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Abstract

Asbestos is a fibrous silicate material widely used in many industries in the past, such as shipbuilding
and insulation, due to its favourable characteristics. However, it was extensively banned in the 1990s
due to causing an aggressive type of cancer known as malignant mesothelioma (MM). The main
physical features associated with MM are asbestos fibres coated with a Fe-rich material mainly
composed of ferrihydrite (Fh), the final product being termed “asbestos ferruginous bodies” (AFB).
Despite the asbestos ban, MM has a long latency period (20-40 yrs.) which will lead to high mortality
rates by 2025. As of today, the processes governing the formation of AFBs and the role they play in
MM are not well understood. In particular, the internal morphology and chemistry of AFBs, which
should yield clues to their formation and evolution over time, have not been investigated.

Currently, one major theory for the development of cancer relies on reactive oxygen species (ROS),
which can damage cells and the DNA within them. Therefore, most studies investigating the role of
AFBs in MM are focused on investigating how reactive oxygen species (ROS) may be formed from
the Fe present within the AFBs. However, inflammation resulting from the presence of the asbestos
fibres within the lung environment, and the subsequent damage they inflict, has also been proposed
as a potential mechanism for the onset of MM. Another recent theory invokes ionising radiation from
Ra present within AFBs, which is known to damage DNA.

Accordingly, the aim of this study was to provide new insights into the role of AFBs in MM by the
description of their internal characteristics and determination of the elemental composition of AFBs,
both bulk and in-situ. The bulk major, minor, and trace elements of MM lung tissue samples were
previously obtained via inductively coupled plasma mass spectrometry (ICP-MS) for which
reproducibility was tested. The internal morphological and chemical characteristics of the AFBs were
observed using scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
equipped with energy-dispersive X-ray spectroscopy (EDS). Meanwhile, the characterisation of Ra
in the internal portions of the AFBs was performed by secondary ion mass spectrometry (SIMS).

The morphological and chemical compositions of the external surface of AFBs were determined by
SEM analysis. SEM analysis was followed by cutting the observed AFBs with a focused ion beam,
set on a TEM grid, and analysed by TEM with EDS and selective area electron diffraction (SAED).
Through TEM-EDS and SAED, information regarding the internal morphology, chemical
composition and crystallography were obtained. Based on these observations, an accretion model for
AFB formation was developed from a smoker vs non-smoker perspective.

Reproducibility of the ICP-MS analysis revealed a sample bias among aliquots taken from the lung
samples due to the heterogeneous number of AFBs and lung remnants in each aliquot. Therefore, in-
situ analysis was necessary for precise detection of elemental concentrations, especially Ra, in AFBs,
without contribution from other lung components.

For investigation of the Ra source in the ICP-MS data, Ra analysis in SIMS of the interior portions
of individual AFBs was undertaken. However, before SIMS analysis could be undertaken, it was
necessary to synthesise standards of the same composition as the AFBs (Fh) with specific elemental
concentrations (Ra Fh standard series). Subsequently, it was necessary to develop an AFB sample
preparation procedure for SIMS. With the techniques, protocols and SIMS analytical set-up
developed here, 22Ra* ion signals were detected in the AFBs. Finally, the concentration of Ra was
estimated using calibration curves established from the Ra Fh standard series and an AFB Ra hotspot
model was drawn.
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Aims and objectives

The aim of this study is the elucidation of the aetiology and carcinogenesis of asbestos-
related malignant mesothelioma (MM). Currently, there are multiple theories surrounding
the onset of MM, with reactive oxygen species (ROS) being the most accepted. However,
high trace element and 2?°Ra concentrations were previously found in the bulk lung samples
of MM patients by Nakamura et al., 2009* and so the current thesis explores this theory
through new analytical observations and interpretations and compares it to other
conventional theories for the onset of MM.

226Ra, known as the bone-seeking radionuclide due to its similar behaviours with Ca, causes
bone sarcoma featuring radiation hotspots and diffuse radioactivity. Considering that bone
and lung cells are equally sensitive to prolonged radiation exposure and ?*Ra and Ca behave
similarly, the lungs may experience the same radiation events as the bones, namely hotspots
and diffuse radiation. However, studies related to 22°Ra in lung cancer induction? are severely
limited and no evidence has been drawn.

Nevertheless, Nakamura et al., 2009* proposed that ionising radiation from 22Ra through the
emission of a-particles may cause the induction of MM. However, the lung samples from
the aforementioned study contained not only AFBs but also proteins from the lung
environment. Therefore, the current study found it necessary to perform in situ analyses of
AFBs using techniques that probe the micron to sub-micron scale in order to confirm their
toxicity and role in cancer progression. Below the objectives that were undertaken to meet
the primary aim of this study are outlined:

e Firstly, the external and internal morphology and chemical composition of AFBs were
observed to gain insight into AFB formation and the distribution of Fe among smoking
patients and non-smoking patients. Cigarette smoke is known to increase Fe
concentrations; therefore, it was expected that higher Fe concentrations would be detected
in smoking patients. Accordingly, if higher Fe concentrations are present, then they should
adsorb more Ra since Fe is present as ferrihydrite in AFBs, which is known for its
adsorption properties for Ra. As such, it was predicted that smoking patients may have
higher Ra present in their AFBs than non-smokers and this hypothesis was tested.

e Secondly, Nakamuraet al., 2009! detected trace elements and Ra abundances within AFBs
using ICP-MS and this study was reproduced in order to test the reproducibility of the
data. It was hypothesised that the sampling method for AFBs may lead to discrepancies
in the number of AFBs and the amount of remnant lung material between aliquots used
for analysis.

e Thirdly, for the determination of the Ra concentrations in the AFBs, Fh standards with Ra
needed to be synthesised and AFBs required a mounting protocol for in-situ analysis.
Subsequently, Ra was measured in AFBs, quantified and a hotspot model was devised for
the onset of MM, which involved asbestos fibres, AFBs, and Ra.



1. CHAPTER 1 - Review of asbestos ferruginous bodies
and mesothelioma

1.1 Asbestos fibres

The fibrous minerals, collectively termed asbestos, are a group of silicate minerals known
for their prolonged commercial use. Asbestos displays advantageous properties, such as
chemical and thermal resistance, high flexibility and tensile strength, high absorbency and
low electrical conductivity®. For decades, ashestos was used as a “miracle” mineral. However,
in the 1990s, evidence was amassed concerning it causing a rare and aggressive type of
cancer known as malignant mesothelioma (MM), which led to its widespread ban.
Nevertheless, because MM has a dormant stage of 20-30 years, it is expected that cases will
reach high numbers in less than 10 years*®.

Asbestos fibres are divided into two mineral groups, amphibole, and serpentine asbestos.
The serpentine group consists of only one mineral, chrysotile, a sheet silicate. Chrysotile is
composed of a repeating unit in which an octahedral brucite layer is intercalated between
two tetrahedral silicate layers. The amphibole group consists of actinolite, anthophyllite,
tremolite, amosite (brown asbestos) and crocidolite (blue asbestos)’. The latter two minerals
have been widely commercialised. Amosite (Fe?*7(SisO22)(OH)2) and crocidolite
(Nay(Fe?*sFe®* (SisO22)(OH),) are hydrated silicates, distinguished by the number of Na, Fe,
Ca, and Mg cations within their chemical formula. It is important to note that amphiboles
have the highest amount of Fe out of all asbestos, crocidolite and amosite having up to 27
wt.% Fe. Amosite primarily contains Fe?*, while crocidolite has both Fe?* and Fe3* in its
crystal structure®®8-10,

Asbestos occurs as two different varieties known as fibrous (asbestiform) and massive
(nonasbestiform). Regarding amphiboles, amosite and crocidolite have nonasbestiform
counterparts known as cummingtonite-grunerite and riebeckite, respectively. Mineral
crushing displays the characteristic acicular morphology of amphiboles dictated by their
distinctive cleavage. Amosite and crocidolite are categorised as “asbestos” when they take
on an asbestiform (referring to the morphology of crystallising as polyfilamentous fibre
bundles) or develop into fibres. Chrysotile is always in asbestiform, its fibres composed of
tightly rolled up chrysotile sheets. Amphiboles are chain silicates in which tetrahedral silica
groups are arranged into double chains. Octahedrally coordinated cations are wedged in

between two of the double chains; the cations and silica are coordinated by oxygen®&8911-
13

1.2 Progression of asbestos bodies in the respiratory tract

Asbestos fibres enter the body through inhalation*. The asbestos fibres must first bypass the
upper respiratory tract’s defences (the nasal cavity, paranasal sinuses, and the pharynx)
before reaching the lower respiratory tract (consisting of the trachea, bronchi, bronchioles,
and the lungs). Constant asbestos exposure causes excessive inhalation of very long and thin
fibres, leading to the bypass of the upper respiratory tract defences and the ciliated trachea,
reaching the lungs and pleura, a pathway which has not been entirely elucidated*!?.
Subsequently, the asbestos fibres trigger an inflammatory response which prompts detection
by the alveolar macrophages (AM), recognising the fibres as foreign particles and attempting
to phagocytose them. Due to the large length and insolubility of the asbestos fibres, they
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cannot be phagocytosed by the AM. As a result, the AM break down by plasma membrane
rupture due to the needle-like nature of the ashestos fibres. Consequently, a process called
“frustrated phagocytosis’ occurs®*®, in which the macrophages release cytotoxic chemicals,
causing chronic inflammation and their death on the fibres, which marks the onset of asbestos
ferruginous body formation?®.

1.3 Asbestos ferruginous bodies

Fe is the most abundant metal in the Earth’s crust and is implicated in several key cellular
functions in the human body, such as oxygen transport and DNA synthesis. Also, Fe is
involved in the function of several essential enzymes, such as those involved in antioxidant
processes and mitochondrial enzymes involved in cellular energy production. Fe also has the
ability to generate reactive oxygen species (ROS) that can lead to biological macromolecular
damage. In order to limit ROS in the human body, Fe is converted from Fe?* to Fe*, followed
by internalisation and sequestration into a storage protein called ferritin. Fe metabolism
deregulation leads to Fe overload, which promotes the generation of ROS via the Fenton
reaction. ROS production is known to be associated with cancer initiation and progression
through oxidative DNA damage®>®1"18,

Ferritin is a Fe storage protein shaped like an empty shell, consisting of 24 subunits. The
subunits can be further divided into the light chain and heavy chain types, the latter
possessing the ferroxidase activity necessary for Fe sequestration'®. Within the ferritin core,
which contains up to 4,500 Fe atoms?°, Fe** clusters form a crystalline solid called
ferrihydrite (Fh), together with trace amounts of inorganic phosphate. When Fe is in excess
amounts, some of it is stored in haemosiderin, another Fe storage protein. Using x-ray
diffraction peaks, Fh can be classified into two types, one small less-ordered 2-line (2L)
variety and a larger, more crystalline 6-line (6L) form!"182-28,

Asbestos fibres can gain ferritin from frustrated phagocytosis and adsorb Fe within the lung
environment. Within the alveolar spaces, a complex mixture of phospholipids and proteins,
known as lung surfactant, reduces surface tension within the alveoli while breathing. The
lung surfactant proteins and phospholipids, and acid mucopolysaccharides are also adsorbed
onto the fibres and mucopolysaccharides, in particular, are thought to help increase Fe
adsorption*52%-3,

“Frustrated phagocytosis” enables long Fe-containing asbestos fibres to adsorb large
amounts of Fe onto their surface in the form of the Fe transport proteins, ferritin and
haemosiderin. Additionally, cigarette smoke has been found to complex Fe and thus improve
its availability in the lung environment. However, the accumulation of carcinogenic
substances from sources such as smoking has been found to be associated with these
proteins®*3’. The Fe accumulation results in forming the AFBs, which consist of a thick
golden-brown coat surrounding the asbestos fibre>202°3338  The AFB coat is either
cylindrical, elliptical, apical, fragmented into rectangular or spherical units as a beaded
aspect or with knobbed ends. Moreover, asbestos fibres are thought to adsorb haemoglobin,
a Fe protein from red blood cells, originating from blood vessels injured by the fibres®.
Nevertheless, there is little evidence concerning the source of the Fe and the mechanism of
adsorption onto asbestos fibres and AFBs.

The primary model regarding MM progression is the oxidative stress-induced MM model,
8



proposed by Chew and Toyokuni, 2015, There are two ways to induce oxidative stress onto
the mesothelial cells. The first one involves catalysis, through the Fenton reaction, of the Fe
from haemoglobin adsorbed on the asbestos fibre surface or the Fe directly from the fibre to
generate hydroxyl radicals which induce oxidative stress. The second way of inducing
oxidative stress is through the production of ROS species, which result from the ’frustrated
phagocytosis’ of macrophages. Moreover, mesothelial cells can endocytose asbestos fibres
which once in the cells can cause DNA double-strand breaks and mitotic spindle disruptions,
resulting in chromosomal aberrations. Also, the Fe from the fibres can further strengthen
oxidative stress in the cells.

Another model for MM progression is related to the radioactive element ?2°Ra, which was
detected using ICP-MS by Nakamura et al., 2009 for bulk lung samples that contained AFBs.
The result led to the development of the AFB formation and radium accumulation model for
MM. 2%5Ra causes ionising radiation through the emission of a-particles, which, if ingested,
become highly genotoxic and cause lung cancer. Thus, *Ra may have a role in MM
progression.

Pascolo et al. 2016, 2016*142 utilised X-ray fluorescence (XRF) to detect ashestos fibres and
AFBs in tissue instead of using the conventional histochemical procedure, and to investigate
Fe and calcium (Ca) deposition on the fibres. Pascolo et al., 2016* suggested that the
asbestos fibres disrupted the Fe and Ca homeostasis, leading to their deposition on the fibres.
The absorbed Fe was reported to be in the form of misfolded ferritin proteins. It was
speculated that the release of cytosolic Ca and its adsorption onto the fibre induced the
misfolding of ferritin, leading to loss of function and the release of Fe and ROS production.

Bardelli et al., 2017%° utilised XRF and scanning electron microscopy (SEM) to observe
AFBs. It was proposed that AFBs are richer in Fe internally than externally, due to
overloaded ferritin changing into hemosiderin, despite difficulties distinguishing between
ferritin and hemosiderin. Alternatively, it was proposed that Fe is released from the fibre,
which gradually spreads within the AFB.

Di Giuseppe et al., 2019'® utilised transmission electron microscopy (TEM), energy
dispersive X-ray spectrometry (EDS) and selected area diffraction (SAED) to observe the
exterior of AFBs. The SAED patterns identified not only Fh but also goethite, which is
explained by the ferritin shell degrading and exposing the Fh from within the ferritin, leading
to Fh altering into goethite and ROS production.

While the study of Bardelli et al., 2017% attempted to deduce chemical information about
the interior of AFBs, no study has investigated the internal morphology or in-situ internal
chemical characteristics of AFBs. As such, essential clues concerning the development of
AFBs and their potential for inducing MM via known mechanisms have likely been missed.

1.4 Fe and smoking

Cigarette smoking is a particle-related exposure, containing over 5000 chemical species,
including free radicals and Fe, which accumulate in the smoker’s lungs, the lower lung region
having the highest cigarette smoke (CS) particle deposition 23, The amount of Fe in the
tobacco of an average cigarette is 0.5 mg/g, of which 0.06% is transferred in the CS. This
means that the daily inhaled Fe per one pack of 20 cigarettes is around 6 pg which can
accumulate over years and decades®®. The amount of inhaled Fe per cigarette pack is only
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about 1/100 of the Fe content of the lung, which is 0.4-0.9 mg/g®°. Active cigarette smoking
dramatically increases the amount of CS particles in AM, described as humic-like substances
(HULIS) and having red, brown, orange, and black colouration. About 7-10% of the CS
particles consist of HULIS which complex organic compounds containing various oxygen-
containing functional groups. The functional groups aid in the formation of metal cation
complexes, especially with Fe. As intracellular Fe levels are low, the CS particles compete
for the host Fe used by cells for critical roles, resulting in an iron deficiency for these cells®”.
As a result, CS particles in the lower respiratory tract contribute to the accumulation of host
Fe in the AM and the deregulation of Fe homeostasis®*>**°, Following the Fe deficiency in
the cells, Fe can either be imported in greater quantities, which if successful enables the cells
to continue their roles. If insufficient Fe is imported into the cells or if the CS particles
complex too much host Fe, the cell will not be able to fulfil its role, leading to cell death®’.

Furthermore, as the AM possess a central function in Fe recycling, the accumulation of Fe
complexed by CS would thus increase the amount of Fe available during frustrated
phagocytosis and likely contribute to the formation of AFBs.

CS is also known to have a synergetic effect on asbestos fibres, which amplifies cancer
progression. Markowitz, 2015% reported that the death rate ratio of never-smoking insulators
was 5.2 compared to the never-smoker control group. The lung cancer death rate ratio of the
smoker and no asbestos exposure control group was 10.9, while the death ratio of smoker
insulators was 53. The higher death ratio for smoker insulators demonstrated that cigarette
smoke and asbestos fibres have a synergetic effect on cancer progression.

While a synergetic effect between inhalation of asbestos and smoking was found for lung
cancer, no such relationship was reported for MM. Such an observation is interesting and
needs further exploration. As such, the effects of smoking on AFB development will be
investigated here*®.

1.5 Cancer and mesothelioma

The term cancer relates to a group of diseases defined by abnormal cell growth, which have
the potential to spread throughout the body. The abnormalities within processes related to
the growth and division of cells are known as the hallmarks of cancer. Such abnormalities
facilitate tumour production and metastasis and are as follows: deregulation of growth factors
leading to constant proliferation, evasion of tumour suppressors through disruption of the
PRB (retinoblastoma protein) pathway, resisting apoptosis (programmed cell death) through
the inactivation of the p53 tumour protein, achieving replicative immortality through the
upregulated expression of telomerase, and promoting angiogenesis through the permanent
activation of an “angiogenic switch”. The hallmarks of cancer may culminate in a local
invasion, leading to metastasis *'.

Malignant mesothelioma (MM) is a rare, aggressive cancer of the pleural, pericardial, or
peritoneal cavities. MM targets mesothelial cells, which cover the internal organ surfaces
and body cavities. The role of mesothelial cells is to prevent friction between organs, fulfilled
by peristaltic and pulsating movements with secreted hyaluronic acid. About 70% to 80% of
reported MM cases occur in the pleural cavity, known as malignant pleural mesothelioma ’.

MM is almost always associated with prolonged asbestos exposure; thus, asbestos-related
10



MM will be referred to as simply MM throughout the remainder of this thesis. MM has a
long latency period, which starts on the first exposure and ends with MM development, with
a median of about 39 years*. Amphiboles are more carcinogenic than chrysotile fibres, the
latter having a greater solubility than the former and is thus more easily cleared by
macrophages'®. Nevertheless, before macrophages target the asbestos fibres, the fibres may
be phagocytosed by the mesothelial cells, resulting in DNA strand breaks*C.

