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Abstract

Manganese complexes are effective and catalytic scavenges of O," ™, mimicking the behaviour of super-
oxide dismutase (SOD). These complexes even replace typical SOD in certain extremophile bacteria,
providing resistance to huge doses of radiation. Recently, manganese concentrations have been shown
to correlate with inferred radiotherapy resistance in human tumours. Radiation plays an important role
in the treatment of cancer, but there is still no reliable way to predict an individual tumour’s response
to therapy. Imaging of manganese in tumours using laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) could provide a novel way of predicting radioresistance and informing
treatments, but currently implemented methods have some significant shortcomings. Measurement
of manganese using ICP-MS is difficult due to the low concentrations in tissues and high background
from polyatomic interferences. Existing LA-ICP-MS image processing software usually falls into one
or more of the following categories: hard to use, limited in compatibility or unverifiable due to a closed-
source nature. This thesis addresses these shortcomings by developing low-background standards
and open-source software for both single cell (sc) and LA-ICP-MS. These new tools are then used to
interrogate the metal contents of skin, testis, pancreas and brain tumours, and compare them to the
inferred radioresistance of the cancers. Radioresistance is also investigated in a breast cancer cell model
using ultraviolet (UV) radiation as a gamma surrogate.

Moulds were used to reproducibly prepare gelatine standards with controllable thickness, and surface
characteristics that were improved over traditional methods. To prepare the standards: heated gelatine
was pipetted into laboratory-made and commercial moulds, dried, frozen, de-moulded and dehydrated.
When compared with traditional gelatine and homogenised tissue standards, the new standards had
improved analytical figures of merit. Background signals for transition metals were reduced by removing
endogenous elements from the gelatine using a chelating resin.

Open-source LA-ICP-MS imaging software was created using modern design and visualisation

philosophies, minimising errors in data interpretation. The new software was compatible with data
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Abstract

collected using ICP-MS from common vendors, and implemented calibration, drift correction, spike
filtering, segmentation, overlays and an image calculator. Documentation and a simple graphical user
interface eases adoption, contributes to ease of use and maximises productivity.

Transition metals were quantified in tissue microarrays of testis, skin and pancreatic cancer. Con-
centrations of Mn, Fe, Cu and Zn all correlated with the inferred resistance of the tumours. These
correlations also existed in normal testis, skin and pancreatic tissues. In testis tumours with different
inferred radiosensitivities, seminoma and nonseminomatous germ cell tumours, only Cu correlated
with resistance.

Concentrations of metals were quantified in glioblastoma and meningioma, brain tumours with
vastly different patient outcomes. Glioblastoma contained significantly more Cu than benign (grade I)
meningioma, but similar concentrations of other transition metals. Previous studies have noted raised
serum Cu in patients with glioblastoma and this could be linked to tumour angiogenesis. Concentrations
of Mn were increased in grade II over grade I meningioma, but did not reach significance.

To aid in the investigation of single-cellular Mn concentrations software was developed for single
particle (sp) and scICP-MS analysis, with multiple methods of thresholding and calibration. The
code is open-source, highly vectorised and could process 10 x 10® points in 19 ms. The software was
demonstrated using the analysis of TiO; nano particles in water, LA-spICP-MS of micro-plastics in
soil and the measurement of C fixation in algae.

The radioprotective properties of inorganic Mn?* were investigated using UV radiation and a breast
cancer cell model. Toxicity of MnCl, was determined, with an median lethal dose of 1.2mmolL! in
1% fetal calf serum (FCS), an order of magnitude lower than in 10 % FCS. Cells were treated with 10 and
100 pmol L™ MnCl, for 24 h before exposure to 0 to 400 Jm~2 UV-C radiation. Similar viabilities were
observed across the range of treatments; Mn had no protective effects. Uptake of Mn from the media
was determined using acid digestion and scICP-MS with similar results, although low signal prevent
accurate quantification via scICP-MS in untreated cells. Multi-modal distributions of Mn was observed
in treated cells, information that was lost when digestion was performed.

The tools created during this thesis will assist in future investigations of manganese and radio-
resistance. The primary limitation of imaging Mn via LA-ICP-MS, standards with insufficient limits of
detection, has been solved and the new software will accelerate LA and scICP-MS analyses. Further
experiments with large sample sizes and radiotherapy patient outcomes are required to definitively

conclude if manganese complexes contribute to tumour radioresistance.
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Chapter 1

Introduction

Cancer is one of the most common causes of death globally and treatments often rely on the use of
radiotherapy. Radiotherapy exposes tumours to a controlled dose of ionising radiation in an attempt to
destroy the cancerous cells. However, some tumours have or develop a resistance to radiation treatment,
limiting its effectiveness. The mechanisms of tumour radioresistance remain poorly understood and
there is no universal diagnostic for determining the potential resistance of an individual tumour.
Manganese has been identified as the source of radioresistance in several extremeophile bacteria and
recently, manganese concentrations have been associated with the radioresistance in tumours.” By
using bio-imaging and the simulation of radiotherapy it may be possible to determine if manganese is

truly responsible for the varying resistance to radiation seen in tumours.

1.1 Cancer

In 2016 cancer accounted for 22 % of all deaths worldwide.> Cancer is the name given to a range of
diseases characterised by the uncontrolled growth of cells. This uncontrolled growth often leads to
invasion of the surrounding tissue and the formation of solid masses of cancerous tissue called tumours.
Cancerous cells can also break off an initial tumour and travel through lymphatic or blood vessels to
distant sites, a process known as metastasis.* Cancers are classified both by the region of the body in
which they develop and the type of cell from which they originated. Some examples are -blastoma for
cancers originating in precursor cells, -carcinoma for those originating in skin or the tissue that lines
organs. In 2012 five cancers: lung, breast, colorectal, prostate and stomach accounted for half of all new

diagnoses and with the addition of liver cancer, half of all deaths.”
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Environmental factors are suspected to cause upwards of 90 % of cancers, with the rest caused by
genetics. Exposure to these factors, known as ‘carcinogens’, causes damage to the genome and may lead
to the formation of a cancerous tumour. Carcinogens include: mutagenic chemicals, some infectious
diseases and ionising radiation. Poor diet, obesity and insufficient physical inactivity are also risk factors

for the development of cancer.’

1.1.1 Diagnosis and histology

Histology, the microscopic analysis of cells and tissue, remains the only tool for definitive diagnosis of
cancer. A physical exam, blood test or imaging technique may lead a physician to suspect a tumour and,
if it is suspected to be cancerous, then a small biopsy is removed, sectioned, stained with dyes and viewed
by a pathologist under a microscope. General stains such as haematoxylin and eosin (H&E) improve
contrast and pattern recognition by highlighting structural features within the tissue. Abnormalities
in the properties and distributions of cells and tissue are used to provide a diagnosis and possibly a
grading. H&E is often sufficient to distinguish between normal and cancerous tissue, such as those in

Figure 1.1.

Figure 1.1. Tissue microarray cores of H&E stained normal (left) and cancerous (right) testicular tissues.
The structure of the cancerous tissue is much less defined due to unrestricted growth.

A pathologist may also use immunohistochemistry (IHC) to aid in the diagnosis of both the type and
stage of a tumour. IHC uses dyes coupled to antibodies that bind to antigens within the biopsy and can
be used to detect the up- or down-regulation of cancer specific markers.” Detection of markers such
as human epidermal growth factor receptor 2 in breast cancer® and tumour necrosis factor receptor

superfamily member 8 (CD30) in testis tumours’ can directly affect the prognosis and treatment of
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a tumour. Histology and IHC also play an important role in cancer research, where they are used to
identify novel markers used in diagnosis. High throughput of samples is achieved using automation

and by using tissue microarrays (TMAs) containing many small tissue sections.’

Once a cancer has been diagnosed it will be treated with chemotherapy, radiotherapy, surgery or
a combined regimen. While surgery is effective at destroying or removing large tumours and the
surrounding invaded tissues, it is usually performed in combination with chemo- or radiotherapy to

destroy any cancer cells remaining post-surgery.’

1.1.2 Radiotherapy

Around half of all cancer patients will receive some form of radiotherapy during their treatment, making
it a crucial part of an effective response to cancer.'? Radiotherapy uses controlled doses of radiation
to destroy or impede the growth of cancerous cells and is used in both a curative and palliative way.
Modern radiotherapy can precisely deliver beams of electrons or x-rays in the megavolt range (4 to
20 MV) using robotically controlled linear accelerators and collimators. Use of larger charged particle
beams also allows for control of the depth at which the maximum dose of radiation is delivered.'>'*

Both of these techniques deliver large amounts of radiation to a tumour while minimising exposure of

the surrounding healthy tissue.

Exposure of biological material to radiation causes damage both ‘directly’ and ‘indirectly’. Indirect
damage occurs via the formation of various reactive oxygen species (ROS), particularly hydroxyl radicals
(HO®). While short-lived, HO" react indiscriminately with molecules in the cell, oxidising them and
causing damage.'” In the presence of oxygen both HO" and the solvated electron (eaq ) can react to
form peroxides and superoxide (05" ) (eqs. 1.1 and 1.2).'° Direct damage is caused by the interaction of
photons with deoxyribonucleic acid (DNA) causing damage in the form of single- and double-strand
breaks (DSBs). Typically exposure amounting to 1 Gy of ionising radiation will result in 1000 single-
and 35 DSBs per cell.!”>'® While the number of DSBs are relatively small they are the most toxic DNA

lesions and can lead to cell death if left un-repaired.'’

ZHO. — > H202 (11)

eaq_ + 02 — 02._ (12)
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The first step in DSB repair is binding of the MRE11-RAD50-NBS1 (MRN) complex, signalling
to the cell that repair is required, followed by recruitment of the relevant damage-repair proteins,
ataxia telangiectasia mutated (ATM) and ATM- and Rad3-Related. These proteins also activate and
phosphorylate substrates such as checkpoint kinase 1 and checkpoint kinase 2, leading to the arrest
of the cell cycle to provide time for repair.”’ In response to signalling by MRN several of DNA repair
pathways are activated, the major ones being non-homologous end joining (NHE]) and homologous
repair. In the major mammalian repair pathway, (NHE]) binding of the X-ray repair cross complementing
5 complex to the break site recruits and activates the catalytic repair subunit DNA-dependent protein
kinase.?! This then phosphorylates a variety of targets which repair the broken DNA ends.?? Inhibition
of the DNA damage repair pathways or the accumulation of an un-repairable amount of DNA damage

will induce cell death via the activation of normal cell death pathways and lead to apoptosis of the cell.**

1.1.2.1 Oxygen as a radiosensitiser

It has long been known that the effects of ionising radiation on cells is greatly reduced in the absence of
oxygen. Initially this was thought to be due to lower metabolic rates leading to a reduced damage-repair
response.’? Later experiments introducing oxygen a fraction of a second before irradiation showed
that this was not the case and led to the theory that oxygen can ‘fix’ radiation induced DNA damage,
preventing chemical restoration.”” This theory postulates that the DNA radical formed after irradiation
reacts with oxygen with high affinity producing a peroxy radical and making damage permanent

(Figure 1.2).

DNA-OO* DNA-OOH

DNA ~~> DNA’

DNA

Figure 1.2. Mechanism of the oxygen fixation hypothesis. Damage to the DNA is made chemically
irreversible via reaction with oxygen.

This process correlates with differing responses to radiation in varying oxygen concentrations but is
only applicable to the chemical repair of DNA. If the biological and enzymatic mechanisms of DNA
repair are unaffected then chemical restorability would not be relevant to radiation lethality. At least

one study of Escherichia coli has demonstrated that under the same conditions the maximum dose
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required to reduce survival was strain dependant.’® As oxygen fixation would not be strain dependant
it could not account for this variability and another mechanism of oxygen radiosensitisation must also

be present.

1.1.2.2 Protein damage

The prevailing theory on how radiation kills cells is by damaging DNA through both direct and indirect
damage, however there is increasing evidence that this is not the case.?’” The amount of DSBs caused
by a given amount of radiation is similar across both radioresistant and radiosensitive cells (around
0.004 DSB/Gy/Mbase-pair) despite very different survival outcomes.?® As such, radioresistant bacteria
such as Deinococcus radiodurans can survive several thousand times more y-radiation than radiosensitive
bacteria yet suffers a similar number of DSBs.! In contrast, the restriction endonuclease BamHI is
inactivated by 150 Gy in aerobic conditions in the presence of Fe?* but can survive irradiation to 4 kGy
when exposed anaerobically.! These results suggest that protein damage is the source of the observed
radiosensitisation in oxygen rich environments.

Irradiation of water in the presence of oxygen will generate O,"~ as well as HyO, and while both are
unable to oxidise the amino acids of proteins they still cause significant damage. The negatively charged
O,"" is electrostatically attracted to the metal centres of certain proteins where it binds and oxidises
them. Enzymes containing a [4 Fe — 4 S] cluster have been shown to be damaged by O,"~, releasing Fe?*
in the process.”” This iron is then free to take part in Fenton reactions and produce highly oxidising HO"
directly at the active site of the enzyme and throughout the cell.>** A number of DNA repair enzymes
contain these clusters and would therefore be targeted during radiation exposure, explaining oxygen’s
ability to cause radiosensitisation.’! > This is supported by results showing proteome carbonylation

(indicative of protein damage) is inversely proportional to cell survival in bacteria.**

1.1.3 Radioresistance

Tumours such as glioma, pancreatic cancer (adenocarcinoma) and melanoma are typically radioresistant,
with radiation therapy providing no improvement in patient outcomes.*>*® Others, such as testis
and prostate cancer, are almost universally radiosensitive.’** Survival of human cancer cell lines to
treatment with radiation also correlates with the observed radiosensitivities of tumours, suggesting that
some cells are intrinsically radioresistant.*” In addition to these inferred resistances there also exists

variation within tumour types.
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There is no universal factor for predicting radioresistance, however the size of a tumour does affect
the required radiation dose. Current approaches use genetics,*’ proteomics*' and metabolomics** to
try to individualise radiation dosage, however the value of these approaches is questionable given the
heterogeneity of cancer cells.*> Heterogeneity of cell population is also seen even within tumours and
increases during tumour growth.** While the cause of varying radioresistance between, and within,
different types of cancers is currently unknown there are a number of theories for the underlying
mechanisms of radioresistance.

It should be noted that the most convincing theories for cancer radioresistance involve similar
mechanisms; there is a reduction of oxygen in tumours and an increase in ROS during radiotherapy.
The most radioresistant regions of tumours are found in hypoxic tissue, typically located adjacent to
necrotic tissues.*> This makes separating the individual mechanisms from one another difficult as well

as confounding determination of the underlying causes.

1.1.3.1 Cancer stem cells

The cancer stem cell (CSC) theory postulates that a small number (0.0001 to 0.1 %) of tumour cells
possess the capacity for unregulated growth and can reform a tumour after treatment. The CSCs are
inherently radioresistant and survive radiotherapy, becoming selectively enriched after treatment. Stem
cells in a variety of tumours have been shown to have an increased DNA repair capacity,*®~*® although
the mechanisms are not well understood. Levels of ROS are lower in normal stem cell tissues to allow
for increased metabolism and this appears to be the case in CSCs as well.*’

While there is strong evidence that some cancers (such as leukaemia,*® brain*® and colon®’) follow a
CSC model, where a small number of identifiable cells able to form tumours, other cancers do not.”!
When CSCs are killed in targeted therapies tumours can adapt and resume their previous rate of growth,
leading to very little clinical benefit.”’ Tumourigenic cells were found to still be present in leukaemia
patients in complete remission following treatment with a tumourigenic inhibitor.””> These results
suggest that either insufficient identification and differentiation of CSCs or that their presence is not
related to clinical outcomes.

A study by Quintana et al.’> demonstrated that modification of assay conditions used to detect CSCs
can dramatically affect their occurrence. Using immunocompromised mice during xenotransplantation

of human melanoma cells raised the rate of cells able to reform a tumour to 25 %. This discovery

coupled with the difficulty in defining what CSCs are and how to differentiate them from normal cells
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led to an alternative theory where cancers cells undergo genetic change over time leading to a wide
variety of heterogeneous cells.”! From this heterogeneous pool of cells those with the requisites for
radioresistance can survive treatment and multiply. If this is the case, then then CSCs could not account

for the increased radioresistance of some tumours and another mechanism must be present.

1.1.3.2 Hypoxia

The abnormal structure of blood vessels within solid tumours and consequential reduced blood flow
causes regions with extremely low oxygen levels.”* These regions, dominated by necrotic tissue
(Figure 1.3), are 100 to 150 um from blood vessels or approximately the distance oxygen can diffuse
through living tissue.”” Adjacent to the necrotic tissue are regions of reduced oxygen where cells are

still viable and these ‘hypoxic cells” have been found to have greatly increased resistance to radiation.?*

Figure 1.3. Tumour spheroids showing the development of hypoxia and necrosis at four (left) and six
(right) days. Tissues were stained for live (green) and hypoxic (red) cells. Necrosis is visible
in the centre of the spheroid at six days.”®

Oxygen is a known radiosensitiser (Section 1.1.2.1) and its presence dramatically changes the yields of
certain ROS during the irradiation of water.”®> Without the production of O,"~ direct and in-direct damage
to DNA would be able to be repaired, as fixation or protein damage would not occur. Efforts have been
made to reduce hypoxia in tumours prior to radiotherapy by placing patients in hypobaric chambers
but blockages commonly found in tumours prevented re-oxygenation taking place.”’ Additionally,
inefficient delivery of nutrients to tumours lead to cycling oxygen demand providing periods for the
re-oxygenation of tissue.’® Irradiation of the tumour itself has also been shown to reduce hypoxia.*’
Following irradiation most of the surviving cells will be hypoxic due to their increased ionising radiation

resistance, however normal aerobic:hypoxic ratios are re-established within a few hours. The most

likely cause for this being reduced oxygen demand*’ or fluctuating blood flow.*®



Chapter 1 Introduction

Of recent interest is the hypoxia inducible-factor 1 (HIF1) transcription factor, a promoter of many
genes involved in: aerobic metabolism, antiogenisis (the formation of new blood vessels), protection
against oxidative damage and cell mobility.*> When the partial pressure of oxygen falls below 10 mmHg,
or during periods of oxidative stress, the activity of HIF1 increases. H,O, stabilises the HIF1a subunit
and induces HIF1 related expressions, and when a Mn porphyrin superoxide dismutase (SOD) mimetic
was added to irradiated cells HIF1 was inhibited.””®" As SODs remove O,"~ and form H,0, it would
appear that both ROS play a role in HIF1 activity. Following irradiation HIF1 protein levels increase,
despite subsequent re-oxygenation of the tumour, due to increased ROS and could explain the survival
of tumours following intense chemo- or radiotherapy.®*-°!

While all tumours have a reduced oxygen level compared to the tissue from which they originated,
hypoxia can’t account for the variances seen in cancer cell lines.°” Hypoxia definitely contributes

to the radioresistant nature of tumours but it alone does not adequately explain the differences in

radioresistance found between certain types of cancer.

1.1.3.3 Upregulation of ROS scavengers

The indirect damage caused by ROS to both DNA and the associated repair mechanisms is well
established.?> One possible mechanism of tumour radioresistance is the upregulation of endogenous ROS
scavengers such as SODs, catalases and peroxidases both prior to and following exposure to radiation.
Cancerous cells show an increased level of oxidative stress due to several factors, including increased
ROS generation and consequently may overexpress ROS-scavenging enzymes.®®

In general, tumour cells have normal or lowered cytosolic CuZnSOD activity when compared with
normal cells.’* Traditionally radioresistant tumours such as those of the brain,®>°® thyroid®” and colon®®
have all been shown to have increased MnSOD content over normal tissues and gene transfer studies
have shown MnSOD to have a direct role in radioprotection.®” And while MnSOD content has also been
shown to be increased in mesothelioma cell lines neither it nor CuZnSOD levels were correlated with
radiosensitivity.”’ In fact, a study of 46 different cell lines and tissues found no relationship between

response to radiation and the content of any of the antioxidant enzymes.”



1.1 Cancer
1.1.3.4 Upregulation of DNA repair mechanisms

The expression of genes within cancer cells has been shown to change following radiotherapy, possibly
indicating a mechanism for radioresistance.”>’> While there are hundreds of genes involved in the repair
of DNA’* only a few have been found to be upregulated in radioresistant cancers.””~"” Upregulation of
these genes is usually dependant on the type of tumour and therapies aiming at increasing these genes
have yielded little clinical results.*> One possible cause is the amount of genetic diversity found within
tumours, with distinct sub-populations of cells and up to 24 % of the tumour mass consisting of cells
with their own distinct genome.”® Upregulation of a gene in one cell population would not represent

the entire tumour and could therefore not be used to infer radioresistance.

1.1.3.5 Manganese complexes

I Classical Seminoma Il Glioblastoma
@ 20 A Il ‘Atypical’ Seminoma Il Melanoma
5
5 10 1 ]
0 : 1 : : i I| B : — M
0 1 2 3 0 1 2 3
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Figure 1.4. Concentrations of manganese correlated with the clinically-inferred radioresistance of

tumours. Atypical seminoma had higher Mn than classical seminoma and the highest Mn

was found in melanomas and glioblastomas.”

Tumours, even those of the same type, vary significantly in their response to radiotherapy. One
possible cause of tumour radioresistance that remains relatively unexplored is the ROS scavenging
ability of Mn®* complexes. If this was the case, then radioresistant tumours would contain all the

elements required to form scavenging complexes (Section 1.2) and radiosensitive ones would not.

Manganese, along with zinc and rubidium, is preferentially taken up by certain tumours leading
to high concentrations and possibly the conditions required for the formation of ROS scavenging
Mn?* complexes.”’ It is already known from melanoma survival data that melanin is radioprotective,
however the mechanism remains unknown.***%8! Melanin is a chelator of transition metals and spatial

determination of these metals shows increased Mn where melanin is present.”
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A study of 359 samples of seven different types of cancerous tumours and healthy organs demon-
strated a direct association between concentrations of Mn and documented radioresistance (Figure 1.4).
Classically radiosensitive (testis) tumours had the lowest levels of Mn while those with clinically-inferred
radioresistance such as glioblastomas and melanomas had the highest. Levels of other metals (Cu, Zn
and Fe) showed no such association. Further, atypical seminoma that display a level of radioresistance
had higher levels of Mn that the classical, radiosensitive seminoma.? While this is study demonstrated a
strong association between Mn concentrations and resistance to radiation it could not rule out other
proposed mechanisms of radioresistance.

The formation of radioprotective Mn complexes also requires the presence of carbonate or ortho-
phosphate anions and free organic acids. At phosphate concentrations of less than 50 mmol L ™!
formation of the protective complex is inhibited.® Phosphate has been shown to be higher in radiore-
sistant tumours® and to increase following radiotherapy, most likely due to cell necrosis.®* Interstitial
phosphate is also associated with tumour growth rates and tumours have about twice the interstitial
phosphate as normal tissues.®> The formation of complexes also requires a low pH however this is
commonly found within the tumour micro-environment, especially near hypoxic cells.*?

Necrosis is associated with poor prognosis in tumours and typically arises from poor oxygen
permeability.”>%® The necrotic ‘core’ of tumours is adjacent to the most radioresistant cells of a tumour
and as cells in the core die they will release their contents making them available for uptake by the nearby
live cells.®” These cells will therefore have an ample supply of the amino acids and peptides required to
form ROS scavenging complexes. This availability of material correlates with the radioresistance of

cancerous cells found near necrotic zones.

