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Abstract 

Metal dysregulation and aberrant protein aggregation in the brain are associated 

with many neurodegenerative diseases, including Alzheimer’s disease (AD) and 

Parkinson’s disease (PD). Whilst metals are essential to normal brain function, 

perturbations to normal metal homeostasis may contribute towards toxicity and cell 

death. Disrupted brain iron and copper concentrations have been widely reported in 

neurodegenerative disorders, and importantly have been included in mechanistic 

interpretations due to their redox properties. Calcium imbalance has also been 

implicated in disrupted neuronal signalling. Non-disruptive analysis of brain metals is 

inherently challenging, since conventional use of stains or chemical fixatives can 

significantly influence the native chemistry of tissue samples. 

The primary aim of this work was to apply label-free, multi-modal synchrotron 

techniques to the characterisation of metal ion deposits and their local environment 

in pathological regions from AD and PD brain tissue. Efforts were focussed on 

examining the distribution and speciation of iron in vulnerable melanised nigral 

neurons from PD and neurologically healthy controls, and in amyloid plaque 

pathology isolated from AD brain tissue, where copper and calcium deposits were 

also characterised. Method development was supported by application of high 

energy (hard) x-ray techniques to in vitro protein:metal complexes and 

physiologically relevant models.  

The potential for the peptide amyloid-beta to alter the oxidation state of iron and 

copper was demonstrated using x-ray absorption near-edge spectroscopy (XANES), 

also revealing a smaller ferriductase effect for alpha-synuclein. Results support a role 

for these pathological proteins in generating reactive species in vivo. Synchrotron x-

ray fluorescence (SXRF) mapping was employed for sensitive multi-element mapping 

in mouse and human brain tissue at a wide range of length scales, revealing signature 

biometal profiles for specific structures. Combined SXRF and XANES supported 

complementary speciation of metal-rich deposits.  

Use of lower energy (soft) x-rays granted signal access from both organics and 

inorganics, providing context for metal ion distributions. Scanning transmission x-ray 
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microscopy (STXM) was used to develop an original method for label-free 

visualisation of neuromelanin, a biopolymer central to the characteristic 

depigmentation and loss of dopaminergic neurons in PD. This novel approach 

uniquely does not depend on staining or visible pigmentation, relying instead on a 

characteristic feature in the neuromelanin x-ray absorption spectrum at 287.4 eV. 

The method was validated using new histology protocols adapted for ultrathin 

sections. Neuromelanin clusters were shown to harbour iron in mixed oxidation 

states in PD substantia nigra neurons, where intranuclear iron was also observed. In 

amyloid plaque cores, novel STXM analysis revealed the presence of iron, copper and 

calcium in various chemical forms. Variation in the mineral form of calcium suggests 

that calcification of plaques may occur in vivo. Redox metals iron and copper were 

evidenced in both oxidised and chemically reduced chemical states, including the 

highly reactive zero valent metallic forms of these metals. Discovery of metallic iron 

and copper in human-derived AD amyloid pathology strongly supports links between 

the formation of amyloid plaques and chemical reduction of metal ions. Magnetic 

characterisation using x-ray magnetic circular dichroism confirmed identification of 

metallic iron, also revealing the presence of magnetic iron mineral phase, 

magnetite/maghemite. The outstanding sensitivity, specificity, and spatial resolution 

of soft x-ray spectromicroscopy was exploited to highlight variation in metal 

chemistry over sub-micron length scales, indicating the potential for redox cycling of 

metal ions. This may raise oxidative burden in vivo, which has been implicated in 

neurodegeneration.  

Elucidating the native biochemistry within key areas of disease pathology is critical 

to developing new treatment strategies. It is demonstrated here that complementary 

synchrotron methods offer unique insight to meet this challenge.       
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1 Introduction 

 

1.1 Motivation 

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are globally the most and 

second most common neurodegenerative diseases, respectively [1]. In the UK, 

around half a million people have dementia caused by Alzheimer’s disease [2], whilst 

the number of people diagnosed with Parkinson’s disease in the UK is around 145, 

000 [3].  

The prevalence of AD and PD is compounded by an ageing global population; the 

percentage of the world’s population aged over 60 is projected to rise from 12% to 

21% over the next 30 years, exceeding 2 billion people aged over 60 by 2050 [4]. With 

age being the primary risk factor for most neurodegenerative diseases, the 

prevalence of AD and PD is likely to increase accordingly; The number of PD cases 

worldwide is expected to double to approximately 12 million by 2050 [5], whilst the 

number of people suffering from dementia worldwide is expected to triple to 152 

million over the same time period [6]. AD is the most common form of dementia, 

accounting for 50-75% of dementia cases [7]. 

Treatment and care of AD and PD patients also has significant economic burden, 

particularly in developed countries, where wage costs, price levels and average life 

expectancy are all higher than in developing countries: For example, in Europe, the 

mean cost per country was estimated at 191 billion Euros in 2010, and is predicted 

to rise to 357 billion Euros by 2050 [7]. The current annual cost of dementia 

worldwide is estimated at 1 trillion USD, set to double by 2030 according to the 2019 

World Alzheimer Report [8].  

In reality, the number of people affected by AD and PD is at best an estimate, since 

current clinical diagnoses are primarily based on characteristic symptoms of these 

disorders - definitive diagnoses can only be made upon brain examination post-
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mortem [9]. Further, currently available therapies to treat AD and PD are also 

focussed on symptoms. As yet, there is no cure for either AD or PD. 

Despite huge health, social and economic global impact, neurodegeneration is 

relatively under-researched; the global ratio of publications on neurodegenerative 

disorders versus cancer is approximately 1:12 [6]. This is surprising, given that exact 

mechanisms underlying pathogenesis in neurodegenerative disorders are currently 

unknown – AD and PD are regarded as multifactorial diseases, resulting from a 

combination of environmental and genetic factors [3]. 

One common factor in many neurodegenerative diseases (including AD and PD)  is 

metal dysregulation in the brain, where changes to the management of the 

comparatively abundant metals such as iron, copper, zinc and calcium have steadily 

attracted growing attention in relation to neurobiological processes, both in health 

and disease [10]. Both AD and PD are characterised by elevated iron in the brain [10]. 

There is scope to use patterns of brain iron as a diagnostic marker for earlier 

detection of AD and PD, however this is constrained by limited availability of 

validated post-mortem brain iron measurements. There is also scope to target 

pathological metal distributions with novel metal chelation therapies, where early 

clinical trials of iron chelation therapy on PD patients has yielded promising results 

[11]. The effect of chelating drugs on iron in brain compartments however is unclear, 

and the impact on brain iron stores takes months to become clinically detectable by 

MRI.  

The inorganic chemistry of the brain remains an open frontier for study. Elucidating 

the role of metals in the biochemical mechanisms underpinning AD and PD 

pathogenesis is a critical missing puzzle piece in understanding these diseases, where 

more detailed in situ characterisation of brain metals and their interactions with 

surrounding tissue components is of paramount importance.  

Opportunities are emerging for using synchrotron light as a multimodal tool for non-

destructive analysis of organic and inorganic biochemistry in post-mortem brain 

tissue [12]. Advancements in detector sensitivity, x-ray beam focussing, and available 

flux have made it possible to interrogate the distributions, concentrations and 
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speciation of tissue components without requirement for sample ablation or 

chemically disruptive labelling. There is clear scope for applying synchrotron 

methods to address some of the unanswered questions constraining research into 

neurodegeneration, in particular the enigmatic roles of metals in disease aetiology.  

 

1.2 Physiological roles of metals in the brain 

Metals play essential and central roles in many of the most vital and challenging 

biochemical processes required for life [13]. The term “metallomics” was coined by 

Hiroki Haraguchi in 2004 to integrate the research fields related to metals in biology 

[14]. The analogy to proteomics is apt, given that approximately one third of all 

proteins bind at least one metal ion [15]. 

Although not all elements which are essential to humans have known 

neurophysiological functions, numerous inorganic elements, including iron, copper, 

zinc, calcium, manganese and selenium are transported to the brain as required for 

normal neuronal activity [16]. The brain is regarded as a major metals repository 

where individual regions require a unique complement of metals for normal daily 

function [17].  Metal uptake is strictly regulated by the blood-brain and blood-

cerebrospinal fluid (CSF) barriers. Iron and copper belong to a sub-class of metals 

capable of readily switching between oxidised and reduced chemical states, termed 

redox-active metals. Due to the hotly debated role of iron/copper redox chemistry in 

numerous neurodegenerative disorders, which will be discussed in detail throughout 

this work, iron and copper will be the primary and secondary focus of this thesis, 

respectively.  

Iron is the most abundant transition metal in the brain, and in the body as a whole. 

The highest concentrations of neuronal iron are found in the basal ganglia, a region 

of the brain located deep within the cerebral hemispheres associated with motor 

function, cognition, emotions and learning [18]. Reported to contain the highest iron 

concentrations measured by biochemical assays of post-mortem brain tissue, are 

substantia nigra, globus pallidus, red nucleus, caudate nucleus and putamen regions, 



4 
 

which may contain up to 200 µg/g of iron in tissue [19]. Since iron is not soluble at 

neutral pH, bioavailable iron is primarily trafficked via the iron transport protein, 

transferrin, and systemically stored within a ferritin protein complex as hydrous ferric 

oxide, which has a similar structure to the mineral ferrihydrite [20]. 

Iron holds a number of important functions in the brain: Iron is utilised as a key 

component in oxygen transport and metabolism [18]. Iron is an essential component 

in the production of myelin, the insulating phospholipid layer on white matter cells 

which increases impulse speed [16]. Notably, the ability of iron to switch between its 

reduced (Fe2+) and oxidised (Fe3+) states (redox-active) is key to its role as an 

important cofactor for metalloenzymes involved in synthesis of neurotransmitters 

such as dopamine [18]. Iron is also known to accumulate in the brain with age, with 

brain iron concentrations approximately five times higher in adults than in infants 

[16]. This suggests that iron is fundamental for growth and development of the brain.  

Copper in plasma is mainly bound in ceruloplasmin, however once in the cytosol 

copper binds to chaperones ATOX-1 (antioxidant 1 copper chaperone 1), CCS (copper 

chaperone for SOD1) or COX17 (cytochrome c oxidase copper chaperone) that 

deliver copper to specific enzymes [21]. Excess copper ions are bound by 

metallothioneins and glutathione [21]. Copper levels are highest in the substantia 

nigra, with neurologically healthy tissue having copper concentrations around 10 

ug/g [22]. Although less abundant than iron, copper is also redox-active. In biological 

systems, the major oxidation states for copper are cupric (Cu2+), which is dominant 

in the extracellular environment, and cuprous (Cu+), dominant in the intracellular 

environment [18]. Conversion from Cu2+ to Cu+ is required for cellular uptake, though 

the reductase responsible is yet to be fully identified in humans [18].  Like iron, the 

ability of copper to readily switch oxidation states allows it to participate as an 

essential cofactor in numerous brain-specific enzymes controlling the homeostasis of 

neurotransmitters, neuropeptides and oxygen metabolism [18].  
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1.3 Oxidative stress, ageing and neurodegeneration 

Although brain metals are essential to human health and normal brain function, 

there is increasing evidence to suggest that dysregulation of brain metals contributes 

to numerous neurodegenerative disorders, including Alzheimer’s Disease (AD), 

Parkinson’s Disease (PD), Multiple System Atrophy (MSA), Amyotrophic Lateral 

Sclerosis (ALS), amongst others.  

Due to the unique and complex physiology of brain tissue, metal nutrients are 

required at  abnormally high levels relative to the rest of the body [18]. In areas 

where excess metals accumulate, the most abundant metals transfer single electrons 

as they cycle between their reduced (Fe2+, Cu1+) and oxidised (Fe3+, Cu2+) states. 

Whilst the ability of iron and copper to readily switch between redox states is 

essential for normal cellular function, this also increases the risk of catalysing the 

aberrant production of toxic free radicals (highly reactive molecules with one or more 

unpaired electrons) by means of the Haber-Weiss and Fenton reactions [19, 23-26]. 

In these reactions schemes, redox-active forms of iron and copper may reduce 

hydrogen peroxide (H2O2) to form the highly cytotoxic hydroxyl radical (●OH). The 

Haber-Weiss and Fenton reactions are shown in Equations 1 and 2, respectively.  

 

Fe3+ + ●O2
- → Fe2+ + O2                    [1] 

 

Fe2+ + H2O2 → Fe3+ + ●OH + OH-       [2] 

 

As well as concentrating metal ions, the brain also consumes an extraordinary 

amount of oxygen; the brain accounts for only 2% of body mass but consumes 20% 

of the oxygen taken in through respiration [18]. The convergence of metal 

accumulation and high rate of oxygen metabolism leaves the brain acutely vulnerable 

to oxidative stress. Oxidative stress occurs when the rate at which reactive oxygen 

species are produced overwhelms local antioxidant defences. Reactive oxygen 

species (ROS) induce oxidative modification of major cellular macromolecules, 

including proteins, lipids and DNA, which may be used as markers for oxidative stress 

[27]. Indices of ROS damage have been reported in affected regions of post-mortem 
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brain tissue from AD and PD patients [28, 29]. Increased oxidative modifications to 

proteins such as α-synuclein and amyloid-beta (Aβ) may promote protein misfolding 

[21, 28], whilst aberrant metal redox chemistry has also been directly associated with 

protein aggregation. Protein misfolding and aggregation produce hallmark brain 

lesions of PD and AD, discussed further in Parts 1.4.1 and 1.5.1, respectively.  

The fine balance between the essential and deleterious roles of metal ions demands 

tight regulation of metal homeostasis to ensure physiological requirements are met 

whilst avoiding toxic implications of certain states or excess concentrations. This is 

particularly critical for redox-active metals, which pose a significant threat of 

oxidative damage to cells if unbridled Fenton chemistry is allowed to occur. Iron and 

copper are therefore normally coordinated to regulatory organic molecules to 

restrict redox reactions to specific protein centres, however evidence supports 

disruption to regulatory mechanisms in brains affected by neurodegeneration [21]. 

Ageing is the biggest risk factor for neurodegenerative diseases, and a number of 

potential mechanisms linking metal dysregulation, oxidative stress and ageing have 

been proposed. It has been hypothesised that age-associated functional losses are 

caused by long-term damage incurred by oxidative stress [27, 28], where elevated 

metal levels may act as a catalyst for detrimental oxidative reactions. Increasing brain 

iron concentration with age may be exacerbated by further disruption to regulatory 

processes, for example transferrin levels decrease with age, and decrease 

dramatically when AD or PD is superimposed on the ageing process [16]. Antioxidant 

defences [26] and the ability of cells to respond to oxidative damage may also 

diminish significantly with age [28]. Thus, it is becoming increasingly evident that 

molecular perturbations which are handled gracefully by young cells may have 

devastating consequences in their aged counterparts [30]. 

It is not yet clear whether metal dysregulation, or indeed increased levels of oxidative 

stress are major causes of neurodegeneration, or occur as a downstream result of 

neuronal loss [21, 28]. It is also possible that the sequence of events does not 

necessarily occur as a linear cascade, but rather a viscous cycle of self-propagating 

malfunctions. Regardless, strong evidence indicates that metal dysregulation is 
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intimately connected to oxidative stress and ageing, as well as the generation of 

pathological hallmarks of AD and PD.   

 

1.4 Parkinson’s disease 

Parkinson’s disease was first established as a recognised medical condition in Dr 

James Parkinson’s monograph, “An Essay on the Shaking Palsy”, published in 1817. 

Parkinson described a disease of insidious onset and disabling course, with shaking 

palsy resulting from “interruption of the flow of the nervous influence to the affected 

parts” [31]. More than two centuries later, Parkinson’s disease (PD) is recognised as 

the second most common neurodegenerative disease globally (after Alzheimer’s 

disease) and underlying causes remain largely unknown.  It has, however, now been 

established that characteristic motor symptoms in PD result mainly from deficiency 

of the neurotransmitter, dopamine, in key motor areas of the brain, following 

selective death of dopamine-producing neurons. There is also general consensus that 

mitochondrial dysfunction, oxidative stress and protein mishandling are central to 

PD pathogenesis [30, 32]. 

As for most other neurodegenerative diseases, advanced age constitutes the major 

risk factor; The average onset age of PD is 60. Whilst it is thought that around 1 in 

500 people in the UK are affected by PD, prevalence increases to approximately 1% 

of the population over 60 and 5% of individuals over the age of 85 [33]. PD is also 

twice as common in men than women in most populations. It has been suggested 

that this could be due to a protective effect of female sex hormones or sex-specific 

difference in environmental exposure to risk factors, however the rationale is still 

debated [30]. 

Major gene mutations reportedly account for only around 10% of PD cases, whilst 

the remaining 90% of sporadic cases are believed to result from complex and ill-

defined combinations of environmental, genetic and epigenetic factors [32, 34]. 

Major gene mutations linked to monogenic forms of PD include α-synuclein (PARK1), 

Parkin (PARK2) and PINK1 (PARK6) [32]. Some postulated environmental and 
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acquired risk factors which are supported by strong and reproducible epidemiological 

evidence are outlined in Table 1.  

 

Increased risk of developing PD Decreased risk of developing PD 

Exposure to pesticides [35] Smoking [36, 37] 

Exposure to metal nanoparticles [35] Caffeine consumption [37, 38] 

High dairy consumption [39] High plasma urate concentration [40] 

Melanoma [41] Physical Exercise [42] 

Table 1: Environmental and acquired risk factors for PD. Shown are example risk factors which are 
supported by reproducible evidence. 

1.4.1 Parkinson’s disease symptoms and pathology 

PD has been classically defined by the cardinal triad of motor symptoms: bradykinesia 

(slowness of movement), rigidity and tremor, which are typically unilateral at onset 

with persistent asymmetry throughout the disease course. These symptoms 

primarily result from characteristic neuronal loss of dopaminergic neurons in the 

substantia nigra, causing severe striatal dopamine deficiency [30, 43]. In one study, 

patients reported these three symptoms to be the most troublesome during early 

stage PD, where early stage was defined as <6 years from the onset of motor 

symptoms [44]. 

PD typically has a long prodromal phase which may precede the onset of motor 

symptoms by up to 20 years [45]. During the prodromal phase, patients commonly 

experience hyposmia, constipation and sleep disorders. Other non-motor symptoms, 

including mood changes, autonomic dysfunction, pain and sleep dysfunction, may 

affect patients in early and advanced stages of PD [44]. During advanced stages 25-

40% of PD patients eventually develop dementia as neurodegeneration reaches the 

cerebral cortex and limbic structures, which is thought to be largely responsible for 

the reduced life expectancy of PD patients [32].  

Severe loss of neuromelanin-pigmented dopaminergic neurons in the substantia 

nigra pars compacta (SNc) is considered to be the most important hallmark of PD, 

shown in Figure 1 [46]. This pathology underpins several motor symptoms, but does 



9 
 

not account for all PD symptoms [47]. Clinical symptoms are also associated with 

hallmark lesions, Lewy bodies and Lewy neurites, which are essential for 

neuropathological diagnosis of PD [48]. Lewy bodies are spherical cytoplasmic 

inclusions 5-25 µm in diameter, which incorporate misfolded and aggregated α-

synuclein protein. Lewy bodies typically have a dense eosiniphillic core with paler 

surrounding halo [49, 50]. Lewy neurites, which also incorporate fibrillar α-synuclein, 

are present in the cellular processes of nerve cells and may adopt a rounded or 

elongated form [48]. Examples are shown in Figure 2. 

 

 

Figure 1: Loss of neuromelanin-pigmented neurons in PD substantia nigra relative to a normal control. 
Figure reproduced from Mandel et al., EMPA Journal, 2010 [51]. 
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Figure 2: Lewy bodies and Lewy neurites in PD substantia nigra. Staining was performed with a 
polyclonal antibody directed against α-synuclein amino acids 126-135. Arrows point towards 
intracellular Lewy bodies in neuromelanin-pigmented neurons. The arrowhead points towards a Lewy 
neurite. Figure reproduced from M. Ingelsson, Frontiers in neuroscience, 2016 [52]. 

 

Gross macroscopic atrophy of the brain is not a feature of PD, rather 

neurodegeneration is highly selective where only a few specific types of nerve cells 

are prone to developing α-synuclein pathology [30]. Work by Braak et al. 

demonstrated that the topographical spread of α-synuclein pathology throughout 

the PD brain usually follows a consistent and predictable pattern, such that PD cases 

can be classified by the anatomical progression of neuropathology upon post-

mortem examination into six distinct stages, shown in Figure 3. The earliest 

pathology appears in the lower brainstem and olfactory structures, consistent with 

PD patients reporting an impaired sense of smell early in the disease course [46]. 

Pathology later advances to midbrain regions (Braak stages III and IV), where visible 

depigmentation of melanised dopaminergic neurons is observed in substantia nigra 

pars compacta [46]. This is consistent with the onset of motor symptoms occurring 

at a relatively advanced stage in the disease progression, when nigrostriatal 

dopamine is severely depleted [53]. The final stages (V and VI) may be distinguished 

by involvement of neocortex. Damage to limbic structures (amygdala, hippocampal 

formation) as well as important neocortical structures aligns with reports of cognitive 

decline during the advanced stages of PD [46]. 

 

50 µm
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Figure 3: The neuropathological progression of PD. (a) The six defined Braak (x axis) against 
incorporated brain regions at each stage (Y axis). Increasing severity is indicated by darker degrees of 
red shading. The pre-symptomatic phase is marked by the presence of α-synuclein-positive pathology 
from asymptomatic cases. (b) Schematic illustrating typical spread of α-synuclein pathology 
throughout the PD brain, with direction indicated by white arrows. Red shading corresponds to that 
shown in (a). Figure reproduced by permission from Springer Nature Customer Service Centre GmbH: 
Springer Nature, Cell and Tissue Research, “Stages in the development of Parkinson’s disease-related 
pathology”, Braak et al. Copyright (2004) [54]. 

 

1.4.2 Alpha-synuclein 

Αlpha-synuclein is a natively unfolded 14 KDa (140-amino-acid residue) protein, 

widely expressed in neurons and enriched in presynaptic terminals [49, 55]. Whilst 

its normal function is not yet entirely clear, enrichment in presynaptic terminals 

suggests that α-synuclein is key to maintaining synaptic function. Further evidence 

indicates that α-synuclein plays a role in mediating dopamine synthesis, and 

release/reuptake in dopaminergic neurons [55-57]. 

Alpha-synuclein is incorporated into both Lewy bodies and Lewy neurites [48, 49, 55]. 

In vitro studies show that soluble, unstructured α-synuclein can undergo significant 

structural changes during polymerisation to form highly-ordered, insoluble, β-sheet-

rich assemblies, resembling Lewy bodies isolated from PD brains [49]. Lewy body 

formation via aggregation of α-synuclein is illustrated in Figure 4. Pathological 

deposition of Lewy bodies in the central nervous system is characteristic of PD and 

other α-synuclein-related disorders such as multiple system atrophy (MSA) and 

Dementia with Lewy bodies (DLB), collectively known as synucleinopathies. 

  

(b)(a)
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Figure 4: Aggregation of α-synuclein in the cytoplasm. Unfolded monomers interact to form initially 
unstable dimers, which grow to form oligomers of varying morphologies. Monomer addition to 
oligomers forms fibrils via a nucleated polymerisation mechanism. Accumulation of fibrils eventually 
forms intracellular, spherical Lewy body inclusions. Figure reproduced by permission from Springer 
Nature Customer Service Centre GmbH: Springer Nature, Nature Reviews Neuroscience, “The many 
faces of α-synuclein: from structure and toxicity to therapeutic target”, Lashuel et al. Copyright (2012) 
[55].  

It has been suggested that α-synuclein pathology may propagate in a prion-like 

manner throughout the brain. The prion-like hypothesis posits that once α-synuclein 

aggregates have formed inside a neurons they can be propagated via axons to further 

brain regions and seed aggregation elsewhere, inducing cytotoxicity [49, 58]. 

Although there are numerous mechanisms for alpha synuclein propagation, including 

endocytosis and direct penetration [55], prion-like propagation is consistent with 

Braak’s characterisation of the gradual and expansive advancement of α-synuclein 

pathology into new brain regions throughout the disease progression [46, 55].  

Pathogenic mechanisms underlying α-synuclein toxicity are much debated. 

Converging information from genetic, neuropathological and animal studies have 

provided evidence for a central role of aberrant α-synuclein aggregation in the 

pathogenesis of PD and related disorders. Abundant α-synuclein-rich neuronal 

inclusions may contribute significantly towards cellular dysfunction and ultimately 

cell death [43, 49]. Other studies postulate that the process of fibrillisation itself is 

more harmful than mature fibrils, where membrane permeabilisation by 

intermediate protofibrils and oligomeric α-synuclein species disrupts vital functions 

such as protein trafficking, protein degradation, mitochondrial function and synaptic 

transmission, culminating in cell death [55, 59]. The formation of Lewy bodies may 

indeed reflect an attempt by the neurons to convert α-synuclein oligomers to a more 

stable, less toxic form [55]. Studies have also reported α-synuclein upregulation in 



13 
 

response to oxidative stress, implying that α-synuclein may be recruited as a 

protective mechanism to mitigate neuronal damage [55, 57, 60].  

The aged brain is particularly prone to accumulation of α-synuclein, where increased 

basal levels of non-aggregated α-synuclein have been observed in nigral 

dopaminergic neurons during normal ageing [61]. This is likely at least in part due to 

an age-related decline in proteolytic defence mechanisms [30], although it is also 

consistent with a response to increased levels of oxidative stress in ageing. 

Accumulation of non-aggregated α-synuclein likely increases the propensity for Lewy 

body formation, since kinetics of α-synuclein aggregation are concentration-

dependent up to a supercritical concentration [62]. Aggregation of α-synuclein may 

also be accelerated by interaction with di- and tri-valent metal ions, discussed further 

in Part 1.4.4. 

Increasing evidence implicates α-synuclein aggregation as being critical to the 

pathogenesis of PD and related disorders, although the mechanisms by which α-

synuclein may or may not confer toxicity remain a matter of investigation.  

 

 

1.4.3 Neuromelanin 

Substantia nigra is derived from the Latin for ‘black substance’. This region of the 

brain, appearing as a darkened streak in unstained tissue, owes its name to the 

presence of a dark brown/black, electron dense pigment loaded within the 

dopaminergic neurons of the substantia nigra, known as neuromelanin. 

Neuromelanin is distributed ubiquitously throughout the brain but is most 

concentrated in the locus coeruleus and substantia nigra regions – the two regions 

differentially susceptible to neurodegeneration in PD [63]. 

Dopaminergic neurons within the substantia nigra normally show increasing 

neuromelanin pigmentation with advancing age [63-65], however characteristic loss 

of pigmentation is directly associated with the progressive loss of these vulnerable 

neurons during the course of PD, as shown in Figure 1. Moreover, there is evidence 
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to suggest that the most heavily pigmented neurons are also the most susceptible to 

neurodegeneration in PD [66, 67].  

Within the brain, neuromelanin is contained within organelles of 0.5-3 µm in size, 

along with proteins, lipid bodies and bound metal ions. Neuromelanin clusters in the 

substantia nigra range from 200-600 nm in size and are divided into spherical 

granules of ca. 30 nm diameter [68]. Diffraction studies indicate that the 

neuromelanin polymer itself consists of a central protein core, with a similar 

structural motif to β-pleated sheets of amyloid aggregates (β strands that run 

perpendicular to the fibre axis, forming a cross-β sheet), surrounded by an 

unstructured melanic polymer [69, 70]. Structurally similar to peripheral melanins 

found in skin, the melanic portion of nigral neuromelanin can be further divided into 

two structural components: Pheomelanin, formed first by oxidation of cysteinyl-

dopamine and characterised by benzothiazine groups. Once cysteine levels have 

been depleted, slower oxidative homopolymerisation of dopamine results in the 

formation of eumelanin, which is  characterised by dihydroxyindole groups and forms 

at the surface of the pheomelanin [63, 70]. The structure of neuromelanin and its 

precursors are depicted in Figure 5 and Figure 6, respectively. 

 

 
Figure 5: Neuromelanin structure. (a) Scanning electron microscopy (SEM) image of a neuromelanin 
cluster from human substantia nigra. Figure reproduced from Zecca et al., PNAS, [63], Copyright 
(2008) National Academy of Sciences, U.S.A. (b) Schematic showing layered structure of 
neuromelanin, with a central protein core arranged in β-pleated sheets, surrounded by pheomelanin 
(Pheo) and eumelanin (Eu) surface. 
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Figure 6: Structures of the neuromelanin precursors. Dopamine and L‐cysteine, alongside partial 
structures of eumelanin (NM surface) and pheomelanin (NM core). Dihydroxyindole=green and 
benzothiazine=red. Figure reproduced from Brooks et al., Angewandte Chemie, 2020.  

Neuromelanin is not naturally found in the brains of rodent species, however 

artificially-induced formation of intracellular neuromelanin in rat brain was 

associated with a PD phenotype when neuromelanin concentration exceeded a 

specific threshold [65]. Melanised rat brains also showed evidence of Lewy body-like 

formation and nigrostriatal degeneration, suggesting that age-associated 

accumulation of neuromelanin in the human brain may initiate a sequence of 

neuropathogenic events linked to PD [65]. 

In contrast, initial biosynthesis of the pheomelanic component of neuromelanin from 

cysteinyl-dopamine serves as an important protective process by reducing cytosolic 

levels of potentially neurotoxic dopamine and dopamine metabolites [63, 71]. 

Further to this, it has been hypothesised that dopamine is intentionally reversibly 

bound to neuromelanin to provide protection from oxidative stress, but upon 

triggering can be released to synapses to assist in neurotransmission. It may be that 

disruption of this putative pathway contributes towards the classic PD phenotype 
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[72]. It has also been postulated that neuromelanin may offer additional protection 

against free radical damage, either by direct inactivation of endogenous free radicals, 

or through its ability to chelate transition metals and form stable insoluble complexes 

[63, 73, 74].  

The enigmatic role of neuromelanin in PD aetiology remains an area of considerable 

interest in PD research, in particular neuromelanin’s interactions with metal ions 

which will be discussed further in Part 1.4.4.  

 

1.4.4 Metal dysregulation in Parkinson’s disease 

Regions associated with motor functions such as substantia nigra typically contain 

two to three times more iron than non-motor related regions [17]. It is therefore 

unsurprising that for patients with movement disorders such as PD that these regions 

are susceptible to iron dysregulation. Whilst it is well-known that the characteristic 

loss of dopamine-producing neurons accounts for many of the archetypal PD 

symptoms, it is less well-known that the level of iron in these vulnerable cells almost 

doubles in patients with PD [75]. 

At the centre of iron dysregulation in PD is neuromelanin. The presence of 

dihydroxyindole groups at the eumelanin surface means that neuromelanin has a 

strong affinity for metal ions [70, 76]. In fact, neuromelanin has been proposed as 

the main chelator of neuronal iron and 50‐fold increased concentrations of iron 

compared to surrounding tissue have been observed [63]. Neuromelanin has been 

shown to sequester Fe2+ ions and bind them as Fe3+, creating iron oxide clusters 

which comprise approximately 10-20 % of total iron in the substantia nigra. 

Remaining iron is mostly bound by ferritin in the glia [69].  

The ability of neuromelanin to sequester iron and other metals in a non‐reactive form 

is thought to act as an intrinsic defence against labile metal ion accumulation. Binding 

of metal ions to the insoluble neuromelanin restricts their participation in 

extracellular redox activity, thereby shielding surrounding cells from oxidative stress 

and associated toxicity [70, 73]. This putative protective role of neuromelanin is 
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consistent with its accumulation in the brain during ageing, its affinity for toxic 

compounds, and its ability to remove cytosolic catechols [74]. Conversely, iron 

released by neuromelanin into the extra‐cellular milieu may stimulate oxidative 

stress mechanisms, contributing to the selective neurodegeneration of pigmented 

neurons. If neuromelanin is released from the cell upon cell death, neuromelanin–

iron complexes may activate microglia to release cytokines and neurotoxins, inducing 

a vicious cycle of chronic inflammation and neuronal loss in the PD substantia nigra 

[17, 70, 73]. Thus, it has been hypothesized that neuromelanin may play a protective 

or destructive role depending on cellular context [70]. 

Metal dysregulation is also associated with the characteristic formation of α-

synuclein aggregates in the PD brain. α-synuclein is able to bind simultaneously to 

iron and copper, with copper binding to the N terminal-domain of the protein whilst 

iron binds to the C terminal-domain [77]. The presence of di-and tri- valent metal 

ions may dramatically accelerate the rate of α-synuclein fibrillation, stimulating 

conformational change of unstructured α-synuclein monomers to form partially-

folded intermediate structures, thought to be precursors to fibrils [50]. In vitro  

studies have demonstrated α-synuclein aggregation associated with both iron [50, 

78] and copper [50, 79, 80] co-incubation.  It has been postulated that binding of 

metallic counter-ions neutralises charge repulsion, enabling the formation of more 

compact structures and conformations such as those that found in filamentous Lewy 

bodies [79]. There is also evidence that α-synuclein can act as a ferrireductase, 

reducing iron (III) to iron (II) [77], thereby implicating α-synuclein:metal interactions 

in the generation of reactive oxygen species.  

Metal dysregulation is inextricably linked to recognised pathological events in PD, 

where the interplay between neuromelanin, α-synuclein and metal ions co-localised 

in neurons affected by PD warrants further investigation. 
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1.4.5 Diagnosis and treatment of Parkinson’s disease 

At present, diagnosis of PD is primarily based on clinical symptoms and response to 

symptom-targeted treatment, where confirmation is required from post-mortem 

examination [32]. There are however no universally accepted criteria for diagnosing 

PD either clinically or upon autopsy, therefore clinical diagnostic accuracy has been 

shown to vary wildly depending on the criteria applied [81]. Regardless, reliance on 

recognisable symptoms (resting tremor, slowness of movement, rigidity) means that 

by the time a patient is with diagnosed PD, 70%-80% of the vulnerable dopaminergic 

neurons may have already died [34]. Most clinical trials are performed in patients 

who have already developed motor symptoms, and have all failed to produce 

unequivocal positive outcomes [30]. Therapies targeted at the prodromal phase 

would likely have greater potential for successful intervention, but early biomarkers 

are prerequisite for recruitment of true “early stage” PD patients into clinical trials. 

Use of neurochemical biomarkers such as dopamine metabolites or amino acids in 

blood or CSF have been considered, where monitoring α-synuclein concentrations in 

CSF or blood plasma is arguably the most promising approach [34, 82, 83]. Micro-

RNA analysis and metabolomic finger-printing of bodily fluids also offer encouraging 

prospects for improving the timeliness of PD diagnosis, particularly if combined with 

α-synuclein data [34]. 

Advancements in clinical imaging techniques are also being explored for early PD 

diagnosis. Transcranial B-Mode Sonography has demonstrated increased 

echogenicity in the substantia nigra of PD patients (Figure 7), likely due to 

pathological elevation of iron levels in this region [84, 85]. Magnetic resonance 

imaging (MRI) is capable of detecting volumetric changes to basal ganglia structures 

[30], whilst positron emission tomography (PET) and single photon emission 

computed tomography (SPECT) have capacity for assessing relevant pathways by 

using radiotracers to monitor the levels of dopamine transporters [34]. 
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Figure 7: Transcranial sonography of the substantia nigra in healthy and PD patients. Green circles 
highlight substantia nigra. PD substantia nigra shows increased echogenicity, likely due to elevated 
iron content. Figure reproduced from Školoudík et al., American Journal of Neuroradiography, 2014 
[85]. 

To date, there are no available treatments capable of modifying the underlying 

causes of PD, where existing drugs focus on treating the most severe symptoms. 

Almost all PD patients will receive treatment with levodopa (L-dopa, L-3,4-

dihydroxyphenylalanine), a dopamine precursor which supplements striatal 

dopamine depletion [30].  Whilst effective, patients also commonly experience a 

fluctuating response to dopamine replacement therapy in the advanced stages of PD, 

where dyskinesia is a common side-effect [44]. Additionally, many non-motor 

symptoms do not respond to dopamine replacement therapy and some are even 

aggravated by the treatment [86]. 

Deep brain stimulation (DBS) may be offered as a more invasive treatment in severe 

cases where symptoms do not respond to medication [34]. In DBS,  a surgically 

implanted electrode is used to electrically stimulate affected brain regions (usually 



20 
 

substantia nigra or globus palldius) [34]. High frequency electrical stimulation (100 – 

200 Hz) is controlled via an internal pulse generator which can be programmed 

telemetrically [30]. DBS is a regarded safer alternative to ablative stereotactic 

surgery, where parameters of electrical stimulation can be adapted as the disease 

progresses [30]. However, risk of brain infection limits the wider application of DBS 

[87]. 

Some experimental therapies have attempted to restore dopamine levels by gene 

and cell-based approaches. Although conceptually important, progress towards 

successful clinical translation for these experimental treatments has been slow [30]. 

Accumulation of α-synuclein in the PD brain may be targeted using specific 

antibodies [55], however analogous approaches to reducing amyloid burden in the 

AD brain have proven unsuccessful. Novel metal targeted approaches in the 

treatment of PD are also now receiving greater attention and demonstrating 

encouraging results. These are discussed further in Part 1.6. 

 

1.5 Alzheimer’s disease 

Neuropathology relating to “a peculiar disease of the cerebral cortex” was first 

described over a hundred years ago by Alois Alzheimer [88]; the condition today 

bears his name. Alzheimer’s disease (AD) is now recognised as the most common 

neurodegenerative disease globally and leading cause of dementia. There remain no 

effective treatment options for the majority of patients. A small percentage (less than 

1%) of early onset cases are driven by genetic disposition [9], termed familial 

Alzheimer’s disease (FAD). Mutations capable of causing FAD occur in 3 genes: 

presenilin 1 (PSEN1), presenilin 2 (PSEN2) and amyloid precursor protein (APP) gene. 

The vast majority of cases however are sporadic, where underlying causes remain 

unknown [9].  

AD is tightly associated with age; above the age of 65 (late onset AD), the risk of 

developing AD approximately doubles every five years [89]. Whilst age is the main 

risk factor, there are also a number of other acquired or environmental factors which 



21 
 

may increase, or reduce risk of developing AD. Some examples supported by 

reproducible evidence are listed in Table 2. The major genetic risk factor is thought 

to be apolipoprotein E (APOE) gene, in particular the presence of APOE4 allele poses 

significantly increased risk towards developing late onset AD [90-92]. 

 

Increased risk of developing AD Decreased risk of developing AD 

Cerebrovascular disease [93, 94] Physical activity [95, 96] 

Hypertension [97, 98] Vitamin D [99] 

Type 2 diabetes [100, 101] Cognitive stimuli [102] 

Stress [103, 104]  

Depression [105, 106]  

Sleep disorders [107, 108]  

Smoking [109, 110]  

Table 2: Environmental and acquired risk factors for AD. Examples shown are supported by 
reproducible evidence.  

 

1.5.1 Alzheimer’s disease symptoms and pathology 

The earliest indication of AD is a subtle decline in memory function; however, the 

progressive nature of AD means that symptoms gradually become more severe over 

time, reflecting increased levels of damage in the brain. Cognitive abilities decline, 

ultimately affecting behaviour, speech, visuospatial orientation and in the final 

stages of the disease, motor skills [111].  

Symptoms are caused by the devastating loss of synapses and neurons in vulnerable 

brain regions, principally attributed to the presence of two brain lesions which define 

AD: amyloid plaques and neurofibrillary tangles, shown in Figure 8. Amyloid plaques 

are formed by extracellular accumulation of Aβ40 and Aβ42 peptides in the 

parenchyma. The plaque core consists of Aβ folded into a β-pleated sheet 

conformation and arranged in a radial fashion, surrounded by abnormally-formed 



22 
 

neurites or neuronal processes [112]. Plaques associated with degenerating neurons 

are often termed “neuritic plaques” [113]. Neurofibrillary tangles primarily consist of 

abnormally phosphorylated tau protein, forming paired helical filaments within the 

perikaryal cytoplasm of pyramidal neurons [112, 114]. These brain lesions are 

believed to be instrumental in excitotoxicity processes, collapse in calcium 

homeostasis, inflammation and depletion of energy and neuronal factors [115], 

culminating in widespread neurodegeneration, although exact mechanisms are still 

debated. 

The neuroanatomical progression of Alzheimer’s disease pathology was described by 

Braak and Braak in 1991; Braak stages I to VI characterise the advancement of tau 

pathology throughout the AD brain [116]. The lesions advance in a predictable 

pattern from the transentorhinal region, to the hippocampal formation, amygdala, 

and finally affect higher-order association areas of the neocortex [111]. It was found 

that characteristic spreading of tau pathology correlates well with severity of neuron 

loss and clinical symptoms [111].  

Whilst the neuroanatomical pattern of tau pathology is highly regular, the path taken 

by amyloidosis is much more varied [113]. Advancement of amyloidosis has been 

characterised by the Thal phases; amyloid pathology begins in the neocortex in Thal 

Phase 1, then reaches the allocortex in Phase 2, subcortical nuclei (including the 

striatum) in Phase 3, the brainstem in Phase 4 and cerebellum in Phase 5 [117]. It 

should also be noted that AD pathology is rarely observed without other 

neuropathologic comorbidities; several of the brain regions affected by AD are also 

vulnerable to synucleinopathy [9]. 

 



23 
 

 

Figure 8: Senile plaques and neurofibrillary tangles (NFTs) in AD temporal cortex. Senile plaques are 
labelled using black arrows, NFTs are labelled using red arrows. Lesions identified using modified 
Bielschowski silver impregnation stain, image at 40x magnification. Figure reproduced from D.P. Perl, 
The Mount Sinai Journal of Medicine, 2010 [112]. 

 

1.5.2 Amyloid-beta 

Aβ peptide is formed via sequential cleavage of transmembrane amyloid precursor 

protein (APP) by β-cleaving amyloid precursor protein enzyme (BACE) and γ-

secretase [113]. Aβ aggregates into two different conformations, (i) an amorphous, 

non-fibrillar state which is benign, and (ii) highly ordered β-pleated sheets, where the 

backbone of the hydrogen bonding runs parallel to the fibril axis. This conformation 

is cytotoxic [29]. 

Aβ exists in a number of isoforms comprised of between 36 and 43 amino acid 

residues [115]. Amyloid plaques may contain multiple different isoforms of Aβ, 

however Aβ42 is the most fibrillogenic and dominant isoform within AD senile 

plaques [9, 115]. The Aβ42 isoform is also the most likely to generate hydrogen 

peroxide and other reactive species [29]. The amino acid sequence of Aβ42 is shown 

in Figure 9. 
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Figure 9: Amino acid sequence of Aβ42. 

According to the amyloid cascade  hypothesis, the accumulation of Aβ in affected 

areas of the AD brain is the primary pathological driver for AD, with other 

pathological formations such a neurofibrillary tangles occurring as a downstream 

result of Aβ accumulation, as shown in Figure 10 [118, 119]. This hypothesis is 

supported by genetic risk factors for AD, since most mutations to APP and PSEN1 

genes result in an increased Aβ42:Aβ40 ratio, either by increased expression of Aβ42, 

reduced expression of Aβ40, or both [115]. 

The most neurotoxic species of Aβ is yet to be fully identified, although numerous 

studies have suggested that intermediate soluble oligomers of Aβ (as opposed to 

soluble monomers or mature amyloid fibrils) may present the most danger to 

synaptic function [119-122]. Membrane permeabilization by amyloid oligomers has 

been postulated as a primary mechanism underpinning amyloid pathogenesis, 

potentially initiating the proposed cascade of subsequent events [120, 122]. 

However, the physiological relevance of concentrations used to measure the toxicity 

of Aβ oligomers in vitro has been questioned and a precise biophysical 

characterisation is still required to assess the stability of non-covalently linked 

oligomers upon dilution [113]. 
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The root cause of amyloid accumulation in the brain of AD patients remains a matter 

of investigation. Some studies suggest that an increase in amyloid deposition may be 

triggered as an immune response to neuronal injury, as demonstrated in both 

rodents [123, 124] and in humans [125]. This evidence potentially points towards an 

important biological function for Aβ and poses controversial questions regarding the 

protective and/or damaging roles of Aβ in the brain. 

 

 

Figure 10: Sequence of events proposed by the amyloid cascade hypothesis. Aβ oligomers may directly 
impact on synapses and neurites of neurons in addition to activating microglia and astrocytes. Figure 
reproduced with permission from Hardy and Selkoe, Science, [119], Available at 
https://science.sciencemag.org/content/297/5580/353/tab-pdf. Copyright (2002), American 
Association for the Advancement of Science 
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1.5.3 Metal dysregulation in Alzheimer’s disease 

Metal ion accumulations (including iron, copper and zinc) have been reported in 

amyloid plaques [126-128]. The binding affinity of Aβ for these metals is well 

documented, accounting for their incorporation into amyloid plaque structures [29]. 

Further, there is evidence demonstrating that both iron [129] and copper [130] can 

accelerate aggregation of Aβ in vitro, implying that these metals do not just bind to 

the amyloid peptide, but may play key roles in the assembly of insoluble amyloid 

plaques in vivo.  

As well as disruptions to localised metal concentrations, the redox state of metal ions 

is heavily implicated in AD pathogenesis. Aβ can bind and chemically reduce copper 

(Cu2+ to Cu+) and iron (Fe3+ to Fe2+), forming hydrogen peroxide indicative of Fenton-

type chemistry [131, 132]. Huang and co-workers also demonstrated that 

physiologically-relevant concentrations of Aβ are sufficient to significantly raise 

hydrogen peroxide levels in the brain via this mechanism [131]. In vitro studies 

performed by Everett et al. demonstrated that Aβ can chemically reduce various 

forms of Fe3+, suggesting that the ferrireductase effect of Aβ is not overly dependent 

on iron storage mechanism [133, 134]. The generation of ROS may be catalysed by 

locally increased biometal levels in amyloid plaques, and has been linked to 

observations of increased protein oxidation, lipid peroxidation and DNA oxidation in 

the AD brain [128]. By acting as a metal sink and site of intense redox activity, the 

neurotoxicity of  Aβ plaques may be dramatically increased [131]. 

Further, Aβ is known to disrupt calcium homeostasis, causing an increase in 

intraneuronal calcium concentrations [118]. This may lead to increased ROS 

production [135] and may also directly facilitate the formation of neurofibrillary 

tangles, since tau hyperphosphorylation is mediated by calcium-dependent kinase 

activities [136].  

Clearly interactions between Aβ and metal ions are of considerable interest 

concerning the formation of amyloid plaques and AD pathophysiology in general, 

where disruption to normal metal homeostasis could impact significantly on the 
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extent of oxidative injury. This is a recognised stage of the amyloid cascade 

hypothesis, thought to precede the formation of neurofibrillary tangles [119].  

 

1.5.4 Diagnosis and treatment of Alzheimer’s disease 

Patients are often clinically diagnosed with AD based on rapid tests of memory and 

cognition, or in some cases an MRI scan may indicate atrophy of vulnerable brain 

regions such as the hippocampus [137]. However definitive diagnosis of AD presently 

relies on microscopic identification of cardinal AD brain lesions during post-mortem 

histological examination [9, 111, 112]. Since AD patients often survive well into 

advanced stages of the disease, little is known about the early stages AD. The 

threshold for neuropathological damage before clinical symptoms manifest is 

unclear [112], however due to the slow progressive nature of AD it is thought that 

the preclinical stage could continue for decades [111, 112].   

More advanced clinical imaging techniques are emerging to support earlier diagnosis 

of AD, for example positron emission tomography (PET) scanning has capability for 

detecting amyloid plaques in the AD brain, with sensitivity and specificity of 96% and 

100% reported for cases autopsied within one year of imaging [138]. Although use of 

PET imaging for detection of AD pathology is now approved by the U.S. Food and 

Drugs Administration (FDA), its application is still largely restricted to clinical trials 

due to its significant cost [139]. PET scans of AD and clinically unimpaired patients 

are shown in Figure 11. It has been reported that monitoring the ratio of Aβ to 

hyperphosphorylated tau in CSF can match the diagnostic accuracy of PET scanning 

[139], however CSF extraction requires an invasive lumbar puncture procedure. 

Blood tests would offer a more practical diagnostic tool, where circulating microRNAs 

in blood serum are being investigated as a potential biomarker [140]. 
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Figure 11: Amyloid and tau Positron Emission Tomography (PET) scans of clinically unimpaired and AD 
patients. Scans demonstrate showing elevated amyloid and tau concentration in the AD brain. Figure 
reproduced from Vemuri, Alzheimer’s Research and Therapy, 2018 [141]. 

Current therapies to treat AD once recognised are lacking. In the absence of a known 

cause, drug treatments are restricted to targeting the symptoms of AD, helping to 

alleviate anxiety, memory impairment, and concentration deficit by modulating 

neurotransmitter levels in the brain [142]. Such treatments include cholinesterase 

inhibitors, and memantine for severe cases of AD. These medications have been 

shown to enhance the quality of life of AD patients, but do not alter the rate of 

decline [139]. Attempts to modify disease progression by targeting amyloid burden 

in isolation (typically using selective monoclonal antibodies) have repeatedly failed 

at clinical trial stage [143-145]. It was suggested that this approach may be more 

effective if applied to earlier stage AD, however a trial of this class of medication in 

AD patients who showed positive PET biomarkers for amyloid but had few to no 

symptoms also failed to yield significant effects on cognitive decline [146]. A causal 

relationship between amyloid and AD may be more complex, requiring therapies 

with more specific targets. 
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1.6 Metal targeted therapies 

Modifying metal homeostasis in the neurodegenerative disease brain via metal 

chelation has been explored as an alternative, novel approach for treatment of AD 

and PD.  

Table 3 compiles a non-exhaustive list of pharmacological treatments for AD and PD 

based on iron and copper targeting [21]. Generally, the function of a chelator is to 

bind to metal ions to promote their excretion from the body, thereby reducing 

overall concentrations in vivo. The selectivity of metal chelators is also paramount; 

chelators must be capable of ensuring sufficient supply of essential metals for normal 

brain function whilst simultaneously protecting vulnerable cells from toxicity. It has 

therefore been suggested that metal targeted therapies should not be aimed at 

metal chelation per se, but at metal redistribution and disruption to pathological 

metal-protein interaction [147, 148].  

 Preclinical Studies Clinical Studies 

Alzheimer’s Disease CQ, Cu(II)ATSM, 
Cu(II)GTSM, DFO, DFP, 
PBT2 

CQ, DFO, DFP, PBT2 

Parkinson’s Disease Cu(II)ATSM, DFP Cu(II)ATSM, DFP 

Table 3:Pharmacological treatments for AD and PD based on iron and copper targeting. Treatments 
which have been clinically trialled are separated from those at the preclinical stage. Clioquinol (CQ), 

diacetyl-bis(4-methylthiosemicarbazonato)copperII (CU(II)ATSM), bis(thiosemicarbazone)copperII 

(Cu(II)GTSM), desferrioxamine (DFO), deferiprone (DFP), 8-hydroxyquinoline derivative (PBT2). Table 
reproduced from Acevedo et al., Journal of Biological Inorganic Chemistry, 2019 [21]. 

An early clinical trial of the iron chelator desferrioxamine on 48 patients with 

probable AD showed that treatment slowed the clinical progression of dementia (as 

measured by assessment of daily living skills) by 50% compared with those receiving 

a placebo or no treatment [149]. Despite the positive outcomes of this trial, the 

drug’s mechanism of action remains unclear and application of desferrioxamine was 

ultimately limited by its low blood-brain barrier penetrance; subsequent clinical trials 

were not performed [150]. Iron chelator deferiprone (DFP) has been shown to cross 

the blood-brain barrier, and may redistribute chelated iron to unsaturated 
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transferrin, thereby avoiding depletion of essential iron stores. DFP was tested in a 

pilot clinical trial on early-stage PD patients, where DFP treatment was indeed shown 

to reduce iron accumulation in substantia nigra (as measured by MRI) without 

incurring side-effects that would indicate deficiency of systemic iron [11]. Patients 

also responded to the treatment with improved UPDRS scores*, prompting the 

investigators to call for wider multicentre studies of iron chelation [11]. A phase II 

trial of DFP is currently being undertaken for AD [21]. 

Whilst iron is shown to accumulate in vulnerable brain regions in AD and PD (e.g. 

hippocampus and substantia nigra, respectively), reduced copper levels have been 

reported in PD substantia nigra and AD hippocampus relative to age-matched 

controls [151-154]. Copper depletion therefore requires a different approach to iron 

chelation, where deleterious interactions between amyloid and biometals may 

represent a promising target for treatment of AD. Clioquinol (CQ) has been trialled 

as an agent for redistributing copper and zinc away from amyloid plaques to copper-

deficient neurons. In a small phase II clinical trial (n = 36), CQ was shown to increase 

plasma zinc levels, reduce plasma deposition of Aβ-42 in mild AD cases and inhibited 

cognitive decline in severe AD cases [155]. Unlike CQ, copper complex 

bis(thiosemicarbazone)copperII (CuIIGTSM) cannot outcompete amyloid for metal 

ions, however it can deliver copper into copper-deficient cells and has restored 

cognitive function in AD mouse models [148]. Copper delivery agent diacetyl-bis(4-

methylthiosemicarbazonato)copperII (CuIIATSM) has been shown to accumulate in 

the striatum of PD patients, with a positive correlation observed between 

accumulation levels and disease stage [156]. CuIIATSM is also able to stimulate 

activity of copper-dependent superoxide dismutase 1 (SOD1), a metalloenzyme 

which scavenges reactive oxygen species and reportedly has impaired function in PD 

[21, 157]. This drug has been evaluated in numerous mouse models of PD, where it 

was shown to be neuroprotective, improving motor function and cognitive 

performance through improved dopamine metabolism [158]. CuIIATSM is now under 

clinical trial, with a phase I trial conducted by Australian biotech company, 

Collaborative Medicinal Development, yielding encouraging results based on 

improved UPDRS scores* for PD patient participants. 
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Metal chelation therapies show  potential for reinstating metal homeostasis in AD 

and PD and delaying cognitive impairment [159], however the modes of action 

underpinning the therapeutic effects of these treatments are still uncertain. In order 

for metal chelation therapies to become viable, relationships between the 

biodistributions of metals and disease progression must be first fully elucidated 

[147]. Requirements are also likely to vary significantly amongst patients, mandating 

that therapies are tailored for individual needs. Hence, development of safe, 

effective chelation therapies for the treatment of neurodegenerative diseases 

remains a complex research challenge, where better understanding the role of trace 

metals in the diseased and neurologically healthy brain is critical.    

* Unified Parkinson’s Disease Rating Scale (UPDRS) is the most commonly used scale to assess PD-

related motor impairment in research settings [30]. 

 

 

1.7 Histological staining 

Histology techniques are central to identification of neuropathology in post-mortem 

human brain tissue. Histology for neuropathology encompasses a broad range of 

specialised stains and immunohistochemical antibodies not commonly used in 

general medical histology [160]. These stains exploit specific chemical or structural 

properties of the target material to facilitate distinction from the surrounding matrix. 

Standard practice is to use 10% neutral buffered formalin to chemically fix 

neuropathology samples prior to staining [160].  

The most commonly used stain for amyloid is Congo red [161]. Amyloid fibrils are 

known to have Congo red affinity, whereby Congo red intercalates between the 

parallel fibrils of the amyloid protein and forms a non-polar hydrogen bond [161].  

When bound to β-sheet-rich amyloid fibrils, the Congo red molecules orient such that 

the long axis lies parallel to the fibril axis [162]. Anisotropic ordering of amyloid fibrils 

at the molecular level enhances the dichroism (anisotropic absorption of linearly 

polarised light) and birefringence (anisotropic light transmission) effects exhibited by 
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amyloid fibrils [162-164]. The distinguishing effect is thus dependent on peptide 

conformation, favouring the β-pleated sheet configuration that is dominant in 

amyloid plaques  [164]. Aβ fibrils can arrange to form distinctive micro-sized spheroid 

structures known as spherulites, which have characteristic Maltese cross pattern of 

light extinction under polarised light, as shown in Figure 12a [165].  Amyloid stained 

by Congo red is typically reported to display apple-green birefringence under 

polarised light, although in practice a variety of colours may be observed [166].  

Alpha-synuclein distribution in brain tissue is more commonly studied using 

immunohistochemistry techniques. Since the discovery by Fujiwara et al. that the 

serine 129 residue is phosphorylated in synucleinopathy lesions [167], antibodies 

targeting phosphorylated α-synuclein at this site (PS129-α-syn) have been 

extensively used to recognise pathological α-synuclein [168-170]. PS129-α-syn 

provides a reliable epitope for distinguishing pathological inclusions from non-

fibrillised α-synuclein present at high concentrations in many neuronal populations. 

PS129-α-syn approaches are used to measure the abundance of inclusions and 

disease staging in both pre-clinical models and post-mortem tissues from 

synucleinopathies [170]. Lewy bodies stained using this method are shown in Figure 

12b. 

The presence or characteristic loss of neuromelanin pigment in PD substantia nigra 

is often studied using Masson-Fontana silver stain. Melanin is argentaffin, meaning it 

can be labelled using  silver stain without an extraneous reducing agent [171]. The 

argentaffin nature of neuromelanin, similar to other melanins, is indeed partly 

responsible for its original melanin classification [172].  Numerous studies have used 

Masson-Fontana silver stain to visualise neuromelanin [65, 173-175], which produces 

an insoluble black precipitate upon reduction of ammoniacal silver nitrate to metallic 

silver (argentaffin reaction) [171]. An example of stained melanised neurons in 

human SNc is shown in Figure 12c. Silver nitrate staining is not specific to 

neuromelanin, also staining some lipofuscins [171]. 

 



33 
 

 

Figure 12: Traditional histochemical stains for Lewy bodies, neuromelanin and Aβ aggregates. (a) 
Congo-red staining for amyloid aggregates in AD hippocampus. Spherulites (yellow arrows) appear 
with characteristic Maltese cross pattern under cross-polarised light. Reproduced with permission 
from Prof. J. Collingwood, from Exley et al., Journal of Alzheimer’s Disease, 2010 [165]. (b) 
Immunostaining for phosphorylated α-synuclein (pSer129: red) in DLB cortex. Immunofluorescence 
shows round LB-like structures. Figure reproduced from Park et al., PLoS One, 2017 [176]. (c) Masson-
Fontana staining for neuromelanin in neurologically healthy human SNc. Neuromelanin appears as 
dark brown. Figure reproduced from Carballo-Carbajal et al., Nature Communications, 2019 [65].  

 

1.8 Chemical alteration  

Histology practices are so widely used in neuropathology that all abnormal 

formations found in neurological disease states are almost exclusively reliant on 

definitive staining techniques to identify them [160]. Whilst histological techniques 

typically offer a fast, convenient and inexpensive means for identifying pathology in 

post-mortem tissue and when combined with chemical fixatives, are unquestionably 

useful in preserving and visualising targeted structures, traditional protocols based 

on chemical fixation and staining are known to alter the native chemistry of tissue 

samples [177, 178]. 

In a study conducted by Schrag et al., iron, copper and zinc concentrations were 

measured in middle temporal gyrus from four severe AD brains using atomic 

absorption spectroscopy [179]. Paired specimens were obtained to compare metal 

concentrations in frozen samples versus formalin-fixed samples. Relative to frozen 

samples, formalin fixation was shown to reduce iron concentration by 40%, and zinc 

concentration by 77%. Copper concentration was increased by 37% attributed to 

copper contamination from formalin fixation [179]. Work by Hare et al. 

demonstrated similar results, where sucrose cryoprotection and paraformaldehyde 
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fixation caused significant metal leaching  from whole mouse brain samples [180]. 

The effect was shown to be most severe for more water-soluble metals such as 

potassium and magnesium, however concentrations of key redox metals iron and 

copper were also heavily depleted (73% and 72% loss, respectively) [180]. The 

disruptive effects of chemical fixation on biometal concentrations in brain tissue have 

in fact been echoed by numerous studies [181-184].  

As well as altering metal concentrations, conventional histology approaches can also 

impede metal speciation in biological samples [177, 185, 186]. Work by Galazka-

Friedman et al. reported reproducible differences in the iron speciation between 

formalin-fixed and frozen substantia nigra from PD brains [187]. A Mӧssbauer 

spectral feature unique to chemically fixed tissue indicated the presence of non-

ferritin-like iron. The feature was enhanced with increased immersion time [187]. 

Drastic changes in sulfur speciation have also been observed in formalin-fixed tissue 

relative to cryo-preserved tissue [188]. Studies collectively demonstrate that the 

disruptive influence of preparatory procedures is largely dependent on fixative 

immersion time, and on the element being analysed, likely determined by the local 

metal binding mode [177, 180, 182]. This gives rise to unpredictable variation in 

metal contamination which makes it very difficult to correct for [13, 179]. 

 

1.9 Synchrotron x-ray analysis. 

Given the potential for drastic and unpredictable chemical alteration by conventional 

fixation and histology techniques, there is a pressing need for techniques with 

capacity for sensitive characterisation of tissue biochemistry without requirement 

for staining, otherwise known as label-free analysis. Recent advancements at large 

scale synchrotron facilities are emerging to meet this need. A synchrotron is a form 

of particle accelerator, used to generate tuneable beams of electromagnetic 

radiation from the far infra-red to the hard x-ray regime [189]. Flux generated by 

synchrotron facilities is orders-of-magnitude above that achievable with bench-top 

x-ray  systems and can be utilised as a powerful and versatile tool for probing the 
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distribution, structure and chemistry of metal-rich deposits in biological samples 

[12].  

Synchrotron facilities comprise multiple different beamlines, where x-rays can be 

manipulated differently at each beamline to facilitate a diverse set of synchrotron x-

ray techniques, each tailored towards a different type of experiment. The advantages 

and limitations of some of these approaches will be discussed in the following 

chapter, along with select examples of biological applications. Despite the diversity 

in techniques, use of synchrotron x-rays in general offers a number of attractive 

benefits which may favour their application over conventional histology or electron 

microscopy for the characterisation of trace elements in biological material:  

Label-free: Synchrotron x-ray approaches can be applied without sample ablation or 

requirement for additional staining (i.e they are label-free). This minimises the 

potential for chemical alteration of tissue components and promotes preservation of 

the native tissue biochemistry. Further, the same part of the sample may be 

measured more than once, which is highly conducive to the collection of 

complementary information using different imaging modalities [12]. The potential 

for extracting large volumes of information from small volumes of sample is 

especially pertinent to the analysis of donated human tissues, which are usually 

restricted in supply.  

Sensitivity:  Detection of trace element concentrations in tissue requires exceptional 

chemical sensitivity, typically in the sub-ppm range. High flux enables detection limits 

for synchrotron x-ray techniques between 0.1 and 100 ppm, with advancement in 

detectors and available flux now seeing some of the more sensitive techniques, such 

as microfocus synchrotron x-ray fluorescence (SXRF), challenging the sensitivity of 

ablation techniques like laser ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS) [186]. 

Specificity: At synchrotron facilities, the energy of the incident x-ray beam can be 

precisely tuned using a monochromator to stimulate excitation of electrons from 

targeted atomic shells. As such, absorption features can be used to generate image 

contrast to map selectively structures where histological stains do not exist. This level 
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of specificity facilitates distinction not just between different elements, but between 

different metal oxidation states, crystal structures and organic molecules.  

Spatial Resolution: Depending on the technique, the maximum spatial resolution of 

synchrotron x-ray methods can range from tens of microns to <10 nanometres. 

Whilst not all synchrotron techniques are able to match the spatial resolution of 

transmission electron microscopy (TEM) (typically <10 nanometres), significantly 

reduced beam damage is expected from x-ray beam exposure compared to electron 

beam exposure at equivalent spatial resolution [186]. This should not grant 

complacency toward the effects of radiation damage, which must be carefully 

mitigated and will be discussed in greater depth later in this thesis. However, with a 

cautious approach, synchrotron x-rays can be used to interrogate delicate organic 

structures at nanometre resolution whilst also maintaining good sample 

preservation, essential for optimal chemical imaging analysis of biological materials. 

 

1.10  Summary 

The prevalence of Alzheimer’s disease and Parkinson’s disease, as the most and 

second most common neurodegenerative disorders, is set to approximately double 

over the next 30 years. It is clear that unless effective therapies are developed which 

can delay the onset or deflect the course of these diseases, the toll on society and 

health-care systems worldwide will be unbearable. The cognitive and motor 

symptoms of AD and PD are induced by the devastating loss of neurons in the 

affected brain regions, visible in PD due to the loss neuromelanin pigmentation 

associated with cell death. Both AD and PD are regarded as protein misfolding 

disorders, characterised by hallmark brain lesions: α-synuclein-rich Lewy bodies and 

Lewy neurites in PD, and amyloid plaques (primarily Aβ42) and neurofibrillary tangles 

(primarily hyperphosphorylated tau) in AD. The spreading of these lesions to 

different brain regions throughout the disease course is shown to occur in a 

predictable pattern, correlating well with neuron loss and clinical symptoms.  
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Also common to AD and PD is brain metal dysregulation. The high energy demand of 

the brain requires relatively high metal concentrations as cofactors for a variety of 

normal physiological processes. The ability of redox metals, iron and copper, to alter 

their oxidation state is essential to several of these functions. However, elevated iron 

levels are present in vulnerable melanised neurons in PD relative to age-matched 

controls, whilst amyloid plaques are also recognised repositories for metal ions. It 

has been proposed that areas of metal accumulation may be prone to uncontrolled 

redox chemistry, overwhelming antioxidant defences and mechanisms which would 

normally store these metals inertly. Associated generation of reactive species via 

redox reactions schemes has been linked to observations of oxidative damage to 

proteins and DNA in normal ageing, and especially in neurodegenerative disorders. 

Further, synergistic interactions between metal concentrations and pathological 

proteins may serve to both accelerate protein aggregation and catalyse Fenton 

chemistry, exacerbating the oxidative burden and endangering surrounding cells.  

Analysis of metal distributions in post-mortem tissue have traditionally relied on 

histochemical labelling. Whilst these techniques certainly have utility for rapid and 

convenient screening of inorganic distributions in tissue, stains targeting different 

distributions are often incompatible due to chemical disruption and lack descriptive 

power regarding the chemical state of metal ions. Synchrotron techniques may be 

used to meet this need, offering an unprecedented combination of sensitivity, 

specificity, and spatial resolution without requirement for staining or sample 

ablation. Synchrotron techniques encompass a wide variety of approaches applicable 

to biological samples, each exploiting synchrotron-generated x-rays differently to 

provide unique insight into sample composition. Some of these methods and their 

utility for metallomics analysis will be discussed in Chapter 2.  
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2 Theory and application of synchrotron 
methods 

 

Synchrotron x-ray techniques cover a broad spectrum of synchrotron-based 

approaches which utilise interactions between incident x-rays and sample atoms to 

obtain chemical and/or structural information. This chapter describes the operating 

principles underpinning the synchrotron techniques applied in this work. Relative 

advantages and disadvantages of each technique with respect to characterisation of 

biological samples are discussed, ending with example applications in the fields of 

biology and biochemistry.  

 

2.1 Synchrotron operating principle 

Generation of synchrotron x-rays begins with the production of free electrons by 

thermionic emission from a heated cathode. Electrons emitted from an electron gun 

are accelerated through three particle accelerators; the linear accelerator, the 

booster ring and the main storage ring [190]. In the linear accelerator, high energy 

microwaves and radiowaves are used to accelerate the electrons to relativistic 

speeds. Electrons are then fed into the booster ring, where magnetic fields force 

electrons to travel in circular path. The booster ring feeds an evacuated storage ring, 

which consists of straight sections angled together with bending magnets. Bending 

magnets are used to deflect electrons around the circumference of the ring. Each 

time an electron passes through a magnetic field, it loses energy in the form of 

electromagnetic radiation, termed synchrotron radiation. At third generation 

synchrotrons, such as Diamond Light Source (Oxfordshire, UK), the straight sections 

also incorporate an array of magnets called insertion devices. Insertion devices cause 

electrons to follow an oscillating path, thereby producing more intense and tuneable 

light [190]. The storage ring current is allowed to drop by less than 1% before being 

topped-up by injections from the booster ring, permitting continuous user operation 

[189]. 
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Synchrotron radiation is channelled out to independent beamlines positioned 

tangential to the storage ring [190]. In the optics hutch, light is filtered and focussed, 

before entering the experimental hutch to be focussed onto the sample of interest. 

Synchrotron light is manipulated differently at each beamline, such that individual 

beamlines have characteristics tailored toward a particular type of analysis. A 

schematic representation of a typical synchrotron facility is illustrated in Figure 13 . 