Incidence in 2010 for states within the U.S.A. with extensive asbestos usage was around 10-
15 million, and those with minimal exposure were 1-2 million. These numbers are expected
to rise due to the long latency period. In Japan, 100,000 cases are expected in the next 40
years> /10404950 Ag sych, many people will develop mesothelioma over the coming decades.
Therefore, an effective treatment should be developed to treat MM.

However, before a treatment can be devised, it is paramount that the factors relating to the
initiation and development of the disease are elucidated. At current, the only known physical
features associated with MM are AFBs. Therefore, further information concerning the
growth of AFBs and how they are related to MM is required.

1.6 Ferrihydrite and asbestos fibre adsorption properties

Asbestos fibres contain rare earth elements (REE), which can contribute to the fibre’s ability
to induce lung cancer and MM. However, investigation of REE toxicity in the lungs is mainly
constricted to La, Ce and Gd. The trace elements can co-precipitate with phosphate groups,
one of the main components of ferritin, resulting in their crystallisation and injuries within
the lung parenchyma. When the AFBs start to form and accumulate ferrihydrite (Fh) from
ferritin, the trace elements from the fibres may partition into the AFBs, amplified by the
REE’s affinity to precipitate with phosphate®->°,

Fh has been shown to adsorb toxic elements, such as Pb®, Cd®®, and Cu®’, while ferritin is
known to adsorb U%°, Be®®, Cd™ and Zn®!. Moreover, Nakamura et al.,2009* detected high
concentrations of these elements and also radioactive ?Ra in the MM samples, which
contained both AFBs and remnants of lung-populating proteins. ?*°Ra is also known to be
absorbed by Fe oxyhydroxides such as Fh%83, 22Ra may induce deregulations within the
DNA through ionising radiation. As such, ?Ra and Ba will likely behave similarly in the
lung environment. Therefore, Ba found in higher concentrations than 22°Ra within bulk lung
samples should act as a tracer for 22Ra within AFBs>%:626465,

1.7 Radioactive Ra in the human skeleton: a case study for Ra in the
lungs

225Ra is an o emitter with a half-life of 1600 years and the 5" radionuclide daughter in the
238- 206pp decay series®. Furthermore, Ra is an alkaline earth metal and is expected to have
similar chemical behaviours with the other alkaline earth elements from the same chemical
group of the period table, especially Ba and Ca®’. As the ionic radii of Ra and Ba have similar
ranges, Ba is often used as a chemical analogue for Ra behaviour prediction when there are
no Ra data available®” 8,

Blood clearance of 2%°Ra leads to its deposition mainly in the skeleton while a fraction is
deposited in tissues such as the lungs and a large fraction is quickly excreted. 2°Ra is known
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as the bone-seeking radionuclide, its chemical similarity to Ca is used for the determination
of its behaviour in the body®. The mean ?*°Ra activity deposited in bone was estimated at
0.31 Bg/kg dry bone while in other tissues such as in the lungs the ??°Ra activity was around
0.005 Bg/kg®®. As the ??°Ra irradiates the bones it will lead to bone sarcomas.

The bones of the skeleton present nonuniform distributions of Ra that are also observed at a
microscopic level. When a person is irradiated, the high activity of 22°Ra in the blood deposits
in great amounts during the mineralisation of several units of bone formation, resulting in a
hot spot. During hotspot formation, when the bone apposition adsorbs a single dose of Ra, it
will result in a gradual reduction of the dose rate to neighbouring bone surface tissues. The
reduced dose rate is below the maximum dose of the hot spot, concluding that the hot spot
accumulated dose would be slightly higher than the diffuse component dose. Average
hotspot concentrations are about an order of magnitude higher than average diffuse
concentrations’.

The hotspot survival for the irradiated cells would be 0.09% so the cell survival chance
around the hotspot is close to zero resulting in their death due to high amounts of radiation.
Therefore diffuse radioactivity might be the main cause of inducing cancer among patients
where bone cancer was developed .

In addition, the amount of cell death around the hotspot in comparison to the cell death
around the diffuse radioactivity, and the diffuse concentration elevations in comparison to
the hotspot concentrations which occur during prolonged exposure led to the conclusion that
the endosteal dose caused by diffuse radioactivity is the main cause of osteosarcoma
induction’.

Previously!, ??°Ra was detected within the bulk lung samples of MM patients which
concluded that AFBs contain radioactive 2?°Ra which can cause DNA strand breaks through
ionising radiation. Therefore, the main radioactive nuclide investigated in AFBs is *Ra.

Ra is present in the air in resuspended soil particles. A dust concentration of 50 pg/m? is
often assumed for the inhalation pathway evaluation. The worldwide concentration of 32
Bq/kg for Ra in the soil is used for the estimation of 1.5 uBg/m?.

Information regarding lung cancer is currently ambiguous although there might be a
connection between lung cancer incidence and Ra intake or period of exposure. No
conclusions have been drawn®®.

Both lung and bone cells are almost equally sensitive to prolonged exposure to radiation
resulting in bone sarcoma initiation and lung carcinoma initiation’*. Therefore, in the
investigation of AFBs with Ra in the lungs, it is assumed that ionising radiation in the lower
lungs behaves similarly as it does in the skeleton, especially in the case of hotspots and
diffuse radioactivity .

1.8 Radioactive Ra sources to the lungs
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Asbestos fibres have the ability to emit low-level o radiation which can irradiate the lung for
long periods of time knowing that the fibres are quite immobile in the lower lung. The highest
Ra activity among several types of asbestos fibres was detected in amosite fibres (0.044
Bqg/g). Meanwhile, for crocidolite fibres, the highest Ra activity was half of the amosite fibres
(0.023 Bg/g)"2. Besides the Ra concentration of the asbestos fibres, their ability to penetrate
the lung and to persist at a critical site, such as the mesothelium, is also an important ability
for dose delivery. Normal dust particles are quite mobile, have no accumulation mechanisms
and are quickly cleared from the lung, in comparison to asbestos fibres which are immobile
in the lung and their lung clearance is much slower’2. Accordingly, the o radiation of ashestos
fibres should be taken into consideration regarding the incidence of MM and AFB formation.

Fe oxyhydroxides have been found to adsorb Ra®’. Therefore, the main component of AFBs,
namely Fh, may be the main reservoir of Ra adsorption. Furthermore, soil fractions were
separated through a selective chemical extraction, revealing that the organic (humic) matter
fraction was enriched in Ra, which indicates great Ra uptake by vegetation’®.

The main sources of radionuclide transfer to humans are food and water ingestion. Therefore
various foodstuffs and drinking waters have been a subject of research regarding their radium
isotope concentrations®’. For foodstuffs, the transfer factors (TF) between the soil and plants
were evaluated, which is the ratio of activity concentration in a plant to activity concentration
in the soil™.

The Ra concentrations of rice paddy field soils were determined using Ba as a yield tracer,
since Ra has no stable isotopes, and Ba and Ra are in the same periodic table group. The Ra
concentration in the soil was higher in SW Japan than in NE Japan, the SW Japan soil having
a geometric mean was 40.4 Bg/kg dry, while the NE Japan soil had a geometric mean of 27.8
Ba/kg dry’™. Uchida and Tagami” evaluated the TFs of various crops in Japan in which leafy
vegetables had the highest TF of 1.2 x 102, Furthermore, the TFs of Ra correlated with the
TFs of Ba, suggesting that the TFs of Ba could act as an analogue for the TFs of Ra.
Nevertheless, the TFs of Ba had a wider range than the TFs of Ra’.

Netten et al., 20007® detected traces of %°Ra in 2 seaweed products from Japan of 58-206
Bqg/kg, while Ota et al., 200977 detected ?*Ra concentration in green tea leaves and eggs of
1.9 Bg/kg fresh weight and 0.26 Bg/kg fresh weight, respectively. In addition, they also
determined the range of 226Ra concentrations in daily foods from Japan to be between 0 and
3.9 Bg/kg, the highest being in algae, cereals, seasoning and beverages, and nuts and seeds.
Therefore, the typical diet of a Japanese person may supply large amounts of Ra which
accumulate on the AFBs over years and decades.

Cigarette manufacturing includes the use of tobacco leaves which contain radioactive
elements that are present in the soil due to the Earth’s crust containing several radioactive
elements including uranium and radium. Higher concentrations of uranium in the tobacco
fields might lead to a large amount of ?*°Po and 2'°Pb since they belong to the uranium-
radium decay series’®’®. The soils are often excessively fertilised, for greater profits, with
phosphate fertilisers that are rich in uranium and its decay products. Phosphate fertilisers are
enriched in uranium decay products due to being extracted from the rock mineral “apatite”
known for its high levels of Ra and ?°Po and #'°Pb. Accordingly, the tobacco plant roots
uptake the radionuclides from the soil and concentrate these radionuclides in the tobacco
plants88%. About 25% of the radionuclide activity of the CS remains in the cigarette ash and
filter while 75% is inhaled and deposited in the lungs.
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Accordingly, Boumala et al., 2019% detected Ra in tobacco at an average of 8.17 Bg/kg
which may suggest that constant smoking continuously supplies Ra to the lungs, thus
increasing the carcinogenicity of AFBs and potentially leading to MM initiation.
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2. CHAPTER 2 - Morphological and chemical characterisation of AFB

2.1 Summary

The chemical and morphological characteristics of AFBs from smoking and non-smoking
patients, respectively, were investigated for a preliminary understanding of the formation
and composition of the AFBs from a smoking vs non-smoking perspective. Previously, the
chemical and morphological characteristics of AFBs were most often obtained using optical
and electron microscopy*®®L. Due to the small size of AFBs, secondary electron microscopy
(SEM) and transmission electron microscopy (TEM) were found to be more favourable for
morphological description. SEM and TEM include an essential component known as energy
dispersive X-ray spectroscopy (EDS), which was used to obtain information regarding the
chemical composition of AFBs. SEM enabled external morphological and chemical
observations, while TEM allowed internal morphological and chemical observations.
Internal observations of the AFBs allowed more insight into AFB formation. In addition,
selected area diffraction (SAED) patterns were obtained in TEM which revealed
crystallographic information concerning the samples analysed. Furthermore, for the
preparation of TEM-appropriate samples, thin samples of under 150 nm thickness were cut
using a focused ion beam scanning electron microscope (FIB-SEM) system?®1482,

Based on the internal morphology and chemical composition observations in TEM, an AFB
formation model was drawn where the AFBs of smoking patients were more Fe-rich and
denser than that of non-smoking patients. The AFBs of smoking patients might adsorb more
Ra due to a larger volume of Fe.

Furthermore, SAED of AFBs from all patients revealed only ferrihydrite (Fh) which is
evidence for the fact that the ferritin shells remained intact which prevented the Fh to alter
and create reactive oxygen species (ROS). Therefore, oxidative stress-based malignant
mesothelioma (MM) is not possible due to the lack of ROS, so another mechanism might be
responsible for MM, such as ionising radiation.

2.2 Materials and Methods
2.2.1 Lung samples

For this project, lung samples from six patients with MM were acquired. The lung samples
were previously digested and quantified at Yamaguchi Ube Medical Center, and permission
to conduct research on these human samples was obtained from the Review Board of the
Yamaguchi Ube Medical Centre. The procedures are described in Nakamura et al., 2009 as
follows: 5g of lung tissue obtained from each patient were weighed, minced, dried and re-
weighed. The resulting lung tissue was transferred to a 50 ml centrifuge tube to which 40 ml
of bleach containing 20 % NaOCI and 5% KOH were added. The tissue was left to digest for
24-48 hours, followed by centrifugation at 3000 rpm for 30 min and its supernatant aspirated,
leaving 1 ml of liquid above the pellet. This step was followed by the resuspension of the
pellet in 50 ml of deionised milli-Q pure water and thoroughly mixed. The centrifugation,
aspiration, resuspension, and mixing steps were repeated thrice, resulting in a processed lung
tissue suspended in milli-Q pure water. For a smoker vs non-smoker comparison, two
smoking patients (H and A, noted as S1 and S2) and two non-smoking patients (E and K,
noted as N1 and N2) were selected for a comprehensive TEM analysis, whose characteristics
and AFB quantification data are described in Table 1.
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2.2.2 Machines and techniques

An optical microscope, operated in plain polarised light mode, uses light photons for
visualisation, which have a wavelength of about 400-700 nm. In order to use larger
magnifications than the optical microscope and to see finer details, particles with a shorter
wavelength than photons were utilised. In the current study, electrons with a wavelength of
1.23 nm were used. Electron microscopy was initially developed due to the need for
observations at smaller scales than was possible with photons.

SEM is a microscope based on an electron beam that interacts with the surface of a sample
under high vacuum conditions. The electron beam penetrates the surface in a teardrop shape,
with the size being dictated by the electron beam’s energy, the angle at which it hits the
sample, and the atomic masses of the elements present within the sample. This interaction
leads to the emission of various particles, such as secondary electrons, backscattered
electrons, and X-rays, which are detected to obtain information regarding the sample. The
shallowest signal comes from secondary electrons, knocked out by an incident electron from
the orbits around the atom. The secondary electrons supply the highest spatial resolution
images and topographic information. Incident electrons that reach close to the atom’s nucleus
and scatter at a large angle are called backscattered electrons and provide compositional
information. For backscattered electrons, the higher the atomic mass of the element, the
brighter the contrast®,

Characteristic X-rays concern the electrons from the most inner electron shells, K, L and M
shells, K being the closest to the nucleus. The L shell has three subshells, while the M shell
has five subshells. The ionisation energy decreases from the innermost shell to the outermost,
with the K shell having the highest one. Thus, electron removal from the K shell requires
more energy than other shells. To obtain characteristic X-rays, an incident electron knocks
out an electron from the inner shells, resulting in the ionisation and destabilisation of the
atom. Subsequently, the inner shell vacancy is replaced with an electron from an outer shell,
resulting in atom stabilisation and emission of X-ray photons. The emitted X-ray energy is
the difference between the ionisation energies of the electrons implicated in the transition.
The characteristic X-ray lines follow the Siegbahn notation, which first shows the name of
the element measured, followed by the ionised electron shell involved in the X-ray
production. The notation ending with either o, the most intense, B or vy, reflects the relative
intensity of the line from each shell. For instance, the K line family consists of K, and Kg X-
ray lines. The EDS detector obtains a spectrum based on the intensities of these characteristic
x-rays in the form of X-ray counts (counts per second), from which chemical composition is
obtained. One limitation regarding EDS is that light elements (Z<11) cannot be identified
because their energies are too low?®,

The SEM analysis of the current study was performed using the JSM-7001F field emission

SEM (FE-SEM) at an accelerating voltage of 15 kV. The SEM was equipped with an Oxford
INCAXx-act EDS system.
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Table 1: Mesothelioma patient details from which lung tissue samples were obtained.

Patient A E H | K M
Age 65 65 63 59 51 61
Gender M F M M F M
Type of MM Biphasic Biphasic Biphasic Other Epithelioid Biphasic
Initial Symptom Cough Chest pain Cough Pleural thickness Chest pain Chest pain
Occupation Quarrying industry Insulation industry Asbestos scrapper Rallv;i)illgeel;rlage Post office School teacher
S_moklng 35 None 40 None None 10
experience (year)
Quit 6 months before Quit 1 year before Quit 30 years before
operation operation operation
Left extrapleural Left extrapleural Left extrapleural Left extrapleural Left extrapleural
Surgery Autopsy
pneumonectomy pneumonectomy pneumonectomy pneumonectomy pneumonectomy
Surgery Date October 2007 July 2007 December 2003 September 2006 November 2007 March 2008
AFB per dry lung 7.9x10% 4.4x10° 3.2x10° 1.7x10* 4.0x10% 7.1x102
(fibres/g)
Weight of one
1.5 85 61 3.2 0.77 0.14
AFB (ug)
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The SEM-FIB system JEOL JIB-4500 was used for cutting and preparing the TEM samples.
FIB uses a focused ion gun based on a gallium ion beam, while SEM uses an electron beam,
as stated previously. In both SEM and FIB, the image of the sample is formed based on the
secondary electrons’ intensities created at every raster location. FIB uses gallium as a liquid
metal ion source, kept in a reservoir close to a sharp tungsten needle through which it is
pulled by a high extraction field into a sharp cone. The advantages of using gallium include
the ability to form a very fine beam size and its low melting point, being in the liquid state
at room temperature®.

The accelerating voltage of FIB was 30 kV, while that of SEM was 20 kV. At a tilt of 0°, the
SEM is perpendicular to the sample, while at a tilt of 52°, the FIB is perpendicular to the
sample.

TEM also utilises an electron beam under a high vacuum. The electrons are transmitted
through the ultra-thin sample, forming an image under it. The image is then magnified and
focused on an imaging device such as a fluorescent screen. TEM provides information
regarding microstructure, crystallography through SAED patterns, and chemical
composition through EDS. There are two different imaging modes when using only one
beam to visualise the sample, known as bright field and dark field (DF). The bright field is
characterised by using the direct beam to form an image from the unscattered electrons.
Areas that are thicker or contain higher atomic number elements appear darker, while areas
with no sample appear brighter. DF uses the diffracted beam to form an image from the
scattered electrons, for which the sample needs to be tilted so that these electrons move along
the optic axis. Where there is no sample, the areas appear black, while bright areas are
denoted by thicker areas in the sample and elements of high atomic numbers®.

When a crystalline structure is hit by an electron beam, diffraction occurs, leading to SAED
patterns as a result of the electron wavelength and atom arrangement in the crystal, which
are explained by Bragg’s law: nA = 2dsinf. N is an integer, A is the electron wavelength, d is
the spacing of the diffracting planes, and 0 is the angle between the electron beam and the
planes. If A of the incident beam is known and 6 can be measured experimentally, the
interplanar spacings in the crystal can be determined. The ability to obtain crystallographic
information is the most important aspect of TEM. When obtaining SAED patterns, the region
of interest is delimited by the SAED aperture. Subsequently, the crystalline sample produces
diffracted beams, forming an image under the sample in a region called the back focal plane.
The image can be represented as an array of dots or a ring pattern. Polycrystalline samples
yield sharp ring patterns, while amorphous ones yield diffused ring patterns®®.

2.2.3 Sample preparation for SEM

In order to mount the digested lung tissue from the previously described patients, a clean
glass slide for each patient was prepared. The glass slides were first marked, sonicated in
ethanol for 5 minutes, followed by sonication in Milli-Q pure water for 5 minutes and wiped.
Subsequently, 100 ul of the digested lung tissue of each patient were pipetted onto each
respective glass slide and left to dry overnight at room temperature. After completely drying
the samples, the glass slides with the dried samples were carbon coated and placed onto an
SEM sample holder. Carbon tape was used over the glass slide and the sample holder to
reduce the sample’s charging. The samples were then loaded into the SEM for observation
and analysis.
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2.2.4 FIB processing for TEM analysis

For TEM analysis, samples were sliced to a thickness of under 150 nm, using FIB coupled
with SEM. TEM requires nanometre thick samples so that the electrons are able to pass
through the samples and allow successful observations and analyses. The sliced samples
were placed on a 3 mm diameter copper TEM grid.