1.1.4 Cancer specific responses

The underlying mechanisms of inter- and intra-tumour radioresistance remain unknown and categori-
sation of tumour resistance is based on their type, location and size. The maximum dose that can be
delivered to a tumour is limited by surrounding tissues and doses have been tuned over the decades to
balance complete eradication of the tumour while limiting the damage to surrounding healthy tissue.
Glioblastoma are resistant brain tumours usually situated deep within sensitive brain tissue,'’ melanoma
are variably resistant®® and seminoma are almost universally sensitive. Typical radiotherapy doses are
correlated with inferred resistance of tumours (Table 1.1); a higher dose is required to treat a more

radioresistant tumour.

10
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Table 1.1. Accumulated dose for radiotherapy clinical trials involving glioblastoma, meningioma,
seminoma, melanoma and pancreatic cancer.

Dose (Gy) Patients Reference

Glioblastoma 60 24 [89]
40 - 60 562 [90]

Meningioma 57 190 [91]
(atypical) 61 27  [92]
Melanoma 48 234 [93]
30 - 36 139 [94]

Seminoma 20 -30 625 [95]
20 - 30 885 [96]

30 - 36 94  [38]

Pancreatic Cancer 71 44 [97]
61 81 [98]

1.1.4.1 Glioblastoma

Glioblastoma multiforme (WHO grade IV astrocytoma) is the most common primary brain tumour
and is treated using a combination of surgery, radiotherapy and chemotherapy. Due to the inherent
radioresistance of glioblastoma the delivered radiotherapy dose has been increasingly escalated as

1. Current combined chemo- and

new technology has permitted better targeting, increasing surviva
radiotherapy treatments offer a median progression free survival (PFS) of five months,”” after which
most patients suffer recurrence of the tumour and face limited treatment options. Recurrent glioblastoma

1

is characterised by increased chemo-"? and radioresistance!’’ and while re-irradiation sometimes used

to treat recurrent tumours it comes with a serious risk of radiation toxicity.'"!

1.1.4.2 Meningioma

Meningiomas are a relatively common malignancy of the meninges, the tissue covering the brain.
The majority (70 to 90 %) of meningioma are benign (WHO grade I) and usually actively monitored
instead of being treated. Depending on their location and rate of growth these benign tumours can
still cause debilitating symptoms that warrant surgery. Radiotherapy is also used to treat meningioma,
particularly in cases where the tumour location makes resection difficult.”’ Combined treatments are
particularly effective and Soyuer et al.'’? found radiotherapy improved 5 year PFS from 38 to 91 %.

Atypical meningioma (WHO grade II and III) has a worse prognosis and high recurrence rate and are

11
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treated with radiotherapy following surgical removal.’” Resistance to radiotherapy in atypical cases is

common and PFS is reduced to only 48 %.

1.1.4.3 Pancreatic cancer

Pancreatic adenocarcinoma is highly malignant, presents late and has a poor prognosis with a median
survival time of three to six months from diagnosis. Less than 20 % of tumours are resectable, the
only curative option, and even these cases often result in local or distant recurrence.”’ Non-resectable
tumours are treated with chemo- and radiotherapy but survival rates have not significantly improved
in the last decade.'”® High radiation doses are required to treat pancreatic cancer as it is intrinsically
radioresistance and its location deep in the abdomen, surrounded by radiosensitive organs, makes radio

toxicity common.”®

1.1.4.4 Melanoma

Melanoma are tumours with both a propensity for metastasis and resistance to chemo- and radiotherapy
and thus have a very poor prognosis. Both melanoma tumours'** and cell lines'’> have highly variable
responses to radiation, but radiotherapy is still recommended in a majority of cases.'’® Skin pigmentation

107 and possibly with its resistance to radiotherapy.'*®

is associated with both the onset of melanoma
Brozyna et al.*® found that amelanomic tumours have a significantly better median survival time after
radiotherapy, 21.4 months versus 6.6 months for pigmented tumours. Melanin scavenges free radicals,
toxins and consumes oxygen, resulting in a hypoxic tumour environment. It is also a powerful chelator of
metal ions and melanin and metal distributions are closely colocalised.”'> However, studies in epithelial
and melanoma cell lines showed that melanin alone does not have an effect on radiosensitivity.'*%!%
Both of these studies cultured cells in alpha minimum essential medium, a media that is devoid of

transition metal containing inorganic salts. A combination of melanin and inorganic ions may be

required to induce radioresistance.

1.1.4.5 Seminoma & NSGCTs

Most testis cancers are germ cell tumours, classified as either seminoma or nonseminomatous germ
cell tumours (NSGCTs). NSGCTs are then further divided into embryonal carcinoma, yolk sac tumours,
teratoma or a mixed presentation. Seminoma are usually slow growing and respond well to treatment,

both radio- and chemotherapy.!'” But a small number of seminoma present with a high mitotic

12
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count (>3 per high-power field (HPF)) and are classified as anaplastic. These ‘atypical’ seminoma
were historically associated with a worse prognosis.''! However, more recent data has failed to

confirm this association' %113

and both normal and anaplastic seminoma have a similar response to
radiotherapy.''*!!°> The anaplastic classification is also contested as they may simply be seminoma with
high proliferative activity.'!° In contrast, NSGCTs are well established as more aggressive then seminoma,
and have a poor response to radiotherapy.'!”!1® A review of clinical trials found that the recurrence of
tumours following radiotherapy was 3.7 and 11.1 % for seminoma and NSGCT respectively.!'” NSGCTs
are usually differentiated from seminoma using IHC as they express CD30, a tumour necrosis factor

that is usually not present in seminoma.’

1.2 Manganese chemistry

Manganese(Il) is an effective scavenger of O5"~ (eq. 1.3) and in the presence of certain anions can form
a redox cycling complex.'?’

Mn2+ + 02._ —— Mn3+ + 02 (13)

Anions such as pyro- and ortho-phosphate stabilise MnO,", a short-lived transient product of the
oxidation, and drive the reaction allowing stoichiometric removal of O,"~.'?" In the case of ortho-
phosphate, disproportionation of the MnO,* occurs (eqs. 1.4 and 1.5), regenerating the Mn?* complex and
making the process truly catalytic .'?! While there are a number O,"~ scavenging Mn-complexes only
orthophosphate and carbonate demonstrate the ability to catalytically remove O, at physiologically

relevant concentrations and pH. Both orthophosphate and carbonate complexes have been shown to

remove O, during irradiation without producing Mn®*, the product of non-catalytic reactions.®?
Mn?t—L + O)"” — MnO,"—L"~ (1.4)
2MnO,*—L"™ —> 2Mn**—L + H,0, + O, (1.5)
H

In addition to removing O," ", Mn-carbonate complexes can catalytically disproportionate H,O, to
form H,0 and O,.'?? The reaction is similar to that of an Fe>* catalysed Fenton reaction however no
damaging HO" are produced. Catalytic efficiency of the complex can also be improved by substituting
for one HCO5~ ligand for an amino acid.'?® Despite this, Anjem et al.'?* have shown that the rate

of removal of H,O, by even high concentrations of Mn?* complexes is still several magnitudes
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lower than those achieved by the catalase enzymes found in normal cells. The formation of these
complexes is also disrupted by the presence of orthophosphate, a likely candidate for the Mn?* catalysed
disproportionation of O, ~.1%2

The use of manganese as a defence against ROS by cells was first demonstrated by Archibald and
Fridovich.'? Lactobacillus plantarum bacteria were shown to be able to survive aerobic conditions
despite lacking the SOD enzymes usually responsible for scavenging and removing the ROS formed
by aerobic respiration. Milli-molar concentrations of Mn were used by the bacterium in place of the
normal micro-molar levels of MnSOD and FeSOD found in other bacteria.

In 2004 Daly'? identified manganese as a potential factor in the radiation resistance of D. radiodurans,
an extremophile bacterium capable of surviving large doses of ionising radiation. Ratios of intra-cellular
Mn to Fe were far higher in D. radiodurans than in radiosensitive bacteria and resistance to radiation
was concentration-dependant on MnCl, supplied via growth media. Those grown in the presence of Mn
were shown to release H,0,, suggesting its removal by Fe redox cycling was limited.! And bacterium
grown in the absence of Mn were rendered susceptible to radiation induced protein damage.! Neither
Cu, Fe or Zn were capable of forming protective complexes in the same manner as Mn.

Extracts from D. radiodurans were shown to provide radioresistance to cells that were typically
sensitive to radiation with the survival of both E. coli and human lymphoblastoid Jurkat T cells improved
significantly when grown in the extract. These extracts were both ultra-centrifuged and ultra-filtrated
to remove molecules >1kDa proving that small Mn?** complexes were responsible for resistance and not
MnSODs.'?° Extracts were found to be highly enriched in nucleosides, amino acids and peptides; these
antioxidant molecules provide protection against damage caused by HO".!?” Following these initial
findings and the analysis of the D. radiodurans ultra-filtrate it was hypothesised that complexes of Mn®*,
phosphate and small organic molecules were responsible.'?® Nucleosides are capable of complexing
with manganese'?” however these complexes alone were found to be less radioprotective than the
D. radiodurans homogenates. Given that a large proportion of the intra-cellular Mn appeared to be

bound to peptides, one based on the most abundant amino acids in the ultra-filtrate was synthesised.'2°

Synthesised manganese decapeptide complexes provided a similar level of y-radiation protection as
the D. radiodurans homogenate. The complex protected DNA repair enzymes exposed to 60 kGy and
accumulated in human Jurkat T cells, however DNA itself remained unprotected.'?® The decapeptide
was found to be non-toxic in mammals and mice treated with the complex survived exposure to 9.5 Gy,

usually lethal to 63 % of individuals after 30 days.!*" However amino acids vary in their ability to
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scavenge HO" and thus protect cells from radiation, the damage to sulphur containing amino acids is
even reversible.'?” Knowing this Berlett and Levine!®! were able to synthesise an even more protective
peptide. A hexapeptide made using the most protective amino acids (histidine and methionine) increased
the required radiation dose for 50 % inactivation of glutamine synthetase from 2 kGy to 112 kGy while
the original decapeptide only achieved protection to 33 kGy.

The Mn?* centre is substitutionally labile, making analysis of complexes in situ in radioresistance
organisms difficult.'*? While the exact nature of the complexes formed by manganese is unknown, such
complexes can play a role in protection of cells from ionising radiation. The most likely candidate
for such a complex involves an acidic anion, such as orthophosphate or carbonate and an organic
component such an amino acid or peptide. This would provide protection from protein oxidising Oy" "~

and potentially from H,0, as well. Therefore, to be radioresistant a cell must contain a significant

amount of Mn?*, acidic anions and free or peptide-bound amino acids.

1.3 Reactive oxygen species

ROS are a group of oxygen containing compounds with high reactivity and toxicity. They are primarily
generated in vivo by aerobic metabolism and, in the context of radiotherapy, via the radiolysis of water.
Organisms have evolved several mechanisms for removing ROS, principally enzymes such as SODs (for
removal of O, ) as well as catalases and peroxidases (for removal of H,0,).'*> There are a number of
different types of ROS, the most biologically important of which are covered here.

HO" is short-lived (107 s in vivo), extremely reactive and will react with surrounding molecules
forming peroxide (eq. 1.1) and organic radicals. In the presence of oxygen e,y ~ can react to form O,"~
(eq. 1.2) and organic peroxides.'® Peroxides and O, are more stable than HO" and can persist for
a relatively long time (Figure 1.5), several seconds in the absence of scavengers.'>* Due to its high
reactivity the majority of ROS induced damage following radiation exposure is caused by HO". This
damage is non-targeted and all components of a cell such as DNA, ribonucleic acid, lipids and proteins
are oxidised.?’

Unlike HO', the damage from O,"~ is limited to certain molecules. DNA is insensitive to O,"~ and
superoxide is unable to oxidise amino acids, but it can still cause significant damage to proteins.' The
negative charge also prevents O,"~ from easily crossing phospholipid membranes causing it to build up

in irradiated cells.'®
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Peroxides such as H,O, are the most stable of the ROS and can freely diffuse out of cells so damage
is usually limited. However, in the presence of free iron peroxides can take part in Fenton reactions
(egs. 1.8 and 1.9) and produce highly damaging HO" at the site of the iron. Nucleic acids bind iron well
and as such DNA is a target of Fenton-related damage and due to the presence of iron at the binding

129

sites of many proteins peroxides can selectively damage these proteins as well.”” The damaging nature

of these radicals make it important for organisms to both carefully store transition metals and to remove

Hzoz.

T T T T T
1077 1072 1073 107! 10!
Time (s)

Figure 1.5. Relative concentrations of the major ROS resulting from the irradiation of a cell. Kinetics
data from Buxton et al.'*® was used, assuming an intracellular oxygen concentration of
250 pmol L1, HO" is assumed to react with cell contents and O,"~ removed by pmol L™}
level SODs. '’

1.3.1 Generation of ROS

The majority of ROS are unstable, degrading soon after their creation so the study of their effects
requires in situ generation. Radiolysis of water is most commonly used and most accurately simulates
the environment during radiotherapy, however it requires a potentially dangerous y-radiation source
and will always produce a mixture of ROS. There are a variety of other ways to selectively produce

different ROS allowing for the study of their effects individually.
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1.3 Reactive oxygen species

1.3.1.1 Radiolysis of water

Water is the major constituent of living cells and when exposed to high energy ionising radiation, such
as during radiotherapy, electrons are ejected from their orbitals (Figure 1.6) resulting in the creation of

free radicals known as ROS.!”

H,O0
Ao
H,0* H,O0" + e 1x10710g
SN SN
H° HO" HT nH,0 1x10 145

€aq 1x107 125

’ Spur reactions ‘

! ! I
0.6HT 0.60H~ 0.5H, 1x1077s
0.6H" 2.8HO" 2.8eaq_ 0.7H,0,

Figure 1.6. Reactions arising from the radiolysis of water and expected ROS yields. G-values are
reported with units of 1077 mol J~1.

It is also possible to produce ROS with other, less energetic, sources of radiation. Ultraviolet (UV)
light and H,0, has been used to remove organic contaminants and disinfect water via the production
of HO" as in eq. 1.6.!%® Photogeneration of HO" is also possible using nitrite (eq. 1.7) and the formation
rate can be a magnitude greater than when using H,0,. Nitrite also absorbs at a higher wavelength

(Amax = 355 nm) than H,0, allowing for more commonly available UV light sources to be used.'*’

h
H,0, —> 2HO" (1.6)
_ h _
NO,” + H,0 —> HO" + NO + OH (1.7)

Specific wavelengths of visible and infra-red light can also be used to generate HO" and H,0, in

oxygenated water although the amounts generated are small.'*
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1.3.1.2 Chemical

Many transition metal ions can promote the production of free radicals by donating electrons. Fe®* is
capable of catalysing the disproportionation of H,O, via a Fenton reaction, where Fe?* is first reduced

to Fe>* (eq. 1.8) and then oxidised (eq. 1.9), releasing highly reactive free radicals.

Fe?* + H,0, —> Fe3* + OH™ + HO" (1.8)

Fe3* + H,0, —> Fe?* + H* + HOO" (1.9)

While using a solution of H,0, is common, it is more efficient to supply the peroxide gradually. One
method is the use of metal peroxides, insoluble salts that slowly decomposes in water to form H,O,. The
gradual release limits disproportionation and loss of H,O, and can be controlled by altering solution
pH.'*! The chemistry behind the Fenton reaction is well understood and it has been used in numerous

studies on the biological impacts of ROS, particularly HO*.!4%143

Production of O, is most effective using the enzyme xanthine oxidase (XOD) in the presence of
hypoxanthine. XOD catalyses the reduction of oxidation of hypoxanthine to xanthine and then uric

acid forming O,"~ and H,0, (eq. 1.10).14*

o o (@) — @)
N 0, O, 0, O, H
N N

NH NH NH
| ] Soss 0= ]
= (1.10)
H,0,7 H H,0; HooH
hypoxanthine xanthine uric acid

In the presence of transition metals the XOD will become inactivated due to damage resulting from the

production of HO".

1.3.1.3 Electrochemical

Oxidative electrochemistry is primarily used for organic synthesis and the incineration of organic
pollutants in water and is therefore focused on the production of HO". Discharge of an electrode results

in the formation of hydroxyl radicals adsorbed to its surface as in eq. 1.11.

M+ H,0 —> M('OH) + H" + e~ (1.11)
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Depending on the type of electrode used these radicals then react with the metals surface or are free to

oxidise organics in solution (eq. 1.12).*

M(COH)+R —> M+ RO’ +HT + e (1.12)

The efficiency of the process is highly dependent on the electrode materials used. Active electrodes will
interact strongly with the adsorbed HO" and produce oxygen, wasting energy. Because of this, non-
active electrodes such as metal oxides (PbO,, SnO, and TiO,) are preferred, however these electrodes
tend to have poor electrochemical stability.'*® A new material, boron-doped diamond (BDD), retains
the high oxygen overpotential (electric potential required to form oxygen) of the materials (2.7 V) while

significantly improving on their stability.'*’

Diamond is an extremely poor conductor of electricity making it an odd choice for an electrode
material, however dopants can dramatically change the properties of diamond. The addition of
>10%° cm™ atoms of boron to diamond increases its conductivity substantially giving it metal like
properties.'*8 BDD electrodes are usually created using chemical vapour deposition of carbon onto
a conductive substrate and can have current efficiencies as high as 90 %.“® The surface finish and
termination dramatically change the electrochemical properties of BDD and an O-terminated electrode
is recommended due to its increased stability over H-terminated electrodes. BDD can also be used to

produce small amounts of other ROS like H,0, and O3 however the efficiency is very low.'*’

Noble metals are the most efficient catalysts for the generation of H,O, from the electrolysis of water
however their scarcity and cost makes other, more common materials attractive.'*’ Carbon electrodes
can achieve near 100 % efficiency in a basic environment and are capable of maintaining a solution at
7% w/w Hy0,.1°° Unfortunately the pH required is far higher than would be found within a cellular
environment making them unsuitable for mimicking the formation of H,O, in vivo. Careful growth
of the carbon can allow for a lower level of H,O, to be maintained at a range of pH values and newer
nitrogen-doped carbon nano-structures allow for efficiencies to be as high as 98 %.!°11°? Also promising
for the production of H,O, are atomically dispersed noble metal electrodes. These reduce the required
quantity of metal per electrode to less than 5% while retaining high efficiency and selective H,0,

production.'”?
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1.3.2 Detection of ROS

Measuring the concentration of ROS is an important step in understanding their biological impacts.
Many of the techniques used are derived from those used by food chemists in the measurement of
antioxidant capacity and typically involve the competitive oxidisation of a fluorescence or colourimetric
probe.!>* These methods are rarely quantitative or specific to a single ROS and instead measure the total
antioxidant capacity of substances.'”> There are however several methods of accurately quantifying the

individual ROS both in vivo and -vitro.

1.3.2.1 Spectroscopy

There have been many colorimetric, chemiluminescence and fluorescence reagents successfully used
for the detection of the different ROS, with common examples listed in Table 1.2. These reagents react
with one or more ROS producing an observable change in absorbance (colorimetric), a release of light
(chemiluminescence) or re-emission of absorbed light (fluorescence). A specific wavelength is monitored
using a spectrophotometer and the change in intensity correlated to the concentration of the ROS.

Given the high reactivity of HO® most chemicals that exhibit a change in colour or fluoresce on
oxidation can be used. Both salicylic acid'** and terephthalic acid'*® are cheap, commonly available
examples with good HO" specificity. If HO" is not being quantified a spin-trap such as mannitol,'*’
dimethylsulfoxide' or tert-butyl alcohol'*® may be used to reduce its interaction with other probes.

Tetrazolium salts such as nitro blue tetrazolium (NBT) are colorimetric reagents used to detect and
quantify O,"". These dyes are reduced to highly absorbing formazans by O,"~ and have been used
to assay O,"~ and SOD in living cells.'>” While NBT is the most readily available dye, its formazan
is water insoluble and where water solubility of the formazan is required another salt such as 3-
(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium or 2,3-Bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide must be used.'*® Luminol and lucigenin
can be used as fluorescent probes for detecting O,"~ although they are not recommended for detection
in vivo.!>? Other luciferins such as Cypridina luciferin analogue and Methyl-CLA have better biological
compatibilities and are more active at physiological pH. %161

‘Persistent’ radicals such as ABTS"" are commonly used and measure an antioxidant’s ability to
quench radicals via transfer of electrons and can be used for the detection of H,O,. However, these

radicals are non-specific and will also react with organic peroxides and other ROS.'*>> More specific
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probes require horseradish peroxidase (HRP) or a similar peroxidase to catalyse their oxidation by
H,0,, but HRP will still react with several organic peroxides.'®> Other probes such as neocuproine
use transition metal catalysts and will therefore suffer from interference in the presence of additional

transition metals.

1.3.2.2 Electrochemical

Functionalisation of an electrode with certain compounds will allow for the immobilisation of proteins
on the electrodes surface. These proteins can then be reduced by ROS and reoxidised at the electrodes
surface, generating a detectable current.'®® One of the earliest examples of this was the production of
an O, detecting electrode by Eddowes and Hill.'®* An Au electrode was coated with 4,4'-bipyridyl
and then cytochrome ¢ was covalently bound to its surface. Simplified production consists of simply
incubating the electrode in solutions of the required coating and protein, allows detection down to
10nmol L™! and has been proven in a variety of in vitro experiments.'®> The most sensitive and specific
sensors for O,"~ use immobilised CuZnSOD. These sensors can have fast response times, detection
limits in the low nmol L™! region and are linear over a range of several hundred pmol L™1.1°

Similar techniques can also be used to create electrodes specific to other radical species. Electro-
chemical deposition of polypyrrole and HRP onto glassy carbon was used to create an electrode with a

detection limit of 100 nmol L™! H,0,.'%’ Prussian Blue can be deposited in a similar manner to create an

array of nano-electrodes, enabling a pg L™ (10 nmol L™!) detection limit and linearity to 10 mmol L™,
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Table 1.2. Common colorimetric, chemiluminescence and fluorescent methods for the detection of

eaq_ s HO., H202 and 02._ .

