM image of amorphous blue SiCeO2 nanoparticles (50 
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nm). (B) TEM image of CeO2 nanoparticles (50 nm). (C) TEM image of magnetite particles 

(50 nm). (D) Percentage of ROS production compared to control, SH-SY5Y cells (n = 4). (E) 

Percentage of NO production compared to control, SH-SH5Y cells (n = 4). (F) Percentage of 

cell viability compared to control, SHSY5Y cells (n = 4). (G) Percentage of ROS production 

compared to control, BV-2 cells (n = 4). (H) Percentage of NO production compared to control, 

BV-2 cells (n = 4). (I) Percentage of cell viability compared to control, BV-2 cells (n = 4).  * 

P < 0.05, ** P < 0.001, *** P < 0.0001, **** P < 0.0001.  All error bars indicate mean ± SEM. 

Cerium oxide nanoparticles decrease inflammatory markers, associated with AD development, 

after exposure to magnetite particles in in vitro and in vivo models 

Neuroinflammation is closely associated with an increase in oxidative stress in the progression 

of various chronic inflammatory diseases, including neurodegenerative diseases like AD (524). 

The inflammatory defensive response is a coordinated activation (by microglial and astrocytes 

cells) of signalling pathways, transcription factors and cytokines, that regulate inflammatory 

mediators which then further recruit inflammatory cells (525). In light of our results observed 

for oxidative stress and cell viability we therefore investigated the effects of the CeO2
nanoparticles on two major transcription factors that play key roles in the control of 

inflammatory pathways - mitogen-activated protein kinase (MAPK) and NFkB. MAPK is a 

family of transcription factors, consisting of four subgroups, one of interest is the p38-MAPK 

(526). The p38-MAPK transcription factor is activated by phosphorylation and is essential in 

the production of pro-inflammatory cytokines (TNF, IL-6 and IL-1b), chemokines, induction 

of enzymes, adhesion molecules, proliferation, apoptosis and differentiation (526). The p38-

MAPK transcription factor has been found to be an up-regulatory mediator of NFkB (527). 

NFkB is another important family of transcription factors, similarly to p38-MAPK, directly 

activating pro-inflammatory cytokines, chemokines, adhesion molecules, but also indirectly, 

cell proliferation, apoptosis, and differentiation (528, 529). The most abundant form of NFkB 

is the heterodimer with two subunits (p50 and p65) (529). Following exposure to magnetite 

particles, the ratio of phosphorylated to total p38-MAPK and p65- NFkB transcription factors 

was found to have significantly increased protein expression to 0.87 ± 0.04 (P < 0.0001) and 

0.88 ± 0.043 (P < 0.001), compared to the control samples 0.49 ± 0.03 and 0.52 ± 0.08 

respectively (Figure 6.3A and B). After treatment with blue SiCeO2 nanoparticles, there was a 

significant reduction observed in the phosphorylated p38-MAPK and p65-NFkB protein 
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expression to 0.62 ± 0.04 (P < 0.05) and 0.61 ± 0.6 (P < 0.0001) relative to the total p38-MAPK 

and p65-NFkB protein expression levels respectively, suggesting that blue SiCeO2

nanoparticles are able to decrease the phosphorylation of p38-MAPK and p65-NFkB, thereby 

decreasing their activity. These results are consistent with studies showing that CeO2 

nanoparticles, can inhibit MAPK and NFkB phosphorylation, which in turn prevented LPS 

induced cytokine release, thereby mediating severe sepsis (530, 531). Of note, no significant 

changes were observed following treatment with CeO2 nanoparticles, which indicates that these 

nanoparticles do not have the same effect, or perhaps having a delayed effect on these 

transcription factors. CeO2 nanoparticles are not coated, therefore tend to agglomerate more 

easily, decreasing the cellular uptake compared to the blue SiCeO2 nanoparticles. These 

findings suggest that blue SiCeO2 nanoparticles show better efficacy than CeO2 in decreasing 

the phosphorylation and therefore activation of two major transcription factors that play key 

roles in neuroinflammation.  

The activation of both MAPK and NFkB transcription factors results in the production of 

proinflammatory cytokines, TNF and IL-6, which further progress and exacerbate 

neuroinflammation (526). The SH-SY5Y cells show magnetite particles increased TNF protein 

expression to 0.93 ± 0.14 (P < 0.001; normalised to β-actin), compared to the control 0.26 ± 

0.04 (Figure 6.3C). There was a significant reduction in TNF protein expression after treatment 

with both CeO2 (0.36 ± 0.07; P < 0.001 normalised to β-actin) and blue SiCeO2 (0.41 ± 0.05; 

P < 0.05 normalised to β-actin) nanoparticles in the SH-SY5Y cells. Encouraged by our results 

of the CeO2 nanoparticles, we then conducted analysis using an in vivo model of AD. These 

results demonstrated a similar trend in the hippocampus, with magnetite particle exposed W/T 

and APP/PS1 mice having a significant increase in TNF protein expression to 0.46 ± 0.02 (P 

< 0.001; normalised to β-actin) and 0.76 ± 0.1 (P < 0.001; normalised to β-actin) 

correspondingly, compared to saline treated mice (Figure 6.3D and E). APP/PS1 mice exposed 

to magnetite particles and CeO2 or blue SiCeO2 nanoparticles was found to have significantly 

decreased TNF protein expression to 0.28 ± 0.08 (P < 0.001; normalised to β-actin) and 0.28 

± 0.08 (P < 0.001; normalised to β-actin) respectively. While there is a decrease in TNF protein 

expression observed in the W/T mice exposed to magnetite particles and CeO2 or blue SiCeO2
nanoparticles there was no significance.  
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Exposure of magnetite particles also resulted in an increase in IL-6 protein expression levels 

to 0.48 ± 0.02 (P < 0.05; normalised to β-actin) in W/T and 0.61 ± 0.07 (P < 0.05; normalised 

to β-actin) in APP/PS1 mice, compared to saline. Following the exposure to magnetite 

particles, treatment with CeO2 and blue SiCeO2 nanoparticles returned the IL-6 protein 

expression back to those observed for APP/PS1 saline mice (Figure 6.3G). While there is a 

decrease in IL-6 levels seen after treatment with CeO2 and blue SiCeO2 nanoparticles in W/T 

mice exposed to magnetite particles, there is no significance (Figure 6.3F). W/T mice are 

littermates of the APP/PS1 mice and are not prone to developing the pathologies associated 

with AD, they are expected to have similar immune responses (e.g., inflammatory response) 

as the APP/PS1 strain is on a C57BL/6 background, which is consistent when comparing the 

graph trends in this study, however the W/T model is showing a decreased overall 

inflammatory response compared to the APP/PS1 model. The APP/PS1 murine model, 

expresses a chimeric APP and mutant PS1, which both play a role in Aβ plaque deposition, 

occurring as young as 6 weeks of age (123-125). Aβ plaque deposition is known to induce 

microglial and astrocyte activation, resulting in an increased inflammatory response (126). As 

this is the first study to show magnetite particles can lead to neuroinflammation in a mouse 

model of AD and that CeO2 and blue SiCeO2 nanoparticles have the potential to suppress the 

inflammatory response, future studies need to investigate the potential of the CeO2
nanoparticles using different strains of mice to confirm the results shown in this study and to 

further confirm its potential as a therapy for sporadic AD. Nevertheless, our results for TNF 

and IL-6 protein expression observed in SH-SY5Y cells, W/T and APP/PS1 mice are in 

agreement with the study by Turco et al. (2013), which showed that CeO2 nanoparticles 

reduced TNF and IL-6 protein expression and ROS production in human umbilical vein 

endothelial cells (HUVECs) (532). Similarly, another study found that CeO2 nanoparticles 

reduce inflammatory cytokines (TNF, IL-6 and IL-1b) and NFkB activation in LPS induced 

macrophages (RAW264.7 cell line) (533). Our findings therefore are in line with previous 

literature demonstrating that CeO2 and blue SiCeO2 nanoparticles can reverse the inflammatory 

effects induced after exposure to magnetite particles. 