The sample was titled at 52° so that the FIB was perpendicular to the sample. Figure 1 shows
the steps of cutting an AFB. Firstly, the asbestos of interest was located and set to the desired
position and cut location (Fig. 1a). Subsequently, the region of interest was coated with
gallium to prevent any damage during sample cutting. Within 100-200 um from the sample,
a needle injected gas onto the surface. The gas was decomposed by the rastering of the
gallium beam, leaving a metal deposited layer, its by-product being ejected through the
vacuum system (Fig. 1b, c). Afterwards, two large trenches were drilled with the coarsest
beam along the longer sides of the selected area to facilitate the subsequent picking up of the
body (Fig. 1d, €). A finer and smaller beam was used to cut an appropriate width of the body
on each long side so that there was enough sample for fine cutting (Fig. 1j, k). The fine beam
was utilised to cut underneath the body while tilted at 0° in preparation for the lift-off of the
final product (Fig. 1j, k). Subsequently, a finer beam was used to polish the longer ends of
the AFB. Once a thickness of less than 150 nm was achieved, the AFB was cut out at its
shorter sides until it was loose enough to be able to be picked out (Fig 11, m)8,

After cutting the AFBs with the FIB, the AFBs were picked up under an optical microscope
using a sharp glass needle and set onto a biofilm on a 3 mm diameter TEM grid. The lifting
out was possible due to electrostatic forces. Afterwards, the AFBs were mounted and loaded
into the TEM and analysed.

2.2.5 TEM analysis

JEM-2100F (JEOL) was used for TEM analysis at an accelerating voltage of 200 kV. The
AFB slices were visualised using DF imaging, and their chemical composition was
quantitatively determined by EDS. In addition, the crystal stoichiometry of the asbestos fibre
from each AFB was determined by EDS analysis and their chemical formulas were
estimated®’.

For better elemental distribution observations, EDS analysis was done at a magnification of
80,000x. The large magnification of 80,000x meant that most AFBs could not fit into one
image and required multiple line analyses to produce an entire transect across a given AFB.
As such, there were gaps between each line analysis on a single sample, which were between
100-240 um. EDS analysis data was normalized to 100%.

The crystal structure of the phases within the AFB was determined through SAED. The
SAED patterns featured ring patterns or an array of dots, which are the result of diffracting
beams from the crystalline samples. The SAED patterns were then compared to the literature
to identify the specific phases present.
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2.3 Results
2.3.1 External morphology

SEM analysis was undertaken in order to identify AFBs within the dried lung samples, map
their location and describe their morphology. AFBs have non-uniform Fe-rich coats
enclosing the fibre and their extremities exposed. The AFB coats are either whole or divided
into spherical or cubical fragments, having the profile of a string of pearls. The observed
AFB morphologies here were spherical (Fig. 2b), cylindrical (Fig.2b), elliptical (Fig. 2c),
carrot-shaped (Fig. 2d), dumbbell-shaped (Fig. 2e) and apical (Fig. 2a). The AFB
nomenclature was taken from Giuseppe et al., 20196, Table 2 shows the number of identified
AFBs in SEM along with their length and width ranges. The AFBs of patient N1 had thicker
and longer AFBs than the rest of the patients, and the non-smoking patients had wider AFBs
than the smoking patients. SEM images of the selected AFBs for TEM analysis are shown
in figures 2 and 3.

The exterior of the AFBs and fibres featured several round inclusions (0.05-0.17 um) (Fig.
1b, d), which were also present on the naked asbestos fibres. The round inclusions were also
present in the internal part of the AFBs, which suggests their involvement in the initial AFB
formation. However, their distribution within the body seemed random, being more evident
towards the exterior of the body.

2.3.2 Internal morphology

DF imaging was used to observe the AFBs (Fig. 4 and figs. A1-Al6 in the appendix). The
white wavy lines occurring on the AFBs are due to the adherence of the bodies to the TEM
copper grid. The white circles over some AFBs, such as AFB 2 of smoking patient S1, are a
result of EDS analysis damage.

The AFBs of all patients featured several concentric layers with variable widths and shading.
Porous layers were the layers that had small holes present within them, which gave them a
darker appearance. Dense layers were the layers that had no or almost no small holes and
thus had a brighter appearance. Most of the AFBs from the smoking patients featured a
porous halo-ring around the fibre or several layers from the fibre. The AFBs of the non-
smoking patients had more concentric layers than the AFBs of the smoking patients. Thus,
based on the external widths and the longest and shortest diameter measurements in table 2
and figure 5, the AFB diameters of the non-smoking patients were found to be larger than
those of the smoking patients.
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Figure 1: The sample preparation procedure to slice an AFB (patient S1: AF2) for TEM analysis. (a) The positioning, (b, ¢) deposition, and (d, €) thetrench milling of
an AFB of interest. (f, g, h, i) The fine cutting, (j, k) the undercutting, and (I, m) the final side cutting of the AFB of interest.
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Figure 2. SEM images of the external morphology of different AFBs analysed by the current study:
a. an apical form and beaded AFB from patient N1, b. cylindrical and spherical forms from an AFB
from patient S1, c. an elliptical form from an AFB from patient N1, d. a carrot form from an AFB
from patient N1, e. a dumbbell form from an AFB from patient S1 and f. a plot of average AFB
form width against AFB length. A typical length and width measurement are shown in f., with the
width and length being taken along the longest dimensions. The circle in d. highlights the sphere or
elliptical-like components that form the AFB coats, with this particular component being 120 nm
by 220 nm in diameter. N1 and N2 are non-smoking patient N1 and N2 and S1 and S2 are smoking
patient S1 and S2, respectively.
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Figure 3: External morphology of AFBs observed by SEM from the non-smoking patient (a—d) N1 and (e-h) N2, and smoking patient (i-1) S1 and(m-o) S2, prior to
cutting by FIB for TEM analysis. The area of interest is shown by a green rectangle in each image.
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Table 2: Information regarding asbestos fibres and AFBs, including the external lengths, widths and type of the AFB fibres and bodies, and internal diameters of the fibres

and bodies, all in pm.

Patient AFB Fibre Body Fibre-1 Diameter Fibre-2 Diameter Fibre-3 Diameter Body Diameter
length width Type length width long short long short long short long short
N1 1 26.67 0.37 Grunerite 20.88 5.21+1.29 0.86 0.32 - - - - 6.22 6.22
2 29.39 1.07 Grunerite 24.59 10.00 0.97 0.56 - - - - 8.43 7.39
3 51.80 0.83 Grunerite 16.94 6.73 £2.05 0.80 0.54 0.49 0.33 - - 8.05 -
4 71.10 171 Grunerite 42.55 9.03 1.62 1.10 0.48 0.28 - - 7.72 -
Average | 44.74+20.87  1.00 +0.56 26.24+1131 7.74+2.18 | 1.06+0.38  0.63+0.33 | 0.49+0.01 0.31£0.04 - - 7.61£0.97 6.81+0.83
N2 1 15.89 0.42 Riebeckite 8.59 5.86 0.63 0.42 - - - - 5.45 4.93
2 19.90 0.42 Riebeckite 17.53 2.24+0.79 0.42 0.35 - - - - 311 3.09
3 22.19 0.40 Grunerite 6.40 3.51£1.00 0.45 0.33 - - - - 4.52 3.98
4 20.28 0.39 Riebeckite 16.92 522+0.4 0.49 0.13 - - - - 5.54 521
Average | 19.57 £2.65 0.41 +0.02 12.36+5.69 4.21+1.65 | 0.50+0.09 0.31+0.12 - - - - 4.66 £1.13  4.30 +0.96
S1 1 24.87 0.70 Grunerite 18.30 2.81 0.92 0.32 - - - - 2.56 2.01
2 7.01 0.14 - 6.54 218+1.7 0.27 0.06 - - - - 3.29 3.20
3 48.29 0.89 Grunerite 20.22 3.69 0.88 0.26 - - - - 4.51 3.00
4 21.18 1.02 Grunerite 5.32 4.15+0.16 1.00 0.26 - - - - 3.94 3.75
Average | 25.34+17.13  0.69 +0.39 126+7.75 3.21+0.88 | 0.77+0.34 0.22+0.11 - - - - 3.58 £0.84 2.99+0.73
S2 1 9.92 0.32 Riebeckite 9.55 2.78 0.32 0.19 - - - - 2.29 212
2 22.91 0.19 - 10.57 2.96 - - - - - - 2.69 2.59
3 16.41 0.24 Riebeckite 13.25 2.10+£0.35 0.26 0.06 0.18 0.08 0.19 0.07 2.07 1.61
Average | 1641+65 0.25+0.07 11.12#1.91 261+045 | 0.29+0.04 0.13+0.09 2.35+0.31 2.11+0.49
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Non-smoking patient N1

AFB 2 (Figure A2 of the appendix) had several denser layers than the other AFBs, which
were denoted as dense layer outliers. Most porous layers were towards the exterior of the
AFBs, with a few near the asbestos fibres.

The asbestos fibres had long diameters between 0.48 and 1.62 pm and short diameters
between 0.28 and 1.10 um. The AFB bodies had long diameters between 6.22 and 8.43 um
and short diameters between 6.22 and 7.39 um. AFBs 3 and 4 (Figures A3 and A4 of the
appendix) had two asbestos fibres, their smallest fibres having the smallest long diameters
among all the non-smoking patient E AFBs. The biggest fibres of AFBs 3 and 4 had the
fourth, and first longest fibre diameters of all the studied AFBs. The AFBs 2 and 3 had the
longest diameters, between 8.43 and 8.05 um, respectively. The AFBs 3 and 4 also featured
porous halo-like layers around their fibres, with the halo being darker in AFB 4. Furthermore,
AFB 1 had a porous layer around its fibre, while AFB 2 had dense layers around its fibre.
The asbestos fibre and AFB diameters are shown in table 2.

Non-smoking patient N2

Only AFB 2 (Figure A6 of the appendix) had a porous layer surrounding its fibre, while the
rest of the porous layers were spread out throughout the AFB. The long diameters of the
fibres (0.42-0.63 um) were larger than the smoking patient S2 but smaller than the rest of
the patients. The short diameters of the fibres were between 0.13 and 0.42 pm. The AFBs
bodies had long diameters between 3.11 and 5.54 pum and short diameters between 3.09 and
5.21 um. There appeared to be fewer layers in the AFBs of non-smoking patient N2 than in
non-smoking patient N1 but more layers than in the smoking patients.

Smoking patient S1

The AFBs of smoking patient S1 were smaller (long diameters of 2.56-4.51 pum and short
diameters of 2.01-3.75 pum) and denser than those of the non-smoking patients. AFB 2
(Figure A10 of the appendix) had a set of dense layers surrounding its fibre, followed by a
porous halo-like ring and another set of dense layers towards the exterior of the AFB. The
rest of the AFBs had an initial porous ring or area around their fibres, followed by dense
layers, having fibres with long diameters between 0.27 and 1.00 um and short diameters
between 0.06 and 0.32 pm.
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N1 AFB 1 N1AFB4

Figure 4. TEM dark-field images of cross-sectional views from AFBs of each patient. Two AFBs
were selected from each patient; the patient and AFB numbers are indicated in the top left-hand
corner of each panel. The white or black lines indicate the transects along which the EDS data was
taken. Note that the wavy white discolouration on the surface of the AFBs is from the copper
biofilm used to fix the AFBs in place. N1 and N2 are non-smoking patient N1 and N2 and S1 and
S2 are smoking patient S1 and S2, respectively. Note that the EDS line analyses of AFBs from
patient N1 did not pass through the fibres.
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Figure 5. A representation of the diameters of AFBs from all patients analysed here. The spot
represents the average value calculated from two measurements, one of the longest diameter and
one of the shortest diameter, while the ends of the error bar indicate the highest and lowest diameter
values. Note that for AFBs that were almost perfectly circular, error bars are not present. The
values were measured using the TEM DF images shown in Fig. 2 and the supplementary materials.
N1 and N2 are non-smoking patient N1 and N2 and S1 and S2 are smoking patient S1 and S2,
respectively. AFB number refers to the number used to identify the AFB that is used throughout the
thesis.
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Smoking patient S2

AFB 1 (Figure A13 of the appendix) had a fibre with a long diameter of 0.32 pm and a short
diameter of 0.19 um, AFB 2 (Figure A14 of the appendix) had no fibre, which had possibly
been dislodged during the FIB processing, and AFB 3 (Figure Al5 of the appendix)
presented 3 fibres with long diameters between 0.18 and 0.26 pum and short diameters
between 0.06 and 0.07 um. AFB 1 had an initial dense layer surrounding its fibre, followed
by several porous layers. AFB2 had an initial dense layer around the area where the fibre
would have been, after which a porous halo-like ring was present, followed by a series of
dense layers. AFB 3 had a porous layer surrounding its fibres, followed by a dense layer.
The AFBs had long diameters between 2.07 and 2.69 pum and short diameters between 1.61
and 2.59 um.

2.3.3 Fibre stoichiometry

The mineral composition of each asbestos fibre from all AFBs studied here was determined
through fibre stoichiometry calculations®’. Table 2 shows that grunerite (amosite) with the
formula Fe?7*(SigO22)(OH). was determined in all AFBs of non-smoking patient N1 and
smoking patient S1 and in one AFB from non-smoking patient N2. The rest of the fibres of
the AFBs from the non-smoking patient N2 and all fibres of the AFBs from smoking patient
S2 were riebeckite (crocidolite) asbestos, with the formula NazFe?s Fe3;*(SisO22)(OH).. The
stoichiometry results from the analysed asbestos fibres were compared with asbestos fibre
from the literature®®°2 in order to confirm their mineral nature.

2.3.4 TEM-EDS analysis

Table 3 shows the results of the semi-quantitative chemical analyses of the AFBs of non-
smoking patient N1 and the AFBs and fibres of non-smoking patient N2 and smoking
patients S1 and S2. Figure 6 shows the chemical distribution of Fe in each AFB from all
patients. Plots for the rest of the analysed elements are shown in figures A1-A15 of the
appendix. Note that the EDS analytical software automatically normalises the analysis
results to 100%, meaning that the data is semi-quantitative.

The AFBs had higher abundances of Fe, P and Ca than the asbestos fibres, while the asbestos
fibres had higher Si abundances than the AFBs. Moreover, the averages of Fe and Si in the
AFBs were anti-correlated, with smoking patients having lower abundances of Si and higher
abundances of Fe than non-smoking patients (Fig. 7). The AFBs sometimes showed a
correlation between Fe and P, as it was often the case that when Fe was low, P was low as
well. This might have been a consequence of probing a porous area, resulting in low
elemental concentrations. However, the average values of Fe and P in the AFBs showed no
correlation, the only relationship being the higher Fe concentrations in the AFBs of smoking
patients compared to those of non-smoking patients.
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Table 3: EDS elemental quantification (wt. %) of NS-AFB (AFBs of non-smoking patients N1 and N2), S-AFB (AFBs of smoking patients S1 and S2) and S-fibre

(asbestos fibres of AFBs of non-smoking patient N2 and smoking patients S1 and S2).

0] Mg Al Si P Ca Mn Fe

Mean (n=4) 28.8+1.88 0.76 £ 0.25 1.49£0.39 6.18 £2.97 1.73+£0.35 1.79+0.38 0.11+0.11 59.14 +4.82
N1-AFB Min 25.49 0.19 0.4 1.37 0.94 0.91 0 34.06
Max 38.67 1.63 3.58 22.41 2.69 3.70 0.45 67.96

Mean (n=4) 28.70 +£ 3.04 0.73+0.23 141+04 6.37 £4.75 1.53+0.34 1.58 +1.19 0.48 £0.16 59.20 + 7.96
N2-AFB Min 2547 0.00 0.27 1.16 0.09 0.49 0.00 5.01
Max 50.82 1.72 4.90 41.45 2.70 14.97 1.20 67.84

Mean (n=4) 27.08 1.6 0.58 +0.36 1.03+£0.34 419 +3.51 1.76 £0.34 1.99 £ 0.59 0.08 £0.1 63.13£5.45
S1-AFB Min 25.36 0.17 0.03 1.48 0 0.14 0 31.14
Max 40.19 2.83 3.61 26.07 2.25 3.93 0.65 67.75

Mean (n=3) 27.23+1.28 0.64+0.24 1.30 £0.53 416+1.7 1.64 £0.31 1.50 £ 0.55 0.10 £0.08 63.43 £3.47
S2-AFB Min 25.58 0.34 0.68 231 1.03 0.63 0 51.04
Max 30.87 1.95 421 9.07 2.38 3.28 0.32 68.14

Mean (n=4) 41.68 +2.46 1.27 £0.54 0.09 +£0.08 28,51 +£3.95 0.06 £0.15 0.66 £0.79 0.10 £0.10 27.63 £5.74
N2-Fibre  Min 39.48 0.37 0.00 24.12 0.00 0.08 0.00 11.87
Max 48.35 2.24 0.32 38.94 0.69 3.59 0.45 33.09

Mean (n=4) 37.57£3.55 1.94+0.8 0.2+0.34 21.74 £6.07 0.26 +0.55 0.45+0.6 0.31£0.22 37.54 +8.86
S1-Fibre Min 27.05 0.34 0.00 3.70 0.00 0.06 0.00 22.05
Max 44.24 2.92 1.11 32.58 2.12 2.56 0.71 64.87

Mean (n=3) 41.12+1.88 0.78 £0.20 0.13+0.20 27.92 +2.66 0.03 £0.07 0.28 £0.36 0.05 £ 0.04 29.68 £ 4.96
S2-Fibre Min 39.58 0.54 0.02 25.69 0 0.03 0 21.85
Max 44.02 1.05 0.48 31.93 0.16 0.91 0.09 33.64
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Figure 6. Plots of the Fe concentration from EDS against AFB size for the AFBs from each patient analysed here. F
denotes the position of the fibre in each EDS transect. Note that the EDS line analyses of AFBs from patient N1 did
not pass through the fibres. N1 and N2 are non-smoking patient N1 and N2 and S1 and S2 are smoking patient S1
and S2, respectively.
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Figure 7. Plots of the Si and P concentration against Fe concentration for the AFBs (excluding the fibre) analysed
here. N1 and N2 are non-smoking patient N1 and N2 and S1 and S2 are smoking patient S1 and S2, respectively.
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Figure 8. Representative SAED patterns for 2LFh and 6LFh from each patient: The white lines with numbers
indicate the position of the scattering bands (thick lines) and shoulders (thin lines) in the SAED patterns. N1 and N2
are non-smoking patient 1 and 2 and S1 and S2 are smoking patient 1 and 2, respectively. Note that the 6LFh may
be some intermediate phase between 2LFh and 6LFh, due to the lack of 6 strong lines.
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2.3.5 SAED patterns of AFB

The observed x-ray diffraction patterns for Fh can be of 2 types depending on the number of
visible peaks: one small and less ordered 2LFh and a more crystalline 6LFh?®. Representative
SAED patterns for each patient are shown in figure 8.