Probe Absorbance LOD Notes Reference
eaq  Direct A=720 nm; €=19000° nmol L~} [136]
HO®"  Direct A=225 nm; e=540? pmol L1 [136]
Br~ A=360 and 700 nm; pumolL™!  Acidic conditions [169]
€=12000%
Terephthalic acid Aex=315nm, nmolL™!  High specificity [156]
Aem=425 nm
Benzoic acid A=272 nm; €=930? nmol L™ Forms salicyclic acid  [170, 171]
Salicyclic acid Aex=305nm, nmol L™} [172]
Aern=450 nm
Proxyl Aex=404 nm, nmolL™!  Reacts with CHj" [173]
fluorescamine Aem=490 nm
H,0, Direct A=200 nm; e=1892 mmol L™ [16]
ABTS A=415nm; e=3600°  pumolL™!  Non-specific [155]
Amplex red Aex=563 nm, pmolL™!  Buffer to pH 7.4; [174]
Aemn=587 nm HRP catalyst
Leuco crystal violet  A=596 nm; €=87000"  pmol L' ROO’ interferences; [175]
pH 4.5; HRP cataylst
2,7-Dichloro- Aex=498 nm, nmolL™! N on-specific [176]
dihydro-fluorescein  A,,,=522 nm
p-Hydroxyphenyl-  A,,=317 nm, nmolL™!  pH > 8.5; stable; [177]
acetic acid Aem=414nm HRP catalyst
Scopoletin Aex=350 nm, pmolL™!  pH 4.5, pH 10 buffer; [178]
Aern=460 nm HRP catalyst
Luminol Aem=425 and 470nm  nmolL™!  high pH; promotes [159]
O," " production
Neocuproine + Cu?*  1=460nm; e=8400° nmolL™! Transition metal [179]

interferences
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Table 1.2. Common colorimetric, chemiluminescence and fluorescent methods for the detection of

€aq »HO', Hy0, and O," . (Continued)

Probe Absorbance LOD Notes Reference

3,3’-diamino- A=575 nm; nmolL™!  HRP catalyst; O,"~ [180]

benzidine €=1400007 with Mn?*

diphenyl-1-pyrenyl-  1=358 nm; €=28000° pmolL™!  Lipid soluble [181]

phosphine

O,""  Direct A=243nm; =2350°  pmolL™!  pK,=4.69 [16]

SOD Detection of H,O, pumolL™!  Transition metal [137]
interferences

Cytochrome ¢ + A=555nm; €=21000° pmolL™!  Transition metal, [144]

Fe** H,0, interferences

NBT A=530 nm; €=25400° pmolL™! e pH dependant; [157]
lipid soluble

MTS A=490 nm; €=26900° nmolL™! e pH dependant; [158]
water soluble

XTT A=470 nm; e=21600° pmolL™! e pH dependant; [158]
water soluble

Hydroethidine Aex=520 nm, pumolL™!  H,0, interference [182]

Aem=610 nm

Luminol Aem=425 and 470nm  nmolL™!  high pH; promotes [159]
O,"" production

Lucigen Aem=425 and 470nm  nmolL™!  high pH; promotes [160]
0,"" production

CLA Aern=380 nm pmol L™ 10, interferences [161]

MCLA Aern=460 nm pmolL™! 10, interferences [160]

2 mol'L ' em™
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1.4 Elemental Bio-imaging

Many biological processes rely of the presence of trace metals with deficiency or surplus of these metals
causing a wide variety of problems. Protein active sites usually contain a metal ion with approximately
half of all enzymes requiring metal cofactors to be active.'®> Metals are distributed non-uniformly
within cells and tissues making spatial measurements of metal levels important for providing insights in
the role these elements play in normal biological function and disease. Bio-imaging has demonstrated
that Parkinson’s disease is correlated with increased Fe in certain parts of the brain,'®* provided new

tools for immunology'®> and even provided insights into the dietary evolution of primates.'®

Cu (ugg™) Zn (ugg™)

Figure 1.7. Concentrations of ®*Cu and ®®Zn in a mouse lung section.

The three major bio-imaging categories: X-ray fluorescence, metal-selective sensors and mass spec-
trometry (MS) based techniques all have their own advantages and disadvantages. X-ray fluorescence
methods such as X-ray photoelectron spectroscopy are non-destructive, have high spatial resolution
(<50 nm) and may be used to map multiple elements in a single scan.'®’ Sensitivity is typically in the
ug g~ ! range but as high as the ag per pixel range, however this requires a synchrotron radiation source
making it prohibitively expensive.!®® Metal-sensor based techniques apply a metal-specific fluorescent
probe to samples which are then observed using optical microscopy. While the technique requires
a suitable sample permeable probe it is non-destructive and allows imaging of metals within living

cells.'®’

The MS imaging techniques, secondary ion mass spectrometry (SIMS) and laser ablation—inductively

coupled plasma-MS (LA-ICP-MS), are destructive. SIMS uses an ion beam directed at a samples surface
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to eject low-mass secondary ions which are then analysed by an MS. While it has excellent sensitivity

187) it suffers from severe matrix effects and

and spatial resolution (500 nm when using a Bi" ion beam
requires extensive sample preparation.'®” The ion beam also has limited penetration of the sample

limiting quantification to the surface of samples.'®’

1.4.1 LA-ICP-MS

The high spatial resolution of LA (<10 um) combined with the sub pg g™! sensitivity of ICP-MS make it
an excellent technique for precise mapping of trace elements in tissue. While LA-ICP-MS has been
used in the earth and material sciences for more than 40 years it wasn’t applied to biological materials
until the 1990s.1°%1°! A high powered, focused laser is used to ablate the sample, creating a plume of
particulate matter. These particles are then transported by a gas to the ICP-MS where they are ionised,
filtered and detected. Typically 193, 213 and 266 nm Nd:YAG solid-state or 193 nm ArF gas excited
dimer lasers are used due to their high energy and short pulse durations.!’? Laser flux will determine
the quantity of material ablated by each pulse and must be great enough to ensure a sufficient signal
but remain below the roll-off point, where large particles with low transport efficiency are formed.'”?
Cutting edge LA instruments use pulse widths in the fs region, minimising the transfer of heat into the
sample and thus reducing roll-off and damage to the adjacent material.'**

The quality of the data produced by an LA-ICP-MS system depends on several laser parameters. The
laser radius (spotsize), speed of the laser and MS acquisition time (fy;5) will determine the resolution of
the image produced. Typically, these are set so the pixel aspect ratio of the image is equal (eq. 1.13),
although this can also be done later during image processing.'”>

spotsize - fyrs

1 1.13
speed (113)

Issues can arise when LA-ICP-MS parameters are misconfigured, leading to increased noise or imaging
artefacts. To avoid this the laser pulse frequency (f7 4) and total MS dwell time need to be synchronised
to ensure that each integration performed by the MS corresponds to a known integer of laser pulses, as

in eq. 1.14.

fra=2Z" - fus (1.14)

Alternatively the integration time can be made large enough that any noise arising from non-synchronisation

is negligible.'”°
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Most ICP systems use a single quadruple MS however the use of ICP-triple-quadrupole mass
spectrometry is increasing as they become more readily available. Both systems use a reaction cell
were ions collide or interact with a collision or reaction gas. The sensitivity of some elements can be
improved using H, or He as a collision gas during ICP-MS analysis. Introduction of collision gasses
removes polyatomic interferences such as those in Table 1.3 and can more than double signal-to-noise
ratios.!”” Analysis of Mn should always be performed using a collision / reaction gas as it has high

background due to atmospheric nitrogen, “°Ar’>N*.

Table 1.3. Common polyatomic interferences. Adapted from May and Wiedmeyer.'”®

Isotope Abundance (%) Interference

SSMn 100.0 4OAI‘14N1H+, 39K160+, 40AI'15N+, 38AI‘17O+, 36A1‘1801H+, 38Ar1601H+,
23Na328+

56Fe 917 0,160+ 400,160+ 404 1SN 38AL 180+ 38AL 701"

63Cu 691 31P1602+, 40A1‘23Na+, 23Na4oca+’ 40Ca1601H+’ 36Ar12C14N1H+

64Zn 48.9 3251602+, 31P16O%H+, 48Ca160+, 3252+, 31p160170+, 3451602+,
36Ar14N2+

66Zn 278 3481602+, 338160%H+, 3251601804-’ 3281702+, 335160170+’ 32834S+, 33sz+

Proteins are also able to be quantified using LA-ICP-MS using an IHC approach (Figure 1.8). A
polymer is chelated with a rare-earth metals and then bound to an antibody with an affinity to the
epitope of choice. The sample is then incubated with the tagged probe, and it binds to the region
of interest, allowing imaging of the metals and thus of the epitope.” Using this approach Giesen et

al.'”? were able to image three breast cancer markers simultaneously and later expanded the number of

tags, imaging 32 proteins and protein modifications at once.”"’

1.4.1.1 LA-ICP-MS data processing

Most MS imaging (MSI) techniques have a large library of dedicated, open software for the reduction
of data into parsable formats and images.?’! This is not the case for LA-ICP-MS, where the only full
featured processing platforms are expensive, closed source commercial products. Due to a historical
lack of vendor interest, the data produced by ICP-MS instruments coupled to LA systems are rarely
in a readable format and must undergo some form of manual processing. In a typical pre-processing
pipeline, the separate data files produced for each laser spot or scan line are reduced and stacked to

form a single image for each acquired element. There is no universal format for ICP-MS data and as
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(a) DAB/HRP stain

1 T
420 450 480 510 540
3Cu (ugg™)

(b) LA-ICP-MS quantification

Figure 1.8. HER2 expression in breast cancer biopsies scored 0, 3+, 1+ (left to right), visualised using
colourimetric (a) and LA-ICP-MS (b) IHC techniques. Over-expression of HER2 influences
a cancers growth-rate and likelihood of spreading.
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such a custom data conversion pipeline is required for each instrument vendor or even type.”’? Current
processing software creates a large time burden on users with the pre-formatting of data often taking

longer than the actual data acquisition.?*

1.4.2 Calibration standards

One of the biggest challenges in quantifying biological matrices using LA-ICP-MS is the production
of appropriate matrix-matched standards. Given the mass-dependant nature of ICP-MS absolute
quantification requires that standards have both the same density and ablation characteristics as the
tissue being analysed. Previous studies have used a range of materials including: certified reference

07 906 ¢ . Y ,
197,206=210 agarose gels’!! and gelatine.?'? While a

material (CRM),?’* polymers,””> homogenised tissue,
variety of CRMs exist that allowing for accurate calibration they often are not available in a suitable
format or in the required concentration range. This leads laboratories to develop their own, fit for

purpose, calibration standards as in Table 1.4.

Table 1.4. Calibration standards used for LA-ICP-MS analysis of >>Mn in biological tissues.

Standard material Sample matrix LOQ (ugg™!) Reference
Chicken breast Mouse brain 0.96% [213]
Mouse brain Mouse brain 2.35 [208]
Sheep brain Mouse brain 0.55 [197]
Bone meal (CRM) Human teeth 0.1°2 [214]
Sol-gel None 2.7 [215]
Mouse brain Mouse brain 1.2 @ [216]
Glass (NIST610; CRM) Foraminifera shells b [217]
Agarose gel None b [211]

& Lowest reported value as no LOQ provided.
b

Values normalised.
1.4.2.1 Homogenised tissue

The most obvious sources for a matrix-matched standard is the matrix itself. Calibration standards can
be prepared by homogenising tissue similar to the sample matrix and spiking it with known amounts of

analytes.’’® The standards are then accurately quantified by digesting a small amount of the original

28



1.4 Elemental Bio-imaging

tissue homogenate and measuring it using solution-nebulisation ICP-MS.?’® A number of different
biological tissues have been used previously the selection of which is dependent on the desired properties

and must be carefully matched with those of the sample being analysed.??%20%21%

While spiked and homogenised tissue standards closely match the samples, they are laborious to
prepare and require handling biological material.2'? Additionally, tissues typically already contain metals
which can make them unsuitable for the analysis of low concentrations. The matrix-matched brain tissue
used in the widely followed protocol by Hare et al.?’® was found to contain (10.3  6.9), (31.0 * 18.0),
(160 + 55) and (10.7 + 4.4)ug g~ of Cu, Fe, Mg and Zn respectively, making accurate quantification

below these levels impossible.

1.4.2.2 Polymers and gels

Spin coated application of poly(methyl methacrylate) (PMMA) solutions allows for the creation of
a thin film coating with uniform thickness. By doping PMMA solutions with ®*Zn and ®*Cu Austin
et al.?° prepared standards for the quantification of these metals in soft tissue. However, PMMA has
lower internal standard accuracy than tissue homogenate and cracks when stored at 4 °C leading to

decreased uniformity.?!!

Agarose gels have also been used to create calibration standards for LA-ICP-MS. A buffered gel
(75 mg in 10 g water) was spiked with 69 elements and pipetted onto a glass slide. This produced a
layer 30.0 + 2.4 pm thick and recoveries of the elements were satisfactory.?!! However no comparison
to tissues or reference materials was made and only the centre portion of the gel was flat enough to be

useful for calibration.

1.4.2.3 Gelatine

Gelatine is an attractive alternative to homogenised tissues as it is a simpler matrix and retains similar
density and ablation characteristics to tissue.?'%*'® Only certain cations (AI’*, Cr®*, Fe*, Ce3*, La*,
Zr**) will exhibit cross-linking with the gelatine and thus be immobilised.?!’ For other elements careful
preparation protocols must be followed to avoid a ‘coffee stain’ effect (concentration of the spiked
elements at the gelatine boundaries) caused by chromatographic effects. The setting temperature must
be controlled to minimise temperature differentials across the gel and a 10 % w/v gelatine concentration

should be used.”'? Alternatively a chelating agent such as EDTA may be added to assist in immobilisation.
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There are several ways of preparing gelatine standards including: dripping liquid gelatine onto a
slide,”!? slicing frozen gelatine to a certain thickness using a cryotome?!® and setting the gelatine in a
prefabricated mould. The initial and final thickness also must be determined as a typical 10 % gelatine
solution will dehydrate and shrink to around 10 % of its original depth.??’

One issue with using gelatine is high background levels of Mn, around 150 ng g~!. A cation exchange
resin can be added to the gelatine to chelate Mn and then removed via centrifugation. This nearly

eliminates the Mn background and can be used to reduce levels of other metals as well.*!

1.4.3 Internal Standards

Even when matrix-matched standards are prepared correctly they still cannot account for the heterogene-
ity within tissues. Varying density, thickness and composition will affect the ablation of tissue, therefore
altering the apparent concentration. To compensate for this, metals are commonly quantified against
elements that are distributed homogeneously throughout tissues.?* Differential isotopes elements have
been used successfully: “3Ca in teeth,?'* 325 in hair and both 3!P and 3C in tissue.?’® 13C is the most
commonly used internal standard for tissues due to its ubiquitous occurrence and the ability to account
for variations in sample humidity.? However a review of the use of in-matrix internal standards found
that 13C had different ablation characteristics to many transition metals, possibly making it unsuitable

for their quantification.??’

1.5 Single cell experiments

The catalytic removal of ROS by manganese complexes was first observed as a defence mechanism
in anaerobic bacteria.'?’ Since then it has been observed in extremeophile bacteria,'?> yeast,'*> and
coral.??* Measurement of the bulk elemental properties of a population of cells is a simple process:
digest a known amount of cells and quantify the elements using solution nebulisation ICP-MS. However
this obscures cell to cell variations and thus gives no information about the elemental distributions
within a population. A relatively new technique, single particle ICP-MS (spICP-MS), has the potential
to simultaneously count cells and quantify their elemental contents.

When a dilute solution of particles is introduced into an ICP-MS they are delivered into the plasma

and ionised into discrete clouds of particles. When operating the instrument with a low dwell time

it is possible to detect these clouds as transient peaks, and integrate them to produce an intensity
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Figure 1.9. Simulated signals of the same data collected using different acquisition times. Lower dwell
times improve signal-to-noise.

per detected particle. The ion cloud of a single nano particle (NP) is 300 to 1000 ps and acquisition
frequencies of greater than 1000 Hz are required.?? In general, higher acquisition frequencies increase
signal-to-noise ratios and better resolve individual particles (Figure 1.9). Detection and measurement
of several thousand particles produces a distribution of their elemental contents and can be used as a

statistical base to calculate properties such as their size and mass.??

Mass cytometry uses IHC with lanthanide-tagged antibodies and an ICP-time-of-flight (TOF) in-
strument to measure antigens in single cells.??” Unlike the quadruple instruments typically used in
spICP-MS, a TOF can collect multiple elements simultaneously but has significantly reduced sensitivity.
The low sensitivity limits the application of these instruments to measurement of elements with high
ionisation efficiencies and low backgrounds. Additionally, many endogenous elements fall below the
lower mass range ( 89 m/z) used by mass cytometry specific instruments and are unable to be measured.
Endogenous elements such as Mn can be measured with sufficient sensitivity by applying the principles

of spICP-MS to individual cells, a technique known as single cell ICP-MS (scICP-MS).
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1.5.1 Investigations of Mn using sclCP-MS

The intra-cellular concentrations of Mn have been investigated using scICP-MS several times, usually
in association with other elements or as a response to an induced stress. Early studies measuring
Mn simply fail to report concentrations determined by scICP-MS at all, indicative of measurement
issues.??8230 Wang et al.”*! examined the distribution of >>Mn within HeLa, A549 and 16HBE cells
using NHj as a reaction gas to increase signal resolution, however no limit of detection (LOD) was
reported. There were also discrepancies between reported data points and mean concentrations, and
the distribution of Mn in cells was Poisson, indicating a failure to isolate true signals from the ionic
background. These issues are carried over to their latest paper as well, although they were able to show
that the detected cells had a multi-modal distribution.?*” Such distributions suggest subpopulations
of cells with different levels of Mn that would be unidentifiable using digestion and solution ICP-MS.
Manganese was measured in yeast cells by Liu et al.>** by scICP-MS and solution ICP-MS with LODs of
0.01 fg/cell. A dwell time of 0.1 ms was required to adequately separate the signal from the background.
Using LA-scICP-MS, Lohr et al.?** measured Mn in leukaemia cells but only 6 % of measured cells
where above the LOD.

Signal intensities for Mn are an issue with low intra-cellular concentrations and high LODs. The
LOD is typically defined using the blank + 3¢ criterion but in the context of scICP-MS can lead to
underestimation of the LOD and a large number of falsely detected cells. For a Gaussian signal the 3¢
criterion will omit 0.27 % of events. The scICP-MS analysis of a blank with a 0.1 ms dwell time for 60 s
will therefore lead to 1.62 x 10° false detections. More informed approaches use a higher o level or a

different method of defining the LOD, such as Poisson statistics.?3° 7237
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1.6 Thesis aims

Investigations of manganese and radioresistance requires specialised and dedicated analytical methods.
High quality quantitative data is needed to determine the thresholds of resistance in tumours, guide
future treatment regimens and probe the underlying biological mechanisms of antioxidant defence.
Specifically, there are no fit-for-purpose LA-ICP-MS calibration standards capable of quantifying low
levels of Mn, and a paucity of data reduction and processing options for both LA-ICP-MS and scICP-MS.
This thesis will address these shortcomings by developing and implementing novel scICP-MS and

LA-ICP-MS tools and methods. The specific aims and their objectives are:

Aim 1. To develop reproducible matrix-matched standards for accurate quantification of manganese in

biological samples.

a) Manufacture of gelatine based standards with controllable chemical and physical properties.
b) Development of a method to reduced endogenous elemental backgrounds.

c¢) Evaluation of the suitability of new standards for quantification of tumour sections.
Aim 2. To develop open-source software tools to aid in ICP-MS analysis.

a) Creation of a library of processing algorithms and tools for calibration, calculations and
artefact correction.

b) Development of open-source LA-ICP-MS data reduction and image processing software.

c¢) Development of open-source spICP-MS data reduction and analysis software.

d) Demonstration of the suitability of the software.

Aim 3. To investigate the relationship between manganese and inferred radio-resistance in tumour TMAs

and sections.

a) Collection of tumour TMAs and section images using LA-ICP-MS.

b) Investigation of similar tissues with differing radiosensitivities.

c¢) Comparison of manganese concentrations with known cancer biomarkers determined using
immunohistochemistry.

d) Comparison of segmentation methods with the goal of implementing an automated analysis

pipeline.
Aim 4. To investigate the antioxidant effect of inorganic manganese using a breast cancer cell model.

a) Determination of the toxicity of manganese in the cell model and optimal treatment
conditions.

b) Creation of a UV treatment method to assess the toxicity of different UV wavelengths.

c) Confirmation of the protective effect of manganese complexes when the cell model is exposed
to ionising radiation.

d) Development of a scICP-MS method capable of characterising cell populations and quanti-

fying intracellular manganese.
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Chapter 2

Low Background Laser Ablation Standards

Quantification of elements in biological standards requires appropriate matrix-matched calibration
standards. Current calibration standard technologies are chemically and physically heterogeneous and
contain endogenous elements. These factors limit their ability to quantify elements, particularly those
with low natural abundances in tissue such as manganese. This chapter addresses Aim 1 by detailing
the manufacture and characterisation of low-background gelatine standards using both commercial and
laboratory prepared moulds. The thickness, surface properties and robustness of the new standards are
compared against cyro-section gelatine and tissue homogenate, and a method for lowering gelatine
background using a metal chelator is presented. Mould-prepared standards had improved accuracy and

precision while being easier to prepare and more reproducible than those prepared traditionally.

2.1 Introduction

LA-ICP-MS was first applied to biological tissues in 1994 by Wang et al.'”! and is now routinely
used to measure the spatial distribution of elements in tissue. It is often considered the gold standard
for spatial quantification of elements in biological tissues due to its high dynamic range and species-
and matrix-independent ionisation and detection. Recent advances in immunohistochemistry have
since extended the applicability of LA-ICP-MS to the investigation of bio-molecules.”*® Consistent
ablation with a pulsed laser is dependent on the sample matrix and while internal standardisation

239,240

approaches and improvements in sampling techniques®*! have contributed to improved precision

242

and accuracy“*” they can be time consuming and difficult to perform correctly. Instrumental drift

also influences quantification and becomes particularly pronounced when long acquisition times are

35
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required.”*> Nevertheless, spatially resolved quantification provides invaluable insights into biological
processes and this has encouraged extensive investigations into a variety of accurate calibration and

quantification procedures.?*%2*4

The heterogeneous nature of biological tissues often preclude the use of certified reference materials
and laboratories are required to prepare and characterise custom standards.?’®?*> Most calibration
approaches suggest matrix-matching to simulate the chemical and physical environment of a sample,
in an attempt to guarantee consistent ablation characteristics, aerosol formation, atomisation and
ionisation.?*>?4® Unfortunately the application of matrix-matched standards is limited as the resulting
matrices are unable to fully mimic the heterogeneous characteristics of biological tissues. One common
approach to creating reference standards includes the homogenisation of easily obtainable tissues
from domesticated animals to match the target tissue. This homogenate is then spiked with aliquots
of elements before being homogenised again, frozen and sectioned to their desired thickness. Cross-
quantification by solution ICP-MS analysis of the digested standard is then used to determine elemental

concentrations.?’® A variety of approaches have been published reporting the preparation of materials

08 249,250 liver251,252

to simulate brain,?’® eye,?*”-**% tumour tissue, and teeth.?!* The processing required
to produce tissue standards (specifically homogenisation and cryotome sectioning) causes deformation
and variations in thickness, as discussed by Dorph-Petersen et al.>> The tedious preparation and

susceptibility towards systematic errors has encouraged the investigation of other standard materials.

Hydrocolloid gels such as gelatine or agarose®!!

are an increasingly popular calibration standard
material for biological tissues. Similarities in the gel and tissue composition mitigate many of the
problems associated with animal tissue homogenates.?!%-212215246 Three major methods for the fab-
rication of gelatine standards are described in literature: pipetted films,?>* spotted droplets?!? and
cryo-sections.>”> However these techniques are associated with heterogeneous elemental distributions
and poor standard topography due to elemental discrimination, surface tensions, “coffee-stain” effects,

and cutting artefacts. Sala et al.>!? found that careful control of gelatine drying allows the fabrication
of highly homogeneous standards suitable for biological tissue.

Endogenous elements present in tissue gelatine and other naturally derived standards place a lower
limit on the usable calibration range. Trace elements that may be down-regulated by a biological
response are therefore unable to be accurately quantified when the reference tissues used contain these
elements. There has been little investigation into the elemental background of commonly used standard

materials but a number of alternative polymers have been used. Both thin films of PMMA?* and
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acetonitrile-butadiene-styrol terpolymers®”® have been used as reference standards for LA-ICP-MS.
Fabrication of standards from non-naturally derived materials should contain less endogenous elements
but due to structural differences compared with tissue they may have significantly different ablation
characteristics. An alternative to synthetic materials is to simply remove the endogenous metals from
natural matrices using solid-liquid extraction methods.**’

This chapter details methods for preparation of low-background gelatine standards using both
commercial and laboratory-made moulds. The optimal gelatine source and concentration are discussed
with regard to their physical properties and endogenous elemental make-up, and an extraction method
that can mitigate high elemental backgrounds is presented. We demonstrate the simple, repeatable
control of dimensions and surface properties of mould produced standards and contrast this with

traditional standards of tissue and cyro-sectioned gelatine. The improved calibration characteristics of

the low-background gelatine standards is proven through their analytical figures of merit.