173 

Figure 6.3.   In vitro and ex vivo analysis of inflammatory transcription factors cytokines, in 

SH-SY5Y cells and the hippocampus respectively, after exposure to magnetite particles and 

CeO2 nanoparticles. (A) Relative pMAPK/MAPK protein expression levels, SH-SY5Y cells (n 

= 5-6). (B) Relative pNFkB)/NFkB protein expression levels, SH-SY5Y cells (n = 5-6). (C) 

Relative TNF protein expression levels normalised to β-actin, SH-SY5Y cells (n = 5-6). (D) 

Relative TNF protein expression levels normalised to β-actin, W/T mice (n = 5-6). (E) Relative 

TNF protein expression levels normalised to β-actin, APP/PS1 mice (n = 5-6). (F) Relative IL-

6 protein expression levels normalised to β-actin, W/T mice (n = 5-6). (G) Relative IL-6 protein 

expression levels normalised to β-actin, APP/PS1 mice (n = 5-6). * P < 0.05, ** P < 0.001, *** 

P < 0.0001, **** P < 0.0001. All error bars indicate mean ± SEM.  

During the initial stages of inflammation immune cells invade the central nervous system 

(CNS) through the BBB via the endothelium of small vessels and tight junctions of astrocytes 

(534). This immune response is mediated by inflammatory markers, including intercellular 

adhesion molecule 1 (ICAM-1), which plays a key role in the inflammatory response (535, 
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536). ICAM-1 expression is induced by TNF and mediated by p38-MAPK (537). After 

exposure to magnetite particles in the SH-SY5Y cells, we observed an increase in ICAM-1 

protein expression to 0.77 ± 0.06 (P < 0.0001, normalised to β-actin) compared to control (0.18 

± 0.04; normalised to β-actin) seen in Figure 6.4A. This was also seen in the APP/PS1 mice 

exposed to magnetite particles (0.87 ± 0.1, P < 0.001 normalised to β-actin) compared to saline 

(0.26 ± 0.08 normalised to β-actin), no effect was observed in the W/T littermates (Figure 6.4B 

and C). After treatment with CeO2 and blue SiCeO2 nanoparticles there was a decrease in 

ICAM-1 protein expression seen in the SH-SY5Y cells to 0.32 ± 0.08 (P < 0.0001, normalised 

to β-actin) and 0.23 ± 0.032 (P < 0.0001, normalised to β-actin) respectively, compared to cells 

exposed to magnetite particles. Similarly, APP/PS1 mice treated with blue SiCeO2 

nanoparticles also showed a decrease in ICAM-1 protein expression to 0.27 ± 0.07 (P < 0.001, 

normalised to β-actin) compared to APP/PS1 mice exposed to magnetite particles alone. 

ICAM-1 has been found near Ab plaque formations in AD brains and is known to be 

upregulated when there is partial damage to the BBB, which corresponds to the influx and 

activation of immune cells (e.g., microglial and astrocytes) that is observed in AD development 

(534, 538). This suggests that the anti-inflammatory effects of CeO2 and blue SiCeO2

nanoparticles may be able to decrease phosphorylation of transcription factors which in turn 

decrease the production of pro-inflammatory cytokines resulting in a downstream inhibition of 

mediators like ICAM-1.  

ICAM-1 expression in the CNS is often associated with the expression of glial fibrillary acidic 

protein (GFAP)-immunoreactive astrocytes marker (534). GFAP is the principle intermediate 

filament protein in astrocytes, thought to maintain astrocytic function, with an increased 

expression closely correlating with early pathological manifestations of AD (534, 539, 540). 

Exposure to magnetite particles in both W/T and APP/PS1 mice was found to induce a 

significant increase in GFAP protein expression to 0.70 ± 0.06 (P < 0.05, normalised to β-

actin) and 1.02 ± 0.10 (P < 0.05, normalised to β-actin) respectively, compared to saline 

administered mice (Figure 6.4D and E). After treatment with blue SiCeO2 nanoparticles in 

APP/PS1 mice, there was a decrease in GFAP protein expression to 0.45 ± 0.09 (P < 0.05, 

normalised to β-actin) compared to magnetite exposed mice. While CeO2 nanoparticles did 

induce a decrease in GFAP protein expression compared to APP/PS1 magnetite exposed mice, 

it was not significant. While there was a decreased trend in GFAP protein expression in W/T 

mice treated with CeO2 and blue SiCeO2 nanoparticles, there was no significance (Figure 
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6.4D). These results demonstrate that magnetite particles induced an increase in GFAP protein 

expression, and that after exposure to blue SiCeO2 nanoparticles, GFAP protein expression 

were decreased. These findings are consistent with a study in an AD murine model (5XFAD), 

which found that GFAP astrocytic activity was decreased following treatment with CeO2 
nanoparticles (463). These results are also consistent with the ICAM-1 protein expression 

levels suggesting that CeO2 nanoparticles are indeed having less of an anti-inflammatory effect 

compared to blue SiCeO2 nanoparticles, due to the morphological and physiological properties. 

Alternatively, due to the known increase in agglomeration tendency of bare CeO2 nanoparticles 

compared to blue SiCeO2 nanoparticles, could also explain the ICAM-1 protein expression 

levels in the in vivo model (119). Further investigation into the effects of CeO2 nanoparticles 

in both microglial and astrocytic cells therefore this needs to be addressed to clarify the 

underlying anti-inflammatory mechanisms of these nanoparticles.  

 

Brain derived neurotrophic factor (BDNF) is another important neuroinflammatory biomarker, 

that stimulates and controls growth of new neurons from neural stem cells (neurogenesis), 

playing a key role in energy homeostasis (541-543). Moreover, accumulating evidence 

indicates that reduced BDNF expression in human brains is closely associated with the 

pathogenesis of AD (544). Reduced BDNF levels have been linked directly to degeneration of 

specific neurons, eventually leading to dementia (105). This was observed in our study with 

the APP/PS1 mice exposed to magnetite particles showing a significant decrease in BDNF 

protein expression to 0.25 ± 0.06 (P < 0.05, normalised to β-actin) compared to saline (0.79 ± 

0.16, normalised to β-actin) (Figure 6.4H). There is a trend towards a decrease in intracellular 

BDNF protein expression after magnetite particle exposure observed in SH-SY5Y (0.41 ± 0.3, 

normalised to β-actin) and W/T mice (0.32 ± 0.08, normalised to β-actin), compared to their 

corresponding controls, however there is no significance (Figure 6.4F and G). After treatment 

with both CeO2 and blue SiCeO2 nanoparticles in the SH-SY5Y cells, there is a significant 

increase in BDNF protein levels to 1.21 ± 0.1 (P < 0.001, normalised to β-actin) and 0.98 ± 

0.16 (P < 0.05, normalised to β-actin) compared to the magnetite exposed cells (Figure 6.4F). 

While there is an upward trend in BDNF levels after both CeO2 and blue SiCeO2 nanoparticles 

in both W/T and APP/PS1 mice, there is no significance. These results suggest that air 

pollutants containing magnetite particles can lead to reduced BDNF levels, therefore inhibiting 

cell survival and proliferation, and that exposure to CeO2 and blue SiCeO2 nanoparticles can 

potentially promote cell survival, seen through an increase in BDNF levels. In agreement with 
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an AD study, using SH-SY5Y cells treated with an Ab cell line which induced cytotoxicity, 

were treated with CeO2 nanoparticles which resulted in an alteration to the BDNF signal 

transduction pathways, which protects neuronal cells against apoptosis induced by AD onset 

(521, 545). In agreement with an AD study, using SH-SY5Y cells treated with an Ab cell line, 

which induced cytotoxicity, were treated with CeO2 nanoparticles (546). With this in mind, 

perhaps CeO2 and blue SiCeO2 nanoparticles are having a direct effect in promoting BDNF 

initiation to counteract neuronal cell death and promote cell survival, indicating a potential a 

neurotrophic role which is in agreement with another study by D-Angelo, B. et al (2009) (492).  