SAED patterns were obtained from each layer of each analysed AFB from all four patients.
All four patients presented both the characteristic pattern of 2LFh and 6LFh, having no
tendencies for either of them. The 2LFh is characterised by two bright rings with d-values of
0.15 nm and 0.25 nm. Some of the SAED patterns had shoulders on both sides or just one
side of each ring, such as those indicated by Janney, 2000%8. While the 2 rings of 2LFh were
observed, 6LFh did not have all its characteristic 6 rings. Therefore, some SAED patterns
may represent a transition phase between 2LFh and 6LFh. Although AFB 2 of patient S2 had
a SAED pattern with 5 clear rings, most likely being 6LFh.

2.4 Discussion

Externally, the AFBs studied showed a texture that resembled an aggregation of several
spherical components (Fig. 2d). Following the AFB dissection, the spherical components
were also observed within the internal cross-section. The spherical components could not be
unaltered macrophages due to their small diameters of 50-170 nm. Koerten et al., 1990%
observed macrophages with Fe-micelles in the peritoneal cavity of mice previously injected
with a suspension of crocidolite fibres. The identified spherical components in this study are
within the size range of the Fe-rich inclusions observed by Koerten et al.,1990% (~6 nm -
>100 nm). As a result, the observed spherical components may be the Fe-rich inclusions
from within the macrophages which went through frustrated phagocytosis.

The AFBs studied here had an internal morphology consisting of a series of Fe-rich
concentric layers surrounding the asbestos fibres, which varied in density/porosity. The
smoking patients had smaller AFBs than the non-smoking patients. The AFBs of the
smoking patients were also denser and richer in Fe than the AFBs of the non-smoking
patients. Thus, the non-smoking patients had larger and more porous AFBs than the smoking
patients. The mean Fe abundance of the AFBs of the smoking patients was 6.5 % higher than
that of the AFBs of non-smoking patients. The observations of a previous study align with
the aforementioned findings, in which there were higher Fe concentrations for the dry lung
tissue of smoking patients (containing AFBs) than that of non-smoking patients®. Cigarette
smoke (CS) is known for the complexation of Fe, which is deposited as Fh in ferritin3>43-4°,

Fe complexation by CS leads to the increase of Fe availability which explains the denser and
richer in Fe AFBs of the smoking patients compared to non-smoking patients. Meanwhile,
an overall lower Fe availability during the growth of the AFBs from non-smoking patients
might have led to larger and more porous AFBs with a lower overall Fe abundance than
AFBs from smoking patients. Furthermore, the AFBs of non-smoking patients were likely
formed in an environment that varied in Fe availability over time, due to the presence of
many contrasting porous and dense layers, compared to those of smoking patients.

Within ferritin, Fe3* is known to form Fh with minor amounts of Phosphate and Fh is also
known to associate with phosphates®>®, As such, the presence of P in the AFBs is expected
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and is what was observed here. Additionally, phagocytosis by alveolar macrophages (AM)
likely causes calcifications®, which explains the presence of Ca in AFBs. Di Giuseppe et al.,
2019' conducted TEM analyses on the exterior of AFBs but showed lower Fe concentrations
and higher P and Si concentrations than analyses undertaken here. However, due to the lack
of any internal investigation, it is impossible to understand whether the AFBs of Di Giuseppe
et al., 2019 are unique in terms of the overall composition or contain higher amounts of P
and Si that have adsorbed to the outside of the AFBs.

The SAED patterns for the studied AFBs were either 2LFh or 6LFh, or possibly an
intermediate Fh phase. An amorphous Fh crystal yielded more diffuse rings, while a
polycrystalline sample yielded sharper rings. All AFBs had their Fe in the form of Fh, and
no other Fe minerals were identified, such as goethite reported by Giuseppe et al., 2019%°,
suggesting that the ferritin shell remained intact. Ferritin misfolding leads to the exposure of
Fh to the surface, leading to its phase change and contribution to ROS production®#2, Having
detected only Fh in the AFBs studied here, these events have not occurred.

Aside from ROS, alternative mechanisms, such as inflammation® or radiation-induced
DNA damage?!, can initiate the onset of lung cancer or MM. For the latter hypothesis, AFB
bulk analyses have detected Ra concentrations of >1 million times than that of seawater. Fh
can adsorb traces of inhaled Ra, accumulating high concentrations within the lung
environment over time. The result is the production of Ra hotspots that persist throughout a
patient’s life. Thus, a patient could have been exposed to large doses of ionising radiation
over many years.

Prior to proposing an AFB accretion model, it is important to mention the following
information concerning the initial conditions that asbestos fibres are exposed to upon
entering the body. Once asbestos fibres are inhaled and deposited in the lungs, AM attempt
to phagocytose them, but due to the long length of the fibres and their insoluble nature, the
AM fail and allow the fibres to persist within the lungs”®4%%8, The fibres then interact with
the lung surfactant, a complex mixture of proteins, phospholipids and mucopolysaccharides
with the role of reducing surface tension in the alveoli during breathing. Finally, the fibres
and macrophage remnants become coated in the acid mucopolysaccharides, and because acid
mucopolysaccharides have an affinity to Fe, association with ferritin and other Fe sources
oCcurs 4,5,7,30735.

Considering the literature and the presented observations, the following AFB formation
accretion model is proposed (Fig. 9). The inhaled asbestos fibres are phagocytosed by AM,
as they are recognised as foreign pathogens (Fig. 9a-b). Failure of phagocytosis due to the
long length and the insoluble nature of the fibres leads to frustrated phagocytosis”® (Fig.
9c¢). Following the death of AM on the fibres, AM lose their membrane integrity and release
their internal components onto the surface of the fibres which include sequestered ferritin
with scavenged Fe®?%3"% (may be Fe inclusions®). The persistence of the fibres in the lung
environment leads to their coating with lung surfactant phospholipids and proteins, and acid
mucopolysaccharides**>?% (Fig. 9d-e). The latter are known for their Fe affinity, thus, they
mobilise and accrete ferritin and Fe on the fibre surface (Fig. 9f-g), leading to the irritant
factors being masked and halting membrane damage3*9"%°. Therefore, due to the initial
immune response, porous layers immediately form around the fibres, initiating AFB
formation. The damage caused by the fibre within the lung environment may influence the
size of the initial porous layer, as well as specific features of a given patient’s immune system,
which dictate the initial severity of the immune response.
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After the formation of the initial porous layers in the non-smoking patients, AM with ferritin
and scavenged Fe and lung surfactants, including mucopolysaccharides, accrete on the
asbestos fibres and act to mask them. Fe accretion from the neighbouring lung environment
is increased by the acid mucopolysaccharides. As a result, the fibre is masked by the
accretion of dense layers, resulting in avoidance of the immune system and a diminished
immune response. Nonetheless, the AFB growth continues, attracting AM and Fe-rich lung
components (Fig. 9h-i). The Fe concentration at that time determines whether a subsequent
accreted layer is porous or dense (Fig. 9j). Moreover, initiation of a further immune response
could occur due to lung tissue damage caused by fibre movement within the lung
environment, resulting in further porous layers.

A more pronounced Fe mobilisation3:3943-45 in smoking patients is achieved through the Fe
complexation of CS, resulting in a continuous source of Fe for the AFBs. Therefore, smoking
patients undergo the formation of denser layers within their AFBs and have smaller AFB
diameters (Fig. 9k) compared to non-smoking patients. Furthermore, the presence of more
porous layers in the non-smoking patients (Fig. 9l) yields larger AFBs than those of the
smoking patients because the presence of porosity results in a greater volume for a similar
amount of accreted material.

Based on the reported findings, AFBs develop differently in smoking and non-smoking
patients. It is not yet understood how these differences impact the initiation of cancer and
MM. However, if denser AFBs occur more often in smoking patients than in non-smoking
patients, the larger amounts of Fe could lead to an increase in ROS production and,
consequently, the risk of developing cancer. On the other hand, the dense layers rich in Fh
could provide a larger surface area for Ra adsorption and thus elevated radiation levels for
smoking patients in comparison to non-smoking patients, as in the radiation-induced DNA
damage! hypothesis. While CS has not been proved to be a factor in the development of
asbestos-related MM, in patients exposed to asbestos and CS had a multiplicative effect in
terms of the risk of developing lung cancer. Since the onset of lung cancer could be affected
by differences in the AFB morphology between smoking and non-smoking patients, an
unknown factor could also influence MM, such as a short latency period, which should be
further investigated.

2.5 Conclusion

Several AFBs from 2 smokers and 2 non-smokers were investigated regarding their external
and internal morphology. Previous studies showed similar external morphological features.
However, internal morphology revealed differences between the AFBs of smokers and non-
smokers. The AFBs of smokers were denser and more Fe-rich than those of non-smokers.

The study suggested a Fe-poor porous layer containing lung components accreted due to an
initial immune response. During frustrated phagocytosis, macrophages containing ferritin
and Fe-rich inclusion created as a result of asbestos inhalation were deposited on the fibre.
Following the initial immune response in smokers, the fibres were at least partially masked
from the immune system, leading to a more stable accretion of Fe due to complexation by
CS and mucopolysaccharides. However, the Fe-rich inclusions were still present, indicating
that the fibres were not fully masked from the immune system, so frustrated phagocytosis
was also a continuous Fe supplier to the AFBs. Regarding non-smokers, Fe concentration
and availability varied over time, resulting in less-Fe rich, dense and porous layers, and larger
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AFBs.

SAED data of the internal areas of the AFBs revealed only 2LFh and 6LFh. No other phases
were observed, as was the case in previous studies, which analysed only the exterior of the
AFBs. If other Fe phases were present, this would have suggested that the ferritin shell was
not intact, and the protein had become misfolded. As such, the Fh could have been exposed
to the lung environment. Meanwhile, an intact ferritin shell should have prevented Fh from
interacting with the lung environment and forming ROS. Therefore, another mechanism for
MM might be more plausible, such as DNA damage due to ionising radiation from adsorbed
Ra.

The AFBs of smokers were found to be more Fe-rich than non-smokers and thus may have
adsorbed higher amounts of Ra, leading to a higher radiation dose. While no previous studies
found a relationship between smoking and asbestos-related MM development risks, there
have been observations regarding a relationship between smoking and asbestos inhalation in
lung cancer development. Such an observation is difficult to explain and requires further
investigation. It may be the case that smoking influences MM in some manner, which has
yet to be determined.
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Figure 9. An illustration of the AFB formation model is described here. A. asbestos fibres are
introduced into the lung environment, and AM containing Fe-rich inclusions respond as part of the
body’s immune response. B. the AM attempt to engulf the asbestos fibre. C. the AM cannot fully

engulf or break down the asbestos fibre, undergo frustrated phagocytosis, and die. D. the Fe-rich
inclusions and other AM material (including ferritin) are deposited on the fibre’s surface, initiating
AFB formation. However, the number of Fe-rich inclusions is limited, and other sources of Fe are
not yet available, resulting in an initial porous layer. Subsequently, the asbestos fibre and deposited
AM material are exposed to lung surfactants (LS) and acid mucopolysaccharides (Mps). E. the lung
surfactants and acid mucopolysaccharides coat the fibre and AM material. F. Fe from the lung
environment is attracted to the acid mucopolysaccharides on the fibre. G. the Fe is adsorbed onto
the surface of the asbestos fibre and AM material, Initiating the formation of a dense layer
surrounding the initial porous layer. h. repeated cycles of AM frustrated phagocytosis and Fe
accumulation through adsorption result in the growth of the AFB. i. an example of an AFB
consisting of the initial porous layer and subsequent denser layer. j. After continued growth, the
AFBs of smokers and non-smokers differentiate due to the smoker receiving a higher and more
stable supply of Fe and the non-smoker receiving a variable and, on average, a lower supply of Fe.

k. an example of a cross-sectional view of a smoker’s AFB, with darker red indicating a dense
layer and light red a porous layer. I. an example of a cross-sectional view of a non-smoker’s AFB,

with dark red indicating a dense layer and light red a porous layer.
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3. CHAPTER 3 - ICP-MS analysis of MM samples

3.1 Summary

Previously, inductively coupled plasma mass spectrometry (ICP-MS) was used to
quantitatively measure the elemental concentrations of major and minor elements, rare earth
elements (REE) and 2?°Ral. The phosphate groups within ferritin are able to co-precipitate
with elements such as Cd, and REE such as La and Ce which are genotoxic for the lungs.
The aim was to reveal possible factors contributing to asbestos toxicity and cancer
progression.

While Nakamura et al., 2009* quantitatively measured the elemental abundances of 6 lung
samples (Fig. 11), the analysis has not been reproduced since. Therefore, the ICP-MS
analyses were repeated to evaluate the reproducibility and investigate the possibility of a
sample bias in the procedure. As seen in figures 11 and 12, the analyses of Nakamura et al.,
2009! and the current study differed especially in the number of lung samples where Ra was
detected, the former detecting Ra in 6 out of 6 samples, while the latter detecting Ra in 2 out
of 6 lung samples. The 2 lung samples in which Ra was detected were of smoking patients,
suggesting significant enrichment of Ra associated with smoking. The discrepancies
between the past study and the current study were found likely to be the result of sampling
bias caused by the heterogeneity in the ratio of AFBs to lung remnants within the sample
aliquots.

3.2 Materials and Methods
3.2.1 Machines

ICP-MS utilises a high-temperature plasma, which generates, and discharges positively
charged ions. The high-temperature plasma represents a chemically inert environment,
which is present during ionisation. As such, the formation of oxides is prevented, and the
analytes are efficiently ionised.

The sample for the ICP-MS analysis must be in a liquid state. Firstly, in the ICP-MS machine,
the liquid is pumped by a peristaltic pump into a nebuliser, where it is nebulised by argon
gas. The nebulisation results in a fine aerosol which is separated from larger droplets in the
spray chamber and then transferred through a sample injector within the plasma torch. In the
plasma torch, argon gas continuously flows, which is ionised by a spark from a magnetic
field generated by a radio-frequency coil. The spark leads to a very high-temperature plasma
(*6000°K), which remains constant for the duration of the analysis'%20%,

The fine aerosol is atomised upon entry into the high-temperature plasma, through drying
into solid particles, followed by sublimation as a result of the heat. The resulting atoms are
ionised by releasing an electron as they travel through the plasma. Following ion production,
the ions are guided towards the MS by an interface region, which connects the ICP and MS.
The interface region consists of a sampler and skimmer cones that suitably adjust the
pressure and temperature of the ionic gas for MS analysis.

Afterwards, the ions are filtered according to mass either in a quadrupole (iCAP TQ), passing
through its charged metallic cylinders or by a magnet (Element XR) where the ion path
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curves as it passes through it based on its mass to charge ratio and magnetic field strength.
lons of the mass-to-charge ratio of interest are kept from diverging, while any unnecessary
ions are filtered out. Finally, the ions reach the detector, the most common detector being a
dynode detector of 26 dynodes. When ions strike the active surface of the first dynode, an
electron is released for each ion struck. Subsequently, the electron strikes the second dynode,
and more electrons are released, leading to a cascade of electrons as more dynodes are struck
until it results in a measurable electronic signal at the last dynode. The signal is processed
by the data handling system and converted into concentration through the use of calibration
standards!®®192193 The |CP-MS machines used for analysis in the current study are the
Element XR High resolution ICP-MS (HR-ICP-MS) and the iCAP triple quadrupole (TQ)
ICP-MS.

3.2.2 Sample preparation

The lung sample aliquots utilised for ICP-MS analysis were from the same bulk lung samples
as those used in SEM and TEM analyses. For drying the sample, 1 ml of the sample was
pipetted into a quartz glass crucible, then covered with a quartz glass lid and introduced into
a furnace at 110°C for 2 hours. Subsequently, ashing was undertaken of the proteins within
the final product (residue) at 500°C for 3 hours.

The next step involved double leaching of the sample in order to split loosely fixed elements
from strongly integrated ones within proteins without causing asbestos decomposition. First,
the ashed sample was transferred to a tube with 3 ml of 0.06 M HCI and put into an
ultrasonication bath for agitation (20 minutes). Following ultrasonication and centrifugation
at 4,500 rpm for 20 minutes, the supernatant, labelled as leachate 1 (L-1), was collected. To
the remaining residue, 3 ml of 1M HCI were added, and the same procedure as before was
followed. The resulting supernatant was removed and labelled as leachate 2 (L-2), while the
solid material left in the final tube from which the supernatant was extracted was labelled as
residue. Finally, 0.6 ml of HF and 0.3 ml of HCIO4 were added to the two leachates and
residue, followed by agitation in an ultrasonic bath for 24 hours. A schematic diagram of the
leaching process is shown in figure 10.

The sample was then submitted to acid digestion using a modified version of method C by
Yokoyama et al. 1999% involving 3 stages: 1. Acid addition with HF and HCIOa, heating
and 3 drying steps, 2. Acid addition of HCIO4, heating and 3 drying steps, and 3. Acid
addition of HCI and drying. Following acid digestion, the samples were dissolved in 3 ml of
HNO3 and subjected to an isotope dilution-internal standardisation method (ID-1S) using
ICP-MS%, The method involved adding a spike enriched in 14°Sm. ID was used to determine
the Sm concentration, while the trace element concentrations were calculated using the 14°Sm
intensity as an internal standard. Finally, the major and minor element concentrations were
calculated using Sr as an internal standard, previously determined with the trace elements.

3.2.3 ICP-MS analytical procedures

As in Nakamura et al., 20091, 4 analytical sessions were devised for the current study and
these were based on element groupings: trace elements A (Li, Be, Rb, Sr, Y, Ba, La, Ce, Pr,
Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Pb, Th and U), trace elements B (Cd, In, Tl
and Bi), major and minor elements (Na, Mg, Al, P, K, Ca, Sc, V, Mn, Fe, Co, Ni, Cu, Zn and
Ga) and ??°Ra. The iCAP TQ ICP-MS was used to simultaneously determine trace elements
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A and B. For trace elements B, a solution rich in Mo was also analysed in order to reduce
the interference of MoO over Cd, using the method described in Makishima et al., 20111,
Afterwards, Element XR HR ICP-MS coupled to an Aridus, a desolvating nebuliser system,
was used to determine ??°Ra together with a diluted solution of the National Institute for
Standard and Technology (NIST) 4966 2?°Ra solution as the standard. Also, Element XR HR
ICP-MS was used to determine major and minor elements. A medium mass resolution
(m/Am=3000) was used for Na, Mg, Al, P Ca, V, Mn Fe and Co and a high mass resolution
(m/Am =7500) was used for K, Sc, Ni, Cu, Zn and Ga. The standard used for these analyses
was JB-3, the concentrations for which are available in Makishima and Nakamura,2006%°
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3.3 Results

Six bulk lung samples containing AFBs and fibre-free ferruginous proteins were analysed
for 44 elements. Fe and P were included which are known to be major components of AFBs.
For better concentration estimations, the results from L-1, L-2, and bulk (L-1+ L-2+ residue)
were normalised to 60 wt. % Fe concentration which was previously determined during TEM
analysis in AFBs. Furthermore, the results were normalised once to the elemental
abundances of the hypothetical Earth’s primitive mantle!?”, which is the whole silicate Earth
composition after core formation (PM-normalised), in order to facilitate concentration
comparisons. Figures 11 and 12 show trace elements and overall elemental abundance
patterns of all 6 patients for L-1, L-2, and bulk, done by Nakamura et al., 2009 and by this
current study, respectively.