2.2 Materials and methods

2.2.1 Tissue standard preparation

Male mouse C57/Bl6 lungs were harvested under Animal Care and Ethics protocol number 15-104-
FINMH at the Florey Institute of Neuroscience and Mental Health (Melbourne, Australia). Animals
were euthanised with an overdose of sodium pentobarbitone (100 mg kg™!) and perfused with 30 mL
of warmed (37°C) 0.1 molL™! phosphate buffered saline (PBS), pH 7.4. Male wild-type (C57BL/6J)
muscle tissues were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and the quadriceps
muscle was dissected under guidelines established by the Institutional Animal Care and Use Committee
at the University of California, Los Angeles (ARC #2000-029-61D). Seastar baseline 67 to 70 % nitric
acid and 30 to 32 % H,0, obtained from Choice Analytical (Thornleigh, Australia) were used for all
standards and tissue digestions. Mouse brain standards were prepared as previously described by Hare

1 208

eta using mouse tissues harvested from control animals which were euthanised under a material

transfer agreement between the Florey Institute and University of Technology Sydney.

2.2.2 Gelatine standard preparation

Gelatines from bovine bone, porcine skin and cold fish skin were purchased from Sigma Aldrich (Castle

Hill, Australia) and gelatine from calf skin from Polysciences, Inc. (Warrington, PA). A 10 % m/v
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Figure 2.1. Schematic of the laboratory-made mould (left) and commercial HybriWell™ sealing system
(right). Thickness of the custom mould can be adjusted by using multiple layers of PTFE
tape. Blue arrows indicate the gelatine flow path.

solution of each gelatine was prepared by dissolving gelatine powder in a buffering solution composed
of 100 mmol L™! Tris-HCI (pH 7.4), 10 mmol L™} EDTA and 1% w/w polyethylene glycol-400 (Sigma
Aldrich) in milli-Q water (Arium Pro Vf, Sartorius; Goettingen, Germany). This buffering solution helps
maintain the integrity of the gelatine at high metal concentrations. Nitrate hydrate salts of Mn, Cu and
Zn were diluted with the buffer solution and spiked into the gelatine solution at concentrations of 0, 1,
5, 10, 15 and 30 pg mL ™! respectively.

Commercial Grace Bio-Labs HybriWell™ sealing systems (0.8 mm x 20 mm x 0.25 mm; Sigma Aldrich)
were used with microscope slides to manufacture 25 pm thick gelatine standards. Gelatine was heated
to 54 °C until liquid then pipetted into a pre-heated mould as illustrated in Figure 2.1 and immediately
frozen at —20 °C for 15 min. The mould was then removed and the frozen gelatine standards were dried
overnight at room temperature. While freezing was vital to obtain homogeneous elemental distributions
and to remove the mould without damaging the standard, longer freezing times were found to induce
cryo-artefacts such as holes and uneven surfaces. The final thickness of the standards was 25 pm as
drying reduced the mass and thickness of the standards 10-fold.

For cross-quantification of standards, liquid gelatine was pipetted in polypropylene tubes and weighed
after drying overnight. Digestion was achieved shaking the solidified gelatine aliquot in 1 mL of 20 %
nitric acid for 20 min followed by dilution. All gelatine standards were analysed in triplicate to calculate
averages and standard deviations. Various gelatine standards thicknesses were produced with laboratory
prepared moulds by using commercial poly(tetrafluoroethylene) (PTFE) tape (Bush branded) (100 pm)
as a spacer between a PTFE block and glass microscope slide. The resulting gaps were filled from the
side with heated liquid gelatine as shown in Figure 2.1 and subsequently frozen and dried as per the

commercial moulds. Multiple layers of the 100 pm Teflon tape could be used to manufacture gelatine
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standards with thicknesses of any multiple of 10 pm and the thickness could further be controlled by
varying the gelatine content.
Cross-linking of gel solutions was performed using caffeic acid, formaldehyde or a 25 % glutaraldehyde

solution (Sigma Aldrich).

2.2.3 Polymer standard preparation

Standards of various concentrations polyacrylamide (PAM) standards were prepared from stock solutions
of 500 mg mL™! acrylamide and 20 mg mL ™! N,N’-methylenebisacrylamide (Sigma Aldrich). Polymeri-
sation of acrylamide gel solutions was initiated using by adding 2 mg mL™! ammonium persulphate and
2mLmL™! tetramethylethylenediamine. UV—curing gels were created using commercial nail polishes.
Gels were spiked with oil based metal standards (Conostan; Choice Analytical), then cured under a

310 nm light for 15 min.

2.2.4 Endogenous element extraction

Naturally abundant elements were removed from the gelatine via solid-liquid extraction with non-
buffered water to avoid buffer components interfering with the extraction. 200 mg of gelatine was
weighed and dissolved in 1000 uL of water, heated to 54 °C, and spiked with chelating resins. Various
resins were investigated: Amberlyst 15 (H), Amberlite CG50 (H) and Amberlite IR120 (Na) were
purchased from Sigma Aldrich and Bio-Rex 70 and Chelex 100 were purchased from Bio-Rad (Gladesville,
Australia). The resins were added to liquid gelatine standards and gently shaken for an hour at 40 °C
before being separated by centrifugation in a Centrifuge 5702 (Eppendorf; Macquaire Park, Australia)
operated at 2000 rpm for 2 min. The supernatant was diluted with a two times concentrated buffer

solution to produce a 10 % buffered gelatine standard, which was then filled into the mould.

2.2.5 Topography

Brain tissue samples were homogenised and cryo-sectioned at 10 pm. After cryo-sectioning, thickness
and surface topography were compared against those of the gelatine standards and representative
samples using a DektaXT Profilometer (Bruker, Billerica, MA) operated at room temperature. Gelatine
standards were kept overnight to allow drying to ensure repeatable 10-fold thickness reduction. A 2 um
stylus with a force of 1 uN was used to scan standards with a lateral resolution of 0.33 pm over the full

lengths of the standards.
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Two-dimensional height maps of brains were created using parallel scans spaced at 200 um inter-
vals both horizontally and vertically. Spacing was achieved by ablating marker holes into the glass

surrounding the brain sections.

2.2.6 Instrumentation

Cross-quantification of standards was performed on an Agilent 7500cx-series ICP-MS (Mulgrave,
Australia) equipped with a micromist™ concentric nebuliser (Glass Expansion; West Melbourne,
Australia) and a Scott type double pass spray chamber cooled to 2 °C for sample introduction. Helium
was employed as collision gas to reduce polyatomic interferences. For tissue homogenate, three
aliquots (approximately 50 mg) of spiked homogenate were weighed and digested in a Milestone ML1200
microwave digester (In Vitro Scientific; Noble Park North, Australia) in 4 mL concentrated nitric acid
and 1 mL H,O, then subsequently diluted. For gelatine standards approximately 12 mg of dried gelatine

was dissolved in 5 mL of 2 % nitric acid.

Characterisation of lanthanide-labelled antibodies was performed using size-exclusion chromatog-
raphy (SEC)-ICP-MS, as per Clases et al.>*® Briefly, 10 uL of a dilute solution of labelled antibodies
was injected and separated on a Waters ACQUITY SEC column (1.7 pum, 4.6 mm x 300 mm; Rydalmere,
Australia) using a 0.1 mol L™} ammonium acetate buffer. The sulphur and lanthanide content were
measured using post-column isotope dilution analysis on an Agilent 8900 series ICP-MS. A spike
solution containing >*S and natural abundances of Eu and Er was introduced at 0.0263 mL min~'. Mass

shifts from the oxygen reaction gas were used to measure SO* and ErO”, removing interferences.

2.2.7 LA-ICP-MS analysis

A NWR193 Laser Ablation System operated at 40 Hz (Kenelec Scientific; Frenchs Forest, Australia)
was coupled to an Agilent Technologies 7700-series for LA-ICP-MS experiments. Laser and ICP-MS
parameters were set to those outlined by Lear et al.!” to obtain square pixels that represent the same
dimensions of the standard. The laser fluence was set to 0.5 cm™2, beam diameter to 35 um and scan
speed to 140 um s~ 1. Average values, standard deviations and figures of merit were calculated following

the ablation of 4 lines with a length of 2 mm producing approximately 230 data points per standard.
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2.3 Results and discussion
2.3.1 Topography and thickness characterisation
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Figure 2.2. Thickness and roughness of cryosectioned tissue, a dotted line indicates the desired
thickness.

In order to investigate the topographical characteristics of tissue two representatives were chosen,
mouse lung and mouse muscle. These tissues are known to have heterogeneous distributions of elements
and complex physical structures. It can be seen from the data in Figure 2.2 that cyro-sectioning produced
highly heterogeneous surfaces with incorrect thicknesses. Thicknesses were 49 and 126 % of the expected
values for lung and quadriceps tissue with relative standard deviations (RSDs) of 67 and 46 %. The
cryo-sectioning of a homogenised brain standard and gelatine standard also resulted in slices of incorrect
thickness with largely rough surfaces. Here thicknesses and deviations of 67 + 35 % and 74 + 10 % were
recorded for the tissue and gelatine. The high shear forces that occur during sectioning induce surface
artefacts and increased the thickness at the margins of the sections substantially. Accuracy is also
impacted by drying effects of the gelatine standard which undergoes significant shrinking. In case of a
10 % gelatine material, shrinking will reduce standard thickness by approximately 90 %. The results in
Figure 2.2 as well as previous work by Dorph-Petersen et al.>>®> demonstrates that use of a cryotome to
prepare thin sections below 50 um inevitably induces artefacts that may influence elemental distributions.

Preparation of matrix-matched standards to mimic the properties of these tissue would lead to highly
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heterogeneous physical structure and elemental distributions, properties that are highly undesirable in
reference standards. Therefore it is suggested that a material with similar ablation characteristics to
tissue (such as gelatine;?!? Figure 2.4) is formed into standards in a way that produces a smooth and flat

surface with a homogeneous distribution of elements.
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Figure 2.3. Profiles of sectioned and mould produced standards, the sectioned gelatine was cut at 10 pm.
All gelatine standards exhibited drying artefacts in a 100 pm margin of their edge.

Thin films of gelatine can be dried reproducibly to produce defined and highly homogeneous layers
with thicknesses in the lower pm range. Results in Figure 2.3 show thin film gelatine prepared using a
cryotome and both commercial and laboratory made moulds. Thicknesses of the mould-produced films
were very close to the expected values (95 to 103 %) with low RSDs (2 to 6 %) while the cryosectioned
standard was 40 + 30 % of the desired thickness. Only the margins (approximately 100 pm) of the mould-
prepared standards appeared to contain drying artefacts, typically seen as an increased thickness. While
this area should be avoided when ablating it only reduces the usable area of produced standards by a
small amount. The precise control of thickness and surface finish surface increases calibration precision
by decreasing variations during ablation of the gelatine. It is clear from this data that cryosectioning
results in a rough surface finish and is therefore poorly suited for the production of calibration standards.
In contrast both the mould-prepared standards demonstrated a fine control of thickness and superior

flatness.
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Figure 2.4. Ablation depths in both gelatine and homogenised brain tissue standards at a range of laser
powers. Ablation characteristics were similar as seen in (b). Tissue profilometric data was
fitted to the gelatine using a polynomial curve to aid in comparison.

To investigate the ablation characteristics of the new and old standards they were ablated with 11
laser scan lines of increasing power (0.02 to 3.52] cm™2). Initial observations seemed to show differences
in the ablation characteristics but subsequent profilometric measurements determined them to be very
similar Figure 2.4b. Depths of ablation in both standards increased linearly with laser power however
high laser powers caused crater formation in the homogenised tissue standard. These craters could

potentially impact neighbouring scan lines if spacing closely together.

2.3.2 Calibration and backgrounds

The material characteristics of the moulded gelatine standards is apparent in their improved linearity
and sensitivity. This was demonstrated by monitoring Mn, Cu and Zn during ablation of four scan
lines on both the homogenised tissue and gelatine standards (Table 2.1). The high heterogeneity of the
tissue standards results in signal deviation at each calibration level (Figure 2.5), reducing the LODs for
all elements and extending their usable calibration range. The lower backgrounds of Cu and Zn also
contribute to lower detection limits however the high concentration of Mn in the gelatine demonstrates
that materials still have to be chosen carefully to avoid issues with specific metals.

Due to issues with bovine gelatine containing high background concentrations of specific metals
a number of other gelatine sources were investigated. Various metals were quantified in triplicate
using solution ICP-MS and are reported in Table 2.2. Both fish and porcine gelatines contained lower

concentrations of all tested metals however fish gelatine solutions do not solidify at room temperature
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Figure 2.5. Residuals of the calibration curves produced from the gelatine and tissue standards.

Table 2.1. Characterisation of the gelatine and homogenised brain tissue standards using LA-ICP-MS.
Each calibration level was determined via cross-quantification using solution ICP-MS

Gelatine Tissue
Mn Cu Zn Mn Cu Zn
Slope (counts-gug™!) 4750 630 518 2600 244 570
Intercept (counts) 2130 -182 52.5 1300 -610 1950
LOD (pgg™) 2.54 1.09 0.63 4.09 5.54 7.50
Linearity (r2) 0.9976 0.9980 0.9989 0.9963 0.9940 0.9929
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without addition of a cross-linking agent. If cross-linked gels lose their ability to revert to a liquid
on heat, making any cross-linked gel single use only. To further lower background concentrations a
range of ion exchange resins were added to the porcine gelatine. These resins contain metal ion binding
functional groups that exhibit different affinities for ions based on their size and charge. By adding them
to the gelatine a loosely bound ion (Na* or H") is released into the gel and ions with a higher affinity
are removed.”’’ Care should be taken when using H* bound or carboxylic based resins as the addition
or removal of H" will affect the pH of the gel, potentially reducing its strength and preventing it from
setting. Some elements were actually increased during chelation, possibly due to metals already bound
to the resins or contamination during extraction. These elements could be reduced by implementing an
additional resin cleaning step before chelation. All metals, with the exception of zinc, were significantly
reduced by one or more resin demonstrating the ability for resins to reduce natural background levels
in standards, a critical requirement for analysis of trace elements. The chelating resins in Table 2.2
represent many of the commonly available resin functional groups and a good reference for resin

selection when a specific element is being targeted.

Table 2.2. Background concentrations (pg g~!) of various gelatines and their reduction using chelating

resins.
24Mg 55Mn 56pe 58N 3cy 66711
Bovine 40 600+400 2100 +10  54500+300 338 £ 9 530 *= 9 1200+120
Fish 260+ 30 8 £ 4 910+ 50 7 £11 120 £10 110+£110
Porcine 4500£200 33 £ 6 1300£100 17 +11 70 40 300170
Amberlite IR120+ 2+ 32 6 + 0.3 1300£200 20.0+ 1.1° 46 + 9 69+ 55
Amberlite CG50 160+ 192 7 +8 2 1000£300 14 +2 2260 £5 P 90+ 80
Bio-Rad Bio-Rex 70 10+ 202 0.4+ 0.7° 780+ 60° 43 =6 P 76 + 4 35+ 43
Amberlyst 15 140+ 502 0.6+ 0.7 670+ 20* 4.5+ 1.2* 28.0+ 1.5 30% 60

Bio-Rad Chelex 100 90+ 502 0.6+ 1.1° 660+ 80 26 * 6 18 +5 % 80t 80

2 Significantly lower as determined by t-test (=0.05).
b Significantly higher.

2.3.3 Polymer standards

Materials from natural sources will inevitably contain endogenous elements that could affect calibration
quality and thus quantification. Synthetic materials could offer a low background alternative to the

naturally sourced gels discussed above. Several synthetic materials were investigated to determine
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their suitability as calibration standards for elemental bio-imaging. Initial tests with PAM were positive
however the gel films tended to peel off slides, ruining the flat surface required Figure 2.6. Concentrations
of acrylamide from 2 to 40 % with a cross-linker concentration of 0 to 4 % were tested, with higher
percentage, moderately crosslinked gels performing best. However even these gels would crack when
dried and exposed to the low pressures in the laser ablation chamber during evacuation and the use of

PAM was abandoned.

The second synthetic material trialled was a polyurethane UV-curing resin. These resins do not mix
with the aqueous salt or acid metal standards usually used to spike the calibration matrix and produce
different calibration levels. Instead, oil based microwave plasma atomic emission spectroscopy metal
standards were used, however the relatively low concentration of the standards limited the maximum
calibration range. Standards were moulded in a HybriWell on a glass slide then inverted under a 310 nm
lamp to cure. Unfortunately, the cured UV gel had a different ablation characteristic to tissue, rendering

it unsuitable for use as a calibration standard matrix.

(a) Polyacrylamide. (b) Polyacrylamide af- (c) UV cured resin.
ter drying.

Figure 2.6. Images of the standards produced using acrylamide and urethane polymers in commercial
moulds. The polyacrylamide standards peeled off the glass slide (b) due to drying induced
stresses.
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2.3 Results and discussion

2.3.4 Gelatine height-map

External standards can normalise for variations in sampling and instrument response but cannot account
for heterogeneity within a sample. Variations arise in bio-imaging due to intra- and inter-sample
variations in thickness, density and composition. Previous attempts at normalising these variations
used an endogenous element such as or a pseudo-internal standard. Endogenous elements such as
31 P2 or 13C?%2 suffer from poor signal-to-noise and are rarely distributed homogeneously. The most
common form of pseudo-internal standardisation involves placing a sample over or under a thin film of
material spiked with a rare earth element, which are then completely ablated.?”> This method provides

no detail on the thickness, density or composition of the sample.

To definitively quantify a sample using LA-ICP-MS you must know the thickness of the material
at each pixel location. The simplest way to do this would be to create a 2D map of the sample prior
to ablation using a non-destructive technique such as profilometry. However, this is extremely time
consuming if using a contact profilometer or requires an expensive optical profilometer, something not
found in a bio-imaging laboratory. It should be possible to calculate the thickness of a tissue by first
coating it in a known amount of spiked gelatine, then measuring the signal produced. Areas of high

sample thickness will have less gelatine, demonstrated in Figure 2.7, and thus lower signal.
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Figure 2.7. Calculation of the height of a brain sample using a moulded gelatine coating.
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To demonstrate the technique a brain sample was profiled, coated in 10 % gelatine using a 0.12 mm
HybriWell and profiled again. Sample height ¢, was calculated for all pixels using equations eqs. 2.1
and 2.2 and the known thickness of the mould (t,) and gelatine shrinkage factor f;. The gelatine
thickness ¢, was determined from the signal of a spiked element over the sample  and in areas with no
sample 5. This technique only required the collection of a single additional element and could easily
be implemented in current LA-ICP-MS methods. However, small errors from imperfections in the
gelatine are multiplied and cause large over- and underestimations of the samples thickness. Despite
the gelatine in Figure 2.7 having only a 1 % mean difference from the predicted value, the mean error in

calculated sample thickness was 69 %.

0 5 10 15 20 25
Height (um)

Figure 2.8. Height map produced by interpolating a series of 79 1D profilometric measurements.
Measurements were taken at 200 pm intervals in both the x and y directions.

In an effort to decrease the magnitude of the errors a new technique for creating much thinner
gelatine was developed. A mould template was cut out of 50 pm thick 3M 467 transfer tape, adhered
to a glass slide and covered with a TODO film. Heated gelatine was then flowed into the mould using
capillary action, frozen at —-80 °C and allowed to dry. To track the errors produced over an entire sample
using the new moulds required the creation of an accurate height-map. This height-map was produced
by ’scanning’ a sample using a 1D contract profilometer in orthogonal directions and is shown in

Figure 2.8. Once the profilometic measurements were made a python script was used to interpolate
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2.4 Conclusion

them to the same 75 um pixel size used in the LA-ICP-MS images. Interpolation had the additional

benefit of ’smoothing over’ measurement artefacts from dust or vibrations.

T
-25 0 25
Error (%)

Figure 2.9. Errors in the gelatine produced height maps in three separate brain sections. Drying forces
and small deviations in the gelatines surface lead to large errors in the produced map.

Errors in the predicted height across three brain sections (Figure 2.9) were large. Large stresses occur
in gelatine as it dries and result in small deformations and rippling. While it may be possible to reduce

the stresses using a temperature controlled oven to slow the drying process®!’

the magnification of
error is inherent to the method. Reducing the amount of drying by using a higher percent gelatine is
also possible but slows the ablation of the sample due to the increased amount of material. Complete
ablation of a sample coated in 10 pm of gelatine will require double the amount of time as the sample

alone. The large error and growing complexity of this method make it unsuitable for use in its current

form.

2.4 Conclusion

The analysis of the mouse lung and muscle tissues demonstrated the complex requirements of matrix-
matched calibration standards. Preparation of standards from homogenised tissue resulted in poor
precision, accuracy and reproducibility. Using gelatine as a matrix mimicked the most important
physical and chemical properties of the tissue sections while allowing fast, easy and repeatable standard
production. Preparation of the gelatine in moulds further improved the standards surface characteristics
and offered increased control over their final thickness. This new method of production led to improved
ablation characteristics, demonstrated by the increased accuracy, precision and linearity when compared
to tissue standards. When trace analysis is required the natural background of biological materials
can reduce the calibration range of standards and therefore standard materials must be carefully

chosen. Various gelatine materials were quantified to determine the optimal material for use when low
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backgrounds are required and chelating resins were employed to further reduce backgrounds. All five
resins reduced elemental backgrounds further improving the LODs and dynamic calibration ranges of
standards. The methods for production of gelatine films presented in this thesis improve upon those
currently used for LA-ICP-MS standard preparation. The ease of manufacture, improved properties and
high reproducibility of these standards have the potential to greatly improve intra- and inter-laboratory

comparability.
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Chapter 3

LA-ICP-MS Imaging Software

Open-sourced software is a key component of the mass spectrometry imaging field, where transparency
in data processing is vital. However, options for LA-ICP-MS data conversion and processing are
limited with published software either no longer available, undocumented, failing to support multiple
instruments or limiting access to the code used to interpret data. The chapter describes Pew? an
LA-ICP-MS specific feature-rich open-source image processing software that is compatible with
common ICP-MS vendors. The software is fast, easy to use, and adheres to modern visualization
philosophies that minimize data interpretation errors and image anomalies. The features of Pew?

addressed Aim 2 and were used throughout this thesis.

3.1 Introduction

The high sensitivity of LA-ICP-MS makes it the preferred technique for imaging trace elements in

190

biological tissues. Since the seminal paper of Gray " there has been significant improvements in the

speed, sensitivity and resolution of LA-ICP-MS imaging with growing utility for medical, life science,
environmental, geoscience and food safety applications.?*>?°?72°2 However, there has been sporadic
development of data reduction software with no open-source option available. While a large library of

201

software does exist for the conversion and analysis of MSI data,””" very few of these programs focus on

LA-ICP-MS data specifically (Table 3.1). These are confined to specific vendor file formats,?*® require

263,264

purchase of an expensive commercial license or are closed-source.”®® This is partially driven by a

lack of vendor support for LA-ICP-MS imaging.
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Table 3.1. Published software for LA-ICP-MS data processing. Most software is no longer available

and has poor vendor support.