Figure 6.4.   In vitro and ex vivo inflammatory transcription factors and mediators, in SH-

SY5Y cells and the hippocampal region respectively, after exposure to magnetite particles and 

CeO2 nanoparticles. (A) Relative ICAM-1 protein expression levels, SH-SY5Y cells (n = 5-6). 

(B) Relative ICAM-1 protein expression levels, W/T mice (n = 5-6). (C) Relative ICAM-1

protein expression levels, APP/PS1 mice (n = 5-6). (D) Relative GFAP protein expression

levels, W/T mice (n = 5-6). (E) Relative GFAP protein expression levels, APP/PS1 mice (n =
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5-6). (F) Relative BDNF protein expression levels, SH-SY5Y cells (n = 5-6). (G) Relative

BDNF protein expression levels, W/T mice (n = 5-6). (H) Relative BDNF protein expression

levels, APP/PS1 mice (n = 5-6). All normalised to β-actin. * P < 0.05, ** P < 0.001, *** P <

0.0001, **** P < 0.0001. All error bars indicate mean ± SEM.

While these results show a consistent trend between the in vitro and in vivo models, there are 

treatment group discrepancies. This could be due to the difference between an acute and 

chronic inflammatory response. An acute inflammatory response is consistent with the in vitro 

model due to the short magnetite particle exposure time (24-hours) associated with the spike 

or drop in inflammatory mediators that is observed (547). This contrasts to the in vivo model 

which more closely represents low-grade chronic inflammation that is sustained over a long 

period of time (8-months), a key feature in AD pathogenesis. Low-grade chronic inflammation, 

while it does contribute to disease pathology, can also occur independently as a result of age-

related physiological changes like cellular senescence and accumulation of cellular debris, 

which is difficult to translate into an in vitro model (548). Overall, these results not only 

demonstrate the potent anti-inflammatory properties of CeO2 nanoparticles but also highlights 

its neuroprotective capability. Moreover, the BDNF results display the robust cell survival and 

proliferative role that CeO2 nanoparticles exhibit, indicating that they may play a role in 

neurotrophic signalling pathways (e.g., PI3K, Akt, ERK and CaMK) which need to be further 

explored as the decrease seen among the other inflammatory mediators suggests that there is a 

change in macrophage polarization, in decreasing pro-inflammatory mediator production 

(Figure 6.5). Therefore, future studies should on better the mechanism of CeO2 nanoparticles 

and their effects on microglial and astrocytes.  



178 

Figure 6.5.   (A) This schematic representation shows magnetite particles inducing and 

exacerbating oxidative stress and chronic inflammation contributing to the development of AD. 

Magnetite particles increase ROS and RNS production, leading to an increase in M2 polarised 

astrocytic and microglial cells, which promote the production of pro-inflammatory cytokines 

and mediators leading to chronic inflammation and oxidative stress. This causes neuronal 

dysfunction leading to the formation of Ab plaques and NFTs, eventually neuronal death and 

cognitive decline. (B) The schematic representation shows CeO2 nanoparticles inhibiting 

oxidative stress and pro-inflammation, induced by the presence of magnetite particles. CeO2
nanoparticles are effective antioxidants, scavenging ROS and RNS thereby decreasing pro-

inflammation. A proposed mechanism of CeO2 nanoparticles is the initiation of glial 

repolarisation from M2 to M1, promoting anti-inflammation through the upregulation of 

various pathways and associated transcription factors (i.e., TrkB, CaMK, ERK, P13K, AKT 

and CREB) which promote the regulation of neurotrophic factors (i.e., BDNF) which promote 

cell survival and proliferation. Created with BioRender.com.  
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Cerium oxide nanoparticles delay the development of Ab species formation after exposure to 

magnetite particles in an AD mouse model 

Ab plaques are one of two major neuropathological features in AD brains (16). 

Neuroinflammation is another hallmark feature of AD development and is considered another 

theory in the pathogenesis of the disease (29). In this theory, the accumulation of Ab plaques 

trigger the activation of microglial and astrocytic cells that in turn produces numerous 

inflammatory cytokines and mediators subsequently leading to chronic inflammation within 

the brain (549). Therefore, we next investigated the effects of the nanoparticles on the 

development of Ab species in the double transgenic APP/PS1 mouse model, using the W/T 

littermates as a comparison. Ab plaques are large accumulations of Ab peptides, primarily the 

Ab42, the principal deposit of Ab plaques (16). To assess the effects of the nanoparticles on 

the accumulation of Ab plaques, we performed in vivo brain imaging using a NIRF probe that 

targets Ab aggregates in the brain (Figure S6.4) and thioflavin S. staining of the left hemisphere 

at experimental endpoint. Representative images from in vivo brain imaging shows brighter 

fluorescence was emitted in the W/T and APP/PS1 mice that had been exposed to magnetite 

particle (Figure 6.6A). Analysis of the images show an increase in the average radiance to 2.09 

± 0.31 (P < 0.05) in W/T mice and 2.3 ± 0.28 (P < 0.05) in APP/PS1 mice exposed to magnetite 

particles, compared to saline (1.2 ± 0.14 and 1.03 ± 0.06 respectively, Figure 6.6B and C). The 

NIRF probe (CRANAD-2) detects for the presence of soluble (Aβ40) and insoluble (Aβ42) 

peptides, and do not necessarily detect the presence of Aβ plaques (large deposits of peptide 

principally Aβ42 peptide aggregates) (141). Unlike humans, C57BL/6 W/T mice do not 

develop Aβ plaques during the course of normal aging, however they are still able to develop 

Aβ peptide aggregates (349, 350), seen in Figure 6.6A. These results indicate that exposure to 

magnetite particles induces an increase in both soluble (Aβ40) and insoluble (Aβ42) peptides, 

and that there is less soluble and insoluble Aβ peptides after treatment with both CeO2 and blue 

SiCeO2 nanoparticles (Figure 6.6B and C). Thioflavin S. stain detects the characteristic β-

pleated sheets of Ab plaques, therefore stained brain tissue samples were then analysed. As 

expected, there were no Ab plaque formations in all W/T mice (Figure S6.5), however there 

was an increase in Ab plaque amounts in the APP/PS1 magnetite exposed mice to 241.3 ± 27.4 

plaque counts (P < 0.001), compared to the saline administered mice (78.7 ± 20.8, Figure 6.6D 

and F). After exposure to blue SiCeO2 nanoparticles there is a decrease in Ab plaque amounts 

to 112.3 ± 36.3 plaque counts, compared to the APP/PS1 magnetite exposed mice, however no 
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significance is seen (Figure 6.6D and F). While there are decreased Ab plaque amounts after 

CeO2 nanoparticle treatments in APP/PS1 mice there is no significance. The SH-SY5Y cells 

were also investigated for Aβ42 aggregates, displaying a significant increase in Aβ42 protein 

levels (39.10 ± 1.12 P < 0.0001), in magnetite particle exposed cells compared to the control, 

and while a trend towards a decrease in Aβ42 aggregation can be observed after CeO2 or blue 

SiCeO2 nanoparticles exposure there is no significance (Figure 6.6E). These results indicate 

magnetite particles can induce the formation of Ab species and pose a risk to the development 

of AD, consistent with the study by Maher et al (2016) (181), that theorized the possible link 

between air pollutant magnetite PM and the development of AD. Aβ42 aggregation can also 

occur as result of increased inflammation and oxidative stress, therefore we suggest that the 

downstream antioxidant and anti-inflammatory effects of CeO2 or blue SiCeO2 nanoparticles 

had not yet taken place, and therefore CeO2 nanoparticle exposure time needs to be further 

investigated in in vitro studies to determine this.  