The PM-normalised patterns showed high abundances of Ra, Ba, U, Pb, P, Cd and Zn, while
REE abundances showed a pattern of decreasing abundances, similar to Nakamura et al.,
2009, The highest abundances are for light REE, followed by middle REE. The high
abundances persist throughout all patterns, with the highest abundances present in L-1,
which can be explained by a higher amount of leached protein material than L-2. There is
some variability among patients in L-2, which can be explained by different fractions of
ferritin and haemosiderin proteins leached from the samples. Bulk elemental abundances
resemble those of L-1. An extremely high abundance of Gd was observed in patient K due
to an anomaly caused by a Gd-rich contrasting agent used in the magnetic resonance imaging
system.

3.4 Discussion

The most important finding is the detection of ?°Ra within 2 out of the 6 lung samples
analysed in this study (0.24-3.60 ppb) (Fig. 12). These 2 samples are from smoking patients,
which might indicate a significant enrichment of Ra associated with smoking. Previously,
Nakamura et al., 2009 found 2%Ra within 6 out 6 lung samples from the same patients (Fig.
11). The reason for the discrepancy in the results reported here and those reported previously
may relate to a sampling bias due to how the samples were stored and how the aliquots were
obtained. The lung tissue was dried and suspended in a liquid, meaning that each aliquot
taken from the suspension can record slightly different compositions, depending on the level
of heterogeneity in the elemental and isotopic compositions between individual suspended
particles. Furthermore, different amounts of suspended particles should have been removed
with each aliquot, even though the volume of the solution removed was the same. As such,
it is likely that the previous study of the 6 lung samples recorded the compositions of more
226Ra enriched solid material or a more significant number of particles.

2%6Ra is the 5™ daughter nuclide of the 2%8U- 2%pPp decay chain, having a half-life of 1600
years. In turn, 2°Ra a-decays into 22Rn, emitting a high energy of 4.871 MeV, followed by
o-decay to 28Po and 2*Po, which in turn a-decays to 2°Pb and finally to 2°Pb®. Thus, ?’Ra
is a radioactive element capable of causing ionising radiation through the emission of a-
particles and consequently causing genotoxicity. Therefore, 2?Ra might have an important
role in the aetiology of MM.
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Sampling bias was further observed in the abundances and distribution of REE, as well as of
Ba, U, Bi, Pb, P and Cd. As in Nakamura et al, 2009%, an initial light REE abundance was
observed in L-1. However, the heavy REE had little variation in this study than in the past
study where the heavy REE variation was more significant. Interestingly, this study had
higher Ba abundances than the past study, therefore it was expected to observe high Ra
abundances, Ba often being treated as an analogue for Ral%. Nevertheless, Ra was detected
in only 2 out of 6 samples and U had lower abundances, which strengthened the existence of
sampling bias. Another observation possibly caused by sampling bias is an enrichment of Bi

in this study, which was shown to promote oxidate stress in the lower lung regions®.

P is known to associate with Fh!*® which explains the higher P abundances in this study than
the previous study. The high P abundances might hint towards a higher enrichment in Fh and

ferritin, further supported by higher enrichments of Pb, Cd and U, which are known to bind
to Fh57'61’111'112.

As previously mentioned, the higher abundances of other elements can be plausibly
explained by their binding affinity to various substrates that are thought to compose the
AFBs. For instance, U and Cd are known to have a high binding affinity to ferritin®°,
Furthermore, ferritin can form ionic and organic complexes within its cavities*'?, explaining
the high abundances of Cd and Zn that form such complexes®. Since Fh is present within
the AFBs due to being housed within the ferritin, this Fe hydroxide can also contribute to
the yield of some of the high abundances. Adsorption onto Fh was investigated and proved
for Ra, Ba, Pb, Cd, and Zn®°616365108.115 1t was found that Zn has no association with lung
cancer risk!®. However, it was found that the co-existence of P and Cd benefits the
immobilisation of Cd®®°. As such, in addition to ??°Ra, some other elements are known to
be toxic, such as Pb, Cd and U, are likely present within AFBs>85961.64.65113.114 \J and Ra are
radioactive elements which emit a-particles that cause genotoxicity within the lungs and
irreversible DNA damage®®. Cd is a known human carcinogen which causes single-strand
DNA breaks, inhibits apoptosis and DNA repair, and activates proto-oncogenes through
genotoxic mechanisms, increasing lung cancer risk!'®!’. Most REE and Pb are known to
have genotoxic properties through their involvement in reactive oxygen species
formation®3°4118,
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3.5 Conclusion

Genotoxic elements such as Pb, REE and, most importantly, radioactive 2Ra and U were
detected in MM patients. Due to the adsorption properties of Fh, AFBs are the most likely
reservoir of such elements. The detection of 2°Ra in MM patients showed that ionising
radiation might be an essential factor in the development of MM. The discrepancy in results
between Nakamura et al., 2009 and this study, such as this study detecting Ra in 2 out 6
patients, while the previous study detected Ra in all patients, might be due to heterogeneity
of the lung tissue sample. However, the 2 patients were smoking patients from which Ra was
detected in the current study, indicating that the significant enrichment of Ra in AFBs might
be due to smoking. The lung tissue sample was suspended in liquid which meant that each
aliquot could yield different ratios of AFB and lung remnants and thus different Ra
concentrations. The presence of highly genotoxic and/or radioactive elements suggests that
DNA damages which leads to cancer cells and tumorigenesis have a role in MM incidence.
Accordingly, in situ analysis of trace elements, including ?°Ra, was necessary to assess the
potential impact of these elements more definitively on the initiation of cancer and MM in
particular.
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4. Chapter 4 - Development of a highly sensitive Ra detection protocol
4.1 Summary

Previously, abundant elements detected in the bulk analysis, such as ??°Ra, rare earth
elements (REE), Pb, Cd and U, are known to be toxic to the human body®8°9616465113114
226Ra and U are radioactive elements which emit a-particles that cause genotoxicity within
the lungs. Cd is a known human carcinogen which causes single-strand DNA breaks and
inhibits apoptosis and DNA repair leading to increased lung cancer risk''¢1", Most REE and
Pb are known to have genotoxic properties through their involvement in reactive oxygen
species formation®3°4118,

However, bulk analyses of lung tissues cannot prove that AFBs are the specific source of the
carcinogenic elements reported because other lung components were included. As such, in
situ analysis was required, which was undertaken here using secondary ion mass
spectrometry (SIMS).

A ferrihydrite (Fh) standard creation and a mounting protocol were established through
which vacuum stable and homogeneous standards were created. Two Fh standard series were
created, for REE and Ra analysis, respectively. With the newly created standards, the
analytical conditions for REE analysis and Ra analysis were established. In addition, the
background signal for the ?°Ra* signal was quantified.

An AFB mounting protocol was developed which was used to provide enough AFB material
for SIMS analysis, on a micrometre scale. The Fh standards with Ra and the mounted AFBs
were analysed using the established Ra analytical conditions, resulting in the detection of Ra
in AFBs. For the 2°Ra* signals that were above 36 of the previously quantified background
signal, Ra concentrations were calculated. Based on the calculated Ra concentrations,
localized effective doses of AFBs were estimated and a radiation hotspot model was drawn.

4.1.1 Secondary ion mass spectrometry

SIMS uses a primary ion beam to generate secondary ions from a sample. The most common
primary beam species are O~ and Cs*, which greatly enhance the yield of electropositive and
electronegative species, respectively. A typical SIMS consists of a primary beam source,
several electrostatic lenses and deflectors, an electrostatic energy filter, a mass filter, and a
detection system.

A sample surface held at a potential of 10 kV is hit by a primary ion beam with an impact
energy of -23 keV, transferring kinetic energy to target atoms through nuclear collisions. The
collisions displace the target atoms on the sample surface, which can then transfer a portion
of their energy to other target atoms, a process known as the collision cascade. In order to be
ejected from the sample, the target atoms need to accumulate enough momentum and Kinetic
energy to overcome the surface potential barrier. Since the energy is obtained from collisions,
the emitted atoms have low energies of a few eV. As a result, the majority of ejected particles
are neutral, and only a small fraction is in an ionised state. Furthermore, the production of
secondary ions results in the sputtering of the sample, leading to a flat bottom and square-
shaped sputter craters when the primary beam scans over the sample surface.
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The immersion lens 5 mm from the sample extracts the secondary ions, which are then
focused into a secondary beam onto the mass spectrometer slit or aperture by the transfer
lens. The transfer lens also assists in projecting the secondary ions onto an image detector to
visualise the sample surface. The immersion lens and transfer lens together form the Cameca
ion microscope.

Subsequently, the secondary ions pass through the electrostatic energy analyser, where lower
energy ions are more strongly bent than higher energy ions. The inner and outer sector
electrodes of the analyser have voltages of opposite polarity to one another, their respective
polarity depending on that of the secondary ion beam.

Afterwards, a mobile energy slit intercepts the high-energy polyatomic ions, denying them
passage into the magnetic analyser so that only monoatomic ions are allowed to pass. In
cases where the energy of polyatomic ions is high enough to be intercepted together with the
monoatomic ions, the energy filtering technique is used to reduce their energy. The energy
filtering technique involves lowering the accelerating voltage, known as the voltage offset,
which results in reduced ion intensities for both monoatomic and polyatomic ions, the effect
being stronger for polyatomic ions. Accordingly, a middle ground between a sufficient ion
intensity for a monoatomic ion of interest and low enough polyatomic ion intensities, which
can represent potential inferences, can be achieved.

The next step involves the ion beam passing through the mass analyser. The most commonly
used mass analyser is the magnetic sector. As the ions pass through the magnetic field applied
perpendicular to the direction of the motion of ions, it deflects their trajectory in the form of
an arc. The radius of the arc is inversely proportional to the mass of each ion. Therefore,
variation in the magnetic field strength allows focusing on ions of different masses.

The entrance and exit slits surrounding the magnetic sector allow only ions of a mass-to-
charge ratio of interest to pass through. Therefore, the width of these slits determines the
mass resolution power of the magnetic sector. A high mass resolution (HMR) is used to
reduce mass interferences by separating signals of the same supposed mass. The mass
resolution is set by decreasing the slit width, which at the same time also decreases the
secondary ion transmission to the detector.

The combination of an electrostatic and magnetic sector is known as a double-focusing
instrument. Such an instrument compensates for the chromatic aberrations in energy
dispersion caused by the magnet that lowers mass resolution by adjusting the energy of the
electrostatic sector. This way, a higher mass resolution is obtained despite the existence of
the mass dispersive properties of the magnet.

After mass filtering of the secondary ions with the mass-to-charge ratio of interest, the
number of delivered ions per unit time of these ions is recorded and quantified by a detector,
which converts this value into an easily relayed intensity, usually of counts per second (cps).
Most SIMS instruments have more than one detector, the most common being a Faraday cup
(FC) and an electron multiplier (EM). In this study, only the EM detector was used.

The EM detector comprises a series of electrically isolated metallic electrodes called dynodes.
When a particle hits the first dynode, it produces a few secondary electrons, which are
accelerated into the second dynode, where more secondary electrons are produced. The
generation of secondary electrons continues through collisions with further dynodes until a
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cascade of secondary electrons occurs. The resulting current is converted into a voltage by a
high impedance multiplier, which in turn is converted by a voltage/frequency converter into a
signal that can be measured in cps units.

Imaging analysis with 64x64 pixel resolution and a 20x20 um raster was used in both trace
element and Ra analyses in order to observe the distribution of ions within the AFBs and disregard
any possible noise!%1%,

4.1.2 Design of reference Fh materials

In order to determine the elemental abundances of a sample using SIMS analysis, a standard
with the same matrix as the sample needs to be created and analysed prior to the sample. The
AFBs mainly consist of Fh; thus, Fh-based standards are required for AFB analysis.
Therefore, one Fh standard series was doped with a specific pattern of trace element
concentrations to enable quantitative trace element analysis of AFBs, while another Fh
standard series was doped with sequential Ra concentrations to allow Ra analysis. In addition,
three other standards were created to investigate interference to ?°Ra* and the background
signal contributing to the ?2°Ra* mass peak. Three other standards were created: one Fh
standard doped with P only, one Fh standard doped with P and Ba, and one Fh standard
doped with P and Pb.

4.2 Methods
4.2.1 Synthesis and mounting of reference Fh materials

Initially, Fh standard creation consisted of four steps: 1. the creation of a 2LFh mixture with
trace element or Ra concentrations based on the method of Schwertmann and Cornell,
200821, 2. drying an appropriate amount of the Fh mixture in an oven at over 500°C, 3.
mounting the dried Fh into an epoxy resin puck and polishing, and 4. evaluation of the
standard homogeneity and determination of the trace element yields of the Fh standards by
SEM and SIMS. A standard was considered to show heterogeneity when its surface
demonstrated different compositional regions in SEM, indicated by the presence of more
than one shade of grey during backscattered electron (BSE) imaging and varying chemical
abundances during SEM-energy dispersive X-ray spectroscopy (SEM-EDS) and SIMS
analysis.

In the initial stages of developing the standard creation protocol, the Fh standard was
mounted in a resin puck. However, the resin puck caused poor vacuum conditions in SIMS
due to devolatilization, which negatively influenced the analysis results. So, the resin puck
was replaced with a 4mm diameter aluminium tube filled with resin which led to improved
vacuum conditions. Furthermore, some standards were initially found to be heterogenous, so
the method was adjusted to dry the Fh at lower temperatures and for a shorter time since Fh
changes phases when exposed to temperatures higher than 500°C. Accordingly, while
observing the final standards by SEM, the standards showed a uniform colour on their
surface, so they were deemed homogenous without any further chemical investigation.
Through such improvements, the standard creation protocol described at the start of this
section was improved to yield homogenous and vacuum stable Fh standards.
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Accordingly, the revised protocol consisted of four modified phases: the first step remained
as before since the same 2LFh mixtures were used. The second step involved drying the
2LFh mixtures in the evaporator at a lower temperature in order to prevent phase change of
the Fh mineral. The Fh mixture was dried into a small solid dark red pellet. A half-drilled
aluminium tube of 4 mm in diameter was prepared. For the third step, the aluminium tube
was filled with epoxy resin which was left to cure until it achieved a viscous state. The
previously dried Fh pellet was fixed upright in the epoxy resin.

Additionally, epoxy resin was used to cover the Fh pellet and left to cure overnight. The next
day, the fourth step was undertaken, in which the surface of the mounted Fh pebble and
epoxy resin was ultra-microtomed until a substantial surface of the Fh was exposed. Below
a more detailed description of the four steps concerning standard creation is given.

The middle to heavy REESs have isobaric interferences. As such, it was necessary to create
standards where the REE were separated to avoid these interferences and enable oxide
reduction calculations. Accordingly, the ferri-7 (REE) standard series were synthesised,
which included three standards (a, b, and c). For example, 1*BaO" interferes with Eu*, so
Ba is present in ferri-7-a but not in ferri-7-b, while Eu is present in ferri-7-b but not in ferri-
7-a. Thus, the ions detected for *>*Eu* in ferri-7-a are that of 1*BaO*, while in ferri-7-b, they
represent only *Eu* ions. The primitive mantle normalised elemental abundances to have
an increasing pattern resembling CI chondrites.

For Ra analysis, a series of five standards with four sequential Ra concentrations and one
without Ra was created in order to yield a linear calibration curve. The standards were also
doped with Pb at the concentration of patient A to reflect the Pb concentration of AFBs.

The second step involved drying the Fh, which was necessary for mounting the standard into
an aluminium tube filled with epoxy resin. It is known that prolonged exposure to high
temperatures leads to the phase change of Fh to haematite'?>12, Previous attempts of drying
the Fh involved high temperatures, which led to heterogeneity and other crystal phases,
documented through SEM and TEM SAED patterns. Thus, a simplified drying method with
limited exposure to heat was developed, as shown in figure 13a. Firstly, 100 pl of the Fh
mixture was pipetted into an Eppendorf tube and centrifuged at 10,000 rpm for 1 minute,
and the resulting supernatant was removed. The centrifugation and supernatant removal steps
were repeated three times. Finally, the resulting Fh liquid was left to dry in the evaporator at
120°C for up to 2 hours, unsealed and covered with a larger cap until it completely dried in
the shape of a small dark red pellet.

The third step involved mounting the pellet in semi-cured resin inside an aluminium tube.
The semi-cured resin prevented the Fh pellet from sinking to the bottom of the aluminium
tube (Fig. 13b). If the Fh pellet sank below the rim of the aluminium tube, ultra-microtoming
would not be possible. Therefore, the Fh pellet was set in a position slightly elevated from
the base of the aluminium tube, covered with resin, and left to cure overnight.

The fourth step involved the ultra-microtoming process, which was undertaken using a
diamond knife. The speed of the knife was set to 1.5 mm/s, with a feed of 1.5 um when ultra-
microtoming resin. Meanwhile, the speed was set to 1 mm/s, with a feed of 0.5-1 um when
ultra-microtoming the exposed Fh surface.
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Before SEM observation, the fully prepared Fh standard was coated with 300 A of gold.
Then, SEM was used to observe homogeneity in terms of morphology and chemical
composition. Afterwards, the sample was transferred to SIMS, where its homogeneity, in
terms of ion intensities, was observed by surveying 10 spots.

The spot survey was followed by the calculation of secondary ion yields through the division
of secondary ion intensity by the elemental concentration of the element of interest obtained
through ICP-MS analysis. The secondary ion yield is the number of ions produced per
sputtered molecule.
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Figure 13. Creation of the Fh standard: a. drying of the Fh, b. mounting in resin and microtoming.
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4.2.2 Typical analysis conditions
Analytical conditions for REE determination

Analytical conditions used in spot analysis for both standards and samples are shown in
Table 4. The same analytical conditions were used for both standards and samples. The 1 nA
beam was chosen for minimal damage and optimal secondary ion yields. 21 isotopes were
included in the analysis, *°Si*,3'P*, and >’Fe* having a short counting time of 5 seconds due to
being major elements and having high ion intensities and 8Sr* and 8Y* having a counting time
of 10 seconds. The rest of the isotopes had a counting time of 20 seconds. The measurement
of %Si* was performed only on silicate standards to allow mass calibration and beam positioning.