 

 

Figure 13: Schematic of a third-generation synchrotron. Electrons exiting the electron gun are 
accelerated through the linear accelerator (LINAC) into a booster ring to provide further energy and 
force the electrons to follow a circular path. Electrons are periodically injected from the booster ring 
into the storage ring, where they are deflected around junctions by bending magnets. Beamlines 
exploit the synchrotron radiation produced by the effect of bending magnets or additional insertion 
devices for chemical imaging and analysis.  

2.2 Access to synchrotron facilities 

Synchrotrons are large scale facilities which cost in the order of £billions to build and 

maintain. As such, relative to conventional laboratory instruments like electron 

microscopes, there are very few synchrotron facilities around the world. Their global 
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distribution is illustrated in Figure 14. Diamond Light Source is presently the only 

synchrotron in the UK.  

 

 

Figure 14: World map of synchrotron facilities. Reproduced from Xu et al., "The complexity of 
thermoelectric materials: Why we need powerful and brilliant synchrotron radiation sources?," 
Materials Today Physics, vol. 6, pp. 68-82, copyright (2018), with permission from Elsevier [191]. 

Performing experiments at synchrotron facilities first requires prospective users to 

secure time on the instrument, known as “beam time”. Access is granted through 

competitive application, by submitting a formal proposal six to nine months ahead of 

the experiment. Calls for beam time applications are infrequent, occurring only twice 

per year for Diamond Light Source. The proposal must describe the background and 

aims of the proposed experiment and scientific justification. Beam time reports are 

also required as proof of output prior to the following round of applications.  Demand 

for beam time varies between different beamlines, with more advanced instruments 

often being heavily oversubscribed.  

Burgeoning interest in the application of synchrotron techniques across a variety of 

fields continues to fuel technical advancement in methodologies, and vice versa [12]. 

Further increase in competition for beam time is therefore inevitable.  
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2.3 Hard x-ray methods 

Synchrotron techniques broadly fall into two categories: hard x-ray and soft x-ray. 

The terms “hard” and “soft” are commonly used to describe the operational regime 

of synchrotron x-rays, however the distinction between the two is not well defined 

[186]. Hard x-rays are typically considered to have energies greater than around 

1 keV and are often used in multi-element fluorescence imaging. This is because hard 

x-rays give rise to photo-ionisation in the K- and L-electron shells of the majority of 

biometals [186]. Hard x-rays have large penetration depths, ranging from microns to 

millimetres in biological matrices [186]. This offers good flexibility regarding sample 

preparation, for example hard x-rays can be used to analyse tissue cryosections of 

thickness >10 μm. By removing thickness constraints, tissue can be prepared without 

requirement for embedding media. There is also no default requirement for the 

sample to be measured under vacuum conditions, enabling relatively straightforward 

loading and unloading of samples.  

 

2.3.1 Synchrotron X-Ray Fluorescence (SXRF) 

Usually operated in the hard x-ray regime, SXRF can be used to map simultaneously 

the unique distributions of multiple elements, with sub-ppm sensitivity.  

The fundamental operating principle of SXRF is that when an atom in the sample is 

struck with an x-ray of sufficient energy (greater than the atom’s K or L shell binding 

energy), an electron from an inner orbital shell is dislodged. Electrons ejected from 

core shells are known as photoelectrons. The atom regains stability by filling the 

vacancy left in the inner orbital shell with an electron from a higher orbital, emitting 

a fluorescent x-ray as it does so (see Figure 15). The binding energies of the K and L 

shells, measured in electron volts (eV), are known respectively as K- and L-edges. 

These may be divided further into sub-orbitals α, β, γ, in ascending order of binding 

energy. The energies of the emitted fluorescent x-rays are characteristic of the shells, 

and associated elements, from which they originate. This allows fluorescent x-rays to 

be used as a type of fingerprint analysis for sample composition.  
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Upon irradiation of the sample, x-ray fluorescence occurs for all transitions at or 

below the energy of the incident x-rays. Due to the high attainable energies of 

synchrotron hard x-ray beamlines, fluorescent x-rays may be acquired from a wide 

range of elements in a single measurement. The sample may be raster- or step-

scanned, whilst a full SXRF spectrum is collected for every pixel of the image. Fitting 

the spectrum allows the user to assemble single element maps describing the 

independent distributions of each element.  

 

 

Figure 15: Operating principle of XRF. Incident synchrotron x-rays with energy above the K shell 
binding energy for a sample atom stimulate ejection of a photoelectron from the atom’s K shell. 
Relaxation from the L shell fills the vacancy left in the K shell, emitting a fluorescent x-ray in the 
process. The fluorescent x-ray has energy equivalent to the difference in binding energy between the 
K and L shells, which is unique to each element. Detection of fluorescent x-rays from all elements with 
binding energies below the incident x-ray energy is used to determine the elemental composition of 
the sample. 

Since organic material is largely transparent to hard x-rays up to a penetration depth 

of ca. 1 mm [12], for most tissue samples x-ray fluorescence can be solely attributed 

to metal absorption [186]. Consequently, the characteristic fluorescence signal is 

linearly proportional to the concentration of the emitting element, allowing SXRF to 

be used for quantitative compositional analysis. In practice, accurate matrix-

matching and effects of self-absorption often restrict SXRF to semi-quantitative 

analysis [12]. 



43 
 

SXRF mapping can be performed over micro-, or even nano-sized areas at advanced 

beamlines, whilst millimeter-sized areas can be mapped relatively quickly at low 

resolution. Since SXRF operated in the hard x-ray regime does not require an 

evacuated sample chamber, a light microscope can also be positioned at the 

endstation and used to locate specific regions of interest on the sample in concert 

with SXRF mapping. 

 

2.3.2 X-ray absorption near-edge spectroscopy (XANES) 

XANES utilises the energy-dependent absorption of x-rays to provide site-specific 

information about the chemical and structural order of a specified element, over 

micro- or nano-sized regions of interest [192]. XANES is often used in conjunction 

with SXRF to determine the local oxidation state of metal ions in situ. Integrating 

XANES measurements with SXRF promotes seamless switching between 

fluorescence mapping and XANES modes, whilst the same microscope set-up can also 

be utilised to acquire XANES spectra from selected regions. 

Absorption of incident x-rays by atoms in the sample can be quantified by comparing 

the intensity of the incident beam to that of the transmitted beam. By stepping 

through a range of specified energies and measuring the x-ray absorption at each 

energy, an absorption spectrum is obtained. The absorption spectrum consists of 

several characteristic features; a linear decrease in absorption with increasing 

energy, followed by an abrupt increase in x-ray absorption, followed by a series of 

small peaks, and finally a linear decrease in absorption with increasing energy. These 

are labelled for a typical XANES spectrum in Figure 16. 
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Figure 16: Example iron K-edge XANES spectrum. The spectrum was acquired from a melanised 
neuron in PD substantia nigra tissue. On the x axis is energy of the incident x-rays, on the y axis is 
measured x-ray absorption, after normalisation to incident beam I0.  The ionisation edge jump is 
labelled, along with the pre-edge, post-edge and EXAFS regions.  

The general decrease in absorption with increasing energy is referred to as 

background. This trend is observed because the probability of an interaction 

between incident x-rays and sample atoms decreases as the x-ray energy increases 

[193]. The abrupt rise in absorption occurs when the incident x-ray energy is 

sufficient to excite a core electron, known as an ionisation, or absorption edge. 

Excitations of orbitals from n=1 states are known as K-edges, n=2 states as L-edges 

and n=3 states as M-edges. The shape and relative position of the absorption edge 

and features near the edge (XANES) are sensitive to the chemical state of the metal 

ion. Different metal cations absorb at characteristic energies, such that the ratios of 

the absorption peaks can be used to determine the metal ion oxidation state.  

The regions of the spectrum before and after the edge jump are known as the pre-

edge and post-edge, respectively. For pure materials, oscillations above the edge can 

also be distinguished. These are referred to as extended x-ray absorption fine 

structure (EXAFS), and provide information relating to the coordination environment 

of the sample atoms [186]. The heterogeneous environment and trace biometal 

concentrations mean that spectra with sufficiently high signal-to-noise ratio for 
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EXAFS interpretation are rarely observed for biological systems. Consequently, EXAFS 

will not feature heavily in this thesis.  

The physical form of the sample is not critical for XANES, such that spectra can be 

acquired from amorphous samples or even metalloproteins in solution, unlike for 

alternative structural analysis techniques where a crystalline specimen is required, 

such as x-ray diffraction [192]. XANES spectra can be collected in transmission or 

fluorescence mode, though fluorescence mode is typically preferred for low (≤ppm) 

concentrations [192]. 

 

2.4 Soft x-ray methods 

For imaging of biological materials, use of hard x-rays has a conspicuous drawback. 

Biological materials are fundamentally composed of hydrogen, carbon, nitrogen and 

oxygen, studied under the bracket of organic chemistry. These elements are difficult 

to detect using hard x-rays because they have low fluorescence yields and produce 

limited absorption contrast [186]. Regardless, absorption edges for these elements 

typically fall outside the operational range of most dedicated hard x-ray beamlines. 

Absorption edges for carbon, nitrogen and oxygen reside within a region of the 

electromagnetic spectrum known as the water window (280-540 eV range), where 

there is an order of magnitude difference between absorption coefficients for water 

and protein [194]. Techniques based on the use of lower energy (~0.1-1 keV) soft x-

rays are capable of spanning this water window. Whilst use of lower energy (less 

penetrating) x-rays generally places greater constraints on sample thickness than for 

hard x-ray techniques, the ability to span the water window provides scope for 

characterisation of metal ion distributions in context with the surrounding 

anatomical tissue structure, without requirement for chemical labelling.  

Organic material is especially sensitive to ionising radiation; some tissue components 

can exhibit changes in morphology or molecular structure with minimal exposure to 

an electron beam [194]. Compared to conventional electron microscopy, soft x-ray 
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characterisation of organic material offers a reduced dose at equivalent spatial 

resolution.  

 

2.4.1 Scanning Transmission X-ray Microscopy (STXM) 

Usually employed in the soft x-ray range for biological samples to permit access to 

both organic and inorganic edges, Scanning Transmission X-ray Microscopy (STXM) 

combines excellent chemical sensitivity with high resolution microscopy. STXM can 

be used to collect a series of images at nanometre resolution, whilst also acquiring 

spectral information relating to the chemical composition of the sample. This 

integrated approach is often referred to as spectromicroscopy. 

In STXM, monochromatic x-rays are focused into a nanometre-sized spot (pixel) on 

the sample using a zone plate. A microscopic image is generated by raster scanning 

the sample in the focal plane of the zone plate whilst measuring transmitted x-ray 

intensity for each pixel. When the incident x-ray energy is stepped over a range 

(typically over a targeted absorption edge), an absorption spectrum is generated for 

every pixel. Whilst the fundamental principle for acquiring absorption spectra is the 

same for STXM as for XANES, by collecting an absorption spectrum for every pixel 

chemical information can be extracted from selected regions of an image sequence. 

Further, by collecting spectra via raster scanning (as opposed to a single point scan 

used for XANES), the overall beam exposure per point is dramatically reduced; a 

XANES scan typically exposes one point of the sample to the incident x-ray beam for 

several minutes, whilst in STXM each point is exposed for several milliseconds at 80-

100 energy points, totalling less than 1 s exposure per point. Thus, the potential for 

beam-induced alteration of the sample is reduced. A schematic representation of 

STXM is illustrated in Figure 17.  

STXM is a technique which has  benefited from vast improvements in beam focusing 

and detector sensitivity, such that it is now capable of characterising chemical 

composition over 50 nm-sized areas at sub-ppm sensitivity [186]. Samples for STXM 

must be partially x-ray transparent, with maximum thickness dependent on the 
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sample material and energy of the incident x-rays. For unit density materials, this 

corresponds to ∼100 nm thickness for C K-edge and ∼500 nm thickness for O K-edge 

studies [195].  

 

 

Figure 17: STXM Schematic. Monochromatic x-rays are focussed by a zone plate onto the sample, x-
rays transmitted through the sample are monitored as a function of sample position. 

 

2.4.2 X-ray Magnetic Circular Dichroism (XMCD) 

As well as capacity for tuning the energy of the incident x-rays for element specificity, 

at synchrotron facilities, it is also possible to tune the polarisation of incident x-rays 

for magnetic specificity. XMCD exploits the differential absorption of x-rays by a 

magnetically polarised material when irradiated with circularly polarised x-rays. In 

this way, XMCD can be used to probe the magnetic state of 3d transition metals.  

3d transition metals are metals in which the 3d orbital is progressively filled, from Sc 

to Zn (see Figure 18). The magnetic properties of 3d transition metals depend 

primarily on their d valence electrons, and d-shell properties are best probed by L-
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edge absorption studies (2p to 3d transitions) [196, 197]. Such studies require soft x-

rays with energy range between 500 and 1000 eV [198].   

 

 

Figure 18: 3d transition metals. 

 

In XMCD, a magnetic field is applied to the sample, and absorption spectra are 

collected using both left circular polarised light (LCP) and right circular polarised light 

(RCP). Incident polarised x-rays transfer their angular momentum to photoelectrons 

through spin-orbital coupling. Left circular polarised (LCP) photons transfer 

momentum in the opposite direction  to right circular polarised (RCP) photons, 

producing photoelectrons with opposing spins [196].  

In non-magnetic materials, atoms contain an equal number of empty spin-up and 

spin-down orbitals in the valence state. With an equal number of vacancies, 

excitation of photoelectrons is equivalent for both LCP and RCP, therefore absorption 

spectra collected using LCP and RCP are equivalent. In ferromagnetic materials (Fe, 

Ni and Co), filling of the d shell results in an imbalance of spin-up and spin-down 

valence holes [196]. Depending on the relative alignment between the directions of 

magnetisation and x-ray polarisation, LCP/RCP excites more spin-up/spin-down 

electrons from the 2p3/2 → 3d levels (L3-edge), with the opposite effect occurring for 

the 2p1/2 → 3d transition (L2-edge) [198]. This principle is illustrated in Figure 19. The 

difference between the two absorption spectra is referred to as the XMCD. A strong 

3d orbitals filling
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XMCD effect indicates a strongly magnetic absorbing atom. An example XMCD 

spectrum is shown for metallic iron in Figure 20. 

 

 

Figure 19: XMCD operating principle. (a) In a non-magnetic material, a balanced number of spin-
up/spin-down vacancies in the 3d orbital are available for excitation of spin-up/spin-down electrons 
from 2p orbitals. X-ray absorption is therefore independent of the polarisation of incident x-rays. (b) 
In a magnetic material, there is imbalance in the number of spin-up/spin-down vacancies in the 3d 
orbital, therefore x-ray absorption is polarisation-dependent [198]. 

 

Figure 20: XMCD spectrum obtained from magnetised iron. At the L3-edge, increased x-ray absorption 
occurs when excitation is stimulated by LCP. At the L2-edge, increased x-ray absorption occurs when 
excitation is stimulated using RCP. The effect can be reversed if the direction of magnetisation is 
reversed. Figure reproduced by permission from Springer Nature Customer Service Centre GmbH: 
Springer Nature, Magnetic Dichroism Studies of Spintronic Structures, "Handbook of spintronics," Liu 
et al., Copyright (2016) [198]. 
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Although x-ray ultraviolet generation sources have been advanced in recent years, 

the energy of the incident radiation is still insufficient to excite core electrons of 

magnetic elements, such as 3d transition metals and rare earth elements [198]. 

Synchrotron x-rays provide unprecedented insight in this regard. When combined 

with STXM, XMCD can further help to distinguish between different metal phases 

present in tissue by identifying magnetic phases present, such as magnetite. 

 

2.5 Biological applications of synchrotron methods  

Synchrotron x-ray studies of metals in biological samples have largely focussed on 

the use of high energy (hard) x-ray methods, with synchrotron x-ray fluorescence 

(SXRF) perhaps the most widely applied synchrotron technique in this field due to its 

detection sensitivity and capacity for multi-element mapping. SXRF has been 

demonstrated at increasingly higher scanning rates and spatial resolution for the 

purpose of mapping biometal distributions at both regional and intracellular length 

scales.  

Rapid scanning SXRF was employed by Popescu et al. to map metal distributions over 

large areas of brain tissue from PD and control cases. Results demonstrated that 

regions and structures in the brain could be identified by their unique metal 

complement, with high iron generally corresponding to low zinc (and vice versa) in 

many parts of the brain [199]. SXRF showed midbrain iron levels to be highest in the 

substantia nigra for both PD and control cases, with an average of 40% more iron in 

PD substantia nigra relative to control [199]. 

Melanised neurons within the substantia nigra are a key area of interest for 

metallomics studies due to the affinity of neuromelanin for metal ions and acute 

vulnerability of these neurons in PD. Ektessabi and co-workers compared the 

concentrations of multiple different metals in melanised neurons from formalin-fixed 

PD and neurologically healthy control substantia nigra using microfocus SXRF [200]. 

Authors demonstrated that the iron signal acquired from PD neurons was 

approximately twice that in control neurons, in agreement with later findings from a 
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large scale study using unfixed tissue by Oakley et al. [75]. The SXRF study by 

Ektessabi et al. also evidenced the co-localisation of neuronal iron with copper, zinc 

and calcium [200], later supported by SXRF mapping of unfixed substantia nigra by 

Szczerbowska-Boruchowska et al. [201]. Inorganic elements were shown to 

concentrate in melanised neurons irrespective of disease state [200, 201]. Bohic and 

co-workers used SXRF to investigate the association of different elements with 

neuromelanin with advancing age. Iron was shown to associate with neuromelanin 

from an early age, with copper, zinc and calcium incorporated at a later development 

stage [64]. Iron associated with neuromelanin was also shown to increase with age, 

consistent with an age-related overall increase in brain iron concentration [64]. Site 

specific XANES analysis has previously been used to probe the oxidation state of iron 

associated with nigral melanised neurons. XANES measurements from Chwiej et al. 

concluded that the only detectable iron signal from melanised neurons in both PD 

and control SNc was Fe3+ [202]. Bohic et al. also reported that microfocus XANES from 

neuromelanin-associated iron was consistent with ferritin irrespective of age [64].  

SXRF has also been applied to examine metal-rich Aβ aggregates in AD brain tissue. 

Miller and co-workers combined SXRF with synchrotron-based infrared imaging to 

reveal colocalisation of copper and zinc accumulation within Aβ deposits in AD 

hippocampal and frontal regions [203]. Liu and co-workers instead coupled SXRF with 

laser capture microdissection to describe the biometal profiles of amyloid plaques, 

evidencing the associated accumulation of iron, copper and zinc [204]. SXRF results 

from these studies are consistent with earlier elemental characterisation of amyloid 

plaques using particle induced x-ray emission (PIXE) by Lovell et al. [128]. Combined 

SXRF and XANES analysis has further been used to perform iron speciation analysis 

in amyloid plaque rich material isolated from AD cortical tissue, demonstrating the 

co-presence of ferritin and magnetite iron phases [205]. Evidence of magnetite in 

amyloid plaques is a potential indicator of disrupted iron metabolism and implicates 

Aβ in the biomineralization of iron in vivo. 

The emergence of SXRF beamlines capable of reaching nanoscale spatial resolutions 

has enabled metallomics investigation at an intracellular level. Ortega and co-

workers showcased nanofocus SXRF to study the relationship between iron and 
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dopamine in PC12 rat cells. Combined visualisation of dopamine by epi-fluorescence 

and SXRF mapping of iron at 90 nm resolution found that inhibition of dopamine 

synthesis results in a depletion of iron in dopamine vesicles [206]. This study 

advanced the potential for synchrotron methods to examine cellular mechanisms at 

physiologically relevant spatial resolutions, key to understanding disease 

pathogenesis. 

Relative to hard x-ray approaches, application of soft x-ray synchrotron techniques 

to elemental analysis in biological samples has been underexplored. Early work by 

Panessa-Warren in 1987 demonstrated the potential for using soft x-rays to image 

biological samples that are inherently difficult to visualise by conventional electron 

microscopy, using melanin granules in frog retina epithelium cells as an example. Soft 

x-ray microscopy revealed the globular internal structure of the melanin granules 

which was unattainable using electron microscopy due to the extremely high 

electron density of the granules [194].  

The potential of STXM for correlating inorganic and organic measurements using 

STXM has been demonstrated in work by Dynes et al., where the distribution and 

speciation of metal ions in biofilms was characterised in concert with oxygen and 

carbon K-edge mapping of the biofilm organic ultrastructure [207]. STXM has also 

previously been used in conjunction with XMCD to evidence bacteria-mediated 

formation of magnetite as a product of Fe3+ reduction [208]. Coker and co-workers 

further exploited the specificity of XMCD to determine that magnetite produced by 

the bacteria was oversaturated with Fe2+ compared to stoichiometric magnetite 

[208]. More recently, Telling and co-workers used STXM to reveal the presence of 

pure Fe2+ correlating with amyloid plaque pathology in an established mouse model 

of AD, also using XMCD to locate magnetite in cortical tissue [209]. These studies 

demonstrate the added value of XMCD to STXM analysis for precise iron speciation 

analysis.  
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2.6 Summary 

Synchrotron facilities offer a broad spectrum of x-ray techniques which may be 

roughly divided into hard and soft x-ray techniques. Hard x-rays, with energy above 

1 KeV, are often used to excite fluorescence from the sample material to enable 

multi-element analysis. XANES may be used in conjunction with SXRF analysis, 

providing complementary information about the oxidation state of probed metal 

ions. Hard x-ray techniques have been applied in the literature to demonstrate metal 

accumulation in amyloid plaques from AD tissue and in nigral neurons from PD tissue. 

Evidence of a chemically reduced magnetite iron phase has been observed in amyloid 

plaques, whilst neuromelanin associated iron was shown to exist in a ferric form.  

Soft x-ray techniques, with energy below 1 KeV, can be used to access signal from 

both inorganic and organic material. STXM operated in the soft x-ray regime offers 

integrated imaging and spectral analysis (spectromicroscopy) and has previously 

been applied to the characterisation organic and inorganic distributions in biofilms. 

By manipulating the polarisation of the incident beam, STXM can be converted to 

XMCD, which provides supplementary information on the magnetic state of 

measured ions. STXM combined with XMCD has been applied to evidence magnetite 

deposits produced by bacteria and associated with Aβ in an AD mouse model.  

Development of analytical tools available at synchrotron facilities has enabled the 

sensitive characterisation of biometals and their surrounding environment at a range 

of length scales. There is clear scope for further application of synchrotron 

techniques to interrogate the contribution of metal-mediated toxicity to 

neurodegeneration. Soft x-ray studies of human-derived samples in this context are 

particularly lacking.  

 

2.7 Aims and objectives 

The aim of this thesis is to better describe transition metal-rich pathological material 

in post-mortem samples from AD and PD brains using cutting edge synchrotron 
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techniques. This tackles a long-standing challenge to better understand the native 

biochemistry of these disorders and potential mechanisms which implicate metal 

dysregulation in neurodegeneration. The key objectives to meet this aim are as 

follows: 

1. Investigate the capacity for Aβ and α-synuclein to alter iron and/or copper 

oxidation state during in vitro co-incubation using hard x-ray XANES. 

2. Describe multi-element distributions in PD SNc and in models exhibiting 

disrupted iron metabolism at a range of length scales using SXRF.  

3. Determine the scope for using soft x-ray spectromicroscopy to map 

specifically for organic structures, neuromelanin and α-synuclein. 

4. Perform nanoscale characterisation of metal deposits within melanised 

neurons in PD and control SNc, and within amyloid plaque cores isolated from 

AD brain tissue.  

It is hoped that the findings presented will contribute towards the development of 

advanced diagnostic tools and novel therapies to support earlier diagnosis and 

treatment of AD and PD.  
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3 Methods 

The previous chapter described the operating principles underpinning SXRF, XANES, 

STXM and XMCD, as well as the rationale for applying each synchrotron technique to 

metallomics analysis of post-mortem brain tissue. This chapter will describe exactly 

how these techniques were implemented in this work, as well as the methodology 

for complementary techniques. 

 

3.1 Synchrotron X-ray Fluorescence (SXRF) 

SXRF was used to perform specific and highly sensitive elemental mapping of 

substantia nigra tissue from PD and control cases, as well as in vitro protein-metal 

complexes. Distributional information was collected for multiple elements at both 

cellular and subcellular resolutions. SXRF analysis was performed in the hard x-ray 

regime at Diamond Light Source beamlines I18 and I14.  

 

3.1.1 Data collection 

Micro-focus SXRF data was collected at Diamond I18 beamline. An incident beam 

with energy 13 keV was used to stimulate fluorescence emission simultaneously from 

all accessible elements. A four element Standard Vortex Drifts detector with 

detection range between 2-15 KeV was positioned at 90° to the incident beam. Slides 

were secured to a slide holder, which was mounted onto the sample stage at an angle 

of 45° to the incident beam. A photograph of the set-up for microfocus SXRF and 

schematic representation are shown in Figure 21. Targeted elements of biological 

interest and their respective fluorescence emission lines are highlighted in Figure 22. 
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Figure 21: Experimental set-up configuration at Diamond I18. (a) Photograph of the set-up 
configuration at Diamond I18, showing the relative positions of the incident x-ray beam, detector, 
sample, microscope camera and light. (b) Set-up schematic 

 

 

Figure 22: Photon energies of the Kα and Kβ fluorescence emission lines for elements in periods 1-4. 
Emission lines are measured in KeV. Elements in grey have emission lines which fall outside the range 
of detection for hard x-ray beamlines Diamond I18 and Diamond I14. Elements highlighted in orange 
are of biological interest. Emission line values were taken from the X-ray Data Booklet produced by 
the Advanced Light Source [210]. Values were converted from eV to KeV and rounded to two decimal 
places for display purposes. 

A full x-ray fluorescence spectrum was acquired for each pixel of every map. 

Maximum spatial resolution was defined by the minimum focussed beam diameter 

of 5 μm2. Monitoring the focus was accomplished using an optical camera fixed on 

the sample. The focus of the optical camera was locked to the focus of the beam, 

where the position of both was adjusted remotely from the control room by moving 

the sample stage in the z-direction. The optical camera was also used to target 

regions of interest on the sample, since the beam position is close to the centre of 

the optical image when in focus. In the absence of organic signal, interpretation of 
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anatomical tissue structure was heavily reliant on natural contrast arising from 

melanised neurons. When the beam was not scanning, the experiment shutter was 

closed to prevent unnecessary exposure of the sample to the beam.   

Nano-focus SXRF was performed at Diamond I14 beamline. This advanced beamline, 

which only opened to users in 2017, allows examination of intracellular features with 

sub-ppm sensitivity. Tissue sections mounted onto gold TEM grids were loaded into 

single sample holders and positioned perpendicular to the incident beam.  

SXRF maps were collected using a 15 keV incident beam, with full spectrum again 

acquired for each pixel of every map. A four-element silicon drift detector (SDD) with 

Cube amplifiers was used to collect SXRF signal within detection range 5-23 keV. The 

four elements are arranged in a hemisphere centred on the beam focus. A 

photograph of the set-up configuration at Diamond I14 is shown in Figure 23. Maps 

of entire cell bodies were performed at 200 nm spatial resolution to optimise use of 

beam time, whilst selected inset regions were performed at 50-100 nm resolution. 

Dwell times per pixel depend on the map size, where longer dwell times could be 

applied to smaller maps. Specific dwell times are indicated in the figure captions for 

each map.  

 

Figure 23: Photograph of the experimental set-up at Diamond I14. The sample is illuminated via fibre 
optic coupled to the objective.  
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3.1.2 Fitting SXRF Maps 

SXRF maps were processed using PyMCA fitting software. Fitting the raw data 

consisted of first calibrating the energy of the detector channels by assigning two 

peaks in the fluorescence spectrum according to their characteristic emission lines 

(Figure 24). The iron Kα and zinc Kα peaks were selected for calibration due to their 

prominence in the spectrum. The advanced fit tool was then used to create a 

configuration file, which was iteratively adapted to match the fit for each element as 

closely as possible to the raw data. Fitting allows for overlapping peaks to be 

accounted and provides several options for subtracting the background. The master 

configuration file was checked against each of the maps selected for batch fitting and 

altered where necessary.  An example fitted spectrum is shown in Figure 25. 

 

 

Figure 24: Calibrating the detector channels to the energy of fluorescence emission lines. Prominent 
Fe-Kα and Zn-Kα peaks (labelled) were used for energy calibration. 

 

Zn
Fe

Calibrating detector channels
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Figure 25: Example SXRF spectrum, acquired from PD substantia nigra tissue. Primary beam energy = 
11 keV. XRF spectrum averaged from all map pixels and elemental peaks fitted using PyMCA software. 
The most abundant transition biometals, iron, copper and zinc, are highlighted. 

Once the configuration file was optimised, maps were batch fitted using the PyMCA 

batch fitting tool. Batch fitting automated integration of the area under each 

fluorescence peak, evaluating the individual element contributions to the spectrum 

acquired at each pixel of the map. The area under each peak is directly proportional 

to the element concentration. The output of batch fitting was a .dat file, containing 

the information for single element maps. These describe the independent 

distribution of each element in the sample, where pixel intensity (derived from fitted 

area) is proportional to element concentration. Pseudo-coloured composite maps 

were created in PyMCA RGB correlator by overlaying single element maps, assigning 

red to iron, green to copper and blue to zinc.  

 

3.1.3 Normalisation and segmentation 

Where relative metal concentrations were derived from SXRF maps (as in Part 

5.2.2.2), it was necessary to normalise and subtract the background from the data. 

Single element maps for each element were saved as TIFF files to preserve absolute 

pixel values and further processed using ImageJ. 
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Each map was normalised first to incident beam I0. I0 is the final beam that impinges 

on the sample and is monitored immediately upstream of the sample. Whilst the 

tuned energy of I0 is very stable (varies by +/- 0.05 eV per day at I18), the intensity of 

the beam decays between periodic top-up by injections from the booster ring (as 

discussed in Part 2.1). This leads to a variation in the number of fluoresced x-rays. 

Normalising each pixel of a metal map to the corresponding pixel from an I0 map 

corrects for this variation. Changing the thickness of the attenuator is also corrected 

for by normalising to I0.  

Maps were then normalised to the fitted area under the scatter peak. This corrects 

for any variation in the endstation set-up, (e.g. detector position) between 

experiments. Finally, mean pixel intensity from a blank area of the substrate (quartz 

or ultralene) was subtracted as a constant from the normalised metal maps. It most 

cases it was attempted to incorporate an area of blank substrate into the map, 

however where that was not possible mean pixel intensity was calculated from a 

separate map of the substrate.  

Normalised maps were manually segmented in ImageJ, guided by correlative optical 

images. Mean pixel intensity was used as an indicator of relative element 

concentration within each segmented region.  

 

3.2 XANES 

XANES measurements were performed in conjunction with SXRF mapping at 

Diamond I18 beamline. Where SXRF maps showed regions of concentrated iron or 

copper, XANES was used to probe the local oxidation state of the metal ions. XANES 

was applied to determine iron and copper oxidation states in in vitro protein-metal 

complexes, and ex vivo tissue samples of PD substantia nigra.  
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3.2.1 Data collection 

XANES were collected at the iron K-edge over an energy range of 7050-7500 eV, and 

at the copper K-edge over an energy range of 8880-9400 eV. Although EXAFS 

interpretation was not attempted in this thesis due to the insufficient purity of 

biogenic metal deposits, the energy range for XANES was extended 300-400 eV 

beyond the absorption edge to aid selection of an appropriate normalisation range. 

Energy resolution was maximised at 0.5 eV over the near-edge domain, and reduced 

in the pre- and post-edge regions to optimise use of the available time. A detailed 

description of the variation in energy resolution during XANES collection at the iron 

and copper K-edges is shown in Appendix Figures C1 and C2. 

XANES spectra were collected from iron and copper metallic foils at the beginning of 

each experiment for energy calibration.   

 

3.2.2 Mitigating radiation damage 

To ensure that the incident beam was not altering the oxidation state of the metal 

ions, XANES measurements were first performed on standards of known oxidation 

state. Repeated XANES scans were performed over the same localised area of sample 

to assess the reproducibility of the data. 

An aluminium (Al) foil positioned upstream of the sample was used to attenuate the 

incident beam. The position of the aluminium foil at Diamond I18 is shown in 

Appendix Figure C3. Foils of different thickness were trialled until repeated 

measurements showed equivalent spectra, confirming that at a minimum of twice 

the dose required for measurement, the localised chemistry was not altered by the 

beam. It was determined that an Al foil of thickness 0.1 mm was suitable for iron K-

edge XANES, whilst an Al foil of thickness 0.5 mm was required for copper K-edge 

XANES.  

Striking an appropriate balance between mitigating radiation damage and 

maintaining sufficient signal-to-noise ratio to accommodate fitting of the spectra was 
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a key challenge of XANES data collection. The measurement protocol was optimised 

for each new sample type before collecting spectra for fitting. Further discussion 

surrounding synchrotron radiation damage in biological samples and a 

comprehensive list of precautions adopted throughout this work to mitigate 

radiation damage is provided in Appendix B: Radiation damage. 

 

3.2.3 XANES data processing 

XANES spectra were processed using Athena software. Spectra acquired from iron 

and copper metallic foils were initially calibrated according to tabulated values for 

iron (7112 eV) and copper (8979 eV) K-edges [211].  Shifts of 0.5-1.5 eV were typically 

observed between experiments. All sample spectra collected during the same 

experiment were then subjected to the same energy shift as the corresponding 

metallic foil, shown in Figure 26. This calibration enabled spectra collected during 

different experiments to be compared. 

Spectra were then subjected to an edge-step normalisation procedure to account for 

variations in sample thickness, absorber concentration, detector settings and other 

aspects of the measurement [212]. In Athena normalisation, a line is regressed to the 

data in the pre-edge range and a polynomial is regressed to the data in the post-edge 

range [212]. Pre-edge and post-edge lines were adjusted such that they both ran 

through the middle of the data in their respective ranges [212]. Where possible, 

normalisation was performed using consistent pre- and post-edge ranges for a given 

absorption edge. Spectra were then flattened such that the pre-edge and post-edge 

regions were approximately parallel. This procedure is shown in Figure 27.  
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Figure 26: Energy calibration of the XANES spectrum for an iron foil. Fe K-edge value matched to that 
reported by Bearden and Burr [211]. 
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Derivative Fe foil 
Spectrum

Figure 27: Normalising a XANES spectrum for a FeCl3 standard. Pre-edge and post-edge ranges are 
selected, with pre-edge line and post-edge polynomial plotted. Default in Athena is to use a three-term 
quadratic polynomial for the post-edge line. The flattening function is highlighted, with the XANES 
spectrum before and after flattening displayed.  

Markers to 
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Oxidation state was assessed using the linear combination fitting tool in Athena, 

which utilises non-linear least squares minimisation. Normalised spectra from 

empirical standards of known oxidation states were used to determine the 

percentage contribution of each cation to a normalised sample spectrum. The XANES 

fitting region was confined to the near-edge domain, performed over the region -20 

eV below to +80 eV above the edge 

During fitting, standard spectra were interpolated onto the energy grid of the 

unknown sample spectrum. The weighting of each standard component was 

constrained to a value between 0 and 1, but the sum of the components was not 

forced to equal 1. Adding this degree of freedom improved the quality of the fit, 

which was assessed using the chi square statistic. Chi-square is calculated in Athena 

using Equation 3 [213]: 

𝛸2  =  ∑
(𝑑𝑎𝑡𝑎𝑖−𝑓𝑖𝑡𝑖)2

𝜀𝑖
2

𝑁𝑖𝑛𝑑
𝑖=1       [3] 

Where εi is the measurement uncertainty associated with point i and there are Nind number of 

independent points in dataset datai. 

There are two significant caveats to this calculation. Firstly, it is very difficult to 

calculate the number of independent measurements in a XANES spectrum. In 

calculation of chi square, this is taken as the number of energy points in the 

spectrum, although the true number is certainly lower [213, 214]. Secondly, there is 

no practical way of evaluating measurement uncertainty ε, which is set as 1 for chi 

square calculation in Athena [213, 214]. Consequently, the quality of an isolated fit 

cannot be assessed using this calculated chi square value, which given these caveats, 

carries a similar meaning to the EXAFS R-factor [214]. The EXAFS R-factor is calculated 

using Equation 4 [213]: 

𝑅 =  
∑ (𝑑𝑎𝑡𝑎𝑖−𝑓𝑖𝑡𝑖)2𝑁

𝑖=1

∑ (𝑑𝑎𝑡𝑎𝑖)2𝑁
𝑖=1

      [4] 

Where N is the number of measured points in dataset datai. 
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However, given that an equal number of energy points were collected for each of the 

iron and copper XANES spectra, relative comparisons between chi square values 

obtained for fits at the same absorption edge are still meaningful [214].  

 

3.3 STXM 

STXM was employed to interrogate the structure and chemical composition of 

neuromelanin-pigmented neurons in human substantia nigra tissue from PD and 

neurologically healthy cases, and from plaque cores extracted from AD brain tissue. 

The oxidation state of iron and copper ions was studied in pathological regions, whilst 

scope for label-free mapping of specific organic tissue components was also 

investigated. The majority of STXM data were collected at the I08 beamline at 

Diamond Light Source (Oxfordshire, UK), with some data also collected at the 11.0.2 

beamline at the Advanced Light Source (Berkeley, USA).  

 

3.3.1 Sample mounting and loading 

At Diamond I08, resin-embedded sections air-dried onto copper TEM grids were 

mounted into gold-plated quad sample holders. Grids were positioned face-down in 

the wells and held in place by magnetic clips. Mounting four samples simultaneously 

minimised the time spent conducting sample changes, which requires the sample 

chamber to be pumped back down to vacuum conditions upon re-loading.  

At the ALS 11.0.2 beamline, the set-up configuration required that TEM grids instead 

be fixed to metal plates. Grids were adhered to the plates using fast-drying epoxy 

resin, ensuring that the resin did not contact the tissue section. Four grids were again 

loaded simultaneously to minimise the number of required sample changes. Sample 

holders used at Diamond I08 and ALS 11.0.2 beamlines are shown in Figure 28. 
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Figure 28: SXTM sample holders. (a) Quad sample holder used at Diamond I08 beamline. TEM grids 
are held in place using magnetic clips. (b) Plate sample holder used at ALS 11.0.2 beamline. TEM grids 
are glued to the plate using epoxy resin. 

An image of the sample chamber from Diamond I08 beamlines is shown in Figure 29. 

At Diamond I08, x-rays are generated using a 4.5 m long Apple-II undulator-type 

insertion device which provides linear polarised light in the 250-4200 eV energy 

range and circular polarised light in the 250-1200 eV energy range.  An order selecting 

aperture (OSA) is positioned between the zone plate and the specimen to block 

undesired diffraction orders from the zone plate. X-ray absorption was monitored as 

a function of sample position using an EMCCD transmission detector system. Soft x-

ray fluorescence data was not collected for the work presented in this thesis, 

however this is available at Diamond I08, where the position of the low energy 

fluorescence detector is labelled in Figure 29.  
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Figure 29: STXM sample chamber at Diamond I08. Transmission of monochromatic x-rays through the 
sample are monitored via the transmission detector system as a function of sample position as the 
sample stage is moved by the coarse and fine stage motors.  

3.3.2 Imaging and speciation mapping 

In order to correlate anatomical tissue structure to suspected areas of pathology 

located using optical microscopy, mapping was performed at the carbon K-edge (280-

320 eV) and the oxygen K-edge (520-545 eV). After sample loading, single overview 

images (200 µm2) were acquired at relatively low resolution (ca. 1 μm) using an 

incident beam energy above the carbon K-edge (ca. 290 eV). At this energy, non-

specific contrast arises from the tissue due to its increased density relative to 

surrounding resin. Guided by corresponding optical images and binary-coded grid 

squares, a region of interest was located in the tissue sample.  

Chemical speciation maps were created for features at the carbon and oxygen K-

edges by acquiring paired images: one at an energy corresponding to a particular 

feature of interest (e.g. the protein amide peak at 288.6 eV), and one acquired a few 

eV away from that which was not associated with any spectral features. Subtracting 

the “off-peak” from the “on-peak” image produced a difference map, revealing the 

distribution of the feature of interest in isolation. This subtraction process also 
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removed artefacts of sample preparation, since artefacts in the tissue sample absorb 

equally at on- and off-peak energies. This is demonstrated in Figure 30. The precise 

energy positions of absorption features were determined by collecting absorption 

spectra (detailed in Part 3.3.3).  

 
Figure 30: Creating STXM speciation maps. Example shown is for tissue-derived protein distribution in 
a PD substantia nigra tissue section (section thickness=200 nm). (a) Carbon K-edge absorption 
spectrum acquired from a region of intracellular tissue, marking the position of the amide protein 
peak at 288.6 eV, and the off-peak energy at 290.5 eV. (b) Image at protein peak (288.6 eV). (c) Off-
peak image at 290.5 eV. (d) Speciation map showing distribution of tissue-derived protein, generated 
by subtracting image (c) from image (b). A score mark (black arrows) introduced by the sectioning 
blade is also artificially removed by the subtraction process, since the artefact absorbs equally at both 
energies. Image reproduced from Brooks et al., Angewandte Chemie, 2020 [215]. 

After mapping regions of interest at the carbon and oxygen K-edges, speciation maps 

were performed at the iron L2,3-edge (700-740 eV) and copper L2,3-edge (920 – 960 

eV). Metal maps were used to describe the distribution of iron and copper in 

pathological regions, and also to assess the signal strength for x-ray absorption 

spectroscopy.  

Mapping was performed over relatively large areas (such as whole cells) at spatial 

resolutions of 100-300 nm. Background was subtracted from the speciation maps 

using ImageJ Brightness and Contrast tool, where the background value was defined 

as the average pixel intensity from a blank resin region. Pseudo-coloured composite 

images were created by converting greyscale images to false colour, before 

recombining the images as an overlay using ImageJ. 
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3.3.3 X-ray absorption spectroscopy 

Where maps showed promising metal signal, x-ray absorption spectra were collected 

from inset regions to further probe the local oxidation state of the metal ions over 

nanometre length scales.  

X-ray absorption spectra were generated by acquiring a series of images (termed a 

“stack”) at x-ray energies across one targeted absorption edge at a time. Absorption 

spectra were generated for each pixel of every image such that distinct spectral 

features could be attributed to localised regions of interest. Stacks were performed 

at spatial resolutions of 50-100 nm for smaller inset regions, enabling chemical 

imaging analysis of sub-cellular components. Since the total time to acquire a stack 

varies according to both the number of pixels and number of energy steps, 

absorption spectra were initially acquired at coarse energy resolution (0.5 eV) to 

determine the peak energy positions for mapping and spectroscopy. Once 

determined, absorption spectra were acquired over a range of between 60 and 100 

energy values, with energy resolution maximised at 0.1 eV over absorption features 

of interest. Example coarse and fine energy resolution spectra acquired from a tissue 

region at the carbon K-edge are shown in Figure 31. Absorption peaks recognised in 

the literature and used widely throughout this thesis are tabulated in Table 4. 

 

 
Figure 31: Carbon K-edge absorption spectra at coarse and fine energy resolutions. Spectra were 
acquired from a small region of tissue (5 µm2). (a) Spectrum acquired at 0.5 eV energy resolution, 
showing the positions of the amide and aromatic peaks at 288.6 eV and 285.5 eV, respectively (see 
Table 1). (b) Spectrum acquired where energy resolution is maximised at 0.1 eV over peaks of interest 
and reduced pre- and post-edge to optimise use of available time. 
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 Energy (eV) Transition Reference 

 

 

Carbon K-edge 

285.5 1s → π* (aromatics) [216] 

288.6 1s → π* (amides) [216] 

290 1s → σ*(C-N) (various amino 

acids) 

[217] 

290.5 1s → π* (carbonates) [216] 

 

Oxygen K-

edge 

532 1s to π* (carbonyls) [218] 

533.8 1s → π* (carbonates) [219] 

540 1s → σ* (carbonates) [219] 

 

Iron L3-edge 

708 2p3/2 → 3d (Fe2+) [220] 

709.5 2p3/2 → 3d (Fe3+) [220] 

 

Iron L2-edge 

721 2p1/2 → 3d (Fe2+) [220] 

723 2p1/2 → 3d (Fe3+) [220] 

 

Copper L3-

edge 

931 2p3/2 → 3d (Cu2+) [221] 

933.5 2p3/2 → 3d (Cu+) [221] 

 

Copper L2-

edge 

951  2p1/2 → 3d (Cu2+) [221] 

953.5 2p1/2 → 3d (Cu+) [221] 

Table 4: Reference energy values for relevant x-ray absorption peaks at the carbon and oxygen K-
edges, and iron and copper L-edges. 

Large shifts in energy cause a shift in the beam position, known as drift. 

Consequently, the area of sample being imaged predictably drifted during the course 

of an energy stack. This was accounted for by acquiring single images at the starting 

and final energies of each stack to determine the degree of drift. The scan area could 

then be defined accordingly to accommodate the region of interest for the stack 

duration. 

 

3.3.4 Mitigating radiation damage 

Even when using lower energy soft x-rays, radiation dose must be considered to 

ensure that artefacts are not introduced by the incident beam. Estimates of the 

photon flux may be made based on values obtained during beamtime commissioning 

(typically ~109 photons/s at I08). However, radiation dose estimates need to take into 

account the requirement to determine accurately the x-ray absorption 
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characteristics of both tissue and resin. An empirical approach was used to confirm 

that spectral features were preserved at the carbon K-edge, the most sensitive to x-

ray induced damage.   

Repeat stack measurements were performed on sample regions to ensure that the 

level of beam exposure was below the threshold for inducing artificial features in the 

x-ray absorption spectra. In subsequent measurements, samples were protected by 

optimising the exit slit size for each measurement and minimising dwell time to <10 

ms per point to ensure the dose was well below the damage threshold for all STXM 

data. Optimisation of this approach has been validated in previous work from the 

group  [209], where no evidence of chemical reduction was observed in systematic 

repeated exposure of ferric iron standards prepared using the same resin embedding 

protocol. 

Further discussion surrounding synchrotron radiation damage in biological samples 

and a comprehensive list of precautions adopted throughout this work to mitigate 

radiation damage is provided in Appendix B: Radiation damage. 

 

3.3.5 Stack processing 

All STXM data were processed using the aXis 2000 software package [222]. This 

software is tailored towards the analysis of STXM data.  

Stacks were processed using the following steps (pictorially represented in Appendix 

Figures D1 to D5): 

The “dark count” (background noise attributable to the beamline) was subtracted by 

acquiring an image with the sample shutter closed. This background signal expressed 

as a proportion of absorption signal from the sample varies significantly depending 

on the energy of the incident beam.  

All images in the stack were converted to optical density using Equation 5: 
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𝑂𝐷 = 𝑙𝑛
𝐼0

𝐼
       [5] 

Where I0 is the incident flux, and I is the flux transmitted through the sample. 

For stacks performed at the carbon K-edge, I0 was acquired by collecting an energy 

stack of the same parameters over an empty grid square. Since the resin contained 

negligible metal concentrations, I0 for iron and copper stacks was taken from a region 

of blank resin (devoid of sample material) in the same scan. 

Images containing top-up lines were manually removed from the stack file, as they 

disrupt alignment. Images in the stack sequence were spatially aligned using the 

Zimba tool in aXis [222]. Zimba uses cross-correlation to align images to a common 

absorption feature.  

Since the resin medium was carbon-based, useful interpretation of carbon K-edge 

spectra required an additional processing step:  

Similar to the speciation maps, a spectrum acquired from a blank resin region was 

subtracted from a spectrum obtained from the sample material to display absorption 

features solely attributable to the sample. This approach has been validated in 

previous works from the group, for example in contributions from Telling et al. [209].  

Absorption spectra were compiled automatically in aXis upon selection of a region of 

pixels from the processed stack. This enabled chemical information to be obtained 

from site-specific regions of the sample. To enable visual comparison, the strongest 

peak in each STXM-acquired spectrum was normalised to unity. Where appropriate, 

some spectra were subjected to a 3-point smoothing filter to aid interpretation of 

the spectra. Smoothed spectra are identified in figure captions. 

 

3.3.6 Fitting STXM spectra 

To provide an estimate of the relative contribution of different iron and/or copper 

phases contributing to the x-ray absorption signal acquired from pathological 

regions, spectra were fitted against reference x-ray absorption spectra from iron 

standards of Fe3+, Fe2+, Fe3O4
  and Fe0, and copper standards of Cu2+, Cu+ and Cu0. 
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The standard spectrum for Fe0 was acquired from a thin film sample, grown and 

measured under ultra-high vacuum conditions, described in work by Telling et. al.   

[223]. Quantitative fitting of STXM-acquired spectra against iron and copper 

standards  was performed collaboratively with Dr James Everett (School of Pharmacy 

and Bioengineering, University of Keele) using a standard non-linear least square 

fitting procedure.  

Fitting Precise quantitative measurement of the phase proportions would require 

accurate scaling of the x-ray absorption spectra from these reference standards. Such 

scaling factors are difficult to determine when comparing widely contrasting 

oxidation states, due to significant variation in spectral shape and post-edge 

absorption intensities. An approximate scaling was instead determined by 

normalising the x-ray absorption intensity for each reference material (following 

background subtraction) to the integrated intensity over the L2,3 absorption edges. 

Scaled iron reference spectra are shown in Appendix Figure D7. This approach follows 

a method similar to that described by Regan et al. [220]. The scaling is slightly 

hampered by the limited post L2-edge range of the reference spectra, however the 

estimated phase proportions provide a reliable indication of the relative differences 

in metal ion speciation within a given region of interest.  

 

3.4 X-ray Magnetic Circular Dichroism (XMCD) 

XMCD analysis was used to examine the magnetic state of select plaque core deposits 

which showed strong iron signal when measured using STXM. Assessment of 

magnetic state helped to better differentiate different iron phases present in plaque 

cores. XMCD data were collected at the I08 beamline at Diamond Light Source 

(Oxfordshire, UK). 
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3.4.1 Sample mounting  

TEM grids holding sections selected for XMCD analysis were first adhered to metal 

shims, by taping the edges of the grid down to the surface of the shim, ensuring that 

the grid aligned with the hole in the shim.  

Loaded shims were then fixed to the front face of the XMCD sample holder using a 

small dab of nail varnish. NdFeB permanent ring magnets were fixed to the rear side 

of the holder, again ensuring that the rings aligned with the hole in the shim to permit 

x-ray transmission. Different ring magnets produced a magnetic field of either ∼150 

or ∼250 mT at the sample surface (identified in figure captions), which is below the 

saturation field for magnetite, but sufficient to allow a degree of magnetic 

polarisation. Simultaneous loading of multiple samples was precluded in this 

configuration. An image of the XMCD holder is shown in Figure 32.  

 

 

Figure 32: XMCD sample holder. Ring magnets delivered a magnetic field of either 150 mT or 250 mT 
at the sample surface, depending on the magnet used.  

3.4.2 XMCD data collection and processing 

Absorption spectra were obtained by performing stacks at the iron L3-absorption 

edge (700–716 eV) using both right and left circularly polarised X-rays. Exposure time 

was limited to 5 ms per pixel to mitigate beam-induced artefacts between successive 

stacks.  
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XMCD spectra were created in aXis by subtracting x-ray absorption spectra obtained 

using right circularly polarised (RCP) light from equivalent spectra obtained using left 

circularly polarised light (LCP). Stacks were processed with equivalent approach to 

that used for STXM data, with particular care taken to ensure that each stack was 

optimally aligned, and that RCP and LCP stacks were identically treated. Spectra 

acquired using LCP and RCP were both scaled to unity at the L3 peak prior to 

subtraction. A 3-point smoothing filter was applied to all XMCD spectra to aid 

interpretation.  

In addition to the plaque core material, an embedded synthetic magnetite 

nanopowder reference sample was created using the same embedding series as for 

the plaque cores. Plaque cores and magnetite samples were prepared in separate 

laboratories to prevent cross contamination of samples.  

 

3.5 Complementary techniques 

Whilst synchrotron techniques provide a wealth of information and account for the 

majority of data in this thesis, complementary techniques contribute a different 

perspective and can be used to overcome some of the limitations of synchrotron-

based approaches.  

 

3.5.1 Histology and optical microscopy 

The advantage of label-free mapping using synchrotron techniques is that chemical 

alteration of the sample is minimised, as discussed in Part 1.9. However, in order to 

assess the efficacy of label-free mapping, the method must be compared to that of a 

conventional labelling approach. The convenience of conventional histology is 

advantageous relative to synchrotron techniques, whereby staining can be 

performed using readily accessible resources, unconstrained by restrictive access to 

synchrotron facilities. Further, the continuous scanning offered by 

optical/electron/fluorescence microscopy (as opposed to the raster-scanning mode 
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used for synchrotron techniques) allows large areas of the sample to be rapidly 

screened and regions of interest to be identified comparatively quickly. 

 

3.5.2 Amyloid imaging 

To confirm the presence of plaque cores in resin-embedded sections, Congo red 

staining was performed by Dr James Everett and Ian Hands-Portman (School of Life 

Sciences, University of Warwick) on 500 nm thick sections obtained from cases AD3 

and AD4 (see Table 6) prior to the commencement of my PhD.  Sections were stained 

using a 1% congo red solution (purchased from Sigma Aldrich, Dorset, UK) for 

approximately 30 minutes, and excess stain was removed with deionised 

H2O.  Stained sections were imaged under cross-polarised light using an Olympus 

IX51 microscope (40x and 60× objective lens), shown in Figure 33. Images were 

acquired using a Q-Imaging QIClick™ Monochrome digital CCD camera with RGB filter 

for true colour and Q-Capture Pro 7 software. 

 

 

Figure 33: Olympus IX51 microscope optical microscope used for imaging tissue sections and 
birefringence in amyloid plaque cores. 
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3.5.3 Masson-Fontana staining for neuromelanin 

Substantia nigra tissue sections from PD and control cases were stained for 

neuromelanin using Masson-Fontana silver nitrate stain. The staining protocol was 

iteratively adapted from that described by Bancroft and Gamble [171] for ultrathin, 

resin embedded tissue sections.  

Resin-embedded tissue sections of 200 nm thickness were collected from the 

sectioning bath using a platinum wire loop. A small piece of filter paper was used to 

break the water tension, depositing the section onto a clean microscope slide inside 

a water droplet. The slide was then stored inside a petri dish, where a damp paper 

towel was used to line the bottom of the petri dish, forming a makeshift humidity 

chamber. It was found that by maintaining high humidity and allowing the sectioning 

to dry slowly, wrinkling of the delicate 200 nm sections was reduced. The petri dish 

also prevented contaminant material from depositing onto the sample. Once dry, 

sections were circled using a PAP pen (purchased from Scientific Laboratory 

Supplies). This ensured that staining solutions remained in an enclosed area over the 

section of interest and also enabled translucent sections to be more easily located 

under the microscope.  

 

 

Figure 34: PAP pen used to encircle sections for staining. The resin-embedded section of PD substantia 
nigra (200 nm thickness) was encircled using the liquid blocker PAP pen and stained for neuromelanin 
using Masson-Fontana staining.  
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Whilst the section was still partially wet, 5 μL of ammoniacal silver nitrate solution 

(10% w/v, 3 μL) was pipetted onto each section and left for 1 hour in the dark (a more 

rapid protocol than that used by Bancroft and Gamble [171], required for ultra-thin 

tissue sections). Sections were then washed three times with distilled water (5 μL) 

and treated with 5% w/v sodium thiosulfate solution (5 μL) for two minutes before 

optical imaging. Reduction of silver nitrate to metallic silver by neuromelanin causes 

a darkening of the pigment against background. A minimum-step protocol for 

positive silver nitrate staining of the thin, resin-embedded sections was developed. 

Counterstaining with nuclear fast red stain (as commonly performed as part of the 

Bancroft and Gamble staining protocol [171]) was eliminated to avoid associated 

damage to the integrity of the section, which was detrimental to subsequent optical 

imaging.  

Optical imaging of the tissue sections before and after Masson-Fontana staining was 

performed using an inverted microscope (Olympus IX51, Figure 33) with a 40x 

objective lens. Images were acquired using the same microscope and software as 

used to search for plaque cores.  

 

3.5.4 Cross-correlation analysis 

Cross-correlation analysis was performed to assess the spatial correlation between 

sections labelled with Masson-Fontana stain and label-free neuromelanin maps 

acquired using STXM. A high correlation co-efficient indicated that similar 

distributional information was offered by both techniques.  

Image cross correlation analysis was performed using the plugin, ImageCorrelationJ 

[224]. Colour images acquired using optical microscopy were first adjusted to 

greyscale and inverted using invert look-up table in ImageJ. As images were 

necessarily acquired at different spatial resolutions, up-sampling was performed for 

the lower resolution image in each pair, using the bilinear interpolation option in the 

ImageJ tool Resize. Average intensity from a local area size of 5 pixels was used to 

calculate the correlation coefficient.  
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3.5.5 Immunostaining for α-synuclein 

Immunostaining was used to determine the distribution of α-synuclein in substantia 

nigra tissue sections from PD and control cases. Immunostaining was performed with 

the assistance of Emily Hill (School of Life Sciences, University of Warwick). The 

staining protocol was iteratively adapted from that described by Hill and co-workers, 

for thin, resin embedded tissue sections [225]. 

Tissue sections of 200 nm thickness were dried onto optical microscope slides and 

stored in makeshift humidity chambers, as described for Masson-Fontana staining. 

All solutions were pipetted onto the sections as 5 µL droplets. Sections were then 

washed three times with phosphate-buffered saline (PBS) to remove any 

contaminants adhering to the surface of the sections.  

After washing, tissue sections were subjected to antigen retrieval to enhance the 

immunoreactivity of α-synuclein in the tissue. Antigen retrieval was performed via 

heat-induced epitope retrieval using a buffer of 10 mM sodium citrate and 0.05% 

Tween 20, adjusted to pH 6.0 with HCl and heated to 90 degrees. The buffer was 

applied to each section for 20 minutes, before excess was removed using filter paper. 

A blocking solution of (1% BSA, 0.4% Triton 100X in PBS) was applied for 20 minutes. 

The function of blocking is to prevent non-specific binding of the antibody and 

associated background staining. After blocking, the primary antibody was applied for 

approximately two hours. The primary antibody used was phospho-α-synuclein 

(Ser129) (D1R1R) rabbit (purchased from Cell Signalling Technology, London, UK). 

This antibody is active against human phosphorylated alpha synuclein. The primary 

antibody was diluted 1:10000 in blocking solution before application.  

Unbound primary antibody was removed by washing thoroughly (5 washes) with PBS. 

Secondary antibody was applied for 30 minutes. A fluorescent secondary antibody 

was used (AF549: red, purchased from Invitrogen, Renfrew, UK). The secondary 

antibody was diluted 1:500 in blocking solution before application.  

Tissue sections were washed thoroughly (five washes) with PBS for a final time before 

mounting. A small dab of Vectashield (purchased from Vector Laboratories, 
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Peterborough, UK) was applied over the section to minimise photobleaching of the 

secondary. A coverslip was sealed over the slide using nail varnish, and slides were 

stored in the dark prior to imaging. Example prepared slides are shown in Figure 35. 

 

Figure 35: Immunostained sections prepared for laser scanning confocal microscopy. Stained sections 
of PD SNc (200 nm thickness) were covered with Vectashield and sealed with cover slips prior to 
immunofluorescence mapping.  

3.5.6 Laser scanning confocal microscopy 

Immunofluorescent imaging was performed using a Zeiss LSM 880 confocal 

microscope, equipped with three photomultiplier detectors and an ultra-sensitive 

Gallium Arsenide Phosphide (GASP) detector, shown in Figure 36. Fluorescence of 

the secondary antibody was stimulated by scanning with a laser of wavelength 561 

nm. Images were acquired in fluorescence and bright field modes using a 40x 

objective lens and Zen Black software. 

Z-stacks were performed initially to identify the optimal focal plane for imaging each 

region of interest. The sub-micron thickness of each tissue section precluded the 

acquisition of useful 3D images.  
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Figure 36: Zeiss LSM 880 laser scanning confocal microscope used for immunofluorescence imaging.  
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4 Samples 

There are a number of unique challenges associated with preparing samples for trace 

metal analysis, which are further complicated by the use of human tissue specimens. 

This chapter details how these challenges were met during preparation of in vitro 

and ex vivo samples, and the steps taken towards re-creating or preserving in vivo 

conditions.  

 

4.1 In vitro samples 

Complexes formed by interactions between metals and proteins/peptides in the 

brain are integral to hallmarks of numerous neurodegenerative disorders, including 

Alzheimer’s and Parkinson’s disease. In vitro experiments were performed to assess 

analogous interactions within a controlled environment. An in vitro approach allows 

control over the starting chemical state of the materials, such that the isolated effect 

of peptide-metal interactions on the oxidation state of the metal ions can be 

assessed. Other variables such as temperature, pH and concentration can all be 

controlled to enable valid comparison between different peptide-metal systems. In 

this study, the effects of coincubation with Aβ and α-synuclein on the oxidation states 

of iron and copper ions were investigated.  

 

4.1.1 Protein-metal incubations 

Metal complexes of different oxidation states were incubated separately with Aβ 

peptide and α-synuclein protein to model the conditions associated with the 

formation of characteristic pathology in AD and PD brain, respectively. Preparation 

of protein:metal complexes was done collaboratively with Dr Frederik Lermyte 

(School of Engineering, University of Warwick).  

Peptide and metal stocks were diluted in a modified Krebs-Henseleit (KH) buffer (100 

mM PIPES, 118.5 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.4 mM CaCl2, 11 mM 
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glucose; all purchased from Sigma Aldrich, Dorset, UK), adjusted to pH 7.4 using 

NaOH. The buffer composition was modelled on the composition of cerebrospinal 

fluid of the central nervous system [129]. PIPES was used as a buffering agent in place 

of commonly used phosphate or Tris buffers, because PIPES does not interact 

strongly with metal ions [226]. 

Solutions contained 35 μM Aβ or α-synuclein, and 440 μM FeCl3 or CuSO4 in modified 

KH buffer, as previously described [133, 134]. An aliquot was taken immediately after 

mixing to provide the t0 data point. The remaining sample was placed in an incubator 

at 37 °C inside a sealed 1.5 ml Eppendorf tube for 7 days to provide the t1wk data 

point.  

In preparation for XANES acquisition, plastic slides were 3D printed with a 

rectangular hole in the centre, approximately 30 x 10 mm. Ultralene film was 

stretched over the hole and secured with tape at the edges of the slide, ensuring that 

the film was taut to minimise shifts in the focal plane. 2.5 μL of sample solution was 

deposited onto the Ultralene film and allowed to dry for 1 hour at 37 °C. This 

procedure was repeated three times per spot in order to deposit enough sample to 

obtain XANES spectra with reasonable signal-to-noise ratios. An example slide is 

shown in Figure 37. 

 

 
Figure 37: Protein:metal complexes deposited onto an Ultralene covered microscope slide. Pen marks 
around the edge of the slide were used mark the positions of the spots which showed very little 
contrast in the beamline optical camera.   

 



84 
 

4.1.2 Synthesising neuromelanin 

A synthetic analogue of neuromelanin (NM) was prepared to verify any NM-specific 

absorption features in the x-ray absorption spectrum acquired from intracellular NM 

in substantia nigra tissue. Synthesis of the NM analogue from precursor materials 

was performed in collaboration with Dr Samya Banerjee, School of Chemistry, 

University of Warwick.  

In order to prepare the synthetic NM analogue, dopamine and L-cysteine (purchased 

from Sigma Aldrich) in a 6:1 molar ratio were dissolved in 500 mL of 40 mM 

phosphate buffer (pH 7.4), as described by Shima et al.  [227]. Two parallel batches 

were synthesised, one without iron in the reaction mixture and the other in the 

presence of 10 ppm ferric chloride (FeCl3). The solution was incubated at 37 °C with 

free air access and vigorous stirring for 5 days. The resulting black pigmented 

material was collected after centrifugation at 10,000 rpm for 10 min, then washed 

with 1% acetic acid and twice with deionised H2O. Melanin was freeze-dried and 

stored in the dark at 4 °C until use. The resulting powder is shown in Figure 38.  

 

Figure 38: Freeze-dried synthetic neuromelanin powder.  

To prepare the sample for x-ray microscopy, synthetic NM was suspended in 

deionised H2O at 4 mg/ml, then diluted 4-fold in 2% agarose gel. Once set, the gel 

was divided into cubes (approx. 8 mm3) and subjected to the same ethanol 

dehydration, resin-embedding and sectioning procedure as described in detail for 
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brain tissue samples in Part 4.4. This enabled the thickness of synthetic NM deposits 

to be controlled, whilst also ensuring that they were subject to equivalent chemical 

exposure as intracellular NM in tissue.  

It should be noted that this method attempted to synthesise only the (metal-binding) 

melanic portion of NM. Biological NM has a more complex structure, characterised 

by melanin, protein and lipid components, as well as inorganics such as iron [228].  

 

4.2 Tissue acquisition 

Tissue used in this thesis was acquired from Newcastle Brain Tissue Resource (NBTR) 

and the Canadian Brain Tissue bank (CBTB). In order to acquire human brain tissue 

samples, a formal tissue request was first approved by the tissue bank.  

Details for all tissue samples used in this project are outlined in Table 5. Samples 

acquired by the group prior to the start date of this project (October 2016) were 

prepared for synchrotron analysis by Professor Joanna Collingwood, Dr Mary 

Finnegan and Dr Vindy Tjendana Tjhin. Samples acquired after October 2016 were 

prepared by myself with the support of Professor Collingwood. Sample IDs shown in 

the table were altered from those provided by the brain bank to protect anonymity 

of the patients. All human brain tissue was analysed in accordance with the 

Declaration of Helsinki under the remit of ethical approval REGO‐2018‐2223 from the 

BSREC at University of Warwick (see Appendix G: Ethical approvals). Collaborative 

work with tissue which was initiated prior to the start date of my project was covered 

by approval 07/MRE08/12 from the North West Haydock Ethics Committee. 
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Provider ID Neurological 

disorder 

Age Gender Region analysed Acquired 

CBTB PD1 PD 73 Male SN Feb 2011 

NBTR PD2 PD 79 Female SN Feb 2019 

NBTR PD3 PD 80 Female SN Jan 2020 

NBTR AD1 AD 82 Male SN Aug 2009 

CBTB AD2 AD 75 Female Amyg Feb 2011 

NBTR C1 Control 85 Male SN Aug 2009 

NBTR C2 Control 94 Male SN Jan 2020 

CBTB NBIA NBIA 81 Female SN Apr 2009 

Table 5: Human cases analysed in this project, provided by NBTR and CBTB. PD: Parkinson’s disease; 
NBIA: clinicopathologically confirmed Neurodegeneration with Brain Iron Accumulation case of 
unknown genetic subtype; AD: Alzheimer’s disease; Control: no documented neurodegenerative 
disorder. SN: substantia nigra; Amyg: amygdala. 

Targeted regions were excised from the brain post-mortem by neuropathologists Dr 

Christopher Morris at NBTR, and Dr Lili-Naz Hazrati and Dr Naomi Visanji at the 

University of Toronto. At the brain banks, part of the excised region was reserved for 

histology to confirm PD/AD diagnosis. Histology also confirmed the regions of the 

brain which had been affected by characteristic pathology, ensuring that requested 

samples displayed areas of interest for synchrotron analysis. PD substantia nigra was 

characterised by the loss of neuromelanin pigment in dopaminergic neurons and 

presence of intracellular α-synuclein-positive Lewy bodies. Example diagnostic slides 

for case PD3 are shown in Figure 39.  AD diagnosis was confirmed post-mortem by 

the significant presence of extracellular Aβ pathology.  

 

Figure 39: α synuclein pathology in PD substantia nigra from case PD3. 5 µm thick tissue slices stained 
with monoclonal α-synuclein antibody. Lewy bodies (red arrows) and Lewy neurites (black arrows) are 
prevalent. Images were provided by Dr Christopher Morris at Newcastle Brain Tissue Resource.  
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For synchrotron analysis, small tissue blocks (5-6 mm in the longest dimension) from 

adjacent, unstained areas of the same excised brain regions were flash frozen, 

without any chemical fixation. Chemical fixation was avoided due to the potential for 

chemical alteration of inorganic components (see Part 1.8). The blocks were wrapped 

in Ultralene film and shipped to Warwick on dry ice via same-day courier service. 

Upon arrival, tissue blocks were transferred into a -80 °C freezer and stored until 

resin-embedding. Example blocks are shown in Figure 40. 