Program Import Formats Availability =~ Reference
ELAI VBA script Pre-formatted  Unavailable [266]
HDIP Multiple Commercial [263]
IMAGENA Pre-formatted  Unavailable [267]
iQuant2 Pre-formatted  Unavailable [265]
LA-ICP-MS Image Tool  Pre-formatted  Open-source [268]
LA-iMageS PerkinElemer Open-source [203]
Iolite Multiple Commercial [264]
MapIT! MATLAB script Pre-formatted ~ Open-source [269]
RecSeglmage-LA Pre-formatted  Open-source [270]

Initially LA-ICP-MS data was collected in a spot-wise manner, similar to other MSI techniques, where
images were constructed via integration of signal peaks produced by ablation of a grid of individual
spots.?’! In contrast, most LA-ICP-MS methods today use continuous collection of individual lines.
The laser is usually configured to continuously ablate a line such that each MS acquisition window
forms a single pixel of an image. Typically, the laser scan speed, spot diameter and MS acquisition
time are set for equal aspect pixels.?’> The separate spots or lines must then be combined to form a
complete image. Quantitative imaging is possible by simultaneously or consecutively sampling material
of a known concentration. A calibration curve is constructed by plotting signal intensities against
concentrations and samples quantified by comparison to a line of best fit. This combination of spatially
resolved and quantified elemental imaging provides in depth analysis of biological systems normally

only possible by multiple techniques.

Each ICP-MS vendor and instrument stores and exports data in different formats, usually with little
consideration for imaging applications. Consequently, vendor exports require pre-processing prior to
examination of data using external imaging software.’”> Time spent manually pre-processing data files
is often longer than analysis time, a problem that increases exponentially with data size and is further
multiplied when each instrument requires a separate process. Most available software does little to
assist users in importing data, mainly due to the complexities to support a large variety of file formats.
Only closed-source commercial product software platforms natively supports more than one vendor

format,?%264
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Open sourcing software provides many benefits and enables users to collaborate and build upon
existing software. In the field of bioimaging one such example is FIJI, an image processing package
based on Image]. FIJI has a fully open development stream and ubiquitous usage in literature.?’* Public
visibility of code allows users to verify implemented algorithms that ensures confidence in performance
and outputs. This code visibility allows users to contribute features such as support for new vendors and
instruments. Open sourcing also provides opportunities for other developers to maintain the software
if the original designer abandons the project. This is seen extensively with published LA-ICP-MS
software where many programs fail to receive meaningful updates a year after publication and lack

support for newly released instruments or formats.

The usual scientific publication model relies on peer review to ensure quality, robust interpretation,
and appropriate reporting of results and conclusions. However, this is not true of un-reviewable closed
commercial software. Open-source software usage is the future of research with large entities such as
CERN moving to a totally open-source framework in order to improve collaborative efficiency.?’* This
model would be particularly valuable for the growing field of LA-ICP-MS imaging, which is finding

ever increasing applications in many diverse areas of endeavour.

User experience and documentation of features contribute to software’s ease of use and facilitates
widespread adoption. This is true for software in all fields and is an educational pillar for computer
science and software engineering courses.’’> Documentation accelerates acceptance of new features
and techniques as software development progresses with research. Documentation is not common
in LA-ICP-MS imaging software, inhibiting widespread implementation, and preventing use of full
feature sets. Current LA-ICP-MS programs also fail to adhere to unbiased visualisation philosophies,
potentially leading to misidentification and obfuscation of data.?’® Despite a large amount of research
into visualisation methods, the majority of published ICP-MS imaging software default to misleading
rainbow colour-maps.?’” The non-uniformity in perceptual contrast of these colour-maps can introduce
apparent artifacts and lead to incorrect interpretations.”’® These issues can be completely negated by

using a perceptually uniform colour-map.

Image processing is often used to improve the clarity of experimental data to better communicate
results. Displaying regions of interest (ROIs), signal overlaps and the removal of instrumental anomalies
all simplify the interpretation of data. Segmentation®’? and ratiometric analysis®’® of LA-ICP-MS

images have been used to identify structural features and filters such as numerical inversion of blur®*’
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and Richardson-Lucy deconvolution®®! have been used to remove system artefacts. These tools are

quickly becoming essential for LA-ICP-MS imaging applications.

This work discusses the development of a novel LA-ICP-MS imaging program ‘Pew?, that addresses
the shortcomings of current software and to simplifies the import and conversion of spot-wise and line-
by-line acquired quantitative data. The new software is an open-source, python-based implementation
using ‘NumPy’,%% with a cross-platform Qt5 graphical user interface (GUI) implemented using ‘PySide2’.
A low-level python library ‘pewlib’ has been made available for creation of python scripts for batch

conversion of data and processing. Features of the program are demonstrated using real and simulated

data.

3.2 Materials and methods

3.2.1 LA-ICP-MS analysis

To demonstrate the use of Pew?® a human pancreatic adenocarcimoa TMA core (US Biomax; Rockville,
MD) was imaged using a NWR193 laser ablation system (Kenelec Scientific; Frenchs Forest, Australia)
coupled to an Agilent Technologies 8900 ICP-MS (Mulgrave, Australia). The laser was operated at
40 Hz with a 10 um beam diameter and scan speed of 40 ums™!. Laser fluence was 0.4 cm™2. A total
acquisition time of 0.25 s was used to produce square image pixels. Quantification of the tissue was

performed using gelatine calibration standards prepared as per Lockwood et al.?*!

3.2.2 Software design

Pew?® was written in python using the ‘NumPy’ and ‘PySide2’ libraries and is available on GitHub'.
NumPy is a powerful array programming library that efficiently accesses and computes multidimensional
data.?®? Image processing operations in Pew? take advantage of NumPy’s vectorisation to ensure
performant code and enable analysis of large datasets, such as those produced by time-of-flight
instruments. A modern, cross-platform Qt5 based graphical user interface (GUI) is implemented
using PySide2, the official python bindings for Qt. The wide availability of both these libraries mean

that Pew? can be compiled on modern operating systems, maximising its availability. A python library

iPew® https://github.com/djdt/pewpew
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3.3 Results and discussion

‘pewlib’! that implements the import and export of data as well as basic data processing, is also available.
This library can be used to easily load data for use into python scripts, allowing further processing and

batch operations.

3.3 Results and discussion

3.3.1 Visualisation

Viridis Jet

Figure 3.1. Comparison of colour-maps Viridis and Jet and their Lab colour lightness channels (bottom
row). The sharp changes in contrast of Jet can introduce perceptual artefacts when
interpreting images.

The primary focus of any LA-ICP-MS imaging program is the visualisation of data. Trends and
features in images are determined from false-colour representations of MS signals and the interpretation
of this colouring should therefore be clear.’’”” Commonly used rainbow colour maps have non-uniform
colour gradients and low contrast features that occupy a small region of the colour-map increasing the
possibility of misinterpretation due to sharp transitions in contrast and improper grouping, apparent in
Figure 3.1. Pew” implements a range of colour-maps where the change in perceived colour is uniform
across the entire map. These colour maps alleviate any risk of misinterpretation allowing for transparent

depictions of MS signals.

3.3.2 Data Import

Pew? is suitable for direct import of a variety of vendor formats of both sample and calibration data
according to the workflow shown in Figure 3.2, avoiding the need for data pre-processing for the most
common instruments. Drag-and-drop importation of raw Agilent batches (MassHunter G7200B or later),

PerkinElmer Elan ‘XL’, Thermo Fischer Qtegra exports, as well as both text-image and file-per-line

fipewlib: https://github.com/djdt/pewlib
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Figure 3.2. Typical workflows for import and analysis of LA-ICP-MS data using Pew”.

exports for easy loading of data. Importing files also reads any available instrument parameters such
as the MS acquisition time and applies them to the image configuration. Non-natively supported

instruments can still be imported, however they require pre-formatting prior to import.
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Figure 3.3. Integration of peaks following detection using continuous wavelet transformation. The
highlighted area of each peak was used to produce pixels in the LA-ICP-MS image.

While the primary focus of Pew? is line-by-line collected data, importation of spot-wise data is also
implemented. A variety of peak detection techniques such as simple or windowed thresholding and
continuous wavelet transforms (Figure 3.3) have been incorporated for accurate peak detection even

in situations where background signal is not uniform.’®® A single ‘marker’ element is used to guide
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the integration of peaks and an image for each element is constructed using the peak height or area.
However, this requires at least one element to be present across the entirety of the sample and for the

positions of peaks for each element to be similar.

Zn66->66

Figure 3.4. Image of ®*Zn imported into Pew?.

As Agilent MassHunter is directly supported by Pew? the data for both the sample and standard may
be imported by drag-and-drop of the batch folders into the main window. Data is read directly from the
MassHunter binary files created on collection of each line. The correct acquisition time is automatically
applied to the image using average difference of recorded acquisition event times (to the nearest pm).
Following import, the laser spot-size and speed are entered manually to ensure the correct image aspect
and correct sizing of the scale-bar (Figure 3.4). The calibration standards may be imported in a similar

fashion before being loaded into the built-in standardisation tool.

3.3.3 Calibration

Like most MS based techniques, LA-ICP-MS data uses calibration factors for quantification. These
factors are collected by ablating materials of known concentrations before, after or during the sampling
of a specimen. Calibration factors are then calculated from a linear fit of the known concentrations
to MS responses. Pew? allows direct input of externally calculated factors and provides an area-based
standardisation tool, where the user can assign rectangular areas of an image to specific calibration
values (todo Figure S1). Values are then used to calculate a line of best fit and relevant coefficients for

assessing validity (Table 3.2). Weighting of the linear regression may also be used to increase accuracy in
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Table 3.2. Calibration values and coefficients.

Element Intercept Gradient r? Syx
SMn 7.06 2920 09931 47
Fe 11.41 1871 0.9959 24.6
Cu 4.01 204 09940 0.6
67n 8.48 412 09915 45

Sy,x: Residual Error calculated as per eq. 3.1.

the lower end of the calibration range as signal deviations are typically non-uniform across a calibrated
range.”® These calibrations can then be saved and applied to other open images or exported for external

use.

3.3.4 Data processing

Image processing is essential for researchers to better communicate their results. Removal of instrument
noise and selection of ROIs often clarify and focus an image’s meaning for easier interpretation by
readers. Drift correction, filtering and calculator tools built into Pew? enable removal of instrument

artefacts and improved image interpretability.

3.3.4.1 Filtering

Spikes in data, and regions of extremely low or high signal resulting from instrument noise may be
removed by applying a local (mean or median) filter at the position of each spike. Spikes are identified
by comparing pixel values to the mean or median of its surrounding values, if the value is above
a user defined threshold, such as 3 times the standard deviation then it is replaced with the local
mean (Listing A.1) or median (Listing A.2) value (Figure 3.5). The filtering threshold must be carefully
selected to prevent alteration of valid signal. These features correct variation in raw signal, resulting in

production of consistent and easily interpretable images.

58



3.3 Results and discussion

0 20 40 60
Change (%)

Figure 3.5. A rolling median filter is applied to an image of >°Fe in a pancreatic cancer core to remove

Signal

noise. The change in signal is limited to pixels with a median value greater than nine times
the median of its neighbours.

Log Convolved Drift Corrected
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Figure 3.6. Simulated drift removal from an image of 333 (left) with a logarithmic curve (center). The

drift tool applied a polynomial fit to approximate the drift and remove it (right). Signal
traces along dashed lines are displayed below the relevant images.

59



Chapter 3 LA-ICP-MS Imaging Software
3.3.4.2 Drift correction

Changes in laser, plasma or MS conditions may cause signal drift and result in a distorted image. While
drift should be minimised by using shorter runs and correctly ‘warming up’ the instruments, it can be
mitigated when quantification is not required. The drift tool calculates a polynomial fit in the direction
of acquisition in a user-defined slice of the background, which is then used to re-normalise the image

(Figures 3.6 and A.2).

3.3.4.3 Segmentation

Figure 3.7. Unsupervised segmentation of *Fe. From left to right: *°Fe, mean thresholding, Otsu’s
method, three-level k-means. The masks produced by each algorithm can be used for
removal of background and image feature selection.

Segmentation is a fundamental imaging analysis tool used to isolate ROIs from the background.
This can be performed either manually or automatically using image thresholding, as in Figure 3.7.
Automatic, or unsupervised, methods have the advantage of removing biases than a user can introduce
when manually selecting ROIs. Pew? has multiple image thresholding methods built in including
manual selections, binary filters such as median and Otsu’s method, as well as multiple level k-means
thresholding (Figure 3.7). Binary filters are typically used to separate signal from the background, while
multiple level filters allow specific area quantification in systems where the sample consists of multiple

structural features, not all of which should be included in quantified data.?”?

3.3.4.4 Calculator

Construction of images as ratios of two or more elements is a useful analysis technique for normalisation
and feature contrast.”’° Normalisation allows samples and ROIs where a non-uniform amount of material
is ablated, such as those with different thickness, to be compared. Ratiometric analysis has also been
used to perform internal standardisation of LA-ICP-MS data and analysis of isotopic ratios. Pew?
greatly simplifies the way these types of images can be constructed; given an image with elements A and

B a user only is required to enter A/B into the formula to produce an image of the ratio. The calculator
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also implements several useful functions and can parse if-then-else statements, enabling thresholding
of both images and calculations. By combining functions and operations a user can perform isotopic

analysis, ratiometric quantification, background removal and other Boolean operations.

20: +
40: \\\\* .
/ RN
nul: a b ( ) €
20: +
VAN
nul: c d

Figure 3.8. Top down precedence parsing of a+ b+ (c+d) xeto+a * xb + cde. Values on the left
indicate the binding powers of each token.

The calculator uses top down operator precedence to interpret user input as a series of tokens.?*> A
table of operator symbols and binding powers is used to make precedence decisions during parsing
by recursive descent. The tree in Figure 3.8 demonstrates how a simple input is broken into multiple
precedence levels during parsing. Once parsed, the input is easily reduced by recursion (Listing A.3)
and the output is displayed by the calculator preview window. The default table includes simple
mathematical operators, conditional logic and uni-, bi- and ternary input functions. Both ease of use and

implementation results from the translation of inputs familiar to users to more easily reduced tokens.

3.3.4.5 Elemental overlays

It is often desirable to be able to view multiple elemental images at once, for visual assessment of the
spatial relationship of elements. The image overlay tool in Pew? allows viewing of up to three elements
simultaneously using RGB or CMYK colouring. The spatial overlap of Mn (red) and Zn (blue) and spatial
difference of Fe (green) were able to be visualised using this tool Figure 3.9. A numerical representation
of this overlap was then calculated in Pew?® using Pearson’s R correlation coefficients (eq. 3.2) using the
pixel values of two images.

2 -00 -9

r= (3.2)
0x0y

Both the image and the values in Table 3.3 show a correlative spatial relationship between Mn and Zn.

Other colocalisation coefficients may be calculated using the approach developed by Costes et al.?*°
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Figure 3.9. RGB overlay of *>Mn, *®Fe and %Zn. The colocalisation of Mn and Zn is clearly visible as
magenta regions within the image.

Table 3.3. Pearson’s R correlation coeflicients of elements in the TMA core.

SSMn 56Fe
%71 | 0.80 0.26
%Fe | 037 -
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3.3.5 Data export

While Pew? has some built in image processing capability, a large selection of field specific image analysis
software is already available.?’*?%” Image exports in ‘.csv’ (text image), ‘png’ and ‘.vti’ (VTK ImageData)
formats maximise compatibility with these programs. However, these formats fail to store the laser
configuration and calibration data of images which leads to unnecessary work in future reanalysis.
To address this, a custom export using NumPy archives is used to compactly store the image data,
configuration and calibrations, so they may be reapplied on load. Despite storing additional parameters
these files are far smaller than comparable “.csv’ text-images and maintain accessibility by only requiring

the NumPy library for access.

3.4 Conclusion

Pew? is the first open-source, multiple-vendor compatible, imaging and analysis software specifically
designed for LA-ICP-MS research. It was written with several design philosophies to minimise data
bias, maximise analytical rigour and allow verification by third parties. The open nature of the program
assists in ensuring its longevity and adoption. Features included in this software follow fast and
simple workflows for the production of publication-ready, quantified, and processed images from raw

instrument data.
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Chapter 4

Imaging of Tumour Microarrays

Previous investigations into manganese have identified a correlation between its concentration and the
inferred radioresistance of human tumours. In this chapter we address Aim 3 by revisiting this work
using a semi-automated workflow and the improved tools developed and discussed in previous chapters.
Transition metals were quantified in tissue arrays of testis, skin and pancreatic tumours, with Mn, Fe
and Cu all found to correlate with inferred radioresistance. Variably radioresistant testis tumours are
further investigated using elemental imaging and immunohistochemistry, but no further correlations
were observed. Finally, phosphorus was evaluated as a potential marker for tissue density and was used

for automated removal of stromal tissue areas.

4.1 Introduction

The radiosensitivity of a tumour is generally inferred from its type and location. Tumours such as
pancreatic cancer (adenocarcinoma) are typically radioresistant, with radiation therapy providing no
improvement in patient outcomes,'’® while others such as seminoma are nearly universally radio-
sensitive.’® Despite these inferred resistances there also exists variation within tumour types; both
melanoma cell lines and tumours are variably resistant to radiation.!’*!%> Similarly, seminoma and
NSGCTs are both germ cell tumours of the testis but have differing responses to radiotherapy.'!”-!!8
TMAs are often used to increase sample throughput, allowing examination of many samples in
preclinical research for a more robust statistical base.”®® TMAs consist of cylindrical cores of tissue
embedded in a paraffin block. Each core is between 1 and 2 mm and is usually sourced from a different

patient. By incorporating many tissues in a small area, TMAs allow the efficient analysis of many

samples.'” This is highly advantageous in the context of LA-ICP-MS, where run times are based on
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sample areas but when compared to raw tissue samples, use of TMAs do have some disadvantages. The
small area contained within the core may not be representative of a complete sample, particularly in
tumours where tissue heterogeneity is high.®’ It has been suggested that at least one 1 mm or three
0.6 mm cores are used to minimise the effect of tissue heterogenity.>”’ Despite these effects the large
increase in the number of samples able to be analysed can increase confidence in results when using

TMAs.

H&E staining is routinely used in histopathology, as the combination of stains reveals the structure
of tissue allowing diagnosis of a wide variety of conditions, including cancer.?>’ The individual stains
in an H&E correspond to different structural features, haematoxylin to cell nuclei and eosin to cell
cytoplasm and the extracellular matrix. Diagnosis using H&E stained tissue is usually performed by
human pathologists but there has also been much research in automating both the staining process
and its interpretation. H&E staining is also used to complement other imaging techniques, using the
revealed structural features to guide analysis.*’1** This requires co-registration of the two images,

converting both images to a similar coordinate system.

Registration of MSI and histological images can be performed manually or using an automated
approach. Automated image registration is an iterative process to minimise a specific cost function,
dependant on the difference in signal intensities of each image.?”> TMAs cores present a particular
challenge for automated registration due to their similar shapes and relative lack of features and many
different rotations could achieve a minimal cost. Co-registration of MSI data to H&E stained TMAs
has been used previously to guide data extraction and analysis.?’* Both Neumann et al., Mascini et
al.??22%> used automated in-house tools, but little detail is provided about their registration methods
or results. In all cases the individual TMA cores had to be annotated by a pathologist due to tissue
heterogenity. Small errors in the registration of tissue to MSI data can normally be neglected due to the
comparatively large pixel sizes used.?’® However, large deformations can be produced by processing,

staining and imaging TMAs and can easily exceed several MSI pixels. Therefore TMA cores must be
registered individually.

A recent paper compared inferred resistances and metal concentrations of several types tumours
using TMAs. Investigations by Doble and Miklos? found that the distributions of Mn, and only Mn,
correlated with the radiosensitivity of these tumours. However, this study lacked accurate quantification
and was therefore unable to statistically compare the mean values of these distributions or compare

cancerous and normal tissues.
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In this chapter we test the hypothesis that concentrations of Mn, and no other transition metal,
correlate with inferred tumour radioresistance. Here, the concentrations of transition metals in pancreas,
skin and testis cancers are compared and the relationship between malignant and normal tissues
investigated. Optimal methods for registering consecutive H&E and metal image slides are investigated,
as well as methods for masking and segmenting tissue. Comparisons of seminoma and the more

radioresistant NSGCTs will provide similar data within a single tissue type.

4.2 Materials and methods

Tissue arrays of melanoma (ME481c), pancreatic cancer (PA1001b), seminoma (TE802) and testis disease
(TE803), all with core sizes of 1.5 mm, were purchased from US Biomax (Rockville, MD). Four consecutive
10 um slices of all arrays slices were obtained (one H&E stain and three formalin-fixed paraffin-embedded
(FFPE)) to allow both the measurement of endogenous metals and further imaging. All tissue arrays

also contained both normal and tumour adjacent-normal tissue to act as controls.

4.2.1 Elemental imaging

Standards containing Mn, Fe, Cu and Zn were prepared as described in Chapter 2 and Lockwood
et al.??! Both P and S were also collected as potential internal standards, but neither was required
due to the matrix-matching of the standards and samples. Samples provided as FFPE tissue were
depariffinised in xylenes (two times 5 min; ChemSupply; Gillman, Australia) and washed two times in
100 % EMSURE®grade ethanol (Sigma; Castle Hill, Australia) for 5 min. These solvents were chosen for
their low metal contents to minimise sample exposure to exogenous elements. Samples and standards
were measured using an NWR193 Laser Ablation System operated at 40 Hz (Kenelec Scientific; Frenchs
Forest, Australia) coupled to an Agilent Technologies 8900 triple quadrupole ICP-MS (Mulgrave,
Australia) with Pt cones and x-lenses. The ICP-MS was operated with both quadrupoles at identical m/z
and 3.2 mL min~! H, gas. For all LA experiments the laser fluence was set at 0.1 cm™2, beam diameter

to 35 pum, scan speed to 140 ums~! and ICP-MS scan time to 0.25s.

4.2.2 Microscopy

Imaging of all H&E slides was performed with a Zeiss Axioscan Z1 (North Ryde, Australia). Fluorescent

imaging of fluoresein isothiocyanate (FITC) tagged anti-CD30 in seminoma and NSGCT was performed
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using a Zeiss Axioscan Z1. Slides were depariffinised as before and hydrated using an ethanol ladder
(5min in 100, 95, 75 and 0 %). Antigen retrieval was performed in a 10 mmol L™! tris buffer containing
1 mmol L™! ethylenediaminetetraacetic acid for 20 min in a pressure cooker. Slides were then washed
for 5min three times in tris-buffered saline (TBS) and blocked with normal blocking solution for
30 min. Primary staining was performed with Dako brand mouse anti-human CD30 antibody (Aglient
Technologies; Mulgrave, Australia) diluted to 6.27 mgL™! in normal blocking solution (0.3, 1 and 3 %
triton, bovine serum albumin and normal goat serum in TBS). Slides were stained for 30 min at room
temperature then washed three times in excess TBS. Secondary staining of FITC was performed
overnight using goat anti-mouse from Bio-Rad (Gladesville, Australia). Once staining was complete
slides were again washed three times with TBS and dehydrated using an ethanol ladder. Finally, slides
were coverslipped using a 4’,6-diamidino-2-phenylindole containing Fluoroshield mounting medium
(Abcam; Melbourne, Australia).

Mitotic counts of select seminoma cores was performed on a Leica ICC50 W microscope. A total of

five HPFs for each core (approximately 90 % coverage) was used.