While this mechanism is not well understood, it is possible that CeO2 nanoparticles can initiate 

the breakdown of Ab40 and Ab42 aggregates, through its potent antioxidant, anti-

inflammatory and neuroprotective properties, thereby preventing or delaying the development 

of Ab plaques, however its effects on well-established Ab plaques is unknown. Research into 

the APP/PS1 model has found that Aβ plaque deposition is almost exclusively driven by Aβ42 

protein aggregation, due to the genetic mutations in the APP and PS1 proteins (16). Evidence 

has been found that CeO2 nanoparticles can reduce the formation of amyloid species and b-

sheets (precursors to Ab plaques), confirming that their presence limited the formation of well-

defined fibrillar structures (221). While the CeO2 and blue SiCeO2 nanoparticles are primarily 

consistent in reducing Aβ species in the in vitro and in vivo models, there is a clear decrease 

in Aβ plaque amounts in the APP/PS1 mice after treatment with blue SiCeO2 nanoparticles 

compared to CeO2 nanoparticles. The blue silica coating induces a more reduced state (higher 

Ce3+/Ce4+ ratio), exhibiting higher SOD mimetic activity. SOD mimetic activity is known to 

shift the production to increase formation of the soluble (Aβ40) peptide over the insoluble 

(Aβ42) protein aggregates, ultimately decreasing the propensity for aggregation and 

neurotoxicity (521). Overall, these results are consistent with the previous in vitro and in vivo 

data presented, displaying that treatment with blue SiCeO2 nanoparticles induce a more 

prominent antioxidant and anti-inflammatory effect, compared to CeO2 nanoparticles, thus 

signifying it as a superior choice for a neurodegenerative therapy.  
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Figure 6.6.   In vivo, ex vivo and in vitro analysis of Aβ species, after exposure to magnetite 

particles and CeO2 nanoparticles. (A) NIRF in vivo brain imaging (baseline and post 5 mins), 
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W/T mice and APP/PS1 mice. (B) Increase in average radiance of Aβ plaque formation in W/T 

mice (baseline - post 5 minutes), (n = 5-11). (C) Increase in average radiance of Aβ plaque 

formation in APP/PS1 mice (baseline - post 5 minutes), (n = 5-11). (D) Aβ plaque count, from 

Thioflavin S. stained brain tissue in APP/PS1 mice, (n = 5-11). (E) Aβ42 protein levels, SH-

SY5Y cells (n = 8). (F) Thioflavin S. stained brain tissue from A-Saline, (G) A-MAG, (H) A-

MAG + CeO2 and (I) A-MAG + Blue SiCeO2 mice, the arrows indicate the Aβ plaques. * P < 

0.05, ** P < 0.001, *** P < 0.0001, **** P < 0.0001. All error bars indicate mean ± SEM.  

Blue Silica Cerium oxide nanoparticles delays neuronal cell loss in W/T mice after exposure 

to magnetite particles 

During the development of AD, there is an increase in Aβ aggregates and Aβ plaques deposits, 

forming in and around neuronal cells leading to the disruption of several important regulatory 

pathways, causing dysfunction and eventually cell death, a clinical feature of AD patients, with 

the hippocampal region being the most vulnerable (31-35). The hippocampus is essential for 

episodic memory function, relying on pathway interactions from various stimuli (e.g., visual, 

auditory, olfactory and sensory), consisting of four main regions; the cornu ammonis (Ca), 

dendate gyrus (DG), subiculum, entorhinal cortex (EC; five layered region) (31, 550). The 

perforant pathway connects the parietal, temporal and prefrontal cortices to the hippocampus, 

where the axons in the entorhinal cortex (EC), extends into the DG, then further project into 

either the (i) Ca3 region or the (ii) Ca1 regions of the hippocampus (31, 144). The pyramidal 

cells in the Ca1 region send their axons to the subiculum and then to entorhinal cortex (31). An 

increase in Aβ species formation and plaques have been associated with neuronal cell loss in 

AD development, therefore, the hippocampus region of the brain was stained with cresyl violet 

to allow for neuronal cell counting. Representative images of the hippocampus region showing 

stained neurons are shown for the DG, Ca3 and Ca1 regions for W/T saline, magnetite particle 

and blue SiCeO2 nanoparticle exposed mice as well as APP/PS1 saline and magnetite particle 

exposed mice (Figure 6.7A-E). Neuronal cell counting shows that regardless of the mouse 

model (W/T or APP/PS1), exposure to magnetite particles results in a significant reduction in 

neuronal cells in all regions of the hippocampus (Figure 6.7F-K). These results are consistent 

with the previous Aβ species data, and agrees with a study, which found that Aβ plaques may 

act synergistically with magnetite to enhance cellular toxicity and induce cell death in cortical 

neurons from rat embryos (E18-19 Sprague-Dawley) (551). Therefore, we suggest that the 

increased oxidative stress and inflammation induced by magnetite, induces an increase in Aβ 
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species formation, which in turn induces neuronal toxicity and cell death. After treatment with 

blue SiCeO2 nanoparticles, there is a significant increase in neuronal cell counts to 393.5 ± 11.9 

(P < 0.05) in the DG region, 233.6 ± 8.4 (P < 0.05) in the Ca3 region and 194.4 ± 8.16 (P < 

0.001) in the Ca1 region compared to magnetite exposed mice in the hippocampus of the W/T 

mice (Figure 6.7F, H and J). Treatment with CeO2 nanoparticles in W/T mice showed only a 

slight increase in neuronal cell amounts compared to magnetite exposed mice, however this 

was not significant. Of note, treatment with both CeO2 and blue SiCeO2 nanoparticles in the 

APP/PS1 mice showed no increase in neuronal cell amounts compared to magnetite exposed 

mice (Figure 6.7G, I and K). At experimental endpoint all mice were 10.5 months old, with 

extensive AD neuropathology’s present (123). While CeO2 nanoparticles are known to promote 

cell survival, the mutations exhibited by the APP/PS1 mice may delay the neuroprotective 

effects of these treatments. Overall, these results indicate that magnetite particles induce 

neuronal cell death in both W/T and APP/PS1 mice, and that after treatment with blue SiCeO2
nanoparticles in W/T mice, neuronal cell death is delayed, prevented or reversed (i.e., inducing 

cell proliferation effects) promoting cell survival. This is consistent with the BDNF in vitro 

and in vivo results (Figure 6.7H-J), suggesting that the blue SiCeO2 nanoparticles induce 

antioxidant and anti-inflammatory effects, exhibiting neuroprotective properties which 

promote cell survival, further supporting their possible role in inducing cell proliferation. These 

results further indicate that blue SiCeO2 nanoparticles are inducing a more consistent and 

wholistic therapeutic effect, signifying the benefits of silica oxide coating and the more reduced 

form of CeO2 nanoparticles.  



184 

Figure 6.7.   In vivo analysis of neuronal cell viability and death in the hippocampus regions; 

DG, Ca3 and Ca1 and in SH-SY5Y cells after exposure to magnetite particles and CeO2
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particles. (A) Brightfield image of hippocampus regions (DG, Ca3 and Ca1) in W/T - Saline, 

(B) W/T - MAG, (C) W/T – MAG + Blue SiCeO2, (D) A - Saline and (E) A - MAG. (F)

Neuronal cell counting in the DG region, W/T mice (n = 5-11). (G) Neuronal cell counting in

the DG region, APP/PS1 mice (n = 5-11), * P < 0.0327 (control vs. MAG). (H) Neuronal cell

counting in the Ca3 region, W/T mice (n = 5-11). (I) Neuronal cell counting in the Ca3 region,

APP/PS1 mice (n = 5-11). (J) Neuronal cell counting in the Ca1 region, W/T mice (n = 5-11).