Analytical conditions for ?°Ra* determination

Analytical conditions used in spot and imaging analyses for both standards and samples are
shown in table 5 and figure 14. The same analytical conditions were used for both standards
and samples. In addition, a beam of 1 nA was used in order to prevent rapid erosion of the
sample and ensure that enough sample was preserved for a successful analysis.

For the determination of the mass peak of ??°Ra*, a calibration curve representing atomic
weight plotted against the B field value was constructed for a uraninite sample. The atomic
weights and B field values of 2%Ph*, 207pp*, 208pp*, 234y* 235y* and 2*8U* were plotted in
order to determine the B field value of 2Ra*. The determined B field value for ?°Ra* based
on the atomic weight vs B field calibration curve was determined as seen in figure 15.
Assuming that the uraninite had a UO- concentration of 100 wt. %, the Ra concentration in
uraninite was determined by the equilibrium equation 2’Ra = Aazsu/A226ra*2CU, resulting in
356 ppb.
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Table 4. Analytical conditions for trace element analysis

Parameter

Remark

Mass spectrometer
Primary impact energy
Gold coat

Primary beam current
Raster area

Pre-sputter duration
Acquisition mode
Secondary voltage
Energy offset

Entrance slit width
Contrast aperture dimension
Field aperture dimension
Energy band pass width
Exit Slit width

m/Am

Detector

Secondary ion acquisition
3OSi+,3lP+, 57Fe+

888r+,89Y+

137Ba+ 139La+ 140Ce+ 141Pr+ 146Nd+ 147Sm+ lSlEu+ 159Tb+
1eoGd+ 163Dy+ 165HO+ 167Er+ 174Yb+ 175Lu+ 208pb+

Total analysis time
Background correction

Cameca IMS-1280
+13keV
200A
~1nA

20 um?
180s

Spot
+10kV
—45eV

240 pm

400 pm
8000 pum
—10 + 40eV
600 pm
2000

EM

(% 5cycles)
5s

10s / 40s
20s / 40s

The 20s /40s
40mins (including
pre-sputter duration)
was not applied
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Table 5. Analytical conditions for 22°Ra* and MREE interference analysis

Parameter Remark

Mass spectrometer Cameca IMS-1280
Primary impact energy +13keV

Gold coat 300A

Primary beam current ~1nA

Raster area 20 um?
Pre-sputter duration 50s

Acquisition mode Spot/Imaging
Secondary voltage +10kV

Energy offset OeV

Entrance slit width 77 um

Contrast aperture dimension 400 pm

Field aperture dimension 4000 pm

Energy band pass width —10 £40eV

Exit Slit width 150 pm

m/Am 8000

Detector L2-EM, axial EM/EM

Background correction

was not applied
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Figure 14. Analysis definition for 2Ra* imaging analysis: top left. Table denoting analysed
isotopes by the multi collector, specifying counting time, waiting time, and b field value; top right.
Window denoting cycle number, total acquisition time and raster size of the analysed area; bottom
right: Mass calibration control regarding peak centring on 2Phb*, counting time, mass range and the

number of measurements.
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Figure 15. Calibration curve based on the atomic weight and B field values of 2%°Pb*, 27pb*, 208ph* 234U* 25U* and 238U" for determination of the B field
value of ?Ra".

57



4.3 Results
4.3.1 The concentrations of the Fh standards

After successfully developing a procedure to make homogenous Fh standards, it was
necessary to create doped Fh standards. In order to make doped standards, specific
concentrations of either trace elements, Ra, P, Ba or Pb, were added to the Fh mixtures. The
elemental abundances of the synthesised Fh mixtures were determined by ICP-MS analysis
and are shown in Table 6 and figure 16. At this stage, the Fh mixtures were in a viscous state
and constantly kept in a refrigerator.

4.3.2 Homogeneity of the Fh standards

There were several attempts to create Fh standards through different methods, eventually
leading to the current method. As mentioned before, high temperatures changed the crystal
phase of the Fh, leading to heterogeneity (presence of more than one phase) and the
measurement of more than one type of chemical composition. The most noticeable way to
observe heterogeneity within a Fh standard was different shades of colour (Fig. 17) on its
surface by SEM BSE and significant differences in °’Fe* ion intensities between these
differently shaded areas.

Based on SEM observations (Fig. 18), all standards presented a homogeneous composition
as they had a uniform colour shade across their surface. The grainy texture and straight lines
over the standard surface were due to the microtoming process of the diamond knife.

4.3.3 Optimization of SIMS conditions

Energy filtering for REE determination

Energy offset (for energy filtering) and HMR values were decided based on surveys fulfilled
for both parameters by analysing the newly synthesised Fh standards. The offset was —45 eV
while the mass resolution was m/Am 2000. In addition, energy filtering was used to reduce
the contribution of polyatomic ions to the signal of REE.

HMR for Ra detection

The mass peak of ??Ra*was identified based on the previously determined B field value, as
seen in figure 19. An interfering peak preceded the ?°Ra* mass peak, which prompted the
evaluation of interference reduction methods, namely energy filtering and HMR, for
separating the interfering peak from the ??Ra* and reducing the tail contribution of the
interfering peak. The interfering peak has a mass of 225.95 which is consistent with
208pp180OH, with a mass of 225.987. Further evaluation is necessary.

The ??°Ra*analysis acquisition and pre-sputter times were determined by analysing the same
spot for 600 cycles, each cycle with a counting time of 10 seconds. As seen in figure 20, the
226Ra'intensity signal decreased after 150 cycles (25 minutes). Moreover, pre-sputtering was
not implemented. Hence the initial signal had high intensities in both 2%Pb* and ??°Ra"*, as
seen in figure 21. Therefore, the first 10 cycles (50 seconds) were removed post-analysis.

The signal of 2°Ra* was much smaller in the Fh standards, small enough to cause difficulties
in the mass calibration of the ??°Ra*mass peak. Therefore, implementing multi-collector use
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was considered, in which the 2°Pb* mass peak was simultaneously aligned with that of ?°Ra"*.
As a result, the 2°®Pb* mass peak was detected by the L2 EM, and the ?°Ra*mass peak was
detected by the axial EM. In other words, when the 2Ra*mass peak was not visible for mass
calibration, the ?°Ra* mass peak was centred on the visible 2%Pb* mass peak, knowing that
they were previously centred simultaneously. Therefore, the 2®Pb* mass peak became a
guide for centring the 2°Ra*mass peak in Fh standards, in which the 2®®Pb* mass peak was
visible since the Pb concentration was at ppm level. An example of a mass calibration of the
226Ra* mass peak to that of the 2°Pb* mass peak by using a multi-collector is seen in figure
22.

Analysis of 2°Ra* was undertaken by imaging mode using the multi-collector, with a beam
of 1 nA, HMR of m/Am 8000 and raster area of 20 um?. Post analysis, a region of interest of
16 pm? was selected in the ion image for ion intensity quantification. A region of interest
was applied due to the appearance of an ion surge border around the edge of the sputtered
area, which was suspected to be due to the gold coating. Furthermore, this ion surge border
appeared only when analysing ppb level isotopes, in this case, °Ra".

The appropriate interference reduction methods were determined while maintaining high
transmission of the ?2Ra* ion signal by evaluating tail contribution and observing how the
transmission was affected. Evaluation of the tail contribution on ?Ra* relied on the tail
contribution of 2%Pb*. The mass difference between the interfering peak and ??°Ra* was
measured for the determination of tail interference of 2%®Pb* to the peak at the same distance
difference between the interfering peak and ??°Ra* (Fig. 23 - Am). The mass (208.047) where
208pp* interfered did not correspond to any chemical element, so measurement at this mass
would reflect only the tail contribution of 2°8Pb*. Two ratios were considered for evaluation,
225Ra*/interfering peak and interfered peak/?®®Pb*with the same analytical conditions as in
table 5, except for varying energy offsets and HMR settings and the analysis definition in
figure 24.

Before commencing spot analysis, mass spectrums were obtained for each considered energy
offset value and m/Am 8000, and each considered HMR value and OeV offset. The same
general analytical conditions were used as in table 5 and the analysis definition in figure 25.

Moreover, the possibility of MREE interference to 2Ra* was investigated in a series of spot
analyses with the analytical conditions in table 6, including background correction at mass
57.8 and the analysis definition in figures 26 and 27. 2?°Ra* was present in the spot analysis
of figure 27 as a tool for peak jumping in order to maintain optimum mass cycling for the
mass spectrometer magnet. Analysis of 22°Ra* was undertaken separately in the same spot
using the previously described imaging analysis protocol in table 5 and figure 14.
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Table 6: Elemental abundances of reference materials. The concentrations are normalised to 60 wt% of Fe.

ferri-7A ferri-7B ferri-7C ferri-0 ferri-8 ferri-9 ferri-Ra0 ferri-Ral ferri-Ra2 ferri-Ra3 ferri-Ra4
Na cg/g BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Li uglg BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Be uglg BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Mg ug/g 4.3 1.81 5.53 BDL 13.96 BDL 6.81 12.93 BDL BDL 16.87
Al uglg 23.35 19.1 20.45 BDL BDL BDL 14.36 30.65 37.65 89.70 209.73
P cgly 3.00 3.08 3.03 3.34 3.26 3.44 3.26 3.06 3.13 3.10 3.03
K cg/g 0.01 0.02 0.02 BDL BDL BDL BDL BDL BDL BDL BDL
Ca ugl/g BDL 37.87 BDL BDL BDL 113.4 46.23 BDL 62.52 10.34 28.93
Sc cg/g BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Vv ugl/g BDL BDL BDL BDL BDL BDL BDL BDL 0.011 BDL 0.208
Mn ugl/g 8.26 7.66 7.71 6.32 16.72 3.44 7.08 BDL 272 2.79 5.59
Fe cgly 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00
Co ugl/g 0.68 0.58 0.87 1.79 2.02 BDL 0.58 BDL BDL 0.43 0.48
Ni uglg 6.56 7.26 6.22 5.63 3.88 3.29 6.68 451 2.80 3.34 5.58
Cu ugl/g BDL 197 1.59 1.59 1.45 1.57 1.84 1.95 1.08 1.52 1.78
Zn ugl/g BDL 147 5.06 21.6 9.81 5.73 26.05 36.10 23.18 6.06 8.27
Ga ugl/g 4.1 5.18 4.07 4.3 3.66 4.32 4.62 4.34 5.22 3.88 4.45
Rb ug/g BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Sr ugl/g 203.81 461.14 838.1 BDL BDL BDL BDL BDL BDL BDL BDL
Y ugl/g 46.1 92.4 181 BDL BDL BDL BDL BDL BDL BDL BDL
Cd ug/g BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
In ugl/g BDL 0.00678 0.00699 BDL BDL 0.0077 BDL BDL BDL BDL BDL
Cs ugl/g BDL BDL BDL BDL 0.0038 BDL BDL BDL BDL BDL BDL
Ba uglg 1244 0.292 0.473 BDL 303.1 BDL BDL 44,96 178.28 264.62 1116.79
La ugl/g 130 BDL 0.00483 BDL BDL BDL BDL BDL BDL BDL BDL
Ce ugl/g 377 BDL 0.00435 BDL BDL BDL BDL BDL BDL BDL BDL
Pr uglg 64.4 BDL 0.00268 BDL BDL BDL BDL BDL BDL BDL BDL
Nd ugl/g 364 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Sm ugl/g 131 0.00139 0.000542 BDL BDL BDL BDL BDL BDL BDL BDL
Eu ugl/g BDL 72.3 0.00327 BDL 0.042 BDL BDL BDL BDL BDL BDL
Gd ugl/g 0.146 241 0.00797 BDL BDL BDL BDL BDL BDL BDL BDL
Th ugl/g 0.0429 63.2 0.00374 BDL BDL BDL BDL BDL BDL BDL BDL
Dy ug/g BDL 382 376 BDL BDL BDL BDL BDL BDL BDL BDL
Ho ugl/g 0.0215 105 103 BDL BDL BDL BDL BDL BDL BDL BDL
Er ugl/g 0.0637 0.0367 312 BDL BDL BDL BDL BDL BDL BDL BDL
Tm ugl/g BDL 0.0101 74.9 BDL BDL BDL BDL BDL BDL BDL BDL
Yb ugl/g BDL BDL 394 BDL BDL BDL BDL BDL BDL BDL BDL
Lu ugl/g BDL 0.00717 99.2 BDL BDL BDL BDL BDL BDL BDL BDL
Tl ugl/g BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Pb ugl/g 20.2 41.2 77.6 15 BDL 3304 35.84 35.38 48.07 47.30 33.19
Bi ugl/g BDL BDL 0.00705 BDL BDL BDL BDL BDL BDL BDL BDL
Th ug/g BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
U uglg BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Ra ngl/g 0.38 BDL BDL BDL BDL BDL BDL 9.32 30.46 47.22 135.04
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Figure 16. PM-normalised elemental abundances of reference materials: blue rectangle — Fh standards without Ra; red rectangle: Fh standards with Ra.
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Figure 17. Fh standard created with previous standard creation protocol, which yielded heterogeneous standards, denoted by a. the distribution of bright and
dark areas b. the difference in Fe concentration measured by SEM-EDS (e.g., bright spot 4 ~27.5 wt. %, dark spot 11~20 wt.%).
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Figure 18. SEM images of the Fh standards: a.) ref-ferri-Ra2 and b.) ref-ferri-Ra0.
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Figure 19. Mass spectrum at m/z=226.025 in uraninite. The right peak is the identified °Ra* peak
and the left peak is a possible interfering peak.
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Figure 20. Time profile for the 22°Ra* ion signal in a Fh standard with Ra ([Ra] = 0.451 ppb).
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Figure 21. Spot analysis of ?2°Ra* (black) and 2°®Pb*/10000 (red) for 150 cycles in a Fh standard
with Ra.
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Figure 22. Mass calibration of 2Ra* mass peak (white) to that of 2°Pb* mass peak (blue) in uraninite using a multi-collector detector.
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Figure 23.

Visual representation of the tail positions of the interfered ?°Ra* peak and the interfering 2°Pb* peak.
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Figure 24. Analysis definition for the tail contribution analysis: top left. Table denoting analysed isotopes, each with their specific counting time, waiting
time and b field value; top right. Window denoting cycle number, total acquisition time including analysis time and pre-sputter duration, raster size of the
analysed area and pixel resolution of the image; bottom left. Pre-sputter details regarding raster size and amount of time; bottom right: Mass calibration
control regarding peak centring on 2%Phb*, counting time, mass range and the number of measurements.
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Figure 25. Analysis definition for 2Ra* mass spectrum analysis: top left. Table denoting the mass range of the mass spectrum (dM-; dM+), waiting time, b
field value and amount of mass steps; top right. Window denoting total acquisition time including analysis time and waiting time.
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Figure 26. Analysis definition for MREE interference analysis: top left. Table denoting analysed isotopes, each with their specific counting time, waiting

time, and b field value; top right. Window denoting cycle number, total acquisition time including analysis time and pre-sputter duration and raster size of

the analysed area; bottom left. Pre-sputter details regarding raster size and amount of time; bottom right: Mass calibration control regarding peak centring
on %8Fe*, counting time, mass range and the number of measurements.
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Figure 27. Analysis definition for MREE interference analysis continued: top left. Table denoting
analysed isotopes, each with their specific counting time, waiting time, and b field value; top right.
Window denoting cycle number, total acquisition time including analysis time and pre-sputter
duration and raster size of the analysed area; bottom left. Pre-sputter details regarding raster size
and amount of time; bottom right: Mass calibration control regarding peak centring on 5¢Fe*,
counting time, mass range and the number of measurements.
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4.3.4 Performance of Ra detection
lonisation efficiency

The tail contribution of the interfering mass peak on the left side of the 2°Ra* mass peak was
evaluated by obtaining a series of mass spectrums at different values of energy offset and
HMR settings. The tail contribution was undertaken by observing the interfered peak/?°¢Pb*
and ?°Ra*/Interfering peak ratios at different energy offset values and m/Am of 8000 and at
different HMR settings with an offset of 0 eV. As seen in figure 28, the energy offset mass
spectrums showed a gradual signal decrease as the energy offset further decreased, without
any apparent separation on the interfering peak and ?°Ra* peak. The HMR mass spectrums
showed some separation occurring at m/Am 8000. Further evaluation of the tail contribution
of the previously mentioned ratios was done through spot analyses while using energy offset
or HMR. The HMR above m/Am 8000 significantly decreased tail contribution based on the
ratios shown in figure 29.

226Ra* background signal

Calibration curves for the Fh Ra standards series were obtained for almost every session and
normalised to %Fe*, as shown in figure 30.

In order to determine whether the resulting 2°Ra* signal was true Ra and not a background
signal, the baseline for the 2°Ra* signal was established. The baseline of the 2?Ra* signal
was measured at the Ra mass of 226.025 by analysing Fh standards that do not contain Ra
and any interfering elements. Ref-ferri-Ra0 was the best candidate as it contains only Fe, P
and Pb. Figure 31 shows the baseline measured at the mass of Ra in all non-Ra Fh standards
in different sessions. The normalised background signals to >8Fe* are shown in figure 32,
which made it more evident that the baseline is around 0.015 cps.

Figure 33 shows the calculated background Ra concentration based on the Ra calibration
curves in figure 30. In the July 22 session, the background signal was the equivalent of 0.27

ppb.
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Figure 28. Mass spectrum at m/z= 226.025 featuring (a) energy filtering (with m/Am= 8000) and
(b) high mass resolution (without energy offset).
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Figure 30. 2%Ra* normalised to %®Fe* calibration curves for every session
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4.4 Discussion

With the confirmed homogeneity based on morphological and chemical observations in SEM,
the ref-ferri-7 series was deemed a suitable homogeneous Fh standard series for AFBs
analysis. The same could be said for the Fh Ra standard series, which showed a uniform
colour over their surface. In the past Fh standard creation protocol, chemical composition
was evaluated as well, but only for the ref-ferri-7 REE series, as seen in figure 34, through
which they were deemed to be homogeneous standards, along with uniform colour shade
over the surface.

The appropriate interference reduction methods were determined while maintaining high
transmission of the 22°Ra* ion signal by evaluating tail contribution and observing how the
transmission was affected. Mass spectrum analysis at the 2Ra* mass peak (Fig. 28) did not
provide any guidance regarding which interference reduction methods to apply, except that
the peak at m/Am 20000 was too thin (0.01 amu thickness), leading to difficulty during mass
centring, and thus inappropriate for ??°Ra* analysis. Therefore, tail contribution using
interfering peak/ interfered peak ratios obtained through spot analysis was applied (fig, 29).
The tail contribution analysis revealed that energy offset did not decrease the tail contribution,
hinted by the mass spectrum as well. It was apparent that HMR above m/Am 8000
significantly decreased tail contribution based on the estimated interfered peak/2°®Pb* and
226Ra*/Interfering peak ratios. Accordingly, at m/Am 8000 an interfering peak of an intensity
0f10 cps would have a tail contribution to the 2°Ra* signal of 0.0001 cps which was deemed
negligible. As such, it was concluded that no significant interferences or tail contributions
were present.