4.2.3 Image registration and masking
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Figure 4.1. Registration of the micrograph and elemental images. A map is created from the centre of
pixels in the micrograph to those in the elemental image.

Registration of microscope and LA-ICP-MS images was performed using a custom interactive python
script. The script loads and displays both images using and allows manual registration via move-scale-
rotate and affine transformations of the LA-ICP-MS image. Both images are loaded at the correct scaling

by reading pixel-sizes from the image meta-data. Both file-paths, the microscope ‘Scene’ parameter and
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affine coefficients of transformations are saved to a text file and can be read to immediately recreate the
registration. To map pixels of the micrograph to corresponding LA-ICP-MS pixels the centres of each
micrograph image pixel were first converted into um coordinates using the image pixel size. These
coordinates were then transformed by the stored affine transformation and converted to LA-ICP-MS
pixel coordinates (Figure 4.1). Border regions and blank mosaic tiles were then removed from images
to reduce noise and mismatching cores, such as those with folds or debris, were removed. Removal
of bubbles had to be performed for the pancreatic cancer slide due to a poorly coverslipped H&E and
was performed by thresholding the residual colour deconvolution channel. Once the two images were

registered the weight masks were calculated using the process in Figure 4.2.

Elemental Median
Laser Image -
Data Filter
Manual Transform Coordinate H,E,D
. . . —>( X
Alignment Matrix Mapping Weights
-
H&E Image Colour . Thresholding Masked
Deconvolution Means

Figure 4.2. The process for calculating masked means.

4.3 Results and discussion

4.3.1 Image registration

When data is collected on two or more different instruments it must undergo transformation to a
single coordinate system before any comparisons can be made. The difference in resolution (35 um
and 0.4 um per pixel) and varying alignment of the LA-ICP-MS and H&E images made registration
essential before comparative analysis could be performed. Registration of images had to be performed
manually as the low resolution of the metal images greatly reduced the accuracy of traditional feature-

and intensity-based algorithms. Additionally, individual cores required hand registration as cores in
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(a) Registration of a micrograph and LA-ICP-MS  (b) Positional differences between registered cores.
image of a pancreatic cancer core.

Figure 4.3. Registration of an H&E micrograph and LA-ICP-MS image (a), haematoxylin and eosin
channels are shown in blue and red while the metal image (*>Mn) is shown in green.
Positional differences (from the mean value) that occurred during registration of cores are
plotted in (b). Red lines correspond to a shift of 1, 2, 5 and 10 LA-ICP-MS pixels.

consecutive slides did not line up exactly (Figure 4.3a). These differences were due to cores moving
during the FFPE process, depariffinisation, staining and coverslipping and made manual registration
for each core essential. The difference in each core position from the mean was calculated for each
TMA and plotted in Figure 4.3b. More than half the cores had a positional difference from the mean of
greater than five LA-ICP-MS pixels (175 pm), around one tenth of the core diameter. Once the two

images were registered comparative analysis between the tissue staining and metals was undertaken.

4.3.2 Colour deconvolution

To maximise the utility of the H&E stain images in differentiating structural features the individual stains
first require separation. Stains were separated from red-green-blue (RGB) images of the TMAs using
the haematoxylin, eosin, 3,3’-diaminobenzidine (DAB) stain separation matrix described by Ruifrok and

297 (eq. 4.1). Deconvolution enabled quantification of both the haematoxylin and eosin stains

Johnston
as well any residual colour not accounted for by either stain. The residual colour typically comes from
another stain, DAB, but also includes tissue that is pigmented prior to staining, such as the melanin in

melanocytes.
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(a) H&E image of a melanoma (b) Colour deconvolution of the (c) Haematoxylin, eosin and
core. core. 3,3’-diaminobenzidine (DAB)
masks.

Figure 4.4. An RGB image of an H&E stained melanoma core. Colour deconvolution (b) and
thresholding were used to create the haematoxylin, eosin and DAB stain masks seen
in (c). Masks were used to restrict data analysis to specific structural regions of the core.

-1
H 0.65 0.70 0.29 R
El=1007 099 o0.11 G (4.1)
D

0.27 0.57 0.78 B

Once the stains were separated, they could be used to remove the stroma and background from each
image. Initially a masking approach using unsupervised segmentation algorithms including k-means,
mean, median and Otsu’s method were trialled, but were found to be inferior to the weighting method
described below.?’® Each mask was created using a manually calculated threshold, and as each image
was taken using the same camera and configuration only a single threshold needed to be used for all the
TMAs. Figure 4.4 shows an RGB image of a melanoma core, its deconvolution and the masks created
by thresholding the deconvoluted stains. These masks were used to restrict analysis of the data to
structural features of the tissue, such as the parenchyma or stroma as well as removing background
signal. Optimal segmentation of images was produced using the threshold values in eq. 4.2, where wis

the weight pixel corresponding to pixelsi...n in H, the deconvolved haematoxylin image.

w= Y (H>0.082) (4.2)

n
i=0

To assess the correlation between metal concentrations and the inferred radioresistance of tissue
types the mean metal concentrations were determined for each core. However, for metals to provide

a protective effect they must be located at the site of radiation induced protein damage.! Weighted
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(a) H&E micrograph. (b) LA-ICP-MS image of Mn.

(c) Weights from the H&E. (d) Registered and weighted Mn image.

Figure 4.5. Weights created for a testis teratoma are used to exclude background and stroma from the
Mn LA-ICP-MS image. Weight masks are created for cores using colour deconvolution
and thresholding of the H&E.
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masks were created as per eq. 4.2, Gaussian filtered with a o of 0.5 and finally cleared of any values
corresponding to lower than 5 % coverage of an LA-ICP-MS pixel. A completely masked pixel (1.0)
contributed its full weight the core’s mean while those with no coverage (0.0) were ignored. Use of the
weights preserved the fidelity of the high resolution H&E images when applied to the lower resolution

LA-ICP-MS images (Figure 4.5).

4.3.3 Malignant and normal tissues
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Figure 4.6. Mean metal concentrations of masked regions for each malignant TMA core, separated
by tissue type. Statistics were performed using Student’s or Welch’s t-test, dependant on
homoscedasticity (¥, p = 0.05, **, p = 0.01, ***, p = 0.001).

Mean parenchyma concentrations of 35, 75 and 90 melanoma, pancreatic cancer and seminoma cores
were determined using the weighted masks and are plotted in Figure 4.6. Concentrations of all the
metals increased with the inferred radioresistance of tumours and a significant difference between
radiosensitive seminoma and both melanoma and pancreatic cancer was seen for Mn, Fe and Cu.
However as both Fe and Cu are known radiosensitisers and producers of ROS, Mn is the only likely

142,143,299 Thjs is in partial agreement with previous

candidate for metal-complex related radioresistance.
research, where only Mn was found to be higher in radioresistant tumours.? The calculated values in
Table 4.1 match the inferred resistance and variability of resistance of each tumour type; melanoma is

variably resistant, pancreatic cancer uniformly resistant and seminoma uniformly sensitive.
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Table 4.1. Relevant figures and statistics for Mn in the TMAs. Tests for population and distribution
similarity were performed between malignant and normal cores.

Organ Type Mean (ugg™') Std. (ugg™!) No. Cores pPop.? pDist.”

Skin Melanoma 1.1 1.4 35 0.76 ¢ 0.75 °©
Normal 0.9 0.5 8

Pancreas Adenocarcinoma 1.0 0.8 75 0.0013  0.000 62
Normal 1.7 1.1 20

Testis Seminoma 0.4 0.4 92 0.034 0.000 62
NSGCT 0.23 0.17 25 0.56 0.34
Normal 0.26 0.11 23

2 Student’s or Welch’s t-test, dependant on homoscedasticity.

b two-sample Kolmogorov-Smirnov.

¢ significance limited by sample size.

Previous experiments in bacteria have shown the ratio of Fe and Mn to be a better indicator of
gamma resistance than Mn concentrations alone.'? Figure 4.7b shows that no significant relationship
was observed between Mn/Fe and the inferred resistances. This was expected given that both metals
were increased in radioresistant tumours and indicates that Mn/Fe ratios are not a good indicator of

radioresistance in tumours.

Comparison of malignant and normal tissues (Figure 4.8) was performed to determine if the radioresis-
tant tumours had an increased Mn uptake. Counter to the Mn-complex hypothesis, Mn was significantly
lower in normal tissues than in radiosensitive seminoma and significantly higher in normal pancreas
than in radioresistant pancreatic cancer (Table 4.1). Concentrations of Mn in the normal and tumour
adjacent normal tissues also correlated with inferred radioresistance (Figure 4.7a). This means that
the measured tumours do not have increased metal scavenging capabilities; any metal-complex related
radioresistance must rely on the metals normally present within tissues. Metal concentrations were
more variable in the malignant cores (RSDs 30 to 134 %) than in the normal tissue (RSDs 21 to 65 %).
Distributions of Mn, Zn in pancreas and all metals in testis were different in malignant and normal
tissues (two-sample Kolmogorov-Smirnov, p < 0.05). No significant differences were observed for any
metal within skin. This variability caused a few seminoma cores to have Mn concentrations far outside

the normal tissue range, possibly indicating increased Mn uptake.

All melanoma cores with high Mn were highly melanotic and melanin content (taken as the mean of

the DAB channel from the colour-deconvolved H&E) weakly correlated with the concentration of Mn
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Figure 4.7. Concentrations in normal tissues (a) correlated with inferred resistance of cancers. There
was no relationship between radioresistance and ratios of Mn/Fe (b). Statistics were
performed using Student’s or Welch’s t-test, dependant on homoscedasticity (*, p = 0.05,
*** = 0.001).

(r? = 0.3910). Both the correlation and increase in Mn are explained by melanin’s ability to chelate metal
ions. While melanin has been shown to provide protection against radiation,*® studies in epithelial and
melanoma cell lines showed that melanin alone does not have an effect on radiosensitivity.'’®!%” Both
of these studies cultured cells in alpha minimum essential medium, a media that is devoid of transition
metal containing inorganic salts. A future study that supplements and quantifies both melanin and

metal concentrations would be needed to determine if their interaction is required for radioprotection.

Outliers in seminoma have previously been attributed to anaplastic variants.” Mitotic counts were
performed for the 10 % of the TMA, covering cores with the highest Mn concentrations and those
labelled as ‘cataplastic’ by the vendor. Three cores were found to have a mitotic counts greater than
3 / HPF, the cut-off for anaplastic classification but only one of these had a high Mn concentration.
Outlying Mn core concentrations can therefore not be accounted for by anaplastic variants of seminoma.
This was not unexpected as both classical and anaplastic seminoma have similar response to therapy,

including radiotherapy.!!*!1°
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Figure 4.8. Mean concentrations of Mn, Fe, Cu and Zn in malignant and normal tissue cores. Statistics
were performed using Student’s or Welch’s t-test, dependant on homoscedasticity (*, p =
0.05, **, p = 0.01, ***, p = 0.001).
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Figure 4.9. Metal concentrations in seminoma and NSGCT. Only Cu correlated with inferred radio-
resistance. Statistics were performed using Student’s or Welch’s t-test, dependant on
homoscedasticity (*, p = 0.05, **, p = 0.01, ***, p = 0.001).
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4.3.4 Testis tumours

Natural concentrations of metals vary in different tissue and thus have the potential to affect the
interpretation of analyses. These biases could be removed by analysing two tumours with varying
radiosensitivities that are situated in the same tissue. In this study seminoma were compared to NSGCTs,
germ-cell testis tumours with a known worse prognosis and lower radiosensitivity.'!”>!'® While it
was hypothesised that the NSGCTs would have high Mn concentrations the opposite was observed
(Figure 4.9). Mean Mn was 0.23 + 0.17 pgkg ™! in the 25 NSGCT cores compared to 0.4 0.4 ugkg™! in
the 90 seminoma and the distribution of Mn in NSGCTs matched that of normal testicular tissue.. Cu
was the only element that correlated with inferred resistances, however Cu ions are known to cause
radiosensitisation in bacteria.??**"

Pathologies provided by the TMA supplier were confirmed using immunohistochemistry targeting
CD30, a tumour necrosis factor that is expressed in NSGCTs but absent in seminoma.” Fluorescent signals
of FITC-tagged anti-CD30 correlated with the provided pathologies (p = 0.00007) but did not correlate
with concentrations of any transition metal (Figure 4.10). Given the decreased Mn concentrations in the
confirmed NSGCTs it appears that complexes of Mn are not responsible for the variable radioresistance

of testis tumours.
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Figure 4.10. Mean fluorescent intensities where higher in NSGCT than seminoma. While intensities
did confirm the pathologies, they did not correlate with Mn concentrations (Welch’s t-test,
p = 0.001).
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4.3.5 Phosphorus colocalisation and masking
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(b) Pancreatic cancer. (c) Colocalisation of P with haematoxylin and eosin stains.
(Student’s / Welch’s t-test, p = 0.001)

Figure 4.11. Concentrations of P (green) were colocalised with haematoxylin stain (red) in both normal
(a) and tumorous (b) cores. This correlation was demonstrated in all tissues using Pearson’s
correlation coefficients (c). The same correlation was not seen with eosin.

Haematoxylin binds to negatively charged molecules such as nucleic acids and selectively stains
cell nuclei. Haematoxylin should therefore colocalise with P due to the abundance of phospholipids in
nuclear and cell membranes. Pearson correlation coefficients used to investigate the correlation between
metal distributions and the H&E stains (Figure 4.11). As expected there was a strong colocalisation
between haematoxylin and P for all tissue types, with mean correlations of 0.45, 0.50 and 0.47 for testis,
pancreas and skin respectively. This colocalisation was not observed with eosin, which stains cytoplasm
and the extracellular matrix. Colocalisation of P and haematoxylin raises the possibility of using P as a

masking element for quantification in heterogeneously structured tissue.

301

While phosphorus has been used previously to remove signal backgrounds”" and indicate cell

density>"?

in LA-ICP-MS images, its potential for use as a tissue masking element remains unexplored.
Use of P would significantly simplify the masking process as it could be collected simultaneously with

other elements, so no complex image registration process would be required. This process was tested
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Figure 4.12. Masks produced from the P elemental image using different thresholding methods. The
Otsu’s mask performed most similarly to H&E registration and colour deconvolution.

on the TMA means using mean, median, Otsu’s and multi-level optimal k-means clustering.’”® Mean,
Otsu thresholding and three level k-means clustering (Figure 4.12) were able to successfully separate the
parenchyma from stroma and background signal in cores containing at least 25 % parenchyma. Means
of Mn from the mean and k-means, mean and Otsu masked regions differed by those from the H&E
masks by (3 £ 4), (3 £ 3) and (2 * 2) %, with a maximum difference of 23, 22 and 16 % respectively, shown
in Figure 4.12. One issue that may arise when using mean thresholding is the amount of background
present in an image. Cropping out background changes the mean value and thus the mask created. It is
therefore recommended that the relative and thus more robust Otsu and multi-level k-means methods be
used. Analysis of core means using the Otsu or k-means masks only affected the significance between
melanoma and seminoma in *°Zn (0.0071 to 0.074; Figure A.1). These results show that thresholding
using P can create robust tissue masks that closely mimic the haematoxylin stained regions of tissue,

excluding stroma.
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4.4 Conclusion

Image registration and masking was used to calculate transition metal concentrations in TMA core
parenchyma. Concentrations of Mn, Fe and Cu correlated with inferred radioresistance however, this
correlation was echoed in normal tissues. No metal was found to be higher in radioresistant tumours
when compared to normal or tumour-adjacent tissues, ruling out the possibility that radioresistant
tumours have an increased metal scavenging capacity. Higher metal variability was seen in malignant
cores but without additional information about patient treatment and outcomes it is difficult to draw
any conclusions about those with high concentrations. There was no significant difference in the Mn/Fe
ratio between the radiosensitive and -resistant tissues. Pathologies of seminoma and NSGCT were
confirmed using THC but the level of staining did not correlate with the concentration of any metal.
Only Cu (a known radiosensitiser) correlated with inferred resistance in the variably radioresistant
testis tumours, the correlation of Mn was inverse. Locations of haematoxylin stained tissue correlated
closely with P elemental maps and P could be used as a masking element for parenchyma, removing the

need for complicated image registration.
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Chapter 5

Elemental Contents of Brain Tumours Treated

Using Radiotherapy

The two most common primary brain tumours, glioblastoma and meningioma, have vastly different
responses to treatment and thus patient outcomes. While meningioma are generally considered
radiosensitive, glioblastoma are inherently radioresistant and increase in resistance following treatment
with radiation. In this chapter the metal contents of brain tumours from patients who have undergone

treatment were interrogated and compared to both inferred radioresistance and known patient outcomes.

5.1 Introduction

Glioblastoma and meningioma are the most common forms of primary and intra-cranial tumours.
Glioblastoma are highly aggressive and both their location and inherent radioresistance makes treatment
extremely difficult. Standard treatment involves tumour resection and both chemo- and radiotherapy
however, recurrence of the tumour following radiotherapy is common and the median survival time
after diagnosis is only 14.6 months.'’! In contrast, 90 % of meningioma are benign and many are actively
monitored in place of treatment. Treatment of meningioma involves surgical removal of the tumour
and radiotherapy in cases where the location of the tumour makes complete resection difficult.”!
When combined with surgery, radiotherapy increases the five year PFS of grade I meningioma from
38 to 91 %.19? “‘Atypical’ (grade II and III) meningioma have a high recurrence rate and are therefore
surgically resected and treated with radiotherapy.’’ However, treatment is complicated by the increased

radioresistance of atypical meningioma.
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One of the most challenging factors in treating glioblastoma is the increased chemo- and radio-
resistance of recurrent tumours. Glioblastoma are highly heterogeneous and small resistant cell
populations can become dominant through the selective pressures of therapy.**® Recurrent glioblastoma

304,305

are enriched in DNA repair enzyme O°-methylguanine-DNA methyltransferase and prominin-

1 (CD133) expressing cells,**>%

indicating increased CSC characteristics. Radioresistant CD133-
positive cells have also been found in atypical meningioma, providing a source of CSCs for tumour
regenesis.’’’” High expression of DNA repair enzymes*® and ROS scavengers*’ in CSCs cause an inherent

radioresistance that further promotes the creation of radioresistant populations after treatment.

It has recently been hypothesised that the radioresistance observed in glioblastoma could be caused
by ROS scavenging Mn based complexes.” Mn, " is a catalytic scavenger of O, - — and the increased
radioresistance of both glioblastoma and atypical meningioma may therefore be due to increased Mn
contents within CSCs. This hypothesis could be tested by measuring Mn in tumour biopsies with known
medical histories. Tumours from atypical meningioma and post-treatment glioblastoma should contain
significantly more Mn than their typical and untreated counterparts. Additionally, distributions of Mn
should change following treatment, due to the increased presence of CSCs and populations derived

from them.

5.2 Materials and methods

Standards containing Mn, Fe, Cu and Zn were prepared as described in Chapter 2 and Lockwood et al.?*!

Both P and S were also collected as potential internal standards, but neither was required due to the
matrix-matching of the standards and samples. Samples of 16 (11 grade I; 4 grade II) meningioma and
10 glioblastoma from patients who had undergone treatment were provided by the University Hospital
Munster Institute of Neuropathology, along with patient histories. Samples provided frozen were
defrosted and used as is while those provided as FFPE tissue were depariffinised in xylenes (ChemSupply;
Gillman, Australia) and washed in absolute ethanol (Sigma; Castle Hill, Australia). Tumorous regions
of each sample were identified by a pathologist using an H&E stained, consecutive slice. Areas were
transferred by overlapping the H&E and P elemental image in GNU image manipulation program and
creating masks of tumour, stroma and necrotic regions with the same dimensions as the elemental

image.
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Figure 5.1. A meningioma H&E with the tumorous regions labelled and the corresponding Mn
elemental image. Pathologist marked ROIs were used to guide analysis of the metal images.

Samples and standards were measured using an NWR193 Laser Ablation System operated at 40 Hz
(Kenelec Scientific; Frenchs Forest, Australia) coupled to an Agilent Technologies 8900 triple quadrupole
ICP-MS (Mulgrave, Australia). Hydrogen (3.2 mL min~!) was used as a reaction gas to remove poly-
atomic interferences. For all normal resolution experiments the laser fluence was set at 0.4 J cm ™2, beam
diameter to 35 um, scan speed to 140 pm s~ and ICP-MS scan time to 0.25 s. Calibration was performed

1.%21 and run before

using spiked gelatine standards prepared as described in Chapter 2 and Lockwood et a
and after each sample. Linearity of the 52 gelatine standards run during analysis ranged from 0.9944 to

0.9996, 0.9871 to 0.9995, 0.9943 to 0.9994 and 0.9911 to 0.9996 for Mn, Fe, Cu and Zn respectively.

5.3 Results and discussion

Tumorous ROIs within each sample slice were identified by a pathologist using H&E stained consecutive
slices. The ROIs (as shown in Figure 5.1) were then used to guide data analysis and exclude normal,
stromal and necrotic regions. Background was identified as regions less than the mean plus three
standard deviations of the P gas blank (first five seconds of each image) and also excluded.

Following the Mn complex hypothesis it would be expected that radiosensitive meningioma (grade
I) would contain lower levels of manganese than the radioresistant glioblastoma. Data in Figure 5.2
shows that only Cu was significantly different between the two sample types. This is similar to previous
studies, where Cu was found to accumulate in glioblastoma but not in meningioma. This accumulation

was not seen for Zn in either tumour type.>’® Serum levels of Cu are raised in glioblastoma patients
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Figure 5.2. Transition metal concentrations in glioblastoma and grade I meningioma. Only Cu was
found to have a significant difference in concentration. Statistics were performed using
Student’s t-test (**, p = 0.01).

and reducing levels has been shown to significantly improve PFS and reduce angiogenesis-related
factors.’”310 Angiogenesis (the formation of new blood vessels) is a hallmark of glioblastoma and its
inhibition has been highlighted as a potential treatment strategy.”!’

Both Cu and Zn have been shown to be lower in tumours than the surrounding normal tissues even
when raised in patient serum levels.”'? In the absence of matched normal and tumour samples the
stroma surrounding tumours was used. Each sample containing both regions identified as tumour and
stroma were plotted in Figure 5.3 and a paired-samples t-test was performed. In glioblastoma, only Zn
concentrations were significantly different, slightly raised in tumorous tissue. This could be due to the
increase cell density of tumours, however no other metal was found to be significantly raised. There
has been little study of Mn in brain tumours but what does exist has not shown significant differences
between normal and tumorous tissues.’!*

Grade II or ‘atypical’ meningioma are more aggressive and radioresistance than grade 1.”> While Mn
was generally higher in grade II (median of 1.07 ug kg™! versus 0.49 pg kg™! for grade I), this difference
did not achieve significance (Figure 5.4). Analysis was limited by the relatively small number of grade
IT samples (four) and a larger sample size may be able to achieve significance. Atypical meningioma

represent only 10 % of total meningioma cases, although not all patients will receive radiotherapy.
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Figure 5.3. Concentrations of metals in sample with regions of both tumour and stroma (pairs shown
linked by lines). Metal levels were generally higher in tumour than stroma. Statistics were
performed using Student’s t-test for paired samples (*, p = 0.05; **, p = 0.01).
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Figure 5.4. Transition metal concentrations in grade I and grade II (atypical) meningioma. No
significance difference in concentrations was detected.
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There was no significant difference in any of the other metal concentrations between the two grades of
meningioma.