 

 

Figure 40: Substantia nigra tissue blocks from Newcastle Brain Tissue Resource (NBTR). Case PD3 (left) 
and C3 (right), as arrived from NBTR. Original Sample IDs have been redacted in the images. Images 
were taken whilst the tissue blocks were being prepared in the cryomicrotome.  

4.3 Avoiding contamination 

Biological materials are especially vulnerable to environmental contamination, due 

to harbouring sub-ppm concentrations of metals with no known starting oxidation 

state. All preparation of unembedded tissue was carried out in a cryomicrotome 

chamber and/or a biohazard hood, shown in Figure 41. The hood is designed to 

sustain a curtain of airflow that minimises transfer of particulates into or out of the 

cabinet whilst working. Surfaces were wiped down using 70% isopropanol and the 

biohazard hood was lined with fresh disposable Benchguard. 
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Figure 41: Tissue preparation laboratory equipment. (a) Cryomicrotome chamber. (b) Biohazard hood.  

Only non-metallic tools were used to make physical contact with the tissue (knives, 

tweezers etc.). Acid-resistant tools were submerged for 30 minutes in 3% HCl, 10 

minutes in distilled water then rinsed in distilled water. Tools were air-dried in the 

biohazard hood. This wash was repeated between preparing different samples in 

order to prevent cross-contamination.  

Glass and diamond sectioning blades were not subjected to acid washing to avoid 

etching of the blade edges. Sectioning blades were instead washed using absolute 

ethanol and distilled water. Blades were washed and gently wiped with a polystyrene 

strip to remove tissue fragments between sectioning each new block. Knives were 

stored in plastic knife boxes to prevent dust particles from depositing on the knife 

edge. The ultramicrotome was wiped down with ethanol between each session and 

covered with a plastic sheath.  

 

4.4 Resin embedding  

STXM analysis requires samples of sub-micron thickness to permit transmission of 

the beam through the sample. Cutting samples to sub-micron thickness places 

significant constraints on the mechanical properties of the tissue sample - too soft 

and sections of reliable thickness cannot be cut, too hard and the tissue crumbles 

into unmeasurable powder. Initial immersion of tissue samples in cryoprotectants 

such as sucrose is often employed to combat this problem, suppressing ice formation 
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to preserve cellular ultrastructure and prevent tissue from becoming brittle. This 

however creates alternative problems regarding STXM analysis of biometals. Firstly, 

immersion in sucrose has been shown to leach significant amount of trace metals 

from tissue samples [180]. Secondly, organic media create background organic x-ray 

absorption signatures, independent from those of the tissue. Often the absorption 

features of the embedding media overlap with those of tissue, such that the matrix 

signal would be very difficult to subtract. This is demonstrated in Figure 42, which 

compares the carbon K-edge absorption spectra for tissue-derived protein and chitin, 

a polysaccharide with similar structure to sugars commonly used as cryoprotectants, 

such as sucrose (a disaccharide). In Figure 42, the peak at 288.5 eV from the 6-

member pyranose ring of chitin [229] overlaps with amide peak from tissue derived 

protein at 288.6 eV.   

Tissue used in this work is embedded in a custom resin which contains no carbonyl 

or aromatic groups – the structures of the resin components are shown in Figure 43. 

The resin is an ideal embedding medium for analysing tissue-derived protein, due the 

lack of strong spectral features that overlap with protein peaks at the carbon K-edge, 

as demonstrated by comparing carbon K-edge absorption spectra for the resin and 

tissue-derived protein (Figure 42). Cryo-preparation of tissue samples to eliminate 

requirement for embedding media altogether is still in the development phase for 

this work and is discussed further in Part 10.2.  
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Figure 42: Comparing carbon K-edge spectra for tissue-derived protein, the resin medium and a 
polysaccharide with similar structure to conventional cryoprotectants. Spectra for tissue-derived 
protein and the custom resin were acquired experimentally. The spectrum for chitin is reproduced 
from Solomon et al., Soil Science Society of America Journal, 2009 [229]. The peak at 288.5 eV from 
the 6-member pyranose ring of chitin overlaps with amide peak from tissue derived protein at 288.6 
eV. 

 

 

Figure 43: Structure of resin components. Components were mixed in 1:1 molar ratio and cured 
overnight to embed tissue.  
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Resin-embedding tissue samples involved cutting the tissue blocks to size, 

dehydrating the tissue and gradually re-infiltrating with resin through a series of 

steps approached with care to avoid sample contamination. The full procedure for 

resin-embedding tissue is described in Appendix A1. The final product prior to 

overnight curing (with case identifier redacted) is shown in Figure 44.  

 

 

Figure 44: Tissue block immersed in resin, prior to overnight curing.  

Prior work from the group demonstrated that ferric iron standards prepared using 

this embedding protocol show no evidence of iron reduction when examined using 

STXM [209]. Thus, whilst the absolute concentrations of loosely bound metal ions 

may be altered by the resin-embedding process, there is strong evidence to suggest 

that iron oxidation state is preserved.  

 

4.5 Ultramicrotome sectioning 

After the tissue-containing resin blocks were cured, each block was cut from the 

Eppendorf tube and mounted for trimming. The blocks were trimmed using a 

Reichert-Jung ultra-cut microtome, operated with a glass knife. Glass knives were 

produced by snapping strips of glass under compression using a LKB 7801B knife 

maker (Figure 45). Bisecting a glass square diagonally produced one counterpiece, 

and one knife with a sharp edge. Although they are sharp, glass knives lack the 
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requisite hardness for sustained use. Consequently, 2-3 knives were required for 

trimming each resin-embedded tissue block. 

 

 

Figure 45: Preparing resin-embedded blocks for tissue sectioning. (a) Glass knife maker. (b) Output 
from the glass knife maker, producing one glass knife with a sharp edge (green arow), and one blunt 
edged counter piece (red arrow). (c) Ultramicrotome, used to trim and section resin-embedded tissue 
blocks. Coarse manual advance was used for trimming, whilst the fine manual advance was set to 200 
or 500 nm for tissue sectioning.  

Resin was trimmed away from the block face in 1-3 μm slices until the tissue broke 

the surface of the block. The block face was trimmed to a square (approx. 2 x 2 mm), 

ensuring that tissue filled the bulk of the square. The block was then faced with an 
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unused section of the glass knife to produce a smooth, reflective surface, conducive 

to collecting high quality tissue sections.  

Different synchrotron analysis techniques require different section thicknesses. For 

STXM analysis, it is necessary to strike a balance between permitting beam 

transmission (favouring a thinner section), but also maximising the volume of 

material to obtain a strong signal (favouring a thicker section). Prior development 

work from the group determined that 200 nm is the maximum permissible thickness 

for carbon K-edge spectroscopy, whilst higher energy edges (oxygen K-edge, iron L-

edge ad copper L-edge) will tolerate 500 nm sections [209]. This loosely concurs with 

earlier observation from Hitchcock and co-workers [195]. For SXRF, beam 

transmission through the sample is not a necessity, therefore section thickness can 

be increased to tens of microns.  

 

4.5.1 Sectioning for STXM 

Sections for STXM were collected using the same microtome as used for trimming 

but operated with a diamond blade (DiATOME Ultra 45°). The superior hardness of 

the diamond blade allows for it be used many times before re-sharpening. The blade 

was cleaned with ethanol and gently wiped with a polystyrene strip between 

sectioning each new block.  

The bath adjoined to the blade was filled with a solution of 10% ethanol in distilled 

water. Ethanol was added to reduce water surface tension, helping to keep the edge 

of the knife wet, as shown in Figure 46a. Sections were floated out onto the surface 

of the bath (Figure 46c) and carefully separated using the tip of eyelash. 

The colour of the sections was used to indicate their thickness. The colour appears 

as a result of the  thin-film interference effect; constructive/destructive interference 

between waves of light reflected from the top surface of the section and section-

water interface reinforces/attenuates specific wavelengths, depending on section 

thickness [230]. The characteristic section colour can be matched to a spectrum (like 

the one in Figure 46c) to select sections of appropriate thickness. Water level in the 
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bath was continuously maintained during sectioning to facilitate reliable 

interpretation of section colours. 

A loop made from platinum wire was used to remove the sections from the bath. 

Sections were held in the loop under water tension, thereby ensuring that they were 

not damaged and remained flat, as shown in Figure 46d. The loop containing the 

section was placed over a 100-mesh copper TEM grid (Agar Scientific), breaking the 

water tension on a piece of underlying filter paper and allowing the section to dry 

onto the grid (Figure 46e). The grid was carefully separated from the loop using 

tweezers. 

 

 

Figure 46: Ultramicrotome sectioning of resin-embedded tissue. (a) Sectioning the block using a 
diamond blade. (b) Sections collected in the water bath show colour characteristic of their thickness. 
Black arrows mark sections of thickness 170-230 nm, according to the chart shown in (c). Red arrows 
show sections 500 nm in thickness. (c) Section colour reference chart, used to determine section 
thickness via the thin film interference effect. (d) Collecting sections from the water bath using a 
platinum loop. (e) Depositing sections onto the surface of a copper TEM grid, using underlying filter 
paper to break the water tension in the loop.  

Each grid-mounted section was checked under an optical microscope to ensure that 

it had remained flat upon drying. Use of flat sections is imperative to the STXM 

measurement; fluctuations in topology cause changes in the focal plane, which 
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manifests as noise in spectromicroscopy data.  For substantia nigra tissue samples, 

neurons could be faintly distinguished by the dark neuromelanin pigment without 

staining enhancement. Images were taken of the cells at 20x and 40x magnification, 

noting the grid square in which they were located so that they could be re-located 

during STXM analysis, as shown in Figure 47. 

 

 

Figure 47: Light microscopy images of a PD substantia nigra tissue section. Case PD1, section 
thickness=200 nm. Images were acquired at (a) x5 magnification and (b-c) x40 magnification. Dark NM 
pigment in large cells is visible without staining enhancement.  

4.5.2 Serial sectioning 

In cases where it was necessary to inform STXM analysis with distributional 

information from staining, or to correlate labelling with label-free analysis, serial 

sectioning was employed. The sub-micron thickness of the sections allows for the 

same distribution of cells to be analysed independently in two or more different 

tissue sections. Here, serial sectioning was used to correlate STXM mapping of 

neuromelanin and α-synuclein distributions with chemical labelling of neuromelanin 

and α-synuclein in PD and control substantia nigra.   
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Serial sectioning was carried out using an identical approach to that detailed above, 

with a minor modification to the sample cross-section. Instead of a square, the block 

face cross-section was trimmed into an irregular trapezium shape, shown in Figure 

48. Whilst some sample material is sacrificed, this shape minimises compressive 

forces on the sample during sectioning [231] and allows for serial sections to be more 

easily separated. The irregular shape of the tissue sections also made it possible to 

track orientation changes, either physically during mounting or via artificial flipping 

of acquired images. Regions of interest could then be identified in serial sections.  

Sections were taken in pairs, one for STXM analysis and one for neuromelanin/alpha 

synuclein labelling. 

 

 

Figure 48: Block face for serial sectioning. The sample shown is substantia nigra tissue from control 
case C1 after resin embedding and trimming. The irregular trapezium shape enables tracking of 
orientation changes.  

4.5.3 Sectioning for SXRF 

SXRF does not require that the incident x-ray beam be transmitted through the 

sample, therefore section thickness was increased relative to STXM preparation in 

order to increase the volume of material from which fluorescence signal was derived.  

At Diamond I18 beamline, the beamline set-up permitted samples to be mounted 

onto slides. Experiments performed at Diamond I18 also permit unembedded tissue 

to be examined. A limited number of thicker cryosections (ca. 30 μm before drying) 
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of PD substantia nigra were analysed in order to map the metal distributions at a 

cellular level and probe metal oxidation states using complementary XANES. 

Cryosections were dried onto rigid quartz slides with low impurity levels, prior to the 

start date of this project by Dr Mary Finnegan. The full procedure for cryosection 

preparation is described by Finnegan et al. [232]. 

At high resolution SXRF beamline Diamond I14, samples were required to fit onto a 

3 mm TEM grid. Gold grids were used over standard copper TEM grids for 

fluorescence measurements to allow copper distribution to be measured in the 

sample with minimised copper background scatter. Biosafety restrictions prohibited 

the use of viable tissue, therefore resin-embedded tissue samples were used for SXRF 

analysis at Diamond I14. Sections of resin-embedded PD substantia nigra were cut to 

a thickness of 3 μm using a glass blade. Use of the diamond blade was avoided for 

sectioning above 1 μm thickness to limit damage to the blade. The surface of the 

glass blade was wetted with a small drop of 10% ethanol solution. Sections were 

collected from the glass surface using a platinum loop, and air dried onto TEM grids 

as described in Part 4.5.1. 

 

4.6 Amyloid plaque cores 

To concentrate disease pathology such that multiple regions of interest could be 

easily located within the same sample, amyloid plaque cores were isolated from the 

brains of two AD cases (Braak stage VI) several months prior to the commencement 

of my PhD. Plaque cores were isolated by Dr Sandra Siedlak (Case Western Reserve 

University, USA) Professor George Perry and Dr Germán Plascencia (University of 

Texas at San Antonio, USA). The protocols used to obtain, isolate and identify the 

plaque cores were approved by the Bioethics Committee (Department of Pathology, 

Case Western Reserve University), and plaque cores were studied under UK ethical 

approvals 07/MRE08/12 and REGO-2018-223, and USA IRB 03-00-26.  

Plaque cores were isolated based on their increased density relative to surrounding 

tissue using a series of homogenisation and centrifugation steps. The full procedure 
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for isolating plaque cores is described in Appendix A2. The case details are included 

in Table 6. Chemical fixatives were not introduced at any stage of preparation to 

minimise the potential for metal ion leaching and/or the transformation of metal ion 

oxidation states. Successful isolation of amyloid plaque cores from AD tissue was 

confirmed using congo red staining prior to resin embedding, shown in Figure 49. 

 

Provider ID Neurological 

disorder 

Age Gender 

CWRU AD3 AD 89 Female 

CWRU AD4 AD 78 Male 

Table 6: AD cases used for extracted amyloid plaque cores. Plaque cores were provided by Case 
Western Reserve University (CWRU).  

 

 

Figure 49: Isolating amyloid plaque cores from case AD4. (a) Density gradient showing interfaces of 
homogenised and centrifuged AD tissue. (b) Fraction 3 imaged using optical microscopy. (c) Congo-
red stained deposits in Fraction 3 show positive birefringence under polarised light.  

 

4.7 Standards 

To determine the relative proportion of different iron/copper phases in measured 

regions of interest, collected sample x-ray absorption spectra were compared 

qualitatively, or fitted quantitatively alongside reference x-ray absorption spectra 

from standards of known oxidation state.  
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4.7.1 Standards for hard x-ray XANES 

Preparation of XANES standards done collaboratively with Dr Frederik Lermyte (FL) 

(School of Engineering, University of Warwick).  

Iron standards FeCl3 (Fe3+), FeCl2 (Fe2+) and iron foil (Fe0) were used for fitting iron 

XANES. Since the Fe2+ ion in aqueous solution is sensitive to oxidation by atmospheric 

oxygen, a stable Fe2+ reference was produced by making a solution containing a 1:3 

molar ratio of FeCl2:1,10-phenanthroline. In the resulting complex, the 

phenanthroline ligand protects the iron centre from oxidation [233]. The ferrous 

oxidation state of iron was confirmed by FL using mass spectrometry.   

Copper standards CuSO4 (Cu2+) and CuCl (Cu1+) were used for fitting copper XANES. A 

solution containing a 1:4 molar ratio of CuCl:glutathione was used to stabilise the 

Cu1+ ion in aqueous solution, as described by Corazza et al. [234]. 

All standards used for XANES were deposited onto Ultralene film, as described for 

metal:protein complexes in Part 4.1.1.  

 

4.7.2 Standards for STXM 

Standards used for STXM fitting were collected during rigorous development work 

undertaken by other members of the collaboration before the start of my PhD, as 

confirmed by Everett et al. [133]. Scaled iron reference standards used for 

quantitative fitting of iron spectra are shown in Appendix Figure D7. Copper 

reference standards used for qualitative comparison with sample spectra are from 

Jiang et al. [221].  
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5 Synchrotron hard x-ray analysis of 
biometals 

 

5.1 Introduction 

Studying the spatial distribution of trace metals in intact brain tissue poses significant 

challenges, where very few methods are capable of simultaneously providing 

information on the metals’ chemical state. The past two decades have seen 

significant progress in improving beam focusing and detectors, facilitating chemical 

element imaging and analysis at micro- and nanometre spatial resolutions using SXRF 

and XANES [12]. 

It was highlighted in Parts 1.4.4 and 1.5.3 that numerous studies have examined the 

effects of metal ions on the aggregation kinetics of α-synuclein and amyloid beta 

peptides, collectively demonstrating a metal-catalysed acceleration of peptide 

aggregation implicated in the formation of characteristic brain lesions in PD and AD 

[50, 79, 80, 129, 130]. There are, however, fewer studies investigating the counter 

effects of peptide aggregation on metal ion chemistry, especially for α-synuclein. 

XANES has particular utility for probing the oxidation state of metal ions, which 

presents an opportunity to investigate the influence of aggregating peptide 

behaviour on the oxidation state of redox metals, iron and copper. The use of a high 

energy incident beam and prolonged sample exposure (several minutes) means that 

photoreduction is a concern when employing XANES. Careful control of x-ray 

exposure conditions is essential if robust results are to be obtained. Initial method 

development using in vitro samples paves the way for subsequent in situ application 

to brain tissue samples, where metal concentrations and analyte matrices cannot be 

controlled.  

Whilst histochemistry has long been the gold standard for visualisation of metals in 

brain tissue, staining approaches each employ a unique chemistry to reveal target 

distributions. Consequently, it is not usually viable to sequentially stain for multiple 

elements on the same tissue section [17]. The primary advantage of SXRF is the 
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capacity for mapping multiple different elements simultaneously. This removes a key 

barrier to elucidating functional relationships between inorganic elements by 

enabling straightforward co-localisation. Unlike staining, the XRF mapping principle 

is also not dependent on a chemical reaction. SXRF mapping therefore reveals total 

metal content for each element irrespective of its chemical or physical state (bound 

or free) [17]. This is useful for studies of global metal distribution, where multiple 

different metals may be redistributed as a direct result of genetic modification, for 

example.  

Utilizing unique structures and natural contrast in samples is important to maximise 

the success of SXRF studies, as the same region of a sample may be analysed multiple 

times. In the example of human brain tissue showcased here, melanised neurons 

from the substantia nigra are used, since metal binding to neuromelanin is of interest 

in the context of Parkinson’s disease and NM provides useful endogenous contrast. 

The insoluble nature of NM also renders it unsuitable for analysis by most standard 

biochemical and biophysical techniques. New tools available at third generation 

synchrotrons such as Diamond Light Source now facilitate chemical imaging analysis 

at nanoscale spatial resolutions. This enables inorganic distributions to be visualised 

on an intracellular scale, providing valuable insight into metal chelating role of this 

biopolymer. Work shown here builds on previous SXRF and XANES studies of 

melanised neurons in PD SNc [64, 199, 201, 202] to compare findings and to support 

method development for wider application to tissue samples.  

The primary aim of the work presented in this chapter was to apply combined SXRF 

and XANES at a range of spatial resolutions in samples where there may be changes 

to metal distribution and/or chemistry which are of interest in the context of 

neurodegenerative mechanisms. This overarching aim was divided into the following 

objectives:   

1. Assess the requirements for mitigating beam-induced alterations to sample 

chemistry whilst maintaining sufficient signal for analysis. 

2. Use XANES to investigate the influence of aggregating α-synuclein and Aβ on 

the oxidation state of iron and copper ions. 
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3. Perform analysis of hard x-ray data collected from drosophila and mouse 

models. 

4. Examine metal binding and iron oxidation state in melanised nigral neurons 

using microfocus SXRF and XANES. 

5. Trial the recently opened nanoscale SXRF beamline at Diamond Light Source 

for intracellular elemental mapping of melanised nigral neurons.  

 

 

5.2 Results 

5.2.1 XANES of metal-protein in vitro systems 

XANES data acquired from in vitro protein:metal complexes was published as part of 

a wider study led by group member Dr Frederik Lermyte, which showcased multiple 

techniques for the investigation of protein:metal interactions. The full study is 

included in Appendix H: Publications (Lermyte et al., Cells, 2019). Preparation of 

protein:metal complexes and experimental standards was done collaboratively with 

Dr Lermyte, and I took responsibility for collection and analysis of XANES data.  

In preparation for XANES measurements of metal:protein complexes, it was 

necessary to first optimise the measurement conditions to ensure sufficient signal-

to-noise, simultaneously minimising potential for photo-reduction effects. This was 

achieved by placing an aluminium foil of measured thickness upstream of the sample 

to attenuate the incident x-ray beam. Control measurements were first performed 

on iron and copper standards to determine the required foil thickness at iron and 

copper K-edges (7100-7200 eV and 8970-9030 eV, respectively). No significant 

changes in the position or shape of the near-edge spectral features were observed 

under optimised conditions, as shown in Figure 50. 
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Figure 50: Repeat XANES scans for experimental standards to assess beam-induced spectral changes. 
(a) Repeat XANES scans on the same spot of FeCl3. No observed evidence of beam-induced alterations 
in acquired spectra with successive scans. (b) Repeat scans on the same spot of CuSO4 using optimised 
attenuation (0.5 mm Al foil). No observed evidence of beam-induced alterations in acquired spectra 
with successive scans. 

Equivalent control measurements were then re-optimised for sample metal:protein 

complexes. Figure 51a-c shows, for in-vitro prepared α-synuclein with Cu(II), how 

scan reproducibility and features are increasingly preserved as the thickness of the 

aluminium foil is increased. Preservation of spectra within experimental error was 

observed with 0.5 mm aluminium attenuation at room temperature and ambient 

pressure. Sample homogeneity was also confirmed by comparing XANES acquired 

from different points on the sample, as shown in Figure 51d. Attenuation level was 

optimised and sample homogeneity was confirmed for all four in vitro experiment 

conditions (Aβ or α-syn plus Fe or Cu). The equivalent level of attenuation required 

at the iron edge was 0.1 mm Al foil.  
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Figure 51: Optimising the measurement conditions for XANES collected from α-syn + Cu(II)SO4 at t0. 
Repeat scans using (a) 0.1 mm Al attenuation, (b) 0.25 mm Al attenuation (c) 0.5 mm Al attenuation. 
Note that for the highest photon flux condition (a), the successive scans are similar as a consequence 
of significant photo-reduction affecting both scans; (d) XANES from multiple spots on the same sample 
demonstrate homogeneity, with the results of the linear combination fitting matching to within 3% 
between the four sites (spot 1 – spot 4) sampled at ~100 μm apart. Figure reproduced from Lermyte 
et al., Cells, 2019 [235]. 

XANES spectra were acquired from aliquots of the iron or copper co-incubated with 

Aβ or α-synuclein with the attenuated beam protecting against photo-reduction. 

XANES analysis of the in-vitro formed complexes revealed variation in the effects of 

protein co-incubation on metal ion oxidation state. Fitted XANES spectra 

demonstrated marked chemical reduction of both ferric iron and cupric copper 

arising from one week co-incubation with Aβ (as shown in Figure 52). Co-incubation 

with α-synuclein also caused chemical reduction of both iron and copper, although 

the influence of Aβ was far more pronounced.  

Comparison of the four in-vitro systems indicated that the increased tendency to 

chemical reduction under incubation conditions observed for Aβ was mirrored by the 

extent to which photo-reduction arose with the un-attenuated beam, highlighted in 

Figure 53 for the Aβ-Cu system. After five successive scans of the same area, all Cu(II) 

had been reduced to Cu(I). This suggests that the chemically disruptive influence of 
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an unattenuated x-ray beam may exacerbate an underlying destabilising effect of Aβ 

on metal ion oxidation state.  

 

 

Figure 52: XANES traces showing the effect of 1 week’s co-incubation with Aβ and α-synuclein on 
metal oxidation states. (a) Aβ and (b) α-syn on the oxidation state of Fe, and (c) Aβ and (d) α-syn on 
the oxidation state of Cu. Ferric and ferrous standards (FeCl3 and [Fe(II) + 1,10-phenanthroline], 
respectively) were used for linear combination fitting (LCF) of the spectra in (a) and (b), and cupric and 
cuprous standards (Cu(II)SO4 and [Cu(I)-glutathione] were used for (c) and (d). Linear combination 
fitting was performed over the region -20 eV below to +80 eV above the edge. The results from the 
LCF are tabulated in each panel used the reference standards shown below the fitted experimentally-
acquired XANES spectrum from each time point. In (a) and (b), inclusion of a small contribution from 
iron(III) ammonium citrate in the LCF resulted in improved quality of fit. χ2 values are as follows for t0 

and t1wk fits, respectively: (a) 0.06, 0.03; (b) 0.04, 0.02; (c) 0.07, 0.06; (d) 0.002, 0.04. Traces for metal-
peptide incubations are vertically offset from the reference standards for clarity. Figure reproduced 
from Lermyte et al., Cells, 2019 [235]. 
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Figure 53: Repeated XANES scans for Aβ mixed with CuSO4 at t0 without optimised beam attenuation. 
(a) Evidence of spectral changes with repeat scans. (b) Linear combination fitting of XANES spectra for 
each repeat scan shown in (a). Dotted lines show the linear combination fits using Cu(I) and Cu(II) 
standards, where spectra for Cu(I) and Cu(II) standards are shown below for reference. Linear 
combination fitting was performed over the region -20 eV below to +80 eV above the edge. Spectra 
indicate an increase in conversion of Cu(II) to Cu(I) with each repeat scan when photoreduction is not 
mitigated.   

 

5.2.2 Application to models exhibiting disrupted iron metabolism 

5.2.2.1 Case study 1: Iron XANES in drosophila brain 

This was a study led by Dr Anne-Claire Jacomin (AJ) in the Nezis laboratory in the 

School of Life Sciences at University of Warwick, to which I contributed as a 

collaborator responsible for XANES analysis subsequent to acquisition of the data. 

The case study shown here focuses on the XANES analysis I performed. The full study 

is published and included in Appendix H: Publications [236]. 

 

Background 

Autophagy is an intracellular degradative process designed to degrade large protein 

complexes and organelles [237]. Autophagy declines during ageing, where it has 
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been previously demonstrated that essential autophagy genes are downregulated 

during healthy ageing  [238]. This has been linked to the characteristic accumulation 

of damaged proteins and organelles in neurodegenerative disorders, where 

autophagy deficits occur early AD pathogenesis [239]. Autophagy is also involved in 

the regulation of ferritin and iron levels in the brain [240], however relationships 

between iron, autophagy and neurodegeneration are poorly understood.  

In this study, the effects of ageing and autophagy on iron load in the brain were 

investigated in the model organism drosophila melanogaster. Hard x-ray XANES was 

used to assess the iron species present in brains from autophagy-deficient/wild type 

and young/old flies. 

 

Methods 

Drosophila prepared by AJ were an autophagy-deficient protein 8a (Atg8a)-deficient 

fly strain used to model autophagy impairment, where the protein Atg8a (LC3 in 

mammals) is essential for selective degradation in drosophila. Age-matched adult 

male flies were used for all experiments. 

Whole brains were dissected from flies at the required age using tungsten-coated 

titanium tweezers in ultrapure deionised water. Brains were air dried onto Ultralene 

film covered slides. 

Microfocus SXRF was used to collect elemental maps from whole brains dissected 

from young (1 week) and old (2 month) wild-type flies, and young autophagy-

deficient (Atg8a) flies. Samples were analysed by AJ at Diamond I18 beamline, where 

3 to 9 intact brains were analysed for each group of flies. SXRF mapping was 

performed with an incident beam energy of 10.5 KeV and beam diameter of 20 μm. 

Micro-focus XANES spectra at the iron K-edge were subsequently acquired from iron-

rich regions from each fly using a beam diameter of 20 μm. 

Subsequent to data acquisition by AJ at Diamond I18, I was invited to contribute to 

the study by performing linear combination fitting analysis of iron XANES 

spectra.  Iron XANES were fitted alongside a range of reference standards using the 
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linear combination fitting tool in Athena, as described in Part 3.2.3. Iron reference 

standards included iron metal foil, ferric sulfate, ferric and ferrous chloride, ferric 

citrate, horse spleen ferritin, iron nitride, ferrihydrite and iron oxide standards in a 

range of oxidation states. 

 

Results 

SXRF maps revealed that iron deposition was highest in the central brain region for 

each of the three specimen groups. Site-specific XANES was performed in this region 

to determine the dominant iron phases, where the acquired spectrum is the sum of 

contributions from all detected iron phases.  

The iron spectra acquired from 1 week- and 2-month-old wild-type fly brains were 

indistinguishable, as shown in Figure 54. However, the iron spectrum acquired from 

the 1-weeK-old Atg8a mutant fly brain demonstrated the presence of an additional 

absorption feature at 7138 eV when compared with the age-matched wildtype.  

Linear combination fitting indicated that the additional feature could be well 

accounted for by incorporating ferric iron sulfate into the fit, suggesting that 

approximately one third of the signal may be attributable to iron-sulfur, whilst the 

remaining two thirds of the signal is consistent with iron phases also found in the 

wildtype fly. 
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Figure 54: Iron K-edge XANES spectra acquired from young and old wildtype drosophila. Spectra 
acquired from iron-rich regions in the central brain of young (1 week) wild type drosophila and old (2 
month) wild type drosophila were shown to be equivalent. The difference spectrum (young minus old) 
demonstrates negligible variation in the spectra.  

 

Figure 55: Comparing iron XANES spectra from wildtype (WT) and Atg8a drosophila. (a) Fe K-edge 
XANES from drosophila and ferritin standard, with spectra vertically offset for clarity. (b) Overlay of 
spectra shown in (a), focussing on the region where the spectra from Atg8a and wildtype differ. An 
arrow marks the distinguishing feature. (c) Linear combination fitting of Atg8a spectrum. Linear 
combination fitting was performed over the region -20 eV below to +80 eV above the edge. The Atg8 
spectrum was shown to be consistent with that of the WT model + Fe(III) sulphate, with a χ2 value of 
0.01 obtained for the fit. Both components are also shown in isolation below. All XANES spectra were 
subjected to an edge-step normalisation and flattened using Athena fitting software prior to fitting. 
Figure adapted from Jacomin et al., Frontiers in Cell and Developmental Biology, 2019 [236]. 
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Discussion 

Here, it was demonstrated that synchrotron x-ray spectromicroscopy operated in the 

hard x-ray regime can be applied to the analysis of biometal distributions in intact 

drosophila brain. Iron XANES spectra acquired from young and old wild type flies 

were shown to be equivalent, indicating that although the concentration of iron may 

be altered with age, the iron form is unchanged in the wild type strain. In contrast, 

the additional absorption feature observed in the spectrum for Atg8a but not in wild 

type suggested alteration to the brain iron chemistry in the autophagy-deficient 

strain. The additional spectral feature was consistent with signal contribution from 

an iron-sulfur complex. This could potentially derive from iron-sulfur clusters, which 

are ubiquitous throughout the brain and are involved in numerous regulatory 

processes, including mitochondrial iron homeostasis [241]. 

Drosophila brain has been successfully utilised for modelling a broad range of 

neurodegenerative disorders [242-244], many of which are associated with metal 

dysregulation. This work provides proof of concept for analysing the distribution and 

chemistry and biometals in intact drosophila brain using non-destructive synchrotron 

x-ray techniques, thereby opening new modes of investigation for normal and 

pathological ageing.  
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5.2.2.2 Case study 2: SXRF mapping of brain metals in an iron overload mouse model 

This study was led by Dr Daniel Johnstone (DJ) (University of Sydney, Australia) and 

Prof. Liz Millward (LM) (University of Newcastle, Australia), to which I contributed as 

a collaborator responsible for the analysis of SXRF maps subsequent to acquisition of 

the data. Ethical approval obtained by DJ for this work is shown in Appendix G: Ethical 

approvals. 

 

Background 

Iron homeostasis in the body and in the CNS is strictly regulated via expression of 

several regulatory proteins, controlling the uptake, export, storage, and utilisation of 

iron. One particular iron regulatory protein that is gaining increased interest is the 

HFE protein. HFE protein is encoded by the HFE gene, which is involved in iron 

metabolism. Dysfunction of HFE can result in increased absorption of dietary iron, 

leading to excessive tissue iron deposition in the body’s internal organs [245]. 

Mutations in the HFE gene are commonly associated with the iron-overload genetic 

disorder, hereditary hemochromatosis [246].  

In the brain, the HFE protein is expressed in choroid plexus epithelial cells, 

endothelial cells of the microvasculature, and ependymal cells lining the ventricles 

along with transferrin receptors, where it can monitor brain iron uptake [246]. There 

is evidence from both human and animal studies that HFE gene variants can affect 

brain function and modify the risk of developing neurodegenerative disorders [245]. 

Models of iron overload disorders are useful for studying the primary effects of 

excess iron in the brain. In this study a mouse model of haemochromatosis (Hfe-/-

xTfr2mut) shows the spatial distributions of transition metals in the iron overload 

condition.  
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Methods 

The animals prepared by DJ for synchrotron analysis were wildtype (n=3) and Hfe-/-

xTfr2mut (n=3) male mice, which were fed standard chow and sacrificed at ages 

ranging from 3-12 months. Brain iron was assessed histochemically in coronal 

sections by 3,3’-diaminobenzidine (DAB)-enhanced Perls’ staining. Paired, unstained 

sections used for synchrotron analysis were cryosectioned at a nominal thickness of 

30 μm and mounted onto quartz slides. Microfocus SXRF was used to collect 

elemental maps from paired, unstained coronal sections for each region of interest. 

XRF mapping was performed at the Swiss Light Source using an incident beam energy 

of 10.5 KeV and a minimum beam diameter of 2x5 μm. 

Subsequent to data acquisition by DJ at the Swiss Light Source, I was invited to 

contribute to the study by undertaking an in-depth analysis of the SXRF maps.  This 

required alignment with supporting histology images, detailed manual 

segmentation, normalisation, and subsequent comparison of relative signal 

intensities for the metals of interest.  SXRF maps were fitted and normalised to 

incident beam I0 using PyMCA software (as described in Part 3.1.3) and saved as TIFF 

files to preserve numerical values for each pixel. 

Segmentation of the elemental SXRF maps was performed manually using ImageJ 

software. Segmentation of each brain region was initially performed on images of 

paired Perls’ stained coronal slices using reference to the Allen Mouse Brain Atlas 

(URL: https://mouse.brain-map.org). Regions of interest were saved in ImageJ and 

the outline shapes were scaled to mask onto normalised XRF maps. This limited 

reliance on fluorescence signal for identification of discrete brain regions. Mean pixel 

intensity for each segmented brain region was measured as an indicator of relative 

biometal concentration.  

 

Results 

Regions of interest showing strong contrast in the iron, copper or zinc elemental 

maps were successfully identified using corresponding Perls’ stained sections and 
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appropriate slices in the Allen Mouse Brain Atlas. This enabled segmentation of all 

elemental maps, such that mean pixel intensity could be derived from targeted 

regions. The mean pixel intensity (fluorescence signal) was used as a measure of 

relative metal concentration to compare between different regions and different 

mice. This is demonstrated for the fourth ventricle region in Figure 56. 

Elemental mapping of the fourth ventricle region indicated significant iron 

accumulation within the ventricle relative to surrounding tissue material, observed 

in both transgenic and wildtype mice. The fourth ventricle was also shown to be lined 

with copper, again observed in both transgenic and wildtype strains, illustrated in 

Figure 57a-b. Analysis of mean pixel intensity (Figure 57c) demonstrated that the iron 

fluorescence signal within the fourth ventricle was an order of magnitude higher in 

the transgenic strain compared to the wildtype (p value <0.001). Complementary 

Perls’ staining confirmed that ventricular iron was associated with choroid plexus 

tissue, where semi-quantitative analysis revealed over an 8-fold increase in Hfe-/-

xTfr2mut strain relative to wildtype (p<0.001). This is shown in Figure 58.  

SXRF mapping demonstrated that same increase was not observed for copper, zinc 

or manganese, where no statistically significant difference in fluorescence signal was 

observed between wildtype and transgenic strains within the fourth ventricle (Figure 

57c). Copper fluorescence originating from the ventricle linings was also shown to be 

essentially equivalent for both wildtype and transgenic strains, with no statistically 

significant difference in mean pixel intensity observed between the two groups 

(Figure 57d).  
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Figure 56: Matching SXRF mapping with Perls’ stained and Brain Atlas coronal slices of wildtype mouse 
brain (cerebellum region). (a) Overview SXRF iron map at low spatial resolution (30 μm). (b) Stained 
section showing ImageJ segmentation based on Allen Brain Atlas. (c) Reference image from Allen Brain 
Atlas, confirming that the iron-rich region in the SXRF map shown in (a) is fourth ventricle (labelled as 
V4). (d) Inset of iron fluorescence map shown in (a) at increased spatial resolution (2x5 μm). (e) 
Normalised iron map, with initial segmentation from (b) scaled to mask over fourth ventricle region.  

Figure 57: SXRF mapping of fourth ventricle region in wildtype and Hfe-/-xTfr2mut mouse brain, n=3 
from each group. (a,b) Example SXRF maps of fourth ventricle region in wildtype and transgenic, 
respectively, where iron is shown as red, copper is green and zinc is blue. Individual element maps 
were scaled equally to enable visual comparison of relative metal concentrations. (c) Mean pixel 
intensity of iron copper, zinc and manganese within fourth ventricle region from each mouse. (d) 
Mean pixel intensity of copper within ventricle lining from each mouse. Mean pixel intensities are 
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based on manual segmentation of individual elemental maps. Error bars indicate standard deviation 
around the mean. 

 

Figure 58: Perl’s staining of mouse brain choroid plexus. Images shown choroid plexus from a) 3-
month-old wildtype and b) 3-month-old Hfe-/-xTfr2mut mice. 

Successful correlation of SXRF mapping, Perls’ staining and reference brain atlas 

images are shown for substantia nigra, corpus callosum, caudate putamen and lateral 

ventricle regions in Figure 59. In this pilot study insufficient data were collected from 

additional regions to draw meaningful comparisons between wildtype and transgenic 

strains. However, regional patterns of metal distributions were revealed which could 

be utilised for future studies. Substantia nigra could be distinguished based on 

elevated iron concentration relative to surround tissue (Figure 59b), whilst the 

midbrain region incorporating caudate putamen and globus pallidus was shown to 

be high in zinc (Figure 59d). White matter region, corpus callosum, was shown to 

largely devoid of transition metals (Figure 59d). Lateral ventricle, like fourth ventricle, 

was shown to be loaded with iron with copper lining the ventricle (Figure 59d).  

(a) (b)
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Figure 59: Matching SXRF mapping with Perls’ stained and Brain Atlas coronal slices of wildtype and 
Hfe-/-xTfr2mut mouse brain. (a, c) Perls’ stain of left hemisphere (left) and corresponding Brain Atlas 
right hemisphere (right), highlighting (a) substantia nigra pars reticulata (SNr, yellow) in wildtype 
mouse and (c) corpus callosum (yellow), lateral ventricle (red) and region incorporating caudate 
putamen and globus pallidus (white) in transgenic mouse. (b, d) Corresponding SXRF maps with iron 
shown as red, copper as green and zinc as blue. 

Discussion 

SXRF mapping revealed that the most abundant transition biometals, iron, copper 

and zinc, all have unique distributions throughout the mouse brain. Regional patterns 

of metal distribution could be used to identify specific structures (e.g. iron 

accumulation in substantia nigra or absence of transition metals in corpus callosum), 

demonstrating the utility of SXRF as a label-free alternative to histological staining. 

The compartmental distributions of biometals reflect the physiological requirements 

for each specific region. Whilst a rationale for iron enrichment of the substantia nigra 

is yet to be fully elucidated, it has been posited that that iron accumulation in 

substantia nigra facilitates its role as a cofactor in tyrosine hydroxylase activity, the 

rate limiting step in dopamine synthesis [247]. 
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Ventricles were highlighted as particular regions of interest, where iron accumulation 

within the ventricles and copper lining the ventricles were observed for both 

wildtype and transgenic strains. Previous work by Pushkar et al. showed copper 

enrichment along ventricle walls in physiologically healthy rat brain, where 

correlative SXRF and immunohistochemistry demonstrated that copper was 

selectively accumulated in the astrocytes of the sub-ventricular zone [248]. The 

mechanisms for regulating copper deposition in astrocytes are currently unclear, 

although equal deposition in normal and Hfe-/-xTfr2mut strains suggest that copper 

loading in this region is unaffected by HFE mutation, and that these glial cells have 

capacity for safe handling of copper in the brain [248]. 

Ventricular iron accumulation occurred in both wildtype and transgenic strains, 

although relative iron concentration within the fourth ventricle was an order of 

magnitude higher in the transgenic strain. Complementary Perls’ staining confirmed 

that iron within ventricles is associated with choroid plexus, demonstrating that Hfe-

/-xTfr2mut mice display early and massive iron accumulation in the choroid plexus. 

The main function of choroid plexus is CSF production, however choroid plexus is also 

thought to play a key role in iron storage and regulation of iron homeostasis in the 

central nervous system [249]. Epithelial cells of the choroid plexus form the blood-

CSF barrier, and possess the necessary machinery to control local iron delivery into 

the CSF [250].  Accumulation of iron in choroid plexus epithelium has previously been 

histochemically detected in rodent models [249, 251], attributable to the high 

density of iron transport proteins such as transferrin and ferroportin, and iron 

storage protein ferritin, in this tissue  [249, 251, 252].Enhanced iron accumulation in 

the transgenic model likely results from perturbation of the regulatory function of 

the HFE protein. HFE protein forms a stable complex with transferrin receptors in the 

choroid plexus, where metals are transported between the blood and CSF. HFE binds 

to transferrin (Tf) receptors at or near the Fe-Tf binding site in the choroid plexus, 

where it can competitively inhibit Tf binding to the receptors [246]. This allows HFE 

protein to regulate brain iron uptake from the blood. HFE dysfunction may increase 

transferrin binding to transferrin receptors, potentially leading to elevated iron 

accumulation at the choroid plexus barrier [246].  
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Prior work using a HFE knockout mouse model has shown that iron loading in the 

brain can influence transcript levels for genes essential to normal brain function, 

which may account for some of the neurological symptoms experienced by 

hemochromatosis patients [245]. It is not clear from the available data whether 

increased iron levels in the choroid plexus lead to iron accumulation in further 

regions, however SXRF was demonstrated as a sensitive tool for exploring metal 

homeostasis throughout the brain.  

 

5.2.3 Hard x-ray analysis of human brain tissue 

Following successful application of SXRF mapping and XANES to drosophila and 

mouse brain models, the same approaches were applied to characterise biometal 

distributions in human brain tissue. Parkinson’s disease substantia nigra was chosen 

as the subject for trialing microfocus SXRF methods in human brain tissue for several 

reasons: 1) the vulnerability of nigral neurons in PD, 2) the propensity of 

neuromelanin for metal binding and 3) the endogenous contrast arising from dark 

neuromelanin pigment could be used to locate neurons via the optical camera 

coupled to the position of the x-ray beam.  

An example region of substantia nigra tissue mapped at 5 μm spatial resolution with 

an incident beam energy of 13 KeV is shown in Figure 60. In a tissue section of 30 μm 

thickness, neuromelanin pigment displayed dark contrast in the optical image (Figure 

60a), such that melanised neurons could be clearly visualised. SXRF mapping revealed 

abundant transition biometals, iron, copper and zinc, all strongly associating with 

pigmented neurons (Figure 60b-d). 

XANES analysis was performed at the iron K-edge to determine the chemical state of 

iron associating with pigmented neurons. Whilst beam exposure during mapping is 

short (≤1 s per pixel), there is potential for photo-reduction to occur when 

performing XANES analysis at sites of interest. Repeat scans were therefore 

performed (as for in vitro materials in Part 5.2.1) to ensure that the XANES spectrum 

was unchanged when exposed to twice the dosage required for measurement. This 
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is demonstrated for the cell highlighted in Figure 60a, showing the XANES spectrum 

to be unchanged upon repeat scans, within experimental error (<2%). Fitting of iron 

spectra measured from >20 neurons from case PD1 indicated that iron associating 

with melanised neurons was predominantly present in the ferric Fe3+ form, with iron 

spectra for the neuron shown in Figure 60a consistent with ferric standard FeCl3 

(Figure 60e).  

 

 

Figure 60: Combined SXRF and XANES analysis of PD substantia nigra. Case is PD1, cryosection of 
nominal thickness 30 µm. (a) Optical image showing melanised neurons. SXRF maps of the area shown 
in (a) were collected using a 5 μm beam, dwell time of 1 s per pixel and a 0.1 mm Al foil attenuator. 
Individual element maps are shown for (b) iron, (c) copper, and (d) zinc at their respective Kα-edges. 
(e) Iron XANES from the individual neuron highlighted in (a), showing successive scans on the same 
area to monitor possible photo-reduction. Linear combination fitting was performed over the region 
-20 eV below to +80 eV above the edge. Fitting indicated that repeated traces (blue and orange) were 
consistent with 100% FeCl3 (solid black) within 2% experimental error. χ2 values of 0.11 and 0.07 
obtained for the initial and repeat scans, respectively. Traces were subjected to an edge-step 
normalisation and flattened using Athena fitting software. Traces are vertically offset for clarity. 

Whilst accumulation of metal ions within melanised neurons is consistent with 

neuromelanin’s affinity for metal ions, the spatial resolution afforded by using a 2×5 

µm beam was insufficient to describe metal ion association with neuromelanin. SXRF 

mapping at a maximum spatial resolution of 60 nm using the nanoprobe at Diamond 

I14 beamline enabled intra-cellular characterisation of elemental distributions in PD 

substantia nigra. Maps for iron, copper, zinc, as well as calcium and sulfur are 

displayed alongside corresponding optical images of the same melanised neurons in 

Figure 61 and Figure 62.  
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Elemental distributions of Fe, Zn, S and Ca are shown to closely match the granular 

morphology of neuromelanin, confirming that metal ions are associating with 

neuromelanin as expected. Copper could not be detected in the thinner, resin 

embedded sections, however neuromelanin clusters were shown to be loaded with 

sulfur. It is not clear from the available data whether the sulfur exists as metal-sulfur 

complexes (e.g. iron sulfate), or SXRF maps reveal the sulfur that is incorporated into 

the neuromelanin structure. An optimised protocol for the collection of nanofocus 

XANES from tissue samples using the nanoprobe at Diamond I14 beamline could not 

be established during the course of this project, however this remains an area of 

interest for future study.  

 

 

Figure 61: SXRF mapping of a melanised neuron in PD substantia nigra at 200 nm spatial resolution. 
Tissue was resin-embedded from Case PD1 and sectioned to 3 µm thickness. (a) Optical image of the 
target melanised neuron. Single element SXRF maps shown for (b) iron, (c) copper, (d) zinc, (e) calcium 
and (f) sulfur. SXRF mapping was performed with a dwell time of 200 ms per pixel. 



121 
 

 

Figure 62: SXRF mapping of a melanised neuron in PD substantia nigra at 60 nm spatial resolution. 
Tissue from Case PD1 was resin-embedded and sectioned to 3 µm thickness. (a) Optical image of the 
target melanised neuron. Single element SXRF maps shown for (b) iron, (c) copper, (d) zinc, (e) calcium 
and (f) sulfur. SXRF mapping was performed with a dwell time of 400 ms per pixel. 
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5.3 Discussion 

Hard x-ray analysis was successfully applied to the characterisation of physiological 

metal ion concentrations in in vitro systems, graduating to in situ analysis of animal 

models and finally human brain tissue. Integration of SXRF mapping and XANES 

enabled simultaneous, label-free visualisation of a range of elemental distributions 

to be combined with site-specific probing of metal ion chemistry.  

Although synchrotron techniques are widely regarded a non-destructive since they 

do not depend on ablation of the sample material, x-ray dose must nevertheless be 

carefully controlled to ensure that chemical changes are not induced by the incident 

x-ray beam. This is particularly important for oxidation state analysis of metal ions in 

metal-protein systems, where sensitivity to chemical reduction may be heightened 

by association with the protein.  The potential for beam-induced photoreduction was 

highlighted in the Aβ-Cu in vitro system, where repeat scanning of the same region 

using a deliberately unattenuated beam was shown to gradually reduce all Cu(II) 

present to Cu(I) (within <2% experimental error). It was, however, also demonstrated 

that with careful beam attenuation, XANES measurement parameters can be 

effectively optimised to mitigate photo-reduction of metal ions without heavily 

compromising signal-to-noise ratio. This enabled acquisition of reproducible spectra, 

showcasing x-ray absorption spectroscopy as a useful tool for oxidation state analysis 

of redox metals.  

XANES data evidenced the chemical reduction of ferric iron and cupric copper when 

incubated with aggregating Aβ for one week, and to a lesser extent of ferric iron 

incubated with aggregating α-synuclein. Aβ showed a greater reducing effect than α-

synuclein, where the most pronounced effect was observed for the Aβ-Cu(II) system; 

after one week co-incubation with Aβ, more than half of the starting Cu(II) had been 

chemically reduced. These results support studies that report chemical reduction of 

iron and copper  by Aβ in vitro by spectrophotometric assay [131, 132]. The precise 

relation between metal coordination and reductive capacity of α-synuclein and Aβ 

remains a matter of investigation. Since Fe2+ and Cu+ can easily re-oxidise in aqueous 

solution, the potential for redox cycling of metal ions in vivo is a hazardous prospect, 
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with ample scope for triggering oxidative stress and associated cellular damage. 

Huang and co-workers also evidenced the concomitant production of hydrogen 

peroxide (H2O2) in association with Aβ-induced chemical reduction of metal ions 

[131]. The generation of reactive species such as hydrogen peroxide and mirrored 

influence of metal ions on the aggregation kinetics of amyloidogenic 

peptides/proteins observed elsewhere [50, 129, 130] strongly implicates metal-

protein interactions in the oxidative damage and formation of protein aggregate 

lesions in AD and PD. Better understanding these biochemical metal:protein 

interactions at a molecular level may inform the development of metal targeted 

therapies to treat proteinopathies such as AD and PD. 

Although both PD and AD are associated with a number of known genetic risk factors 

(discussed in Parts 1.4 and 1.5), links between functional alteration of implicated 

genes and observed metal dysregulation in the neurodegenerative disease brain 

warrant further investigation. Both fly and mouse brain studies shown here 

demonstrate the scope for using synchrotron hard x-ray analysis to investigate the 

impact of genetic modification on brain metal homeostasis. SXRF used in conjunction 

with XANES can be used to describe the impact of modifying relevant genes on the 

concentration, distribution and speciation of most biometals. SXRF has great 

potential for improving understanding of global metabolism, where application to 

animal models will be useful in correlating metal dysregulation with disease 

phenotypes. In the context of metal targeted therapies, SXRF is an excellent tool for 

differentiating between therapies which remove metals from the brain, and those 

which are able to redistribute dangerous concentrations to other regions [17]. The 

successful application of SXRF to in vitro, animal and human samples will therefore 

be critical in assessing the efficacy of metal targeted therapies from their infancy 

through to clinical trial stage. Owing to its non-destructive nature, SXRF can also be 

utilised as just one of a suite of analytical techniques employed to examine inorganic 

distributions in biological samples. Here, it was demonstrated for brain tissue 

samples, although in practice SXRF may be applied to myriad of biological specimen 

types, provided that samples are adequately prepared. In the present study, 

preservation of mouse brain tissue ultrastructure during sample preparation and 



124 
 

analysis was validated by clear mapping of SXRF data to region boundaries described 

by the Allen Mouse Brain Atlas.  

In agreement with earlier work by Popescu et al. [199], it was shown here that 

characteristic patterns of metal distribution, as described by SXRF, may be used to 

indirectly identify particular regions or structures in the brain. This was initially 

demonstrated using mouse brain, where ventricles were characteristically iron-rich 

and corpus callosum was largely devoid of metal ions, for example. In human brain 

tissue, melanised neurons in substantia nigra were shown to be loaded with metal 

ions, such that neurons could be easily distinguished against surrounding neuropil 

tissue. Neuronal iron was shown to exist in a ferric form, consistent with earlier 

descriptions of neuromelanin storing iron as Fe3+ [64, 69, 202]. SXRF mapping at 

nanoscale spatial resolution confirmed that intracellular metal distributions matched 

the granular morphology of neuromelanin, consistent with neuromelanin’s well-

documented affinity for metal ions [63, 68, 70]. Further, sulfur distribution was also 

shown to be heavily localised to neuromelanin clusters. The source of the sulfur could 

not be conclusively determined from the available data, however sulfur K-edge 

XANES data from Bohic et al. showed no evidence of contributions from sulfur-

containing heterocycles such as benzothiazine (a key functional group within 

pheomelanin), instead suggesting that elevated sulfur in neuromelanin could be 

attributed to uncyclised forms of sulfur (e.g. cysteine or glutathione) [64]. Previously, 

Biesemeier et al. exploited elevated sulfur levels to map neuromelanin against 

surrounding tissue using NanoSIMS [8]. It is suggested that SXRF may be employed 

as a non-destructive means for exploiting elevated sulfur levels to map 

neuromelanin. Neuromelanin is not normally expressed in rodents, however 

following the 2019 study by Carballo-Carbajal et al. where neuromelanin formation 

was  induced in rat substantia nigra [65], nano-resolution SXRF is now well placed to 

address key questions surrounding the role of neuromelanin in physiological or 

pathological metal regulation using rodent models.  

Hard x-ray SRXF facilitates excellent detection sensitivity towards trace metal 

distributions and uniquely enables multielement mapping over millimetre- to 

nanometre-sized areas without requirement for sample ablation. A conspicuous 
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limitation of the technique however is that when operated in this energy range, 

direct identification of organic context (e.g. tissue structure or protein aggregates) 

requires correlative microscopy. In the example shown, substantia nigra was chosen 

as the subject region from human brain tissue, in part because of the natural contrast 

arising from melanised neurons. In most other biological samples, staining is 

necessary to visualise cell types and boundaries separating regions. Sections used for 

SXRF cannot be stained in advance due to the unacceptable level of contamination 

introduced, therefore serial sectioning is required, which is not always an option and 

at the very least complicates sample preparation.  

 

5.4 Summary 

Here, it was demonstrated that combined SRXF and XANES facilitates excellent 

detection sensitivity towards metal distributions both in vitro and in a biological 

matrix, and uniquely enables multielement mapping at a wide range of length scales. 

The potential effects of photoreduction were identified and successfully mitigated by 

carefully controlling exposure of the sample to the incident x-ray beam.   

XANES demonstrated the chemical reduction of ferric (Fe3+) iron and cupric (Cu2+) 

copper occurring in vitro following co-incubation with aggregating Aβ for one week, 

and to a lesser extent for ferric iron co-incubated with α-synuclein over the same 

time period. Such reductase behaviour is likely to create a perilous environment if 

present in vivo, leaving surrounding cells highly vulnerable to the synergistic effects 

of metal-catalysed free radical production and protein aggregation. Better 

understanding these interactions at a molecular level may enhance metal targeted 

treatment strategies for proteinopathies.  

Application of synchrotron hard x-ray techniques to drosophila and mouse models 

highlighted the potential for exploiting the versatility of combined SXRF and XANES 

to interrogate the effects of genetic modifiers on brain metal homeostasis, relevant 

to specific genetic risk factors for neurodegenerative diseases. SXRF also revealed 

patterns of metal accumulation in well-defined regions of mouse brain, allowing 
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some structures such as substantia nigra or corpus callosum to be indirectly 

identified based on accumulation or absence of particular inorganic elements. The 

same approach was applied to show metal accumulation within melanised neurons 

in substantia nigra from human brain tissue, where XANES indicated that neuronal 

iron was stored as Fe3+. SXRF mapping of melanised neurons at nanoscale resolution 

confirmed that inorganic elements were primarily associated with neuromelanin 

clusters at an intracellular level, and it was suggested that elevated sulfur 

concentrations could potentially be used to identify neuromelanin against 

surrounding tissue. The lack of organic context was highlighted as a limitation of SXRF 

when operated in the hard x-ray regime.  

In light of work presented in this chapter, subsequent chapters will consider the 

following research questions: 

1. Is chemical reduction of iron and copper by Aβ, here observed in vitro, also 

evident in amyloid plaque material isolated from human brain tissue? This 

will be explored in Chapter 8. 

 

2. Can chemical imaging in the soft x-ray regime be used to meet the 

requirement for cellular context? This will be explored in Chapter 6. 

 

3. Can label-free synchrotron x-ray mapping, here applied to exclusively 

visualise inorganic distributions, also be applied to target specific organic 

components such as neuromelanin? This will be explored in Chapter 6.  
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6 Label-free mapping of organic components 
in human brain tissue 
 

6.1 Introduction 

Loss of neuromelanin pigment associated with the death of melanised dopaminergic 

neurons and formation of α-synuclein positive Lewy bodies are the principal 

indicators used in the neuropathological staging of PD. 

As demonstrated in the previous chapter, the in-situ characterisation of 

neuromelanin is largely dependent on visible pigmentation, rather than direct 

quantification of neuromelanin. Hirsch and co-workers highlighted how this restricts 

visualisation of neuromelanin to only the darkest clusters, thus excluding 

neuromelanin clusters which are too faint to view by optical microscopy [66]. The 

requirement for a neuromelanin specific marker remains unmet, with studies 

continuing to rely on the endogenous contrast visualised under an optical or electron 

microscope [253].  

In the absence of natural contrast, specific visualisation of α-synuclein is entirely 

dependent on histochemical staining, usually targeted using α-synuclein-specific 

antibodies as demonstrated in Figure 12b. Neuromelanin visualisation may also be 

enhanced by histochemical staining, including the DOPA oxidase, ferrous iron, and 

Masson‐Fontana method, which is shown in Figure 12c [254]. Numerous studies have 

identified the presence of neuromelanin using the Masson‐Fontana silver stain [65, 

173] which causes melanin to appear black as it reduces ammoniacal silver nitrate to 

metallic silver [171]. However, if the metal-binding roles of neuromelanin and α-

synuclein are to be interrogated, then staining is an unsuitable mapping technique, 

as it alters the native chemistry and prohibits the accurate speciation of associated 

metal ions. Contrast agents routinely used to prepare samples for microscopic 

imaging also eliminate the potential for in situ chemical analysis. 



128 
 

Synthetic neuromelanin [227, 255] and recombinant α-synuclein [50, 77] are 

regularly used to model in vivo metal binding mechanisms for these components. 

Such analogues are essential, particularly for neuromelanin, where isolation from 

substantia nigra tissue is highly challenging and yields only small quantities 

[256]. Wider investigation into the intriguing metal binding roles of neuromelanin 

and α-synuclein relies on in vitro and ex vivo studies being carried out with sufficient 

sensitivity to detect chemical or structural changes relating to NM/α-synuclein–

metal binding. This of course depends a priori on the ability to identify accurately 

these organic constituents in brain tissue.  

Scanning transmission x‐ray microscopy (STXM) is a synchrotron‐based 

spectromicroscopy technique that integrates excellent chemical sensitivity with high‐

resolution microscopy. As discussed in Chapter 2, this approach permits access to 

both organic and inorganic (metal) absorption edges without the necessity for 

artificial staining (typically required for light or electron microscopy) [186]. The raster 

scanning approach employed by STXM is suited to chemical imaging analysis of 

delicate organic structures, where exposure time for the sample is drastically 

reduced (relative to hard x-ray XANES or electron microscopy). Additionally, whilst 

conventional electron microscopy may be hampered by over‐sensitivity to electron‐

dense material, the greater penetrating power of x‐ray microscopy is beneficial for 

characterising the fine structure of electron‐dense materials, such as melanin 

granules [194].  

STXM may also be used to map selectively for specific organic structures by exploiting 

the intrinsic absorption properties of materials. In a recent study by Telling et al., 

spectral features measured at the carbon K‐edge have been exploited to map 

variations observed when extracellular peptides were bound to iron in cortical tissue 

from a transgenic mouse model of Alzheimer's disease [209].  

The aim of the work presented in this chapter was to develop a specific and label-

free means for identifying neuromelanin and α-synuclein, in human brain tissue or 

otherwise, using soft x-ray spectromicroscopy. This aim was divided into the 

following objectives: 
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1. Perform carbon K-edge STXM analysis of neuromelanin- and α-synuclein-rich 

regions in substantia nigra to identify any unique x-ray absorption features 

which may be used to distinguish these components from surrounding tissue.  

 

2. Inform method development by collecting x-ray absorption spectra from 

synthetic neuromelanin and recombinant α-synuclein. 

 

3. Assess signal specificity and the likely origin of any unique spectral features 

by comparing with equivalent spectra obtained from reference materials.   

 

The full study for work presented in this chapter is now published and is included in 

Appendix H: Publications (Brooks et al., Angewandte Chemie, 2020).  

 

6.2 Results 

 

6.2.1 Alpha-synuclein STXM mapping 

Immunostaining in 4 μm sections of resin-embedded PD substantia nigra showed 

strong fluorescence signal, where positive immunostaining was detected within or in 

the immediate vicinity of neuromelanin (NM) pigmented neurons (Figure 63). 

Immunostaining showed circular deposits (similar to those shown previously in 

Figure 12b) likely to be Lewy Bodies, accompanied by other irregular-shaped α-

synuclein deposits. This confirmed that the immunostaining protocol and 

primary/secondary antibodies applied were appropriate for identifying 

phosphorylated α-synuclein in resin-embedded tissue sections.  
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Figure 63: Immunostaining 4 µm-thick sections of PD substantia nigra (Case PD1) for phosphorylated 
α-synuclein (S129). NM pigment (white arrows), Lewy Bodies (yellow arrows), extracellular α-
synuclein deposit (blue arrow).  

To enable immunostaining to be correlated with STXM mapping, immunostaining 

was performed for ultrathin, serial sections of PD substantia nigra. Immunostaining 

showed faint fluorescence in PD substantia nigra tissue sections of 200 nm thickness. 

Positive fluorescence signal was detected inside NM-pigmented cells (Figure 64), 

despite wrinkling of the ultrathin tissue sections impeding interpretation of staining. 

Section wrinkling was caused by successive drying of ultrathin sections throughout 

the staining process. Although applying a gentler approach to drying inside a 

makeshift humidity chamber alleviated the issue, tissue section wrinkling could not 

be fully mitigated. Immunofluorescence above background could not be detected in 

substantia nigra from the measured neurologically healthy control case. 
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Figure 64: Immunostaining for phosphorylated α-synuclein in ultrathin tissue sections (200 nm 
thickness) from PD substantia nigra (Case PD1). Positive staining was indicated within or close to NM-
pigmented neurons. 

The characteristic shape of the NM distribution and position of each neuron relative 

to the section edges was used to correlate immunostained sections with unstained 

consecutive sections mounted onto TEM grids for STXM analysis. This presented a 

number of significant challenges: 1) NM pigment in 200 nm sections was very faint in 

the absence of contrast-enhancing staining. Masson-Fontana staining in a third 

consecutive section was used to better visualise NM distribution to bridge correlation 

between immunostained sections and unstained grid-mounted sections. 2) Wrinkling 

in the ultrathin immunostained sections made it difficult to clearly visualise cellular 

NM distribution.  3) Regions of interest on grid-mounted sections were often covered 

by grid bars. Multiple cells/regions were imaged using the laser scanning confocal 

microscope to increase the chance of correlating immunostaining, NM staining and 

STXM mapping in three consecutive tissue sections.  

At Diamond I08 beamline, unstained grid mounted sections were scanned with an 

incident beam energy of 287 eV (just below the carbon K-edge) to locate regions of 

interest. Region selection was guided by immunostaining for α-synuclein in adjacent 

sections.  
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Using the NM-pigmented cell shown in Figure 64c as an example, a protein speciation 

map was first created to illustrate the density variation for all proteinaceous material 

in and around the cell; an off-peak image (290.5 eV) was subtracted from a peak 

image taken at 288.6 eV, corresponding to the amide 1s → π* transition, expected 

for all material composed of amino acid chains. The resultant map is shown in Figure 

65c. The circled region in Figure 65c (corresponding to the immuno-positive region 

in Figure 65b) shows increased protein density relative to the surrounding 

intracellular material.  

An image stack across the carbon K-edge (280-320 eV) was acquired from the circled 

region in Figure 65c, which yielded the absorption spectrum shown in Figure 65d.  

The absorption spectrum shown in Figure 65d is compared alongside spectra for 

tissue-derived protein from a neuropil region and for recombinant α-synuclein in 

Figure 66. All three spectra are defined by 3 clear peaks at 285.5, 288.6 and 290 eV. 

These peaks correspond to the 1s → π* transitions for aromatic and amide groups, 

respectively (see Table 4) [216]. The peak at 290 eV can be attributed to 1s → σ*(C-N) 

transitions in various amino acids, including arginine and asparagine [217]. No 

evidence was found for distinguishing absorption features amongst the spectra for 

α-synuclein and tissue-derived protein.  
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Figure 65: Locating α-synuclein-rich regions in PD substantia nigra and performing spectral analysis in 
an unstained consecutive section. (a) Masson-Fontana stain, with NM-pigmented neuron of interest 
highlighted, (b) Immunostaining image of same cell shown in (a), (c) STXM protein speciation map of 
the same cell shown in (a) and (b) in an unstained consecutive section, (d) carbon K-edge absorption 
spectrum from region circled in (c).  
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Figure 66: Carbon K-edge x-ray absorption spectra from a Lewy Body region and neuropil region of PD 
substantia nigra, and of recombinant α-synuclein. Dotted lines mark the positions of common 
absorption features at 285.5, 288.6 and 290 eV. The spectrum for recombinant α-synuclein was 
subjected to 3-point smoothing for display purposes to accommodate lower signal-to-noise above 290 
eV. Traces vertically offset for clarity. 

6.2.2 Neuromelanin STXM mapping 

Optical images were initially used to locate dopaminergic neurons within serial 200 

nm sections of substantia nigra tissue prior to STXM analysis. Optical microscopy 

permitted a wide field of view, enabling histology sections to be rapidly screened; 

sections which showed strong positive staining for NM at 10x magnification, were 

imaged in greater detail at 40x magnification, as shown in Figure 67. The same NM-

pigmented cells were then identified in consecutive, unstained sections mounted 

onto TEM grids for STXM analysis, where the NM pigment was just visible without 

staining. Multiple regions of interest were located in stained sections to account for 

those covered by grid bars in paired grid mounted sections.  
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Figure 67: Matching regions of interest in Masson-Fontana stained sections of control substantia nigra 
with unstained consecutive sections. Control Case C1, section thickness=200nm. (a) Overview image 
of stained section at x10 magnification. (b, c) Insets from overview image (a) showing NM-pigmented 
cell clusters at x40 magnification. (d, e) Same cells shown in (b) and (c) identified in unstained, 
consecutive sections and mounted on to TEM grids for STXM analysis.  

 

At Diamond I08 beamline, unstained grid mounted sections were scanned with an 

incident beam energy of 287 eV to locate regions of interest. NM-rich intracellular 

regions were selected, guided by the corresponding optical micrographs of the paired 

stained sections (e.g. Figure 67c). Using the NM-pigmented cell shown in Figure 67c 

as an example, a neuropil region was selected by first creating a protein speciation 

map (as described previously in Part 6.2.1). The resultant map displayed the tissue 

ultrastructure within the section, shown in Figure 68b. 
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An image stack across the carbon K-edge was acquired within both neuropil and NM-

rich regions in order to compare the absorption spectra. The spectrum acquired from 

the neuropil region was characterised by 3 clear peaks at 285.5, 288.6 and 290 eV 

(Figure 68e), previously defined in Table 4. The spectrum acquired from the 

intracellular NM region exhibited suppression of the principal amide peak (288.6 eV) 

compared to protein, and the appearance of a doublet feature, including a 

characteristic peak at 287.4 eV that was not observed in tissue spectra (Figure 68f).  

An additional speciation map was created by subtracting an off-peak image (282.8 

eV) from an image acquired at 287.4 eV, where the characteristic NM absorption 

feature was observed. This is shown in Figure 68c. By acquiring large area STXM maps 

of the whole cell body at 200 nm spatial resolution, a detailed depiction of granular 

morphology and distribution of NM could be resolved. 
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Figure 68: Dopaminergic neuron identified in control substantia nigra using optical microscopy, then 
mapped using STXM at the carbon K-edge in a consecutive tissue section. Control Case C1, section 
thickness=200 nm. (a) Masson-Fontana stained cell, (b) protein speciation map, (c) NM speciation 
map using peak at 287.4 eV, (d) Composite map showing protein (grey), NM (green, (e) carbon K-edge 
spectrum from neuropil region, (f) carbon K-edge spectrum from NM-rich region. A dotted line marks 
the position of the absorption feature distinguishing NM at 287.4 eV. Figure adapted from Brooks et 
al., Angewandte Chemie, 2020 [215].  