(K) Neuronal cell counting in the Ca1 region, APP/PS1 mice (n = 5-11). * P < 0.05, ** P <

0.001, *** P < 0.0001, **** P < 0.0001. All error bars indicate mean ± SEM.

Cerium oxide nanoparticles delay/alleviate cognitive impairment, a behavioural change 

associated with AD pathologies in an in vivo model 

The progression of AD is closely associated with neuronal cell death via several complex 

interactions including the development of Aβ plaques (318). Neuronal cell death causes brain 

shrinkage, a common AD pathophysiological trait, by which point the symptoms of AD (e.g., 

memory loss, poor judgement, increased anxiety and stress, apathy and withdrawal or 

depression and an inability to perform everyday tasks) are expressed (318, 325). Behavioural 

testing was completed in the final two weeks of the animal experiment, to determine the effects 

of the nanoparticles on AD development.  

The NOR test assesses short-term memory and cognitive impairment, established by 

implementing the recognition index (RI) to assess if the mice could distinguish the novel object 

from the familiar one (135, 136). Analysis of the RI revealed that regardless of the mouse 

model (W/T and APP/PS1), exposure to magnetite particles resulted in increased cognitive 

impairment seen from the lack of significance in time spent with the familiar object compared 

to the novel with respect to the W/T saline mice (P < 0.0001) and the APP/PS1 saline (P < 

0.001) (Figure 6.8A and B). Cognitive impairment is a typical symptom of AD diagnosis, 

which is associated with increased neuronal cell loss (552). The hippocampal region 

experiences severe neuronal cell loss in the development of AD and is responsible for many 

forms of learning and memory (553). Cognitive function relies on the synaptic function and 

plasticity of the granule cells in the DG region of the hippocampus to project signals into the 

pyramidal cells in both the Ca3 and Ca1 regions. This process is highly sensitive to change in 

homeostasis with the development of Aβ plaques associated with synaptic dysfunction and loss 
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(554, 555). Therefore, these results indicate that magnetite particles are inducing cognitive 

impairment, coinciding with neuronal cell loss (Figure 6.7F-K). Treatment with both CeO2 and 

blue SiCeO2 nanoparticles appears to decrease the degree of cognitive impairment, seen in the 

significant difference in time spent with the familiar object compared to the novel object in the 

W/T mice (P < 0.0001 and P < 0.001) and APP/PS1 mice (P < 0.001 and P < 0.05) respectively. 

The increased neuronal cell count observed in the W/T blue SiCeO2 nanoparticle exposed mice 

(Figure 6.7F, H and I) is consistent with these results, however, this is not the case for the W/T 

CeO2 nanoparticle and APP/PS1 CeO2 and blue SiCeO2 nanoparticle exposed mice. While the 

novel objection recognition test is extensively used for AD research, it assesses the working 

memory, as opposed to spatial navigation, learning and memory, which is severely impeded 

by the development of AD and is a significant function of the hippocampal region (552, 556). 

Therefore, with attention to recent literature, a spatial learning memory test, like the Morris 

water maze, relying on the mice to navigate the perimeter of an open swimming arena to locate 

the submerged platform is considered a more accurate behavioural study in AD development, 

closely associated with the degree of neuronal damage in the hippocampal region (557). 

Evidence has shown that this test is able to measure hippocampally dependent spatial 

navigation and reference memory, found to be sensitive across a range of experimental 

treatment effects (552).  

Anxiety and stress are symptoms that are associated with AD diagnosis and are closely 

associated with increased cognitive impairment in the development of AD (318-320, 347). In 

this study, we used the EPM to assess for anxiety and stress, which is identified by the increased 

time spent in the closed arms compared to the open arms of the maze (137, 138). The EPM test 

for the W/T mice showed that the magnetite exposed mice spent significantly less time in the 

closed arm, compared to saline to 126.3 ± 6.6 seconds (P < 0.001) seen in Figure 6.8C. The 

trend is similar for the magnetite particle exposed APP/PS1 mice however no significance was 

shown (Figure 6.8D). No significant effects were observed for W/T or APP/PS1 mice treated 

with CeO2 and blue SiCeO2 nanoparticles. This is also seen in the tail suspension test, analysing 

the depressive-like symptoms, as preclinical AD is often characterized by social withdrawal in 

both human and mice (140, 558, 559). Depressive-like symptoms are characterized by lack of 

mobility (i.e., time spent mobile), which is found after treatment with magnetite particles in 

the W/T mice to 49.1 ± 3.9 seconds (P < 0.05) compared to W/T saline (80.8 ± 9.6 seconds; 

Figure 6.8E). A decrease in mobile time is also seen in the APP/PS1 mice exposed to magnetite 
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particles, to 55 ± 3.3 seconds compared to APP/PS1 saline 84.4 ± 18.1 seconds, however there 

is no significance (Figure 6.8F). While there is an upward trend of increased mobility seen in 

W/T and APP/PS1 CeO2 and blue SiCeO2 nanoparticle exposed mice, there is no significance 

(Figure 6.8E and F). These observations suggest that both W/T and APP/PS1 mice exhibit 

anxiety, stress and depressive like behaviours following exposure to magnetite particles, with 

CeO2 and blue SiCeO2 nanoparticle exposure having no alleviating effect on these symptoms. 

Stress and anxiety are critically involved in the development and progression of AD, with 

studies suggesting that they can exacerbate the symptoms like depression that coincide with 

AD development (560). When exposed to a stressful situation the pituitary gland produces 

ACTH, subsequently releasing cortisol by the adrenal cortex, which play central roles in 

exacerbating AD by stress (560, 561). Cortisol exhibits anti-inflammatory properties however, 

a study for Cushing’s disease (a condition that occurs from exposure to chronic high cortisol 

levels) has found a correlation in hypercortisolism coincided with chronic oxidative stress and 

inflammation (562). While this example is based on adipose tissue, elevated cortisol levels 

have been found in the AD patients. While the exact mechanism of magnetite particles is still 

unknown, these results suggest that the presence of the particles increase anxiety, stress and 

depressive like behaviours which are side effects to the increased oxidative stress and 

inflammation that magnetite particles induce. Moreover, regardless of CeO2 and blue SiCeO2 
nanoparticle exposure, these behavioural changed induce by magnetite particles were unable 

to delayed or reversed by the animal experimental endpoint, and therefore this demonstrates 

that magnetite induces behavioural changes associated with AD development.  

 



188 

Figure 6.8.   Ex vivo analysis of the behavioural changes associated with the development 

of AD in W/T and APP/PS1 mice, after exposure to magnetite particles and CeO2
nanoparticles. (A) NOR analysis with the recognition index, W/T mice (n = 5-11). (B) NOR 

analysis with the recognition index, APP/PS1 mice (n = 5-11). (C) Time spent in the closed 

arm in the EPM, W/T mice (n = 5-11). (D) Time spent in the closed arm in the EPM, APP/PS1 

mice (n = 5-11). (E) Mobility time (secs) from TST, W/T mice (n = 5-11). (F) Mobility time 
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(secs) from TST, APP/PS1 mice (n = 5-11). ** P < 0.001, *** P < 0.0001, **** P < 0.0001. 

All error bars indicate mean ± SEM.  

 

Mouse models for AD have been instrumental in further understanding the pathophysiology 

and behavioural characteristics of the disease, however there are some limitations to mouse 

models and therefore to this study. This study used a combination of male and female mice, 

however during the analytical process the mice were not further segregated by gender, and 

therefore the potential gender effects were not analysed which is a limitation to the study. The 

concentration of both CeO2 and blue SiCeO2 nanoparticles was established based on 

preliminary in vitro testing. Both SH-SY5Y and B-V2 cells were tested with CeO2 nanoparticle 

concentrations ranging from 3.13 – 50 µg/mL, for 24 hours resulting in little to no effect on 

cell viability (Figure S6.4A-D). The concentration of 50 µg/mL was chosen, and further 

preliminary studies were conducted, again assessing the cell viability, ROS and NO production 

on both SH-SY5Y and B-V2 cells, compared to an inflammatory stimulus (e.g., LPS) ranging 

between 1-120 µg/mL for 24 hours (Figure S6.4E-I) (152, 153).  