Statistical analysis of the elemental concentrations and patient information was performed to
determine any correlations between the two. Pearson correlation coefficients were used to interrogate
numerical information such as patient age, PFS and overall survival whilst categorical information:
sex, Simpson and WHO grading, recurrence, death and whether radiotherapy or adjunctive therapies
were administered, was investigated using analysis of variance (ANOVA). Relationship between Zn and
patient sex (p = 0.02) as well as Cu and WHO grade (p = 0.0056) where discovered. Zn concentrations
are typically lower in women and this most likely accounts for the difference in tumour Zn.*'* The
correlation between grading and copper as was shown previously in Figure 5.2 as glioblastoma are
considered WHO grade IV. There were no significant correlations (p < 0.05) between Mn, Fe, Cu or Zn

and any of the other patient data.

5.4 Conclusion

When comparing glioblastoma to benign (WHO grade I) meningioma, only Cu was found to be
significantly elevated. This confirms previous research that observed increased serum Cu in glioblastoma
patients and could be a factor in tumour angiogenesis. Several metals were found to be higher in
pathologist identified areas of tumour when compared to surrounding tissue. Mn, Fe and Zn were
increased in meningioma, while only Zn was significantly higher in glioblastoma. Concentrations of Mn
were increased in WHO grade II meningioma, but did not achieve significance and further studies with
a larger sample size would be needed to increase statical power. Tumour Zn was found to be increased
in males, in agreement with typical serum levels. No other correlations were observed between metal

concentrations and any other patient data.
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Chapter 6

Single Particle Software and Applications

Most of the work demonstrating the radioprotective nature of manganese has been performed using cell
models. The uptake of manganese into cells is usually determined using acid digestion and important
information about the distribution of manganese and cell-to-cell variations is lost. This is particularly
apparent when analysing heterogeneous cell populations such as cancers. Single-cell inductively
coupled plasma mass spectrometry has emerged as a powerful solution to both of these problems,
yet quantification of manganese is difficult due to its high background, and there is a lack of truly
transparent analysis software. In this chapter a novel open-source, Python-based solution is presented
and demonstrated via analysis of Ti nano-materials in water, C in algal cells and C in a solid matrix
using laser-ablation. Improved thresholding techniques are implemented with the goal of improving

the quantification of elements with high backgrounds, addressing aim Aim 4.

6.1 Introduction

The characterisation of discrete nano- and micro-structures has become increasingly relevant in industry
and several disciplines including medicine, life- and environmental science. The properties of NPs can
be tuned for specific applications by controlling their size, composition and structure. In the field of
medical sciences, NP properties provided new perspectives and inspired strategies for diagnostics and
treatments.>'>~>!” However, the generation, application and discharge of engineered and incidental
nanomaterials have also raised environmental and health concerns.??%-3%!

The characterisation of nanomaterials requires techniques capable of counting discrete particles

whilst characterising their elemental composition, mass and size. Here, spICP-MS has emerged as an

elegant technique combining rapid particle counting, high sensitivity and robustness to characterise
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nano- and micro-particulate matter in aqueous suspensions.’?® The working principle of spICP-MS is
based on the delivery of individual NPs into an Ar-based plasma where they disintegrate into atoms,
which are subsequently ionised and extracted into the mass spectrometer as spatially secluded ion clouds.
Best signal-to-noise ratios are achieved by reducing signal integration times and collecting several data
points for each ion cloud. A minimum integration time of 100 ps is recommended. Determination of
the size, mass and number concentrations of detected particles is possible via calibration with reference

materials.>%2

The concepts of spICP-MS are also applicable for the determination of elements in cells.***> scICP-MS
is of interest in various medical and environmental scenarios where the up- and down-regulation of
elements trigger certain biological traits or pathologies. Another interesting direction in the field of
particle characterisation is the hyphenation of spICP-MS with secondary instrumentation. The coupling
with laser-ablation enables spatial investigations of particles among ionic species in solids and is used to
study their fate and impact.?**3%* Furthermore, it was recently shown that LA-spICP-MS can sample
intact NPs from biological tissues to investigate translocation, sizes and spatial abundances.*?>~*2” NPs
are also incorporated into LA-ICP-MS workflows to improve detection capabilities, as shown in the
field of immunohistochemistry.?°”*28 However, hyphenated spICP-MS may produce transient data sets

with drifting background signals and require dynamic models for signal thresholding.*?’

The acquisition of NPs and cells via sp or scICP-MS generates large data sets that often exceed
10e6 data points, making manual analysis inefficient and requiring dedicated processing algorithms to
reduce data into a manageable form. These algorithms must be able to detect NP events in the presence
of background noise, integrate and calibrate detections, and perform statistical analysis.?*>*30-331
Commercial sp software packages for data analysis and visualisation are available from various ICP-MS
vendors, as reviewed by Meermann and Nischwitz.**? Vendor packages are usually integrated into the
processing software and enable on-site and real-time analysis. However, the underlying processing
algorithms are often only partially transparent and access to meta data is limited. These factors

complicate the comparison of data sets from different vendors and limit user modifications, which are
often required for the characterisation of uncommon materials, cells and other research endeavours.
Python is an open-source general-purpose programming language with wide adoption in the fields of
data science, imaging, analytics and automation.**> Popular libraries such as NumPy extend Python and
facilitate the efficient creation, access and manipulation of data.?®? As such, Python has become popular

amongst natural scientists, who often require fit for purpose software solutions for large data sets
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with unconventional structures. Its widespread application and popularity in the scientific community
makes Python a good choice for spICP-MS data analysis as code accessibility and extensibility are often
required to implement new or adapt existing sp routines.

In this work, we present an open-source Python-based platform for efficient and interactive analysis
of sp and scICP-MS data sets. The integration of processing, filtering and calibration algorithms into
an interactive GUI are detailed. Different calibration and filtering methods are demonstrated by the

exemplary analysis of particles in surface water and soil as well as by targeting single cells.

6.2 Materials and methods

6.2.1 Instrumentation

spICP-MS experiments were performed on an 8900 series ICP-MS/MS system operated with MassHunter
software (Agilent Technologies) and equipped with Pt cones and s-lenses. A concentric nebuliser and
Scott double pass spray chamber cooled to 2°C was used for aerosol generation. Liquid solutions
were introduced via a peristaltic pump. The PA factor and detector dead-time of the instrument were
determined by analysing diluted element standards for ICP-MS. The instrumental performance was
tuned daily by analysing a 1 pg L™! Li, Y, Tl, Ce and Ba standard. For spICP—~MS analysis, the quadrupole
mass analyser was operated with a dwell time of 0.1 ms. LA experiments were performed using a New

Wave Research NWR-193 excimer laser (Kennelec Scientific; Mitcham, Australia).

6.2.2 Chemicals and consumables

Spherical Au NP standards (NanoXact, 99.99 % purity) with diameters of 15 and 50 nm and dispersed
in 2mmolL™! sodium citrate solution were purchased from nanoComposix (San Diego, CA) and
stored at 4°C. Before analysis, solutions were warmed to room temperature and sonicated for two
minutes to re-suspend precipitated NPs. Standards were diluted in milli-Q water obtained from an
Arium® Pro Vf system (Sartorius; Goettingen, Germany) to sp working concentrations in tubes made
of polypropylene. Certified ionic Au and Ti were purchased at 10mgL™! in 2% HNO5 from High
Purity Standards (Thornleigh, Australia) and diluted to 1ugL™! to determine elemental responses. To
investigate thresholding and applicability of the different filters, an ionic 1mgL™! Au standard was

analysed while altering the ‘Plate bias’ tuning parameter to generate different signal background levels.
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6.2.3 Application 1: splCP-MS analysis

For the demonstration of the data processing platform for mass, size and concentration calibrations,
a freshwater sample was obtained from the Merlynston Creek in Melbourne, Australia (coordinates:
-37.691027, 144.936998) in December 2019 and analysed using spICP-MS/MS to detect and characterise
TiO, NPs. Syringe filters (0.45 pm; Tisch Scientific; North Bend, OH) were used to remove larger
particulate matter. Triple quadrupole ICP-MS using O, as reaction gas was required to remove spectral

interferences and allowed the selective analysis of Ti by mass shifting *3Ti — 4¥Ti!¢0.

6.2.4 Application 2: LA-spICP-MS analysis

An acid washed sand sample was mixed with charcoal to simulate the presence of C containing matter
in soil. The mix was spiked with 3.0 + 0.1 um polystyrene beads (10 % solids, 1.05 g cm™>; Sigma Aldrich;
Castle Hill, Australia), mixed again and pressed into pellets, which were then analysed via LA-spICP-MS
using a spot size of 100 um and a scan speed of 400 um s~!. The isotope >C was monitored in single
particle mode according to a previously published method.*?* A blank soil sample was prepared without
plastics and analysed but no sp signal spikes were visible. Calibration was performed by analysing dried

droplets of a 3 um polystyrene standard on microscope glass slides.

6.2.5 Application 3: sclCP-MS analysis

A cell culture of Symbiodiniaceae unicellular algae was analysed and calibrated via sp and scICP-MS
according to a protocol by Gonzalez de Vega et al.*** The isotope '“C was targeted and analysed
via a mass shift (*2C — >C'°0) using O, as reaction gas. The sc signal spikes were calibrated using

4.0 + 0.1 um polystyrene beads (10 % solids, 1.05 g cm™>; Sigma Aldrich) as reference particles.

6.2.6 Data processing

The following section describes mathematical operations implemented in the program for signal filtering,
processing and calibration. The developed software converts inputs into SI units and outputs to user
defined units. Raw data may be loaded from CSV or text files consisting of either a single column of
signal values or two columns of acquisition times and values. For the latter, dwell times are determined
automatically. The mean of the raw data () is the basis for threshold calculation and data filtering

and is calculated across all data points, or a specified window. A Poisson filter was integrated into the
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software and sets thresholds based on considerations by Currie*** who described counting statistics

for radioactive decay. The concept was later adopted for spICP-MS.?>>%3%-331 The Poisson filtering

algorithm takes two inputs, the limit of criticality (L.) and LOD (L), which are calculated from the

input signal using Currie’s expressions for paired observations shown as egs. 6.1 and 6.2.%*> Contiguous

regions above the L, containing at least one point above the L; are background subtracted and integrated

to produce a single particle signal, as shown in Listing 6.1. At count rates of less than five counts the

correction term € is used to avoid underestimation of the limits. The value of € is pre-set to 0.5 but may

be modified manually.

334

Listing 6.1. Sums contiguous regions above limit_accumulation with at least one point above

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

limit_detection. Error handling code removed for readability.

def accumulate_detections(

y: np.ndarray, limit_accumulation: float, limit_detection: float,

) -> Tuple[np.ndarray, np.ndarray, np.ndarray]:

get start and end positions of regions above accumulation limit
diff labels starts of regions with 1, ends with -1
diff = np.diff((y > limit_accumulation).astype(np.int8), prepend=0)
starts = np.flatnonzero(diff == 1)
ends = np.flatnonzero(diff == -1)

regions = np.stack((starts, ends), axis=1) stack into pairs of (start, end)

remove regions without a max value above detection limit
detections = np.logical_or.reduceat(y > limit_detection, regions.ravel())[::2]

regions = regions[detections]

sums = np.add.reduceat(y, regions.ravel())[::2] sum regions
labels = np.zeros(y.size, dtype=np.intl6) create a label array of detections
ix = np.arange(l, regions.shape[0] + 1) set start to +i, ends to -i
labels[regions[:, 0]] = 1ix
labels[regions[:, 1]] = -1ix
labels = np.cumsum(labels) cumsum to label regions

return sums, labels, regions

91



Chapter 6 Single Particle Software and Applications

L, = 2331, + € (6.1)
Ly=271+4.65w+¢€ (6.2)

Gaussian data filters determine the L; according to eq. 6.3, where xis a coefficient that may be selected
to adjust thresholds. In this case the same recognition and accumulation algorithms are used with L,
set to L. Gaussian filters use the standard deviation (o) and either the mean or median of the signal to

define the L.

Ly=pp+x0 (6.3)

The L; is subsequently used to define the mass and size detection limits L,, and L;. The L,, of a
particle may be determined via the transport efficiency (), ionic response (s), dwell time (t), flow rate (V)
and mass fraction (f) according to eq. 6.4. The L, is derived from the L,, according to eq. 6.5, assuming a

spherical particle with density p.

ntLaV
_ 6.4
n= T (64
6L
Ly=3|—¢ (6.5)
p

An alternative approach to determine the L,, considers the mass response (R), where the mean signal
of a target element (Ip) in a standard particle with either known mass m or known density p and diameter

@ is determined according to eqs. 6.6 and 6.7.

3 mf_ arpf o 3

R_E_ 3ID<2> (6:)
_ T]tLdV

L= of (6.7)

The ionic background concentration () is determined from the mean of all non-detection regions in

the input (Iyp) according to eq. 6.8

92



6.2 Materials and methods

G =— (68)

For the calibration of the NP signal data array, 7 may be determined and entered manually®*® or
calculated automatically using a reference material. The number of detected reference particles (N) over
a certain acquisition time (7) can be used to determine 7 according to egs. 6.9 and 6.10, if the particulate
mass concentration (cp), density and diameter are known. Alternatively, n may be calculated using the

signal (I;) and mass of the standard particle via egs. 6.9 and 6.11 if the ionic response, density, diameter

and mass fraction of the standard particle are available.

4 3
m o et (@) 6.9)
3 2
mN
= — 6.10
1= VT (6.10)
n= m_sf (6.11)
tIdV

The particle number concentration (PNC), (cy) is determined using eq. 6.12 when 5 is calculated. The
detection of single particles is governed by Poisson statistics and the standard deviation is therefore

estimated using the square root of the particle count.**’

N
= — 6.12
cN ey (6.12)

The calibration of detection intensities into masses is possible via transport efficiency according to
eq. 6.13. Alternatively, the particle mass can be calculated according to eq. 6.14 by considering the mass

response factor determined from a standard particle.

tLV

m= "4 (6.13)
sf
R

m=—4 (6.14)

The particle masses can further be calibrated into particle sizes or into the total particulate concen-

tration using eqs. 6.15 and 6.16.
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5| 6m

0= (6.15)
2m
== 1
¢p T (6.16)

Signal, mass and size distributions are visualised together with figures of merit in histograms and may
be automatically fitted with a normal or log-normal function. The fitting is performed by minimising
the fit difference using a Nelder-Mead simplex method.**’

Any processing step for the analysis of particles is also applicable for the characterisation of cells,
where masses, sizes and cell counts can be performed accordingly.** The intracellular concentration

(c;) can be determined using the molecular weight of the analyte (M) according to eq. 6.17 but requires

knowledge of the mean cell size.

Im

S L — 6.17
2000 @3 M (6.17)

Ce

6.3 Results and discussion

6.3.1 Signal thresholding and NP recognition

In this work, we present an open-source Python-based data processing platform that aims to provide
transparent analysis of sp/scICP-MS and hyphenated spICP-MS data sets. An interactive GUI was
implemented in Qt5 using the PySide2 library, and NumPy was used for the rapid generation and manipu-
lation of large data arrays. The library ‘bottleneck’ was used to further accelerate windowed calculations.
An executable version of the program is provided for Windows 10 users and requires no previous Python
installation or expertise. The GUI simplifies operation of the program by compartmentalising inputs
and outputs into four tabs: options, sample inputs, reference inputs, and results.

Gaussian distribution models are fundamental in the analysis and modelling of data in analytical
chemistry and are commonly used for estimating limits of analysis. The LOD is often defined by the 3¢
criteria, where an analyte signal is distinguished from random noise if it is greater than three standard
deviations of the baseline. The 30 criteria describes a 99.73 % confidence interval and leads to 0.27 %
falsely detected signals, which is problematic in spICP-MS analyses. For example, applying a 3o criterion

to a normally distributed baseline signal of one million data points (equivalent to a 100 s analysis with a
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0.1 ms dwell time) returns approximately 2700 data points which fall outside the 3¢ criterion and are
therefore falsely associated with NPs. Furthermore, while Gaussian models may sufficiently predict
the signal distribution at high counting rates, the small dwell times and low ionic background levels
often occurring in spICP-MS can be better modelled with a Poisson distribution. Therefore, adapted
concepts including Gaussian filters with higher thresholds (e.g. 50) or Poisson filters can be found in

the literature.?3>-23¢

300
Lq I Summed Area
_____ LC
250 1
""" Hp
200
]
C -
3 150
Q
100 - /

Time (s)

Figure 6.1. Poisson filtering used the signal mean () to determine the L; and L. Signals above the L,
were recognised as NPs and continuous regions above the L, with at least one point above
the L; were accumulated to produce a single NP signal.

In our software, detection events are distinguished from the background using thresholds defined by
either Gaussian or Poisson statistics. Two Gaussian filters were implemented to predict the L; based on
the mean or median signal value. The latter was useful for the analysis of NP dispersions with high
PNCs and large particle sizes, which increased the mean of the data set and led to an overestimation of
the threshold. The Poisson filter was implemented as previously described, with the thresholds L, and
L, calculated from the signal mean. Figure 6.1 shows the exemplary application of a Poisson filter for
the filtering of small NP signal events. Values in contiguous regions above the L, with at least one point
above the L; were summed as shown and saved in a data array for further analysis. This procedure
supports the application of both rapid mass analysers recording several data points per NP and slower

analysers recording only one point per NP.
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Figure 6.2. Comparison of the number of false detections produced by different filters. The threshold
set by a 30 Gaussian filter falsely detected a large number of NPs across all background
signals. Use of 50 and Poisson filters set thresholds that avoided false detections at high
and low backgrounds respectively.

Accuracy and performance of the Gaussian and Poisson filters were dependent on the nature of
the noise present in the signal background, as demonstrated by the analysis of an ionic Au standard
in Figure 6.2. The standard was analysed using a 0.1 ms dwell time for 40 s, generating 400000 data
points and three different filters were applied for NP detection: 30 Gaussian, 50 Gaussian and Poisson.
As expected, the Poisson filter had the highest threshold (L;) at low background signals leading to
efficient filtering at low counting rates but performed worse than the Gaussian filters at higher counting
rates. The 30 Gaussian filter resulted in the false detection of a significant number of signals across low
and high background signals. Increasing the threshold to 5¢ mitigated the misidentification of NPs at
high count rates. The background dependent applicability of filters suggests a case-to-case decision
whether Poisson and Gaussian (50) are adequate for thresholding. While the developed software allows
manual selection of filters, two methods for automatically selecting a threshold were implemented. A
conservative approach applies the filter with the highest threshold while the other approach switches
between Poisson and Gaussian filters depending on the mean input signal. For the latter, a Poisson
filter is used for mean values below 50 counts. Above this value the Poisson distribution transits into a

normal distribution and a Gaussian filter is selected (Figure 6.2).
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The accuracy and precision of determined PNCs depended on many factors, including the particle
flux into the plasma, the dwell time and total acquisition time. Under the prerequisite that particles do
not interact with each other and are homogeneously distributed in a sample, their introduction into the
plasma is randomised and the coincidental detection of two or more particles can be described with
Poisson statistics.?% If the coincidental detection of particles is unlikely (at low PNC and dwell times),

the standard deviation of the particle count can be estimated via its square root.>*°
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Figure 6.3. Calculation of the standard deviation of the PNC using simulated data.

Simulations were used to test the accuracy of two different methods of calculating the standard
deviation of the PNC, the square root of the PNC and the standard deviation of the particle counts
split across three segments of the acquisition. The rate of particles was modelled by fitting a Gamma
distribution (k = 1.4) to data produced by a 15nm Au reference particle. The model was then used
to simulate 100 experiments with total acquisition times of 1 to 99s (10000 total experiments) with
the results shown in Figure 6.3. The square root of the PNC overestimated the standard deviation by
18 + 8 %, likely due to the particle rate not being truly Poisson in nature. The three segment method

had a large variation between simulations and made the three segment method unreliable.
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6.3.2 Calibration of masses, sizes and concentrations

Calibration of detected NP events is performed to obtain the PNC, the sizes and masses of NPs, and to
investigate statistical distributions within one or across multiple samples. Different calibration methods
can be selected in “Options”. Their applicability depends on the availability of both predetermined
parameters and reference materials. Three distinct pathways were implemented for manual input of
calibration parameters and for automated calculation of relevant parameters (mass response or transport
efficiency) from reference materials. Manual input requires the previous determination of multiple
parameters: the sensitivity, determined by analysis of an ionic standard; the uptake rate, calculated
by weighing the introduced liquid; and the transport efficiency, which may be approximated by three
approaches as described by Pace et al.**® The dwell time is automatically determined if the loaded data
file contained acquisition times but may also be entered manually. A reference material with known
particle sizes or concentrations may be analysed to calculate the transport efficiency. The mass response
of the reference material is also able to calibrate data according to eq. 6.14 and consequently values for
uptake rate, ionic response and transport efficiency are not required. While this allows to determine
masses and sizes, it does not grant access to the PNC or ionic background unless the ionic response and

transport efficiency are provided additionally.

The “Sample” tab was designed to load and visualise raw spICP-MS data. Upon load, the program
performs the previously described NP detection algorithms and plots raw signals, limits and detections.
A trim function was implemented to remove unwanted data regions from the beginning and/or end
of acquisitions. While statistics on raw data are readily available after loading the file, data may be
calibrated by entering sample specific parameters. Input of common chemical formulas automatically
fills the density, molar mass and molar ratio of a particle. In cases where the chemical formula is not

available or applicable, these parameters may be entered manually.

The “Reference” tab is only available when selecting a calibration method requiring a reference
material and allows loading of calibration data. This tab functions similarly to the “Sample” tab,
loading, detecting and displaying the raw reference data. Information on the diameter or particulate
concentration of reference particles is entered here to calculate the transport efficiency or mass response.
If both diameter and particulate concentration are entered, the latter is used to calculate the transport

efficiency.

98



6.4 Application 1: analysis of TiO, NPs in surface water

The “Results” tab lists the calibrated data arrays and visualises the signal distribution of the detected
NPs. The signal mean, median and the detection limits are determined and listed automatically. If
calibrated, the mass and size distributions and figures of merit are also available. Furthermore, the
number of detected NPs, PNC, particulate mass concentration and the ionic background are determined
depending on the calibration pathway chosen. Histograms are further statistically analysed, labelled,
visualised and may be fitted with either a normal or log-normal curve. Data and figures can be exported,
and a batch dialog allows the application of the processing method to any number of other sample
files and the subsequent export of results. The following three applications are of current interest in
environmental sciences and were selected to showcase integrated algorithms, calibration pathways and

specific software features.

6.4 Application 1: analysis of TiO, NPs in surface water
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Figure 6.4. TiO, NPs in freshwater from obtained from the metropolitan Melbourne area. A Poisson
filter was used for signal thresholding and NP recognition. Histograms show the LOD,
mean and median particle size and mass.

The occurrence of incidental and engineered NPs is raising concerns and is particularly pronounced in
urban areas with significant anthropogenic pressures.**32! TiO, NPs in particular have been frequently

reported in surface waters within the catchments of major cities.”**=>*! The toxicological impact of NPs
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depends on their abundance, size, transport and their direct environment.**?*** spICP-MS provides
an elegant solution for the characterisation of these NPs in the environment by allowing efficient and
high throughput analyses. As a demonstration of the developed data processing platform, freshwater
was sourced from the Melbourne area, analysed using spICP-MS/MS and subsequently processed via
the ‘manual’ calibration pathway. An ionic Ti standard was analysed to determine the response and
uptake rate. The transport efficiency was determined by analysing a 50 nm Au particle dispersion.
Figure 6.4a shows the data filtering and NP recognition utilising a Poisson filter. The signal histogram
was translated into mass and size distributions using eqs. 6.13 and 6.15, as shown in Figure 6.4b. Signal,
mass and size distributions were further fitted and analysed. Mean mass and size were 1.20 fg and
75.0 nm per particle and the mass and size detection limits were 0.14 fg and 40.0 nm, respectively. The
PNC, particulate mass concentration and the ionic background concentration were determined to be

2.53+0.10 x 10° L1, 3.12ug L™ and 36 + 7 ug L™}, respectively.