Interference of MREE to the 2?°Ra* signal was initially speculated due to high ?*Ra*
background values in the MREE and HREE Fh standards, as seen in the Jan 22 session in
figure 31. However, upon repeating the analysis, the 22°Ra* signal significantly decreased in
the MREE and HREE Fh standards, close to the baseline level set by the ref-ferri-Ra0
standard. Therefore, MREE and HREE did not contribute to the 2°Ra* signal as they showed
intensity signals close to baseline values. The fluctuation of the signal might have been
influenced by machine and/or surface conditions. Furthermore, microtomed surfaces were
rough and not optimal for SIMS analyses, often requiring smooth and flat surfaces.

As it was established that there was no significant interference to the Ra signal and
background signal intensity was established to be around 0.02 cps, a Ra calibration curve
based on in-house synthesised Fh standards was drawn for each session.

So far, there are no Ra calibration curves drawn for SIMS analysis, as Ba is usually used as

a surrogate Ra, Ba and Ra having similar chemical and environmental behaviours®. The
calibration curves demonstrated that the standards correlated. There was some non-linearity
observed in the Ra calibration curves due to the 3™ standard from the left being under-
detected, whose cause is unknown. However, the R? factors of the calibration curves (Fig.
30) were between 0.96 and 0.98, indicating that the Fh Ra standard series was viable for
estimating Ra concentrations in AFBs.
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Figure 34. Secondary ion intensities of ref-ferri-7a-2 for (a) 57-Fe and (b) 139-La, of ref-ferri-7b-3
for (c) 57-Fe (d) 165-Ho, and of ref-ferri-7c-5 for (e) 57-Fe (f) 165-Ho. The solid line represents the
mean of the obtained ion intensities, and the dashed lines represent a 10% difference from the
mean.
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4.5 Conclusion

A Fh standard creation method was developed. As a result, two reliable Fh standard series
have been created regarding homogeneity and secondary ion yields. These series were used
to calculate the trace element and Ra abundances of AFBs. For the first time, A standard
series doped with Ra was created and 2?°Ra* calibration curves were drawn for each session.

The analytical conditions for REE analysis and Ra analysis were established. In addition, the
analytical conditions for Ra analysis were further improved to detect the 2°Ra* peak without
interference and sufficient signal successfully, the tail contribution to ??Ra* being deemed
as negligible.

The background signal of ??Ra* was determined and used in AFB analyses as an indicator
for the detection of the true signal above background levels. Once the true signals of 22°Ra*
in AFBs were estimated, the 2°Ra* normalised to 58Fe+ calibration curve obtained from the
previously synthesised and mounted Fh standards with Ra was to be utilised for the
estimation of Ra concentrations of AFBs.
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5. Chapter 5 Application to AFB analysis
5.1 Summary

The role of AFBs in the progression of malignant mesothelioma (MM) and other cancers and
the mechanism behind the contribution of AFBs to cancer were investigated through in-situ
AFB analysis of REE and ?*°Ra* by SIMS analyses.

226Ra* was detected above the background signal in several AFBs of a smoking patient. As
a general rule, secondary ion intensities were normalised to the major element comprising
the matrix, in this case, Fe. The *8Fe* of AFBs was 10 times lower than that of the Fh
standards, therefore the major element Ba was used as a confirmation of whether the Ra
concentrations were to be estimated from ??°Ra* or 22°Ra*/°®Fe* calibration curve. The Ba
concentrations, estimated from the 3’Ba*/*®Fe* calibration curve, were above ICP-MS bulk
Ba concentration which represented a diluted Ba concentration of the AFB. Therefore, the
Ra concentrations were estimated from the 2°Ra*/°®Fe* calibration curve. The calculated Ra
concentrations of AFBs were converted to effective doses of radioactivity and an AFB Ra
hotspot model for malignant mesothelioma (MM) was drawn which indicated that a
heterogeneous distribution of AFB Ra hotspots may lead to MM incidence.

5.2 Methods

5.2.1 AFB mounting protocol
Initially, TEM samples were considered for SIMS analysis. However, due to their nanometre size
thicknesses, the TEM samples are not able to withstand a strong beam on the nA scale,
making them unsuitable for analysis. Thus, an AFB sample mounting protocol for SIMS was
developed, which could provide AFBs with micrometre scale thicknesses. The schematic
diagram of the AFB sample mounting protocol is shown in figure 35.

The AFB sample mounting protocol involved encasing AFBs in resin and ultra-microtoming
the resin-encased AFBs until their internal structure was exposed to the surface. A bullet-
shaped numbered mould of 14x5x3 mm was used to mount the AFBs in resin. Firstly, about
70 ul (/3 of the mould volume) of resin was pipetted in the mould of interest and left to cure
overnight.

The following day, 10 pl of resin glue was pipetted over the surface of the cured resin from
the previous day. The resin glue cured quickly once exposed to ambient air within 1 to 2
hours. After the resin glue was pipetted, the resin mould was moved to a microscope, where
AFBs from a dried lung tissue sample were placed on the glue surface. The resin mould was
placed on the glass slide of the dried lung tissue sample to prevent electrostatic forces from
removing the AFBs off the tungsten needle when traversing between the glass slide and the
resin mould. The number in the mould was used as a guide for the location of the AFBs and
future steps. The AFBs were preferentially lined up at the edge of the glue-filled area by
picking them up from the dried lung tissue sample with a tungsten needle of 0.5 um thickness.
After the AFBs were lined up, the resin glue was left to cure for about 5 hours.

After 5 hours, the positions of the AFBs were observed under an electronic optical

microscope to confirm that their positions remained unchanged and that the resin glue

appeared solid. Pictures of the AFBs were taken at this stage. After observing the AFBs, a

stitched map of the resin mould was obtained using the same electronic optical microscope.
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Subsequently, 100 pl of resin was gently pipetted over the AFBs, as two applications of 50
pl of resin. Finally, the resin mould was gently tilted to spread the pipetted resin evenly. The
freshly pipetted resin was left to cure overnight.

The next step was preparing the resin block (as the resin mould was set, it is referred to as a
resin block from this step onwards) for the ultra-microtoming of the AFBs. The resin block
needed to be sawed and placed into an aluminium tube in order to be easily handled for ultra-
microtoming. Based on the previously obtained electronic, optical microscope map of the
resin block and the location of the AFBs within this map, the measurements of the cuts to be
undertaken using the precision saw were estimated. The resulting cut resin block was
required to have a width and length of under 4 mm so that it could fit a4 mm wide and 5mm
long hollow aluminium tube. The aluminium tube was hollow at both ends, so half of the
aluminium tube was filled with malleable indium to create a solid bottom. Before proceeding
to the next step, the fitting of the resin block into the aluminium tube was checked. If the
dimensions of the resin block were too large to fit the aluminium tube, the block was shaved
with sandpaper ensuring the location of the AFBs was furthest from where the shaving was
being undertaken. Once the correct fitting of the resin block into the aluminium tube was
confirmed, the fresh resin was gently added with a needle through the crevices around the
resin block until the resin was seen to reach the top of the aluminium tube. The resin was left
to cure overnight.

The resin block was set unto the microtome support and ultra-microtomed until the interiors
of the AFB of interest were exposed. The AFBs were visible through the transparent resin
by electronic optical microscope observation. As such, it was possible to estimate the amount
of resin required to microtome in order to expose the AFBs. Once exposure of the AFBs to
the surface of the resin was confirmed by an electronic optical microscope, the ultra-
microtoming process was concluded.

The resulting AFB sample in the aluminium tube was placed within an aluminium disc with
5 mm diameter holes. The holes were created by drilling into a solid aluminium disk and
smoothing the interior of the holes with sandpaper until the empty aluminium tubes could
cleanly pass through the drilled hole.

The AFB sample was coated with 300 A of gold and observed in SEM. The AFBs were
photographed and mapped in SEM. The AFBs were located in SIMS analysis using a 50 um?
raster while probing *®Fe* and using an in-house mapping system. Once the AFB was located,
the raster diameter was reduced to 20 pm? and centred.

SIMS analysis of AFBs yields secondary ion intensities. The secondary ion intensities
needed to be converted into concentrations by analysing the AFBs together with a standard
of the same matrix, in this case, the Fh standard series. Analysis of an AFB and an Fh
standard involved a relationship between the intensity ratios of the Fh standard and AFBs.
The relationship refers to using the secondary ion yields of the Fh standards with the intensity
ratios of the AFBs to calculate the elemental abundances of the AFBs.
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Figure 35. AFB sample mounting protocol: a. Resin mould characteristics; b. Pipetting the first
volume of resin; c. Adding resin glue, gluing AFBs and one AFB much more in front which serves
as a marker for microtome, and pipetting the second and final volume of resin which is cured
overnight; d. rough cutting using a precision saw of the resin mould into a resin block with AFBs;
e. mounting the AFB resin block into an Al tube filled with resin which is cured overnight; f and g.
Microtoming until the AFBs are exposed, indicated by the disappearance of the AFB marker. After
microtoming, the AFB sample is acid washed to remove any contaminants.
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5.2.2 Analytical conditions
The REE analytical conditions are the same as the ones described in chapter 4.2.2.

Prior to commencing the Ra analysis for AFB, the previously established analytical
conditions for Ra were changed due to low intensities of 2%Pb*in the AFBs. This change was
due to the centring of the ??°Ra* signal to that of the 2°®Pb* signal not being possible.
Therefore, the multi-collector was used to clearly distinguish the 2?°Ra* peak as it was
calibrated on the 2°®Pb*. Afterwards, the determined B field value for 22°Ra* was copied into
a new imaging analysis file that involved peak jumping and mass centring based on 8Fe*,
which was detectable in both the standard and the sample. The analytical conditions and
definitions for the final 2°Ra* analysis in the Fh standards and the AFBs are shown in table
5 and figure 36. The instrumental background was measured at a mass of 57.9, and the mass
of the interfering peak was measured prior to ?*°Ra’*.

5.2.3 Image data reduction

For each AFB ion analysis, a region of interest for the AFB location was selected based on
the distributions of 1*’Ba* and 2%Pb* ion signals. An example of a selected region of interest
in each analysed ion is shown in figure 37.

5.3 Results

5.3.1 REE analysis

In figure 38 the secondary yield distribution for metal and oxide elements of the ferri-7 series
is shown in comparison to a previously analysed silicate standard series which was
extensively studied within the laboratory. The Fh standard series had metal and oxide yields
1-60 % lower than the silicate standards. In addition, oxide yields of neighbouring isotopes,
such as 1**NdO and **NdO, showed close yield values.

Secondary ion intensities from 2 AFBs of patient N1 were obtained in SIMS. The intensities
were used to calculate their elemental abundances using the secondary ion yields obtained
from the Fh REE standard series. These elemental abundances are plotted together with the
bulk elemental abundances of patient N1 in figure 39, which were obtained using ICP-MS.
The 2 AFBs showed high abundances for Sr and Ba, while Eu-Lu concentrations contained
their isobaric interferences. In addition, light REEs were lower in abundance than heavy
REEs.

86



= 3
| IMAGE

/ANALYSIS TIME: (<) [ 185800

Current Mass Range: (AMU) R CYCLE NUMBER: ) 5o )
SCANNING/SII |

RASTER SIZE (um) 20

Image 64x 64 T'!

. (] wait For Nmr

Compute Waiting time [] [ ety o

SYMBOL MASS/Q | DETECTORY WAIT(S) § COUNT(S) § OFFSET RESOL. FIELD | REFERENCI NMR. NMRFIELD!

0 57.9 [“s79000| M _w[d 496 |d 008 o 000 8076 |a 1726221 | bieiaow] [ | 0
f—|
58Fe | 57.93328| M il 095 5 1000 [ 000 |[ 8076 d 1726758 | ptiedw] [ 0
13783 13690582) M _vd 295 [ 49 |5 000 || 8076 WS 2668509 | ieiaiwe] [ | g I STAGE REPRODUCIBILITY TEST: [_|
208Pb 20797664\ EM_ WIS 296 [ 49 I 000 || sor6 W 3207358 |\ pfieidiw] [ g BEAM BLANKING
2259 [2250000| M w200 |4 1000 (4 o000 | eove i 3438744 | bieiarw] [ [} PRE-SPUTTERING =
226Ra 226,00000] EM _wi 200 |3 14000 5 000 [ 8076 § 3430047 | ptieaw] [ 0
" MASS CALIB. CONTROL =2
feid ¥ HV SAMPLE CONTROL

v EM/Drift Measurement l
= '_] EM HV ADJUST
oK Cancel

5 7 ] Mass Calibration X [ =

PRE-SPUTTERING ‘ B MASS CAUBRATION CONTROL ‘ E——
. Mass recalibration [ Rl e ‘
pre-sputter time 50 © L
; s E— 57.9 EM ~
Raster size start: | 120 (um)
e L FILENAME: mage-38Fe-1378a-2
Raster size end: 20 (um) — 13782 EM
SELECT ANALYSIS TYPE 208Pb EM v
Prim. intensity start: | current preset _wr| Y
Prim. intensity end: | current preset wr| 1
] | o count.tiy .24
PBMF_A start: current preset /| J = i
PBMF_A end: | currentpreset w| B = 31
f Numberof messures/dM 50
LA A start: | _current preset v p ABPLY AT CYCLE o
L4 A end: | currentpreset w| I et b ‘ Quit
Current SAMPLE NAME : LEr

Window Max (ppm) 1100

Store calib in Recipe ]

O FC offsets measurement
del_dx:| 0
jc1_dy:} 1200

(8] save optical picture during sputtering
Figure 36. Analysis definition for AFB analysis: top left. Table denoting analysed isotopes, each
with their specific counting time, waiting time and b field value; top right. Window denoting cycle
number, total acquisition time including analysis time and pre-sputter duration, raster size of the
analysed area and pixel resolution of the image; bottom left. Pre-sputter details regarding raster size
and amount of time; bottom right: Mass calibration control regarding peak centring on 58Fe™,
counting time, mass range and the number of measurements.

Current SAMPLE position (um) :

87



Cts Cts Cts
1.0E0 27E2 1.5E2
8.0E-1 22E2 1.2E2
[l
6.0E-1 1.6E2 9.2E1
4 0E-1 1.1E2 6.1E1

5.5E1 3.1E1

2 0E-1
0.0E0

Lin [0...1]

0.0E0 0.0E0

17-H-AFB2@7498.im_rpc 17-H-AFB2@7498.im_rpc Lin [0___27;:] 17-H-AFB2@7498.im_rpc Lin [0...153]

Cts Cts Cts
3.0E0 1.0E0 2.0E0
2.4E0 8.0E-1 1.6E0

m a -
1.8E0 6.0E-1 1.2E0
2E 4 0E-1 8.0E-1
6.0E-1 4.0E-1
[2em |l o 080 [2om ]| |l o 0ED 0.0E0
17-H-AFB2@27498.1im_rpc Lin [0..3] 17-H-AFB2@7498.im_rpc Lin [0.. 1 17-H-AFB287498.im_rpc Lin [0...2]

Figure 37. lon images for each analysed isotope indicated on the top right with a region of interest (cyan circle).

88



N
A A A
A
A A
A A
N A A
2 A A A
o A
2
>_ L]
= Yields
S
E L ® Ferri
< & Silicates
he] e A
5 1 I
D * .
L ]
n . .
1
* *
. . . « & a
[ ]
A & 2
N
2,
L ] .‘
L]
A
e @
N
L ]
0
~ o O © N~ 0 O ® W o ¢« 1o Q0 000000 o0
0 5 M A I I ITITD B BBIE B oOoRLEI®T T EE S ST D
P 0 d d d g d d ddddd g ddda8m0Z22Z2 ¢ Wl
5> ESS8E25aF8820EE3E883535883
[a1] Z n w kKK O T |—>_|D.HHH:§HHHH

Figure 38. Secondary ion yields of Fh standard series (red) and silicate standard series (black), where the secondary yield equals to the intensity of the
analysed isotope (ZZ*) normalised to >'Fe* divided by the known molar concentration of the analysed isotope normalised to the molar concentration of
SFe. (Y = (ZZ*FFeN)I([ZZ]I]°"Fe)).
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Figure 39. Elemental abundances of 2 AFBs from patient N1 analysed SIMS analysis with elemental abundances of an aliquot of patient N1 obtained by bulk
ICP-MS analysis by Nakamura et al., 2009%, all normalised to primitive mantle values.
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5.3.2 Raanalysis

8 AFBs of smoking patient S1 were analysed with the same analytical conditions as the Fh
Ra standard series in the July 22 session. Figure 40 shows the AFBs lined up on the border
of the resin glue on top of the first volume of resin (Fig. 40a) prior to covering them with
resin, sawing and microtoming, and the AFBs after microtoming and acid washing for 15
seconds with 0.01 M HCI (Fig. 40b). Multiple instances of imaging analysis were undertaken
for the same spot as the ion beam sputtered through the vertically oriented AFBs. In addition,
ref-ferri-Ra0 was analysed for background signal evaluation before and after AFB imaging
analyses.

S8Fet and 1¥Ba* ion intensities

Secondary ion intensities are usually normalised to a major element that represents the most
abundant element in the matrices of both the standard and sample, in this current study being
8Fe*. However, after the analyses of the AFBs, 8Fe* in the AFBs was found to be more than
10 times lower than in the Fh standards due to matrix effects on the ion yield. Therefore,
137Ba* was used to determine whether normalisation to %®Fe* was to be applied as planned.
Ba and Ra are in the same periodic table group, so they were expected to have similar
chemical behaviour and Ba is a major element as well. Calibration curves for Ba (Figs. 41
and 42) were drawn for the determination of the Ba concentrations in the AFBs and allowed
a comparison to the Ba concentration obtained in this study by ICP-MS for the bulk lung
sample. The Ba concentrations were estimated from the *’Ba* signals (Fig. 41) and
137Ba*/8Fe* (Fig. 42) signals. Ba concentrations estimated from the *’Ba*/°®Fe* signals were
higher than that obtained by bulk lung sample analysis by ICP-MS (Fig. 43b), while the Ba
concentrations estimated from the *¥’Ba* were below than that of the bulk lung sample
analysis by ICP-MS (Fig. 43a).

Detection of Ra in AFBs

The 2%5Ra* signals of AFBs above the background signal, along with the lines to indicate 35,
26 and 1o values of the standard deviation of the background signal, are shown in figure 44.
From a statistical point of view, the 2?°Ra* signals above 3o reflected the actual ?°Ra* signal
in AFBs. Therefore, it can be said that the radioactive Ra was detected in the AFBs. The
background signal was subtracted from ??°Ra* signals above 3o, and the resulting 2°Ra*
signals were converted to Ra concentration using the Ra calibration curve from the July 2022
session in figure 30. The resulting Ra concentrations were between 4.57 and 6.09 ppb and
167.15-191.67 Bq (fig. 45).
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Figure 40. Optical microscope images of AFBs prepared for SIMS analyses: a. AFBs picked up by a needle from the dried lung sample and lined up on the
border of the resin glue, b. Exposed AFBs by ultra-microtome.