Correlation analysis of an optical image acquired from a Masson-Fontana stained 

section (Figure 68a), and a STXM NM speciation map in the corresponding adjacent 

section (Figure 68c) confirmed a spatial correlation between the optical and 

synchrotron-measured cellular distributions of NM, with a correlation coefficient of 
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0.76, shown in Appendix Figure E1. Additional examples of correlative staining and 

NM mapping are shown for the same control case in Figure 69. 

The same distinguishing absorption feature at 287.4 eV was utilised to map the NM 

distribution in PD substantia nigra (Case PD1), shown in Figure 70d. Supplementary 

mapping at the iron L3-absorption edge demonstrated some neurons to be heavily 

loaded with iron (Figure 70e), with iron distribution closely matching to that of NM. 

Cross correlation of the synchrotron-acquired NM and iron maps yielded a 

correlation coefficient of 0.76 (Appendix Figure E2).  

 

 

Figure 69: Additional example of neuromelanin silver nitrate staining paired with label-free NM 
mapping using STXM. (a, b) Silver nitrate-stained neurons in control SNc (Case C1). (c, d) Paired 
neuromelanin STXM maps for a) and b), respectively. In this example, non-specific background 
staining in a) and b) precluded quantitative correlation analysis for this example. Figure adapted from 
Brooks et al., Angewandte Chemie, 2020 [215].   
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6.2.2.1 Comparison to reference materials  

Carbon K-edge absorption spectra collected from both iron-free and iron-loaded 

synthetic NM analogues are shown alongside intracellular NM from case PD1 in 

Figure 71. The absorption feature at 287.4 eV was reproduced in both the 

intracellular and synthetic NM spectra. The absorption feature was also reproduced 

in successive scans, where the shape of the peaks remained the same with no 

evidence of beam-induced peaks (Appendix Figure F1). Linear combination fitting of 

the intracellular NM spectrum from case PD1 was performed to ascertain how well 

the spectrum could be explained in terms of contributions from tissue-derived 

protein and synthetic NM (i.e., pure dopamine/cysteine polymer).  Fitting was limited 

to the energy range between 283.5 and 290.5 eV in order to focus on the features of 

interest.  A weighted fit of the intracellular NM spectrum was consistent with 21% 

tissue-derived protein and 79% NM (69% iron-loaded synthetic NM, 10% iron-free 

synthetic NM).   

Figure 72 shows carbon K-edge absorption spectra acquired from precursor materials 

dopamine and L-cysteine alongside the spectrum for intracellular NM, previously 

shown in Figure 68. Spectra for benzothiazine, which occurs as a functional group 

within the pheomelanin structure, as well as the intracellular proteins α-synuclein 

(previously shown in Figure 66) and ferritin are also compared. The overall NM 

spectrum is distinct from those of its precursor materials. However, a broad feature 

centred at 287.4 eV is evident in the spectrum of L-cysteine and a much sharper 

absorption feature is present in the benzothiazine spectrum at 287.4 eV, precisely 

matching the energy position of the characteristic NM absorption feature.  
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Figure 70: Dopaminergic neuron identified in PD substantia nigra using optical microscopy, then 
mapped using STXM at the carbon K-edge and iron L-edge in a consecutive tissue section. Case PD1, 
section thickness=200 nm. (a) Unstained cell. (b) Masson-Fontana stained cell, arrow marks the 
position of a fold introduced into the resin by staining. (c) Protein speciation map. (d) NM speciation 
map using peak at 287.4 eV. (e) Iron map. (f) Composite map showing protein (blue), NM (green) and 
iron (red). The individual RBG colour channels were manually adjusted for display purposes. Figure 
adapted from Brooks et al., Angewandte Chemie, 2020 [215].   
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Figure 71: Highlighting an absorption feature which enables specific isolation of neuromelanin signal 
from surrounding tissue without staining. Carbon K-edge x-ray absorption spectra from intracellular 
NM (case PD1), synthetic NM, synthetic NM+Fe and a neuropil region (case PD1). Traces are vertically 
offset for clarity. A dotted line marks the position of the absorption feature attributed to NM at 287.4 
eV, which is not observed within the NM-free tissue region. Results from linear combination fitting of 
the intracellular NM spectrum are over-plotted with a dashed line. Intracellular NM was consistent 
with 21% protein and 79% NM (69% NM+Fe, 10% NM), with χ2 value of 0.04 obtained for the fit. The 
difference between NM and NM+Fe is sufficient to impact fit quality, but (as evidenced in the 
individual traces shown), the differences between NM and NM+Fe arise predominantly from the 
relative amplitude of features rather than presence or absence of peaks in the energy spectrum. An 
expanded view of the feature in the energy region 286.5 – 288.5 eV is shown in the panel on the right. 
Figure reproduced from Brooks et al., Angewandte Chemie, 2020 [215].   
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Figure 72: Comparing the neuromelanin x-ray absorption spectrum with spectra from constituent 
materials and intracellular components. Carbon K-edge x-ray absorption spectra from intracellular 
NM, precursor materials dopamine and L-cysteine, intra-cellular components ferritin and α-synuclein, 
and NM functional group benzothiazine. A dotted line marks the position of the absorption feature 
distinguishing NM at 287.4 eV, shown to be dominant in the benzothiazine spectrum, but absent in 
the other presented carbon spectra. A dashed line marks the position of the principal amide peak at 
288.6 eV. Spectra acquired for all samples shown (except intracellular NM and ferritin) were subjected 

to 3-point smoothing for display purposes to accommodate lower signal-to-noise above 290 eV. 

Traces vertically offset for clarity. Figure reproduced from Brooks et al., Angewandte Chemie, 2020 
[215].   

Having discovered and described the spectral feature that permitted NM mapping, 

the spectral feature was confirmed in SNc from a second PD case (case PD2), and 

further applied to NM imaging in SNc from subjects with Alzheimer’s disease and 
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Neurodegeneration with Brain Iron Accumulation. The NM contrast was consistently 

observed in all examples, as illustrated in Figure 73.     

 

 

Figure 73: Application of the novel STXM neuromelanin mapping technique to multiple disease types. 
STXM analysis of case PD2, where for a single neuron, speciation maps show distributions of (a) NM, 
(b) protein, (c) composite map (NM – green, protein – blue). Parts (d) – (f) show application of NM 
mapping to post-mortem human substantia nigra tissue: (d) Alzheimer’s disease (AD) case AD1, 
showing NM distribution over large field of view including multiple pigmented neurons, (e) additional 
neuron from neurologically-healthy control case C1, (f) Neurodegeneration with Brain Iron 
Accumulation (NBIA) case, showing contrast associated with neuromelanin deposits in the tissue. 
Figure reproduced from Brooks et al., Angewandte Chemie, 2020 [215].   
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6.3 Discussion  

Significant differences were not observed for carbon K-edge x-ray absorption spectra 

obtained from α-synuclein-rich and neuropil regions within substantia nigra tissue. 

In contrast, comparison of x-ray absorption spectra obtained from NM-rich and 

neuropil regions revealed differences between NM polymer and tissue-derived 

protein. A distinguishing feature present in the NM spectrum at 287.4 eV, but absent 

in the tissue-derived protein spectrum, was exploited for selective label-free 

mapping of NM in tissue, without the necessity for chemical staining.  

Correlation between immunostained and STXM mapped ultrathin sections was 

achieved, although it is clear that the protocol for immunostaining α-synuclein in 

ultrathin sections requires further optimisation. This forms the basis for providing 

extremely complementary datasets, whereby immunostained distributions can be 

correlated alongside label-free, in situ chemical analysis in duplicate tissue regions. 

This is applicable not only to α-synuclein localisation, but to immunostaining for any 

protein/peptide of interest.   

The lack of a distinguishing absorption feature for α-synuclein at the carbon K-edge 

may be explained by minimal differences in composition between α-synuclein and 

tissue-derived protein, requiring a level of specificity that is not yet achievable even 

with STXM analysis. The “building block principle” states that spectra acquired from 

complex structures can be divided into individual contributions from specific 

functional groups/bonds [257]. Important caveats to this approach are the effects of 

delocalisation of electro5nic charge across functional groups giving rise to new 

molecular orbitals [257], the effects of changing bond length on overlap between 

orbitals [258], and practical restrictions on available energy resolution. Αlpha-

synuclein and tissue-derived protein are both fundamentally composed of amino 

acid groups connected by peptide bonds, therefore unless the α-synuclein spectrum 

in tissue is significantly modified relative to the synthetic α-synuclein spectrum (as 

previously demonstrated for modified amyloid by Telling et al. [209]), then it is 

unlikely to be distinguishable from tissue-derived protein within the limits of 

available energy resolution at Diamond I08 (0.125 eV). For the single PD case 
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analysed in this pilot study, carbon K-edge spectra acquired from Lewy Body 

inclusions and tissue-derived protein demonstrated the same identifiable absorption 

features, however analysis of additional PD cases is required to support this 

observation.  

Future investigation will also seek to perform spectral analysis at the phosphorous K-

edge (2.01 KeV). Acknowledging that this would require a modified beamline set-up, 

incorporating a different focusing zone plate and new measurement parameters to 

mitigate beam damage in the higher energy beam, spectral analysis at the 

phosphorous K-edge may enable phosphorylated α-synuclein to be targeted for 

label-free mapping.  

Whilst NM has a protein component at its core, unlike α-synuclein, NM is mainly 

composed of a melanic polymer. This structural difference enables NM to be 

distinguished from surrounding tissue-derived protein, as demonstrated for 

substantia nigra tissue from neurologically healthy controls and multiple disease 

types in Figure 73 . Indeed, NM contrast arising from the spectral feature centred at 

287.4 eV was consistently observed in substantia nigra tissue from the five 

independent cases, irrespective of disease classification. This suggested approach 

was supported by quantitatively comparing neuromelanin maps obtained with 

conventional silver nitrate staining and label-free STXM analysis in consecutive 

sections. The high spatial resolution of STXM enabled individual neuromelanin 

granules to be clearly resolved, such that correlated NM distributions were 

evidenced between stained and STXM-mapped sections.  

The structural relevance of the synthetic NM analogues (both with and without iron 

loading) was demonstrated by comparing their absorption spectra with that obtained 

from intracellular NM. The same characteristic shape was observed in all three cases, 

with peaks present at the same energy values. In future in vitro studies, STXM could 

be employed to trace NM distribution in complex model systems e.g. in competitive 

metal binding experiments. Linear combination fitting suggested that intracellular 

NM was composed of part protein and part NM polymer, consistent with the multiple 

structural components of intracellular NM reported in the literature [69, 228].  
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In Part 5.2.3, it was demonstrated using SXRF that elevated sulfur levels in NM can 

be used to distinguish NM from surrounding tissue, supporting earlier observations 

using NanoSIMS from Biesemeier et al. [68]. Although sulfur is unambiguously 

elevated in NM, sulfur is ubiquitously distributed throughout human brain tissue in 

amino acid residues cysteine and methionine, as well as other thiols, disulfides, and 

sulfates. In contrast, the presented STXM approach utilises a signature in the NM 

spectrum, present in both intracellular and synthetic NM, providing an independent 

marker. Advantages conferred by this include capacity to differentiate 

unambiguously deposits of extracellular NM from other material such as 

concentrated sulfate, and the benefit of simultaneously mapping the surrounding 

tissue using another absorption feature present in the carbon K‐edge spectrum, 

allowing both signals to be extracted from a single measurement. 

The ability to distinguish NM from surrounding tissue without staining or prerequisite 

identification of intact cells is highly useful for mapping NM over relatively large (mm-

sized) areas; however, STXM also has capacity to focus over micron-sized regions of 

interest at nanoscale resolution. The scope for characterisation of both organic and 

inorganic tissue components using STXM over these length scales has been 

previously demonstrated [259, 260]. Hence, it is important to also consider the 

potential for distinguishing NM from other intracellular constituents, particularly 

those with affinity for metal ions. Figure 72 indicates that x-ray absorption 

spectroscopy (XAS) at the carbon K-edge may indeed be used to differentiate NM 

from the iron storage protein, ferritin, and the dominant constituent of Lewy bodies, 

α-synuclein. Given the relative ease with which soft x-ray techniques can switch 

between organic and inorganic (metal) edges, STXM could be further applied to 

examine NM-bound metals independent of ferritin-/synuclein-bound metals within 

the same cell. Moreover, the nanoscale resolution of STXM permits characterisation 

of sub-micron sized deposits that may be present at concentrations below the 

detection limits of alternative techniques [261],  thus providing a critical opportunity 

to investigate the individual role played by NM in metal ion metabolism. This area 

has been largely unexplored by high-resolution spectromicroscopy [68], particularly 

in unfixed tissue where chemical alteration is minimised. 
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The precise origin of each spectral difference between NM and NM-free tissue 

cannot be conclusively determined using STXM alone; however, in accordance with 

the “building block principle”, it is possible to speculate based on the standards 

measured in this study, knowledge of the functional groups present, and XAS data 

available from the literature [217, 257, 258, 262, 263]. Although the number of 

studies that have collected XAS data from melanin at the carbon K-edge is very 

limited, comparisons to the present study should be drawn where possible to limit 

the influence of the aforementioned caveats to the building block principle.  

The peak at 287.4 eV, used to create NM speciation maps, likely originates from the 

pheomelanin portion of NM, given that previous XAS measurements of eumelanin 

did not report the presence of features between peaks observed at 285.5 eV (1s → 

π* aromatics) and 288.6 eV (1s → π* carboxyl groups) [262].  A pronounced peak at 

287.4 eV observed in the XAS spectrum of L-cysteine has previously been ascribed to 

C-SH bonds, specifically the 1s → σ*(C-S) transition, with the position of the peak 

being independent of C-S bond length [257]. The present study confirmed the 

appearance of a broad feature centred at 287.4 eV in the spectrum of L-cysteine, and 

whilst it is probable that this feature contributes to the NM spectrum, Figure 72 

demonstrates that neither precursor material (dopamine or cysteine) can fully 

account for the sharp feature observed at 287.4 eV in the NM spectrum.  

Earlier XAS studies of synthetic and intracellular neuromelanin at the sulfur K-edge 

found that sulfur may be present in a cysteine-like environment, or contained within 

a benzothiazine-like ring (heterocycle containing one sulfur and one nitrogen atom) 

[263]. Contributions from these functional groups would arise from the core 

pheomelanin component of neuromelanin but would be absent in either dopamine 

or cysteine independently. It therefore reasons to postulate an influence of 

benzothiazine groups on the observed NM spectrum and the characteristic feature 

at 287.4 eV, used to distinguish NM polymer from surrounding tissue. On testing this, 

findings show a prominent absorption peak was indeed present in the benzothiazine 

spectrum at 287.4 eV, thus supporting the hypothesis. The 1s → σ* transition (C-S) 

is the most plausible explanation for this peak in the benzothiazine spectrum, since 

this transition has been reported to occur around this energy in a range of organic, 
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sulfur-containing molecules [217]. Speciation mapping at the carbon K-edge using a 

peak attributable to the 1s → σ* (C-S) transition in benzothiazine could be further 

applied to identify peripheral pheomelanin in a range of biological samples, including 

skin and hair samples.   

 

6.4 Summary  

It has been demonstrated here that a characteristic peak in the carbon K-edge x-ray 

absorption spectrum of neuromelanin can be used as a basis for label-free mapping 

of neuromelanin in human brain tissue. Based on standards, and peak assignments 

reported in the literature, it was shown that this peak can be assigned to a 1s → σ* 

(C-S) transition in benzothiazine fragments found in the pheomelanin portion of 

neuromelanin. Hence, this approach could be applied to selective visualisation of 

pheomelanin in a range of biological samples.  This new method holds a number of 

key advantages over conventional staining or electron microscopy techniques, in that 

(1) neuromelanin is visualised without reliance on detectable pigmentation, (2) no 

chemicals that demonstrably displace or alter the target species are introduced, (3) 

neuromelanin distribution is isolated from those of other tissue components, (4) 

artefacts in the tissue (e.g. score marks) are removed upon image subtraction, (5) 

effective spatial resolution is unaffected by highly electron-dense deposits, and (6) 

photo-induced damage is minimised. 

The basis for correlating immunostaining of α-synuclein with label-free mapping of 

anatomical tissue ultrastructure was also demonstrated, although a unique 

absorption feature to specific enable label-free mapping of α-synuclein (akin to that 

discovered for neuromelanin) is yet to be discovered at the carbon K-edge for α-

synuclein. This work is still in the development phase, where further PD cases and 

measurements at additional absorption edges are required to confirm scope for 

label-free mapping of α-synuclein using x-ray absorption spectroscopy.   

A further advantage of using STXM to perform in situ chemical analysis is the 

capability to switch easily between characteristic absorption edges for light and 

heavy elements. This presents unique opportunities to correlate the distributions of 
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organic tissue components (such as NM) with various metals implicated in 

Parkinson’s disease and related disorders. A number of further research questions 

are proffered which will be explored in Chapter 7: 

1. Can STXM be applied to the in situ, label-free analysis of both neuromelanin 

and neuromelanin-associated metal ions in the same sample? 

2. Is neuromelanin the only site which concentrates metal ions within melanised 

nigral neurons? 

3. Does the capacity for distinguishing individual neuromelanin granules offer 

new insight into the intracellular oxidation states of metal ions? 
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7 STXM analysis of neuronal iron deposits in 
PD and control substantia nigra 

 

7.1 Introduction 

Whilst no consensus has yet been reached regarding the biological function of NM, 

and a direct relationship between neuron vulnerability and the presence of NM 

remains unclear, the strong affinity NM has for metal ions is a factor receiving 

considerable attention [264]. The previous chapter tackled label-free visualisation of 

NM in situ and ultimately presented a means for using soft x-ray spectromicroscopy 

in the form of STXM to meet this challenge. This chapter will extend the versatile 

STXM approach to further explore the metal binding role of NM. As shown in Chapter 

5, iron is heavily concentrated in neuronal NM clusters, therefore iron will be the 

focus of this chapter.  

The iron storage protein ferritin is the dominant iron sink in the glial cells of the SNc, 

whilst  iron in nigral neurons is primarily bound by NM [265, 266]. Similar to the role 

of ferritin, NM has been shown to sequester ferrous iron and bind it in a redox-

stabilised ferric form. This storage mechanism is thought to act as an intrinsic defence 

against labile metal ion accumulation, thereby restricting extracellular redox activity 

and shielding surrounding cells from oxidative stress and associated toxicity [70, 73]. 

However, it has also been proposed that the anti-oxidant defences offered by iron-

binding molecules such as ferritin and NM may be impaired by the ageing process, 

thereby increasing vulnerability towards age-related oxidative stress [26, 267]. 

Moreover, it is possible that the storage capacity of these iron reservoirs may be 

particularly compromised when PD is superimposed on the ageing process, leading 

to hazardous levels of redox-active iron contained within, or in the immediate vicinity 

of highly vulnerable neurons [268-270]. 

Indeed, work by Oakley and co-workers demonstrated more than two-fold average 

increase in intraneuronal iron concentration in PD SNc relative to age-matched 

controls, whilst also noting the requirement for additional advanced techniques to 
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determine the chemical form of elevated iron [75]. More recent work by Biesemeier 

and co-workers in 2016 further highlighted the surprising lack of high-resolution 

chemical analysis and imaging studies investigating interactions between NM and 

iron [68]. It is evident that despite the potential implications for disease-specific iron 

dysregulation in PD, there has still only been limited exploration of NM:metal binding 

in human brain tissue. This is chiefly because non-disruptive, label-free analysis of 

brain metals poses inherent and significant analytical challenges which are beyond 

the reach of most lab-based techniques.  

As demonstrated in the previous chapter, STXM has utility for specific mapping of 

target organic structures in brain tissue. The potential of this technique can be 

extended to permit characterisation of inorganic metal distributions with respect to 

anatomical tissue structure at nanoscale resolution. STXM has previously been 

applied in this capacity to examine the morphology of Aβ aggregates and associated 

changes in the oxidation state of co-incubated iron in vitro [133, 134]. More recent 

work has employed STXM for the characterisation of both organic and inorganic 

distributions in a mouse model of AD [209], and demonstrated proof of concept for 

application to human brain tissue [259]. 

The aim of the work presented in this chapter was to apply STXM to the 

characterisation of iron deposits and their local environment within melanised 

neurons of SNc from PD and neurologically healthy control cases. This aim was 

divided into the following objectives: 

1. Describe the iron distributions within melanised neurons of the SNc, in 

context with organic tissue ultrastructure, using STXM mapping at the iron L-

edge and carbon/oxygen K-edges. 

2. Interrogate the oxidation state of iron deposits associating with individual 

neuromelanin clusters using iron L-edge STXM spectromicroscopy at 

nanoscale spatial resolution.  

3. Compare the distributional patterns and oxidation states of iron in SNc from 

PD and neurologically healthy controls to provide insight into the metallomics 

of PD and/or normal bio-iron metabolism.  
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Some of the data from this chapter has now been published, where the full 

publication is included in Appendix H: Publications (Brooks and Everett et al., J. Trace 

Elem. Med. Biol., 2020).  

 

7.2 Results 

7.2.1 Speciation of neuromelanin-associated iron 

500 nm thick sections of PD substantia nigra tissue were analysed to maximise iron 

signal for spectroscopy analysis. Since the tissue section thickness impeded 

transmission of the incident x-ray beam at the carbon K-edge, tissue ultrastructure 

was instead mapped using a higher energy incident beam at the oxygen K-edge (532 

eV). An oxygen K-edge spectrum from tissue-derived protein is shown in Figure 74. 

The peak at 532 eV corresponding to 1s to π* transitions from protein carbonyl 

groups (see Table 4) was used to collect peak images, whilst an incident beam energy 

of 530 eV (not associated with any spectral features) was used to collect off-peak 

images. A protein speciation map for a single dopaminergic neuron in PD substantia 

nigra (case PD1) is shown in Figure 75a.  From this map, a clear cell border and 

intracellular structure is visible.  
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Figure 74: Oxygen K-edge spectrum from a region of tissue-derived protein. A dotted line marks the 
position of the carbonyl peak at 532 eV used to map tissue ultrastructure in 500 nm-thick tissue 
sections.  

Since the approach to specific label-free mapping of NM at the carbon K-edge 

(discussed in Chapter 6) was also precluded by the increased section thickness, 

intracellular NM granules were visualised based on increased optical density relative 

to surrounding neuropil at the off-peak energy of 530 eV. Performing the maps at 

spatial resolution of 200 nm allowed individual NM granules <600 nm in diameter to 

be clearly resolved. Figure 75b shows NM granules appearing as areas of high 

contrast, overlaid on the protein speciation map in Figure 75c.  

Iron L3-edge mapping of the same neuron at 708 eV, showed iron distribution which 

closely matches that of NM, suggesting NM to be loaded with iron. To establish the 

oxidation state of the NM-associated iron, x-ray spectromicroscopy was performed 

over the iron L3-edge. At the L3-edge, ferric (Fe3+) materials display a principal 

absorption peak at 709.5 eV and a further low intensity peak at 708 eV, both arising 

from Fe3+ cations (as shown in reference spectrum in Figure 75f; orange spectrum).  

In contrast, pure ferrous (Fe2+) materials display a single peak at 708 eV (see Figure 

75f; green spectrum). Therefore, increases in the Fe2+ content of an originally ferric 

material result in an increased peak intensity at 708 eV with respect to the feature at 
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709.5 eV. The iron L3-edge x-ray absorption spectrum from the NM-associated iron 

(Figure 75f; blue spectrum) strongly resembled the ferrous standard, demonstrating 

this iron to be predominantly Fe2+. Chemically-reduced iron associated with NM is 

also shown for a neuron from Case PD2 in Appendix Figure F2. 

 

 

Figure 75: X-ray speciation maps, images and an iron L3-edge x-ray absorption spectrum from a 
melanised neuron in PD substantia nigra (Case PD1). (a) Oxygen K-edge tissue map. (b) Off-peak 530 
eV image, showing NM granules as areas of strong contrast. (c) Composite image displaying tissue 
(cyan) and NM (red) content. (d) Iron L3-edge speciation map at 708 eV and (e) composite image 
displaying iron (blue) and NM (red), from the area highlighted in (b). (f) Iron L3-edge spectrum (blue) 
from the NM area shown in (d). Ferric (Fe3+; orange) and ferrous (Fe2+; green) standard spectra are 
also provided for reference. Figure adapted from Brooks and Everett et al., J. Trace. Elem. Med. Biol., 
2020 [271]. 

Oxygen K-edge maps of tissue-derived protein and NM granules are shown for a 

region of interest in substantia nigra from another PD case (PD3) in Figure 76a-c. 

Maps show a NM-pigmented neuron with clear cell membrane, adjacent to a smaller 

cluster of NM with no clear cell membrane.  
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To approximate the distributions of ferric and ferrous iron within this region, 

speciation maps were created using the principal absorption peaks for Fe3+ and Fe2+ 

cations. An off-peak image acquired at 705 eV was subtracted from images at 709.5 

and 708 eV to reveal the relative absorption at these two energies, shown in Figure 

76d-e. 

NM absorption relative to background is lower at the iron L3-edge than at the oxygen 

K-edge. Consequently, some maps were more severely affected by image artefacts 

caused by top-up lines, whereby decay in beam intensity and periodic top-up during 

scans produced a banding effect on the images. Images containing top-up artefacts 

were manually removed from image stacks consisting of 80+ images, since each stack 

image is acquired rapidly over a small area where removal of a handful of images 

does not alter the resultant spectrum. When acquiring high resolution maps, 

comprised of two or three images over larger areas (whole cells, for example), the 

length of scans exceeded the period between top-ups, therefore top-up artefacts 

were in many cases unavoidable. Since all images were required to create speciation 

maps and therefore isolated images could not be removed, top-up artefacts were 

instead corrected for post-collection using the contrast adjustment tool in ImageJ, 

demonstrated in Appendix Figure D6. This was used for display purposes only, where 

no attempts were made to quantify metal concentrations from the speciation maps.  

The corrected iron speciation maps are placed in context with tissue ultrastructure 

in the composite map shown in Figure 76f. The NM-associated iron within the cell 

membrane is predominantly ferric, whilst discrete iron deposits (0.5-1.5 μm in 

diameter) contained within the smaller NM cluster demonstrate strong absorption 

at 708 eV, indicating increased contribution from ferrous iron. A ring of strongly ferric 

iron is also evident beneath the neuron, likely to be haem iron stored within the lining 

of a blood vessel.  

An additional difference map was created by subtracting the iron map at 709.5 eV 

from the iron map at 708 eV map, thereby showing iron deposits strongly absorbing 

at the Fe3+ peak as regions of dark contrast and deposits strongly absorbing at the 

Fe2+/Fe0 peak as regions of light contrast, displayed in Figure 76g. This demonstrates 
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that the smaller NM cluster harbours iron deposits in a range of oxidation states, 

varying significantly over sub-micron length scales.   

As shown in the reference spectra in Figure 75f, both pure ferric and ferrous 

materials display absorption at 708 eV (albeit more pronounced for ferrous 

materials), therefore difference maps such as the one shown in Figure 76g can only 

provide an approximate indication of the distribution in iron oxidation states. To 

provide a more comprehensive analysis of the variation in iron oxidation state, x-ray 

spectromicroscopy was performed over the iron L3 and L2 absorption edges. Before 

extracting absorption spectra, the sequences of images collected during iron stacks 

were used to create inset speciation maps at enhanced spatial resolution; the smaller 

inset area permitted stacks to be collected at 100 nm spatial resolution, compared 

to 200 nm for the larger maps. This allowed NM granules to be more clearly defined 

for the purposes of comparing absorption spectra amongst adjacent granules.  

Spectra show a mix of ferrous and ferric contributions, with very limited variation in 

the proportional contributions from ferric and ferrous iron to the overall spectra. Iron 

absorption spectra acquired from the smaller NM cluster are plotted in ascending 

order of Fe2+ contribution, as evidenced by enhancement of the peak at 708 eV 

relative to the principal Fe3+ peak at 709.5 eV. In contrast to the larger cell, iron 

absorption spectra acquired from the smaller NM cluster showed drastic variation in 

iron chemistry between adjacent NM granules, measured under identical x-ray 

exposure. Iron signal was also considerably higher in this region than in the adjacent 

cell, such that there was appreciable absorption signal at both iron L3 and L2 edges. 

This allowed for the relative proportions of iron phases to be estimated by 

quantitative fitting. Fits indicated that iron oxidation state in this region ranged from 

almost pure ferric (region E1) to pure ferrous iron (region E4). The spectrum derived 

from region E3 showed high post-edge absorption intensity and broadened peaks 

relative to the pure ferrous iron spectrum in E4, consistent with metallic iron (see 

reference spectrum in Appendix Figure D7). Indeed, fitting indicated a ca. 50% 

contribution from zero valent metallic iron (Fe0).  
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Figure 76: STXM mapping of melanised neurons in PD substantia nigra (Case PD3) at the oxygen K-
edge and iron L3-edge. (a) Protein speciation map. (b) Off-peak image at 530 eV, showing NM granules 
as regions of increased optical density. (c) Composite image, showing protein (grey) and NM (green). 
(d) Iron speciation map at 709.5 eV (principal Fe3+ peak). (e) Iron speciation map at 708 eV (principal 
Fe2+ peak). (f) Composite image showing protein (grey), Fe3+ (blue) and Fe2+ (red). (g) Difference map 
Fe3+ (e) subtracted from Fe2+ (d), where Fe3+ is shown as dark contrast and Fe2+ shown as light contrast. 
Cell membrane (yellow arrow), smaller NM cluster (blue arrow), blood vessel (red arrow). Scale bar is 
5 μm. 
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Figure 77: Iron L2,3-edge spectroscopy of neuromelanin-associated iron in PD substantia nigra (Case 
PD3). (a) Iron speciation map at 709.5 eV (principal Fe3+ peak), previously shown in Figure 76d. (b) 
Inset region of (a) at 100 nm spatial resolution. (c) Fe L-edge absorption spectra corresponding to the 
regions highlighted in (b), with spectra truncated to exclude the L2-edge where there was low signal-
to-noise. Spectra were subjected to 3-point smoothing for display purposes. (d) Fe oxidation state 
difference map, where Fe3+ is shown as dark contrast and Fe2+ is shown as light contrast, as previously 
shown in Figure 76g. (e, f) Inset regions of (d) at 100 nm spatial resolution. (g) Fe L2,3-edge absorption 
spectra corresponding to the regions highlighted in (e, f). Sample spectra (coloured circles) are fitted 
against suitably scaled iron standards for Fe3+, Fe2+ and Fe0. Solid black lines show the best fit curves 
and relative phase proportions (as indicated by the fit) are displayed to the right of each spectrum. 
Dashed and dotted lines mark the positions of principal absorption peaks for Fe2+ and Fe3+ cations, 
respectively. 

7.2.2 Intranuclear iron deposits 

In another nigral neuron from the same tissue section, oxygen K-edge mapping 

revealed intracellular neuromelanin clusters alongside a dense ball of protein, both 

encapsulated within a well-preserved cell membrane (see Figure 78a-c). The round 

protein-dense structure was assumed to be the cell nucleolus, with surrounding cell 

nucleus also evidenced in the protein speciation map (Figure 78a). Remarkably, iron 

speciation mapping revealed the cell nucleus to be largely devoid of iron signal, with 
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the exception of a conspicuous deposit of highly concentrated iron associating with 

the cell nucleolus (Figure 78c-d).  

Iron L-edge spectromicroscopy supported a mix of ferrous and ferric contributions to 

the iron signal associated with NM granules, where there was again limited variation 

in the spectra acquired from adjacent NM clusters (Figure 78f). The spectrum 

obtained from the iron deposit associating with the cell nucleolus demonstrated the 

iron to be strongly ferric (Figure 78g).  

 

Figure 78: STXM mapping and spectroscopy of a melanised neuron in PD substantia nigra (Case PD3) 
at the oxygen K-edge and iron L2,3-edge. (a) Protein speciation map, cell membrane (yellow arrow), 
nucleus (blue arrow), nucleolus (orange arrow). (b) Composite image, showing protein (grey) and NM 
(green). (c) Composite image showing protein (blue), Fe2+ (red) and Fe3+ (yellow). (d) Difference map 
Fe3+ (e) subtracted from Fe2+ (d), where Fe3+ is shown as dark contrast and Fe2+ shown as light contrast, 
red arrow indicating the presence of a ferric iron-loaded blood vessel. (e) Iron speciation map at 709.5 
eV (100 nm spatial resolution). (f) Iron L-edge absorption spectra corresponding to the regions 
highlighted in (e), with spectra truncated to exclude L2-edge where there was low signal-to-noise. 
Spectra were subjected to 3-point smoothing for display purposes. (g) Iron L2,3-edge spectrum from 
inset region shown in (d). 
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Protein speciation mapping revealed the cell nucleolus in an additional neuron from 

the same tissue section of PD substantia nigra, equally shown as a round and dense 

proteinaceous structure encapsulated within the cell membrane (Figure 79a). In this 

example, iron speciation mapping demonstrated the entire nucleolus to contain iron, 

with contributions from both Fe2+ and Fe3+ cations to the iron speciation maps shown 

in Figure 79d-f. Multiple iron L3-edge spectra were extracted from the stack over this 

region (Figure 79h, i), all concurring with the spectrum averaged over the entire 

nucleolus. This confirmed uniform oxidation state of the iron associating with the cell 

nucleolus, comprising of predominantly ferric iron with some ferrous contribution. 

This contrasts with the iron spectrum acquired from an intracellular region outside 

of the nucleolus (Figure 79h, i), which was shown to be more strongly ferric.   
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Figure 79: STXM mapping and spectroscopy of a melanised neuron in PD substantia nigra (Case PD3) 
at the oxygen K-edge and iron L2,3-edge. (a) Protein speciation map, cell nucleolus (orange arrow). (b) 
Off-peak image at 530 eV, showing NM granules as regions of increased optical density. (c) Composite 
image, showing protein (grey) and NM (green). (d) Iron speciation map at 708 eV (principal Fe2+ peak). 
(e) Iron speciation map at 709.5 eV (principal Fe3+ peak). (f) Difference map Fe3+ (e) subtracted from 
Fe2+ (d), where Fe3+ is shown as dark contrast and Fe2+ shown as light contrast. (g) Composite image 
showing protein (blue), Fe2+ (red) and Fe3+ (yellow). (h) Inset region of (d) at 100 nm resolution. (i) Iron 
L-edge absorption spectra corresponding to the regions highlighted in (h), with spectra truncated to 
exclude L2-edge where was low signal-to-noise. Spectra were subjected to 3-point smoothing for 
display purposes.   
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7.2.3 Control substantia nigra 

Iron speciation mapping and spectroscopy was performed in substantia nigra from 

two neurologically healthy control cases to compare to PD substantia nigra. 

At the iron L-edge, off-peak images acquired at 705 eV revealed in-tact neurons 

where the granular morphology of NM could again be distinguished based on 

increased optical density relative to surrounding tissue-derived protein. Iron 

speciation maps collected at principal absorption peaks for Fe2+ and Fe3+ cations 

demonstrated that signal acquired from NM-associated iron at the iron L-edge was 

considerably lower in control cases relative to PD cases. To support iron mapping in 

control neurons, 5 images were acquired at 0.1 eV steps, centred around the off-peak 

energy (705 eV) and principal absorption peak energies (708 and 709.5 eV). A mean 

average image was generated for the off-peak, Fe2+ and Fe3+ peaks to create iron 

speciation maps for control neurons. An example is shown for Control Case 2 in 

Figure 80, where NM-associated iron signal is only faintly above background for the 

bulk of the neuron. 

For iron deposits where signal-to-noise was adequate for spectrum interpretation, 

iron L3-edge absorption spectra demonstrate strongly ferric iron associating with NM.   
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Figure 80: STXM mapping and spectroscopy of a melanised neuron in neurologically healthy control 
substantia nigra (Case C2) at the iron L3-edge. (a) Off-peak image at 705 eV, showing NM granules as 
regions of elevated optical density. (b) Iron speciation map at 708 eV (principal Fe2+ peak). (c) Iron 
speciation map at 709.5 eV (principal Fe3+ peak). (d) Difference map Fe3+ (c) subtracted from Fe2+ (b), 
where Fe3+ is shown as dark contrast and Fe2+ shown as light contrast. (e) Inset of (d) at 100 nm spatial 
resolution, (f) iron L-edge absorption spectra corresponding to the regions highlighted in (e), with 
spectra truncated to exclude the L2-edge where there was low signal-to-noise. Spectra were subjected 
to 3-point smoothing for display purposes. 

 

Figure 81 shows iron mapping in a different neuron from the same control tissue 

section. Iron L3-edge spectroscopy revealed a NM-associated iron deposit with some 

ferrous contribution, shown in Figure 81g. The strongest signal however was 

acquired from ferric iron associating with NM.  
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Figure 81: STXM mapping and spectroscopy of a melanised neuron in neurologically healthy control 
substantia nigra (Case C2) at the iron L3-edge. (a) Off-peak image at 705 eV, showing NM granules as 
regions of elevated optical density. (b) Iron speciation map at 708 eV (principal Fe2+ peak). (c) Iron 
speciation map at 709.5 eV (principal Fe3+ peak). (d) Difference map Fe3+ (c) subtracted from Fe2+ (b), 
where Fe3+ is shown as dark contrast and Fe2+ shown as light contrast. (e) Composite image showing 
protein (blue), Fe2+ (red) and Fe3+ (yellow). (f)  Inset of (e) at 100 nm spatial resolution. (g) Iron L-edge 
absorption spectra corresponding to the regions highlighted in (f), with spectra truncated to exclude 
the L2-edge where there was low signal-to-noise. Spectra were subjected to 3-point smoothing for 
display purposes. 

 

7.3 Discussion 

Despite the association between elevated iron levels and PD having been recognised 

for nearly a century, the mechanisms linking iron dysregulation and  neurotoxicity 

are not yet fully understood, and it remains unclear as to why dopaminergic neurons 

in the SNc are so heavily affected by neurodegeneration [268]. Here, STXM was used 

to probe neuronal iron chemistry in SNc from PD and control cases to determine the 

scope for iron act as a contributing factor towards cell death.   

 

STXM can be applied to characterise NM-associated iron 

This work demonstrates that STXM is a powerful tool for analysing NM clusters and 

associated iron distributions within neuromelanin-containing neurons, without 

requirement for chemically disruptive staining. The ability to characterise metal ion 
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distributions in context with the surrounding anatomical tissue structure without 

labelling offers unique potential to investigate the native chemistry of tissue samples 

in situ. 

The positive identification of NM was informed by the specific approach to label-free 

mapping of NM using STXM, showcased in Chapter 6. Because STXM signal relies on 

energy-dependent x-ray transmission through the resin-embedded tissue sections, 

and on analyte concentration at a specific absorption edge, the approach to mapping 

NM outlined in Chapter 6 was optimised at the lower-energy carbon K-edge in 

thinner (200 nm) sections. In the present study, thicker 500 nm sections were used 

to maximise iron signal for the chemical speciation of NM-associated iron. In these 

500 nm sections, the off-resonance signals near the oxygen K-edge (530 eV) and iron 

L-edge (705 eV), evidenced sufficient contrast from the NM clusters that the NM 

distribution and chemical speciation of NM-associated iron could be studied. NM 

granules were distinguished by their characteristic granular morphology and 

increased optical density relative to surrounding cellular ultrastructure. Both the 

morphology and surrounding cellular context of large intracellular neuromelanin 

clusters were entirely consistent with large intracellular neuromelanin clusters 

observed previously using silver nitrate labelling, or optimised carbon K-edge STXM 

mapping, as shown in Chapter 6. 

With regards to possible underlying pathogenic mechanisms in PD, the chemical form 

of iron associating with vulnerable neurons may hold more significance than the local 

iron concentration. Destructive microprobe techniques such as laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS) have been utilised 

effectively for the purpose of quantifying metal concentrations in targeted regions of 

tissue [272, 273]. Whilst such techniques are ideally suited to quantification of metal 

concentrations in tissue and can certainly achieve exceptional chemical sensitivity, 

the capacity to distinguish different metal species or to measure regions on the 

nanoscale is lacking [186]. Here, it is demonstrated that soft x-ray spectromicroscopy 

in the form of STXM provides sufficiently high spatial resolution and chemical 

sensitivity to enable oxidation state analysis of iron deposits associated with 
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individual NM granules. Thus, STXM can be used to elucidate metal speciation on the 

nanoscale, whilst also preserving the sample for complementary analysis.  

Where iron concentrations are particularly low, such as in control SNc samples, STXM 

data has increased sensitivity towards artefacts originating from a variety of sources, 

for example top-up lines, stack misalignment, background drift etc. Such artefacts 

can be corrected for, as demonstrated here, but require a diligent approach to data 

processing. This can be time consuming due to the large volume of data acquired 

during a single STXM stack, where a spectrum can be obtained from every pixel. The 

ability to acquire large volumes of data from small volumes of sample is particularly 

important to post-mortem tissue studies, where sample supply is necessarily 

constrained [12]. 

 

Iron is elevated in PD compared to control 

Dense clusters of NM approximately 300-500 nm in diameter are shown to be loaded 

with iron, consistent with the well-documented high affinity of NM for metal ions 

[73, 74, 264]. Whilst STXM is not ideally suited to quantitative concentration analysis, 

neuronal iron signal was noticeably elevated in the three measured PD cases relative 

to the two neurologically healthy control cases, where only one control case 

demonstrated sufficient iron signal for supporting spectroscopy analysis. This 

concurs with previous findings from Oakley et al., where average neuronal iron level 

in PD substantia nigra was shown to be almost double that in age-matched controls 

[75]. A conclusive explanation for elevated iron levels in PD dopaminergic neurons is 

yet to be determined, although elevation of iron in PD substantia nigra has been 

linked to mitochondrial DNA mutations [75], perturbations to transferrin-mediated 

iron transport [274], a decrease in the ferrioxidase activity of cerulosplasmin [275], 

amongst other mechanisms.  
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Iron oxidation state varies between adjacent NM granules 

Despite iron typically being stored in a ferric (Fe3+) state within NM granules, 

nanoscale variations in iron oxidation state were observed between adjacent 

granules in PD SNc. This highlights the need for nanoscale spatial resolution when 

examining the biochemistry of tissue samples, whilst also showcasing the remarkable 

specificity of STXM for speciation analysis. NM-bound iron clusters measured with 

identical x-ray doses showed both ferric and ferrous-rich forms of iron. Iron stored 

inside blood vessels was shown to be strongly ferric, as expected for haem iron, 

serving as an internal control for monitoring x-ray dosage. Both observations support 

previous group work, demonstrating that x-ray beam reduction can be effectively 

mitigated using STXM [209]. This confirms that reduced iron phases observed in this 

study were not artificially generated.  

The presence of chemically reduced iron associating with NM in SNc is certainly 

intriguing with regards to the hypothesis that the antioxidant metal-binding function 

of NM may be compromised by ageing, or even specifically in PD [268-270]. One 

postulated mechanism is that an increase in concentration of NM-associated iron 

saturates high affinity NM binding sites, leaving excess iron bound to low affinity NM 

binding sites, which may remain redox-active [276]. If true, the drug, Clioquinol (CQ) 

may be considered for targeting loosely-bound redox iron in PD. CQ has previously 

been clinically trialled as an agent for redistributing copper and zinc from amyloid 

plaques (as discussed in Part 1.6), where the low-moderate affinity of CQ for metal 

ions (including iron) may facilitate exclusive dissociation from only the lowest affinity 

binding sites [155]. The presence of chemically reduced iron in the current study was 

certainly most evident in PD SNc, although its binding affinity was not measured. The 

possibility of chemically reduced iron falling below the limit of detection in control 

SNc also cannot be excluded.  

Given that iron phases were not artificially reduced by the incident beam, the 

localised variation in iron oxidation state supports the possibility of redox cycling 

between ferric (Fe3+) and ferrous (Fe2+) ions, potentially accompanied by generation 

of toxic species such as free radicals. Redox cycling of metal ions (including iron, 
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manganese and copper) may be instrumental in exacerbating oxidative stress in the 

brain, a mechanism which is receiving growing attention concerning its association 

with neurodegeneration and ageing in general [25, 277-279]. Findings in the present 

study support observations of elevated levels of redox activity specifically associated 

with NM in PD nigral neurons [280], providing a possible explanation for indices of 

free-radical damage associating with the degeneration of NM-pigmented neurons in 

SNc. Conversely, scavenging of redox-active metal ions by NM may inhibit the 

proliferation of Fenton-type chemistry and associated oxidative stress mechanisms 

in the surrounding extra-cellular milieu, serving to maintain neuronal populations. 

This hypothesis is supported by the binding affinity of NM for metal ions in control 

SNc, as evidenced in the present study where signal acquired from NM-associated 

iron was still elevated above that of the surrounding neuropil. NM iron loading in 

control SNc has also been mirrored by increased levels of redox activity compared to 

surrounding neuropil [280].  

 

Iron associates with cell nucleoli in NM-pigmented neurons of PD SNc 

Protein mapping at the oxygen K-edge indicated the presence of protein-dense 

nucleoli in NM-pigmented neurons of PD SNc, with the border of the surrounding cell 

nucleus also clearly visible in one neuron, shown in Figure 78a. Supporting histology 

will be required for unequivocal confirmation of nucleoli, which unfortunately was 

not possible during the timeline for this project, however the structure and context 

for observed protein-dense structures was strongly consistent with cell nucleoli. Only 

two examples of nucleoli were observed in this work; correlative histology may form 

the basis for STXM identification of additional examples in further tissue analyses. 

 The nucleolus is the subnuclear site of ribosomal ribonucleic acid (rRNA) 

transcription and assembly, essential to the growth of developing neurons and long-

term maintenance of mature neurons [281]. The nucleolus is also an essential 

intracellular stress sensor and plays a key role in cellular response to stress [282, 

283]. Nucleolus size is associated with its function [283], which in turn is closely 

related to neuronal function [282]. Reduced nucleolar size and damage to the 
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nucleolus have been observed in dopaminergic neurons from PD cases [284, 285], 

thus the nucleolus could potentially provide a valuable index of neuron function and 

stress state prior to cell death in PD [282, 284]. Despite its importance to neuronal 

function, precise mechanisms underlying morphological changes to the nucleolus in 

neurodegeneration are still poorly understood [282]. Since STXM is ideally suited to 

imaging the size of nucleoli at <100 nm spatial resolution, STXM could be used in 

future studies to correlate nucleolus size and morphology with alterations to the 

redox state of intracellular metal ions, a potential driver of oxidative stress.  

Results shown here also suggest that the nucleolus has affinity for iron; only two 

nucleoli were observed, both in NM-pigmented nigral neurons from the same PD 

case, however both nucleoli were associated with iron accumulation. Iron 

accumulation within cell nuclei has previously been reported in hippocampal glial 

cells from AD [286] and in cerebral cortex neurons in neuroferritinopathy [287], 

whilst the nuclei of healthy cells are largely devoid of detectable iron [288]. This 

suggests that accumulation of iron within the nucleus of vulnerable neurons may be 

a pathological event.  

It is possible that iron associating with nucleoli is bound to rRNA, proven to have high 

iron affinity both in vitro and in vivo [289]. RNA-bound redox active iron is thought to 

be instrumental in the oxidation of RNA in vulnerable neurons in AD [289], with RNA 

oxidation also implicated in PD [290]. Quintana et al. observed that subnuclear iron 

rich regions in AD glial cells could be attributed to ferritin deposits, speculating that 

ferritin may serve to protect DNA from oxidative damage by scavenging redox active 

iron [286], analogous to the protective role played by NM. Though it could not be 

confirmed from the available data whether the iron was stored in ferritin, results 

shown in the present study indicate the presence of ferric iron associating with cell 

nucleoli, supporting a mechanism which inhibits redox chemistry in a region 

vulnerable to oxidative stress. It may also be that iron plays an ill-defined role in rRNA 

biosynthesis, postulated by Roschzttartz et al. after discovering iron accumulation 

within the nucleoli of pea plant embryonic cells [288]. Whilst iron associating with 

cell nucleoli in the present study was shown to be strongly ferric in both examples, 

the respective iron distributions in each nucleolus were dramatically different; Figure 
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78 shows ferric iron heavily concentrated at the periphery of the nucleolus, whilst 

Figure 79 shows ferric iron more weakly distributed throughout the entire nucleolus 

body. It is possible that this indicates the presence of different iron binding 

molecules, suggesting that there may be various credible explanations for iron 

accumulation in cell nucleoli. Further examples are clearly required to investigate the 

potential iron sources more thoroughly, however preliminary data shown here 

suggest that STXM may be an excellent tool for probing the chemistry in these 

underexplored subnuclear bodies.  

 

7.4 Summary 

The scope for using STXM to characterise both organic and inorganic distributions in 

human brain tissue was demonstrated, where STXM revealed new insights into 

neuronal iron biochemistry in PD substantia nigra. Elevated neuronal iron 

concentration in PD substantia nigra relative to neurologically healthy controls was 

anticipated, however such significant variation in iron oxidation state was 

unexpected. Contrary to reports that neuromelanin stores iron in an inert ferric form, 

chemically reduced iron deposits were associated with individual neuromelanin 

clusters in multiple neurons from three PD cases. Wide variation in iron oxidation 

state was also discovered over sub-micron areas, suggesting that metal ions may be 

redox cycling between reduced and oxidised forms. Such variation in oxidation state 

was not observed in substantia nigra from neurologically healthy control cases, 

supporting the hypothesis that pathological iron accumulation leaves melanised 

neurons especially vulnerable to harmful effects of redox iron chemistry.  

Neuronal iron was also evidenced in areas beyond high affinity neuromelanin 

clusters, with strong iron concentrations found inside cell nuclei. Sub-nuclear iron 

appears to associate with cell nucleoli, where further supporting histology is required 

to confirm the presence of cell nucleoli. Preliminary results shown here may open a 

new line of enquiry for using STXM to further investigate the significance of 

subnuclear iron deposits in diseased and neurologically healthy tissue, where 

potential damaging and protective mechanisms have been considered elsewhere. 
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Using tissue from a limited number of cases, results shown here provide proof-of-

concept for using STXM to examine pathological material in human brain tissue. 

Findings of chemically reduced and sub-nuclear iron clearly warrant further 

investigation, to incorporate additional PD cases, and neurologically healthy controls. 

Findings also pose several research questions regarding further application of the 

STXM method to additional areas of interest, which will be explored in Chapter 8. 

1. Are metal concentrations sufficient for STXM characterisation of iron and 

copper in pathological regions of AD tissue, such as amyloid plaques?  

2. Are variations in metal ion oxidation state also observed in amyloid plaques? 

3. Can extracting areas of pathology from diseased brain tissue be used to 

enhance the throughput for STXM analysis? 
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8 STXM and XMCD analysis of amyloid 
plaque cores 

 

8.1 Introduction 

Altered regulation of biometals in the brain is a key feature of Alzheimer's disease; 

biometal interactions with Aβ are strongly linked to the formation of amyloid 

plaques, as well as the generation of neurotoxic reactive species. It was 

demonstrated in Chapter 5 that ferric iron and cupric copper incubated in the 

presence of aggregating Aβ may be chemically reduced to ferrous and cuprous forms, 

supporting prior observations of redox cycling made using bulk analysis techniques 

[131, 132] and x-ray spectroscopy [133, 134]. This chapter will test the hypothesis 

that such reductase behaviour also occurs at sites of amyloid plaque pathology in the 

human brain, fully exploiting the versatility of STXM (showcased in chapter 7) to 

examine the nanoscale distribution and speciation of iron and copper in amyloid 

plaque cores isolated from AD human brain tissue. The distribution and speciation of 

calcium deposits will also be interrogated, since perturbed calcium signalling 

pathways and elevated intracellular calcium levels have also been reported in AD 

[118, 291]. 

Previous studies using ex vivo human brain tissue have reported elevated levels of 

ferrous iron in AD cases relative to age-matched controls [126, 292], suggesting that 

redox-active iron loading may increase the oxidative burden in AD. Indeed, iron 

accumulation and indices of oxidative stress have both been shown as early events 

in AD pathogenesis [293]. Elevated extracellular metal concentrations are strongly 

implicated in the formation of amyloid plaques, since iron and copper are both 

known to accelerate amyloid aggregation kinetics [129]. 

Aggregated Aβ in the major constituent of extracellular amyloid plaque cores, a 

hallmark brain lesion of AD that may convey toxicity directly by producing reactive 

species including ROS [294], and indirectly by triggering the formation of the 

secondary AD hallmark, neurofibrillary tangles [119]. As many as eight different types 
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of non-vascular plaque can form following the initial deposition of Aβ, with diffuse 

and dense core plaques the two most commonly observed in the AD brain. Diffuse 

plaques, which are weakly stained by congo red, form first, however it is the highly 

congophilic dense core plaques which are the most closely associated with neuronal 

loss in AD [9]. Metal accumulation into amyloid plaques has previously been 

evidenced using PIXE [128] and SXRF [203, 204]. Further, there is evidence to suggest 

that the ferriductase behaviour of aggregating amyloid may occur in vivo, with 

several studies showing mixed-valence magnetite mineral incorporated into amyloid 

plaques via an array of different microanalysis techniques [128, 295, 296]. 

Amyloid also has a reported toxic relationship with calcium, where Aβ is strongly 

implicated in disrupted calcium homeostasis [118], and conversely, increased 

calcium levels are implicated as a cofactor in the formation of both amyloid plaques 

and NFTs [136, 291]. Indeed, mutations in the presenilin genes (PSEN 1 and PSEN 2) 

linked to familial AD have been shown to directly influence calcium homeostasis 

[291]. Thus, calcium dysregulation poses a potential threat to neuronal populations 

via several possible pathways, intersecting at different intervals of the amyloid 

cascade hypothesis. 

Despite the wealth of evidence implicating metal:amyloid interactions in the earliest 

stages of AD pathogenesis, nanoscale studies of precise metal speciation in human-

derived amyloid pathology remain scarce, especially for copper and calcium.  The aim 

of this study was to precisely describe the metal species present in dense amyloid 

plaque cores isolated from AD brain tissue to assess the potential for amyloid-

mediated chemical reduction and biomineralisation in vivo. This aim was divided into 

the following objectives: 

1. Use STXM mapping at the carbon and oxygen K-edges and iron and copper L-

edges to describe the individual distributions of organic and inorganic 

material in amyloid plaque cores. 

2. Use combined STXM mapping and spectral analysis to determine the metal 

species present over nanometre length scales.  

3. Apply XMCD to evaluate the magnetic state of iron inclusions, further 

supporting speciation analysis.  
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This study was led by Dr James Everett (School of Pharmacy and Bioengineering, 

Keele University) as part of a long-term collaboration between Warwick and Keele 

Universities. I have made a substantial contribution to the work leading many aspects 

of sample preparation, data collection, and data analysis, and the remit has been 

agreed with the oversight of Dr Everett. Much of the data presented in this chapter 

has now been published (Everett et al., Nanoscale, 2018 – see Appendix H: 

Publications) with some of the data currently in revision [297]. 

 

8.2 Results 

8.2.1 Congo red staining  

The presence of amyloid plaque cores in resin-embedded sections of 500 nm 

thickness was verified using Congo red staining. In both AD cases, radially symmetric 

birefringence was observed under cross-polarised light, characteristic of spherulite 

amyloid structures, see Figure 82. This confirmed that the fibrillar arrangement of 

amyloid was preserved upon plaque core extraction from human brain tissue. 

 

Figure 82:  Congo red stained sections containing amyloid plaque cores exhibiting birefringence under 
cross-polarised light. Sections (a) and (b) were obtained from case AD3 whilst section (c) was taken 
from case AD4. Figure reproduced from Everett et al., Nanoscale, 2018 [260]. 
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8.2.2 Organic and inorganic constituents of amyloid plaque cores 

STXM was used to analyse the chemical composition of resin-embedded plaque cores 

in 200 nm and 500 nm thick sections. Iron signal was maximised in 500 m thick 

sections, where amyloid peptide distribution was mapped at the oxygen K-edge (as 

described for PD tissue in Chapter 7). Appendix Figure F3 demonstrates that near-

equivalent maps were obtained using protein x-ray absorption features at the carbon 

K-edge (288.6 eV) and the oxygen K-edge (532 eV). 

An incident x-ray beam of 530 eV (off-peak) was used to locate plaque cores in the 

resin sections, where the entire plaque core structure was visualised based on non-

specific  absorption due to the increased optical density of the plaque core relative 

to the surrounding resin. Plaque cores were demonstrated to be highly dense 

granular structures ranging from 5 to 25 μm in diameter. Examples of relatively small 

and large plaque cores visualised with an incident beam energy of 530 eV are shown 

in Figure 83.  

 

 

Figure 83: STXM images displaying the variation in amyloid plaque core size. Images acquired at 530 
eV, plaque cores from Case AD4. Figure reproduced from Everett et al., Nanoscale, 2018 [260]. 

To determine the organic constituents of a “typical” plaque core, an image stack was 

collected over the oxygen K-edge (525-545 eV) from a plaque core of ca. 3.5 μm in 

diameter (shown in Figure 84a). The spectrum obtained from the entire plaque core 

region demonstrates four main spectral features, displayed in Figure 84g. These 
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peaks were attributable to protein carbonyl groups (532 eV), carbonate carbonyl 

groups (533.8, 540 eV) and calcium oxide (CaO) bonds (537.6 eV), where 

corresponding electron transitions are shown in Table 4. 

Selecting pixels from localised regions within the image stack revealed the 

heterogenous composition of the plaque core, with different constituents 

dominating the oxygen spectra in discrete selected regions (see Figure 84g). The 

absorption spectrum acquired from the region labelled G1 displayed a single spectral 

feature at 532 eV, attributable to peptide. The speciation map created using this 

absorption feature shows strong contrast in the region of G1, however peptide was 

not distributed homogeneously throughout the plaque core. There is also clear 

variation in peptide density/thickness within the plaque core, evidenced by non-

uniform x-ray absorption (non-uniform image contrast) in Figure 84b. 

The spectrum acquired from the area labelled G2 did not display a peptide peak but 

was instead characterised by peaks attributed to carbonates, and CaO bonds. The 

carbonate speciation map, created using the strongest carbonate absorption feature 

at 533.8 eV, demonstrated a distribution of small dense clusters, with maximum 

diameter of around 500 nm (Figure 84d). These carbonate clusters were also 

observed in the calcium map (Figure 84c), implying that they are primarily composed 

of calcium carbonate.  

Mapping at the calcium L-edge indicated that the plaque core was heavily loaded 

with calcium, with region G3 shown to be particularly calcium-rich. The spectrum 

acquired from G3 displayed a peak attributable to CaO at 537.6 eV. Carbonate 

absorption features however were absent from the spectrum, suggesting the 

presence of a calcium phase other than calcium carbonate. It is plausible that water 

contributes to the observed peak at 537.6 eV [298], consistent with the presence of 

a hydrous calcium phase such as hydroxyapatite.  

Iron L3-edge mapping demonstrated iron to be present as discrete, concentrated 

deposits within the plaque core, displayed in Figure 84e. Spectroscopy at the iron 

L2,3-edge (700-740 eV) was performed in order to determine the oxidation state of 

the two iron-rich deposits, labelled as H1 and H2. Spectra acquired from both regions 
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displayed dominant absorption peaks at 709.5 eV, indicating that deposits were 

composed of predominantly ferric (Fe3+) iron. The strength of the iron signal from 

regions H1 and H2 enabled associated spectra to be fitted alongside reference 

standards. Equivalent iron L2,3-edge x-ray absorption spectra from iron reference 

standards of known oxidation states are presented in Figure 84h to demonstrate 

corresponding absorption features. The fits displayed in Figure 84h indicate strongly 

ferric iron in both deposits, where H2 is shown to be a pure ferric phase.  
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Figure 84: STXM spectromicroscopy analysis, investigating the organic and inorganic composition of 
an amyloid plaque core (case AD4). (a) Off-peak oxygen K-edge (530 eV) image, showing the overall 
plaque core morphology. (b) Oxygen K-edge peptide map. (c) Calcium L-edge map. (d) Oxygen K-edge 
carbonate map. (e) Iron L-edge map. (f) Composite image displaying peptide (green), calcium (blue), 
carbonate (sky blue) and iron (red) content of the plaque core. (g) Oxygen K-edge x-ray absorption 
spectra from the entire plaque core (bottom), and localised plaque core regions (top) as identified in 
the 530 eV microscopy image (a). (h) Iron L2,3-edge x-ray absorption spectra from reference 
Fe3+ (ferritin), Fe2+ (FeCl2) and magnetite (Fe3O4) and iron zero (Fe0) standards (bottom), and two 
amyloid plaque core iron deposits (top). Dashed and dotted lines mark the positions of principal 
absorption peaks for Fe2+ and Fe3+ cations, respectively. Figure reproduced from Everett et al., 
Nanoscale, 2018 [260]. 
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Carbon K-edge spectromicroscopy was performed to determine the carbon-based 

groups associated with the plaque cores. Sections of 200 nm thickness were used in 

order to permit x-ray transmission through the sample at the carbon K-edge. An off-

peak energy near the calcium K-edge (350 eV) was used to initially visualise plaque 

cores in 200 nm sections, since background signal from the embedding resin 

diminished contrast at the carbon K-edge. This is shown in Figure 85a. Spectroscopy 

performed over the carbon K-edge (280-320 eV) revealed the precise energy position 

of carbon-based absorption features associated with the plaque core (see Figure 

85h).  

The  carbon K-edge absorption spectrum acquired from the plaque core comprised 

of 3 peaks, corresponding to the 1 s to π* transitions of aromatic (285.5 eV), amide 

(288.6 eV) and carbonate (290.5 eV), respectively (see Table 4). The prominent 

aromatics peak at 285.5 eV was used to map peptide, since this peak is less 

susceptible to saturation effects, with strong absorption of 288.6 eV photons by both 

peptide and the embedding resin.  

As shown for the plaque core in Figure 84, peptide distribution was closely matched 

by calcium distribution, demonstrating the entire plaque core to be calcium-rich 

(Figure 85d). The presence of carbonate was confirmed using associated spectral 

features at both the carbon and oxygen K-edges (Figure 85e). Calcium distribution 

was shown to extend beyond carbonate distribution, again indicating the presence 

of multiple calcium phases. Small, concentrated iron inclusions (200-500 nm in 

diameter) were revealed (Figure 85c), distributed in different regions of the plaque 

core. 

Two further examples of plaque cores from cases AD3 and AD4 are shown in 

Appendix Figure F4. STXM speciation mapping demonstrated a reproducible pattern 

of peptide regions with non-uniform density, widespread carbonate and 

concentrated iron deposits within the plaque cores. Heavy calcium loading was also 

reproducibly observed, with calcium distribution consistently extending beyond 

carbonate distribution, suggesting the coexistence of multiple calcium phases.  
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Figure 85: STXM spectromicroscopy analysis, investigating the organic and inorganic composition of 
an amyloid plaque core (case AD3). (a) Off-peak calcium L-edge (350 eV) image, showing overall 
plaque core morphology. (b) Carbon K-edge protein map. (c) Iron L-edge map. (d) Calcium L-edge map. 
(e) Carbon K-edge carbonate map. (f) Oxygen K-edge carbonate map (g) Composite image showing: 
protein (green), calcium (blue), oxygen K-edge carbonate (sky blue), and iron (red) content of the 
plaque core. (h) Amyloid plaque core carbon K-edge X-ray absorption spectrum. Peaks corresponding 
to 1s to π* transitions for aromatics, amides and carbonates are labelled 1, 2 and 3, respectively. 
Figure reproduced from Everett et al., Nanoscale, 2018 [260]. 
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8.2.3 Iron speciation  

Iron speciation mapping of a further plaque core from case AD4 (Figure 86d) revealed 

multiple sub-micron sized iron inclusions within the plaque core. Image stacks over 

the iron L2,3-edge were performed for each of the deposits to determine the iron 

oxidation state. The spectrum acquired from each iron deposit demonstrated 

different proportional contributions from ferric (Fe3+) and ferrous (Fe2+) cations, 

indicating a range of iron oxidation states, shown in Figure 86f. The deposit labelled 

as F1 was consistent with a pure ferric material, matching the ferric standard shown 

in Figure 84h. The spectrum acquired from the deposit labelled F2 showed a slight 

increase in the intensity of the peak at 708 eV relative to the principal Fe3+ peak at 

709.5 eV, consistent with an increase in proportion of ferrous iron phases (ca. 24%). 

At the iron L2-edge, the relative intensities of the Fe2+and Fe3+ peaks at 721 and 723 

eV, respectively, were approximately equal. The spectrum for iron deposit F2 

supported the presence of ca. 10% magnetite contribution, although it was difficult 

to obtain an accurate fit for the spectrum since enhanced post-edge absorption 

evidenced signs of beam saturation (magnetite reference spectrum is shown in 

Figure 84h). Spectra obtained from the iron deposits labelled F3 and F4 show 

enhanced peaks at 708 eV appearing as shoulders on the respective peaks at 709.5 

eV. This is again characteristic of contributions from a mixed-valence magnetite 

phase. Fitting incorporating a magnetite standard indicated that F3 was composed 

of ca. 60% magnetite, whilst F4 is shown to be predominantly magnetite (ca. 80%), 

with minor contributions from both Fe3+ and Fe2+. 

For the plaque core shown in Figure 87 (Case AD4), iron L-edge mapping revealed a 

single iron deposit around 500 nm in diameter at the centre of the plaque core. An 

oxidation state difference map created from a high-resolution image stack (as 

described in Part 7.2.1) revealed significant variation in iron oxidation state within 

the sub-micron sized iron deposit (Figure 87f). This was supported by iron L2,3-edge 

spectroscopy, with spectra acquired from regions G1 to G4 plotted in order of 

increasing Fe2+ contribution in Figure 87g.  
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Figure 86: Iron speciation analysis in an amyloid plaque (Case AD4). (a) Off-peak oxygen K-edge (530 
eV) image, showing overall plaque core morphology. (b) Oxygen K-edge protein map. (c) Oxygen K-
edge carbonate map. (d) Iron L-edge map. (e) Composite image showing: protein (green), carbonate 
(sky blue) and iron (red). (f) Iron L2,3-edge absorption spectra from the iron deposits labelled in the 
iron map (d). The solid lines for the spectra correspond to best fit curves created by superposition of 
suitably scaled iron reference x-ray absorption spectra from reference standards shown in Figure 84h. 
Figure reproduced from Everett et al., Nanoscale, 2018 [260]. 
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Figure 87:  Iron speciation analysis in an amyloid plaque core (Case AD4). (a) Off-peak oxygen K-edge 
(530 eV) image, showing overall plaque core morphology. (b) Oxygen K-edge protein map. (c) Oxygen 
K-edge carbonate map. (d) Iron L-edge map. (e) Composite image showing: protein (green), carbonate 
(sky blue) and iron (red). (f) High magnification iron oxidation state difference map of the inset area 
shown in (d), where Fe3+ is shown as light contrast and Fe2+ is shown as dark contrast. (g) Iron L2,3-
edge absorption spectra from the iron-rich regions labelled in the iron oxidation state difference map 
(f). The solid black lines for the spectra correspond to best fit curves created by superposition of 
suitably scaled iron reference X-ray absorption spectra from reference standards shown in Figure 84h. 
Figure reproduced from Everett et al., Nanoscale, 2018 [260]. 

Peptide
(532 eV)

Plaque core
(530 eV)

(b)

Fe
(710 eV)

(d)Carbonate
(533.8 eV)

(c)

Fe
(710 -708 eV)

G1

(f)Composite(e)

200 nm

(g)

2 µm 2 µm

2 µm 2 µm

2 µm

700 710 720 730

74% Fe2+

26% Fe3+

67% Fe3+

33% Fe2+

67% Fe3+

33% Fe2+

79% Fe3+

21% Fe2+

G5

G4

G3

G2

G1

X
-r

ay
 a

b
so

rp
ti

o
n

 (
ar

b
. u

n
it

s)

Energy (eV)



184 
 

8.2.4 XMCD analysis of reduced iron deposits 

Whilst iron L2,3-edge spectroscopy suggested the presence of magnetite within the 

plaque cores, this could only be verified by characterisation of the magnetic state of 

the iron inclusions. Magnetite (Fe3O4) is a mineral form of ferrimagnetic iron in which 

Fe3+ and Fe2+ cations exist in a 2:1 ratio. The XMCD spectrum from magnetite is 

characterised by a 3-point negative-positive-negative peak structure, corresponding 

to magnetic iron cations existing in Fe2+ octahedral, Fe3+ tetrahedral and Fe3+ 

octahedral sites, respectively [209]. An example XMCD spectrum for a magnetite 

reference standard acquired on the same beamline as the sample spectra is shown 

in Figure 88d. Where absorption spectra acquired using RCP and LCP are identical, 

such that the XMCD spectrum (LCP minus RCP) is absent of peak features, this 

suggests the presence of a non-magnetic iron phase, as explained in Part 2.4.2. 