 

It is important to note that CeO2 and blue SiCeO2 nanoparticle treatments alone were not 

included in the in vivo experiment as control groups, and therefore should be further explored 

as this will also influence the dosage and route of administration in future studies. In this study, 

administration of CeO2 and blue SiCeO2 nanoparticles every third day may not be easily 

translated into a clinical setting, and therefore investigation into the route of administration and 

dosage needs to be explored. One study found that a single bolus dose of CeO2 nanoparticles 

could alleviate depressive-like symptoms, which was accompanied by a decrease in oxidative 

stress, inflammation, improvement of hippocampal cell viability, cell proliferation and neurite 

growth, emphasizing the neuroprotective effects of CeO2 nanoparticles neuroprotective in the 

stress-induced model of depression (e.g., rat model of unpredictable induce chronic mild stress) 

(563). A study using an in vivo model (Sprague Dawley rats) were exposed to 7.65, 5 and 

2.65 g/cm3 depending on weight of animal, of CeO2 nanoparticles and amorphous SiCeO2 

nanoparticles, and a combination of these nanoparticles, finding that amorphous SiCeO2 
nanoparticles completely reduced acute lung inflammation and injury in 28 days post exposure, 

not seen in other treatment variations (118). Therefore, a personalized treatment option 

considering weight could be implemented, however this needs to be further investigated. 
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6.5 Conclusion 

Based on the data obtained, magnetite particles have been found to induce the pathologies 

associated with AD, and that after CeO2 and particularly blue SiCeO2 nanoparticle treatments, 

these pathologies are reduced. This study shows the remarkable antioxidant, anti-inflammatory 

and neuroprotective properties of CeO2 nanoparticles. Most interestingly, CeO2 nanoparticles 

possible mediation of signalling pathways that potentially promote cell proliferation, signifies 

a possible alteration in microglial and astrocytic polarization and activation. However, this 

needs to further be elucidated. Overall, this study displays that air pollutant magnetite particles 

induce the pathologies associated with AD, and that CeO2 nanoparticles and most consistently, 

blue SiCeO2 nanoparticles can delay and, in some cases, reverse these pathologies and therefore 

prove to be a promising therapy for AD.   



191 

6.6 Supplementary Information 

Figure S6.1.  A timeline summary of the in vivo study. Sixty-five female and male wild-type 

(W/T; C57BL/6) mice were genotyped and divided into four groups; W/T-Saline, W/T-MAG, 

APP/PS1-Saline and APP/PS1-MAG. Animals were intranasally administered with magnetite 

particles (66𝜇g/20𝜇l) every third day for 4 months. In week 16 of the animal experiment, the 

mice were further sub-divided into eight groups; W/T-Saline, W/T-MAG, W/T-MAG+CeO2, 

W/T-MAG+Blue SiCeO2, APP/PS1-Saline, APP/PS1-MAG, W/T-MAG+CeO2 and W/T-

MAG+Blue SiCeO2. Animals continued to be intranasally administered with magnetite 

particles (66𝜇g/20𝜇l) or every third day, with some groups also having intranasal 

administration of CeO2 or blue SiCeO2 nanoparticles (33𝜇g/20𝜇l) every other third day for 4 

months. In week 31 of the animal experiment the mice underwent behavioural testing and in 

vivo brain imaging.  
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Figure S6.2.   Schematic representation of the TST experiment. The mice were placed upside 

with their tails taped to the bar, and the mobility time was recorded. Created with 

BioRender.com. 
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Figure S6.3.   Schematic representation of In vivo NIRF brain imaging. A NIRF molecular 

imaging probe was used to target Aβ42 protein aggregation. A baseline fluorescence image 

was obtained prior to intravenous injection of the NIRF probe, followed by another 

fluorescence image obtained 5 minutes post injection. The average radiance (p/s/cm2/sr) was 

recorded from the region of interest (ROI).  
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Table S6.1.  Antibodies used in Western Blot analysis 
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Figure S6.4.   In vitro analysis of oxidative stress and cell viability responses after exposure 

to CeO2 and blue SiCeO2 nanoparticles. (A) Percentage of cell viability from control testing 

various concentrations of CeO2 nanoparticles, SH-SY5Y cells, (n = 4). (B) Percentage of cell 

viability from control testing various concentrations of Blue SiCeO2 nanoparticles, SH-SY5Y 

cells, (n = 4). (C) Percentage of cell viability from control testing various concentrations of 
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CeO2 nanoparticles, B-V2 cells, (n = 4). (D) Percentage of cell viability from control testing 

various concentration of Blue SiCeO2 nanoparticles, B-V2 cells, (n = 4). (E) Percentage of 

ROS production from control, SH-SY5Y cells, (n = 4). (F) Percentage of NO production from 

control, SH-SH5Y cells, (n = 4). (G) Percentage of cell viability from control, SHSY5Y cells, 

(n = 4). (H) Percentage of ROS production from control, BV2 cells, (n = 4). (I) Percentage of 

NO production from control, BV2 cells (n = 4). (J) Percentage of cell viability from control, 

BV2 cells, (n = 4). *P < 0.05, **P < 0.001, ***P < 0.0001, ***P < 0.0001. All error bars 

indicate mean +/- SEM.  
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Figure S6.5.   Ex vivo analysis of Aβ plaques, after exposure to magnetite particles and CeO2
nanoparticles. (A) Thioflavin S. stained brain tissue from W/T saline mice and (B) W/T 

magnetite exposed mice.  
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Chapter 7: Conclusions and Future Perspectives 

Chapter Summary 

This chapter will provide a general discussion of the key findings of the present PhD project. 

This chapter also presents the limitations of the studies presented in this thesis as well as an 

outline of future directions for research in the field of magnetite particles risk to human health 

and the development of CeO2 nanoparticles as therapies for neurodegeneration and AD.  
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7.1 Conclusions 

It is well known that there is increased risk of adverse health effects associated with exposure 

to air pollutant particulate matter. With numerous epidemiological studies showing that 

increased air pollutant PM present in ambient air correlates with increased morbidity and 

mortality rates related to many diseases (47, 564). In fact, there are countless studies, over the 

last 15 years that highlight the adverse effects of air pollution associated with increased risk of 

lung, head, neck, and nasopharyngeal cancer, all of the upper aerodigestive tract, however, far 

less have focused on its role in the development of neurodegenerative diseases like AD and 

PD (565). Diesel exhaust emissions and air pollutant iron particles have been previously 

implicated in various adverse health effects as well as being implicated in neurodegenerative 

like AD and PD (284, 313). 

Magnetite is an iron oxide mineral, that is abundant in ambient air. Like iron, magnetite forms 

naturally in the brain, however excessive amounts can have adverse effects on brain health 

(84). Magnetite is a volatile particle, with alternating lattice structure, from the Fe2+O4- 

(reduced) to Fe3+O4- (oxidised), thereby having increased redox potential (84-86). Air pollutant 

magnetite particles are produced in copious amounts, similarly to diesel, from combustion 

sources (84). A study by Maher et al (2016), found magnetite consistent to externally derived 

air pollutant MNPs in excessive quantities in the brain tissue of people with AD (85, 88). There 

have been few studies to confirm this, and therefore the systematic review of magnetite studies 

was completed (Chapter 3) revealing the mechanism of naturally forming magnetite as well as 

its various environmental, industrial and biomedical applications of magnetite from 1990 - 

2020 (259, 566, 567). More significantly, this study uncovered the cytotoxic effects of 

magnetite particles through its extensive use as a biomedicine and more recently its potential 

implication as an air pollutant in the form of PM correlating with neurodegenerative diseases 

(280, 284, 568). This study displays the wide variety of applications of magnetite particles 

from 1990-2020 bringing to light the gaps in knowledge about the long-term and potential side 

effects of magnetite particles as a biomedicine, and the future studies that need to be undertaken 

to establish its role in neurodegenerative diseases like AD.  