92



75001

137Ba+ (cps)

2500

50001

y=166x R* =097 ¢

y=486x R =099

y=275%x R*=099

<$> Jan-2022
[ Mar-2022
7 Apr-2022
May-2022
= ® July-2022
0 300 600 900
[Ba](ppm)

Figure 41. Calibration curves for 3’Ba* obtained for each session.
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Equations for estimation of radiation damage to the lungs

124

The following series of equations~* were used for:

estimation of the number of nuclei (N)

M

N = Ny Equation 1

M226Ra

where N is the number of Ra nuclei in a total mass (M) of Ra, mz2sra is the atomic mass of
226Ra and Na is the Avogadro constant.

The number of nuclei at a certain time (Ny) is given by the integration with respect to time
Ni = Nygye ™ Equation 2

where N is the number of nuclei after t time has passed, N is the number of nuclei att =0
and A is the decay constant.

AN is the number of nuclei that decayed after 1 year (1y).

AN = Ny — Ny, Equation 3
where N1y is the number of nuclei at t = 1 year.

The decay constant ()

_ In2
tt/y)

A Equation 4

where t(1/2) is the half-life of the isotope.

Conversion of the ??°Ra a energy of 4.784 MeV into joules (J)
E, = 4.784 MeV X 1.6022 x 107 13]/MeV = 7.665 x 10713] Equation 5
where E, is the energy in J for an a-particle resulting from the decay of ??°Ra.

The absorbed dose for an organ or a tissue is D, defined by the amount of energy absorbed
(ET) per unit mass of the organ or the tissue (mass is defined as mr).

E; = ANE, Equation 6
D=L Equation 7
T my

The Sl unit of the absorbed dose is gray (Gy) where 1 Gy = 1 ]/kg .
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The effective dose (D) is estimated from the absorbed dose (Dr), reflecting the radiation
sensitivity of the tissue or organ of interest

D = Dy WrWi Equation 8

where Wr is the radiation weighting factor, that of a particle being 20'2*. Wr is the tissue
weighting factor, that of the lungs being 0.12'2*. The SI unit of D is the sievert (Sv). The
effective dose with the Sv unit represents the radiation effect on the human body.

Whole lung estimates of the effective dose

The 8 analysed AFBs in SIMS belonged to the smoker patient S1. Therefore, the Ra
concentrations from all these analysed AFBs that were above 3o of the standard deviation of
the background signal, were averaged (5.22 x 1072 g/g) and multiplied by the weight of
ferritin in each AFB (1.7 x 10~1g)!, the weight of the lung (1000 g)'?°, and the number of
AFBs in the patient's lung sample (Table 1). The estimated Ra in the ferritin of all analysed
AFBs in patient S1 was 2.84 x 10~1! g. The number of total Ra nuclei in the lungs was
calculated using eq. 1, resulting in 7.57 x 101° nuclei, of which 3.28 x 107 nuclei decay
yearly (Egs. 2, 3 and 4). The yearly generated energy was estimated to be 2.478 x 1075 J
(Egs. 5 and 6), which corresponded to the energy of the nuclei. The energy of the nuclei was
divided by the weight of the lungs (1 kg) in order to obtain the absorbed dose
of 2.478 x 107> J/kg (Eq. 7) or gray. The effective dose to the lungs was calculated by
multiplying the absorbed dose by the weighting factor of the lung (Wt = 0.12)'?* and the
radiation weighting factor of a-particles (Wr = 20)*?* (Eq. 8). Thus, the effective dose per
year was 5.95 x 107> Sv (Sievert). The whole lung receives a yearly effective dose of
0.0595 mSv on average.

Localised estimates of effective dose

For the estimation of the amount of Ra nuclei in each AFB, the Ra concentrations of the
AFBs were multiplied by the weight of ferritin per AFB (1.7 x 10~11g)%. From the resulting
Ra concentration per AFB ferritin, the number of Ra nuclides was deduced for each analysis
of AFB3 (n=1), AFB5 (n=1) and AFB6 (n=3). Subsequently, the number of decays per year
of 2%6Ra was calculated. The number of decays was then used to deduce the energy and the
effective dose in the local volume surrounding one AFB.

The travel distance of an a-particle is 40 um??. The volume of a sphere representing the 40
pm region around one AFB which an a-particle can penetrate was calculated for the
estimation of the volume of lung tissue that was affected by the ionising radiation from the
decay of ?%°Ra. In turn, the volume of lung tissue was converted to a mass using the average
lung tissue density for a smoker of 0.292 g/cm?®%’. Using all the above information, the
localised absorbed doses of lung tissue within 40 um of the AFBs were calculated (Eq. 7).
The effective doses (Eq. 8) were between 2.08 and 2.77 mSv per year, depending on the AFB
analysed, each effective dose being more than double than the public exposure limit. Table
7 shows the public exposure limit, the whole lung effective dose and the Ra concentrations
and effective doses of the AFBs.
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[Ra]  Effective dose
(ng/g) (mSvl/year)

Public exposure limit 1
Whole Lung dose 0.0595
Local dose of AFB3 5.01 2.28
Local dose of AFB5 4,57 2.08
Local dose of AFB6-1 5.2 2.36
Local dose of AFB6-2 5.24 2.38
Local dose of AFB6-3 6.09 2.77

Table 7. Public exposure limit effective dose, total lung effective dose, and Ra concentrations and
effective doses for each analysed AFB (localised effective dose) of patient S.
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5.4 Discussion
5.4.1 REE analysis implications

In figure 38, the secondary yield distribution for metal and oxide elements of the ferri-7
series is shown in comparison to a previously analysed silicate standard series, which was
extensively studied within the laboratory. The Fh standard series had metal and oxide yields
1-60 % lower than the silicate standards due to matrix effects. However, both standard series
assumed similar distribution patterns of the secondary ion yields. In addition, oxide yields
of neighbouring isotopes, such as **NdO and ***NdO, showed close yield values. Therefore,
the REE Fh standard series was deemed suitable for future sample analyses.

The high abundance of Ba hinted toward the possibility of a high Ra abundance since Ba
and Ra behave similarly due to being part of the same group in the periodic table. Due to the
importance of constraining the role of Ra in the onset of MM and the significant amount of
time and resources it takes to prepare and analyse AFBs using SIMS, the focus was shifted
to the analysis of Ra in the AFBs.

5.4.2 Ra analysis implications

For the AFB in-situ analysis of Ra, a new method for mounting the AFBs was developed.
The AFBs were encased in resin and microtomed from the top to expose their interiors,
similar to TEM analysis but with most initial lengths retained. Therefore, sufficient AFB
material was available on the scale of microns in order to achieve a complete and successful
analysis.

Furthermore, the AFB sample mount of the July 22 session was acid washed in 0.01 M HCI
for 15 seconds to remove any possible contamination that had accumulated during
microtoming. The acid washing was tested on ref-ferri-Ra0. Accordingly, the acid washing
proved effective, observed through the improved background signal for the July 22 session.

In chapter 3 it was mentioned that the bulk lung samples contained not only AFBs but also
lung artefacts, thus reflecting a diluted AFB Ra concentration by the lung artefacts, which
prompted the necessity of an in-situ analysis for AFBs. Accordingly, the Ba concentrations
from SIMS analysis that measured above the Ba bulk concentration would reflect the true
undiluted Ba concentrations of the AFBs. The Ba concentrations of AFBs were estimated
from the ¥'Ba* calibration curve (Fig. 41) and *¥’Ba*/*8Fe* calibration curve (Fig. 42). The
last obtained calibration curve shows great linearity, which reflected the final well-developed
analytical conditions. Ba concentrations obtained from the *'Ba* signals (Fig. 43a) were
lower than that of bulk lung sample concentration obtained by ICP-MS. However, Ba
concentrations obtained from the *3’Ba*/*®Fe* signals (Fig. 43b) were higher than that of bulk
lung sample concentration obtained by ICP-MS. As the Ba concentrations obtained from the
137Ba*/*8Fe* signals were above ICP-MS, it enforced the original plan of determination of
Ra concentrations based on the ??°Ra* signals normalised to *Fe*, from the 2%Ra* /°8Fe*
calibration curves (Fig. 30).

There was a 0.1% probability that ion signals above 3¢ are background signals. Therefore,
it can be said that the radioactive Ra was detected in the AFBs for those above the 36 of the
background signal. The Ra concentrations of the resulting signals from AFBs were estimated,
for which whole lung effective dose and localised effective dose were calculated.
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5.4.3 Whole lung and localised radiation

According to ICRP,2007'%8, the public exposure limit is 1 mSv per year. The estimated
annual effective dose was about 17 times lower than the public exposure limit. However, this
value was calculated assuming the Ra was homogenously spread throughout the lungs. In
reality, the Ra is concentrated in AFBs within small regions of the lungs. Therefore, a hotspot
model taking into account the heterogenous distribution of radiation hotspots was developed.

Interestingly, Toohey et al., 19842 represents the only study to have detected *Ra in the
lungs of an individual, in this case, a uranium mill worker. Ra within the lung has a biological
half-life of 120 days, the initial inhaled amount representing around 180 Bqg and it was
concluded that dust particles with Ra were inhaled in the lung and excreted without
depositing elsewhere in the body.

While the effective dose of ionising radiation calculated for the whole lungs is below the
safety limit, the reality is that a-particles will only penetrate ~40 um*?® into the tissue
surrounding the AFBs. Therefore, the localised effective radiation dose may be much higher,
but does not affect the entirety of the lung tissue. Furthermore, only the o decay energy from
225Ra to 22Rn was considered, as the rest of the isotopes in the decay chain until 2°Pb have
short decay times. In order to consider a decay energies from 2°Pb (half-life=22y) to the
stable isotope 2%°Pb, their concentrations within the AFBs should be evaluated.

The radiation exposure values of the localised effective doses are highly significant and
support the theory that ionising radiation could induce carcinogenesis in the vicinity of AFBs.
Once cancer cells have formed, they could be transported via the lymph system or blood
vessels to other areas of the lungs and surrounding tissue, such as the mesothelium. Therefore,
the effects of 2°Ra on the development of MM are likely significant and should be taken
very seriously.

The formation of AFBs was previously discussed in chapter 2 (Fig. 9). To summarise, the
inhaled asbestos fibres are unsuccessfully phagocytosed by the alveolar macrophages (AM),
leading to AM death. The AM remnants (containing Fe inclusions as well) accrete on the
fibres which attract lung components and mucopolysaccharides, the latter having an affinity
to Fe resulting in Fe accretion. Smoking patients would have AM laden with Fe due to
cigarette smoke complexing Fe, therefore their AFBs would be rich in Fe (in the form of
ferrihydrite (Fh)), dense and with smaller diameters. Non-smoking patients will have AFBs
less rich in Fe, more porous and with larger diameters, as it depends only on the available
iron in the lung environment.

Fe oxyhydroxides, such as Fh, are known to adsorb Ra®’. Therefore, the AFB coat, which is
mostly composed of Fh, is likely the main reservoir of Ra. Accordingly, the inhaled or
ingested particles of Ra are adsorbed by the AFB Fh coat instead of being cleared by the
lungs.

Moreover, ingestion of food products commonly consumed by the Japanese population such
as seaweed’®, rice’, leafy vegetables™, eggs and green tea’’, provides a constant supply of
Ra that can accumulate over years and decades. Asbestos fibres contain traces of Ra as well”2
which are insufficient to trigger tumour incidence but can be included in the overall Ra flux
to the AFBs.

102



Furthermore, smokers can inhale a portion of Ra as well, originating from the tobacco plants
which are heavily fertilised with phosphate fertilisers rich in radionuclides, such as U and
Ra’®. Furthermore, the major form of bedrock in SW Japan is granite’®, so the amount of
radiation is larger in this area than in the NE area of Japan. Therefore, with the radioactive
soil coupled with the radioactive fertilisers, the tobacco plants are able to adsorb a large
number of radionuclides. Accordingly, when one cigarette is smoked, 75% of the nuclides
are transferred to the lungs®’. One other minor source of Ra is ingestion of natural radioactive
elements, Japan having a committed effective dose from this kind of ingestion about 4 times
higher than the world average, of 0.41 mSv per year’’.

Considering that osteosarcoma induction involves hotspots and diffuse radioactivity of Ra’®,
both bone and lung cells have similar sensitivities to radiation exposure’, a heterogenous
distribution of Ra hotspots within the lungs might likely occur. Several sources of Ra
accumulate onto the AFBs, creating Ra hotspots and leading to lung carcinoma and/or MM
induction.

5.4.4 AFB Ra Hotspot Model

After the asbestos fibres are inhaled, they eventually reach the lower lungs where they cluster
in heterogeneously distributed groups, followed by AFB formation as explained in the
previous model (Fig. 9). Afterwards, the AFB Fh coat adsorbs Ra obtained from ingestion
of food and water, inhalation of natural radioactive elements and cigarette smoke in the case
of smokers. The Ra from the mentioned sources avoids lung clearance by accumulating on
the AFBs over long periods of time, eventually reaching a threshold above safety limits and
causing a-particle radiation throughout the surroundings of each AFB, which is termed a
hotspot (Fig. 46b and c). The hotspots composed of several AFBs are heterogeneously
distributed in the lungs; therefore, several areas of the lung are able to maintain normal
functions while the hotspot areas are irradiated (Fig. 46a). The mesothelial cells within the
vicinity of the AFBs immediately die due to the large radioactivity, while cells further from
the AFBs are radiated with diffused radioactivity which may cause deregulations in the DNA
of the cells (Fig. 46¢). Damaged DNA damage within the cell can be either repaired by a
specialised repairing system within the cell or the cell can continue replicating the damaged
DNA, thus yielding cancerous cells (Fig. 46d). The cancerous cells collectively contribute
to deregulations in the mesothelium, leading to the incidence of MM (Fig 46e). As the
cancerous cells form tumours within the mesothelium and lung, these cells can metastasise
through the blood flow to other locations such as the bones?%1%,
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Figure 46. An illustration of the AFB Ra hotspot radiation model is described here: a. Heterogenous distribution of AFB Ra hotspots in the lungs, the
hotspots continuously damage the tissue while the unaffected lung tissue maintains normal lung function; b. A simplified view of an AFB Ra hotspot; c.
Graphical view of the impact of the a-particle radiation from an AFB with Ra to the surrounding mesothelial cells; d. a-particle radiation results in cell

death in its proximity, cells with damaged DNA that become cancerous cells and damaged cells that are repaired through existing DNA repair systems; e.
The proliferation of cancer cells leads to the incidence of cancer and tumorigenesis.
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5.5 Conclusion

The analytical conditions of the Ra analysis were further improved for successful Ra
detection in AFBs. The 2%Ra* mass centring was fulfilled by using *®Fe* for internal mass
calibration. In addition, an AFB mounting protocol was developed.

Having enough AFB material to analyse led to the detection of 4.57-6.09 ppb of Ra. Based
on the detected Ra concentrations, the calculated Ra within the lungs of the smoker patient
S1 had an annual effective dose of 6.03 x 1072mSv, which is 300 times lower than the
public exposure limit of 1 mSv. On the other hand, localised effective doses of the AFBs
were between 2.08 and 2.77 mSv, which are higher than the public exposure limit of 1 mSv.

The high annual localised effective doses, strongly indicate that ionising radiation is critical
in MM progression, especially through DNA damage and chromosomal abnormalities.

An AFB Ra hotspot model was proposed where heterogeneously distributed hotspots in the
lung cause constant tissue damage through radiation resulting in damaged DNA that
proliferates, leading to cancer incidence. The unaffected lung tissue maintains normal
function of the lungs which may explain the long latency of MM and delayed diagnosis.
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6. CHAPTER 6 — Conclusions

e [CP-MS analysis of bulk lung samples revealed the presence of genotoxic elements
such as Cd, U, and Ra. Heterogeneity of the lung samples was observed among studies
suggesting a sample bias as the lung samples are aliquots with a heterogeneous
distribution of lung particles and AFBs. Therefore, in-situ analysis of AFBs was
proposed for the determination of their elemental abundances free of any lung particles.

e An Fh standard creation method was developed with which two homogenous Fh
standard series were created for trace element and Ra analysis of AFBs.

e The AFBs that were analysed by SIMS showed high elemental abundances of Sr and
Ba which are known to associate with Ra, giving strong suggestions that Ra is present
within the AFBs.

e Ra was detected in AFBs, which was possible due to newly developed sample
preparation techniques and analytical methods. The effective dose of the detected Ra
was above the safety limit, indicating that ionising radiation has a role in MM
development. An AFB Ra hotspot model was drawn based on the observed Ra
concentrations and calculated localised effective doses of radiation. The model
proposes that due to the heterogeneous distribution of AFBs, a-particle radiation is
localised to small regions in the lung, leading to DNA damage and cancer incidence.
The heterogeneity of the radiation exposure allows the existence of healthy lung
tissues in unexposed areas which maintain normal lung function. Accordingly, the
persistence of healthy lung tissue may explain the long latency period of the disease
and its delayed diagnosis.
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7. Future Work

A more significant number of patients and AFBs is necessary for a more robust
investigation of Ra distribution in AFBs using SIMS.

Furthermore, the elements with high adsorption rates onto Fh such as genotoxic
elements Ce, Cd and U should be investigated for their possible roles in MM
incidence.

Cigarette smoke is known to be rich in radioactive *°Po. As such, this element should
also be investigated, as it may contribute to a-particle radiation and thus initiation of
MM.
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Figure Al: Internal morphology of patient E AFB1 and line profile of Fe, Si, P, and Ca.
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Figure A3: Internal morphology of patient E AFB3 and line profile of Fe, Si, P, and Ca.
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Figure A4: Internal morphology of patient E AFB4 and line profile of Fe, Si, P, and Ca.
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Figure A5: Internal morphology of patient K AFB1 and line profile of Fe, Si, P, and Ca.
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Figure A6: Internal morphology of patient K AFB2 and line profile of Fe, Si, P, and Ca.
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Figure A7: Internal morphology of patient K AFB3 and line profile of Fe, Si, P, and Ca.
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Figure A9: Internal morphology of patient H AFB1 and line profile of Fe, Si, P, and Ca.
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Figure A10: Internal morphology of patient H AFB2 and line profile of Fe, Si, P, and Ca.
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Figure Al1: Internal morphology of patient H AFB3 and line profile of Fe, Si, P, and Ca.
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Figure A12: Internal morphology of patient H AFB4 and line profile of Fe, Si, P, and Ca.
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Figure A13: Internal morphology of patient A AFB1 and line profile of Fe, Si, P, and Ca.
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Figure Al4: Internal morphology of patient A AFB2 and line profile of Fe, Si, P, and Ca
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Figure A15: Internal morphology of patient A AFB3 and line profile of Fe, Si, P, and Ca.
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