Figure 88b displays three iron-rich plaque core inclusions, labelled C1, C2 and C3. 

Circular polarisation dependent x-ray absorption spectra from regions C1 to C3 are 

shown in Figure 88c, where absorption spectra acquired using LCP and RCP are not 

equivalent for regions C2 and C3. This is reflected by the corresponding XMCD 

spectra (Figure 88d), which demonstrate clear variation in the magnetic state of the 

iron deposits. The spectrum acquired from C1 displays a very weak XMCD effect, with 

a single poorly defined negative peak. In contrast, spectra acquired from regions 

labelled C2 and C3 demonstrate a 3-point negative-positive-negative peak structure, 

consistent with the magnetite reference standard (Figure 88d) in terms of both shape 

and relative peak intensities.  
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Figure 88:  XMCD analysis of plaque core iron deposits (Case AD3). (a) Off-peak iron L-edge (705 eV) 
image. (b) Iron L3-edge speciation map. (c) X-ray absorption spectra obtained using LCP (blue spectra) 
and RCP (red spectra) from corresponding labelled regions in (b). Spectra were subjected to a 3-point 
smoothing filter prior to subtraction. (d) XMCD spectra created by subtracting the RCP spectra from 
the LCP spectra. All spectra were obtained in a magnetic field of field of ∼150 mT applied parallel to 
the incident X-ray beam. Figure reproduced from Everett et al., Nanoscale, 2018 [260]. 

 

 

8.2.5 Co-localisation of copper and iron in plaque cores 

Copper speciation mapping at the copper L3-edge (931 eV) revealed that some 

plaque cores also contained copper as well as iron and calcium, shown in Figure 89. 

Both iron and copper were present in discrete, concentrated deposits of 200-500 nm 

in diameter.  

Speciation mapping using principal copper L3-edge peaks for Cu2+ (931.5 eV) and Cu+ 

933.5 eV) revealed that nanoscale copper deposits associated with plaque cores 

were present in multiple different oxidation states, shown in Figure 89b. Iron 

speciation mapping demonstrated that iron was also present in multiple different 

oxidation states within the same plaque core (Figure 89c). Image stacks over the iron 

L2,3-edge and copper L2,3-edge (920-960 eV) were used to create high-resolution 
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oxidation state difference maps for the highlighted iron and copper-rich regions 

within the plaque core, displayed in Figure 89c-d. These show that significant 

variation in both iron and copper speciation occurs over sub-micron length scales, 

with oxidised regions (Cu2+, Fe3+) located adjacent to chemically reduced regions 

(Cu+/0/Fe2+/0).  

The iron L2,3-edge x-ray absorption spectrum collected from iron-rich region F1 

confirmed contributions from Fe3+ (ca. 39%) and Fe2+ ions (ca. 7%), whilst fitting also 

indicated significant contribution from zero valent iron Fe0, shown in Figure 89f. Fe0 

can be distinguished from Fe2+ by its broadened absorption peaks and enhanced L2/L3 

peak ratios. Remarkably, region F2 was shown to be predominantly Fe0. Absorption 

spectra from iron reference standards (previously shown in Figure 84h) are 

reproduced for comparison in Figure 89h. 

Copper L2,3-edge x-ray absorption spectra were acquired from copper-rich regions 

(Figure 89g) to enable more detailed analysis of the different copper oxidation states 

present within the plaque core. As shown for copper reference spectra in Figure 89i, 

Cu2+ cations display a sharp L3-edge peak intensity at 931 eV and an additional lower 

intensity L2-edge peak at 951 eV. Principal L3 and L2-edge peaks for Cu+ and Cu0 are 

shifted approximately 2.5 eV higher, appearing at 933.5 eV and 953.5 eV. Whilst 

spectra for Cu+ and Cu0 share principal L2- and L3-edge positions, Cu0 can be 

distinguished from Cu+ by the appearance of well-defined extended x-ray absorption 

fine structure (EXAFS) at 938 eV and 941.8 eV if available signal-to-noise permits 

interpretation of this region. Cu0 is also characterised by low intensity absorption 

edge steps and high post-edge absorption intensity, relative to Cu+. 

X-ray absorption spectra collected from copper-rich regions G1 to G6 confirm a range 

of contributions from different copper phases. Region G1 was consistent with a pure 

Cu2+ phase, whilst regions G2-G6 show increasing contributions from Cu+/Cu0 to the 

spectra. The spectrum acquired from G6 resembles the reference spectrum for Cu0, 

with a dominant peak at 933.5 eV, coupled with high post-edge absorption intensity 

and matching EXAFS features, although possible post-edge beam saturation effects 

impede conclusive interpretation. 



187 
 

 

Figure 89: STXM analysis of co-localised iron and coper deposits in an amyloid plaque core (Case AD3). 
(a) Off-peak STXM image (530 eV), showing plaque core morphology. (b) Composite image showing 
plaque morphology (blue), Cu2+ (green), Cu+/Cu0 (red) and iron grey. (c) High magnification iron 
oxidation state difference map of the inset area shown in (b), where Fe3+ is shown as light contrast 
and Fe2+/Fe0 is shown as dark contrast. (d) High magnification copper oxidation state difference map 
of the inset area shown in (b), where Cu2+ is shown as light contrast and Cu+/Cu0 is shown as dark 
contrast. (e) High magnification inset of composite image shown in (b). (f) Iron x-ray absorption 
spectra from the regions highlighted in (c). (g) Copper x-ray absorption spectra from the regions 
highlighted in (d). (h) Iron L2,3-edge and (i) Copper L2,3-edge absorption spectra from reference 
standards of different oxidation states. Energy positions for oxidised (Fe3+, Cu2+) and chemically 
reduced (Fe2+/Fe0, Cu+/Cu0) cations are marked. Figure reproduced from Everett et al. [297]. Copper 
reference spectra reproduced from Jiang et al. [221].  
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A further iron and copper containing plaque core from case AD4 is shown in Figure 

90. Speciation mapping showed that iron was distributed widely throughout the 

plaque core, unlike in most other measured plaque cores (Figure 90c). Iron L2,3-edge 

spectroscopy demonstrated that iron was predominantly present as Fe3+, with fitting 

also indicating contributions from Fe2+ and magnetite/maghemite phase Fe3O4, 

shown in Figure 90f. Copper was only present in the speciation map created using 

the Cu+/Cu0 peak (953.5 eV), shown as a single deposit of ca. 180 nm in diameter 

(Figure 90b). The corresponding x-ray absorption spectrum from the single copper 

deposit was consistent with elemental metallic copper, also showing some minor 

contributions from Cu2+. A Cu0 film reference spectrum is shown below the sample 

spectrum in Figure 90e, where characteristic absorption energies for Cu2+ and 

Cu+/Cu0 are marked. Remarkably, the plaque core is shown to unambiguously contain 

metallic Cu0. 

 

Figure 90: STXM analysis of co-localised iron and coper deposits in an amyloid plaque core (Case AD4). 
(a) Off-peak copper L3-edge image (928 eV), showing plaque morphology. (b) Cu+/Cu0 speciation map. 
(c) Iron map. (d) Composite STXM image showing plaque morphology (blue), Cu+/Cu0 (red) and iron 
(grey). (e) Copper x-ray absorption spectrum from copper-rich region highlighted in (b), alongside a 
Cu0 reference spectrum, reproduced from Jiang et al. [221]. Principal absorption energies for Cu2+ an 
Cu+/Cu0 cations are marked by dashed and dot-dashed lines, respectively. Asterisks highlights EXAFS 
features. (f) Fitted iron x-ray absorption spectra, corresponding to iron-rich plaque core regions shown 
in (c). Figure reproduced from Everett et al. [297]. 
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Copper speciation mapping of a further plaque core from case AD3 (Figure 91b) 

revealed another isolated Cu+/Cu0 deposit of similar size to the copper deposit 

previously shown in Figure 90 (ca. 200 nm). The corresponding absorption spectrum 

displayed low intensity absorption-edge steps and high post-edge absorption 

intensity (Figure 91e) consistent with Cu0, however lacked the well-defined EXAFS 

features shown in Figure 90e. The deposit may therefore be composed of a mixed 

Cu+/Cu0 phase. 

Iron speciation mapping within the same plaque core (Figure 91c) showed multiple 

discrete regions of iron deposition. X-ray absorption spectra from highlighted regions 

C1 and C2 demonstrated that C1 was predominantly ferric iron (91%), whilst fitting 

indicated that C2 was highly reduced, consistent with predominantly zero valent Fe0 

(94%) with minor contributions from Fe2+ (6%), as shown in Figure 91f.  

To confirm the presence of metallic Fe0, XMCD analysis was performed for regions 

C1 and C2, shown in Figure 91g. The XMCD spectrum for region C1 is generally flat 

with no clear spectral features, indicative of a non-magnetic iron phase. In contrast, 

the XMCD spectrum for region C2 shows a strong dichroism effect (16%), producing 

a negative peak at ca. 708 eV and smaller broad positive peak at ca. 721 eV. The 

shape and relative peak intensities closely resemble that of the ferromagnetic Fe0 

film standard (shown below in Figure 91g), differing from the 3-peak structure of 

ferrimagnetic magnetite/maghemite. 
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Figure 91: XMCD analysis of iron co-localised with coper in an amyloid plaque core (Case AD3). (a) Off-
peak copper L3-edge image (928 eV), showing plaque morphology. (b) Cu+/Cu0 speciation map. (c) Iron 
map. (d) Composite STXM image showing plaque morphology (blue), Cu+/Cu0 (red) and iron (grey). (e) 
Copper absorption spectrum from copper-rich regions highlighted in (b). Positions of Cu2+ and Cu+/Cu0 
absorption energies are marked with dashed and dot-dashed lines, respectively. (f) Fitted iron x-ray 
absorption spectra from iron-rich regions highlighted in (c). (g) XMCD spectra from iron-rich regions 
shown in (c), alongside a reference spectrum from a Fe0 thin film. Figure reproduced from Everett et 
al. [297]. 
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8.2.6 Measurement of metallic iron nanoparticles 

To further verify that the entirely reduced Fe0 state was not an artefact of sample 

handling or beam reduction, x-ray absorption spectra were acquired from Fe0 

nanoparticle standards subjected to the same resin-embedding protocol as for the 

plaque cores and measured under the same x-ray dosage. Spectra were consistent 

with oxidised products of metallic iron magnetite and maghemite (Figure 92), 

indicating the oxidation of air-exposed nanoparticles standards during sample 

preparation. The strong propensity of metallic iron nanoparticles to oxidise upon air 

exposure confirmed that presence of metallic iron within plaque cores was not an 

artefact of environmental contamination or photoreduction due to beam exposure. 

In contrast, this result suggested that the reduced iron state was protected from 

oxidation by its association with amyloid. 

 

 

Figure 92: XMCD analysis of resin-embedded Fe0 nanoparticles measured over the L3-absorption edge 
only. (a) X-ray absorption spectra obtained from three Fe0 nanoparticle areas (labelled A1-A3) and a 
magnetite reference (Fe3O4) using LCP (blue spectra) and RCP (red spectra). Spectra were subjected 
to 3-point smoothing prior to subtraction. (b) The corresponding XMCD spectra created by subtracting 
the RCP spectra from the LCP spectra. All spectra were obtained in a magnetic field of ∼250 mT applied 
parallel to the incident x-ray beam. Figure reproduced from Everett et al. [297]. 
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8.3 Discussion 

In vitro studies strongly implicate Aβ peptide in metal dysregulation observed in AD, 

however there are few studies which examine the distribution and speciation of 

metal ions within intact amyloid plaque pathology from AD brain tissue. STXM and 

XMCD were used here to enable unique compositional analysis of amyloid plaque 

cores isolated from the brains of two AD cases.  

 

Iron and copper are present in multiple forms in amyloid plaque cores 

The incorporation of iron and copper into amyloid aggregates concurs with previous 

in vitro [133, 134, 299] and ex vivo human studies [128, 296] using various 

techniques, evidencing the metal binding propensity of Aβ. Iron and copper in the 

present study were primarily evident as discrete, concentrated deposits of sub-

micron size, with no clear spatial correlation between metal and peptide 

distributions. Radical variation in iron and copper oxidation state was observed 

across plaque cores, and even within single nanoscale iron deposits, reinforcing the 

value of high spatial resolution and chemical specificity accessible using STXM.   

X-ray absorption spectroscopy revealed that iron deposits within plaque cores were 

present in a range of oxidation states, ranging from pure ferric (Fe3+) phases, to 

predominantly ferrous (Fe2+) phases, to the remarkable presence of metallic Fe0. 

Heterogeneity in copper oxidation state within plaque cores was also observed, 

where chemically reduced Cu+ and even metallic Cu0 were evidenced alongside 

reduced iron phases in the same amyloid plaques. This marks the first observation of 

metallic Fe0 and Cu0 in human-derived samples, highlighting a conspicuous gap in the 

current understanding of metallomics in AD and neurobiology in general. 

The presence of Fe0 was verified by probing the magnetic state of iron deposits using 

XMCD. Fe0 may easily be confused with Fe-S compounds, for example, which display 

a very similar spectral shape to metallic iron. The magnetic dichroism effect for Fe-S 

compounds however would be expected to be much weaker than the ca. 16% effect 

shown for the iron deposit in Figure 91; the most strongly magnetic Fe-S mineral, 
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pyrrhotite, was reported to exhibit only a 2.5% dichroism effect at equivalent x-ray 

energies in a 500 mT field [300] – more than double the magnetic field strength used 

in the present study. This strongly supports the presence of metallic iron associated 

with amyloid plaques. 

Evidence of a mixed valence magnetite phase was also demonstrated using XMCD, a 

mineral form of ferrigmagnetic iron in which Fe3+ and Fe2+ cations exist in a 2:1 ratio. 

This supports prior evidence of magnetite in amyloid plaques [295] and plaque-rich 

AD tissue [205], where a role for Aβ in the biosynthesis of magnetite in the human 

brain has been postulated [295].  

Results shown here for plaque cores isolated from AD brain tissue support numerous 

in vitro studies evidencing the chemical reduction of oxidised iron and copper in the 

presence of aggregating Aβ(1–42) [133, 134], also evidenced by means of hard x-ray 

XANES in Part 5.2.1 of this thesis. Further, x-ray absorption spectra acquired from 

resin-embedded Fe0 nanoparticles demonstrated that metallic iron nanoparticles 

were fully oxidised in the absence of Aβ. This suggests that Aβ might not only play a 

role in reducing metal ions, but may also shield the reduced state from oxidation.  

 

Aβ-metal interactions may raise oxidative burden in vivo 

New findings shown here in human amyloid plaque cores support the hypothesis that 

the mechanism by which redox-active metals iron and copper are chemically-

reduced in the presence of aggregating Aβ in vitro may also occur in vivo, thereby 

strongly implicating Aβ in the formation of elevated levels of redox-active ion in the 

AD brain. The exact mechanism by which iron and copper are reduced in the 

presence of aggregating Aβ remains unclear. Interactions between Aβ and Fe ions 

can occur by coordination through His residues in the N-terminal region [235]. It has 

been suggested that Aβ becomes oxidised in the process of reducing iron by residue 

Met-35 of Aβ(1-42) [294, 301], however more recent findings suggest that Met-35 is 

buried in a hydrophobic interface region once amyloid fibres have formed, rendering 

this particular residue inaccessible to Fe ions [302]. The x-ray spectromicroscopy 

measurements in the present study provide unambiguous identification of the redox 
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state of iron and copper species but did not provide corresponding information 

regarding the oxidation state of the associated Aβ in the plaque cores. This remains 

a matter of investigation.  

Aβ-mediated redox cycling of metal ions implicates Aβ in the sustained generation of 

reactive oxygen species such as free radicals. The catalytic behaviour of iron and 

copper in Fenton/Haber-Weiss reactions means that radical-driven oxidative stress 

mechanisms linked to neuronal injury are more likely to be influenced by local metal 

ion chemistry than by local concentrations. In the AD brain (as in the PD brain) there 

is evidence for both disruption to metal ion chemistry and metal accumulation in 

regions of disease pathology. Combined with high levels of oxygen consumption in 

the brain, this creates a hotspot for generation of reactive species with potentially 

devastating consequences for local neuron populations. Elevated levels of oxidative 

stress have previously been reported in tissues with a high density of Aβ deposition 

[294], although the potential for amyloid to generate free radicals directly has been 

challenged [303, 304]. Findings shown here suggest that Aβ may generate free 

radicals indirectly by means of its interaction with iron and/or copper metal ions in 

affected regions of the AD brain. The interaction of amyloid with redox-active metals 

copper and iron may therefore represent an effective target for innovative therapies 

aimed at alleviating oxidative stress in AD-affected brain regions, without disrupting 

metal-dependent processes essential to normal brain function. 

The role of amyloid plaques in the pathophysiology of AD is still a matter of much 

debate. It has been postulated that plaque formation occurs as a physiological 

response, and may have a protective effect by immobilising labile redox-active metal 

ions. In contrast, it is also possible that any defence offered by the plaques is offset 

by oxidative damage arising indirectly from amyloid fibril formation. One unifying 

hypothesis is that aggregating monomeric or oligomeric Aβ is a driver of free radical 

generation through chemical reduction of metal ions, but fully-formed plaques adopt 

a protective antioxidant role by sequestering redox-active metal species, preventing 

their participation in toxic Fenton-type chemistry. Results shown here indicate that 

iron and copper deposits associated with plaque cores (the densest, most aggregated 

part of the plaque) exist in a range of oxidation states, indicating that iron and copper 
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sequestered by amyloid plaques is not exclusively stored in inert forms. On the 

contrary, metallic iron and copper phases observed in the present study are highly 

reactive relative to their oxide counterparts. Since iron oxidation state was shown to 

vary within plaque cores over sub-micron length scales, it is possible that dynamic 

redox cycling of iron and concomitant generation of free radicals takes place within 

plaque cores, as demonstrated by in vitro studies [131, 132]. Further, dissolution of 

plaques may create local sources of redox-active metal ions in the brain, exacerbating 

the oxidative burden on cells in the immediate vicinity.  

 

Plaque calcification may occur in vivo 

Calcium loading was observed in all measured plaque cores. Calcium plays a pivotal 

role in numerous neuronal signalling pathways, whilst also regulating synaptic 

connections [305]. It has been previously shown that Aβ may impact calcium 

signalling pathways, negatively affecting neuronal function [291]. If the propensity of 

amyloid to bind calcium leads to plaques acting as a calcium sink, as evidenced in the 

present study, this may drain the extracellular Ca2+ pool and disrupt vital cellular 

signalling. 

Calcium distribution overlapped with carbonate distribution, suggesting the 

presence of calcium carbonate, but also extended beyond the carbonate distribution, 

indicating the presence of multiple calcium phases. Oxygen K-edge spectra acquired 

from non-carbonate calcium-rich regions showed evidence of contributions from 

water to the spectrum, suggesting the presence a hydrous calcium phase. From the 

available evidence it was deduced that this phase could be hydroxyapatite 

(Ca5(PO4)3(OH), readily produced in biological systems via reaction between the 

calcium phosphate mineral apatite (Ca5(PO4)3) and water. Although subsequent 

analysis at the phosphorous absorption edge would be required to confirm the 

presence of hydroxyapatite, the co-existence of multiple calcium phases within 

plaque cores is an unprecedented finding. It is possible that this observation marks 

the gradual transformation of apatite-like phases to dense calcium carbonate, 

suggesting that plaque calcification may occur in vivo. Dense iron and calcium-rich 
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deposits associated with amyloid plaques in the thalamus of transgenic APP/PS1 mice 

have previously displayed MRI contrast, sufficient to distinguish the deposits from 

the surrounding tissue [306]. Disease-specific changes to metal speciation may offer 

potential targets for earlier diagnosis of neurodegenerative diseases, particularly 

considering recent advancements in clinical imaging modalities such as quantitative 

susceptibility mapping.  It will be important to better correlate features of 

calcification with disease progression to determine the scope for the biosynthesis of 

dense calcium phases within amyloid plaque cores to be used as a clinical biomarker 

for AD. 

 

8.4 Summary 

STXM and XMCD were successfully applied to the detailed compositional analysis of 

amyloid plaque cores at nanoscale spatial resolution. Plaque cores were shown to 

harbour concentrated nanoscale deposits of iron and copper in a range of radically 

different oxidation states, where oxidation state varied over sub-micron length 

scales. This supports prior in vitro evidence of amyloid’s affinity for metal ions and 

capacity to act as a reductase for iron and copper ions.   

Most notably, results demonstrate the first evidence of zero valent metallic iron and 

copper in human-derived samples. The presence of these metallic phases in isolated 

AD pathology challenges current understanding of metal neurochemistry, in 

particular the metallomics of AD. Fe0 nanoparticles subjected to equivalent sample 

preparation and measurement procedures were oxidised, suggesting that 

association with amyloid may further protect the chemically reduced state. Other 

chemically reduced phases included the magnetic iron mineral phase, magnetite, 

observed previously in AD pathology. The demonstration of chemically reduced 

phases in extracted plaque cores, especially the extremely reactive metallic phases, 

strongly implicates amyloid in the generation of reactive species in vivo. It is 

therefore suggested that deleterious metal:protein interactions may be an effective 

target for novel therapies.  
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Plaque cores were also shown to be heavily loaded with calcium, with novel evidence 

of calcium carbonate deposition. The co-existence of multiple calcium phases within 

the same plaque cores may indicate that plaque calcification occurs in vivo, providing 

a potential opportunity to use dense calcified plaques as a clinical biomarker for 

earlier diagnosis of AD.  

Overall, the utility of soft x-ray spectromicroscopy for probing the biochemistry of 

disease pathology was further demonstrated, contributing new insights towards 

putative pathogenic mechanisms and informing the development of novel metal 

targeted therapies and diagnostic tools.  
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9 Conclusions 

 

In this thesis, state-of-the-art multimodal synchrotron x-ray techniques have been 

optimised for the detailed characterisation of biometals and their surrounding 

environment in samples from neurodegenerative disease and neurologically healthy 

brain tissue. Application of hard x-ray techniques was also explored in physiologically 

relevant models. The unique insight offered by synchrotron methods supports better 

understanding of characteristic brain metal dysregulation in neurodegenerative 

diseases, informing the development of safe metal targeted therapies and potentially 

the advancement of new diagnostic tools. The extent to which thesis objectives 

(outlined in Part 2.7) were met in this work, as well as outstanding research questions 

and several new ideas for separate lines of enquiry will be discussed here.  

The first objective of this work was to investigate the potential for Aβ and α-synuclein 

to alter iron and/or copper oxidation state in vitro, where the reductase capacity of 

these proteins has previously been evidenced by others using different techniques 

[77, 132-134]. This provided an opportunity to both explore the potential for these 

proteins to generate reactive species (relevant to possible disease mechanisms), and 

to investigate the influence of over-exposing the sample to an incident x-ray beam 

on metal oxidation state. In Chapter 5, hard x-ray SXRF and XANES were combined to 

demonstrate the chemical reduction of ferric iron and cupric copper in the presence 

of aggregating Aβ, and to a lesser extent ferric iron in the presence of aggregating α-

synuclein. Findings corroborate earlier measurements in the literature [77, 130, 132], 

suggesting a role for these pathological proteins in triggering Fenton-type chemistry 

in vivo. The associated generation of reactive species such as hydrogen peroxide and 

hydroxyl radicals, which has been evidenced elsewhere [131], is heavily implicated in 

oxidative protein damage observed in AD and PD. It is expected that chemical 

reduction of metal ions is mirrored by oxidation of Aβ/α-synuclein, however this 

remains a matter of investigation and requires supplementary testing by other 

means e.g. by mass spectrometry.  
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The potential for beam induced photoreduction was evidenced for metal:protein 

complexes by deliberately overexposing the sample, and was effectively mitigated 

using appropriate beam attenuation. The Aβ:copper(II) complex demonstrated 

particularly heightened susceptibility to photoreduction relative to copper(II) in 

isolation. This suggests that studies of metal ion oxidation state using x-ray (or 

electron) beams, particularly in the presence of Aβ, require a careful approach. 

Heightened sensitivity to photoreduction may also provide insight into the 

destabilising mechanism responsible for the reductase effect of Aβ, potentially a 

promising area of future study.  

The second objective was to describe multi-element distributions in PD SNc, and in 

models exhibiting disrupted iron metabolism using SXRF. SXRF mapping was 

successfully applied over a wide range of length scales in Chapter 5, from large area 

mapping of mouse brain tissue on the millimetre scale, to nanoscale intracellular 

analysis of melanised nigral neurons in human brain tissue. The primary advantage 

of this technique is the ability to map multiple elements simultaneously. Application 

to drosophila and mouse models demonstrated the potential of combined SXRF and 

XANES for investigating the influence of genetic risk factors linked to AD and PD on 

global metal metabolism. It is suggested that SXRF may be further used in pre-clinical 

studies to assess the wider impact of novel metal targeted therapies on multi-

element distributions across multiple different brain regions. 

Whilst animal models are important for modelling core biological mechanisms, they 

are often an incomplete representation of the complex biology and biochemistry of 

human disease [307]. Detailed analysis of human brain tissue is therefore essential 

to understanding human-specific pathological mechanisms underpinning 

neurodegenerative diseases. SXRF at micro- and nano-focus resolutions revealed 

that melanised neurons in human substantia nigra were rich in inorganic elements, 

supporting previous SXRF studies in the literature [64, 200, 201] and consistent with 

neuromelanin’s well documented affinity for metal ions [63, 70, 73]. It was not 

possible to optimise a method for XANES collection at nanoscale resolution during 

the timescale of this work, however in situ oxidation state analysis of metal ions 

within melanised neurons is a priority area when this becomes available.  
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The third objective was to determine the scope for using soft x-ray 

spectromicroscopy to map specifically for neuromelanin and α-synuclein at the 

carbon K-edge. Soft x-ray spectromicroscopy was applied in the form of STXM, which 

was used effectively to contextualise metal ion distributions with anatomical tissue 

structures in PD SNc. In Chapter 6, the unique specificity of STXM was exploited to 

develop an entirely new method for label-free visualisation of neuromelanin, using a 

distinguishing feature present in neuromelanin’s carbon K-edge absorption 

spectrum. This enabled neuromelanin to be visualised at nanoscale spatial 

resolutions without reliance on detectable pigmentation, the need for which was 

highlighted by Hirsch and co-workers over 30 years ago [66]. It is anticipated that this 

original approach to neuromelanin mapping in human brain tissue may have 

significant impact for non-destructive studies investigating relationships between 

depigmentation, metal biding and neurodegeneration in PD. An analogous 

distinguishing absorption feature could not be determined for α-synuclein at the 

carbon K-edge, however it is suggested that modifying the beamline set-up to permit 

spectromicroscopy at the phosphorous K-edge may be a more auspicious approach.  

 

The fourth and final objective was to perform nanoscale characterisation of metal 

deposits within melanised neurons in PD and control SNc, and within amyloid plaque 

cores isolated from AD brain tissue. In Chapter 7, STXM was successfully applied to 

determine the oxidation state of iron deposits associated with individual 

neuromelanin clusters. Contrary to findings from microfocus iron XANES in Chapter 

5 (and majority consensus from the literature [64, 69, 202, 308]) that neuromelanin 

binds iron in an inert ferric form, iron associated with neuromelanin was shown to 

occur in a wide range of oxidation states in PD SNc, with fitting indicating the 

presence of pure ferric, pure ferrous and possible contributions from metallic iron 

associated with individual neuromelanin clusters. This was not observed SNc from 

neurologically healthy controls, where there was considerably lower neuronal iron 

signal, consistent with previous observations [75, 200]. SXTM operated at 

intracellular spatial resolution also revealed the remarkable presence of intranuclear 

iron, which appeared to associate with the cell nucleolus. Work shown in the 
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literature suggests that intranuclear iron may be a pathological distress signal from 

the cell. Indeed, this serendipitous observation may provide the basis for a tangential 

study using STXM to investigate metal binding and morphological changes to 

neuronal nucleoli in PD.  

 

In Chapter 8, STXM was again successfully applied to perform detailed compositional 

analysis of amyloid plaque cores isolated from AD brain tissue. As for melanised 

neurons in PD, plaque cores were enriched with iron. Copper and calcium signal was 

also sufficiently high in the plaque cores for speciation analysis of all three metals. 

Calcium was present as multiple phases, including calcium carbonate and possibly 

the hydrous calcium phase, hydroxyapatite. This suggests that plaque calcification 

may occur in vivo, with potential to utilise evolution of calcium phases as a clinical 

marker for AD. X-ray absorption spectroscopy at iron and copper L2,3-edges 

evidenced the remarkable presence of metallic iron and metallic copper inside 

amyloid plaque cores. Iron or copper in the zero valent metallic form has not 

previously been evidenced in human derived material, indicating a significant gap in 

current understanding of neurochemistry. Other reduced forms of these redox 

metals, including magnetic iron phase, magnetite, were also located in amyloid 

plaque cores. Further, metallic iron nanoparticles subjected to equivalent sample 

preparation procedure in the absence of amyloid were shown to fully oxidise to a 

magnetite-like form, indicating that amyloid may protect the reduced chemical state. 

These results both confirm the reductase effect of amyloid shown in Chapter 5, and 

suggest that the reductase capacity extends beyond what was originally captured by 

in vitro experiments.  

In both PD melanised nigral neurons and isolated amyloid plaque cores, oxidation 

state was shown to vary dramatically over sub-micron sized areas, highlighting the 

necessity for analytical tools with both the sensitivity to detect trace metal 

concentrations, and spatial resolutions which permit intracellular analysis. The close 

proximity of metal ions in different redox states (under identical x-ray exposure) 

suggests that redox cycling between reduced and oxidised forms of iron and copper 

may occur in these pathological sites. Whilst the ability of redox metals to alter their 
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oxidation state is essential to their biological function, uncontrolled redox chemistry 

may produce a concentration of reactive species sufficient to overwhelm anti-

oxidant defences, resulting in oxidative stress which is heavily implicated in 

neurodegeneration. The metal-induced oxidative stress hypothesis is much debated 

and continues to act as a driver for research into the metallomics of 

neurodegenerative disorders, with very few techniques capable of facilitating 

detailed in situ studies of tissue biochemistry without compromising sample integrity 

for complementary measurements. Work in this thesis demonstrated that careful 

application of multi-modal synchrotron techniques can meet this challenge, where 

continuous advancement in available tools at synchrotron facilities offers an exciting 

prospect for better understanding the biochemistry underpinning 

neurodegeneration.  
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10 Future work 

 

10.1  Isolated Lewy bodies and neurofibrillary tangles  

In Chapter 8, it was demonstrated that the fibrillar arrangement of amyloid plaque 

cores was preserved upon isolation from homogenised brain tissue, confirmed by the 

presence of radially symmetric spherulites under polarised light. Plaque cores were 

also shown to be metal rich and corroborated the reductase properties of amyloid 

observed in vitro [133, 134]. Successful preservation of plaque core structure and 

inorganic chemistry upon isolation opens the door to analysis of other extracted 

protein aggregates. Key pathological features of interest are Lewy bodies (LB), which 

incorporate aggregated α-synuclein, and neurofibrillary tangles (NFTs), primarily 

composed of hyperphosphorylated tau. Isolating such pathologies means that 

samples loaded for synchrotron analysis capture a greater number of regions of 

interest, which dramatically improves measurement throughput. NFTs have 

previously been isolated using a similar density gradient method to that described in 

Chapter 4 for amyloid plaque cores. In the method described by Wischik and co-

workers, the presence of NFTs was initially confirmed post-mortem in AD frontal 

cortex, temporal cortex and hippocampus. A series of  homogenisation, 

centrifugation and filtering steps were used to produce a fraction enriched in tangles 

and tangle fragments, the presence of which was confirmed post-isolation using 

fluorescence and electron microscopy [309]. LB have previously been isolated from 

brain tissue homogenate using an immunomagnetic approach, whereby magnetic 

beads coated with a LB monoclonal antibody were mixed with tissue homogenate, 

then separated from the homogenate using a magnet [310].  

The formation of Lewy bodies has been linked to metal-catalysed acceleration of α-

synuclein aggregation [50], suggesting that metal concentrations may be 

incorporated into the LB structures. Indeed, previous histochemical studies have 

reported the presence of redox-active iron in the eosinophilic core of LB within PD 

SNc [311], and in NFTs within affected areas of AD brain tissue [126, 311], indicating 
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that a range of iron species may be associated with these key pathological features 

which have yet to be fully described. The co-presence of other biometals such as 

copper, zinc, calcium and selenium may also be probed using high resolution SXRF, 

as demonstrated in Chapter 5.  

Isolating LBs and NFTs from post-mortem tissue may further be used to support the 

determination of unique, associated x-ray absorption features. It is here suggested 

that the characteristic phosphorylation of tau protein in NFTs and the SER129 residue 

of α-synuclein in LBs could offer distinguishing features at the phosphorous K-edge. 

This is yet to be tested, but could potentially utilised to identify these regions for 

compositional analysis, without using chemically disruptive stains, as developed for 

neuromelanin in Chapter 6.  

 

10.2  Cryo-preparation and analysis of brain tissue 

With the exception of some 30 µm-thick cryosections of PD SNc cut for microfocus 

SXRF analysis and mapped at room temperature (Chapter 5), the majority of tissue 

analysed in this thesis was embedded in a custom epoxy resin, as described in 

Chapter 4. Resin-embedding was required for the tissue to be sectioned to sub-

micron thickness, necessary for x-ray transmission experiments. Prior method 

development from the group demonstrated that ferric iron standards prepared using 

the same embedding series show no evidence of iron reduction when examined 

using STXM [209]. There is, however, scope to take further steps towards native state 

analysis by preparing and analysing samples under cryogenic conditions. This poses 

a significant technical challenge, since conventional cryoprotectants used to supress 

the formation of ice crystals can contribute organic absorption peaks which overlap 

with those of the tissue, and may dramatically alter metal ion levels, as outlined in 

Chapter 4. Tissue is therefore ideally prepared without any chemical substitution of 

water (frozen hydrated). Beamlines with the option of measuring under cryogenic 

conditions are emerging at synchrotron facilities (e.g. Diamond B24 x-ray 

tomography beamline), however transporting the sample to the facility and 

transferring into the beamline sample chamber, whilst maintaining cryogenic 
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conditions, also poses significant logistical challenges. In a trial experiment, samples 

of AD tissue were cryosectioned to ca. 10 µm thickness and transported on dry ice to 

Diamond B24, where 3D x-ray tomographs were collected of tissue ultrastructure. 

The greater penetrating power of x-rays over electrons enables 3D volumetric 

imaging of cells by synchrotron x-ray tomography without requirement for serial 

sectioning or milling. It may be viable to reduce the section thickness to the required 

level for STXM analysis (and to improve tomographic imaging) using techniques such 

as high-pressure freezing (HPF). HPF subjects the specimen to very high pressure 

immediately before being injected with liquid nitrogen, producing vitreous samples 

which may be directly suitable for cryo-ultramicrotome sectioning, although 

application to unfixed samples requires further development [307]. Alternatively, 

extraction of cell contents may be minimised using freeze substitution, which could 

be used to gradually replace ice in pre-frozen samples with resin to circumvent 

multiple dehydration steps. This method has recently been applied to improve the 

visualisation of myelin structure by electron microscopy [312]. Thus, there is scope 

for exploring new sample preparation techniques to improve the preservation of 

both sample ultrastructure and sample chemistry.  

 

10.3  Alpha-synuclein metal interactions in PD olfactory bulb 

This thesis has focussed on what are assumed to be biogenic metal complexes 

formed from metabolised forms of iron/copper/calcium which have entered the 

brain via the blood-brain barrier, where normal regulation may have been disrupted 

by the disease process. A region of the brain not investigated in this work but 

amongst the first to show α-synuclein pathology in early stage PD is the olfactory 

bulb. Olfactory bulb does not receive protection from the blood-brain barrier, and 

can be accessed via the olfactory epithelium in the nasal cavity [313]. This leaves the 

olfactory bulb especially vulnerable to uptake of environmental toxins such as 

nanoparticles, chronic exposure to which has previously been identified as a severe 

risk factor for PD [35]. It is possible that convergence of α-synuclein and metal 
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accumulation in this region creates a toxic environment for cells, which may prove 

critical in determining the origins of PD. 

Αlpha-synuclein pathology in the olfactory bulb is a sensitive and specific marker for 

distinguishing LB diseases such as PD and dementia with Lewy bodies (DLB) against 

age-matched controls [314]. It is also associated with an impaired sense of smell in 

90% of early-stage patients [315]. According to Braak staging of PD (outlined in Part 

1.4.1), α-synuclein pathology begins in the olfactory system, possibly accounting for 

early anosmia symptoms [46]. Others have shown that synucleinopathy density in 

the olfactory bulb is correlated with UPDRS motor scores, implying that α-synuclein 

continues to accumulate throughout disease progression [314]. Work presented in 

Chapter 6 attempted to correlate immunostaining with label-free STXM mapping of 

α-synuclein in PD substantia nigra, but was hampered by limited positive 

immunostaining for α-synuclein in 200 nm thick resin-embedded sections. If 

synucleinopathy does indeed continue to accumulate in the olfactory bulb 

throughout the disease course, then this region may be a more effective target for 

correlating α-staining with STXM analysis.  

Accumulation of environmental nanoparticles within the olfactory bulb could present 

an elevated threat to neuronal populations, particularly in combination with 

coincident synucleinopathy. Nanoparticles have large surface-volume ratio, which 

may assist in nucleation of protein fibrils and further increase overall protein 

aggregation rates [316]. The absence of a restricting membrane encapsulating 

nanoparticles also permits entry into  intracellular proteins, organelles and DNA 

[111]. Calderón-Garcidueñas and co-workers identified the accumulation of 

nanoparticles (<100 nm diameter) accompanied by inflammation and abnormal α-

synuclein and Aβ immunoreactivity in olfactory bulb neurons of children and young 

adults from highly polluted areas in Mexico City [317]. This suggests that xenobiotic 

agents linked to air-pollution are capable of inducing neuroinflammation and PD-like 

neuropathology in human olfactory bulb. It may also be possible for some metals to 

bridge synapses in the olfactory bulb and migrate via secondary olfactory neurons to 

nuclei deeper in the brain [318]. 
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Investigations into metal deposition in the olfactory bulb are rare, and largely 

constrained by limits on spatial resolution, sensitivity, and specificity of the primary 

technique. Further, relationships with aberrant α-synuclein aggregation are 

incompletely described in ex vivo tissue. As demonstrated in Chapters 7 and 8, the 

combined imaging and spectroscopy offered by STXM at both organic and inorganic 

absorption edges enables speciation analysis of nanosized metal deposits, in context 

with surrounding proteinaceous material. High resolution SXRF (showcased for nigral 

neurons in Chapter 5) can also be applied to characterise multi-element distributions. 

Thus, there is ample scope for application of advanced synchrotron techniques to 

elucidate the potential impact of both biogenic and environmental metal ions, and 

their interactions with α-synuclein, in PD olfactory bulb. 

This is an area presenting significant unmet analytical challenges and demands 

urgent attention, given an ageing world population and increased levels of global 

industrialisation.  
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Appendices 

 

Appendix A: Sample preparation 

 

A1: Full procedure for resin embedding tissue blocks:  

1. Frozen tissue blocks transferred from the -80 °C freezer to a cryomicrotome 

chamber set to -18 °C, where tissue blocks were allowed to equilibrate.  

2. Tissue blocks were cut into cubes approximately 8 mm3 in size using a ceramic 

knife to prevent metal contamination, then transferred into Teflon screw-lid 

tubs using carbon tweezers. Both the knife and the tubs were also allowed to 

equilibrate at -18 °C in the cryomicrotome chamber prior to cutting the tissue. 

Excess tissue was re-wrapped in Ultralene and returned to the -80 freezer. 

These initial steps followed a protocol modified from that described by 

Finnegan et al. [232]. 

3. Tissue blocks were then dehydrated using an ethanol series. A solution of 40% 

ethanol and 60% distilled water was added to each of the tissue-containing 

tubs; just enough to fully submerge the blocks. Ethanol absolute ≥99.8% 

(purchased from VWR International) with minimal trace metal impurities 

(≤0.05 ppm iron) was used to avoid introducing metal contaminants. The 

ethanol solution in the tubs was replaced every 20 minutes with a solution of 

increased ethanol concentration, increasing in increments of 10% up to 100% 

ethanol. The tissue blocks were then submerged in 100% dry ethanol for one 

hour.  

4. Following dehydration, tissue blocks were embedded in an aliphatic epoxy 

resin composed of an equimolar mixture of trimethylolpropane triglycidyl 

ether and 4,4’-methylenebis-(2-methylcyclohexylamine), purchased from 

Sigma Aldrich (Dorset, UK). Tissue blocks were submerged in a mixture of 70% 

resin 30% dry ethanol. The resin-ethanol mixture was replaced every two 
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hours with a mix of increased resin concentration, increasing in increments of 

10% up to 100% resin. After two further changes of 100% resin, the samples 

were ready for curing. 

5. Each tissue block was transferred from the tub to a separate 1.5 mL 

Eppendorf tube using carbon tweezers. Eppendorf tubes were filled with 

100% resin and left to cure at 60 °C overnight. An example is shown (with 

case identifier redacted) in Figure 44. 

 

 

 

A2: Isolation of amyloid plaque cores from AD brain tissue 

The following procedure details the isolation of amyloid plaque cores from AD cases 

AD3 and AD4, as performed by Dr Sandra Siedlak (Case Western Reserve University, 

USA) Professor George Perry and Dr Germán Plascencia (University of Texas at San 

Antonio, USA) prior to the commencement of my PhD. The full procedure is also 

described in Everett et al. Nanoscale, 2018 [260]. 

1. Brains from case AD3 and AD4 were removed at autopsy, after five hours 

post-mortem. Brain hemispheres were divided, cut into 1 cm slices and stored 

at −70 °C. The frozen slices were thawed and grey matter from the frontal and 

temporal lobes was isolated by removing blood vessels, meninges and white 

matter.  

2. Grey matter was then homogenised by heating to 95 °C in the presence of 2% 

sodium dodecyl sulfate (SDS) and 50 mM Tris-buffer, before being filtered 

(110 µm pore size) to remove large tissue debris. The resulting material was 

then pelleted through centrifugation at 800 rpm.  

3. AD tissues were further homogenised through the addition of 0.1% SDS, 150 

mM NaCl and 0.02% NaN3 before being filtered (35 µm pore size) and pelleted 

at 1000 rpm for 15–30 minutes.  
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4. Ultracentrifugation at 20, 000 rpm in a sucrose gradient (1.8–1.2 M sucrose, 

in a 0.1% SDS, 150 mM NaCl and 0.02% NaN3 solution) was used to isolate the 

plaque cores from the filtrate.  

5. Interfaces were collected and recovered with 0.1% SDS, 150 mM NaCl and 

0.02% NaN3, before being concentrated through centrifugation at 1200 rpm. 

Congo-red staining confirmed the presence of Aβ, shown in Figure 49c. 

6. After shipping to Warwick, approximately 40 µL of pelleted plaque core 

material was transferred into a centrifugal concentrator (Corning® Spin-X® 

UF; 40 kDa cut-off) and was spun at 6690 rpm for 10 minutes.  

7. Plaque cores were dehydrated using the same ethanol series described for 

embedding tissue in Part 4.4 (100 μL ethanol; 40% - 100% dry). Waste ethanol 

was removed between each step by centrifugation at 6690 rpm for 10 

minutes.  

8. After dehydration, plaque cores were resin-embedded and sectioned for 

STXM analysis by Professor Joanna Collingwood and Dr James Everett, as 

described for tissue samples in Part 4.4.  
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Appendix B: Radiation damage 

As synchrotron light sources and optics are developed to deliver greater photon flux, 

radiation damage to samples is increasingly encountered in x-ray absorption 

spectroscopy measurements [319]. Biological specimens are particularly vulnerable 

to radiation damage due to their characteristically low concentrations of target 

inorganic deposits, which often require relatively high x-ray exposure for 

characterisation. Consequently, a central challenge to this work is acquiring sufficient 

signal-to-noise from trace biometal distributions to perform in situ speciation 

analysis, without generating photo-induced artefacts. 

For metalloproteins, photo-reduction is the most commonly observed photo-

induced artefact, likely to be in part due to the many accessible pathways along 

protein chains for electron transfer [319, 320]. Photoreduction of ferric to ferrous 

iron in biological samples has been previously demonstrated using x-ray absorption 

spectroscopy at the iron K- [321] and L-edges [322]. Photo-oxidation is not frequently 

observed in x-ray absorption spectroscopy measurements, but has been 

demonstrated in human brain tissue at the sulfur K-edge [188]. Susceptibility to 

photo-reduction depends significantly on the coordination chemistry of the metal 

ions being measured, which has been evidenced for various iron-containing 

complexes, whereby the rate of photoreduction changes depending on the ligand 

[321, 323].  

Hydrated samples are particularly susceptible to photo-induced changes; photo-

ionisation of water produces a several highly reactive species (e.g. hydrated electrons 

or OH●), which may result in either photo-oxidation or photo-reduction of biological 

molecules [319]. Such photo-ionisation processes can also occur directly with 

proteins and nucleic acids, causing radiation damage to soft tissue structure [319]. 

Removing the water content by freeze-drying [321], or reducing the rate of chemical 

reactions by measuring under cryogenic temperatures [319] may be employed to 

mitigate against photo-induced sample damage. Iron XANES analysis of PC12 cells by 

Bacquart and co-workers showed no significant difference in the respective spectra 

acquired from samples in the freeze-dried or frozen-hydrated state. However, it was 
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determined that short repeated XANES scans, as opposed to a single scan with 

extended dwell times at each energy, were preferable for reducing radiation damage 

whilst maintaining good signal-to-noise [324]. 

It follows that precautions must be taken to ensure that the risk of radiation damage 

is minimised, and that photo-induced artefacts do not compromise the integrity of 

acquired XAS data. Experimental precautions for minimising photo-induced artefacts 

in XAS studies of biological samples were comprehensively reviewed by George et. al 

in 2012 [319]. The specific steps taken in this work are outlined below.  

 

Steps taken to mitigate radiation damage: 

1. Sample dehydration: All tissue samples measured in this work were fully 

dehydrated (either by resin-embedding or air drying) prior to synchrotron 

analysis. In prior group work, resin-embedded iron standards of known 

oxidation phase were used to demonstrate that the resin-embedding itself 

does not alter metal ion oxidation state [209]. Freeze-drying was avoided due 

to the potential for distortion of tissue architecture. Application of the 

techniques outlined in this thesis to the analysis of tissue under cryogenic 

conditions remains a technical challenge, however there is certainly scope for 

future work in this area (see part 10.2). 

 

2. Repeating scans: In order to best preserve the native sample chemistry, 

control measurements were first performed on ferric (Fe3+) and cupric (Cu2+) 

standards to assess the effect of x-ray beam dose on the oxidation state of 

these metal ions. An appropriate x-ray dose limit was determined to be where 

no changes in the x-ray absorption spectra were observed over successive 

scans. This is demonstrated at the iron and copper K-edges for ferric iron 

standard FeCl3 and cupric copper standard CuSO4 in Figure 50, and at the iron 

L3-edge for iron-loaded neuromelanin in Appendix Figure B2. Where 

successive scans did evidence beam-induced changes to the absorption 
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spectra, measurement parameters (exit slit diameter, dwell time, level of 

attenuation, as discussed below) were adjusted accordingly.  

 

Using the scan parameters optimised for experimental standards, the stability 

of metal ion phases in sample materials was subsequently assessed. This is 

particularly important for XMCD measurements, which require two 

successive scans to be performed over the same area of sample in opposite 

polarisations. This is demonstrated in Appendix Figure B1, where spectra 

from four successive polarisation-dependent iron L2,3-edge measurements 

are shown for iron areas C1 and C2 in an amyloid plaque core, taken from 

Figure 91. These spectra represent the first four measurements of these iron 

regions over the iron L2,3-edge. 

 

B1: Right and Left Circularly Polarised (RCP and LCP) iron L2,3-edge x-ray absorption spectra collected 
from iron regions C1 (A) and C2 (B), shown in Figure 91 of the main text. Each panel shows two repeat 
measurements. Black arrow marks the position of small ferric oxide features. Figure reproduced from 
Everett et al. [297].  
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The following extract is quoted from group work led by Dr James Everett (School of 

Pharmacy and Bioengineering, University of Keele) which is currently in revision 

[297]. I have made a substantial contribution to the work leading many aspects of 

sample preparation, data collection, and data analysis, and the remit has been 

agreed with the oversight of Dr Everett: 

“Across the four measurements of iron area C1 (panel A) there was no evidence 

of beam-induced photoreduction, with spectra representative of a predominantly 

ferric material being observed in all instances. There were no clear differences in 

the polarisation-dependent RCP and LCP spectra, demonstrating this iron not to 

be strongly magnetic.  

Spectra from the four measurements of iron area C2 (panel B) were all typical of 

predominantly zero-oxidation-state iron (Fe0), albeit with small, but clearly 

discernible L3-edge ferric oxide features (highlighted with an arrow in the LCP 

spectra). Crucially, this small oxide feature was present in all repeat 

measurements, showing iron oxidation state to be maintained across the scans, 

with no evidence of photoreduction being observed. For area C2, differences in 

the polarisation dependent spectra were observed, such as the enhanced L2 to L3 

edge peak ratio in the LCP spectra compared to RCP spectra, indicative of a 

magnetic iron phase. The polarisation dependent features were maintained 

across two paired scan sets, including where the polarisation measurement order 

was reversed, demonstrating these differences to be a real magnetic response 

and not an artefact of cumulative beam dose.  

Taken together these results demonstrate the stability of chemical state of 

amyloid plaque iron during STXM examination over the iron L2,3-edge using 

optimised measurement parameters. This finding, coupled with the observation 

of Fe0 upon the first-time measurement of amyloid plaque iron, validates the 

interpretation that zero-oxidation-state metals exist within amyloid plaques, and 

that these phases do not derive from the photoreduction of (more) oxidised 

metals in the x-ray beam”.  
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3. Exit slits: By decreasing the x-ray beam exit slit size, the sample is partially 

shielded from the beam and thus the intensity of the incident x-ray beam is 

reduced. This is demonstrated in the Appendix Figure B2, where a series of 

repeat iron L3-edge STXM measurements were performed on ferric iron-

loaded neuromelanin with differing x-ray doses. This form of iron was 

selected due its particular sensitivity to chemical changes under the x-ray 

beam compared to more crystalline iron minerals.  

 

The following extract is quoted from group work led by Dr James Everett 

(School of Pharmacy and Bioengineering, University of Keele) which is 

currently in revision [297]. The remit has been agreed with the oversight of 

Dr Everett: 

 

“Photon intensity (in counts) was reduced approximately eightfold by 

decreasing the exit slit size from 10 µm to 5 µm, shown in panel A. In panel B, 

the spectra displayed on the left were obtained from two successive iron L3-

edge measurements performed with 10 µm exit slits, and those displayed on 

the right were collected using 5 µm exit slits. 

 

 Where 10 µm exit slits were used, clear evidence of photoreduction was 

observed over the successive scans. Scan 1 (orange spectrum) is typical of a 

pure ferric (Fe3+) phase, whereas scan 2 (green spectrum) shows an increased 

absorption intensity of the principal Fe2+/Fe0 feature at 708 eV with respect to 

the Fe3+ feature at 709.5 eV. In contrast, where 5 µm exit slits were used, no 

perceivable changes to the Fe3+ oxidation state were observed over successive 

scans. Furthermore, the signal:noise ratio of the spectra obtained with 5 µm 

exit slits was superior to that collected with 10 µm slits. Thus, in this instance, 

x-ray doses achieved using 5 µm exit slits were deemed to be appropriate for 

experiments determining iron oxidation state”. 



ix 
 

 

B2: Iron L3-edge x-ray absorption spectra from a ferric iron standard. (A) L3-edge incident x-ray beam 
counts recorded using 10 µm (purple) and 5 µm (green) exit slits. (B) Spectra generated from two 
successive iron L3-edge scans using 10 µm (left) and 5 µm (right) exit slits. Figure reproduced from 
Everett et al. [297]. 

4. Attenuation: Aluminium foils of varying thickness (ranging from 0.1 to 0.6 

mm) were inserted into the beam path to reduce/increase the x-ray flux 

incident on the sample. The position of the attenuator foil is shown in 

Appendix Figure C3. Beam attenuation was employed in combination with 

optimising beamline measurement parameters to obtain adequate signal-to-

noise without inducing detectable beam damage.  

 

5. Dwell times: X-ray exposure (dwell) times were kept as short as possible 

whilst ensuring adequate signal-to-noise. Appropriate dwell times were 

determined by performing repeat scans with dwell times above those 

required for sample measurement.  

 

The following extract is quoted from group work led by Dr James Everett 

(School of Pharmacy and Bioengineering, University of Keele) which is 

currently in revision [297]. The remit has been agreed with the oversight of 

Dr Everett: 

 

“Optimisation of measurement dwell time is demonstrated for the 

examination of amyloid plaque copper in Appendix Figure B3, where 

successive copper L2,3-edge measurements were performed on embedded CuO 



x 
 

standards, to assess the effect of extended periods of high-energy beam 

exposure on the oxidation state of copper(II). No perceivable changes to 

copper(II) oxidation state were observed over the measurements using dwell 

times fivefold higher than those used to examine the plaque cores, with 

spectra representative of a pure Cu2+ material being generated in all 

instances. This validated the use of this methodology for the examination of 

copper oxidation state.”  

 

Dwell times used for all STXM analyses presented in this thesis were kept at 

<10 ms/pixel.  

 

B3: Copper L2,3-edge x-ray absorption spectra from CuO nanoparticles. (A) A spectrum generated using 
dwell times matched to those used for the examination of amyloid plaque cores. (B) Spectra generated 
over three successive copper L2,3-edge scans, using exposure (dwell) times fivefold higher than that 
used to examine amyloid plaque cores. The energies corresponding to peak Cu2+ and Cu+/Cu0 
absorption at the L3-edge are labelled with dashed and dotted-dashed lines, respectively. Figure 
reproduced from Everett et al. [297]. 

6. Controlled sample shutter: A shutter positioned in front of the sample was 

automatically closed between scans, ensuring that the sample was only 

exposed to the x-ray beam during data collection.  

 

7. Raster scanning: For STXM measurements, spectra were produced from 

image stacks, acquired using a raster scanning approach. By collecting spectra 

via raster scanning (as opposed to a single point scan used for XANES), the 

overall beam exposure per point was dramatically reduced; a XANES scan 
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typically exposes one point of the sample to the incident x-ray beam for 

several minutes, whilst in STXM each point is exposed for several milliseconds 

at 80-100 energy points, totalling less than 1 s exposure per point. 

 

8. Reducing the length of XANES scans: The selected energy points for XANES 

scans were optimised to maximise energy resolution over the absorption 

edge but reduce energy resolution in the pre- and post-edge regimes. This 

minimised the total sample exposure time per scan. The breakdown of energy 

resolution for iron and copper K-edge XANES is shown in Appendix Figures C1 

and C2.  

 

9. Monitoring organic signal: Use of soft x-ray spectromicroscopy (in the form 

of STXM) enabled the potential effects of beam damage to both organic and 

inorganic tissue components to be assessed. The same approach to 

optimisation of measurement parameters and repeat scans performed for 

inorganic metal edges was also applied at the carbon and oxygen absorption 

edges, ensuring that radiation damage to tissue-derived protein was 

minimised.  
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Appendix C: XANES measurements 

 

C1: Variation in energy resolution during an Fe K-edge XANES scan. XANES acquired from an FeCl3 
standard is here used as an example. Energy resolution is maximised at 0.5 eV over the edge region, 
and reduced stepwise in the pre- and post-edge regions in order to optimise use of the available 
beamtime. Acquisition parameters vary slightly amongst spectra collected for this thesis, but not 
significantly. 

 

C2: Variation in energy resolution during a Cu K-edge XANES scan. XANES acquired from an Cu(II) 
standard is here used as an example. Energy resolution is maximised at 0.5 eV over the edge region 
and reduced stepwise in the pre- and post-edge regions in order to optimise use of the available 
beamtime. Acquisition parameters vary slightly amongst spectra collected for this thesis, but not 
significantly. 
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C3: Position of aluminium attenuator foil upstream of sample position. Arrow marks the position of 
“diagnostic 7”, a stick with various filters mounted. When a specific filter is selected, it is moved into 
the beam path.  
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Appendix D: STXM stack processing 

 

D1: Dark count subtraction. Dark count taken as the approximate average counts value obtained 
from an image with the sample shutter closed. This value is subtracted as a constant (red square), 
here shown to be 150. 

 

 

D2: Conversion to optical density. Image stacks are converted to optical density using Equation 5: 
OD = ln (I0/I). At the carbon K-edge (shown here), I0 was collected a separate file from an empty 
sample square or hole in the section (red square). Stacks collected at other absorption edges were 
converted to optical density using a blank resin region.  

1. Dark count subtraction

2. Normalisation
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D3: Top-up removal. Images which were acquired during period top-ups (every 10 minutes) showed 
evidence of top-up lines appearing as an image artefact (yellow arrow). Images containing top-up 
lines were removed prior to alignment (red square). 

 

D4: Individual images collected in each image stack were aligned using the Zimba tool in aXis. A 
constant image was selected as a cross correlation reference, usually the image at the absorption 
feature of interest (here protein peak at 288.6 eV in the red box). Zimba also offers several options 
for edge enhancement before alignment, where sobel was iteratively found to be the most effective 
(green box). Alignment was repeated until the pixel shifts between the original stack and shifted stack 
could not be further reduced.  

3. Top-up removal
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D5: Resin subtraction. For stacks collected at the carbon K-edge, it was necessary to subtract the resin 
signal. The spectrum acquired from a blank resin region devoid of sample material was subtracted 
from the spectrum acquired from a region of interest to reveal carbon signal attributable to the tissue 
sample. Here, an example is shown for a region of tissue-derived protein.  
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D6: Accounting for the effect of top-up artefacts in STXM mapping. Pixel intensity is averaged over 3-
4 background regions (devoid of any iron signal) from either side of the bands. ImageJ brightness and 
contrast tool is then used to adjust the intensity of the bands such that background regions have the 
same pixel intensities. This is used for display purposes only, where no attempts are made to quantify 
concentration from pixel intensity.   

 

D7: Scaled iron L2,3-edge absorption reference spectra used for fitting. Figure reproduced from 
Everett et al., Nanoscale, 2018 [260]. 
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Appendix E: Correlation analysis 

 

 

E1: Image correlation for NM speciation mapping and silver nitrate staining in consecutive sections 
(200 nm thickness) of neurologically healthy control substantia nigra (Case C1). Average intensity from 
a local area size of 5 pixels was used to calculate the correlation co-efficient. (a) NM speciation map 
(acquired at 200 nm resolution, adjusted using bilinear interpolation to 165 nm resolution). (b) Silver 
nitrate stain (acquired at 165 nm resolution). (c) Invert of stained image (b) using invert look-up table 
tool in ImageJ. Brightness and contrast tool used to threshold background. (d) Correlation map, where 
brightest spots show strongest correlation. (e) Correlation plot for non-zero values, yielding a 
correlation co-efficient of 0.76. Figure reproduced from Brooks et al., Angewandte Chemie, 2020 
[215]. 
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E2: Image correlation for synchrotron-acquired NM and iron maps of the same section. Average 
intensity from a local area size of 5 pixels was used to calculate the correlation coefficient. (a) NM 
speciation map (acquired at 200nm resolution, adjusted using bilinear interpolation to 100 nm 
resolution). (b) Iron map (acquired at 100 nm resolution). (c) Correlation map for entire cell body, 
where brightest spots show strongest correlation. (d) Correlation plot for non-zero values, yielding a 
correlation coefficient of 0.76. Figure reproduced from Brooks et al., Angewandte Chemie, 2020 [215]. 
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Appendix F: STXM analysis 

 

F1: Repeat scans on synthetic NM (100 nm section thickness) at 100 nm spatial resolution. Whilst the 
amplitude of the features varies slightly between the scans, the overall shape and position of the 
absorption peaks are preserved, with no evidence of beam-induced peaks in the repeat scan. 

 

F2: Chemically reduced iron associated with NM in a melanised nigral neuron from Case PD2. (a) 
Speciation map at 709.5 eV. (b) Iron L-edge spectrum from highlighted region of NM. Spectrum 
truncated to exclude L2-edge where signal-to-noise was low. Iron signal from other regions within this 
neuron was insufficient to produce clear spectra. Dashed and dotted lines show the positions of 
principal absorption peaks for Fe2+ and Fe3+, respectively.  
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F3: Positive correlation between x-ray microscopy protein speciation maps acquired at (a) the carbon 
K-absorption edge and (b) the oxygen K-absorption edge. Plaque core from case AD4.  Section 
thickness = 500 nm. Figure reproduced from Everett et al., Nanoscale, 2018 [260]. 

 

 

F4: X-ray spectromicroscopy images and speciation dependent contrast maps from two amyloid 
plaque cores. (a, c) Off-peak oxygen K-edge (530 eV) image of plaque cores from cases AD3 and AD4, 
respectively, showing overall plaque core morphology. (b, d) Composite images of plaque cores shown 
in (a) and (c), displaying distributions of peptide (green), calcium (blue), carbonate (sky blue) and iron 
(red). Figure reproduced from Everett et al., Nanoscale, 2018 [260]. 
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Appendix H: Publications 

This appendix shows the full publications which have arisen directly from work 

presented in this thesis. The publications are included in the order they appear in the 

thesis, which is as follows: 

 

1. F. Lermyte, J. Everett, J. Brooks, F. Bellingeri, K. Billimoria, P.J. Sadler, P.B. 

O’Connor, N.D. Telling, J.F. Collingwood (2019), "Emerging Approaches to 

Investigate the Influence of Transition Metals in the Proteinopathies," Cells, 

vol. 8(10). DOI: 10.3390/cells8101231. 

 

2. A-C. Jacomin, K. Geraki, J. Brooks, V.T. Tjhin, J.F. Collingwood, I.P Nezis (2019), 

"Impact of autophagy and ageing on iron load and ferritin in Drosophila 

brain," Frontiers in cell and developmental biology, vol. 7. DOI: 

10.3389/fcell.2019.00142. 

 

3. J. Brooks, J. Everett, F. Lermyte, V.T. Tjhin, S. Banerjee, P.B. O’Connor, C.M. 

Morris, P. J. Sadler, N.D. Telling, J.F. Collingwood (2020), “Label-free nano-

imaging of neuromelanin in Parkinson’s disease cases using soft x-ray 

spectromicroscopy,” Angewandte Chemie International Edition, vol. 59, pp. 

11984-11991. DOI: 10.1002/anie.202000239. 

 

4. J. Brooks, J. Everett, F. Lermyte, V.T. Tjhin, P.J. Sadler, N.D. Telling, J.F. 

Collingwood (2020), “Analysis of neuronal iron deposits in Parkinson's disease 
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Abstract: Transition metals have essential roles in brain structure and function, and are associated
with pathological processes in neurodegenerative disorders classed as proteinopathies. Synchrotron
X-ray techniques, coupled with ultrahigh-resolution mass spectrometry, have been applied to study
iron and copper interactions with amyloid β (1–42) or α-synuclein. Ex vivo tissue and in vitro
systems were investigated, showing the capability to identify metal oxidation states, probe local
chemical environments, and localize metal-peptide binding sites. Synchrotron experiments showed
that the chemical reduction of ferric (Fe3+) iron and cupric (Cu2+) copper can occur in vitro after
incubating each metal in the presence of Aβ for one week, and to a lesser extent for ferric iron
incubated with α-syn. Nanoscale chemical speciation mapping of Aβ-Fe complexes revealed a spatial
heterogeneity in chemical reduction of iron within individual aggregates. Mass spectrometry allowed
the determination of the highest-affinity binding region in all four metal-biomolecule complexes.
Iron and copper were coordinated by the same N-terminal region of Aβ, likely through histidine
residues. Fe3+ bound to a C-terminal region of α-syn, rich in aspartic and glutamic acid residues, and
Cu2+ to the N-terminal region of α-syn. Elucidating the biochemistry of these metal-biomolecule
complexes and identifying drivers of chemical reduction processes for which there is evidence ex-vivo,
are critical to the advanced understanding of disease aetiology.

Keywords: Alzheimer’s disease; Parkinson’s disease; amyloid β; α-synuclein; copper; iron; mass
spectrometry; electrospray ionization; X-ray; spectromicroscopy

1. Introduction

There is a long-established association between aberrant protein deposition in neurodegenerative
disorders, and disrupted metabolism of metals. The extent to which metal-protein interactions are a
contributing factor in disease pathogenesis remains an active research question, arguably due to the
complexity of the systems concerned and the level of analytical challenge associated with their study.

The proteinopathies include many forms of dementia and movement disorders, and
disease-specific patterns of aberrant protein deposition are integral diagnostic hallmarks in disorders
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such as Alzheimer’s disease, Parkinson’s disease, dementia with Lewy bodies, multiple system
atrophy, and others. A causative role has been postulated for the well-documented protein cleavage
and misfolding that arises in disorders, such as Alzheimer’s and Parkinson’s disease (for example,
the amyloid cascade hypothesis [1]), where increased central nervous system (CNS) concentrations
and subsequent aggregation of amyloid β, a 4.5 kDa peptide, and α-synuclein, a 14 kDa protein,
are observed. The hallmarks of these diseases include amyloid β forming extracellular deposits as
senile plaques, and α-synuclein intracellular aggregates (Lewy bodies), respectively. The patterns
and forms of amyloid and synuclein deposition are a factor in post-mortem classification of these
neurodegenerative disorders. Attempts to intervene in the disease progression by targeting amyloid
burden in isolation (typically using selective monoclonal antibodies) have consistently failed [2–5].

Metals play many essential roles in the human brain [6,7]. There is long-standing, but incomplete,
evidence of disrupted metal ion metabolism and localized accumulation in neurodegenerative disorders
(including the abundant biometals such as calcium, the essential transition metals, and non-essential
metals that can enter the CNS such as aluminium). These observations have motivated the development
of chelating drugs. Clinical trials of approaches successful in treating systemic overload disorders
(e.g., iron chelation in haemochromatosis, copper chelation in Wilson’s disease), have been extended to
disorders primarily of the CNS. Chelation trials to date have shown mixed results for the application
to neurodegenerative disorders, but some have delivered promising results in modulating iron and
copper [8–10].

In this context, it is of fundamental importance to consider the interplay between metals
and peptides. It is well-established that amyloid β and α-synuclein deposits in human brain
tissue are associated with metal accumulations, and these metals can affect the aggregation kinetics
of amyloidogenic peptides and proteins through the induction of conformational change and/or
metal-catalysed oxidation of the protein backbone [11–23]. It has been postulated that binding
of metallic counter-ions neutralises charge repulsion, permitting the formation of more compact
and structured conformations, such as those that comprise filamentous Lewy bodies [23]. In vitro
studies have demonstrated accelerated α-synuclein fibrillation associated with both iron [11,24] and
copper [11,23,25] co-incubation.

Furthermore, it has been shown in ex vivo tissue studies that the metal-containing phases within
senile plaques and Lewy bodies are often chemically reduced and therefore reactive, suggesting that
the metal-catalysed production of radicals and reactive oxygen species might contribute to neuron
death [13,14,20,26–30]. There is, therefore, a pressing need to understand the interactions of transition
metal ions with amyloid β and α-synuclein on a molecular scale, including the way these interactions
affect the oxidation states of the metals, supported by the evidence of chemical reduction in-vitro or
within cultured cells [26,31,32].

Studying the spatial distribution of trace metals in solid samples (such as brain tissues and
their derivatives) poses significant challenges, and only a handful of methods can simultaneously
provide information on the metals’ chemical state. Synchrotron X-ray methods have received
considerable attention in this context [7,33]. X-ray techniques using hard, and more recently soft, X-rays
have been successfully utilized to examine neurodegenerative disease tissues ex vivo [7,13,34–36].
Utilizing unique structures and natural contrast in samples is important to maximise the success of
these studies where non-destructive methods are employed, as the same region of a sample may be
analysed multiple times. In the example of brain tissue analysed for this article (Figure 1), neurons
from the substantia nigra, naturally pigmented with granules of neuromelanin (NM), were used,
as the metabolism of metals in this region is of interest, particularly in the context of Parkinson’s
disease [37–39] and NM—a biological polymer formed by autoxidation of dopamine—provides
useful contrast.