Chapter 4 established that that air pollutant particles, particularly magnetite, had significant 

detrimental effects on anxiety and stress, while cognitive impairment was increased after 
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exposure to all air pollutants, with magnetite particles inducing the most neuronal cell loss. 

Further histological analysis showed that neuronal cell loss correlated with an increase in Ab 

species formation in both the in vivo and in vitro models. These observations led to an 

exploration into relevant neuroinflammatory and oxidative stress markers in the pathogenesis 

of AD. Gene expression analysis found that air pollutant particles induced an increase in 

inflammatory cytokines. Further testing with western blot and biochemical analysis showed 

varying inflammatory and oxidative stress changes associated with AD pathogenesis in both 

the in vivo and in vitro models. The air pollutant particles induced NO and ROS production via 

the activation of the NFkB pathway in the in vitro models, therefore indicating the universal 

inflammatory and oxidative stress response that the air pollutant particles are inducing, 

suggesting their significant role in the development of AD pathogenesis. As the C57BL/6 WT 

mice do not develop Ab plaques, therefore this suggests that the air pollutant particles induce 

an increase in neuroinflammation, oxidative stress and Ab species formation regardless of AD 

pathological vulnerabilities that the APP/PS1 mice possess (147, 148). While this is the case, 

the APP/PS1 mice have developed more pathologies associated with AD compared to the WT 

mice, suggesting that the presence of Ab plaques will speed up AD-pathological features, 

rendering the brain more vulnerable to neurodegeneration. This also indicates that the presence 

of neuroinflammation and oxidative stress in this study does correlate with an increase in Ab 

species formation, and hence indicates a strong association between these driving pathological 

processes which is consistent with current literature supporting both the neuroinflammation 

and oxidative stress theories as to the trigger of AD development (332-334). Overall, magnetite 

particles stimulated the most consistent damaging effects in inducing the pathologies 

associated with AD in both the W/T and APP/PS1 mice, and therefore could play a role in the 

onset or progression of sporadic AD. 

 

The management of AD is extremely challenging, with a number of therapies currently on the 

market as symptomatic therapeutics for AD; cholinesterase inhibitors, donepezil, rivastigmine, 

galantamine, and tacrine, and N-methyl-D-aspartate (NMDA)-receptor modulator memantine 

(90). These therapies are unable to prevent or reverse the disease progression, however, they 

have been extremely effective in replacing damaged or dysfunctional mediators (90). Recent 

research into therapies for AD have focused on targeting the underlying drivers of the disease 

like oxidative stress and inflammation.  
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Inflammation is also a process that has been closely related to the onset of various 

neurodegenerative diseases, including AD, where the inflammatory response in neurons 

includes activation of microglia, astrocytes, resulting in the release of inflammatory mediators 

such as cytokines and ROS. Microglia play a central role in the cellular response to 

pathological lesions such as Ab plaques (368).  In sporadic AD, inefficient clearance of Ab 

has been identified as a major pathogenic pathway (315, 491). In turn Ab can attract and 

activate microglia cells, leading to clustering microglia around Ab deposit sites in the brain. 

Microglia also expresses scavenger receptors that mediate adhesion of the microglia to Ab 

fibril-coated surfaces, leading to ROS secretion and cell immobilization. Secretion of ROS can 

result in further neuronal damage and increase in oxidative stress. The increase in oxidative 

stress, neuroinflammation and Ab plaques formation around neuronal cells causes cellular 

dysfunction, and eventual death leading to neurodegeneration (368). The brain is the most 

active organ, and highly susceptible to oxidative stress due to its high oxygen content and 

utilization, therefore antioxidants have surfaced as potential therapies for AD (103, 105). CeO2
has surfaced as a promising candidate, previously being investigated for glioma and ischemic 

stroke therapies, due to its antioxidant behaviour (105, 106). CeO2 has unique structural and 

redox properties, however there are few studies about its potential role as a therapy for 

neurodegeneration. This motivated the systematic and bibliometric study on CeO2 literature 

(Chapter 5), to better understand the characteristics of CeO2 and its relation to research trends 

from 1990 - 2020. This study highlighted CeO2 incredible catalytic and redox properties 

allowing its exploitation for innumerable environmental/industrial and biomedical applications 

(105-107). This study highlighted its ability to target cancer cells, and as a therapy for 

inflammatory diseases acting as efficient ROS scavengers (108, 569, 570). This study also 

revealed the advanced nanotechnology engineering, like manipulation of CeO2 nanoparticle 

additives (e.g., dopants/coating, surface functionalized, core-shell structures, nanocomposites, 

and hybrid structures). These additives proved to increase efficiency of CeO2 nanoparticles for 

a wide range of applications, including the most recent studies highlighting its potential as a 

therapy for neurodegenerative diseases like AD (106).  

The advancements in nanoparticle engineering and the ability to enhance CeO2 nanoparticles 

for specific therapies led to the investigation of whether CeO2 and blue silica doped CeO2
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nanoparticles could delay or reverse the air pollutant magnetite induced AD pathologies 

(Chapter 6). This study was conducted using two in vitro models to represent both the neuronal 

(SH-SY5Y cells) and microglial (BV-2 cells) cells in the brain, along with the in vivo model, 

double transgenic murine APP/PS1 mice. This study found that both CeO2 nanoparticles were 

able to reduce oxidative stress and increase cell viability, after magnetite particle exposure in 

both in vitro models.  The BV-2 cells appeared to have increased cell viability compared to the 

control which was not seen in the SH-SY5Y cells, although the cell viability returned to the 

same as the control. This suggests that CeO2 nanoparticles stimulate different reactions on 

different cell types, or perhaps some cells are more sensitive than others. These results suggest 

that BV-2 cells are more sensitive to both CeO2 nanoparticles, particularly the BV-2 cell line, 

they are promoting cell survival and proliferation. BV-2 cells are microglial cells, and therefore 

are highly sensitive to any sort of change in homeostasis and are the initial responders in an 

immune response (571). We suggest that CeO2 nanoparticles are having the same effect 

(promoting cell survival and proliferation) on both the SH-SY5Y and BV-2 cells, however the 

BV-2 cells are more sensitive. Western blot analysis was conducted on the in vitro (SH-SY5Y) 

and in vivo models, finding that both CeO2 nanoparticles, but particularly blue SiCeO2 

nanoparticles induced anti-inflammatory effects on various inflammatory transcription factors 

and downstream cytokines and mediators after magnetite particle exposure. Of interest, both 

CeO2 nanoparticles induced an upregulation of BDNF in the in vitro (SH-SY5Y) model 

surpassing that of the control. BDNF is a neurotrophic factor promoting cell survival and 

proliferation, therefore the increase in cell viability would occur downstream to this activation, 

further supporting the suggestion that are promoting cell survival and proliferation on both cell 

types (543). These results combined with the cell viability results in both in vitro cell models 

suggesting that CeO2 nanoparticles are exhibiting properties promoting cell proliferation 

perhaps through the upregulation of neurotrophic factors like BDNF which may occur because 

of a change in glial polarization (from the pro-inflammatory M1 state to anti-inflammatory M2 

state) (572, 573). The classical, proinflammatory (M1) macrophage phenotype is associated 

with the expression of cytotoxic genes (e.g., TNF and IL-6) and is accompanied by impaired 

phagocytic capacity (315, 491). This would explain the constant activation and upregulation in 

the cell viability and the decrease in pro-inflammatory cytokines and mediators seen in the 

western blot results. In summary, the results indicate that CeO2 nanoparticles are inducing 

neuroprotective effects when in the presence of magnetite particles. The neuroprotective 

effects have shown to reduce inflammatory and oxidative stress biomarkers induced by 

magnetite particles.  
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CeO2 nanoparticles are known to be bifunctional in that they exhibit both protective and 

cytotoxic effects, similar to that of the polarization of microglial and astrocytic cells (108). 