Micro-focus X-ray fluorescence (µXRF) mapping provides a means to establish simultaneously
the distribution of multiple trace metal elements at spatial resolutions of a few microns. Synchrotron
X-rays can also be tuned in energy with great precision to excite electrons from core atomic shells,



Cells 2019, 8, 1231 3 of 26

causing an abrupt increase in photo-absorption at energies equal to the shell binding energy [7,40].
This increase is recognized as an ionization edge in the X-ray absorption spectrum, and an analysis
of the characteristic shape of the absorption spectrum near the ionization edge is known as X-ray
absorption near-edge spectroscopy (XANES). XANES focuses on the absorption fine structure near the
edge corresponding to the excitation energy of an inner-shell electron to an unoccupied orbital. When
probing metal K-shell electrons, this typically requires the use of a high-energy (> 5 keV/photon) hard
X-ray beam, while metal L-shell electrons can be probed using a lower energy soft X-ray beam (< 5
keV). These X-ray techniques have the benefit of providing information on the metal oxidation state,
and are sensitive to the types and numbers of coordinated ligand atoms and metal-ligand distances.
With sufficiently pure samples, it may be possible to determine the structures from first principles
using extended X-ray absorption fine structure (EXAFS). XANES analysis with a micro-focused beam
may be performed in situ without the requirement for histological staining or contrast agents (which
are likely to alter the native biochemistry), and for the equivalent spatial resolution, the typical beam
damage is lower from synchrotron X-ray methods than from conventional electron beam methods [7].
XANES spectra can be collected in the transmission or fluorescence mode, though the fluorescence
mode is typically preferred for low (approximately ppm) concentrations [40], and XANES acquisition
can be informed by prior XRF mapping, or even integrated into a XANES mapping experiment at
many micro-focus beamlines.
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(e) Iron XANES from the individual neuron highlighted in (a), showing successive scans on the same 
area to monitor possible photo-reduction, with the results from linear combination fitting of XANES 
spectra alongside experimental standards (a range of Fe0/Fe2+/Fe3+ standards and ferritin-bound Fe3+ 
iron). The repeated traces were identical within measurement uncertainty (<2%), and the absorption 
edge region (−20 eV below to +80 eV above the edge) fitted well with 100% FeCl3, with χ2 values of 
0.11 and 0.07 obtained for the initial and repeat scans, respectively. Traces were subjected to an edge-
step normalization and flattened using Athena fitting software. Traces are vertically offset for clarity. 
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was first used to make multi-metal maps over the regions of human brain tissue. XANES analysis 
was then performed to investigate the chemical state of the metals. In the example shown in Figure 
1, substantia nigra tissue (donated post-mortem from a confirmed case of Parkinson’s disease) 
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The beam exposure at each pixel during XRF mapping was short (<1 s), but there is scope when 
performing subsequent XANES at the sites of interest (e.g., at the inset region outlined in Figure 1(a)) 
for photo-reduction of the metals to occur. The repeat scans using 0.1 mm Al attenuation were 
performed at the site of interest shown in Figure 1(a), demonstrating that XANES at the iron K-edge 
was unchanged within experimental error (<2%). The fitting of the repeat-scanned region in the NM-
rich neuron (blue and orange traces in Figure 1(e)) with FeCl3 (shown as a solid black line) supports 
the interpretation that NM-bound iron is predominantly in ferric form in these pigmented regions. 
This finding is supported by prior reports [34]. 

Figure 1. (a) Optical image showing melanised dopaminergic neurons in PD substantia nigra tissue.
X-ray fluorescence maps of the area shown in (a) were collected using a 5 µm beam and a 0.1 mm Al
foil attenuator. XRF maps are shown for (b) iron, (c) copper, and (d) zinc at their respective K-edges. (e)
Iron XANES from the individual neuron highlighted in (a), showing successive scans on the same area
to monitor possible photo-reduction, with the results from linear combination fitting of XANES spectra
alongside experimental standards (a range of Fe0/Fe2+/Fe3+ standards and ferritin-bound Fe3+ iron).
The repeated traces were identical within measurement uncertainty (<2%), and the absorption edge
region (−20 eV below to +80 eV above the edge) fitted well with 100% FeCl3, with χ2 values of 0.11
and 0.07 obtained for the initial and repeat scans, respectively. Traces were subjected to an edge-step
normalization and flattened using Athena fitting software. Traces are vertically offset for clarity.

A further synchrotron X-ray approach emerging as a powerful tool for the analysis of heterogeneous
biological samples is soft X-ray spectromicroscopy, in the form of scanning transmission X-ray
microscopy (STXM). This approach combines spectroscopic analysis with high-resolution microscopy
enabling the chemical speciation of a sample material to be determined to a spatial resolution of
approximately 20 nm. The operational energy range of STXM microscopes spans both organic (e.g., C,
together with N, O and P) and inorganic (metal) absorption edges, allowing for the correlations between
metal chemistry and specific biological structures to be identified. Furthermore, magnetically sensitive
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STXM X-ray magnetic circular dichroism (XMCD) allows for site-specific magnetic characterization of
metal phases within imaged regions of interest [13].

These X-ray methods are often considered non-destructive as, unlike imaging mass spectrometry
methods, they do not rely on ablation of the sample. Sample preservation facilitates correlative imaging
(for example, light and electron microscopy) to be performed following X-ray analysis. In addition,
these approaches require no aldehyde fixatives, contrast agents or dyes, thereby preserving native
sample chemistry to a greater extent than traditional approaches used to image biological tissues [41].
However, despite their non-destructive nature, it is necessary to carefully control the X-ray dose used
in this type of experiment to ensure a reliable and reproducible chemical analysis.

Mass spectrometry (MS) is an important technique used to study metalloproteins on a molecular
(atomic) scale, particularly in combination with electrospray ionisation (ESI) [42–46]. Under optimised
conditions, ESI can transfer intact metal-protein complexes into the gas phase, where their molecular
mass can be measured very accurately. This also allows the determination of the oxidation state of
the metal. For a metal-free protein M, the electrospray process produces a multiply charged cation
[M + nH]n+. In other words, the charges are provided by the addition of protons, each possessing
a mass of approximately 1.0073 Da. If a multiply-charged metal ion is attached to the protein, the
ion produced instead is [M +Metal + nH]m+, and the oxidation state of the metal equals (m−n), i.e.,
the charges not accounted for by the proton addition are carried by the metal, the mass of which
is essentially independent of the oxidation state. While this approach is very straightforward, two
caveats should be noted. First of all, the ESI source is essentially an electrochemical cell, and redox
reactions within this cell cannot be ruled out a priori. Second, as ionisation typically occurs under
atmospheric conditions, there is a window of a few milliseconds during which the oxidation of very
sensitive species can occur. Furthermore, ESI-MS requires highly purified samples in solution, and
is incompatible with most of the non-volatile buffers and salts commonly used in molecular biology.
Despite these limitations, ESI-MS offers several unique benefits, as different co-occurring protein
isoforms and metal-bound states can be resolved, and these can be isolated for further analysis in
tandem MS experiments. In this approach, an ion is isolated and subjected to gas-phase activation, for
which several methods exist [47–49]. This induces the fragmentation of the amide backbone of the
peptide or protein, and the masses of the resulting fragments are measured. By carefully controlling
the fragmentation, it is possible in some cases to cleave the backbone while preserving protein-metal
interactions, and as a result, the fragments that contain the residue(s) that interact(s) with the metal,
show a characteristic mass increase [50–53]. As such, careful analysis of the fragmentation pattern can
provide clues about the sequence region in which binding occurs.

This work demonstrates a suite of complementary approaches (Table 1) including X-ray
spectromicroscopy, mass spectrometry, and supporting electron microscopy, to investigate the properties
of metals interacting with peptides integral to the hallmarks of neurodegenerative disorders.

In the example applications, unstained (label-free) post-mortem brain tissue was pre-imaged
using µXRF to determine the oxidation state of iron in the regions of interest. Subsequently, hard X-ray
XANES and soft X-ray spectromicroscopy, ESI-MS, and electron microscopy were used to analyse
complexes of iron and copper with Aβ(1–42) and α-syn formed in vitro. In particular, the chemical
environment of the metals in these complexes (i.e., the primary amino acid residue binding sites)
was studied as well as the effect of binding and co-incubation on the oxidation state of the metals.
A potential concern when using energetic X-ray probes to measure oxidation state chemistry is the
possibility of X-ray photo-reduction. There are a few systematic reports into X-ray beam induced
changes to sample chemistry in these systems of interest, but this concern is critical if robust insights
are to be obtained. This study showed through a careful analysis and control of the X-ray exposure
conditions, how such effects can be identified and successfully mitigated against.



Cells 2019, 8, 1231 5 of 26

Table 1. Summary of primary techniques.

Technique Abbreviation Description

Mass Spectrometry MS

Electrospray ionization (ESI) tandem MS is used to
determine regions on peptides where metals bind, by

analyzing the molecular masses of fragments where the
amide backbone of the peptide has been cleaved while

preserving protein-metal interactions. The fragmentation
pattern indicates the binding region(s), as the fragments
containing the residue(s) that interact(s) with the metal

show a characteristic mass increase.

Scanning Transmission X-ray
Microscopy STXM

Synchrotron soft X-ray microscopy is used in
transmission mode to obtain images at tens of nanometer

spatial resolution, acquired sequentially in stacks as a
function of energy. These data contain spectral

information about the chemistry of each region of
interest selected within the image.

X-ray Absorption Near-Edge
Spectroscopy XANES

Synchrotron hard X-ray microscopy is used in
fluorescence mode to obtain energy scans from elements

of interest, where the structure of the spectrum is
sensitive to the local chemical environment of the

scattering element.

Transmission Electron Microscopy TEM
Electron beam imaging is used to investigate the forms of

peptide aggregate present in the samples analyzed by
MS, STXM, and XANES.

2. Materials and Methods

2.1. Materials for In-Vitro Experiments

Synthetic Aβ(1–42) was acquired from Bachem (Bubendorf, Switzerland), the same source the
authors have used in previous research [28,29]. The peptide was produced by solid-phase peptide
synthesis using the Fmoc strategy followed by trifluoroacetic acid-mediated cleavage. Recombinant
140-residue α-synuclein (catalogue #AG938), CuCl, CuSO4, FeCl2, FeCl3, Fe(III) ammonium citrate,
glutathione, 1,10-phenanthroline, nitrilotriacetic acid, and hydroxylamine hydrochloride were
purchased from Sigma (Dorset, UK). As described in Section 3.3, one of the key techniques used in this
work was ultrahigh-resolution tandem mass spectrometry, enabling the measurement of the masses of
the intact Aβ(1–42) and α-syn as well as fragments produced in the gas phase with accuracy better
than 1 part-per-million (see Tables A1–A4 in Appendix D). Hence, these data establish the high purity
as well as the mass and sequence of the α-syn used in this work.

Peptide and metal stocks were diluted in a modified Krebs-Henseleit (KH) buffer (pH 7.4; 100 mM
PIPES, 118.5 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.4 mM CaCl2, 11 mM glucose and all Sigma
Aldrich) modelled on the abundance of these elements reported in the cerebrospinal fluid of the central
nervous system [17]. PIPES was utilized as a buffering agent as it does not interact strongly with
metal ions.

2.1.1. For XANES Experiments

As the Fe(II) ion in aqueous solution is sensitive to oxidation by atmospheric oxygen, a stable
Fe(II) reference standard for XANES was produced by making a solution containing a 1:3 molar ratio
of FeCl2:1,10-phenanthroline, as, in the resulting complex, this ligand protects the iron center from
oxidation. The Fe(II) oxidation state of iron in this complex was confirmed using MS (Appendix A
Figure A1). Similarly, to stabilize the Cu(I) ion in aqueous solution, the appropriate amount of
anhydrous CuCl to yield a concentration of 0.77 mM was dissolved in a 3.25 mM solution of glutathione
(i.e., resulting in a 1:4 mol ratio), following a published procedure [54].
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2.1.2. For MS Experiments

The reducing agent hydroxylamine hydrochloride was added in a 1:2 ratio with the metal to
stabilize Fe(II) on the required timescale. To stabilize Fe(III) in solution at pH 7.4, a 1:1 complex
with nitrilotriacetate (NTA) was used [55]. This complex was produced by dissolving FeCl3 and
H3NTA—both at a concentration of 10 mM—in water, and subsequently adjusting the pH to 7.4 by the
dropwise addition of 1 M aqueous ammonia.

2.1.3. For STXM Experiments

Frozen synthetic Aβ(1–42) was thawed and dissolved in 0.1 M NaOH for 30 min at room
temperature to create a 1 mg/mL (220 µM) Aβ stock. NaOH was used to dissolve Aβ aggregates (that
would otherwise be insoluble at pH 7) that may have formed during the sample storage, ensuring
complete peptide dissolution. Amyloid β stock was diluted in modified KH buffer (pH 7.4) and was
allowed to incubate at 37 ◦C for 48 h before the addition of 18 mM iron(III) nitrate solution. Following
the addition of iron(III), the suspensions of Aβ/iron were incubated at 37 ◦C for a further 30 min before
sampling. The final Aβ and iron concentrations were 35 and 370 µM, respectively. The suspensions of
Aβ/iron were incubated within sealed microcentrifuge tubes.

2.2. Human Tissue

Human brain tissue from the substantia nigra of a confirmed case of Parkinson’s disease was
obtained fresh-frozen from the Canadian Brain Tissue Bank and cryosectioned with an acid-washed
sapphire blade (to avoid any metal contamination) to a thickness of 30 µm, mounted on a
spectroscopically-clean synthetic quartz slide, and air-dried in a class II hood prior to hard X-ray XRF
and XANES analysis. The use of this tissue was conducted in accordance with the Declaration of
Helsinki, under approval 07.MRE08.12 from North West Haydock Park Research Ethics Committee.

2.3. Hard X-ray Spectromicroscopy

Hard X-ray synchrotron XANES data, preceded by µXRF data, where required for the localization
of regions of interest, were collected on the microfocus beamline I18 at the Diamond Light Source
(Oxfordshire, UK).

2.3.1. For µXRF

A primary incident synchrotron X-ray beam of 13 keV was used to stimulate fluorescence emission
simultaneously from all accessible elements in each sample analyzed, with the full fluorescence
spectrum acquired for each pixel of every map. A focused X-ray beam diameter of 5 µm2 defined the
maximum spatial resolution used. An optical camera was focused on the sample during mapping to
allow the metal distribution to be correlated with anatomical tissue structure. All fluorescence maps
were generated after using PyMCA software to subtract the background and fit the individual peaks.

2.3.2. For XANES

A series of solutions was prepared for analysis containing 35 µM Aβ or α-syn, and 440 µM FeCl3
or CuSO4 in modified KH buffer, using a protocol previously described for studies of Aβ [28,29].
An aliquot was taken immediately after mixing to provide the t0 data point, and the rest of the sample
was then placed in an incubator at 37 ◦C inside a sealed 1.5 mL microcentrifuge tube for 7 days to
provide the t1wk data point. In preparation for XANES acquisition, 2.5 µL of the sample was deposited
on a thin Ultralene film and allowed to dry (approximately 1 h at 37 ◦C). This procedure was repeated
three times per spot in order to deposit enough of the sample to obtain XANES spectra in fluorescence
mode with reasonable signal-to-noise (S/N) ratios. Except for the photo-reduction tests, the incoming
hard X-ray beam was attenuated using 0.5 mm (when acquiring near the Cu edge) or 0.1 mm (Fe
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edge) of aluminum foil to minimize beam damage. XANES traces were subjected to an edge-step
normalization and flattened using the standard protocol in the Athena fitting software [56].

2.4. Soft X-ray Spectromicroscopy

Soft X-ray spectromicroscopy was used for STXM examination of the nanoscale morphology
and chemical composition of Aβ/iron structures formed in vitro. Five µL of the incubated Aβ/iron
suspension (35 µM Aβ) was deposited onto 100 × 100 µm SiO2 membrane windows (DuneSciences;
75 nm thickness), and the excess liquid was removed with filter paper. The membranes were mounted
onto STXM sample plates for X-ray spectromicroscopy. In an effort to maintain the oxidation state of
iron, all sampling and mounting was performed within a nitrogen-filled glove bag, and the samples
were transported to the X-ray microscope in a nitrogen-filled vessel. Prior to sample loading, the STXM
end-station was purged with nitrogen.

The STXM measurements were performed at the Swiss Light Source (Villigen, Switzerland) on
the PolLux beamline using the STXM end-station. The focused X-ray spot size was approximately
20 nm. The energy-specific images were created by raster scanning the sample at the point of the
focused X-ray beam and recording the intensity of the transmitted X-rays. In order to minimize
photon-dose effects, thus best preserving sample chemistry during the STXM measurements, dwell
(exposure) times were kept to a minimum (≤ 4 ms/point). To assess the chemical composition of
Aβ/iron structures at a nanoscale spatial resolution, speciation maps were created by taking paired
images: one at an energy corresponding to a feature of interest (e.g., the amide peak at the carbon
K-edge [288.3 eV]) [57,58] and one a few eV below this feature. The off-peak image was then subtracted
from the on-peak image generating an artefact-free contrast map, displaying the chemical speciation
of the examined region. To provide further information regarding the chemical state of the sample
material, X-ray absorption spectra were created by collecting multiple images, collectively referred
to as a stack, over a desired energy range (in this case the carbon K-edge [280–320 eV] and the iron
L2,3-edge [700–740 eV]). The transmitted X-ray absorption intensities from the stack images were
converted to optical density using regions that did not contain any sample material, thereby removing
background absorption features arising from the beamline. This approach to X-ray spectromicroscopy
allows an X-ray absorption spectrum to be generated from every pixel of a stack image, enabling the
chemical characterization of highly localized regions of interest. Carbon K-edge spectroscopy was
performed prior to higher energy iron L2,3-edge spectroscopy to minimize X-ray induced damage to
carbon structures.

The STXM data were processed using the aXis 2000 software package (http://unicorn.mcmaster.ca/

aXis2000. html). ImageJ software was used to adjust the brightness and contrast of X-ray microscopy
images. (Pseudo) colored composite images were created by converting grey-scale X-ray microscopy
images to false color, before recombining the images as overlays. The iron L2,3-edge X-ray absorption
spectra obtained in these experiments were fitted to a series of reference iron standards (Fe(III),
Fe3O4, and Fe(II), see Appendix B Figure A5) using a non-linear least squares fitting procedure to
provide a quantitative estimate of the iron phases contributing to the experimental data. The reference
standards were appropriately scaled using the factors determined by normalizing the X-ray absorption
intensity for each reference iron phase to the integrated intensity over the iron L2,3 absorption edges, as
previously described [13].



Cells 2019, 8, 1231 8 of 26

2.5. Mass Spectrometry

Mass spectrometry was performed to ascertain whether the direct binding of iron and copper ions
to amyloid β and α-synuclein occurred, and if so, controlled fragmentation of the peptide backbone
was used to obtain residue-specific information on the binding region(s) involved. MS analysis of the
Aβ-metal and α-syn-metal complexes was performed using a 12 Tesla Bruker solariX Fourier transform
ion cyclotron resonance (FTICR) instrument, using procedures which we have recently described for
Aβ [59]. These samples were prepared in 20 mM aqueous ammonium acetate, following standard
procedures for native MS [42,44]. The aliquots were maintained at room temperature and transferred
into the gas phase by ESI after approximately 10 min. Approximately 10 µL of sample was transferred
to a glass capillary that was prepared in-house. For ESI, a potential difference of 1 kV was applied
using a nichrome wire inserted in the distal end of the capillary. The instrument was operated at a
nominal resolving power of 400,000 at m/z 400, and the quadrupole mass filter of the instrument was
used to select a precursor ion type for tandem MS experiments. Fragmentation was induced using
either collision-induced (CID) or electron capture dissociation (ECD) depending on the precursor ion.
The peak assignment tables can be found in Appendix D, and additional spectral data for the MS and
X-ray results in this paper are available from the University of Warwick open access research repository
(WRAP) at http://wrap.warwick.ac.uk/127048.

2.6. Transmission Electron Microscopy

The supporting analysis with TEM provided high-resolution images of the peptide/metal structures
analyzed by MS (Appendix A Figure A2) and X-ray spectromicroscopy (Appendix B Figure A6).
TEM was performed on a parallel series of samples taken at fixed time-points from the same aliquots
as those analyzed by MS. A JEOL 2011 LaB6 was used, operating at 200 kV with a GATAN ultrascan
camera. Where required, uranyl acetate was used for contrast. TEM was also carried out for the
samples that had already been analyzed by STXM. For this, a JEOL 1230 microscope operating at
100 kV was used, and no dyes or contrast agents were introduced. STXM was carried out prior to the
TEM analysis to prevent electron beam induced changes to sample chemistry.

3. Results

3.1. Hard X-Ray Analysis

Iron and copper XANES data were acquired from a series of Aβ(1–42) and α-syn aggregates
prepared in-vitro (Sections 2.1 and 2.3), with the aliquots dried on Ultralene membranes for analysis.
The iron XANES analysis was also performed on biological tissue (human brain, Section 2.2), dried
onto Ultralene, using µXRF to first locate regions of interest before acquiring iron XANES scans from
these sites. (In principle, copper XANES can also be acquired from brain tissue, but in practice the
concentration of copper is typically an order of magnitude lower than iron, requiring an additional
method optimization to acquire high-quality XANES spectra that delivers reliable insights into the
copper chemistry; this is work in progress.) XANES analysis enabled the observation of a chemical
reduction of the transition metals arising from two sources: As a result of photo-reduction where
the beam exposure was not controlled, and also arising from the incubation of the metals with
aggregating peptides.
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In preparation for the XANES measurements, we determined the extent to which it was necessary
to control photo-reduction from X-ray beam exposure was determined. Appendix C Figure A7 shows,
for in-vitro prepared α-synuclein with Cu(II), how scan reproducibility and features are increasingly
preserved as the thickness of aluminum foil used upstream to attenuate the incident beam is increased.
The preservation of spectra within the experimental error was observed with 0.5 mm aluminum
attenuation at room temperature and ambient pressure, and sample homogeneity was also confirmed.
This level of attenuation was demonstrated, by the use of repeated scanning, to mitigate photo-reduction
for all four experiment conditions, and 0.5 mm Al attenuation was used in all subsequent measurements
of copper XANES. The equivalent level of attenuation required at the iron edge was 0.1 mm Al.

3.1.1. XANES of Iron in Human Brain Tissue

In order to perform XANES of iron from the sites of interest in human brain tissue, µXRF
analysis was first used to make multi-metal maps over the regions of human brain tissue. XANES
analysis was then performed to investigate the chemical state of the metals. In the example shown in
Figure 1, substantia nigra tissue (donated post-mortem from a confirmed case of Parkinson’s disease)
retained some neuromelanin-pigmented cell bodies (and in some cases neuromelanin released into the
extra-cellular matrix), showing elevation of iron, copper, and zinc levels relative to the surrounding
tissue. This example is provided to showcase µXRF analysis of metal distribution in tissues, aided by
the endogenous contrast from the pigmented neuromelanin which provides information about the
tissue structure. These regions of concentrated metals map to the distribution of pigmentation and are
consistent with the high affinity of neuromelanin for transition metals which may impact neuronal
vulnerability [37–39].

The beam exposure at each pixel during XRF mapping was short (<1 s), but there is scope when
performing subsequent XANES at the sites of interest (e.g., at the inset region outlined in Figure 1a) for
photo-reduction of the metals to occur. The repeat scans using 0.1 mm Al attenuation were performed
at the site of interest shown in Figure 1a, demonstrating that XANES at the iron K-edge was unchanged
within experimental error (<2%). The fitting of the repeat-scanned region in the NM-rich neuron (blue
and orange traces in Figure 1e) with FeCl3 (shown as a solid black line) supports the interpretation that
NM-bound iron is predominantly in ferric form in these pigmented regions. This finding is supported
by prior reports [34].

This example of how µXRF can be used to locate transition metal ion distributions in tissues is
facilitated by a choice of a sample with natural contrast arising from the NM pigment. For µXRF
analysis in this energy range, supporting techniques are required to correlate information about other
organic constituents, including protein aggregates, with the metal ion distributions, for example, optical
microscopy with the introduction of stains where necessary. The sections used for µXRF cannot be
stained in advance because for µXRF, staining would introduce an unacceptable level of contamination.

3.1.2. XANES of Iron and Copper in In-Vitro Systems

XANES from aliquots of the iron or copper co-incubated with amyloid β or α-synuclein was
performed with the attenuated beam protecting against photo-reduction. XANES analysis of these
in-vitro formed aggregates revealed a marked chemical reduction of iron and copper arising from the
co-incubation with Aβ, and to a lesser extent with α-syn, as shown in Figure 2.

A comparison of the four in-vitro systems (Fe or Cu plus Aβ or α-syn) indicated that the increased
tendency for chemical reduction under incubation conditions observed for Aβ was mirrored by the
extent to which photo-reduction arose with the un-attenuated beam. There is evidence that these same
processes arise in mammalian brain tissue [13,14], and in this context, it is important to confirm the
underlying mechanism(s) responsible for the observed chemical reduction of these metal species.
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Figure 2. XANES traces showing the effect of 1 week’s incubation on metal oxidation states. (a) Aβ 
and (b) α-syn on the oxidation state of Fe, and (c) Aβ and (d) α-syn on the oxidation state of Cu. Ferric 
and ferrous standards (Fe(III)Cl3 and [Fe(II) + 1,10-phenanthroline], respectively) were used for linear 
combination fitting (LCF) of the spectra in (a) and (b), and cupric and cuprous standards (Cu(II)SO4) 
and [Cu(I)-glutathione] were used for (c) and (d); the results from the LCF are tabulated in each panel; 
below the experimentally-acquired XANES spectra are the reference standards used to fit them for 
each time point (a)–(d). In (a) and (b), inclusion of a small contribution from iron(III) ammonium 
citrate in the LCF resulted in improved quality of fit. χ2 values are as follows for t0 and t1wk fits, 
respectively: (a) 0.06, 0.03; (b) 0.04, 0.02; (c) 0.07, 0.06; (d) 0.002, 0.04. Traces for metal-peptide 
incubations are vertically offset from the reference standards for clarity. 

3.2. Nanoscale Chemical Speciation of Aβ/Iron Aggregate Structures Formed In-Vitro 

Having surveyed larger sample areas (~mm2) with XRF in Section 3.1, using XANES to gain an 
overview of dominant inorganic phases at a cellular resolution, soft x-ray spectromicroscopy 
techniques complemented by transmission electron microscopy were used to probe intact 
protein/metal structures at length scales spanning tens of nanometers to microns.  

Figure 2. XANES traces showing the effect of 1 week’s incubation on metal oxidation states. (a) Aβ

and (b) α-syn on the oxidation state of Fe, and (c) Aβ and (d) α-syn on the oxidation state of Cu. Ferric
and ferrous standards (Fe(III)Cl3 and [Fe(II) + 1,10-phenanthroline], respectively) were used for linear
combination fitting (LCF) of the spectra in (a) and (b), and cupric and cuprous standards (Cu(II)SO4)
and [Cu(I)-glutathione] were used for (c) and (d); the results from the LCF are tabulated in each panel;
below the experimentally-acquired XANES spectra are the reference standards used to fit them for each
time point (a)–(d). In (a) and (b), inclusion of a small contribution from iron(III) ammonium citrate in
the LCF resulted in improved quality of fit. χ2 values are as follows for t0 and t1wk fits, respectively: (a)
0.06, 0.03; (b) 0.04, 0.02; (c) 0.07, 0.06; (d) 0.002, 0.04. Traces for metal-peptide incubations are vertically
offset from the reference standards for clarity.

3.2. Nanoscale Chemical Speciation of Aβ/Iron Aggregate Structures Formed In-Vitro

Having surveyed larger sample areas (~mm2) with XRF in Section 3.1, using XANES to gain
an overview of dominant inorganic phases at a cellular resolution, soft X-ray spectromicroscopy
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techniques complemented by transmission electron microscopy were used to probe intact protein/metal
structures at length scales spanning tens of nanometers to microns.

3.2.1. Amyloid β(1–42) and Iron(III) In-Vitro

The morphology, spatial distribution of chemical elements, and the composition of aggregate
structures formed through the co-incubation of Aβ(1–42) and iron(III) in vitro were determined using
STXM and TEM (Figure 3). TEM (Figure 3a) revealed aggregate morphology that is largely fibrillar,
approximately 25 µm in diameter and of varying electron density, containing multiple electron opaque
regions (see Appendix B Figure A6 for high magnification TEM images). To establish the chemical
composition of the aggregate at a nanoscale spatial resolution, STXM speciation maps were collected at
the carbon K-edge (to visualize peptide (Aβ) content) and the iron L3-edge. Carbon K-edge mapping
(Figure 3b) showed that peptide distribution closely follows the aggregate morphology under TEM
(Figure 3a), demonstrating the aggregate to be composed of Aβ. Iron L3-edge mapping (Figure 3c)
showed multiple regions of the iron accumulation within the aggregate, suggesting the co-deposition of
Aβ and iron. By comparing the TEM images with the STXM iron speciation map, it is apparent that the
most electron dense regions in Figure 3a correspond to regions of high iron loading within the aggregate
(Figure 3c). It is interesting that in mouse models of amyloid over-production (e.g., APP/PS1), there
is evidence of a direct correspondence between amyloid deposition and iron deposition [14], while
the distribution of iron in human amyloid deposits is far more heterogeneous [13,16]. Our findings
presented here are consistent with the prior work on human amyloid plaque material.
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circles) from the aggregate regions highlighted in (c). The solid lines for the spectra correspond to the 
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3.2.2. STXM Spectromicroscopy of Aβ(1–42) and Iron(III) In Vitro 

To examine the organic composition of the Aβ/iron aggregate in more detail, STXM 
measurements were performed over the entire carbon K-edge (280–320 eV). The resulting x-ray 
absorption spectra obtained from the examined areas (highlighted in Figure 3(b, d)) are displayed in 

Figure 3. TEM and STXM analysis of an Aβ/iron aggregate formed in-vitro. (a) TEM image. Arrowhead
shows a crystalline artefact originating from the buffer medium. (b) Carbon K-edge peptide speciation
map. (c) Iron L3-edge speciation map. (d) Composite image displaying peptide (cyan) and iron (red)
content of the aggregate. (e) Carbon K-edge X-ray absorption spectra from the aggregate regions
highlighted in (b) and (d). (f) Iron L2,3-edge X-ray absorption spectra (colored circles) from the aggregate
regions highlighted in (c). The solid lines for the spectra correspond to the best fit curve created by
superposition of suitably scaled iron reference X-ray absorption spectra.
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3.2.2. STXM Spectromicroscopy of Aβ(1–42) and Iron(III) In Vitro

To examine the organic composition of the Aβ/iron aggregate in more detail, STXM measurements
were performed over the entire carbon K-edge (280–320 eV). The resulting X-ray absorption spectra
obtained from the examined areas (highlighted in Figure 3b,d) are displayed in Figure 3e. Spectrum E1
was obtained from a region of the aggregate containing little to no iron, and comprised two sharp peak
features at 285.2 eV and 288.3 eV, corresponding to the 1s-to-π* transitions of peptide aromatic and
amide groups respectively [58]. Conversely, spectrum E2 was acquired from a region of the aggregate
containing a high level of iron. By comparing spectrum E2 to E1, a suppression of the 285.2 eV peak
can be seen, along with a broadening of the sharp 288.3 eV feature. These results suggest that the
alterations to Aβ organic composition may occur upon iron loading.

Further STXM measurements were performed over the iron L2,3-edge to determine the chemical
composition of the iron within the aggregate. The relative proportion of iron phases contributing
to each iron L2,3-edge absorption spectrum was calculated using a non-linear least-squares fitting
procedure, as previously described [13]. The reference iron spectra are displayed in Appendix B
Figure A5 Iron L2,3-edge X-ray absorption spectra from three regions of the aggregate (Figure 3c) are
shown in Figure 3f. The fitting of the spectrum obtained from region F1 showed this spectrum to be
primarily (81%) composed of Fe(III) with a minor (19%) contribution from Fe(II). The ferric content
of this region is evidenced by the presence of a low energy peak at 708 eV followed by a dominant
709.5 eV peak at the L3-absorption edge both arising from Fe(III) cations (Appendix B Figure A5) [60].
The fitting of the X-ray absorption spectra from regions F2 and F3 also showed Fe(III) to be the primary
component, but with evidence of increased Fe(II) content (29% and 35% respectively) compared to
region F1. This was made apparent by an enhancement in the intensity of the L3-edge peak feature at
708 eV, the principal Fe(II) absorption peak (Appendix B Figure A5) [60], with respect to the Fe(III)
feature at 709.5 eV.

Taken together, these X-ray spectromicroscopy results demonstrate the sensitivity of STXM to
spatial and chemical composition, allowing the detection of localized changes.

3.3. Mass Spectrometry Allowed Determination of the Specific Binding Regions in [α-syn + Cu], [α-syn + Fe],
[Aβ + Cu], and [Aβ + Fe] Complexes

Having used X-ray methods to image chemical properties on the micro- and nanoscale, the
series of peptide/metal mixtures examined by XANES was analyzed using mass spectrometry (MS) to
determine the regions on the peptides that bind the transition metals Cu and Fe.

A 1:1 complex of Aβ and Fe(II) was generated in an aqueous solution containing 12.5 µM peptide,
200 µM FeCl2, and 20 mM ammonium acetate, with 400 µM hydroxylamine hydrochloride added
to protect Fe(II) from the oxidation by atmospheric air. The resulting 1:1 complex was detected by
MS, as a peak corresponding to a mass increase of 53.939 Da (4565.209 Da compared to 4511.270 Da),
matching the replacement of two protons with Fe, was observed at approximately 10% of the intensity
of the peak corresponding to the apo-peptide. The [Aβ + 2H + Fe]4+ charge state was selected (m/z
1142.305) and interrogated with CID using a potential offset of 30 V. Due to the limited resolution of
the quadrupole mass filter, some co-isolation of [Aβ + 3H + Na]4+ at m/z 1134.320 occurred. As this
adduct seems somewhat more stable than the Fe adduct toward collisional activation, the signal due to
the Na adduct is abundant in the fragmentation spectrum (Figure 4). However, due to the high mass
accuracy and resolving power of FTICR-MS, this does not interfere with the detection and assignment
of Fe-containing fragments.
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of Aβ(1–42) is shown at the bottom, with the possible binding region colored purple.

Following a similar methodology as for Aβ, a 1:1 complex of Fe(II):α-syn was detected by ESI-MS
in a solution containing 7 µM protein, 140 µM FeCl2, and 280 µM hydroxylamine hydrochloride.
This resulted in the observation of the adduct with a signal intensity of approximately 35% of that
associated with the apo-protein. The [α -syn + 11H + Fe]13+ charge state of this complex was then
selected (m/z 1116.787) and interrogated with the collision-induced dissociation using a potential offset
of 16 V.

The presence of an Fe(II)-containing N-terminal b137 fragment in the CID spectrum of [α-syn
+ 11H + Fe(II)]13+ provides evidence that the binding site is located within the first 137 amino acid
residues (Figure 5). Meanwhile, the smallest C-terminal fragment carrying the metal is y21, indicating
a binding site within the last 21 residues. Combined, these results indicate that the binding region is
located in the P(120)DNEAYEMPSEEGYQDYE(137) stretch of the protein.

Similarly, the CID spectrum of [α-syn + 13H + Fe(III)-NTA3-]13+ (Appendix A Figure A3)
shows that the binding region for the 3+ oxidation state of iron was very similar, i.e.,
D(119)PDNEAYEMPSEEGYQ(134). Based on these results, it is likely that coordination in both
cases involves the side-chains of the D, E and/or Y residues present in this region, as suggested by
other methods [18,61].

The presence of an N-terminal c17 fragment bound to copper in the ECD spectrum of [α-syn +

11H + Cu(II)]13+ (Appendix A Figure A4) shows that the highest-affinity binding region for this metal
is located in the 17 residues closest to the N-terminus, i.e., M(1)DVFMKGLSKAKEGVVA(17).

A b14 fragment carrying Fe(II) is observed in the CID spectrum of [Aβ + 2H + Fe(II)]4+ (Figure 4)
indicating that binding occurs in the D(1)AEFRHDSGYEVHH(14) stretch of the peptide. This interaction
is most likely mediated through the histidine residues in this region. In contrast to α-syn, which was
found to bind iron and copper in two distinct sequence regions, both Fe(III) and Cu(II) bind to Aβ in a
very similar region to Fe(II) as the authors have shown recently [59], which is consistent with prior
evidence in the literature [18,61–64].
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4. Discussion

The complexes of Aβ(1–42) or α-syn with copper or iron were studied using XANES, STXM,
and MS. XANES analysis of the four complexes prepared in vitro (Fe(III) or Cu(II) co-incubated with
Aβ(1–42) or α-syn), showed that X-ray-beam-induced photo-reduction was successfully mitigated
with appropriate beam attenuation prior to the final series of measurements on previously unanalyzed
regions of each sample. It was necessary to test for optimal conditions prior to each measurement, as
excessive beam attenuation compromised S/N ratios. As noted in the results, XANES experiments
conducted under these controlled conditions revealed that the chemical reduction of ferric iron and
cupric copper arose when each metal was incubated in the presence of Aβ(1–42) for one week, and to
a lesser extent for ferric iron incubated with α-syn. Under these conditions, Aβ(1–42) appeared to
have a greater reductive capacity than α-syn. The ease with which the photo-reduction of the metals
could be achieved paralleled the extent to which the chemical reduction of the metals arose during
incubation with the peptides. This raises the possibility that the mechanism(s) responsible for the
chemical reduction of Fe or Cu co-incubated with Aβ(1–42), and to an extent with α-syn, are amplified
with X-ray beam exposure.

STXM examination of aggregates formed via the co-incubation of Aβ(1–42) and Fe(III)
in vitro, performed at the carbon K and iron L3-absorption edges, explored multiple regions of
iron co-precipitation in a peptide-dense aggregate structure of approximately 25 µm in diameter.
The heterogeneity of iron loading was evident, and in the regions of iron loading, peptide and
iron distribution were closely correlated, indicating that iron was incorporated into the aggregating
Aβ(1–42) structure. TEM imaging performed subsequent to STXM analysis appeared to confirm this
correlation of Aβ(1–42) and iron distribution, with iron-loaded regions presenting as electron-dense
fibrillar structures within the Aβ aggregate.
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By performing STXM measurements across the entire carbon K-edge, the organic composition of
Aβ was shown to be altered dependent on iron co-localization. In aggregate regions devoid of iron,
Aβ provided carbon K-edge absorption spectra consistent with the theoretical spectrum for Aβ(1–42)
(see Figure 2 in [28]) and albumin peptide references [14]. However, in aggregate regions containing
high levels of iron, an altered spectrum was recorded, displaying a suppressed aromatic absorption
peak, and a broadened amide absorption peak.

An examination of the aggregate iron across the iron L2,3,-absorpotion edge showed a
spatially-dependent variation in the iron oxidation state. Iron L2,3-edge X-ray absorption spectra
from all three regions were found to primarily comprise Fe3+ with more minor contributions from
Fe(II) cations. The Fe(II) content was seen to vary from 19% to 35% across the different regions, again
demonstrating a heterogeneity in sample chemistry within an individual aggregate structure.

These findings demonstrate the power of STXM for the examination of heterogeneous sample
materials on a spatial scale relevant to pathological lesions commonly found in neurodegenerative
disorders (typically <20 µm). Whilst only the carbon and iron content of Aβ/iron structures were
examined in this instance, the large operational energy range typically offered by STXM microscopes
allows for the examination of absorption edges throughout the water window (e.g., C, N, O and P), and
multiple metals (such as Fe, Cu and Ca) implicated in the development of neurodegenerative disorders [65].
This chemical sensitivity of STXM combined with nanoscale spatial resolution, enables the distribution
and chemical speciation of protein/metal structures to be realized to an extremely high level of detail.
Importantly, these qualities allow the identification of localized (sub-micron) changes to both organic and
inorganic sample chemistry that would not be revealed by an analysis on the microscale.

Mass spectrometry of the in-vitro series of Aβ(1–42) or α-syn, incubated with copper or iron,
confirmed that both iron and copper were coordinated by the histidine-rich N-terminal domain of Aβ,
but bound to different regions in α-syn. In α-syn, iron was coordinated by the C-terminal domain,
which is rich in aspartic and glutamic acid residues. Copper(II) preferred the N-terminal domain, and
may be coordinated by the thioether sulfur of the two methionine residues in this region [18,66]; an
alternative lower-affinity site for Cu(II) is near the C-terminus. As highlighted in Figure 2, a small but
consistent improvement in the χ2 value obtained with the linear combination fitting of the XANES
spectra was observed if, in addition to iron(III) chloride, a minor contribution of iron(III) ammonium
citrate (approximately 40% of that of FeCl3) was included as a standard. This can be rationalized in
light of our MS results, as Fe(III) in the citrate complex is coordinated by oxygen ligands, similar to
the coordination by nitrogen (histidine; in Aβ) or oxygen (aspartic/glutamic acid; in α-syn) ligands
in the peptide/protein complexes. These results showcase the power of native top-down MS [53]
to investigate peptide-metal complexes on a molecular scale, as the authors have recently explored
in-depth [59]. Importantly, in these experiments, extremely small sample amounts (picomoles) were
sufficient to obtain high-quality (tandem) MS data.

The precise relationship between the metal coordination and reductive capacity of these species
is still under investigation. As Fe(II) and Cu(I) can easily re-oxidize in aqueous solution, it can be
envisaged that the redox chemistry of these complexes can drive oxidative stress and neuron damage in
the proteinopathies. Improving the understanding of the bioinorganic chemistry of these molecules may
create opportunities to improve the treatment strategies for this class of neurodegenerative disorders.

In conclusion, elucidating the chemistry of these metal-biomolecule complexes is critical for
understanding the etiology of neurodegenerative diseases, and this improved understanding may, in
the longer term, open up new avenues for treatment.
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Figure A3. Tandem MS analysis of the [α-syn + Fe(III)] complex, showing results from CID 
fragmentation of [α-syn + 13H + Fe(III)-NTA3-]13+. The fragments are summarized below the mass 
spectrum, and the possible binding region is indicated. A 3D structural representation of α-syn is 
shown at the bottom, with the possible binding region colored purple. Fe(III) was added as a 1:1 
complex with NTA3- to stabilize it towards hydrolysis, precipitation, and aggregation at pH 7. The 
ligand is lost before backbone fragmentation occurs, and hence metal-bound fragments are detected 
carrying the free Fe(III) cation. 

Figure A3. Tandem MS analysis of the [α-syn + Fe(III)] complex, showing results from CID
fragmentation of [α-syn + 13H + Fe(III)-NTA3-]13+. The fragments are summarized below the
mass spectrum, and the possible binding region is indicated. A 3D structural representation of α-syn
is shown at the bottom, with the possible binding region colored purple. Fe(III) was added as a 1:1
complex with NTA3- to stabilize it towards hydrolysis, precipitation, and aggregation at pH 7. The
ligand is lost before backbone fragmentation occurs, and hence metal-bound fragments are detected
carrying the free Fe(III) cation.
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Figure A4. Tandem MS analysis of the [α-syn + Cu(II)] complex, showing the results from electron
capture dissociation (ECD) fragmentation of [α-syn + 11H + Cu(II)]13+. The fragments are summarized
below the mass spectrum, and the possible binding region is indicated. A 3D structural representation
of α-syn is shown at the bottom, with the possible binding region colored purple.
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Figure A5. Reference iron L2,3-edge X-ray absorption spectra for ferric (FeO(OH); blue), ferrous (FeCl2;
red) and magnetite (Fe3O4; green) iron phases.
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sample demonstrate homogeneity, with the results of the linear combination fitting matching to 
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Figure A7. Optimizing measurement conditions for XANES collected from α-syn + Cu(II)SO4 at t0.
Repeat scans using (a) 0.1 mm Al attenuation, (b) 0.25 mm Al attenuation (c) 0.5 mm Al attenuation.
Note that for the highest photon flux condition (a), the successive scans are similar as a consequence of
significant photo-reduction affecting both scans; (d) XANES from multiple spots on the same sample
demonstrate homogeneity, with the results of the linear combination fitting matching to within 3%
between the four sites (spot 1—spot 4) sampled at ~100 µm apart).

Appendix D Mass Spectrometry Peak Assignment Tables

Table A1. Collision-induced dissociation of [α-syn + Fe(III)-NTA].

Ion Exact m/z Observed m/z Error (ppm)

[y6]+ 723.2832 723.2835 0.3
[y7]+ 851.3418 851.342 0.3

[b116]11+ 1062.6557 1062.6562 0.4
[b116+Fe(III)]11+ 1067.4659 1067.4663 0.4

[b118]11+ 1080.4849 1080.4854 0.4
[b119]11+ 1090.9419 1090.9433 1.2

[y140+Fe(III)]13+ 1116.7096 1116.71 0.3
[b134+Fe(III)]12+ 1149.4952 1149.4948 −0.4

[b115]10+ 1155.7165 1155.7171 0.5
[b116]10+ 1168.8206 1168.8209 0.3

[b136+Fe(III)]12+ 1172.6694 1172.6705 0.9
[b137+Fe(III)]12+ 1183.4229 1183.4232 0.2
[y22+Fe(III)]2+ 1315.9455 1315.9458 0.2
[y24+Fe(III)]2+ 1414.0061 1414.0067 0.4

[y13]+ 1513.5966 1513.5967 0.1
[y14]+ 1644.6371 1644.6362 −0.5

Average 0.32
Standard Dev 0.41
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Table A2. Collision-induced dissociation of [α-syn + Fe(II)].

Ion Exact m/z Observed m/z Error (ppm)

[y3]+ 316.1504 316.1504 0.3
[y4]+ 445.193 445.1929 −0.2
[y6]+ 723.2832 723.2834 0.3
[y7]+ 851.3418 851.3426 1.0

[y24+Fe(II)]3+ 943.3424 943.343 0.6
[b89]9+ 981.2003 981.2009 0.6

[b118]12+ 990.5285 990.5304 2.0
[b92]9+ 1008.2138 1008.215 1.2

[b112]11+ 1018.2745 1018.2755 1.0
[b113]11+ 1028.5548 1028.5555 0.7
[b114]11+ 1040.286 1040.2868 0.8
[b115]11+ 1050.743 1050.7432 0.2
[b116]11+ 1062.6557 1062.6561 0.3

[y9]+ 1071.4266 1071.4268 0.1
[b127]12+ 1079.2265 1079.2263 −0.2
[b118]11+ 1080.4849 1080.4851 0.1
[b119]11+ 1090.9419 1090.9421 0.1

[y28+Fe(II)]3+ 1106.0738 1106.0726 −1.0
[b111]10+ 1108.6928 1108.6937 0.8
[y140]13+ 1112.6395 1112.6405 0.9

[b140+Fe(II)]13+ 1115.4017 1115.4025 0.7
[y140+Fe(II)]13+ 1116.7872 1116.7873 0.1

[b112]10+ 1120.0012 1120.0012 0.0
[b113]10+ 1131.3096 1131.3099 0.3
[b123]11+ 1132.3206 1132.3218 1.1
[b124]11+ 1138.7785 1138.7784 −0.1
[b114]10+ 1144.2139 1144.2139 0.0
[b125]11+ 1153.6025 1153.6022 −0.2
[b115]10+ 1155.7165 1155.7166 0.0
[b126]11+ 1165.3336 1165.3337 0.1
[b116]10+ 1168.8206 1168.8206 0.0
[b137]12+ 1179.0136 1179.0136 0.0

[b137+Fe(II)]12+ 1183.5069 1183.5072 0.2
[b118]10+ 1188.4327 1188.4326 −0.1
[b119]10+ 1199.9354 1199.9355 0.0
[b131]11+ 1217.4436 1217.4437 0.0
[b132]11+ 1222.6274 1222.6259 −1.2
[b134]11+ 1249.093 1249.0937 0.6
[b124]10+ 1252.5556 1252.5544 −1.0

[y21+Fe(II)]2+ 1258.9359 1258.9364 0.4
[b126]10+ 1281.7662 1281.7663 0.0
[b127]10+ 1294.8703 1294.8713 0.8
[b116]9+ 1298.5776 1298.578 0.3

[y22+Fe(II)]2+ 1316.4494 1316.4494 −0.1
[y24+Fe(II)]2+ 1414.51 1414.5111 0.8
[y25+Fe(II)]2+ 1480.0303 1480.0317 1.0

[y13]+ 1513.5966 1513.5984 1.2
[y26+Fe(II)]2+ 1537.5437 1537.5462 1.6
[y27+Fe(II)]2+ 1602.065 1602.0663 0.8

[y14]+ 1644.6371 1644.6396 1.5
[y15]+ 1773.6796 1773.679 −0.3

Average 0.36
Standard Dev 0.63
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Table A3. Collision-induced dissociation of [Aβ + Fe(II)].

Ion Exact m/z Observed m/z Error (ppm)

[b6]+ 756.3424 756.3424 0.0
[b13]2+ 772.3317 772.3321 0.5
[b14]2+ 840.8612 840.8609 −0.3

[b14+Fe(II)]2+ 867.8208 867.8203 −0.6
[b7]+ 871.3694 871.3693 −0.1

[b15]2+ 904.8904 904.8903 −0.1
[b33]4+ 914.4486 914.4484 −0.3
[b23]3+ 920.0930 920.0917 −1.5

[b33+Fe(II)]4+ 927.9284 927.9271 −1.4
[b24]3+ 953.1158 953.1152 −0.7

[b34+Fe(II)]4+ 956.1994 956.1987 −0.8
[b16]2+ 968.9379 968.9357 −2.3
[b25]3+ 972.1230 972.1219 −1.1

[b35+Fe(II)]4+ 988.9595 988.9590 −0.5
[b36+Fe(II)]4+ 1013.7267 1013.7269 0.3
[b37+Fe(II)]4+ 1027.9820 1027.9809 −1.1
[b38+Fe(II)]4+ 1042.2374 1042.2368 −0.6
[b39+Fe(II)]4+ 1067.0045 1067.0040 −0.5

[b18]2+ 1075.0142 1075.0129 −1.1
[b28]3+ 1081.8463 1081.8454 −0.8

[b40+Fe(II)]4+ 1091.7716 1091.7710 −0.5
[b41+Fe(II)]4+ 1120.0426 1120.0429 0.3

[b30]3+ 1124.5325 1124.5312 −1.2
[Aβ+3H+Na]4+ 1134.3202 1134.3200 −0.2
[b42+Fe(II)]4+ 1137.8019 1137.8008 −1.0

[Aβ+2H+Fe(II)]4+ 1142.3045 1142.3048 0.2
[b19]2+ 1148.5484 1148.5461 −2.0
[b31]3+ 1162.2272 1162.2275 0.3
[b10]+ 1178.4862 1178.4860 −0.2

[b32]3+ 1199.9219 1199.9220 0.1
[y35+Na]3+ 1221.9705 1221.9705 0.0

[b33+Fe(II)]3+ 1236.9021 1236.9009 −1.0
[b34]3+ 1256.6237 1256.6254 1.3

[b34+Fe(II)]3+ 1274.5968 1274.5957 −0.9
[b11]+ 1307.5288 1307.5297 0.7

[b35+Fe(II)]3+ 1318.2770 1318.2779 0.7
[b22]2+ 1322.1224 1322.1225 0.0
[b36]3+ 1333.3267 1333.3287 1.5
[b23]2+ 1379.6359 1379.6386 2.0

[b38+Fe(II)]3+ 1389.3141 1389.3165 1.7
[b12]+ 1406.5972 1406.5977 0.3

[b39+Fe(II)]3+ 1422.3369 1422.3377 0.6
[b24]2+ 1429.1701 1429.1705 0.2

[b40+Fe(II)]3+ 1455.3597 1455.3625 1.9
[b13]+ 1543.6561 1543.6578 1.1

Average −0.16
Standard Dev 0.97
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Table A4. Electron-capture dissociation of [α-syn + Cu(II)].

Ion Exact m/z Observed m/z Error (ppm)

[c6]+ 769.3736 769.3736 0.0
[c9]+ 1026.5111 1026.5095 1.6

[c17+Cu(II)]2+ 935.4487 935.4486 0.1
[c22+Cu(I)]2+ 1186.0824 1186.0817 0.5
[c28+Cu(I)]2+ 1492.2439 1492.2419 1.4
[c31+Cu(I)]2+ 1591.7918 1591.7892 1.6
[c23+Cu(II)]3+ 833.4197 833.4196 0.2
[c28+Cu(II)]3+ 994.8291 994.8276 1.5
[c31+Cu(II)]3+ 1061.1943 1061.1922 2.0
[c33+Cu(I)]3+ 1137.9112 1137.9096 1.4
[c35+Cu(I)]3+ 1223.6237 1223.6213 1.9
[c38+Cu(I)]3+ 1313.3483 1313.3462 1.6
[c39+Cu(I)]3+ 1367.7028 1367.7026 0.1
[c46+Cu(I)]3+ 1610.8368 1610.8379 −0.7
[c38+Cu(I)]4+ 985.2631 985.2613 1.8
[c39+Cu(I)]4+ 1026.0289 1026.0269 1.9
[c50+Cu(II)]5+ 1045.1469 1045.1460 0.9
[c57+Cu(II)]5+ 1170.6114 1170.6118 −0.3
[c61+Cu(I)]5+ 1268.0690 1268.0696 −0.4
[c68+Cu(II)]7+ 999.5258 999.5248 1.1
[c75+Cu(II)]7+ 1089.1486 1089.1479 0.6

[c75]7+ 1080.4466 1080.4454 1.1
[c95+Cu(II)]9+ 1050.5581 1050.5583 −0.2
[c96+Cu(II)]9+ 1064.7909 1064.7905 0.4

[c139+Cu(I)]11+ 1313.8364 1313.8377 −1.0
[z4+H]+ 429.1748 429.1749 −0.3

[z46+H]3+ 1723.0915 1723.0913 0.1
[z45+H]3+ 1690.0687 1690.0696 −0.5
[z57+H]4+ 1518.4317 1518.4329 −0.8
[z65+H]5+ 1380.2378 1380.2380 −0.2
[z102+H]8+ 1323.1481 1323.1489 −0.6
[z101+H]8+ 1302.7652 1302.7661 −0.8

[z113]9+ 1296.5308 1296.5318 −0.8
[z112+H]9+ 1282.3046 1282.3062 −1.2
[z102+H]9+ 1176.2435 1176.2431 0.4

[z140+Cu(I)]10+ 1450.6188 1450.6190 −0.1
[z140+Cu(I)]11+ 1318.8360 1318.8374 −1.1
[z140+Cu(I)]12+ 1209.0169 1209.0177 −0.7

Average 0.33
Standard Dev 0.98
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Biometals such as iron, copper, potassium, and zinc are essential regulatory elements
of several biological processes. The homeostasis of biometals is often affected
in age-related pathologies. Notably, impaired iron metabolism has been linked to
several neurodegenerative disorders. Autophagy, an intracellular degradative process
dependent on the lysosomes, is involved in the regulation of ferritin and iron
levels. Impaired autophagy has been associated with normal pathological aging,
and neurodegeneration. Non-mammalian model organisms such as Drosophila have
proven to be appropriate for the investigation of age-related pathologies. Here, we
show that ferritin is expressed in adult Drosophila brain and that iron and holoferritin
accumulate with aging. At whole-brain level we found no direct relationship between
the accumulation of holoferritin and a deficit in autophagy in aged Drosophila brain.
However, synchrotron X-ray spectromicroscopy revealed an additional spectral feature
in the iron-richest region of autophagy-deficient fly brains, consistent with iron–sulfur.
This potentially arises from iron–sulfur clusters associated with altered mitochondrial
iron homeostasis.

Keywords: aging, autophagy, brain, Drosophila, ferritin, iron, synchrotron X-ray fluorescence microscopy

INTRODUCTION

Iron is an essential biometal, widely used as a cofactor by a variety of proteins. Imbalance in
iron metabolism, where either a deficiency or excess of iron may have harmful effects, and
impaired iron metabolism may be modulators of neurodegeneration in several genetic or sporadic
neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
amyotrophic lateral sclerosis, and multiple sclerosis (Ward et al., 2014; Angelova and Brown, 2015;
Biasiotto et al., 2016).

Ferritin is a universal iron storage protein. Two types of subunits, the heavy (H) and light (L)
chains, assemble in different ratios into 24-subunit heteropolymers, in which iron can be stored
in a mineralized form. Expression of both H and L ferritin chains are closely related to iron bio-
availability (Gray and Hentze, 1994). Like in mammals, Drosophila genome encodes two types
of subunits, known as heavy-chain homolog (Fer1HCH) and light-chain homolog (Fer2LCH)
(Georgieva et al., 2002; Nichol et al., 2002; Hamburger et al., 2005). A mitochondrial ferritin subunit
was lately identified in both mammals and insects (Levi et al., 2001; Missirlis et al., 2006). On the
contrary to other ferritins, mitochondrial ferritin assembles as homopolymers (Levi et al., 2001).
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When cells exhibit an iron deficiency, iron can be released
from the ferritin. However, an excess of free iron may cause
substantial damage to lipids, DNA, and proteins through the
generation of highly reactive hydroxyl radicals (Zecca et al.,
2004b; Angelova and Brown, 2015). Therefore, strict regulation
of iron storage is essential to maintain cellular homeostasis
and integrity. Drosophila has been successfully used as a model
to evaluate the impact of iron storage deregulation on cell
physiology and animal behavior. Notably, iron metabolism has
been linked to circadian rhythms (Freeman et al., 2013; Rudisill
et al., 2019), the autosomal recessive disease Friedreich’s ataxia
(Navarro et al., 2015; Soriano et al., 2016), neurodegenerative
diseases and age-associated defects (Xun et al., 2008; Rival et al.,
2009; Kosmidis et al., 2011, 2014; Tang and Zhou, 2013).

Cells use two main cytosolic degradative processes: the
ubiquitin-proteasome pathway (UPS) and the autophagy-
lysosomal pathway. While the UPS is specialized in the
degradation of monomeric, short-lived proteins; autophagy has
the potency to degrade large protein complexes and organelles
(Korolchuk et al., 2010; Nam et al., 2017). Autophagy is
divided into three different processes that differ by the way
substrates are being delivered to the lysosome for degradation.
Chaperone-mediated autophagy and microautophagy are defined
by their ability to transfer proteins directly to the lysosomes
through pores or membrane invagination respectively (Tekirdag
and Cuervo, 2017). However, macroautophagy (referred to as
autophagy) requires the isolation of cytoplasmic content into
double-membraned autophagosomes that eventually fuse with
the lysosomes (Yin et al., 2016). The molecular components
involved in autophagy progression are highly conserved among
Eukaryotes and most of these proteins have orthologs in
Drosophila (Mulakkal et al., 2014; Bhattacharjee et al., 2019). The
complexes of Atg (Autophagy) proteins regulating the formation
of autophagosomes are well-conserved and characterized.
One essential component of this machinery is the protein
Atg8a (LC3 in mammals), which is cleaved and lipidated
before anchoring into the autophagosomal membrane (Nagy
et al., 2015). Atg8a is essential to the recruitment of other
components of the autophagic machinery, as well as for the
selection of receptors and their cargoes for selective degradation
(Alemu et al., 2012; Wild et al., 2014; Schaaf et al., 2016).
The best known selective cargo receptor in Drosophila is
Ref(2)P (homologous to mammalian p62/SQSTM1) (Nezis
et al., 2008; De Castro et al., 2013; Bartlett et al., 2014;
Nagy et al., 2014). Selective autophagy can also contribute
to the regulation of ferritin turnover (Hou et al., 2016;
Gatica et al., 2018). The selective degradation of ferritin
by autophagy is referred to as ferritinophagy and requires
the cargo receptor NCOA4 in mammals (Mancias et al.,
2014, 2015); no homologous receptor has been yet identified
in Drosophila.

It has been extensively shown that autophagy declines
during aging. Indeed, essential autophagy genes are
transcriptionally down-regulated during healthy aging
(Lipinski et al., 2010; Schultz et al., 2013; Omata et al.,
2014). Accumulation of damaged proteins and organelles
also constitutes a hallmark of numerous age-associated

neurodegenerative disorders (Nixon, 2017; Colacurcio
et al., 2018). Alteration of autophagy has been identified
as an early onset feature in Alzheimer’s disease-affected
neurons (Zare-Shahabadi et al., 2015). However, the
interplay between autophagy, iron and neurodegeneration
is poorly understood.

In the present study, we used the model organism Drosophila
melanogaster to investigate the effect of aging and autophagy
disruption on the load of iron in the brain. We show
that iron and holoferritin (where ferritin – Fer1HCH and
Fer2LCH heteropolymer – protein surrounds an iron oxide
core) accumulate in the brain from old flies regardless of their
autophagy status, suggesting that autophagy is not essential to
regulate total iron levels in the Drosophila brain. The spectrum
of iron phases present is unchanged within the limits of
detection for wild-type as a function of aging, but there is
evidence of a distinct iron fraction in the autophagy-deficient fly
brain, consistent with a proportional elevation in an iron–sulfur
phase. This may, in turn, indicate disrupted mitochondrial iron
homeostasis (Rouault and Tong, 2005).

MATERIALS AND METHODS

Drosophila Stocks and Maintenance
Flies were maintained on standard yeast-cornmeal medium at
25◦C, 70% humidity with a 12 h light-dark cycle. The following
fly strains were used: wild-type w1118 (BDRC #3605), Atg8a-
deficient Atg8aKG07569 (gift from Dr. Gabor Juhasz), Atg7-
deficient Atg7177 and Atg7114/CyO (Juhasz et al., 2007) (gift
from Dr. Gabor Juhasz), Fer1HCHG188/TM3 (DGRC #110-620;
this line encodes a GFP-tagged version of the Fer1HCH subunit)
(Missirlis et al., 2007), hml(delta)-GAL4 UAS-eGFP (BDRC #
30140) and hml(delta)-GAL4 UAS-eGFP UAS-hid/CyO (gift from
Dr. François Leulier). For the generation of Atg7-deficient flies,
virgin females Atg7114/CyO were crossed with males Atg7177

and the progeny lacking balancer chromosome was collected
after hatching. Stocks were backcrossed to w1118 to isogenise the
genetic background.

Aging and Lifespan Measurement
For all experiments, age-matched adult male flies were used.
Flies were collected within 24 h of hatching and aged in cohorts
of 20 individuals. Flies were transferred every 2–3 days on
fresh medium until collection after 1 week, 1 or 2 months.
Because of their shorter lifespan, old autophagy-deficient flies
were collected at 1 month.

Generation of Hemizygous
GFP-Fer1HCH Expressing Flies
Homozygous virgin females wild-type (w1118) or
autophagy-deficient (Atg8aKG07569) were crossed with males
Fer1HCHG188/TM3. From the progeny, only hemizygous males
w1118/Y; Fer1HCHG188/+ and Atg8aKG07569/Y; Fer1HCHG188/+
were collected, and aged or fed as mentioned where appropriate
in the figure legends.
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Feeding With Iron or
Bortezomib-Supplemented Diets
Adult males were selected within 24 h from hatching and placed
onto Nutri-Fly Instant Drosophila Medium (Genesee Scientific,
66–117) prepared in water supplemented with 1 mM FAC (ferric
ammonium citrate) or 20 mM bortezomib in DMSO (#2204 Cell
Signaling Technology). Flies were flipped onto freshly made food
every day for 5 days. The same diet without FAC or with 0.002%
DMSO were used as respective control for regular diets.

Protein Extraction From Adult Drosophila
Heads and Bodies
Age-matched adult males were flash frozen in liquid nitrogen.
Flies were decapitated by short burst vortexing in 15 mL tubes.
Heads, bodies, and appendices were separated using sieves (no.
25 and no. 40) chilled with liquid nitrogen beforehand. Heads
were collected in microcentrifuge tubes and homogenized in
ice-cold lysis buffer (20 mM Tris pH 7.5, 137 mM NaCl,
1% Triton X-100, 1% glycerol) supplemented with complete
protease inhibitor cocktail (cOmpleteTM, Mini, EDTA-free
Protease Inhibitor Cocktail; Sigma-Aldrich, 04693159001 Roche)
and 50 mM N-ethylmaleimide (Sigma-Aldrich, E3876). Protein
concentrations were determined using Bradford assay.

Hemocyte Ablation
The cell-specific ablation of mature hemocytes was performed
by crossing virgin females Fer1HCHG188/TM3 with males
hml(delta)-GAL4 UAS-eGFP UAS-hid/CyO. As a control, virgin
females Fer1HCHG188/TM3 were crossed with males hml(delta)-
GAL4 UAS-eGFP/CyO. From the progeny, adult flies lacking the
balancer chromosomes were selected and aged for 5 days onto
regular diet before collection of their hemolymph.

Hemolymph Collection
Immediately before hemolymph collection, anesthetized flies
were surface sterilized by dipping them briefly in 70% ethanol.
Excess ethanol was blotted off on filter paper. Flies were
punctured with a tungsten needle in their thorax and immediately
placed in a collection tube on ice. Collection tubes were made by
piercing through the bottom of a 0.5 mL centrifuge tube with a
25G needle and placing it into a 1.5 mL centrifuge tube. A total
of 40 punctured flies per genotype were pooled per collection
tube. Hemolymph was isolated by centrifugation at 5000 rpm for
5 min at 4◦C. Collected hemolymph samples were then diluted in
Laemmli loading buffer and heated for 5 min at 95◦C.

In gel Iron Staining
Protein extracts were prepared in 2x concentrated non-
denaturing/non-reducing loading buffer (62.5 mM Tris-HCl pH
6.8, 25% glycerol, 1% bromophenol blue). Protein concentrations
were determined using Bradford assay; 20 µg of total protein for
each sample was separated on 6% native-PAGE gel in ice-cold
running buffer (25 mM Tris, 192 mM glycine) after pre-run of
the gel for 30 min at 100 V. Following protein separation, the
gel was stained for 48 h with Prussian blue staining solution
(10% K4Fe(CN)6, 350 mM HCl) at room temperature with gentle

agitation. After washes in ultrapure water, holoferritin was visible
as blue bands. All the glassware and tanks were acid-rinsed (1%
HCl in ultrapure water) and left to air dry before use.

Western Blotting and Antibodies
Protein extracts were prepared in Laemmli loading buffer
containing 2.5% beta-mercaptoethanol (except for experiment
in non-reducing condition where no beta-mercaptoethanol
was added) and heated for 5 min at 95◦C before separation
of 20 µg total proteins on 8 or 12% SDS-PAGE gels.
Separated proteins were transferred onto nitrocellulose or
PVDF membranes. The membranes were blocked in TBS
(Tris-buffered saline; 50 mM Tris-Cl, pH 7.6, 150 mM
NaCl), 0.1% Tween-20, 5% non-fat milk. The following
antibodies were used: anti-GFP (Santa Cruz sc-9996, 1:1,000),
anti-GABARAP/Atg8a (Cell Signaling Technology No. 13733,
1:2,000), anti-Ref(2)P (Abcam ab178440, 1:1,000), anti-β actin
(Abcam ab8227, 1:2,000), anti-α tubulin (Sigma-Aldrich T5168,
1:40,000), HRP-coupled secondary antibodies anti-rabbit and
anti-mouse (Thermo Scientific No. 31460 and 31450, 1:10,000).
Signals were developed using the ECL detection reagents
(Amersham, RPN2209).

Immunocytochemistry
Dissected brains from adult males Fer1HCHG188 were fixed for
30 min in 4% paraformaldehyde in 1x PBS (phosphate buffered
saline; 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH
7.4). The brains were permeabilized for 1 h in permeabilization
buffer (0.1% Triton X-100, 0.3% BSA in PBS) before incubation
overnight at 4◦C with anti-Brp (DSHB, nc82 supernatant;
1:10 in permeabilization buffer) (Wagh et al., 2006) or anti-
Elav (DSHB, Elav-9F8A9 supernatant; 1:100 in permeabilization
buffer) (O’neill et al., 1994). Subsequent incubation with an
Alexa568-coupled secondary antibody (Sigma No. SAB4600082,
1:500) was conducted in permeabilization buffer for 2 h at
room temperature. Nuclei were stained with Hoechst 33342
(1 µg/mL in PBS). All washes were performed with 0.1% Triton
X-100 in PBS. Images were captured with a Zeiss LSM880
confocal microscope.

X-Ray Fluorescence Imaging and
Spectroscopy on Isolated Brains
Whole dissected brain from flies at the desired age were dissected
using tungsten-coated titanium tweezers in ultrapure deionized
water. Dissected brains were mounted onto ultralene film and
allow to air dry for a minimum of 2 h (nine brains per slide: three
brains per genotype/age).

Specimens were analyzed at the I18 Microfocus
Spectroscopy beamline at the Diamond Light Source in
Oxford, United Kingdom, using a pair of opposing Si detectors
to maximize recovery of the fluorescence emitted from the
ultralene-mounted samples. The focused beam was tuned to
10.5 keV, with a beam spot diameter of 60 µm for initial surveys
with microfocus X-ray Fluorescence (µXRF), and 20 µm for
mapping over the area of each intact brain. The method used
here is not as precise in determining absolute concentration
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as mass spectrometry imaging, but it is non-destructive
and highly sensitive to relative differences in concentration
between samples (Collingwood and Adams, 2017). Three to
nine intact brains were imaged at room temperature for each
group of flies. Detector position and acquisition times were
kept consistent throughout the experiment to facilitate the
subsequent comparative analysis. Subsequently, site-specific
X-ray Absorption Near Edge Spectroscopy with a microfocused
beam (µXANES) analysis was performed at the iron K-edge,
using the 20 µm diameter beam to acquire a spectrum from
the iron-richest region in the central brain from each fly, where
the region of interest (ROI) was confirmed using the µXRF
intensity image for iron. The absorption edge position in energy
was calibrated with reference to an iron foil spectrum obtained
during the same experiment, with alignment and removal of
background being performed using the established workflow
in the IFEFFIT Athena software package for XAFS analysis
(Ravel and Newville, 2005).

Genomic DNA Extraction and PCR
Genomic DNA (gDNA) from 15 flies per genotype was extracted
using DNeasy Blood and Tissues Kit (Qiagen 69504). PCR
amplifications were conducted on 100 ng of gDNA with
DreamTaq Green PCR Master Mix (Thermo Scientific K1081) in
a Bio-Rad T100 thermal cycler. Samples were loaded on 1% (w/v)
agarose gel in 1x TAE (40 mM Tris-base, 20 mM acetic acid, 1 mM
EDTA pH 8.0). GelRed (VWR 41003) was used to stain nuclei
acids. Primer sequences are listed in Table 1.

RNA Extraction and Real Time
(RT)-qPCR
Total RNA extraction was performed on adult males using
the PureLinkTM RNA Mini kit (Life Technologies Ambion)
according to the manufacturer protocol. For all subsequent steps,
1 µg of RNA was used for each condition. Genomic DNA
were digested out using DNase I (Thermo Scientific K1622).
Synthesis of cDNA was done using the RevertAid Kit (Thermo
Scientific K1622). Relative quantitation of gene expression was
performed in an Agilent MxPro4005P qPCR system using the

GoTaq qPCR Master Mix (Promega A6002). Primer sequences
are listed in Table 1.

RESULTS

Ferritin Is Expressed in Adult Drosophila
Brain
It has been previously shown that ferritin is expressed in
various tissues in Drosophila. The protein expression of a
GFP-knock-in mutant for fer1hch has been used to show the
localization of Fer1HCH protein in different tissues and organs,
including the larval brain where it accumulates primarily in
the optic lobes and notochord (Georgieva et al., 2002; Mehta
et al., 2009). However, no information is readily available
concerning the localization of the GFP-Fer1HCH in adult fly
brain. To evaluate the expression of GFP-Fer1HCH in the
head of adult flies, we performed western blot on lysates
from isolated heads and bodies from a fly strain expressing
GFP-tagged Fer1HCH due to the genomic insertion of GFP
between the first and second exons of the gene (Fer1HCHG188

flies) (Missirlis et al., 2007). Wild-type flies were used as a
negative control. As expected from previous studies, GFP-
Fer1HCH was detected in samples from both heads and
bodies (Figure 1A).

Drosophila ferritin is known to be secreted in the hemolymph,
which is analogous to vertebrates’ blood, and remains in direct
contact with tissues. In order to evaluate whether the GFP-
Fer1HCH protein we detected in Drosophila heads corresponds
to secreted or cytosolic ferritin, we extracted the hemolymph
from adult Fer1HCHG188 flies. As expected, GFP-Fer1HCH
strongly accumulates in the hemolymph, but also remains present
in the bodies after draining their hemolymph (Figure 1B).
It was shown that GFP-Fer1HCH accumulates in hemocytes
(Gonzalez-Morales et al., 2015). To make the distinction between
ferritin which is secreted in the hemolymph and expressed in the
hemocytes, we compare the level of GFP-Fer1HCH protein in the
hemolymph from flies lacking mature hemocytes (phagocytes)
and flies with a normal hemocytes pool (Figures 1C,D).
Tubulin was used as a marker for the successful ablation of

TABLE 1 | Primer sequences used in this study.

PCR primers

Hml1 forward CCAACAATTTCCGATTAGCCTAAC

GAL4 reverse CGATACAGTCAACTGTCTTTGACC

pUAST3′ AACCAAGTAAATCAACTGC

Hid reverse GAATGGTGTGGCATCATGTGC

EGFP reverse CTTGTAGTTGCCGTCGTCCTTGAA

RT-qPCR Forward primer sequences Reverse primer sequences

fer1hch TCTGATCAATGTGCCGACTG TGGTAGTGGTTGTAGGGCTTG

fer2lch GCCAGAACACTGTAATCACCG GGCTCAATATGGTCAATGCCA

Atg8a GGTCAGTTCTACTTCCTCATTCG GATGTTCCTGGTACAGGGAGC

Atg7 TCGTGGGCTGGGAGCTAAATA GGTTTACAGAGTTCTCAGCGAG

rp49 AAGAAGTTCCTGGTGCACAACGTG AATCTCCTTGCGCTTCTTGGAGGA
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FIGURE 1 | Ferritin heavy chain is expressed in adult Drosophila brain. (A–C)
Western blot analysis of GFP-Fer1HCH in reduced/denaturated protein
samples extracted from (A) fly heads or bodies; (B) hemolymph (Haemo) or
bodies drained from their hemolymph (Bodies); (C) hemolymph from flies
depleted (–) or not (+) of their phagocytes. (D) Gel electrophoresis on PCR
products from gDNA extracted from transgenic (transg.) flies used in (C),
gDNA from w1118 wild-type flies was used as negative control. (E,F) Confocal
imaging of an adult Drosophila brain expressing GFP-Fer1HCH (left panel,
green in merged panel) and stained for either (E) Bruchpilot (Brp) or (F) Elav
(middle panel, red in merged channel). For all the experiments, 1-week-old
adult males were used.

the phagocytes (Figure 1C) and the presence of the relevant
transgenes was validated by PCR on gDNA (Figure 1D).
We observed a moderate reduction of GFP-Fer1HCH in the
hemolymph from the flies lacking phagocytes, meaning that
most of the ferritin in the hemolymph corresponds to secreted
ferritin (Figure 1C).

To confirm that ferritin detected in the adult Drosophila
head comes mainly from the tissues rather than the
surrounding hemolymph, we used fluorescence microscopy
to establish the distribution of ferritin in Drosophila adult
brain. We observed that GFP-Fer1HCH is expressed in
the cell bodies surrounding the neuropil, marked using an
antibody against the presynaptic protein Bruchpilot (Brp)
(Wagh et al., 2006) (Figure 1E). The localization of GFP-
Fer1HCH also matches the expression of Elav, a neuron-specific
protein (Figure 1F).

Taken together, the above results show that ferritin heavy chain
is expressed in the brain of adult Drosophila fly and accumulates
in the neuronal cell bodies.

Decline of Autophagy Induces
Accumulation of High Molecular Weight
Ferritin Heavy Chain
Various studies have demonstrated that autophagy, which
declines with age, is implicated in the degradation of ferritin
and iron turnover (Asano et al., 2011; Mancias et al., 2014; Ott
et al., 2016). To evaluate whether autophagy and aging affect
the level of ferritin in adult Drosophila heads, we made use of
the GFP-Fer1HCH expressing flies. First, extracts from adult
heads of wild-type or Atg8a mutant males heterozygous for the
Fer1HCHG188 allele were analyzed. Atg8a mutant fly heads were
used as a negative control for GFP-Fer1HCH expression. Western
blots probed with anti-GFP antibody revealed the presence of a
band at the expected size of 50 kDa consistent with the fusion
of the 27 kDa GFP protein to the 23 kDa Fer1HCH chain
(Figure 2A). No noticeable difference was observed between
wild-type and autophagy mutant. However, 1-week old Atg8a
mutant fly head samples, but not young age-matched wild-
type, exhibited the accumulation of a higher molecular weight
band around 120 kDa (Figure 2A). Similarly, we noted the
presence of higher molecular weight bands in old (2-months old)
Fer1HCHG188 male fly heads that were not detected in young
(1-week old) wild-type flies (Figure 2B).

To test whether this high molecular weight ferritin in Atg8a
mutant and aged wild-type fly heads corresponds to aggregates,
we performed a differential detergent protein extraction (Nezis
et al., 2008; Simonsen et al., 2008; Jacomin and Nezis, 2019).
Soluble proteins from fly heads were first extracted in a 0.1%
Triton X-100 lysis buffer. The pellets, containing aggregated
proteins, were then broken down by sonication in a 2% SDS lysis
buffer. Samples were reduced and denaturated before separation
by SDS-PAGE. We observed that 50 kDa GFP-Fer1HCH is
predominantly located in the soluble fraction (Triton). High
molecular weight ferritin heavy chains were solely detected
in the soluble fraction and were excluded entirely from the
insoluble fraction (SDS) (Figure 2C). Some proteins can form
oligomers that can be identified using reduced and non-reduced
lysis condition. We compared the effect of reducing agent on
the formation of higher molecular weight GFP-Fer1HCH. Lysis
of wild-type and Atg8a mutant fly heads was performed in
lysis buffer supplemented with 50 mM N-ethylmaleimide to
prevent the formation of new disulfide bond during the lysis
procedures. Loading samples were then prepared by boiling
in SDS-loading buffer in the presence (reduced) or absence
(non-reduced) of 2.5% β-mercaptoethanol (Figure 2D). The
preparation of the samples from in non-reduced condition
had no effect on the accumulation of the high molecular
weight GFP-Fer1HCH which was consistently observed in 1-
week old autophagy mutant (but not age-matched wild-type)
fly heads samples. To evaluate the implication of the proteasome
in the clearance of ferritin, we have fed flies expressing GFP-
Fer1HCH with bortezomib – an inhibitor of the proteasome –
and looked at the accumulation of GFP-Fer1HCH high molecular
weight band; no significant effect was observed (Figure 2E).
The efficiency of bortezomib to block the proteasome was
checked by probing the membrane with an antibody against
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FIGURE 2 | Soluble high molecular weight heavy-chain ferritin accumulates in autophagy-deficient fly heads. (A,B) Western blot analysis of GFP-Fer1HCH after
samples reduction/denaturation in total protein lysates from (A) 1-week old wild-type (WT) and Atg8a mutant flies or (B) 1-week or 2-months old wild-type flies.
(C) Western blot analysis of GFP-Fer1HCH in soluble (Triton) and insoluble/aggregated (SDS) proteins fraction from 1-week old wild-type (WT) and Atg8a mutant fly
heads. (D) Western blot analysis of GFP-Fer1HCH in total protein lysates from 1-week old wild-type (WT) and Atg8a mutant fly heads prepared in either reduced or
non-reduced conditions before SDS-PAGE and western blotting. (E) Western blot analysis of GFP-Fer1HCH in total protein lysates from Fer1HCHG188 fly heads
after feeding for 6 days on 10 µM bortezomib or vehicles. Membranes were probed for GFP, Atg8a (A), ubiquitinated proteins (E); β-actin (A,C) or α-tubulin (B,D,E)
were used as loading control. Arrowheads show high molecular weight bands of GFP-Fer1HCH. The terms ‘short exp.’ and ‘long exp.’ refer to the duration of film
exposure on the membrane before developing. A longer exposure (long exp.) was necessary for the observation of the high molecular weight GFP-Fer1HCH which
are less abundant than 50 kDa GFP-Fer1HCH.

FIGURE 3 | Holoferritin accumulation in fly head. (A) Lifespan of a 100 wild-type and Atg8a and Atg7 mutant flies reared in standard conditions. (B) In gel staining for
holoferritin in protein lysates from wild-type and Atg8a and Atg7 mutant flies fed on either normal diet or diet supplemented with 1 mM FAC. (C) Relative quantity of
holoferritin normalized to loading control. (D) Analysis by RT-qPCR of mRNA level for fer1hch, fer2lch, Atg8a, and Atg7 in flies fed on either normal or
FAC-supplemented diet. (E) In gel staining for holoferritin on protein lysates from wild-type (WT) Atg8a (8a) and Atg7 (7) mutant fly heads at 1-week, 1-month and
2-month old. (F) Relative quantity of holoferritin normalized to loading control. (G) Analysis by RT-qPCR of mRNA level for fer1hch, fer2lch, Atg8a, and Atg7 in aged
flies. The bar charts show mean ± SD. Statistical significance was determined using one-way ANOVA, ∗P < 0.05, ∗∗P < 0.01. Western blots on denaturated
samples were probed for Ref(2)P as an autophagy-deficiency control and α-tubulin as a loading control.
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FIGURE 4 | Quantification of iron in isolated Drosophila brain. (A) The total quantity of iron per whole fly brain was measured from complete brain images obtained
using µXRF at 20 µm resolution. Individual biological samples are shown as circles. Open circle data were acquired during a different experiment than close circle
data. Bar represents mean ± SD. Statistical significance was determined using one-way ANOVA; significant values are indicated above the bars, ∗∗∗P < 0.001.
(B) Correlation between the area of the brain in pixels (px) and the quantity of iron. Spearman’s rank correlation coefficient ρ = 0.3311. (C) Fe K-edge XANES from
Drosophila and ferritin standard, with spectra vertically offset for clarity. (D,E) Overlay of spectra shown in (C), focussing on the region where the spectra from Atg8a
and wild-type differ (arrowhead). (F) Linear combination fitting of Atg8a spectrum. The Atg8 spectrum was shown to be consistent with that of the wild-type model +
Fe(III) sulfate (Fe2(SO4)3), with a χ2 value of 0.01 obtained for the fit. All XANES spectra were subjected to an edge-step normalization and flattened using Athena
fitting software prior to fitting.
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ubiquitinated proteins, which accumulate when the proteasome
is blocked (Figure 2E).

Taken together, these results show that ferritin does not form
aggregates in Drosophila head when autophagy is impaired.

Holoferritin Is Not Affected in Autophagy
Mutant Fly Heads
It has been well-documented that iron bioavailability and ferritin
levels are correlated. We have verified that we can detect
changes in holoferritin in wild-type and autophagy-deficient
Drosophila by feeding adult flies on either normal diet or
on a diet supplemented in iron in the form of FAC. Flies
lacking either Atg8a or Atg7, two major regulators of autophagy,
were used as autophagy-deficient Drosophila. We performed
Prussian blue staining for holoferritin in protein samples from
whole adult flies separated on native-PAGE. As expected,
holoferritin accumulated in flies fed on iron-supplemented diet
(Figures 3B,C) and correlated with an increase in the mRNA
expression level of fer1hch and fer2lch, while Atg8a and Atg7
remained unchanged (Figure 3D).

We then performed in gel Prussian blue staining on protein
lysates prepared from wild-type or autophagy-deficient fly heads
collected from age-matched flies at 1-week, 1-month, or 2-
months old. Because of their significantly shorter lifespan,
samples from old Atg8a and Atg7 mutant flies were collected
at 1-month old only, solely wild-type samples were collected
at 2-month old (Figure 3A). We observed that holoferritin
accumulated in protein samples from heads isolated from
old flies, regardless of their autophagy-deficiency status. No
difference was observed in heads from young autophagy-deficient
flies when compared to age-matched wild-type (Figures 3E,F).
The quantity of holoferritin was normalized against α-tubulin,
used as a loading control, from the same samples separated by
SDS-PAGE after denaturation and reduction of the samples in
Laemmli loading buffer and boiling at 95◦C. Gene expression
of fer1hch and fer2lch, as well as Atg8a and Atg7, was accessed
by RT-qPCR. Wild-type and Atg7 mutant flies showed an
increased level in fer1hch and fer2lch as a result of their
respective aging, which correlated with the accumulation of
holoferritin, while no significant change was observed in
Atg8a mutants (Figure 3G). As expected, Atg8a expressing
is reduced in old wild-type flies (Simonsen et al., 2008;
Omata et al., 2014).

Altogether, these results suggest that the accumulation of
holoferritin during the course of aging in Drosophila head is
independent of autophagy.

Ferric Iron Accumulates in the Brain of
Aged Flies
X-ray fluorescence microscopy was previously demonstrated to
be a robust way to image and quantify biometals in the non-
mammalian model organisms, Drosophila and Caenorhabditis
elegans (Lye et al., 2011; Jones et al., 2015; Ganio et al., 2016).
Therefore, we used synchrotron µXRF imaging to measure the
concentration of iron in the brain of Drosophila. Elemental
maps were collected from whole brains dissected from young

and old wild-type flies and young autophagy-deficient flies
(Atg8a mutant). Three to nine entire brains per fly group were
imaged at 20 µm resolution, providing an excellent signal to
noise for the elements of interest. The data collected were used
to quantify and compare iron concentrations (ppm) between
each group. The quantification was done by first defining the
ROI encompassing each brain based on the iron distribution
map, and calculating the mass fraction for elements of interest
after subtraction of the background signal (accounting for
any background scatter reaching the detector, including any
signal from the ultralene). As the present study focuses on
iron, the other elements simultaneously acquired in the XRF
imaging merit further investigation and will be the subject
of future work. We observed that iron accumulated as a
function of aging in the wild-type and autophagy-deficient brains
(Figure 4A). Checking the relationship between the area mapped
and the total metal ion signal confirmed that there was no
correlation between the size of the brain and the amount of
iron as shown by the Spearman’s rank correlation coefficient
ρ = 0.3311 (Figure 4B).

In addition to determining the elemental distribution of
iron by µXRF, we performed site-specific microfocus X-ray
Absorption Near Edge Structure (µXANES) spectroscopy
analysis to obtain information about the dominant iron phase(s)
present in the central brain region where iron deposition was
the highest for each of the three groups. The µXANES spectra
from wild-type and autophagy deficient flies incorporate the
sum of contributions from the iron phases present at the
iron-richest region in the central brain, including signal from
the mineralized iron in holoferritin, typically a ferrihydrite-
like hydrated iron oxide (Collingwood and Telling, 2016); the
spectrum from the iron in purified horse spleen ferritin is
included for comparison (Figure 4C). The µXANES spectra
from these iron-rich sites in the 1-week and 2-months
old wild-type flies are indistinguishable in this experiment
(Figure 4D), whereas comparison of 1-week old wild-type and
Atg8a-deficient reveals an additional feature in the autophagy-
deficient fly at 7138 eV (Figure 4E). Linear combination
fitting was undertaken for the 1-week old Atg8a-deficient fly
spectrum using the 1-week wild-type spectrum and a range
of reference standards (including those measured recently at
the same beamline: iron metal reference foil, ferric sulfate,
ferric and ferrous chloride, ferric citrate, horse spleen ferritin,
previously-acquired iron nitride, and iron oxide standards
including ferrihydrite, magnetite, and wustite). The best fitting
result indicated that the feature can be well-accounted for
by including a ferric sulfate reference standard (Figure 4F),
suggesting that approximately 1/3 of the signal might be
attributed to iron–sulfur complexes, and 2/3 attributed to the
spectrum of iron phases found in the central brain of the wild-
type fly.

DISCUSSION

During the course of aging, the load of iron in the brain increases
significantly, possibly due to decreased efficiency of the iron
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homeostasis system. Neurodegenerative pathologies associated
with aging, such as Parkinson’s or Alzheimer’s diseases, have
previously been associated with changes in iron homeostasis
(Zecca et al., 2004a; Ward et al., 2014).

Our data corroborate previous studies of iron accumulation
in the brain during aging in Drosophila (Massie et al., 1985,
1993). However, it was surprising to observe that neither
iron nor ferritin heavy-chain levels are affected in autophagy-
deficient flies. Indeed, an increase in iron in those flies
was anticipated because of the recent studies pinpointing at
the impact of autophagy on iron mobilization and recycling
(Kurz et al., 2011; Mancias et al., 2014; Ott et al., 2016). The
lack of accumulation of iron and holoferritin in autophagy-
deficient flies at any age, matched to the age of wild-type
individuals, suggests that autophagy is either not required
or plays a minor role in the turnover of ferritin and iron
during the course of aging in Drosophila brain. A recent
study showed that lysosomal trafficking of ferritin could
be independent of macroautophagy (Goodwin et al., 2017).
Nonetheless, we noticed the presence of supernumerary GFP-
Fer1HCH bands in the heads of young Atg8a-deficient flies
while the main GFP-Fer1HCH band remained unchanged in
age-match wild-type fly heads. This high molecular weight
GFP-Fer1HCH probably corresponds to a non-functional
form of ferritin heavy-chain as there is no accumulation of
holoferritin in these flies as demonstrated by Prussian Blue
in gel staining and µXRF. Autophagy has been extensively
described for its role in the degradation of protein aggregates,
and ferritin has been shown to be degraded by autophagy
(Hyttinen et al., 2014; Mancias et al., 2014). However,
using a differential-detergent protein fractionation protocol,
we have observed that high molecular weight GFP-Fer1HCH
bands do not correspond to insoluble aggregates. A shift
in protein molecular weight could be associated with post-
translational modifications. A study has shown that both
ferritin subunits are ubiquitinated in muscles from a rat
model of Amyotrophic Lateral Sclerosis (Halon et al., 2010).
Ferritin has also been detected as being pupylated (prokaryotic
homolog of ubiquitination) in the bacterium Corynebacterium
glutamicum (Kuberl et al., 2016). Ferritin is also known to
be glycosylated in mammals and insects; notably, secreted
ferritin L has been shown to be N-glycosylated in culture
hepatocytes (Cragg et al., 1981; Ketola-Pirie, 1990; Ghosh et al.,
2004; Cohen et al., 2010). Therefore, it is possible that high
molecular weight Fer1HCH corresponds to a modified, soluble
form of the protein.

It was previously shown that iron storage increases
significantly with age in both mammals and insects (Massie
et al., 1985; Zecca et al., 2001). The control of ferritin subunit
synthesis frequently occurs at the translational level. Ferritin
mRNAs contain an iron-responsive element (IRE) in 5′ UTR
that can be recognized by iron regulatory proteins (IRPs).
Depending on iron availability, the translation of ferritin
subunits is modulated by the binding or releasing of the IRPs to
the mRNA (Gray and Hentze, 1994; Lind et al., 1998; Missirlis
et al., 2007). Interestingly, no noticeable increase in the quantity
of GFP-Fer1HCH with age was observed in the fly brain while

the iron levels and holoferritin levels were significantly increased.
Most of the studies aiming at elucidating the IRE/IRP-dependent
regulation of ferritin are based on supplementation of animal
food with iron or chelators. It is possible that such changes
in the diet have more drastic effects on the iron uptake by
the cells than that which would occur under physiological
conditions. It is also possible that intestinal ferritin is more prone
to transcriptional regulation as the gut is the first organ to be
affected by dietary iron.

The evidence for an additional minor peak at 7138 eV in
the iron absorption spectrum for autophagy deficient flies, but
not in wild-type, is consistent with signal contribution from
an iron–sulfur-rich material. The good fit achieved with the
inclusion of ferric sulfate does not exclude other possibilities;
we note that iron-phosphorus-containing material can also
exhibit a peak in this energy region. However, examination of
the XRF signal at the sites where the XANES spectra were
acquired indicate that sulfur was significantly more abundant
than phosphorus, and that while iron and sulfur levels at sites of
XANES acquisition were equivalent for wild-type and autophagy
mutant, the phosphorus level at the XANES site in the autophagy
deficient fly was lower (approximately 1/5th) of that measured in
wild-type. Therefore, it is more likely that the additional feature
in the autophagy mutant is associated with iron–sulfur than with
iron–phosphorus. Iron–sulfur clusters might account for this
signal, a ubiquitous class of metalloproteins involved in many
regulatory processes, including mitochondrial iron homeostasis
(Rouault and Tong, 2005).

In summary, we have shown that holoferritin accumulates
in the brain from old flies but not young Atg8a-deficient
flies, suggesting that macroautophagy is not a dominant
process in ferritin and iron turnover in the Drosophila adult
head. The origin of increased iron in the brain during
the course of aging in Drosophila brain remains unclear
but appears not to be related to, or sufficient to induce
the synthesis of, ferritin heavy-chain. In addition, our work
provides evidence of the feasibility to accurately detect variation
in biometal levels and distributions in intact isolated adult
Drosophila brain, thus opening new fields of investigation
for normal and pathological aging. Most neurodegenerative
diseases are linked to altered metabolism of biometals, including
iron, in the brain. Drosophila has been successfully used
as model for a broad range of neuropathologies. Further
studies combining those readily-available model strains with
synchrotron spectromicroscopy methods should contribute to
uncovering the relationships between disrupted metabolism of
biometals and neurodegeneration.
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Analytical Methods

Label-Free Nanoimaging of Neuromelanin in the Brain by Soft X-ray
Spectromicroscopy
Jake Brooks, James Everett+, Frederik Lermyte+, Vindy Tjendana Tjhin, Samya Banerjee,
Peter B. OQConnor, Christopher M. Morris, Peter J. Sadler, Neil D. Telling, and
Joanna F. Collingwood*

Abstract: A hallmark of ParkinsonQs disease is the death of
neuromelanin-pigmented neurons, but the role of neuromela-
nin is unclear. The in situ characterization of neuromelanin
remains dependent on detectable pigmentation, rather than
direct quantification of neuromelanin. We show that direct,
label-free nanoscale visualization of neuromelanin and asso-
ciated metal ions in human brain tissue can be achieved using
synchrotron scanning transmission x-ray microscopy (STXM),
through a characteristic feature in the neuromelanin x-ray
absorption spectrum at 287.4 eV that is also present in iron-free
and iron-laden synthetic neuromelanin. This is confirmed in
consecutive brain sections by correlating STXM neuromelanin
imaging with silver nitrate-stained neuromelanin. Analysis
suggests that the 1s–s* (C@S) transition in benzothiazine
groups accounts for this feature. This method illustrates the
wider potential of STXM as a label-free spectromicroscopy
technique applicable to both organic and inorganic materials.

Introduction

Visualization of neuromelanin (NM), a biological poly-
mer formed by autoxidation of dopamine and cysteine within
dopamine and noradrenaline synthesizing neurons, histori-
cally relied on the presence of visible pigmentation, with or

without staining enhancement. In 1988, Hirsch and co-work-
ers highlighted how this, by definition, restricts NM visual-
ization to forms of NM with detectable pigment, thereby
excluding clusters that are too faint to view using light
microscopy.[1] This need for a neuromelanin-specific marker
has not been met in over three decades, with studies
continuing to depend on the natural contrast of the NM
pigment viewed under an optical or electron microscope.[2]

This constrains objective investigation of NM in human
health and disease, and in other species in which pigmentation
is less apparent, carrying an implicit suggestion that the
quantity of NM is simply proportional to the detectable
pigmentation.

In the human brain, dopaminergic neurons within the
substantia nigra normally show pigmentation with advancing
age as granules of NM. These neurons are particularly
vulnerable during the progression of ParkinsonQs disease
(PD)[1] and related disorders. In PD, loss of pigmentation is
particularly evident in the substantia nigra pars compacta and
is directly associated with progressive neuronal loss. PD is the
second most common neurodegenerative disease globally,
and remains incurable, whilst the underlying causes are still
unknown.[3] By the time a patientQs symptoms become
apparent, 80 % of dopaminergic neurons may have already
died. The dopamine depletion resulting from death of the
substantia nigra neurons gives rise to the typical clinical
symptoms observed for PD patients, including tremor,
rigidity, and bradykinesia. Whilst no consensus has been
reached regarding any biological function of NM, and a direct
relationship between neuron vulnerability and the presence
of NM remains unclear, the strong affinity of NM for metal
ions is a factor receiving considerable attention.[4]

NM has been proposed as the main chelator of neuronal
iron in the substantia nigra, and 50-fold increased concen-
trations of iron compared to surrounding tissue have been
observed.[5] NM has been shown to sequester Fe2+ ions and
bind them as Fe3+, creating iron oxide clusters, which
comprise approximately 10–20% of total iron in the sub-
stantia nigra.[6] The remaining iron is mostly stored by ferritin
in the glia.[6] Since PD is associated with a marked increase in
nigral iron concentration,[7] it is imperative to discern the
individual roles played by these two iron storage compounds
if normal physiological iron concentration is exceeded.

Within the brain, NM is contained within organelles 0.5–
3 mm in size, along with proteins, lipid bodies, and bound
metal ions. NM clusters in the substantia nigra range from
200–600 nm in size, and are divided into spherical granules of
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circa 30 nm diameter.[8] Diffraction studies indicate that the
NM polymer itself consists of a central protein core with
a similar structural motif to b-pleated sheets of amyloid
aggregates (b strands that run perpendicular to the fiber axis,
forming a cross-b sheet), surrounded by an unstructured
melanic polymer.[6, 7c,9] The melanic portion can itself be
divided into two structural components. Pheomelanin is
formed first by oxidative co-polymerization of cysteine and
dopamine and characterized by benzothiazine groups. Once
cysteine levels have been depleted, slower oxidative homo-
polymerization of dopamine results in the formation of
eumelanin, which is characterized by dihydroxyindole groups
and forms at the surface of the pheomelanin.[10] Partial
structures for eumelanin and pheomelanin are displayed in
Figure 1, alongside structures of the precursors dopamine and
l-cysteine.

The ability of NM to sequester iron and other metals in
a non-reactive form is thought to act as an intrinsic defense
against labile metal ion accumulation. Binding of metal ions
to the insoluble NM restricts their participation in extracel-
lular redox activity, thereby shielding surrounding cells from
oxidative stress and associated toxicity.[7d,9] This putative
protective role of NM is consistent with its accumulation in
the brain during ageing, its affinity for toxic compounds, and
its ability to remove cytosolic catechols.[4b] Conversely, iron
released by NM into the extra-cellular milieu may stimulate
oxidative stress mechanisms, contributing to the selective
neurodegeneration of pigmented neurons. If NM is released
from the cell upon cell death, NM–iron complexes may
activate microglia to release cytokines and neurotoxins,
inducing a vicious cycle of chronic inflammation and neuronal
loss in the PD substantia nigra.[7d, 9, 11] Thus it has been

hypothesized that NM may play a protective or destructive
role depending on cellular context.[9]

Synthetic models of NM have been explored by several
groups.[12] Such analogues are essential, since isolating NM
from substantia nigra tissue is highly challenging and yields
only small quantities.[12b] Wider investigation into the dual
protective/damaging role of NM is reliant on in vitro and
ex vivo studies being carried out with sufficient sensitivity to
detect chemical or structural changes relating to NM–metal
binding. This of course depends a priori on the ability to
identify accurately NM in brain tissue. Histochemical tech-
niques are traditionally used for melanin visualization,
including the DOPA oxidase, ferrous iron, and Masson-
Fontana methods.[13] The propensity of NM to be labelled
using silver stains, similar to other melanins, is indeed partly
responsible for its original melanin classification.[14] Numer-
ous studies have identified the presence of NM using the
Masson-Fontana silver stain,[2b,15] which causes melanin to
appear black as it reduces ammoniacal silver nitrate to
metallic silver.[16] However, for trace metal analysis, staining is
an unsuitable mapping technique, as it alters the native
chemistry and prohibits the accurate speciation of associated
metal ions. Contrast agents routinely used to prepare samples
for microscopic imaging also eliminate the potential for in situ
chemical analysis.

Good sample preservation is essential for optimal chem-
ical imaging analysis of delicate biological materials. A key
advantage of x-ray imaging is that significantly reduced beam
damage is expected from x-ray beam exposure compared to
electron beam exposure at equivalent spatial resolution.[17]

Additionally, whilst conventional electron microscopy may be
hampered by over-sensitivity to electron-dense material, the
greater penetrating power of x-ray microscopy is beneficial
for characterizing the fine structure of electron-dense materi-
als such as melanin granules.[18]

Scanning transmission x-ray microscopy (STXM) is a syn-
chrotron-based spectromicroscopy technique that combines
excellent chemical sensitivity with high-resolution microsco-
py. Usually employed in the soft x-ray range (circa 0.1–1 keV)
for biological samples, this approach permits access to both
organic and inorganic (metal) absorption edges without the
necessity for artificial staining (typically required for light or
electron microscopy).[17,19] Soft x-ray microscopy is capable of
spanning the water window (280–540 eV range), in which
there is an order of magnitude difference between absorption
coefficients for water and protein.

In STXM, monochromatic x-rays are focused into a nano-
meter-sized spot (pixel) on the sample using a zone plate. A
microscopic image is generated by raster scanning the sample
in the focal plane of the zone plate whilst measuring
transmitted x-ray intensity for each pixel. When the incident
x-ray energy is stepped over a range (typically over a targeted
absorption edge), spectra can be obtained, providing infor-
mation about the sample composition. STXM is a technique
that has benefited from vast improvements in beam focusing
and detector sensitivity, such that it is now capable of
characterizing chemical composition over 50 nm-sized areas
at sub-part-per-million sensitivity.[17] Thin sections used for
STXM (100–200 nm) permit spectra to be collected at the

Figure 1. Structures of the neuromelanin precursors, dopamine and
l-cysteine, alongside partial structures of eumelanin (NM surface)
and pheomelanin (NM core). Dihydroxyindole = green and benzothia-
zine = red.
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carbon K-edge, allowing metal speciation to be correlated
with protein distribution. This has been previously demon-
strated to good effect in detailed characterizations of
amyloid-b/iron aggregates formed in vitro,[20] ex vivo human
brain tissue,[19] and amyloid plaque cores extracted from
AlzheimerQs disease brain tissue.[21]

In addition, the ability to generate image contrast
artificially by exploiting specific spectral features, uniquely
allows the technique to be used to map selectively structures
for which histological stains do not exist. This was exploited
recently by using spectral features measured at the carbon K-
edge, to map variations observed when extracellular peptides
were bound to iron in cortical tissue from a transgenic mouse
model of AlzheimerQs disease.[22]

Herein, we establish the potential of STXM for label-free
mapping of NM in human brain substantia nigra pars
compacta tissue from both PD and non-PD cases, and
evaluate NM–metal binding. Method development is in-
formed with x-ray absorption spectra from reference materi-
als to assess signal specificity and likely origin of spectral
features associated with NM.

To date, advances in understanding PD etiology have been
hampered by a lack of tools for investigating interactions
between organic and inorganic (metal ion) phases in the PD
brain, since most methods demand a mutually exclusive
choice be made between performing an analysis of the organic
or inorganic properties of a particular tissue sample. In
recognizing the importance of this system, Biesemeier and co-
workers noted in 2016 the surprising lack of high-resolution
chemical analysis and imaging studies to investigate the
interaction between NM and iron.[8] Herein, we show that soft
x-ray spectromicroscopy can address this technical challenge,
and provide new insights into the metallomics of PD and
related disorders.

Results

Speciation maps and x-ray absorption spectra were
collected from resin-embedded substantia nigra tissues at
the carbon K-edge, focusing on NM-rich regions within
dopaminergic neurons and regions of tissue adjacent to the
neurons (neuropil). Full procedures for generating speciation
maps and absorption spectra are shown in Supporting
Information Figures S1 and S2, respectively. A particular
advantage of STXM, as illustrated in Figure S1, is the capacity
to display signal(s) from analytes of interest (e.g., neuro-
melanin, Figure S1c, and protein, Figure S1 e) without inter-
ference from artefacts such as score marks from tissue
sectioning. Carbon K-edge absorption spectra were also
collected from resin-embedded in vitro standards, alpha-
synuclein, ferritin, synthetic NM (with and without iron-
loading), and benzothiazine, in order to evaluate contribu-
tions to the tissue spectra.

Optical images were initially used to locate dopaminergic
neurons within substantia nigra tissue prior to STXM analysis,
see Figure 2a,b. The NM pigment was just visible without
staining, with enhanced contrast appearing after staining.

For case PD1 (Supporting Information Table S1), the
same cell shown in Figure 2 was successfully identified by
optical microscopy in a consecutive, unstained section and
mounted for STXM analysis. Scanning at 287 eV, a NM-rich
region within the cell was selected, guided by the optical
micrograph of the paired stained section shown in Figure 2b.
A neuropil region was selected by first creating a protein
speciation map; an off-peak image (290.5 eV) was subtracted
from a peak image taken at 288.6 eV, corresponding to an
amide 1s!p* transition in tissue-derived protein. The
resultant map displayed the tissue ultrastructure within the
section, as shown in Figure 2c.

A series of images (“stack”) across the carbon K-edge
(280–320 eV) was acquired within both NM-rich and neuropil
regions in PD substantia nigra (Figure 3) in order to compare
the absorption spectra. The spectrum acquired from the
neuropil region was defined by three clear peaks at 285.5,
288.6, and 290 eV. The peaks at 285.5 and 288.6 eV can be
attributed to the 1s!p* transitions for aromatic and amide
groups, respectively.[23] The peak at 289.8 eV can be attributed
to 1s!s*(C-N) transitions in various amino acids, including
arginine and asparagine.[24] The spectrum acquired from the
intracellular NM region exhibited suppression of the principal
amide peak (288.6 eV) compared to protein, and the appear-

Figure 2. Dopaminergic neuron identified in PD (case PD1) substantia
nigra pars compacta (SNc) tissue section (200 nm thickness) using
optical microscopy, then mapped using STXM at the carbon K-edge
and Iron L-edge in a consecutive tissue section. a) Unstained cell,
b) Masson-Fontana stained cell, arrow marks the position of a fold
introduced into the resin by staining, c) protein speciation map,
d) NM speciation map using peak at 287.4 eV, e) iron map, f) compo-
site map showing protein (blue), NM (green) and iron (red). The
individual RBG color channels were manually adjusted for display
purposes.
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ance of a doublet feature, including a characteristic peak at
287.4 eV that was not observed in the tissue spectrum, but
that was also found in the synthetic NM spectra. Spatial
resolution of 100 nm enabled individual NM granules to be
easily discerned from surrounding tissue at 287.4 eV (Fig-
ure S2).

An additional speciation map was created by subtracting
an off-peak image (290.5 eV) from an image acquired at
287.4 eV, where the characteristic NM absorption feature was
observed. This is shown in Figure 2d. By acquiring large-area
STXM maps of the whole cell body at 200 nm spatial
resolution, a detailed depiction of granular morphology and
distribution of NM could be resolved.

Correlation analysis of an optical image acquired from
a Masson-Fontana stained section (Figure 2b), and a STXM
NM speciation map in the corresponding adjacent section
(Figure 2d) confirmed a spatial correlation between the
optical and synchrotron-measured cellular distributions of
NM. The correlation coefficient was 0.71 for the cell body,
excluding the region with the folding artefact (Supporting
Information Figure S3).

The same neuron from case PD1 was further analysed at
the Fe L3-absorption edge to examine the distribution of iron
within NM granules. The cell was shown to be heavily loaded
with iron (Figure 2 e), with a distribution closely matching
that of NM. Cross-correlation of the entire cell body area in
the synchrotron-acquired NM and iron maps yielded a corre-
lation coefficient of 0.76 (Figure S3), and for the spatial
region defined in Figure S3 a,b the correlation coefficient for
synchrotron-acquired NM and iron maps was equivalent
(0.75). Additional examples of correlative staining and NM
mapping are shown for a neurologically healthy control case
in Figures S4 and S5.

Carbon K-edge absorption spectra collected from both
iron-free and iron-loaded synthetic NM analogues are shown
alongside intracellular NM from PD1 in Figure 3. The
absorption feature at 287.4 eV was reproduced in both the
intracellular and synthetic NM spectra. Linear combination
fitting of the intracellular NM spectrum from case PD1 was
performed to ascertain how well the spectrum could be
explained in terms of contributions from tissue-derived
protein and synthetic NM (i.e., pure dopamine/cysteine
polymer). Fitting was limited to the energy range between
283.5 and 290.5 eV in order to focus on the features of
interest. A weighted fit of the intracellular NM spectrum was
consistent with 21% tissue-derived protein and 79% NM
(69 % iron-loaded synthetic NM, 10% iron-free synthetic
NM).

Figure 4 shows carbon K-edge absorption spectra ac-
quired from precursors dopamine and l-cysteine alongside
the spectrum for intracellular NM, previously shown in
Figure 3.

Spectra for benzothiazine, which occurs as a functional
group within the pheomelanin structure (see Figure 1), as well
as the intracellular proteins alpha-synuclein and ferritin are
also compared. It can be seen that the overall NM spectrum is
distinct from those of its precursor materials. However,
a broad feature centered at 287.4 eV is evident in the
spectrum of l-cysteine and a much sharper absorption feature
is present in the benzothiazine spectrum at 287.4 eV, precisely
matching the energy position of the characteristic NM
absorption feature.

Having discovered and described the spectral feature that
permitted NM mapping in PD (case PD1), this spectral
feature was confirmed in a second case of PD (PD2), and
further applied to NM imaging of post-mortem tissue from
subjects with AlzheimerQs disease, neurodegeneration with
brain iron accumulation, and a healthy control. The NM
contrast was consistently observed in all examples as illus-
trated in Figure 5.

Figure 3. Carbon K-edge x-ray absorption spectra from intracellular
NM in PD substantia nigra (case PD1), synthetic NM, synthetic
NM+ Fe and neuropil region, highlighting an absorption feature that
enables specific isolation of NM signal from surrounding tissue
without staining. Traces are vertically offset for clarity. A dotted line
marks the position of the absorption feature attributed to NM at
287.4 eV, which is not observed within the NM-free tissue region.
Results from linear combination fitting of the intracellular NM
spectrum are over-plotted with a dashed line. Intracellular NM was
consistent with 21 % protein and 79% NM (69% NM + Fe, 10% NM),
with c2 value of 0.04 obtained for the fit. The difference between NM
and NM+ Fe is sufficient to affect fit quality, but we note (as
evidenced in the individual traces shown), the differences between NM
and NM+ Fe arise predominantly from the relative amplitude of
features rather than presence or absence of peaks in the energy
spectrum. An expanded view of the feature in the energy region 286.5–
288.5 eV is shown in the panel on the right.

Angewandte
ChemieResearch Articles

11987Angew. Chem. Int. Ed. 2020, 59, 11984 – 11991 T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org



Discussion

Comparison of x-ray absorption spectra obtained from
NM-rich and neuropil regions within substantia nigra tissue
revealed differences between NM polymer and tissue-derived
protein. We show how a distinguishing feature present in the
NM spectrum at 287.4 eV, but absent in the tissue-derived
protein spectrum, can be exploited for selective label-free
mapping of NM in tissue, without the necessity for chemical
staining. Indeed, neuromelanin contrast arising from the
spectral feature centered at 287.4 eV was consistently ob-
served in substantia nigra tissue from the five independent

cases, irrespective of disease classification (Table S1). This
suggested approach was supported by comparing neurome-
lanin maps obtained with conventional silver nitrate staining
and label-free STXM analysis, in consecutive sections from
case PD1 (Figure S3). The high spatial resolution of STXM
enabled individual neuromelanin granules to be clearly
resolved, such that correlated NM distributions were evi-
denced both with and without staining.

The structural relevance of the synthetic NM analogues
(both with and without iron loading) was demonstrated by
comparing their absorption spectra with that obtained from
intracellular NM. The same characteristic shape was observed
in all three cases, with peaks present at the same energy
values. In future, for in vitro studies, STXM could be
employed to trace NM distribution in complex model systems
for example, in competitive metal binding experiments.
Linear combination fitting suggested that intracellular NM
is composed of part protein and part NM polymer, consistent
with the multiple structural components of intracellular NM
reported in the literature.[6, 25]

Previously, Biesemeier and co-workers used NanoSIMS
to demonstrate that elevated sulfur levels in NM distinguish
NM from surrounding tissue.[8] In the present work, we
mapped x-ray fluorescence at 200 nm resolution in NM-rich
regions of PD substantia nigra tissue, obtaining maps at the
iron and sulfur K-edges as shown in Figure S6. Although
sulfur is unambiguously elevated in NM, consistent with the
prior observation, sulfur is ubiquitously distributed through-
out human brain tissue in amino acid residues cysteine and
methionine, as well as other thiols, disulfides, and sulfates.
Our STXM work utilizing a signature in the NM spectrum,
present in both intracellular and synthetic NM, provides an
independent marker. Advantages conferred by this include
capacity to differentiate unambiguously deposits of extracel-
lular NM from other material such as concentrated sulfate,
and the benefit of simultaneously mapping the surrounding
tissue using another absorption feature present in the carbon
K-edge spectrum, allowing both signals to be extracted from
a single measurement.

The ability to distinguish NM from surrounding tissue
without staining or prerequisite identification of intact cells is
highly useful for mapping NM over relatively large (milli-
meter-sized) areas; however, STXM also has capacity to focus
over micron-sized regions of interest at nanoscale resolution.
The scope for characterization of both organic and inorganic
tissue components using STXM over these length scales has
been previously demonstrated.[19, 21] Hence, it is important to
consider also the potential for distinguishing NM from other
intracellular constituents, particularly those with affinity for
metal ions. Figure 4 indicates that x-ray absorption spectros-
copy (XAS) at the carbon K-edge may indeed be used to
differentiate NM from the iron storage protein, ferritin, and
the dominant constituent of Lewy bodies, alpha-synuclein.
Given the relative ease with which soft x-ray techniques can
switch between organic and inorganic (metal) edges, STXM
could be further applied to examine NM-bound metals
independent of ferritin-/synuclein-bound metals within the
same cell. Moreover, the nanoscale resolution of STXM
permits characterization of sub-micron-sized deposits that

Figure 4. Carbon K-edge x-ray absorption spectra from intracellular
NM, precursors dopamine and l-cysteine, intra-cellular components
ferritin and alpha-synuclein, and NM functional group benzothiazine.
A dotted line marks the position of the absorption feature distinguish-
ing NM at 287.4 eV, shown to be dominant in the benzothiazine
spectrum, but absent in the other presented carbon spectra. A dashed
line marks the position of the principal amide peak at 288.6 eV.
Spectra acquired for all samples shown (except intracellular NM and
ferritin) were subjected to 3-point smoothing for display purposes to
accommodate lower signal-to-noise above 290 eV. Traces vertically
offset for clarity.

Angewandte
ChemieResearch Articles

11988 www.angewandte.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 11984 – 11991



may be present at concentrations below the detection limits of
alternative techniques,[26] thus providing a critical opportunity
to investigate the individual role played by NM in metal ion
metabolism. This area has been largely unexplored by high-
resolution spectromicroscopy,[8] particularly in unfixed tissue
in which chemical alteration is minimized.

The precise origin of each spectral difference between
NM and NM-free tissue cannot be conclusively determined
using STXM alone; however, it is possible to speculate based
on the standards measured in this study, knowledge of the
functional groups present, and XAS data available from the
literature. The “building block principle” states that spectra
acquired from complex structures can be divided into
individual contributions from specific functional groups/
bonds.[27] Important caveats to this approach are the effects
of delocalization of electronic charge across functional groups
giving rise to new molecular orbitals,[27] the effects of changing
bond length on overlap between orbitals,[28] and practical
restrictions on available energy resolution. Although the
number of studies that have collected XAS data from melanin

at the carbon K-edge are very limited, comparisons to the
present study should be drawn, where possible, to limit the
influence of the aforementioned factors.

The peak at 287.4 eV, used to create NM speciation maps,
likely originates from the pheomelanin portion of NM, given
that previous XAS measurements of eumelanin did not report
the presence of features between peaks observed at 285.5 eV
(1s!p* aromatics) and 288.6 eV (1s!p* carboxyl groups).[29]

A pronounced peak at 287.4 eV observed in the XAS
spectrum of l-cysteine has previously been ascribed to C@
SH bonds, specifically the 1s!s*(C@S) transition, with the
position of the peak being independent of C@S bond length.[27]

The present study confirmed the appearance of a broad
feature centered at 287.4 eV in the spectrum of l-cysteine,
and whilst it is probable that this feature contributes to the
NM spectrum, Figure 4 demonstrates that neither precursor
material (dopamine or cysteine) can fully account for the
sharp feature observed at 287.4 eV in the NM spectrum.

Earlier XAS studies of synthetic and intracellular neuro-
melanin at the sulfur K-edge found that sulfur may be present

Figure 5. STXM analysis of case PD2, in which for a single neuron, speciation maps show distributions of a) NM, b) protein, c) composite map
(NM= green, protein= blue). Carbon K-edge spectra were also acquired from d) intracellular NM and e) neuropil regions to verify reproducibility
of the distinct spectral features observed in PD1 (Figure 3). (f)–(h) show application of NM mapping to post-mortem human substantia nigra
tissue as described in Table S1: f) Alzheimer’s disease (AD) case, showing NM distribution over large field of view including multiple pigmented
neurons; g) neurologically healthy case (Control), showing NM contrast associated with a single neuron; h) neurodegeneration with brain iron
accumulation (NBIA) case, showing contrast associated with neuromelanin deposits in the tissue.
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in a cysteine-like environment, or contained within a benzo-
thiazine-like ring (heterocycle containing one sulfur and one
nitrogen atom).[30] Contributions from these functional groups
would arise from the core pheomelanin component of neuro-
melanin (as shown in Figure 1) but would be absent in either
dopamine or cysteine independently. We therefore postulate
a likely influence of benzothiazine groups on the observed
NM spectrum and the characteristic feature at 287.4 eV, used
to distinguish NM polymer from surrounding tissue. On
testing this, we found that a prominent absorption peak was
indeed present in the benzothiazine spectrum at 287.4 eV,
thus supporting our hypothesis. We suggest that the 1s!s*
transition (C@S) is the most plausible explanation for this
peak in the benzothiazine spectrum, since this transition has
been reported to occur around this energy in a range of
organic, sulfur-containing molecules.[24] Speciation mapping
at the carbon K-edge using a peak attributable to the 1s!s*
(C@S) transition in benzothiazine could be further applied to
identify peripheral pheomelanin in a range of biological
samples, including skin and hair samples.

Conclusion

We have shown that a characteristic peak in the carbon K-
edge x-ray absorption spectrum of neuromelanin can be used
as a basis for label-free mapping of neuromelanin in human
brain tissue. Based on standards and peak assignments
reported in the literature, we show that this peak can be
assigned to a 1s!s* (C@S) transition in benzothiazine
fragments found in the pheomelanin portion of neuromela-
nin. Hence, this approach could be applied to selective
visualization of pheomelanin in a range of biological samples.
This new method holds the following key advantages over
conventional staining or electron microscopy techniques:
1) Neuromelanin is visualized without reliance on detectable
pigmentation, 2) no chemicals that demonstrably displace or
alter the target species are introduced, 3) neuromelanin
distribution is isolated from those of other tissue components,
4) artefacts in the tissue (e.g., score marks) are removed upon
image subtraction, 5) effective spatial resolution is unaffected
by highly electron-dense deposits, and 6) photo-induced
damage is minimized. Straightforward switching between
characteristic edges for light and heavy elements also presents
further opportunities to correlate the distributions of neuro-
melanin with different metals implicated in ParkinsonQs
disease and related disorders, including iron, which was
highlighted in this study. This may help shed light on the
enigmatic role of neuromelanin.

Data Availability: The data that support the findings in
this study are available in the Warwick Research Archive
Portal (WRAP) repository, http://wrap.warwick.ac.uk/
135050/.

Acknowledgements

This work was supported by EPSRC grants EP/N033191/1,
EP/N033140/1, EP/K035193/1, an EPSRC Doctoral Training

Award to J.B. (EP/N509796/1), and a Royal Society Newton-
Bhahba International Fellowship for SB. All human brain
tissue used in this study was analyzed in accordance with the
Declaration of Helsinki under the remit of ethical approvals
REGO-2018-2223 from the BSREC at University of War-
wick, and approval 07/MRE08/12 from the North West
Haydock Ethics Committee. Human tissue was obtained with
informed consent by the brain banks and released to the
investigators under ethical approval by the Newcastle Brain
Tissue Resource which is funded in part by a grant from the
UK Medical Research Council (G0400074), by NIHR New-
castle Biomedical Research Centre and Unit awarded to the
Newcastle upon Tyne NHS Foundation Trust and Newcastle
University, and as part of the Brains for Dementia Research
Programme jointly funded by AlzheimerQs Research UK and
AlzheimerQs Society. We thank Dr L. N. Hazrati for assisting
with tissue provision from the holdings of the Canadian Brain
Tissue Bank, and also we thank Diamond Light Source, where
the majority of the synchrotron data presented in this study
were collected, for access to beamlines I08 (proposals
SP15230, SP15854, SP20809, MG24526) and I14 (proposal
MG24531). We thank Dr T. Araki, Dr M. Kazemian Abyaneh
and Dr B. Kaulich for technical assistance at I08, Dr J. Parker,
Dr F. Cacho-Nerin, Dr M. Gomez Gonzalez, and Dr P. Quinn
for technical assistance at I14, and J. Donnelly and E. Hill for
assistance with data acquisition. We also thank the Advanced
Light Source for access to beamline 11.0.2 to collect
synchrotron data presented in this study. The Advanced
Light Source is supported by the Director, Office of Science,
Office of Basic Energy Sciences, of the U.S. Department of
Energy under Contract No. DE-AC02-05CH11231.

Conflict of interest

The authors declare no conflict of interest.

Keywords: iron · neuromelanin · Parkinson’s disease ·
synchrotron imaging · x-ray absorption spectroscopy

[1] E. Hirsch, A. M. Graybiel, Y. A. Agid, Nature 1988, 334, 345.
[2] a) A. Laguna, N. Schintu, A. Nobre, A. Alvarsson, N. Volakakis,

J. K. Jacobsen, M. Glmez-Gal#n, E. Sopova, E. Joodmardi, T.
Yoshitake, Nat. Neurosci. 2015, 18, 826; b) I. Carballo-Carbajal,
A. Laguna, J. Romero-Gim8nez, T. Cuadros, J. Bov8, M.
Martinez-Vicente, A. Parent, M. Gonzalez-Sepulveda, N. Pe-
Çuelas, A. Torra, Nat. Commun. 2019, 10, 973.

[3] L. M. De Lau, M. M. Breteler, Lancet Neurol. 2006, 5, 525 – 535.
[4] a) W. S. Enochs, T. Sarna, L. Zecca, P. A. Riley, H. M. Swartz, J.

Neural Transm. 1994, 7, 83 – 100; b) L. Zecca, D. Tampellini, A.
Gatti, R. Crippa, M. Eisner, D. Sulzer, S. Ito, R. Fariello, M.
Gallorini, J. Neural Transm. 2002, 109, 663 – 672; c) C. J. Rourk,
Biosystems 2018, 171, 48 – 58.

[5] L. Zecca, C. Bellei, P. Costi, A. Albertini, E. Monzani, L.
Casella, M. Gallorini, L. Bergamaschi, A. Moscatelli, N. J. Turro,
M. Eisner, P. R. Crippa, S. Ito, K. Wakamatsu, W. D. Bush, W. C.
Ward, J. D. Simon, F. A. Zucca, Proc. Natl. Acad. Sci. USA 2008,
105, 17567 – 17572.

Angewandte
ChemieResearch Articles

11990 www.angewandte.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 11984 – 11991



[6] J. F. Collingwood, N. D. Telling in Iron Oxides: From Nature to
Materials and from Formation to Applications, First ed. (Ed.: D.
Faivre), Wiley, Hoboken, 2016.

[7] a) A. E. Oakley, J. F. Collingwood, J. Dobson, G. Love, H. R.
Perrott, J. A. Edwardson, M. Elstner, C. M. Morris, Neurology
2007, 68, 1820 – 1825; b) N. P. Visanji, J. F. Collingwood, M. E.
Finnegan, A. Tandon, E. House, L. N. Hazrati, J. Parkinson’s Dis.
2013, 3, 523 – 537; c) R. J. Ward, D. T. Dexter, R. R. Crichton, J.
Trace Elem. Med. Biol. 2015, 31, 267 – 273; d) F. A. Zucca, J.
Segura-Aguilar, E. Ferrari, P. Munoz, I. Paris, D. Sulzer, T.
Sarna, L. Casella, L. Zecca, Prog. Neurobiol. 2017, 155, 96 – 119.

[8] A. Biesemeier, O. Eibl, S. Eswara, J. N. Audinot, T. Wirtz, G.
Pezzoli, F. A. Zucca, L. Zecca, U. Schraermeyer, J. Neurochem.
2016, 138, 339 – 353.

[9] F. A. Zucca, E. Basso, F. A. Cupaioli, E. Ferrari, D. Sulzer, L.
Casella, L. Zecca, Neurotox. Res. 2014, 25, 13 – 23.

[10] W. D. Bush, J. Garguilo, F. A. Zucca, A. Albertini, L. Zecca,
G. S. Edwards, R. J. Nemanich, J. D. Simon, Proc. Natl. Acad.
Sci. USA 2006, 103, 14785 – 14789.

[11] B. F. Popescu, H. Nichol, CNS Neurosci. Ther. 2011, 17, 256 –
268.

[12] a) T. Shima, T. Sarna, H. M. Swartz, A. Stroppolo, R. Gerbasi, L.
Zecca, Free Radical Biol. Med. 1997, 23, 110 – 119; b) A. Kropf,
B. Bunker, M. Eisner, S. Moss, L. Zecca, A. Stroppolo, P. Crippa,
Biophys. J. 1998, 75, 3135 – 3142; c) K. Double, L. Zecca, P. Costi,
M. Mauer, C. Griesinger, S. Ito, D. Ben-Shachar, G. Bringmann,
R. Fariello, P. Riederer, J. Neurochem. 2000, 75, 2583 – 2589.

[13] V. S. Carriel, J. Aneiros-Fernandez, S. Arias-Santiago, I. J.
Garzon, M. Alaminos, A. Campos, J. Histochem. Cytochem.
2011, 59, 270 – 277.

[14] L. Zecca, D. Tampellini, M. Gerlach, P. Riederer, R. G. Fariello,
D. Sulzer, Mol. Pathol. 2001, 54, 414 – 418.

[15] a) S. Romeo, C. Viaggi, D. Di Camillo, A. W. Willis, L. Lozzi, C.
Rocchi, M. Capannolo, G. Aloisi, F. Vaglini, R. Maccarone, M.
Caleo, C. Missale, B. A. Racette, G. U. Corsini, R. Maggio, Sci.
Rep. 2013, 3, 1395; b) J. Jo, Y. Xiao, A. X. Sun, E. Cukuroglu, H.-
D. Tran, J. Gçke, Z. Y. Tan, T. Y. Saw, C.-P. Tan, H. Lokman, Cell
Stem Cell 2016, 19, 248 – 257; c) A. S. Monzel, L. M. Smits, K.
Hemmer, S. Hachi, E. L. Moreno, T. van Wuellen, J. Jarazo, J.
Walter, I. Brgggemann, I. Boussaad, E. Berger, R. M. T. Flem-
ing, S. Bolognin, J. C. Schwamborn, Stem. Cell. Rep. 2017, 8,
1144 – 1154; d) L. M. Smits, L. Reinhardt, P. Reinhardt, M.
Glatza, A. S. Monzel, N. Stanslowsky, M. D. Rosato-Siri, A.

Zanon, P. M. Antony, J. Bellmann, npj ParkinsonQs Dis. 2019, 5,
5.

[16] J. D. Bancroft, M. Gamble, Theory and practice of histological
techniques, 6th ed., Churchill Livingstone, London, 2008.

[17] J. F. Collingwood, F. Adams, Spectrochim. Acta Part B 2017, 130,
101 – 118.

[18] B. J. Panessa-Warren, Biol. Trace Elem. Res. 1987, 12, 167 – 183.
[19] J. Everett, V. T. Tjhin, J. Brooks, F. Lermyte, I. Hands-Portman,

J. Dobson, J. Collingwood, N. Telling, Microsc. Microanal. 2018,
24, 490 – 491.

[20] F. Lermyte, J. Everett, J. Brooks, F. Bellingeri, K. Billimoria, P. J.
Sadler, P. B. OQConnor, N. D. Telling, J. F. Collingwood, Cells
2019, 8, 1231.

[21] J. Everett, J. F. Collingwood, V. Tjendana-Tjhin, J. Brooks, F.
Lermyte, G. Plascencia-Villa, I. Hands-Portman, J. Dobson, G.
Perry, N. D. Telling, Nanoscale 2018, 10, 11782 – 11796.

[22] N. D. Telling, J. Everett, J. F. Collingwood, J. Dobson, G.
van der Laan, J. J. Gallagher, J. Wang, A. P. Hitchcock, Cell
Chem. Biol. 2017, 24, 1205 – 1215.

[23] J. Cosmidis, K. Benzerara, N. Nassif, T. Tyliszczak, F. Bourdelle,
Acta Biomater. 2015, 12, 260 – 269.

[24] S. C. Myneni, Rev. Mineral. Geochem. 2002, 49, 485 – 579.
[25] E. Ferrari, A. Capucciati, I. Prada, F. A. Zucca, G. DQArrigo, D.

Pontiroli, M. G. Bridelli, M. Sturini, L. Bubacco, E. Monzani, C.
Verderio, L. Zecca, L. Casella, ACS Chem. Neurosci. 2017, 8,
501 – 512.

[26] L. Zecca, M. B. Youdim, P. Riederer, J. R. Connor, R. R.
Crichton, Nat. Rev. Neurosci. 2004, 5, 863.

[27] K. Kaznacheyev, A. Osanna, C. Jacobsen, O. Plashkevych, O.
Vahtras, H. cgren, V. Carravetta, A. Hitchcock, J. Phys. Chem.
A 2002, 106, 3153 – 3168.

[28] J. Stçhr, F. Sette, A. L. Johnson, Phys. Rev. Lett. 1984, 53, 1684.
[29] L. Sangaletti, S. Pagliara, P. Vilmercati, C. Castellarin-Cudia, P.

Borghetti, P. Galinetto, R. Gebauer, A. Goldoni, J. Phys. Chem.
B 2007, 111, 5372 – 5376.

[30] P. R. Crippa, M. Eisner, S. Morante, F. Stellato, F. C. Vicentin, L.
Zecca, Eur. Biophys. J. 2010, 39, 959 – 970.

Manuscript received: January 7, 2020
Revised manuscript received: March 10, 2020
Accepted manuscript online: March 30, 2020
Version of record online: May 14, 2020

Angewandte
ChemieResearch Articles

11991Angew. Chem. Int. Ed. 2020, 59, 11984 – 11991 T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org



Contents lists available at ScienceDirect

Journal of Trace Elements in Medicine and Biology

journal homepage: www.elsevier.com/locate/jtemb

Analysis of neuronal iron deposits in Parkinson's disease brain tissue by
synchrotron x-ray spectromicroscopy

Jake Brooksa,*,1, James Everetta,b,1, Frederik Lermytea,c, Vindy Tjendana Tjhina, Peter J. Sadlerc,
Neil Tellingb, Joanna F. Collingwooda

a School of Engineering, University of Warwick, Coventry CV4 7AL, UK
b School of Pharmacy and Bioengineering, Keele University, Stoke-on-Trent ST4 7QB, UK
c Department of Chemistry, University of Warwick, Coventry CV4 7EQ, UK

A R T I C L E I N F O

Keywords:
Parkinson’s disease
Iron
Oxidation state
Soft x-ray
Spectromicroscopy
Synchrotron

A B S T R A C T

Background: Neuromelanin-pigmented neurons, which are highly susceptible to neurodegeneration in the
Parkinson’s disease substantia nigra, harbour elevated iron levels in the diseased state. Whilst it is widely be-
lieved that neuronal iron is stored in an inert, ferric form, perturbations to normal metal homeostasis could
potentially generate more reactive forms of iron capable of stimulating toxicity and cell death. However, non-
disruptive analysis of brain metals is inherently challenging, since use of stains or chemical fixatives, for ex-
ample, can significantly influence metal ion distributions and/or concentrations in tissues.
Aims: The aim of this study was to apply synchrotron soft x-ray spectromicroscopy to the characterisation of iron
deposits and their local environment within neuromelanin-containing neurons of Parkinson’s disease substantia
nigra.
Methods: Soft x-ray spectromicroscopy was applied in the form of Scanning Transmission X-ray Microscopy
(STXM) to analyse resin-embedded tissue, without requirement for chemically disruptive processing or staining.
Measurements were performed at the oxygen and iron K-edges in order to characterise both organic and in-
organic components of anatomical tissue using a single label-free method.
Results: STXM revealed evidence for mixed oxidation states of neuronal iron deposits associated with neuro-
melanin clusters in Parkinson’s disease substantia nigra. The excellent sensitivity, specificity and spatial re-
solution of these STXM measurements showed that the iron oxidation state varies across sub-micron length
scales.
Conclusions: The label-free STXM approach is highly suited to characterising the distributions of both inorganic
and organic components of anatomical tissue, and provides a proof-of-concept for investigating trace metal
speciation within Parkinson’s disease neuromelanin-containing neurons.

1. Introduction

Many neurodegenerative disorders are associated with altered metal
ion metabolism in the brain [1]. In Parkinson’s disease (PD), iron levels
are significantly elevated in the type of nerve cell most severely com-
promised by disease progression – the dopaminergic neurons within the
substantia nigra pars compacta (SNc) region [2]. Death of these vul-
nerable dopamine-producing neurons ultimately leads to a severe de-
pletion of striatal dopamine, inducing the characteristic symptoms of
PD such as tremor, rigidity and bradykinesia. Although trace metals are
essential for normal physiological brain function, localised

perturbations to metal homeostasis could potentially be responsible for
initiating toxicity and region-specific cell death [3–5]. Thus, it is critical
to develop methods capable of characterising changes in metal chem-
istry at a subcellular level.

The high rate of oxidative metabolism and augmented iron con-
centrations leave the brain particularly susceptible to oxidative stress
[6]. Whilst redox switching between ferric (Fe3+) and ferrous (Fe2+)
forms is key to iron’s functional role in neurotransmitter synthesis,
myelin synthesis and cellular metabolism [3], these reactions can also
generate reactive oxygen species which are highly toxic to cells via
Fenton and related redox chemistry [3,7]. Strict regulatory systems

https://doi.org/10.1016/j.jtemb.2020.126555
Received 24 January 2020; Received in revised form 9 May 2020; Accepted 15 May 2020

⁎ Corresponding author.
E-mail address: J.Brooks.1@warwick.ac.uk (J. Brooks).

1 These authors contributed equally.

Journal of Trace Elements in Medicine and Biology 62 (2020) 126555

0946-672X/ © 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T



must be appropriately maintained to ensure a sufficient supply of iron
for essential processes whilst protecting vulnerable neurons from iron-
mediated toxicity.

Whilst the iron storage protein, ferritin, is the dominant iron sink in
glial cells of the SNc, iron in nigral neurons is primarily bound by the
biological polymer, neuromelanin (NM) [8,9]. NM pigments dopami-
nergic neurons of the SNc and noradrenergic neurons in the locus
coeruleus, the two brain regions most susceptible to neuron loss during
the progression of PD [10]. Similar to ferritin, NM also sequesters fer-
rous iron and binds it in a redox-stabilised ferric form, forming iron
oxide clusters which comprise around 10%–20% of total iron in the
substantia nigra [11]. It has been proposed that the antioxidant de-
fences offered by iron-binding molecules such as ferritin and NM may
be impaired by the ageing process, thereby increasing vulnerability
towards age-related neurodegeneration. [3,12]. Moreover, it is possible
that the storage capacity of these iron reservoirs may be particularly
compromised in PD, leading to hazardous levels of redox-active iron
contained within, or in the immediate vicinity of vulnerable neurons
[13–15].

Despite the potential implications for disease-specific iron dysre-
gulation in PD, there has only been limited exploration of interactions
between iron and NM in PD substantia nigra using high-resolution
spectromicroscopy [16]. This is chiefly because non-disruptive, label-
free analysis of brain metals poses significant inherent analytical chal-
lenges, whereas use of stains or chemical fixatives can significantly
influence metal ion distributions and/or concentrations in tissues
[17–19]. Synchrotron-based techniques to study subcellular structure
and chemistry in disease pathology are consequently of current interest
[20], since these methods can be applied without sample ablation or
requirement for additional staining (i.e. they are label-free) [21]. Re-
cent developments in soft x-ray synchrotron techniques represent a
pivotal advancement in this field, allowing inorganic metal distribu-
tions to be visualised with respect to organic, anatomical tissue struc-
ture.