CeO2 nanoparticles are known and effective ROS scavengers, however, there are other 

unknown mechanisms triggering signalling neurotrophic pathways inducing cell survival and 

proliferation which may be influencing and altering macrophage activation and polarization 

(from M2 to M1 polarization). A study using microglial BV-2 cells found CeO2 nanoparticles, 

delayed microglial growth in S-phase of the cell cycle, in the presence of Ab protein treatment 

on the cells (574). This indicates that CeO2 nanoparticles can mediate the activation and 

inhibition of microglial cells dependent on its environment, and therefore must be further 

explored. CeO2 nanoparticles were found to decrease Ab species formations, after magnetite 

particle exposure in both W/T and APP/PS1 mice, suggesting that by targeting both oxidative 

stress and inflammation Ab plaque formation is decreased (17, 368). Histological analysis 

found that blue SiCeO2 nanoparticles delayed neuronal cell loss in the hippocampal Ca1, Ca3 

and DG regions in the W/T mice after magnetite particle exposure. Suggesting that blue SiCeO2

nanoparticles were effective in delaying neuronal cell loss despite the constant magnetite 

particle exposure. This further supports CeO2 nanoparticles as promoting cell survival and 

proliferation. Furthermore, CeO2 and blue SiCeO2 nanoparticles were found to delay the 

progression of cognitive impairment, after exposure with magnetite particles, however no 

effect was seen on anxiety and stress or depressive like symptoms. This study demonstrates 

that CeO2 and particularly blue SiCeO2 nanoparticles, are potent antioxidant and anti-

inflammatory agents, decreasing the pathologies associated with AD as well as delaying 

cognitive impairment. Therefore, this suggests that silica coated CeO2 nanoparticles prove to 

be promising therapies for air pollutant magnetite induced AD pathologies. 

The anti-inflammatory and antioxidant characteristics of the SiCeO2 nanoparticles, along with 

the small size, enhanced enzymatic and mimetic capabilities make these nanoparticles a 

potential therapy for other neurodegenerative diseases like motor neuron disease, Parkinson’s 

disease and Huntington’s disease, all of which oxidative stress and inflammation play a 

significant role in disease progression (575). Diagnosis of AD usually occurs in patients around 

65 years of age, with symptoms of cognitive impairment like the inability to retain new 

information, memory loss, difficulty in completing familiar tasks, changes in mood, poor 
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judgment, increased anxiety etc. By the time these symptoms have manifested, the pathological 

markers of Ab plaques, NFTs and neuronal death are well underway, which can be confirmed 

with tests assessing memory and thinking skills, along with MRI detecting amyloid and tau 

proteins in plasma and cerebral spinal fluid (3, 4, 491, 576). As AD is a degenerative condition 

which progresses with age, early diagnosis is vital and therefore treatment should start 

immediately after diagnosis. Due to the degenerative nature of AD a continuous low dose 

would be recommended similar to current AD therapies, like Donepezil and Rivastigmine 

which are given daily at 5 mg and 1.5 mg per day respectively, however this needs to be further 

investigated (576).  

7.2 Future Perspectives 

The data presented has demonstrated that air pollutant particles, iron, diesel and most 

damaging, magnetite induce the onset and progression of pathologies associated with AD. 

Furthermore, this study confirmed that CeO2 and particularly blue SiCeO2 nanoparticles 

induced potent antioxidant, anti-inflammatory and neuroprotective properties after magnetite 

particle exposure. Significantly, CeO2 and particularly blue SiCeO2 nanoparticles exhibited cell 

proliferation, neurotrophic and possible control of microglial activation and inhibition. 

However, based on the findings in the present thesis, many new questions have arisen. 

Recommendations for future research to enable a better understanding of how air pollutant 

magnetite particles influence AD and how CeO2 nanoparticles can be developed for therapeutic 

approaches in preventing AD are listed below. 

What other cells play a role in the development of AD that might be activated by air 

pollutant magnetite particles? The brain is comprised of the two prominent cells; neurons 

and glial (microglial and astrocytic) cells that all play a role in the proper functioning of the 

brain (577). In AD, the dysfunction of these cells can lead to over production of inflammatory 

mediators and oxidative stress, causing chronic inflammation, and eventually cell. In this 

dissertation, only neuronal cells (SH-SY5Y) and microglial cells (BV-2) were used, however, 

studies have found that astrocytic cells also become activated and play a role in the progression 

of AD. It would therefore be of interest to investigate whether air pollutant magnetite particles 

can have the same effect on astrocytic cells.  
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Will a different mouse model of AD also show the adverse effects from air pollutant 

magnetite particles? There are numerous transgenic murine models that have been 

extensively used for AD research. The double transgenic APP/PS1 model used in this 

dissertation, carries two mutations both of which promote the production Ab plaque 

development, and therefore do not accurately represent the development of sporadic AD (578). 

The other hallmark pathology of AD is NFT’s consisting of aggregated tau protein, in which 

mutations have also been implemented in transgenic models with overexpression of human 4R 

tau mutations promoting the formation of NFTs (e.g., rTg4510 and PS19 are the most 

commonly used murine models). Contrary to most APP/Ab transgenic models, and consistent 

with human clinicopathology, the tau mice exhibit age-dependant neurodegeneration in 

addition to synaptic and cognitive deficits (579). Thus, exploring the effects of air pollutant 

MNPs on a different transgenic model would be beneficial.   

 

Are there any gender differences in response to both research studies? The APP/PS1 

murine model, used in this dissertation has also been investigated in previous studies, with one 

focusing on the correlation between pancreatic islet function and AD development. Finding 

that male mice developed impaired glucose and insulin tolerance faster than females, with 

Ab40 and Ab42 protein levels in the females was significantly higher than that of the males 

(580). While the gender was considered when the mice were subdivided into treatment groups, 

the female mice proportionate to the male is different in some groups is different due to their 

genotype, and therefore it is difficult to determine whether gender had any possible effects due 

to the vast difference in mice number per group (table 2.4.1, 2.4.2). However, investigation 

into the potential gender differences would be highly valuable.  

 

Would CeO2 and blue SiCeO2 nanoparticle treatment unaccompanied by magnetite 

particles have the same antioxidant and anti-inflammatory effects? Due to the novelty of 

this study, treatment groups of CeO2 or blue SiCeO2 nanoparticles alone, were missing and 

therefore should be investigated in future studies to identify any adverse effects that both CeO2 

nanoparticle treatment may have on the in vitro and in vivo models. Adding these treatment 

groups will be significant in identifying whether both CeO2 or blue SiCeO2 nanoparticles will 

have a cytotoxic affect or a benign affect and therefore will influence its future use as a 

biomedicine. Including these treatment groups will also be a determining factor in optimising 
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the dosage type and amount (e.g., bolus or constant administration) for neurodegenerative 

diseases, which can then be translated into a clinical setting.   

The experimental analysis verified that magnetite particles do indeed induce the pathologies 

associated with AD, therefore may play a significant role in the onset or progression of sporadic 

AD. Furthermore, CeO2 and particularly blue SiCeO2 nanoparticles prove to be promising 

therapies to counteract the oxidative stress and neuroinflammation that corresponded with the 

magnetite induced AD pathologies. Importantly, blue SiCeO2 nanoparticles also displayed the 

potential to mediate microglial activation and inhibition, therefore this must be investigated in 

future studies. Further research should also continue to delineate the precise mechanism of 

magnetite particles in the brain and the exact triggering that leads to its detrimental effects. 

Doing so would provide a greater understanding of the key targets that are necessary in 

developing a therapy for AD.  
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