Scanning Transmission X-ray Microscopy (STXM) is one such syn-
chrotron-based, soft x-ray approach, particularly suited to providing
combined imaging and spectral data on biological tissue samples. In
STXM, the energy of the incident beam can be precisely tuned and
stepped over a desired range to generate x-ray absorption spectra over a
targeted absorption edge (e.g. carbon or iron K-edges). The high energy
resolution attainable with STXM (ca. 0.1 eV) promotes sensitivity to-
wards chemical variations in the sample, allowing speciation of en-
dogenous metal ions. Image contrast can also be generated by ex-
ploiting distinct spectral features to create speciation maps, illustrating
not only the distribution of individual elements, but the distribution of
specific molecules and ions (e.g. proteins, Fe2+/Fe3+). This powerful
analytical tool has previously been applied to perform specific mapping
of organic tissue components [21] and to advance understanding of
Alzheimer’s disease aetiology, characterising interactions between
metal ions and the amyloid-beta peptide in both in vitro [22–24] and ex
vivo [25] studies.

The aim of this study was to apply STXM to the characterisation of
iron deposits and their local environment within neuromelanin-con-
taining neurons of Parkinson’s disease SNc. Combined imaging and
spectral data were used to demonstrate the heterogeneous structure and
composition of post-mortem brain tissue samples, whilst also detecting
variations in the oxidation state of neuronal iron.

2. Materials and methods

2.1. Tissue preparation

Frozen unfixed substantia nigra tissue from a confirmed PD case was
obtained from the Canadian Brain Tissue Bank and prepared and ana-
lysed under current ethical approvals 07/MRE08/12 and REGO-2018-
2223.

Substantia nigra tissue was cut into cubes approximately 8mm3 in
volume using a non-metallic knife to prevent metal contamination, and
dehydrated using an ethanol series (40%–100% dry). Following dehy-
dration, tissue cubes were embedded in an aliphatic epoxy resin com-
posed of an equimolar mixture of trimethylolpropane triglycidyl ether
and 4,4′-methylenebis-(2-methylcyclohexylamine), purchased from
Sigma Aldrich (Dorset, UK), and cured at 60 °C overnight.

Prior work demonstrated that ferric iron standards prepared using
the same embedding series as for the substantia nigra tissue show no
evidence of iron reduction when examined using STXM [26]. Thus,
whilst the absolute concentrations of loosely-bound metal ions may be
altered by the resin-embedding process, it is likely that iron oxidation
state is preserved.

For soft x-ray spectromicroscopy (STXM) experiments, semi-thin,
500 nm thick sections of resin embedded substantia nigra tissue were
cut using a Reichert-Jung ultra-cut microtome, operating with a dia-
mond blade (DiATOME Ultra 45°). Sections were mounted on copper
TEM grids for STXM examination. No dyes or contrast agents were
applied.

2.2. Scanning transmission X-ray microscopy

STXM experiments were performed on Diamond Light Source
beamline I08 (Oxfordshire, UK), and the Advanced Light Source
beamline 11.0.2 (Berkeley, CA, USA). Microscopy images were ob-
tained by tuning the incident x-ray beam to a specific energy, raster
scanning the sample across a focussed beam of< 50 nm spot size, and
recording the transmitted X-ray intensity. Exposure times were kept to a
minimum (≤ 10ms per point) to prevent radiation damage.

Speciation maps showing the nanoscale distribution of particular
elements or chemical states were generated by collecting paired images:
a “peak” image at the energy corresponding to a feature of interest (e.g.
the principal Fe3+ L3-edge peak at 709.5 eV), and an “off-peak” image a
few eV below this feature. The off-peak image was then subtracted from
the peak image providing a speciation map devoid of artefacts (from for
example, the embedding resin). Speciation maps were created for fea-
tures at the oxygen K-edge (520−545 eV) and the iron L3-edge
(700−716 eV).

Iron L3-edge x-ray absorption spectra, providing detailed informa-
tion regarding the oxidation state of the measured iron deposits, were
obtained by collecting images of a region of interest at multiple x-ray
energies across the absorption edge. Normalisation of the x-ray ab-
sorption spectra was achieved by converting the raw x-ray absorption
intensity to optical density using background regions that did not
contain any iron material (e.g. areas of the resin that are devoid of
tissue). The “dark count”, i.e. the background noise attributable to the
beamline, was determined by acquiring a single image with no incident
x-ray beam and subtracted from the stack before conversion to optical
density. By performing this form of spectromicroscopy, x-ray absorp-
tion spectra can be generated from each pixel of an image, allowing the
iron oxidation state from highly localised (< 50 nm) regions of interest
to be determined. A three-point average smoothing was applied to all
iron L3-edge x-ray absorption spectra collected.

STXM data processing was performed using the aXis 2000 software
package (http://unicorn.mcmaster.ca/aXis2000.html). Pseudo-co-
loured composite images were created by converting greyscale images
to false colour, before recombining the images as an overlay using
ImageJ.

The data that support the findings in this study will be available in
the Warwick Research Archive Portal (WRAP) repository, https://wrap.
warwick.ac.uk/137342.

3. Results

STXM images, speciation maps and an iron L3-edge x-ray absorption
spectrum from a neuromelanin-containing neuron within an embedded
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section of PD substantia nigra are shown in Fig. 1. An oxygen K-edge
speciation map taken at 532 eV, displaying tissue ultrastructure, is
shown in Fig. 1a. From this map a clear cell border and intracellular
structure can be seen. An off-resonance 530 eV image is shown in
Fig. 1b, in which an intracellular cluster of NM is visible as a region of
high contrast, owing to NM’s higher optical density compared to the
surrounding neuropil at this energy. Iron L3-edge mapping of the
neuron at 709.5 eV (Fig. 1d), showed a cellular iron distribution which
closely matches that of NM (Fig. 1b and e), suggesting that NM is
loaded with iron.

To establish the oxidation state of the NM-associated iron, x-ray
spectromicroscopy was performed over the iron L3-edge. At the L3-edge,
ferric (Fe3+) materials display a principal absorption peak at 709.5 eV
and a further low intensity peak at 708 eV (for reference spectrum see
Fig. 1f; orange spectrum). In contrast, pure ferrous (Fe2+) materials
display a single peak at 708 eV (see Fig. 1f; green spectrum). Therefore,
increases in the Fe2+ content of an originally ferric material result in an
increased peak intensity at 708 eV with respect to the feature at
709.5 eV. The iron L3-edge x-ray absorption spectrum from the NM-
associated iron (Fig. 1f; blue spectrum) strongly resembled the ferrous

standard, demonstrating this iron to be predominantly Fe2+.
A STXM image and iron L3-edge x-ray absorption spectra from a

further NM cluster located within the same tissue section are shown in
Fig. 2. In the 709.5 eV image (Fig. 2a), a large> 15 μm diameter
cluster of NM is evident, within which individual NM granules
(< 600 nm diameter) can be resolved.

Iron L3-edge x-ray absorption spectra from five individual NM
granules are shown in Fig. 2b. Even within nanoscale regions, a clear
variation in iron oxidation state can be seen in the different NM gran-
ules. The spectra from the areas labelled B1–B2 are characteristic of an
Fe3+ phase. In contrast, spectra B3→B5 displayed increased Fe2+ fea-
tures, as evidenced by the enhancement of the feature at 708 eV in
relation to the principal Fe3+ peak at 709.5 eV, and are plotted in as-
cending order with regards to their Fe2+ content. These results again
show the presence of chemically reduced iron associated with NM in PD
substantia nigra, and suggest that the degree of reduction can vary
between adjacent NM granules.

Fig. 1. X-ray speciation maps, images, and an iron L3-edge x-ray absorption spectrum from a neuromelanin-containing neuron within a PD substantia nigra tissue
section. (a) Oxygen K-edge tissue map. (b) Off-peak 530 eV image, showing NM granules as areas of strong contrast. (c) Composite image displaying tissue (cyan) and
NM (red) content. (d) Iron L3-edge speciation map and (e) composite image displaying iron (blue) and NM (red), from the area highlighted in (b). (f) Iron L3-edge
spectrum (blue) from the NM area shown in (d). Ferric (Fe3+; orange) and ferrous (Fe2+; green) standard spectra are also provided for reference. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).
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4. Discussion

Despite the association between elevated iron levels and PD having
been recognised for nearly a century, the mechanisms linking iron
dysregulation and neurotoxicity are not yet fully understood, and it
remains unclear as to why dopaminergic neurons in the SNc are so
heavily affected by neurodegeneration, whilst other iron-rich nuclei are
spared [13].

This work demonstrates that STXM is a powerful tool for analysing
NM clusters and associated iron distributions within neuromelanin-
containing neurons, without requirement for chemically disruptive
staining. The ability to characterise metal ion distributions in context
with the surrounding anatomical tissue structure without labelling of-
fers unique potential to investigate the native chemistry of tissue
samples in situ. This is particularly pertinent to analysis of vulnerable
neuromelanin-containing neurons in the PD substantia nigra, where
elevated iron levels have consistently been reported [2,27,28].

The positive identification of NM was informed by related recently-
published work confirming the utility of STXM for label-free imaging of
NM [21]. Spectral features shared by NM clusters and synthetic NM
were used to create speciation maps demonstrating equivalent dis-
tributional information to that obtained from silver nitrate staining in
consecutive tissue sections [21]. Because STXM signal relies on energy-
dependent x-ray transmission through the resin-embedded tissue sec-
tions, and on analyte concentration at a specific absorption edge, the
prior NM labelling work was optimised at the lower-energy carbon K-
edge in thinner (200 nm) sections. In the present study, thicker 500 nm
sections were used to maximise iron signal for the chemical speciation
of NM-associated iron. In these 500 nm sections we confirmed that the
off-resonance signal near the oxygen edge (530 eV, Fig. 1) evidences
sufficient contrast from the NM clusters that the NM distribution and
chemical speciation of NM-associated iron could be studied in a single

section, as illustrated here. NM granules were distinguished by their
characteristic granular morphology and increased optical density re-
lative to surrounding cellular ultrastructure at the oxygen K-edge. We
note that both the morphology and surrounding cellular context of large
intracellular neuromelanin clusters were entirely consistent with large
intracellular neuromelanin clusters observed previously using silver
nitrate labelling, or optimised carbon K-edge STXM mapping [21].

We show that x-ray spectromicroscopy using STXM provides suffi-
ciently high spatial resolution and chemical sensitivity to allow acqui-
sition of x-ray absorption spectra from individual NM granules. Dense
clusters of NM approximately 300−500 nm in diameter are shown to
be loaded with iron, consistent with the well-documented high affinity
of NM for metal ions [29–31]. Nanoscale variations in iron oxidation
state were observed amongst NM granules, highlighting the need for
nanoscale spatial resolution when examining the biochemistry of tissue
samples, whilst also drawing attention to the remarkable specificity of
STXM for speciation analysis.

Destructive microprobe techniques such as laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS) have been
utilised effectively for the purpose of quantifying metal concentrations
in targeted regions of tissue [32,33]. Whilst such techniques are ideally
suited to quantification and can certainly achieve exceptional chemical
sensitivity, the capacity to distinguish different metal oxidation states
or to measure regions on the nanoscale is lacking [34]. STXM can
elucidate metal speciation on the nanoscale, whilst also preserving the
sample for complementary analysis. The ability to acquire large vo-
lumes of data from small volumes of sample is particularly important to
post-mortem tissue studies, where sample supply is necessarily con-
strained [35].

With iron typically stored in a ferric (Fe3+) state within NM gran-
ules, the presence of chemically reduced iron is certainly intriguing
with regards to the hypothesis that the antioxidant metal-binding

Fig. 2. (a) An iron L3-edge x-ray image and (b) x-ray absorption spectra from NM granules in a PD substantia nigra tissue section, demonstrating nanoscale variation
in iron oxidation state. X-ray spectra in (b) correspond to the areas highlighted in (a). The dotted-dashed line at 708 eV in (b) indicates the peak absorption energy for
Fe2+.
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function of NM may be compromised by ageing, or even specifically in
Parkinson’s disease [13–15]. NM-bound iron clusters measured with
identical x-ray doses showed both ferric and ferrous-rich forms of iron.
We have previously shown that such effects are not caused by artefacts
such as x-ray beam reduction [25]; therefore, the localised variation in
iron oxidation state supports the possibility of redox cycling between
ferric (Fe3+) and ferrous (Fe2+) ions, potentially accompanied by
generation of toxic species such as free radicals.

Redox cycling of metal ions (including iron, manganese and copper)
may be instrumental in exacerbating oxidative stress in the brain, a
mechanism which is receiving growing attention concerning its asso-
ciation with neurodegeneration and ageing in general [4,36–38]. The
results shown here provide proof-of-concept using tissue from a single
PD case. The highly localised variations in iron oxidation state within
neuromelanin-containing neurons clearly warrants further investiga-
tion, to incorporate additional PD casesand neurologically healthy
controls.

In summary, we demonstrate that soft x-ray spectromicroscopy
using STXM offers a level of information which would normally de-
mand extensive application of multiple complementary techniques,
each requiring independent sample preparation. The detection of sig-
nals for both organic and inorganic components, combined with the
high spatial resolution, specificity, and sensitivity for trace metal de-
tection, makes STXM a powerful method for in-depth studies of dis-
rupted biochemistry in the PD brain.
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Nanoscale synchrotron X-ray speciation of iron
and calcium compounds in amyloid plaque cores
from Alzheimer’s disease subjects†
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Altered metabolism of biometals in the brain is a key feature of Alzheimer’s disease, and biometal inter-

actions with amyloid-β are linked to amyloid plaque formation. Iron-rich aggregates, including evidence

for the mixed-valence iron oxide magnetite, are associated with amyloid plaques. To test the hypothesis

that increased chemical reduction of iron, as observed in vitro in the presence of aggregating amyloid-β,
may occur at sites of amyloid plaque formation in the human brain, the nanoscale distribution and

physicochemical states of biometals, particularly iron, were characterised in isolated amyloid plaque cores

from human Alzheimer’s disease cases using synchrotron X-ray spectromicroscopy. In situ X-ray magnetic

circular dichroism revealed the presence of magnetite: a finding supported by ptychographic observation

of an iron oxide crystal with the morphology of biogenic magnetite. The exceptional sensitivity and

specificity of X-ray spectromicroscopy, combining chemical and magnetic probes, allowed enhanced

differentiation of the iron oxides phases present. This facilitated the discovery and speciation of ferrous-

rich phases and lower oxidation state phases resembling zero-valent iron as well as magnetite.

Sequestered calcium was discovered in two distinct mineral forms suggesting a dynamic process of

amyloid plaque calcification in vivo. The range of iron oxidation states present and the direct observation

of biogenic magnetite provide unparalleled support for the hypothesis that chemical reduction of iron

arises in conjunction with the formation of amyloid plaques. These new findings raise challenging ques-

tions about the relative impacts of amyloid-β aggregation, plaque formation, and disrupted metal homeo-

stasis on the oxidative burden observed in Alzheimer’s disease.

Introduction

Disrupted metal ion homeostasis has been linked to the devel-
opment and progression of Alzheimer’s disease (AD). Calcium

is the most abundant metal element in the human brain,
and disturbed calcium signalling pathways and elevated intra-
cellular calcium levels have been reported in conjunction
with AD pathogenesis.1–3 Transition metals are present at trace
levels in comparison to calcium, but they still play many
essential roles in normal brain metabolism. Of the transition
metals associated with AD pathology, iron is the most
abundant in the healthy brain and is critical for normal brain
function.

In the AD brain, iron concentration is significantly elevated
in several tissue regions including the putamen.4 Locally elev-
ated concentrations of atypical iron oxide aggregates and evi-
dence of neurotoxic redox-active iron phases correlate with
pathological hallmarks of AD throughout the brain.
Sophisticated regulatory processes are required to maintain
homeostasis, trafficking and storage for the many biometals
essential to neuronal function.5 For example, iron is essential
in energy production, nerve impulse transduction and neuro-
transmitter synthesis;5,6 these roles are enabled through con-
trolled iron valence state changes in vivo, with both ferric
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(Fe3+) and ferrous (Fe2+) iron normally present in the brain.
Non-heme iron is stored as a comparatively redox-inactive ferri-
hydrite-like mineral typically of the form (5Fe2O3·9H2O), a
ferric oxyhydroxide phase within the 12 nm protein cage ferri-
tin.5,7 Iron binding is protective against iron partaking in
redox reactions (e.g. Fenton chemistry) which may overwhelm
antioxidant defences with the excess generation of reactive
oxygen species (ROS).8 The most chemically available ‘labile’
and redox-active form is ferrous iron which may comprise ∼5%
of total intracellular iron.9 Redox-active iron levels are under-
stood to be tightly regulated by oxidation–reduction (redox)
processes such as the ferroxidase function of ferritin.5,10

Likewise, calcium (Ca) is vital for brain function and it plays
fundamental roles in the development and plasticity of the
nervous system. A large gradient exists between extracellular
(10−3 M) and intracellular Ca2+ (10−7 M) pools, maintained by
active pumping of Ca2+ through channels in the cell mem-
brane.11 Maintaining these gradients enables cells to use tran-
sient increases in intracellular calcium concentrations as an
initiation event for a variety of cellular responses, including:
neurotransmitter release, metabolic regulation, cell growth,
synaptic efficiency and long-term potentiation. Therefore the
maintenance of both calcium and iron homeostasis in brain is
fundamental to its normal function, with metal dysregulation
being shown to have catastrophic effects.11–14

Iron dysregulation has been implicated in the development
of AD, an age-related neurodegenerative condition which is the
most common cause of dementia amongst the elderly.15 The
underlying causes of the disease are not fully understood, and
no effective treatments or cure exist. Evidence of significant
cell damage, in conjunction with markers of oxidative stress,
has resulted in oxidative damage being investigated as a major
effector of neurodegeneration.16–18 Increased levels of material
incorporating ferrous iron, potentially capable of catalysing
redox chemistry have been reported post-mortem in AD sub-
jects compared to age-matched disease-free controls.19–22 It is
therefore possible that increased redox-active iron loading in
AD provides a source of oxidative stress. As iron accumulation
and oxidative stress have been shown as early events in AD,23

the presence of inappropriate levels of redox-active iron could
be a key event in triggering Aβ aggregation and free radical
damage in AD.

Although the origin of the ferrous iron associated with AD
is unclear, evidence implicates amyloid-β (Aβ) in this
phenomenon.17,24–28 Aβ is the major constituent of amyloid
plaque cores (APC),29 a hallmark lesion of AD that is under-
stood to convey neurotoxicity directly through its ability to
produce reactive species including ROS,30,31 and indirectly by
inducing the formation of neurofibrillary tangles (NFTs, com-
prised of hyper-phosphorylated tau protein).32,33 There are
numerous reports of iron-containing Aβ plaques, including
some reports that plaques incorporate ferrous-rich phases
(such as the magnetic iron oxide, magnetite [Fe3O4]), as evi-
denced by histochemical staining,21 microscopic particle-
induced X-ray emission analysis (microPIXE),34 MRI,35

HR-TEM and 3D electron tomography.36 Furthermore, Aβ

plaques have been shown to be associated with ferritin in
AD,37 and ferritin isolated from AD post-mortem brain was
reported to contain increased levels of ferrous iron compared
to controls.38 These observations indicate that Aβ is associated
with the formation of phases incorporating ferrous iron by
altering the way iron is handled. Indeed, the ability of Aβ to
directly alter iron chemistry has been demonstrated previously.
In vitro studies showed that Aβ can induce the redox-cycling of
iron precipitates,26 while our previous X-ray absorption studies
showed that Aβ chemically reduces a variety of ferric iron
phases (including ferrihydrite) into pure ferrous forms.24,25

The conversion of redox-inactive iron into redox-active phases
has the potential to cause significant oxidative damage to
neuronal populations; therefore, targeting amyloid/iron inter-
action in AD may prove an effective means to lower overall oxi-
dative stress and delay disease progression.

Another factor indicated in the development of AD is dis-
rupted calcium signalling.1,39,40 Perturbed intracellular
calcium homeostasis induced signal-transduction cascades
associated with AD, mutations in genes associated with famil-
ial AD showed a direct effect on calcium homeostasis, and
calcium was implicated as a co-factor in the formation of Aβ
plaques and NFTs,1 suggesting that Aβ may be directly involved
in disrupted calcium handling. Transgenic mice displaying
amyloid deposition displayed impaired calcium homeostasis,39

whilst in vitro studies showed that addition of Aβ to cell cul-
tures induced an influx of calcium across the cell membrane.41

Levels of Ca2+ are higher in aged neurons, which may reflect
compromised management of calcium gradients across the
cell membranes.42 Calcium has been observed in amyloid
deposits isolated from the thalamus of transgenic APP mice
and the hippocampus of human AD cases,43 whilst increased
calcium levels have also been observed in human tissues dis-
playing amyloid pathology.44,45 Some forms of calcium dys-
regulation may be a compensatory process in AD to modulate
neuronal excitability and slow pathology.42

In our most recent investigation we provided ex vivo evi-
dence demonstrating both ferrous iron and magnetite to be
directly correlated with the presence of APC in cortical tissue
from a transgenic mouse model of AD.46 However, the ability
of Aβ to induce chemical reduction and biomineralisation of
iron within human AD tissues is unproven, and the species of
calcium and ferrous-rich iron phases associated with APC are
not precisely described. Following the suggestion that the
source of Aβ, the amyloid precursor protein APP, has a funda-
mental role in normal brain iron trafficking,47 it is even more
critical that Aβ aggregates are considered in the context of
brain metal ion (dys)metabolism. Understanding the chemical
speciation of metals associated with AD pathology is crucial in
the development of therapies intended to diagnose, monitor
and treat the disorder. Identifying iron species and mineral
phases disproportionately associated with AD could support
clinical diagnosis using non-invasive iron-sensitive techniques
such as MRI. Better understanding of iron species associated
with AD may also facilitate the development of novel therapies
intended to alleviate iron-associated toxicity.48 There are chal-
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lenges to overcome if iron is to be selectively chelated for thera-
peutic purposes without compromising iron trafficking
required for healthy brain function.

The aim of the present study was to investigate the distri-
bution and physicochemical properties of iron-rich deposits in
human APC, using a non-destructive spectromicroscopy tech-
nique that has not previously been applied to studies of
human APC, Scanning Transmission X-ray Microscopy (STXM).
This method has unique potential for precise determination of
the nanoscale distribution and speciation of trace levels of
organic and inorganic material in APC.

Experimental methods

This study used spectromicroscopy with high spatial and
energy resolution to determine the physicochemical character-
istics of iron deposits in human APC. The technique of choice
was STXM, a synchrotron-based X-ray technique which offers
outstanding sensitivity to probe and subsequently map chemi-
cal speciation at spatial resolutions routinely approaching
20 nm. Further to this, STXM X-ray Circular Magnetic
Dichroism (XMCD) was performed to elucidate the magnetic
state of iron inclusions identified within APC.

Isolation of amyloid plaque core (APC) material

Human brain tissue was obtained with the informed written
consent of relatives, from autopsy AD patients. The protocols
used to obtain, isolate and identify the APCs were approved by
the Bioethics Committee (Department of Pathology, Case
Western Reserve University), and this study was performed
under UK ethical approval 07/MRE08/12 and USA IRB 03-00-26.

Brains from two AD cases (Braak stage VI) were removed at
autopsy (5 h post-mortem) divided in half, cut into one cm
slices and stored at −70 °C. Frozen tissue sections were thawed
and grey matter from the frontal and temporal lobes was iso-
lated by removing blood vessels, meninges and white matter.
Grey matter was then homogenized by heating to 95 °C in the
presence of 2% SDS and 50 mM Tris-buffer, before being fil-
tered (110 µm pore size) to remove large tissue debris. The
resulting material was pelleted through centrifugation at 800
rpm. AD tissues were further homogenized through the
addition of 0.1% SDS, 150 mM NaCl and 0.02% NaN3 before
being filtered (35 µm pore size) and pelleted at 1000 rpm for
15–30 min. APC were isolated from the 35 µm filtrate through
ultracentrifugation at 20 000 rpm in a sucrose gradient
(1.8–1.2 M sucrose, in a 0.1% SDS, 150 mM NaCl and 0.02%
NaN3 solution). The resulting interfaces were collected and
recovered for a final time with 0.1% SDS, 150 mM NaCl and
0.02% NaN3, before being concentrated through centrifugation
at 1200 rpm.

Embedding and Sectioning of APC

Approximately 40 µL of pelleted APC was transferred into a
centrifugal concentrator (Corning® Spin-X® UF; 40 kDa cut-
off ) and was spun at 6690 rpm for 10 minutes. APC were de-

hydrated through an ethanol series (100 µL; 40%–100% dry),
with waste ethanol being removed through centrifugation
(6690 rpm for 10 minutes). Other chemical fixatives were not
introduced, to limit metal ion leeching or transformation of
mineral compounds. Once dehydrated, APC were embedded in
a STXM compatible aliphatic resin comprised of a 1 : 1 molar
mixture of trimethylolpropane triglycidyl ether : 4,4′-methyl-
enebis(2-methylcyclohexylamine). This resin contains no car-
bonyl or aromatic groups, making it an ideal embedding sub-
strate when examining protein-based structures, due the lack
of strong spectral features at the carbon K-absorption edge
that overlap with protein peaks. Resin was polymerized over
24 h at 60 °C.

Semi-thin sections containing APC were cut to a thickness
of either 500 nm or 200 nm using a Reichert-Jung Ultra-cut
microtome. A 500 nm thickness was cut to maximise the prob-
ability of observing APC, whereas a 200 nm thickness was cut
to allow carbon spectroscopy using STXM. Non-metallic blades
were used throughout the sectioning process to prevent metal
contamination in the sample material.

Congo red staining

Sections 500 nm in thickness from both AD cases were stained
for amyloid structures using a 1% Congo red solution.
Sections were stained for approximately 30 minutes, and
excess stain was removed with deionized H2O. Stained sections
were examined for birefringence under cross-polarized light
using an Olympus IX51 microscope (60× objective lens).

Scanning transmission X-ray microscopy

X-ray spectromicroscopy experiments were performed at the
Advanced Light Source (Lawrence Berkeley National
Laboratory, Berkeley CA, USA), on beamline 11.0.2 using the
STXM end-station, and Diamond Light Source, (Oxfordshire,
UK) on beamline I08, with a focused X-ray spot size of ca.
25 nm (25 nm zone plate) in both instances. Energy-specific
images were created by raster scanning the sample across the
focussed beam and recording transmitted X-ray intensity.
Exposure times were kept to a minimum (≤5 ms per point) to
prevent X-ray induced photo-reduction of APC constituents,
based on our previous experiments using various iron stan-
dard samples.46

To map distributions of chemical species associated with
APC, paired images were taken at the energy corresponding to
the spectral feature of interest and an off-peak energy a few eV
below the feature. The off-peak image was then subtracted to
create a difference map, revealing the chemical speciation
image over the region of interest for the selected spectral
feature.

X-ray absorption spectra were obtained from a series of
images (a ‘stack’) taken at energies spanning a desired absorp-
tion edge. The signal intensity recorded in the stack was con-
verted to optical density using background regions that did
not contain any sample material. For carbon K-edge absorp-
tion spectra, the background signal from the resin was sub-
tracted as described in Telling et al.46 This method of spectro-
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microscopy allows X-ray absorption spectra to be generated
from each pixel of an image, enabling spectral analysis of
highly localised regions of interest. For stack measurements,
the dark count (background noise attributable to the beam-
line) was subtracted prior to the generation of the X-ray
absorption spectra.

XMCD experiments were performed at Diamond Light
source on beamline I08 using circularly polarised light. XMCD
measurements were obtained by attaching NdFeB permanent
ring magnets (allowing X-ray transmission) to the back face of
the sample probe, with a sample section being mounted to the
front face. The magnetic field at the sample position was
∼150 mT, which is below the saturation field for magnetite,
but sufficient to allow a degree of magnetic polarization.
XMCD spectra were obtained by performing stacks over the
iron L3-absorption edge (700–716 eV) using both right and left
circularly polarised X-rays, with an exposure time of 5 ms per
pixel. XMCD spectra were created by subtracting X-ray absorp-
tion spectra obtained under right circularly polarised (RCP)
light from equivalent spectra obtained under left circularly
polarised light (LCP). In addition to the APC material, an
embedded synthetic magnetite nanopowder reference sample
was created using the same embedding series as for the APC.
APC and magnetite samples were prepared in separate labora-
tories so no cross contamination of samples could occur.

STXM data were processed using the aXis 2000 software
package (http://unicorn.mcmaster.ca/aXis2000.html). For iron
L3-edge X-ray absorption spectra collected for XMCD analysis,
a 3-point smoothing filter was applied to the raw data. ImageJ
software was used to adjust the brightness and contrast of
X-ray microscopy images. Pseudo-coloured composite images
were created by converting grey scale X-ray microscopy images
to false colour before recombining the images as overlays.
Twelve plaque cores were examined using X-ray
spectromicroscopy.

Analysis of X-ray absorption spectra

To obtain an estimate of the relative proportion of different
iron phases within iron inclusions, reference X-ray absorption
spectra from standards of Fe3+, Fe2+, Fe3O4 and Fe0 were used
to fit the measured iron L2,3-edge X-ray absorption spectra
from each area, using a non-linear least-squares fitting pro-
cedure. A precise quantitative determination of the phase pro-
portions would require the accurate scaling of the X-ray
absorption spectra from these reference samples. However, the
required scaling factors are not easy to determine when com-
paring iron phases with oxidation states that vary from pure
metal to Fe3+, due to the widely varying spectral shape and
post-edge absorption intensities. Approximate scaling was
instead determined by normalising the X-ray absorption inten-
sity for each reference material (after background subtraction)
to the integrated intensity over the L2,3 absorption edges
(Fig. S1†), following a method similar to that discussed in
Regan et al.49 However, we note here that the reference spectra
we have used have only a limited post L2 range, and so the
scaling is less accurate than would be obtained using more

extended spectra. Despite this limitation, the estimated iron
phase proportions derived in this way give a reliable indication
of the relative differences between the individual iron-rich
regions measured in the different inclusions.

We note that no evidence of chemical reduction was
observed in ferric iron standards prepared using the same
embedding series as for the APC, as described in the ESI† of
our previously published work from the APP/PS1 mouse model
of Alzheimer’s disease (see Telling et al.46).

Ptychography

Ptychography images of resin-embedded APC (500 nm thick-
ness) were collected at the ALS beamline 11.0.2 using the
STXM end-station. Paired images of the APC were taken at a
peak iron L3-edge absorption energy (710 eV) and an off peak
energy (705 eV) allowing an iron ptychography contrast map to
be created.

Results
Identification of amyloid plaque cores (APC)

To confirm the presence and structural arrangement of APC in
resin-embedded sections, Congo red staining was performed
on 500 nm thick sections obtained from both AD cases. These
were examined for birefringence using cross-polarizing optical
microscopy. In both cases abundant areas with “apple-green”
birefringence were observed (Fig. 1), confirming the presence
and, importantly, the preservation of the fibrillar arrangement
of APC. Radially symmetric birefringence, characteristic of
spherulite amyloid structures50 (see Fig. 1c) was also observed
throughout all sections examined, further verifying the pres-
ence of amyloid material.

Iron and calcium loading of APC

The spatial distribution and chemical composition of APC in
unstained 200 nm and 500 nm thick sections were determined
using STXM. All resin-embedded sections in this study utilised
a specialist aliphatic embedding resin that does not contain
strong spectral features at the C, N or O absorption K-edges,
differentiating it from commonly-used electron microscopy
epoxy resins.51 We have elsewhere demonstrated how the con-

Fig. 1 Congo red stained sections containing APC exhibiting birefrin-
gence under cross-polarized light. Sections (a) and (b) were obtained
from case X, whilst section (c) was taken from case Y.
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tribution to the X-ray absorption from the resin can be sub-
tracted from images obtained at the carbon absorption K-edge,
in order to map a specific protein or peptide distribution in
embedded sections of mouse brain tissue.46 The analytical
procedure from the tissue analysis was applied to the isolated
APC in the present study. Additionally, in the thicker 500 nm
sections (which impede X-ray transmission at the principal
carbon K-edge absorption energy of 288.5 eV for proteins), the
oxygen K-edge was used to identify peptide (here amyloid)
content from APC, as well as to identify other oxygenated com-
pounds. Validation for the use of the oxygen K-edge in these
thicker sections is demonstrated in ESI Fig. S2,† where near-
equivalent peptide maps were obtained using protein X-ray
absorption features at the carbon K-edge (285.0 eV) and the
oxygen K-edge (532.1 eV).

The oxygen K-edge was ultimately chosen over the carbon
K-edge for peptide mapping in 500 nm thick sections, as this
absorption edge was far less susceptible to X-ray saturation
effects.

For the 500 nm thick sections, an X-ray beam energy of 530
eV (which is near the oxygen K-edge, but not associated with
any spectral features) was used to observe the entire APC.
Images obtained at this energy showed the APC to be dense
granular structures ranging from 5 to 25 µm in size (see ESI
Fig. S3†). To determine precisely the energies of the spectral
features observed near the oxygen K-edge, an image stack was
collected over the 525 eV–545 eV energy range from a typical
APC (ca. 3.5 µm in diameter) as shown in Fig. 2a. The resulting
X-ray absorption spectrum (Fig. 2g, lowest trace) included four
main features: (1) a sharp peak at 532.1 eV, corresponding to
1 s to π* transitions from protein carbonyl groups;52 (2) a
shallow peak at 533.8 eV, characteristic of 1 s to π* transitions
from the carbonyl groups of carbonates;53 (3) a peak at 537.6
eV, attributed to calcium oxide (CaO) bonds;53 and finally (4) a
1 s to σ* carbonyl group carbonate peak at 540 eV (ref. 53)
(although there was insufficient information in this energy
region to define the exact position of this particular peak).

By examining localised regions of interest within this APC
(highlighted as coloured boxes in Fig. 2a; top left), its hetero-
geneous nature was revealed with different constituents domi-
nating the oxygen spectra in these selected regions (Fig. 2g;
top). For example, the area labelled G1 (Fig. 2a) showed a
single spectral feature at the oxygen K-edge at 532.1 eV
(Fig. 2g) which was attributed to peptides. The map obtained
from this spectral feature (Fig. 2b) showed strong intensity in
the region of G1, which did not appear in the other maps
(Fig. 2c–e). Of particular note, area G2 showed a strong feature
at 533.8 eV attributed to carbonates (Fig. 2g, peak 2), and the
corresponding map obtained using this feature (Fig. 2d)
revealed the presence of small dense clusters. These carbon-
ate-containing clusters were associated with the spectral
feature from calcium oxide bonds (CaO) at 537.6 eV, and they
can also be observed in the Ca map (Fig. 2c), suggesting them
to be calcium carbonate. Interestingly, further areas of the APC
demonstrating CaO absorption features (Fig. 2g, area G3) did
not also show carbonate X-ray absorption features, indicating

diversity in the calcium species present, beyond calcium car-
bonate. It should also be noted that water could contribute to
the absorption feature at 537.6 eV (ref. 54) (peak 3 in Fig. 2g),
which would be consistent with the presence of a hydrous
calcium phase such as hydroxyapatite.

The APC displayed an inhomogeneous peptide distribution
as evidenced by dense peptide spots and striations (Fig. 2b). A
high level of calcium loading was observed throughout the
APC (Fig. 2c), with some smaller (100–500 nm) localised
regions of carbonate and iron deposition also present
(Fig. 2d). Importantly, while carbonate was only found in APC
regions containing calcium, there were calcium-rich regions

Fig. 2 X-ray spectromicroscopy images and speciation dependent con-
trast maps, oxygen K-edge X-ray absorption spectra, and iron L2,3-edge
X-ray absorption spectra, from an amyloid plaque core of case Y. (a) Off

resonance 530 eV image. (b) Oxygen K-edge peptide map. (c) Calcium
L-edge map. (d) Oxygen K-edge carbonate map. (e) Iron L-edge map. (f )
Composite image displaying peptide (green), calcium (blue), carbonate
(sky blue) and iron (red) content of the plaque core. (g) Oxygen K-edge
X-ray absorption spectra from the whole sectioned plaque core
(bottom), and localised plaque core regions (top) as identified in the 530
eV microscopy image (a). (h) Iron L2,3-edge X-ray absorption spectra
from reference Fe3+ [ferritin], Fe2+ [FeCl2] and magnetite [Fe3O4] and
iron zero [Fe0] standards (bottom), and two amyloid plaque core iron
deposits (top) as labelled in the iron contrast map (e). The dashed line at
708 eV and dotted line at 709.5 eV in the iron reference spectra show
the peak absorption energies for Fe2+ and Fe3+ cations respectively.
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that did not contain carbonate, indicating that not all calcium
in APC was present as a carbonate phase. Alternative forms
might be calcium divalent ions and calcium phosphate phases
such as the aforementioned hydroxyapatite.

Iron L3-edge mapping showed iron to be present as well-
defined dense clusters, and also distributed throughout the
whole APC at a lower concentration (Fig. 2e). The two dense
iron-containing regions (labelled H1 and H2 in Fig. 2e) were
examined at a series of energies across the iron L2,3 absorption
edge (700 eV–740 eV) to provide X-ray absorption spectra allow-
ing the oxidation state of the iron to be elucidated. In order to
provide an estimate of the relative proportions of the iron
phases contributing to each iron L2,3-edge X-ray absorption
spectrum measured in the APC, a non-linear least-squares
fitting procedure was employed. Equivalent iron L2,3-edge
X-ray absorption spectra from iron reference standards exhibit-
ing different known oxidation states are presented in Fig. 2h
(bottom), and scaled iron references used for fitting are shown
in Fig. S1,† to facilitate accurate characterization of iron-rich
inclusions in the APC. From the fits shown in Fig. 2h, both
areas H1 and H2 contained predominantly ferric (Fe3+) iron,
with H2 being a pure ferric phase (Fig. 2h, top).

For 200 nm thick sections, with an example shown in
Fig. 3, an energy near the calcium L-edges (350 eV) was used to

identify APC features (a) and the carbon K-edge was used to
determine the spatial distribution of the peptide (Fig. 3b). In
this example the calcium L-edge (as opposed to the carbon
K-edge) was preferred for initial identification of APC, as a
weaker contrast was obtained at the carbon edge due to carbon
background signal in the embedding resin. As before, serial
images were collected over the entire carbon K-edge (280–320
eV) to establish the exact position of carbon-based absorption
features in the energy spectrum. The carbon K-edge X-ray
absorption spectrum from the APC (shown in Fig. 3h) was
comprised of a 3-peak structure, with two sharp peaks at (1)
285 eV and (2) 288.5 eV, corresponding to the 1 s to π* tran-
sitions of peptide aromatic and amide groups respectively, and
a further peak (3) at 290.5 eV corresponding to the 1 s to π*
transition of carbonate.55 The peak (1) at 285 eV was chosen
for chemical mapping of peptide content, owing to its sharp
energy resolution, and its lower absorption intensity compared
to the high intensity peak (2) at 288.5 eV; with this higher
energy peak being particularly vulnerable to X-ray saturation
effects due to the strong absorption of 288.5 eV photons by
both the resin and peptide.

Using these characteristic spectral features, species-specific
spatial distribution maps within APC were generated as shown
in Fig. 3, including peptide (285 eV, Fig. 3b), iron (710 eV,
Fig. 3c), calcium (352.6 eV, Fig. 3d) and carbonate (290.5 and
533.8 eV, Fig. 3e and f respectively). As in Fig. 2, the APC is
seen to be comprised of peptides varying in thickness/density
resulting in intense protein spots, although these features
were less apparent than in the 500 nm sections where more
APC material was present (see ESI Fig. S4† for comparisons of
peptide maps from 200 nm and 500 nm thick sections).

As in our first observations, the APC was heavily loaded
with calcium (Fig. 3d). To confirm that large areas of carbonate
were present throughout the plaque, corresponding maps were
taken at carbonate spectral features using both the carbon
K-edge (290.5 eV, Fig. 3e) and oxygen K-edge (533.8 eV, Fig. 3f)
showing consistent contrast features, thus confirming the
presence of carbonate. The carbonate distribution was con-
fined to areas also containing calcium whilst the calcium
content extends beyond this, indicating multiple calcium
forms to be present. Further deposits of iron (ca. 200–500 nm
diameter) were identified throughout this core (Fig. 3c), the
oxidation states of which are considered in the following
section. Additional examples of APC examined from both AD
patient cases (labelled as case X and case Y) are shown in
Fig. 4, confirming that the same pattern of concurrent calcium
and iron loading was observed within the peptide rich amyloid
cores. This pattern was repeated for all APC examined (see also
ESI Fig. S5†). Furthermore, the identification of overlapping
yet distinct calcium and calcium carbonate content was con-
sistently observed throughout APC from both AD cases.

Nanoscale iron distribution, oxidation and magnetic state

Scanning transmission X-ray microscopy (STXM) images and
speciation-dependent contrast maps of APC from case Y are
displayed in Fig. 5(a–e). As with the previously described

Fig. 3 (a–g) X-ray microscopy images and speciation dependent con-
trast maps of an amyloid plaque core from case X (scale bar = 1 µm). (a)
Off resonance calcium L-edge (350 eV) image. (b) Carbon K-edge
protein map. (c) Iron L-edge map. (d) Calcium L-edge map. (e) Carbon
K-edge carbonate map. (f ) Oxygen K-edge carbonate map (g)
Composite image showing: protein (green), calcium (blue), oxygen
K-edge carbonate (sky blue), and iron (red) content of the plaque core.
(h) Amyloid plaque core carbon K-edge X-ray absorption spectrum.
Energy positions for 1 s to π* transitions for aromatics, amides and car-
bonates are labelled 1, 2 and 3 respectively.
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plaques, the APC was comprised of dense areas of peptides
(Fig. 5b), exhibiting regions of carbonate (Fig. 5c) and iron
deposition (Fig. 5d). This structure was too dense for calcium
mapping at 352.6 eV. Examination of the iron deposits (high-
lighted in Fig. 5d) across the iron L2,3 absorption edge revealed
iron to be present in ferric and ferrous-rich states (Fig. 5f).
Area F1 appeared as a pure Fe3+ material with a principal iron
L3 peak at 709.5 eV and a separate low energy feature at 708 eV,
both arising from Fe3+ cations (as also seen in the Fe3+ spectra
in Fig. 2h). Area F2 displayed features consistent with an
increase of the ferrous iron containing phases Fe2+ and Fe3O4,
as evidenced by the enhancement of the feature at 708 eV in

relation to the principal Fe3+ peak at 709.5 eV. As the principal
Fe2+ peak resides at 708 eV (see for example the ferrous chlor-
ide standard in Fig. 2h), this suggests a slight increase in Fe2+

content. The presence of Fe3O4 (ca. 10%) in area F2 was deter-
mined through the relative intensities of the iron L2-edge Fe2+

and Fe3+ absorption features (found at 721 eV and 723 eV
respectively), which were approximately equal in intensity.
Fitting showed that an increase in 708 eV peak intensity
arising solely through the presence of Fe2+ resulted in a poor
L2 edge fit, with the peak feature at 721 eV dominating the
peak at 723 eV. By including both Fe3O4 and Fe2+, a more accu-
rate L2-edge fit was created, whilst maintaining the fit at the
L3-edge. However, calculating a precise fit and percentage
value for the phases contributing to the F2 spectrum was
difficult, as the spectrum displayed signs of saturation, mani-
festing as an enhanced post-edge absorption intensity when
compared to the fitted data.

The spectrum from F3 showed subtle changes in L3-edge
features, with the low energy 708 eV peak becoming less dis-
cernible (in comparison to the ferric standard) appearing as a
shoulder on the 709.5 eV peak feature. A shoulder feature on
the principal Fe3+ cation feature is characteristic of the mixed-
valence mineral magnetite (a magnetite reference spectrum
can be seen in Fig. 2h). The F3 spectrum fit showed this iron
inclusion to be comprised primarily of magnetite (ca. 60%)
with a minor contribution from Fe3+ cations. The iron L2,3
absorption edge spectrum from the small dense iron deposit
labelled F4 in Fig. 5d is shown as the uppermost spectrum in
Fig. 5f. This deposit was shown to be in a chemically reduced
state as the low energy peak feature at 708 eV was not discern-
ible, appearing as a shoulder on the 709.5 eV peak feature,
again consistent with the redox-active mixed-valence mineral
magnetite. The fit of the F4 spectrum showed this area to be
principally comprised of magnetite (ca. 81%), with minor con-
tributions from Fe3+ and Fe2+ (see ESI Fig. S6† for the calcu-
lated iron components used for fitting). The observation of
magnetite in APC is consistent with observations by other
techniques.36,56,57

Evidence of chemically reduced, redox-active iron phases
was also observed in case X from the APC displayed in Fig. 3
(see also Fig. 5g). From the iron L2,3-edge X-ray absorption
spectra shown in Fig. 5h, the two iron deposits observed in
this plaque core were heavily reduced, resembling a ferrous
mineral phase, whilst also displaying features consistent with
zero valence (Fe0) iron.58,59 Whilst the principal iron L3-edge
absorption feature for both Fe2+ and Fe0 resides at 708 eV,
these two phases are easily distinguishable by the broader
line-shape of the spectrum for Fe0 which lacks the multiplet
fine structure seen in the oxide spectra, as well as the more
prominent L2 peak and post-L2 edge absorption intensity for
Fe0 (see for example Fig. S7†).

The fit for region H1 determined this area to be ca. 60%
comprised of a spectrum resembling Fe0 with further contri-
butions from Fe2+ and Fe3+ cations (see ESI Fig. S7† for the cal-
culated components used for fitting). The evidence for the
presence of Fe0 is particularly convincing at the iron L2-absorp-

Fig. 4 STXM images and speciation dependent contrast maps of
amyloid plaque cores from case X (a), and case Y (b and c). The maps
show the off-resonance (530 eV) image, oxygen K-edge peptide map
(532 eV), calcium L-edge map (352 eV), oxygen K-edge carbonate map
(533 eV), iron L-edge map (710 eV), and composite image displaying
peptide (green), calcium (blue), carbonate (sky blue) and iron (red)
content of the plaque core.
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tion edge where this area strongly resembles the Fe0 reference.
Likewise, fitting of region H2 indicated a spectrum resembling
Fe0 to be the predominant phase. The presence of iron in such
low oxidation states was unexpected; this is the first time evi-
dence consistent with Fe0 has been reported in human APC to
our knowledge, confirming the sensitivity of X-ray spectro-
microscopy as a tool to probe chemical species within complex
material of biological origin.

A further APC from case Y is presented in Fig. 6. Speciation
dependent mapping showed this plaque similarly comprised
of peptides (Fig. 6b) and carbonate (Fig. 6c), with iron content
primarily confined to a sub-micron region in the centre of the
plaque (Fig. 6d). A high magnification iron oxidation state
difference map was created for this region to specifically differ-
entiate iron species by subtracting the image acquired at the
prominent Fe2+ peak (708 eV) from the image taken at the pro-

Fig. 5 STXM images, speciation dependent contrast maps and iron L2,3-edge absorption spectra from an amyloid plaque from case Y (a–f ) and case
X (g–h). (a) Off resonance 530 eV image. (b) Oxygen K-edge protein map. (c) Oxygen K-edge carbonate map. (d) Iron L-edge map. (e) Composite
image showing: protein (green), carbonate (sky blue) and iron (red). Scale bars = 2 µm. (f ) Iron L2,3-edge absorption spectra from the iron deposits
labelled in the iron map (d). (g) Iron L-edge map and composite (inset) of the amyloid plaque core shown in Fig. 3 (scale bar = 1 µm). (h) Iron L2,3-
edge absorption spectra form the iron deposits labelled in the iron map (g). The solid lines for the spectra correspond to best fit curves created by
superposition of suitably scaled iron reference X-ray absorption spectra see Fig. S1.†

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2018 Nanoscale, 2018, 10, 11782–11796 | 11789

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 9

/2
9/

20
20

 1
1:

00
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



minent Fe3+ peak (710 eV), resulting in Fe3+ deposits showing
a bright contrast and Fe2+ a dark contrast. This oxidation state
difference map revealed localised variation in Fe3+ and Fe2+

content even within single nanoscale iron deposits (Fig. 6f).
Examination of specific X-ray absorption across the iron L2,3-
edge (Fig. 6g) revealed significant variation in the oxidation
state across this area containing particulate iron (Fig. 6f), with
evidence of primarily ferric iron (areas G1, G2 and G3) and a
Fe2+ dominated spectrum (area G5) consistent with a largely
ferrous material (ca. 74%) as determined by the fitting of the
spectra. Area G4 shows evidence of saturation effects at the L3-
edge, resulting in an artificially high shoulder feature on the
peak feature at 709.5 eV, giving the false impression of a high
Fe2+ content. An attempted fit for this spectrum is provided as
a dashed black line in Fig. 6g; however, due to the saturation
effects, a quantitative analysis of the constituent iron phases
in this area was not possible.

Iron L3-edge X-ray microscopy images, speciation maps, cir-
cular polarization-dependent X-ray absorption and XMCD
spectra from case X APC sections (adjacent to those shown in
Fig. 3 and 5(g, h)), measured under an applied magnetic field
are displayed in Fig. 7. Iron L3-edge X-ray absorption and
XMCD spectra from a reference magnetite standard (labelled
Fe3O4) examined on the same beamline are shown in Fig. 7c
and d. The magnetite XMCD spectrum displays a characteristic
3-point negative–positive–negative peak structure corres-
ponding to magnetic iron cations present in Fe2+ octahedral,
Fe3+ tetrahedral and Fe3+ octahedral sites respectively (see
Telling et al., 201746). Thus the appearance of these features in
XMCD spectra obtained from APC would indicate the presence
of ordered magnetite. Conversely, the absence of XMCD peak
features (i.e. where the spectra obtained under RCP and LCP
are identical) would indicate the presence of a non-magnetic
iron phase.

XMCD spectra obtained from three iron-rich inclusions
highlighted in Fig. 7b are displayed in Fig. 7d. By examining
these spectra, a clear difference in magnetic ordering can be
observed across the areas. Area C1 shows a weak XMCD effect,
with a single poorly defined negative peak, whereas areas C2
and C3 display XMCD features consistent with magnetite. In
particular, the XMCD spectra from area C3 displays a 3-point
negative–positive–negative peak structure consistent with the
magnetite reference in terms of both shape and relative peak
intensities. Likewise, the examination of an iron inclusion
from a further case X APC shown in Fig. 7(e–h), provided an
XMCD spectrum consistent with a magnetite-like phase.
However, in this case the relative positive and negative peak
intensities in the XMCD spectrum (Fig. 7h), as well as the
shape of the X-ray absorption spectra (Fig. 7g) suggest a more
oxidised form similar to maghemite (see Telling et al.46).
Taken together these data strongly indicate the presence of
varying oxidation states of the mineral magnetite within APC
from human AD tissue.

To examine the morphology of iron deposits in APC in even
greater detail, high-resolution ptychographic imaging was
employed. Ptychography involves scanning a sample and sim-
ultaneously collecting scattered X-rays in addition to trans-
mitted X-rays, thereby allowing a much greater spatial resolu-
tion to be resolved (ca. 2 nm) compared to traditional STXM

Fig. 6 STXM images, speciation dependent contrast maps and iron L2,3-
edge absorption spectra from an amyloid plaque core from case Y. (a)
Off resonance 530 eV image. (b) Oxygen K-edge protein map. (c)
Oxygen K-edge carbonate map. (d) Iron L-edge map. (e) Composite
image showing: protein (green), carbonate (sky blue) and iron (red)
content. Scale bars = 2 µm. (f ) High magnification iron oxidation state
difference map of the inset area (yellow dashed line) in (d) showing Fe3+

(white), and Fe2+ (black) content of the iron deposits. Scale bar =
200 nm. (g) Iron L2,3-edge absorption spectra from the iron regions
labelled in the iron oxidation state difference map (f ). The solid and
dashed black lines for the spectra correspond to best fit curves created
by superposition of suitably scaled iron reference X-ray absorption
spectra, see Fig. S1.†
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techniques (20–30 nm in spatial resolution).60 Fig. 8 shows a
ptychography image and iron content map from iron region 2
of the APC shown in Fig. 5(a–e). A dense triangular shaped
object ca. 300 nm in diameter can be seen in the left field of
the 710 eV image. Iron mapping showed the entirety of the tri-
angular deposit to contain iron, with the structure strongly
resembling the morphology of magnetite biominerals pre-
viously observed in magnetotactic microorganisms61 and
extracted from human brain tissue.62,63 A single crystal of mag-
netite this large would be magnetically blocked. Altering the
intensity threshold in the iron contrast image (see Fig. 8,
inset) revealed a lower-concentration background of iron dis-
tributed beyond the triangular deposit, indicating the presence

of iron throughout the APC in addition to the dense iron
deposits. Elongated (rod-like) structures are also observed in
the 710 eV image (Fig. 8a), but not in the iron map, that are
consistent with the size/morphology of nanocrystalline
calcium-based minerals such as calcite64 or hydroxyapatite,65

supporting the earlier interpretation of the calcium and car-
bonate maps seen in all the APC.

Discussion

The precise analysis achieved here with X-ray spectromicro-
scopy and X-ray magnetic circular dichroism revealed APC
associated with diffuse iron, and dense iron deposits incorpor-
ating ferrous iron, as well as the mixed-valence iron oxide mag-
netite. In addition, evidence consistent with zero-valent iron
was observed in these structures for the first time. Calcium
deposits were also observed within APC, including novel evi-
dence of plaque calcification and calcium carbonate depo-
sition. The presence of these iron and calcium features was
observed consistently in multiple plaques isolated from the
two independent AD cases.

The incorporation of iron into APC is in agreement with
previous examination of human AD tissues, for example by his-
tology,21 micro particle-induced X-ray emission analysis,34 and
MRI.35 The present spectromicroscopy observations in human
APC are supported by our recent in vitro Aβ/iron24,25 and
ex vivo transgenic APP/PS1 mouse X-ray spectromicroscopy
studies.46,66 In the APC presented here, iron was principally
evident as sub-micron dense deposits, with no direct corre-
lation between peptide and iron morphology being observed.
These findings are consistent with observations of iron parti-
culates in regions of dense amyloid pathology with an appar-
ently amorphous structure.46 For both AD cases investigated,
iron L2,3-edge X-ray absorption spectra from APC demonstrated
iron to be present in multiple different oxidation states. These
ranged from pure ferric phases (Fe3+), to the mixed-valence
(Fe2+/Fe3+) magnetic phase magnetite, predominantly ferrous
(Fe2+) and, outstandingly, spectra consistent with zero-valent
(Fe0) materials. Importantly, this variation in Fe oxidation state

Fig. 7 (a, e) X-ray microscopy images (b, f ) iron L3 edge speciation
maps (c, g) X-ray absorption spectra and (d, h) XMCD spectra from an
APC of case X. Panels (c) and (g) show X-ray absorption spectra obtained
using LCP (blue spectra) and RCP (red spectra). Panels (d) and (h) show
the corresponding XMCD spectra created by subtracting the RCP
spectra from the LCP spectra. All spectra were obtained in a magnetic
field of ∼150 mT applied parallel to the incident X-ray beam.

Fig. 8 Ptychography image (710 eV; left) and iron contrast map (right)
of iron deposit 2 located in the amyloid plaque core of Fig. 5(a–e). High
contrast iron map (right; inset) shows additional iron detail in this region.
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occurred across individual APC, and within single nanoscale
deposits, a result in keeping with our STXM examination of
transgenic mouse APP/PS1 tissue.46

Our recent in vitro studies used X-ray spectromicroscopy to
demonstrate that aggregation of synthetic Aβ(1–42) is
accompanied by chemical reduction of ferric iron into a pure
ferrous form.24,25 Earlier studies indicated redox cycling of
iron in the presence of Aβ,26,28 further supported by evidence
for mixed valence iron oxide in an APP/PS1 mouse model of
AD.66 These new findings in human APC support the hypo-
thesis of a dynamic processes occurring in vitro and in vivo,
and strongly implicate Aβ in the formation of elevated levels of
potentially redox-active ferrous and zero-valent iron phases in
human brain. Interactions of Aβ with Fe ions can occur by
coordination through His residues in the N-terminal region, as
observed by Raman scattering.67 In prior work it was suggested
that Aβ becomes oxidized in the process of reducing iron by
residue Met-35 of Aβ(1–42).68,69 Recently, however, it has been
shown that Met-35 is inaccessible once amyloid fibres have
formed, since this residue is buried in a hydrophobic interface
region.70 The X-ray spectromicroscopy measurements per-
formed here permitted unambiguous identification of the
redox state of a variety of iron species, but did not provide
information about the oxidation state of the Aβ in the APC. In
the context of our prior in vitro analysis, this evidence for a
ferrous and zero-valent iron fraction also occurring in the APC
is noteworthy because it indicates the stability of the analyte
during sample handling. These APC were necessarily resin-
embedded and sectioned prior to analysis, which was not
required for synchrotron X-ray analysis of the aggregates
formed in vitro that also evidenced chemical reduction of iron
in the presence of aggregating Aβ.24,25

The ability of Aβ to cycle iron throughout the ferrihydrite–
magnetite–wüstite and potentially even zero-valent iron phase
paradigm in vivo, implicates aggregating Aβ in the sustained
generation of free-radical-producing iron species. The catalytic
behaviour of iron in Fenton chemistry and related processes
means that the free radical burden is likely to be more influ-
enced by local iron chemistry than by absolute iron concen-
tration. In the AD brain with evidence for disrupted iron
metabolism and localised iron accumulation, there would be
no shortage of fuel for these reactions; the localised nature of
redox-active iron formation would have the potential to cata-
lyse generation of free radical burdens inducing neuronal
damage/death over time. Indeed, increased levels of oxidative
stress have previously been reported in tissues with a high
density of Aβ deposition,69 although the capacity of amyloid to
directly generate free radicals has often been debated.71,72

From our observations we suggest that Aβ is acting indirectly
rather than directly in this regard, with free radicals generated
through Aβ conversion of redox-inactive iron phases into
redox-active forms.

Gaining a better understanding of the impacts on iron bio-
chemistry of aggregating Aβ versus established APC remains a
pressing issue, emphasized in recent work showing that Aβ
immunization increased iron deposition in the choroid

plexus.73 The debate continues as to whether APC formation
has a protective effect through lowering the availability of
unbound redox-active metal ions, and whether this protective
effect may offset free radical damage arising indirectly from Aβ
fibril formation. One explanation is that the aggregating
mono- or oligomeric Aβ is a driver of free radical generation
through its chemical reduction of iron,24 and that subsequent
formation of dense insoluble aggregates may serve a protective
role in having sequestered (effectively chelated) the redox-
active iron species typical of those reported here in the APC.
This is consistent with the hypothesis that Aβ plaques may be
a physiological response rather than a pathological process in
their own right.74 However, the nanoscale X-ray spectromicro-
scopy analysis presented here indicates that iron is present in
a range of oxidation states, which could indicate the dynamic
redox-cycling occurring within APC upon metal overload; in
this scenario, dissolution of plaques may create local sources
of toxic reactive iron species in the brain.

Ptychography obtained at the iron L3-edge enabled the mor-
phology of iron deposits within APC to be resolved at a remark-
ably high spatial resolution of ca. 2 nm. Through this
approach we identified an iron deposit with a strong resem-
blance to a single magnetite/maghemite crystal. Further mag-
netic characterization of iron inclusions within APC using
XMCD confirmed the presence of magnetite in multiple
plaque cores. This supports prior work suggesting a role for Aβ
in the biosynthesis of magnetite in human brain,36 where evi-
dence for magnetite has previously been reported in inorganic
materials extracted from brain tissue homogenates,62,63 in iso-
lated ferritin,38 in ferritin-core-sized iron oxide deposits
located within APC by electron beam methods,36 and in
plaque-rich human tissue from AD cases.57

The precise source(s) of the iron integrated into APC in vivo
is not yet known. Multiple sources of iron may be relevant to
amyloid–iron interaction in AD such as: ferritin-bound ferri-
hydrite, transferrin, labile iron pools (including jettisoned
ferritin iron content75), hemosiderin formed at sites of micro-
bleeds and haemorrhage in the brain, from disrupted neuro-
nal mitochondria, and/or potential external sources of iron
such as airborne particulate matter which have been suggested
to enter the brain via the olfactory bulb.76 Furthermore, the
influence of the initial iron phase upon amyloid’s reductant
properties in vivo has not previously been characterised. Closer
examination of the location and characteristics of amyloid/
iron structures within intact AD tissues may provide clearer
indications as to the source of amyloid–associated iron.

In all APC examined here, extensive accumulation of
calcium was observed. By characterizing both calcium carbon-
ate and total calcium content we demonstrated that calcium
within APC was present in more than one form. Although the
non-carbonate calcium phases observed could not be fully
characterised, oxygen K-edge X-ray absorption features indi-
cated this material was comprised of a hydrous calcium phase.
Apatite, a calcium phosphate mineral (Ca5(PO4)3), is produced
in biological systems and readily associates with water to form
hydroxyapatite (Ca5(PO4)3(OH)). It is therefore possible that
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hydroxyapatite is the crystalline form adopted by the non-car-
bonate calcium phase observed. Subsequent analysis of the
phosphor content of APC would be required to confirm this.
Ptychographic images of APC revealed the presence of rod-like
features with size and morphology matching calcium-based
crystalline phases such as calcite or hydroxyapatite,64,65 which
indicated that calcium biomineralization may be occurring
during the formation of amyloid plaques in AD. Importantly,
the confirmed presence of multiple calcium phases suggests
that a dynamic process of plaque calcification may occur
in vivo.

From the present experiments it was not possible to deter-
mine the origin of the calcium, or the effect of calcium on
amyloid/iron interactions (such as competitive calcium/iron
binding to amyloid). Examples of potential sources for the
calcium observed in APC include: transferrin, in which carbon-
ates are used for iron binding; calmodulin or other calcium
binding proteins such as lithostathine (an inflammatory
protein shown to accumulate in APC); or pools of extracellular
Ca2+ used in processes such as neurotransmitter release.11,14 It
is not yet determined if the forms of calcium observed in the
APC are representative of the original source(s) of calcium, or
if a biomineralization pathway (to be determined) produces
carbonate in conjunction with APC formation.

The accumulation of calcium within APC may drive, or
arise from, disrupted calcium trafficking and homeostasis in
AD patients. Calcium triggers numerous signalling pathways
in both excitable and non-excitable brain cells, whilst also reg-
ulating synaptic connections.11,14 In prior work, Aβ impacted
calcium signalling pathways to the detriment of neuronal
health and function.1 Maintaining equilibrium in the extra-
cellular Ca pool is vital to sustain these calcium signalling
pathways, so the binding of calcium by Aβ as evidenced in this
present study may have a detrimental effect upon Ca-depen-
dent cellular signalling arising from the propensity of Aβ to act
as a metal-binding protein.

Concurrent deposition of iron and calcium has previously
been observed at significantly lower spatial resolution in tissue
exhibiting amyloid aggregates (in the thalamus of APP
mice43,77), and in APC from the hippocampus.43,44 The results
presented here are unique in obtaining the iron and calcium
distribution, and the chemical speciation and mineral phase
of iron and calcium inclusions with nanoscale resolution in
human APC from confirmed AD cases. In particular, the
appearance of dense calcium carbonate regions, co-located
with another calcium phase (potentially based on apatite), was
an unprecedented result. One interpretation of the distri-
bution variation of the two calcium phases observed in these
APC is that the transformation from apatite-like phases to
calcium carbonate may occur over time. Detailed investigation
of such processes, to predict age-dependent characteristics of
calcifications in vivo, will help determine if features such as
calcifications have utility as markers of disease progression to
aid with clinical staging. Notably, “ferro-calcic” amyloid
plaques have been evidenced in magnetic resonance imaging
(MRI) contrast in the thalamus of transgenic APP/PS1 mice,77

where the MRI properties of dense iron and calcium-rich
deposits are sufficiently different from the surrounding tissue
that they provide endogenous contrast. It will be important to
distinguish calcium from iron deposition if the impact of iron
modifying treatments is to be evaluated clinically by MRI.

The roles of iron and calcium cannot be fully explored
without consideration of the wider range of metal and metal-
loid elements detected in human APC, including other tran-
sition metals (e.g. copper, zinc, manganese), aluminium (non-
essential, and which facilitates iron-mediated oxidative reac-
tions as well as affecting Aβ aggregation), and silicon, amongst
others.34,36,44,78 In semi-quantitative synchrotron XRF analysis
of the transition metal burden in human APC, copper concen-
tration was elevated to the greatest extent (relative to copper
concentration in the surrounding tissue) and linked with elev-
ated production of H2O2, a key component of Fenton chem-
istry. The proportionate increase in iron and calcium was com-
paratively modest for these more abundant elements.44 To
provide effective neuroprotection against toxicity arising from
amyloid–metal reactions, a better understanding of the many
competing interactions and influence of co-factors on reaction
rates, including the chemically bound and unbound forms of
each species, is required. For example, labile iron is more
chemically available to partake in redox chemistry than com-
plexed iron species (e.g. Fe2+ and Fe3+ of haemoglobin), and
would be readily reduced in the presence of oxidants such as
the H2O2 associated with copper loading in AD plaques, fuel-
ling the catalytic production of ROS by iron.44,79

With iron being essential to healthy brain function,
especially for energy production in mitochondria, it is of para-
mount importance to determine how to distinguish normally-
metabolized iron from any iron species that elevates neuronal
stress. To date, therapies that target iron metabolism in AD
have been unsuccessful. One reason may be the lack of speci-
ficity resulting in depletion of iron stores and other essential
metal cations required to sustain neuronal health (Cu, Zn, Mg,
among others).8,80 This study represents a significant advance
in the spatial resolution and precise speciation with which
various iron phases are described in APC from AD cases. As
different iron phases have distinct physicochemical properties,
these findings may prove vital in the tailoring of AD diagnos-
tics and therapies that discriminate detrimental forms of iron
from those that are essential to normal function.

Conclusions

The X-ray spectromicroscopy methodology developed in this
study enabled characterization of the distribution of organic
materials (proteins), and precise nanoscale imaging and spe-
ciation of inorganic materials (iron and calcium compounds)
in APC. The STXM methods enabled this to be done without
the need for chemical fixation or contrast agents that signifi-
cantly affect metal chemistry, and with significantly lower
beam dose than required for equivalent electron-beam ana-
lyses. The unique concurrent characterization of iron and
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calcium within human amyloid plaques is a finding that will
enable progress in understanding the implications of inter-
actions between amyloid-β, calcium, and iron, where disrupted
calcium signalling pathways and elevated intracellular calcium
have previously been observed in Alzheimer’s disease. These
iron and calcium species observed within the APC are
assumed to be the products of metal–amyloid interactions
in vivo, where wider evidence points to these interactions
playing a role in the progression of AD.

The results support the hypothesis that iron is chemically
reduced in the presence of aggregating Aβ and implicate this
process as source of excess free radical generation. Whereas it
has previously been assumed that these chemically reduced
iron phases are rich in ferrous iron (Fe2+), we have now found
evidence consistent with the presence of both zero-valent (Fe0)
as well as ferrous-rich iron phases within pathological Aβ
structures. These observations do not completely exclude the
possibility of other phases such as iron sulphide.81 In
addition, through detailed magnetic characterization, we
demonstrate the mixed valence magnetic iron phase magnetite
to be present within APC. Furthermore, we provide direct evi-
dence that APC have the capacity to bind large quantities of
calcium-rich species; this may be a significant sign of dis-
rupted calcium homeostasis and cellular signalling, resulting
in neuronal deterioration over time. The new observation that
multiple calcium phases are present in APC suggests that a
dynamic process of plaque calcification may occur in vivo.

Importantly, this unique application of X-ray spectromicro-
scopy has enabled concurrent in situ nanoscale characteriz-
ation of iron and calcium minerals in human APC. These new
observations support the hypothesis that Aβ plays a major role
in disrupted iron and calcium biochemistry, and raise ques-
tions about whether Aβ binding enhances or counteracts the
increased oxidative burden and disrupted neuronal signalling
evidenced in AD. Determining the key mechanisms governing
the formation of APC and neuronal responses to these metal–
amyloid phases has scope to facilitate improved diagnosis of
AD, as iron and calcium minerals affect magnetic resonance
imaging signals. It also offers new perspectives for the develop-
ment of therapies that successfully target iron toxicity in
Alzheimer’s disease patients.
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