6.5 Application 2: LA-spICP-MS of micro-plastic particles

The discharge and distribution of micro-plastic particles into the environment is a major and current
issue that has caused global concern and triggered various research initiatives to investigate the fate and
behaviour of these particles in environmental and biological systems.***~>4” A recent advance in the
analysis of micro-plastics was the application of spICP-MS targeting C isotopes to determine PNCs, size

923,348,349 spICP-MS was shown to be effective at describing C masses and sizes

and mass distributions.
of individual micro-plastic particles, even in complex matrices like seawater.*”> LA may be combined
with spICP-MS to sample and transport intact particulate matter from solid matrices for elemental single
particle analysis.*?® It was previously shown that this strategy may be used to investigate and image

NPs in biological tissues®2%-3%7

raising the question as to whether LA-spICP-MS is also applicable for
the investigation of intact micro-plastics in solid matrices. This would enable the study of micro-plastic
occurrences in soil samples as well as their sedimentation and precipitation from water bodies. However,
a common prerequisite for the application of thresholding filters is a stable baseline. While this is

usually the case when analysing homogeneous NP dispersions, samples investigated via LA-spICP-MS

often have heterogeneous background distributions for the element of interest.

In this study, a soil sample was mixed with 3 pm polystyrene-based micro-plastics and charcoal was

added to simulate a heterogeneous C background. LA-spICP-MS was employed to analyse plastics
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Figure 6.5. LA and spICP-MS targeting >C was used to analyse micro-plastics embedded in a soil
matrix. The heterogeneous distribution of C in the matrix led to a variable baseline. Static
Gaussian filters (top) could not reliably distinguish NP events from the background and a
dynamic filter (bottom) was required.

and a selected scan line is shown in Figure 6.5. The high 'C baseline required a 50 Gaussian filter for
micro-plastic recognition. A static filter was not adequate to distinguish individual signal pulses from
the variable background and led to incorrect mean particle sizes. Accurate micro-plastic identification
and characterisation was achieved by accounting for the drifting baseline using a dynamic filter. Here, a
window size of 2000 data points was employed to determine local thresholds using a rolling 50 Gaussian
median filter. This filter calculated the median value and standard deviation for every data point
using data located only within the defined window and thus followed the variances in the baseline.
The appropriate window size depended on baseline drift rate, the number and intensity of detections.
Generally, small windows were more influenced by the single-event detections and limits of analysis were
overestimated. However, large windows were not able to compensate spontaneous baseline fluctuations.
The application of a dynamic filter allowed accurate analysis of micro-plastics and determined mean

and median sizes of 3.1 pm and 3.0 + 0.8 pm, respectively with a theoretical value of 3.0 + 0.1 pm.
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6.6 Application 3: carbon fixation in algae

The previous application has demonstrated that spICP-MS is not restricted to the analysis of nano-
scaled particles but may be extended to the characterisation of micro-particles. Individual cells may be
perceived as micro-scaled C-based particles that can be analysed individually using scICP-MS. This is
useful for investigating the elemental fingerprint of cells and to correlating it to phenotypic traits and
pathologies.?*>*>" Therefore, scICP-MS can be used to study the cellular uptake of elements of interest

in medical and environmental studies.>>!
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Figure 6.6. Carbon analysis across individual algal cells. '>C'®0 signals of individual cells were
calibrated using 4 um polystyrene reference beads.

This concept is, for example, useful to describe unicellular algae which fix carbon from the atmosphere
and which can be regarded as a major natural sink for anthropogenic CO,. Techniques used for
spICP-MS analysis of micro-plastics via C isotopes were readily transferable to the C mass calibration
of individual cells. Figure 6.6 shows the analysis and calibration of '*C (via '*C'®0) in individual algae
in seawater. The C mass per cell was calculated by analysing a matrix-matched polystyrene-based
standard with a particle size of 4 pm. In both the sample and standard a 50 Gaussian (mean) filter was
used to distinguish the signals of individual cells from the background. The known average mass of the

standard particle was used to estimate the mass response (2108 ag), which was then used to translate
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the C signal histogram of the cells into the mass histogram shown in Figure 6.6b. In this case, 1021pm32
cells were counted and the mean and median C mass per cell was 54.6 pg and 59.0 £ 30.0 pg, respectively.
The mass detection limit was 9.0 pg. If the cellular mass fraction of C is known, the mass distribution
may further be translated into a size distribution as shown recently.*?*> The mass response method does
not determine cellular number concentrations or ionic background concentrations. While this may be
achieved by selecting the ‘Reference’ method, it requires further parameters such as the ionic response

and uptake rate.

6.7 Conclusion

An open-source Python-based data processing platform was developed for the efficient analysis and
calibration of sp and scICP-MS data sets. Different filtering methods are available for reliable signal
thresholding and detection of single events among dynamic, static, low and high background levels.
Signals resolved with several data points are integrated and saved for statistical analysis and calibration.
Three calibration pathways are available, offering versatile calibration options via different parameters
and references. Results and relevant parameters are calculated and visualised and may be accessed and
exported together with statistical parameters. Furthermore, the processing methods can be applied for
batch analyses. The analysis of TiO, NPs in surface water, the LA sampling of micro-plastic particles in
soils and the C mass calibration across individual cells were demonstrated. The developed software is
designed for simple and interactive analysis of spICP-MS data. The open-source nature of the software

improves traceability and offers possibilities for code modification.
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Chapter 7

Radioresistance in a Breast Cancer Cell Model

While there is abundant data on the radioprotective properties of manganese in bacteria and yeast,
very little work has been performed in human cell models. Here I address this gap and Aim 4 using a
breast cancer cell model and a cheap, open-source UV irradiation device. Inorganic manganese was not
found to provide protection against UV-C radiation at any non-toxic concentrations. Finally, single-cell
techniques were applied to study manganese concentrations, highlighting the need for population based

investigatory tools.

7.1 Introduction

The initial discovery of the ability for Mn?* to catalytically remove O,"~ in place of SOD was made in
the bacterium L. plantarum.'”’ Bacteria grown in Mn enriched media actively accumulated Mn** and
were more resistant to oxygen toxicity than those grown in normal media. The L. plantarum could also
survive in aerobic conditions despite lacking SODs, enzymes usually responsible for removing 05"~
formed by aerobic respiration. Work by Daly'?> demonstrated that D. radiodurans, an extremophile
capable of surviving exposure to large amounts of radiation (50 000 Gy), also used Mn?* in place of SOD.
Filtered digests of the bacterium was enriched in Mn, mostly bound to small molecules and peptides. The
filtrate also provided protection from ionising radiation to proteins, radiosensitive bacteria and human
Jurkat-T cells.'* Injection of a Mn?*-decapeptide derived from the D. radiodurans filtrate provided

protection to mice from exposure to 100 Gy.'"
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In the presence of certain anions Mn** can form a redox cycling complex and, in milli-molar

concentration, replace cellular SOD by catalytically removing O,"~ (egs. 7.1 to 7.3).

Mny* + 0,7 == MnOO"-L (7.1)

L + MnOOT—L == [MnOO-L-L]™! (7.2)
H+

(MnOO*-L); — 2Mn,*—L + H,0, + O, (7.3)

Initially it was thought that either phosphate could stabilise the MnOO" intermediate (eq. 7.2) but
only ortho-phosphate can do so catalytically as pyro-phosphate dissociates HyO,, forming Mn>* 82121
This makes a Mn-HPOy-anion complex the most likely prospect from in vivo removal of O," ™. While
phosphate alone can form this complex, other ions such as amino acids and peptides can significantly
improve its protective effect.!*! Complexes containing the aromatic and sulphur containing amino
acids provided the best protection and a histadine/methanine hexapeptide increased the required
radiation dose to deactivate glutamine synthetase from 2 to 112 kGy. Despite the effective anti-oxidative
nature of this complex it is almost completely absent in aerobic organisms. Tight regulation of HPO,>*

concentrations is required, making it a more difficult system to implement than normal enzymatic

SOD. 13!

Mn is both an essential nutrient and toxic heavy metal, with chronic exposure having effects to the
liver, kidney and central nervous system (CNS).>*? Both acute and chronic exposure have significant
behavioural effects indicating uptake into the CNS.>>® Previous work on antioxidant Mn-complexes in
bacteria exposes these organisms to mmol L™! levels of Mn,'*> concentrations that are toxic to human
cells. Acute exposure of kidney, liver and CNS cell lines caused 50 % inactivation at 650, 250 and
50 umol L™! respectively.®>? A similar effect was seen in the breast cancer cell line MDA-MB-231, where
1,354

only 100 umol L™! MnCl, was required to restrict cell growt

Exposure of cells to UV radiation damages DNA and generates a range of ROS, including O, ~ 3°>3%¢

These mechanisms are dependant on the wavelength of UV with UV-A (UVA), UV-B and UV-C (UVC) all
inducing differing mechanisms for cell apoptosis.**”-**8 UV induced damage to DNA is predominantly
caused by singlet oxygen and "OH, with O,"~ having little effect.’>” As shorter wavelengths are more

effective at generating O, ~ and less effective at generating singlet oxygen,>*-3¢!

the ability of complexes
to protect proteins from oxidation could be studied using UVA and UVC light.?®*°2 This has already

been proven by Krisko and Radman®®® who found that the dose of UVC and gamma radiation required
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to induce cell death was always coincident. UVC radiation could be used to study the protective effects

of Mn-complexes during exposure to gamma-radiation.

Early spectroscopy work by Mulay et al.*** demonstrated that Mn content in malignant breast is higher
than non-cancerous breast tissue. Serum from patients with breast cancer also contains significantly
higher Mn.?®>3% These results are thought to be caused by over-expression of Mn-SOD, which has
been observed in triple-negative MDA-MB-231 cells.**”*3 Although Weydert et al.**’ observed the
opposite effect, with over-expression inhibiting growth. There has been little research into the role that
inorganic Mn may play in breast cancer cells.*** demonstrated that the addition of MnCl, promoted the

proliferation and invasive behaviour of MDA-MB-231 cells and Mn is required for cancer metastasis.*’’

When studying the effects of metal ions in vitro one important, but often overlooked, factor is the
metal buffering capacity of serum. Proteins in serum can bind to metals and reduce the availability of
‘free’ ions to orders of magnitude below the total concentration. The median lethal dose (LDsg) of Zn?*
was reduced from 154.4 pmol L™! to 82.8 umol L™! by reducing fetal calf serum (FCS) content from 10 %
to 1%.>7! Cells are grown in media containing only 5 to 20 % FCS which can lead to over-estimation of

effects of metal ions when extrapolated to in vivo conditions.

7.2 Materials and methods

Metals contents of the cell media formulations (Minimum Essential Media, Dulbecco’s Modified Eagle
Medium (DMEM), Iscove’s Modified Dulbecco’s Medium) and FCS were determined via solution-

nebulisation ICP-MS, as in Table 7.1.

7.2.1 Cell culture

Normal and radioresistant triple-negative breast cancer cell lines (MDA-MB-231) were obtained from St.
George Hospital. All cell lines were grown in high-glucose DMEM (Thermo Fisher; Goodwood, Australia)
supplemented with 10 % FCS (Thermo Fischer) and cultured in a humidified incubator at 37 °C with 5 %
CO,. All treatments were performed in DMEM with 1 % FCS unless specified otherwise. Manganese
and phosphate spiked media were created using MnCl, (99.995 % metal-basis purity) purchased from

Sigma Aldrich, and NaH,PO, - 2H,0 / Na,HPO, from Univar (Ingleburn, Australia).
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7.2.2 Viability assays

Prior to any assay, cells were washed three times with TBS to remove any residual metals. Cell viability
assays were performed on a Tecan infinite M1000Pro plate reader (Mannedorf, Switzerland) following
four hours incubation with alamarBlue® (Thermo Fischer) added to complete media. Fluorescence

reading were taken using an excitation at 560 nm, emission at 590 nm and optimal gain.

7.2.3 Cell digests

Cells were seeded onto 24-well plates and cultured for 24 h in normal conditions. Media was then
exchanged for the required treatment and the cells incubated for the required treatment time. Following
treatment, cells were washed three times with TBS, sealed and digested overnight in 50 puL of concentrated
trace-element nitric acid (Choice Analytical; Thornleight, Australia). Digests were diluted to 1 mL using
milli-Q water, transferred to micro-centrifuge tubes and quantified.

Quantification was performed using solution-nebulisation on an Agilent Technologies 7700 series
ICP-MS (Mulgrave, Australia). Samples were introduced using a peristaltic pump, using a separate
50 ug L™! solution of Rh as an internal standard. Mixed element calibration standards and Rh used for

quantification were purchased from Choice Analytical.

7.2.4 UV exposure challenges

UV exposure challenges were performed with a lab-built device consisting of three driver boards, each
with four UV light-emitting diodes (LEDs), and an STM32 micro-controller based control board (Fig-
ures A.4 and A.5). The device used Vishay VLMU1610-365-135 UVA and Lumex SML-LXF3535UVCC10
UVC LEDs (Mouser Electronics; Kowloon, Hong Kong) with a flux at 30 mA of 35mW and 2.7 mW
respectively. A small C program controlled rates of irradiation (10 Wm™2 UVA; 0.7W m 2 UVC) by
varying LED current in the range of 0 to 30 mA. To protect users the LEDs were housed in a UV resistant
polycarbonate box. The micro-controller source code, schematics and PCB design files are available
online. !

Cells were seeded into 12 well plates at a density of 0.1 x 10® and cultured for 24 h in normal media.
Media was exchanged for a 24 h treatment and finally 1 % FCS media for 24 h before exposure. Following
exposure cells were allowed to recover for 24 h before assaying, to ensure the measurement of any

delayed apoptotic effects.

112 well UV source code and schematics: https://github.com/djdt/stm_uvi2
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7.3 Results and discussion
7.2.5 sclCP-MS experiments

Single cell quantification was performed on a 7900 series ICP-MS (Agilent technologies) system equipped
with a 1.1 mm torch, pt cones and s-lenses, using the parameters in Table A.2. Solutions were introduced
via a peristaltic pump at 0.33 mL min~! and a concentric nebuliser and Scott double pass spray chamber
cooled to 2°C was used for aerosol generation. Transport efficiency was determined using an 8 um
polystyrene micro particle standard as per Gonzélez de Vega et al.*?®

Cells were prepared for analysis as per Meyer et al.>’? Briefly, cells were washed with PBS, detached
using TrypLE™ (Thermo Fischer) and spun down to form a cell pellet. The pellet was then reconstituted
in ice cold deionised water at a target concentration of 1 x 10° to 2 x 10° mL™! and analysed within five

minutes.

7.3 Results and discussion

Metal concentrations in the growth media and FCS were determined using ICP-MS to ensure that
endogenous levels wouldn’t impact MnCl, treatments. Trace levels of Mn, Fe and Zn were detected
in all growth media formulations and low pmolL™! concentrations in FCS, as listed in Table 7.1.
Concentrations of transition metals in FCS varied by 8.2 to 23.0 % over the three measured batches.
Normal growth media (DMEM with 10 % FCS) would contain 0.08 umol L™ Mn, well below the lowest

treatment level.

Table 7.1. Metal concentrations in various media formations and FCS batches (umol L™1).

Mn Fe Cu Zn
MEM 0.0785 0.174 nd 0.227
DMEM 0.00957  0.203 0.00404 0.119
IMDM 0.00238  0.0593 0.0200 0.0284
FCS Batch1 0.709 50.8 2.34 48.8
FCS Batch2 0.792 41.7 2.13 45.1
FCS Batch3  0.648 46.4 3.24 53.1

nd: not detected.

Even if low levels of Mn protect against free radicals, higher concentrations are toxic. The optimal
MnCl, treatment conditions were determined before starting experiments in reducing ROS. The MDA-

MB-231 cells were treated with 0 to 10 mmolL™! MnCl, spiked in treatment media for 24h. The
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Figure 7.1. Cell viability when exposed to MnCl,. Media with 1 % FCS was used to limit metal buffering.

concentration of FCS greatly affected the MnCl, toxicity, and switching from 10 % to 1 % FCS caused the
LDs, to decrease by an order of magnitude (Figure 7.1). While no data exists for the binding of Mn**
by serum proteins, metal buffering has been previously observed for Zn?*, another divalent transition
metal.®’! The LDs; in 1% FCS was determined to be 1.2 mmol L™! by fitting cell viability to a sigmoid
function. A maximum treatment level of 100 umol L™ was chosen for all future experiments to prevent

Mn toxicity.

Both the uptake of ‘free’ Mn?* and buffering by serum proteins take time, during which the Mn
will be unavailable. To provide protection from protein damage it must be present within cells at
a suitable concentration during irradiation. To mimic the ROS removal of 1umol L™! CuZn-SOD a
concentration of 91 umol L™ Mn-complex is required.®” Uptake of Mn from the spiked media increased
logarithmically with time (Figure 7.2). Assuming spherical cells with a diameter of 20 um,>’® the
intracellular concentrations of Mn were calculated to be approximately 11 umol L™} after treatment with
100 pmol L™! Mn for 24 h. This provides enough Mn to form complexes mimicking a 120 nmol L™! of
CuZn-SOD, whereas concentrations required for normal growth are at least 1 umol L™!, 3 to 30 pmol L™?
in human tissue.’”*’* The phosphate and ligands required to form the Mn-complexes is found in
sufficient abundance in normal media.’*” A typical DMEM formulation will contain 0.91 and 44 mmol L™}

of orthophosphate and carbonate respectively.
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Figure 7.2. Manganese uptake as determined by bulk cell digestion and solution-nebulisation ICP-MS.
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Figure 7.3. Viability of cells following UVA (left) and UVC (right) exposure. Treatments of up to
16 x 10° Jm™2 UVA showed no toxicity for either MDA-MB-231 cell lines. Higher viability
following UVC exposure was seen in the radioresistant cell line.
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The appropriate UVA and UVC dose for treatment was established by successively increasing doses
until a significant reduction in viability was achieved (Figure 7.4). Irradiation with UVA was terminated
due to excessive treatment times with no observed decrease in cell viability. Previous studies have used
doses in the 100 to 1000 k] m~2 range®*’**? and the amount of UVA radiation produced by the LEDs
was insufficient for the required treatments. Treatment with UVC achieved a 40 % decrease in viability
at 200 J m ™2 and levelled off at greater doses. Resistant cells had significantly higher viability (p = 0.011,
repeated measures ANOVA) for the UVC treatments, suggesting an increased ability to resist oxidative

stress.

—— Opmol L™’
-43-- 10pumol L'

e 154
% o
1 1

Normalised Viability
e
~

(=}
(=)
1

o
[8;]
1

0.4

T T T
0 100 200 400
UVC Dose (J m™2)

Figure 7.4. Viability of MDA-MB-231 cells following combined MnCl, and UVC treatments. Manganese
treatments had no significant effect on the UVC treatment lethality.

Once the optimal treatment and challenge conditions had been determined, a set of 12 experiments
were used to assess the potential for manganese to increase cell resistance to oxidative stress. Neither the
low (10 pmol L™1) nor high (100 umol L™!) treatments (Figure 7.4) provided any measurable improvement
in cell viability.

The majority of existing studies that have shown an improved resistance to radiation following
treatment with MnCl, have been performed in bacterial models, specifically in bacteria that specialise
in scavenging Mn.'?>12® Experiments on mammalian cells have required inoculation with specifically

extracted'?° or designed'**!*! complexes to achieve radioresistance. Both the current and previous
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Figure 7.5. MDA-MB-231 cells were resuspended in deionised water. Lysis of the cells began after
15 min.

results suggest that the formation of sufficiently protective Mn-complexes is hard to achieve in human

cells.

7.3.1 Manganese concentrations via scICP-MS

One major disadvantage of determining intracellular elemental concentrations using bulk digests is
the introduction of error via cell counting. Manual counting using a hemacytometer remains the most
popular method of counting cells and while accurate, the reproducibility of this method is poor.’””
Additionally, any information about the distribution of elements is lost during the digestion. scICP-MS
can be used to simultaneously perform a cell count and determine intracellular concentrations along
with their distribution.

Human cell lines have been prepared for scICP-MS analysis using multiple methods. Wang et
al.?! fixed cells before analysis using ice-cold methanol, a process that permeabilises cells. However, as
permeabilisation could lead to the loss of cell contents alternative fixation methods such as paraformalde-
hyde or glutraldehyde would be preferred. A simple method was proposed by Meyer et al.*’? where
cells were simply diluted in deionised water and analysed. If cells are left in a hypotonic solution for
too long then water will be transported via osmosis into the cells, causing them to lyse and lose their
contents. MDA-MB-231 cells were resuspended in deionised water and observed using a microscope to
determine the time required for cells to lyse. The images in Figure 7.5 show mono-dispersed cells with
no significant cell lysis before 15 min, leaving sufficient time for scICP-MS analysis.

Optimal ICP conditions were determined using Microcystis aeruginosa cyanobacteria as a model
organism due to their resilience and ease of culture. The transport efficiency was determined using a
3 pm polystyrene micro-plastic standard, similar in size and density to M. aeruginosa cells (3 to 5 um).

The mean cell size was measured as 3.4 + 0.9 um using the calibrated C signal, likely an underestimation
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Figure 7.6. Distributions of Mn and Fe in cyanobacteria determined via scICP-MS. A similar
distribution of metals was observed.

due to the high water content and heterogeneous make-up of algal cells. Natural abundances of Mn
and Fe in the cyanobacteria were then determined using the tuned conditions and are displayed in
Figure 7.6. Both elements had a similar log-normal distribution with modes of 0.08 and 0.09 fg for Mn
and Fe respectively. The mean mass per cell was of Mn and Fe (0.4 £ 0.7) and (1 + 2) fg and limits of
detection were 0.06 and 0.04 fg. The large difference between distribution mode and mean is most likely
caused by intense signals produced by residual colonies of M. aeruginosa. Colonies could be further
broken up by vigorously shaking or sonicating the M. aeruginosa solution, but this was not performed

as it may cause damage to the cells.

The scICP-MS mean concentrations of the 24 h treatments were significantly higher than those of
the acid digestion in Table 7.2. This was due to the large number of high signal outliers, most likely
clusters of cells as seen in the cyanobacterial samples. Using a more robust metric, the median of the
scICP-MS data, the recoveries of the were 182, 80 and 106 % of the acid digest. Due to the relatively low
natural abundance of Mn in the cells, the untreated sample was unable to be fully separated from the
background. This can be seen in Figure 7.7 as an incomplete (or cut-off) log-normal distribution that
is very close to the LOD and the PNC, and likely impacted the mean and median mass. Even though

samples were diluted by eye, the PNC of the treated samples were within 30 % of the expected. In an
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Figure 7.7. Distributions of Mn in MDA-MB-231 cells treated with 0, 10 and 100 pmol L! MnCl, for
24h. Multi-modal distributions were detected in higher level treatments. Distributions
were estimated using a Bayesian Gaussian mixture model.

attempt to improve LODs a triple-quadruple MS and O, reaction gas were used. Measurements of
>Mn — **Mn and *>Mn — >>Mn'®0 did not improve the LOD. The failure to separate the untreated
sample from the background accounts for the differences in masses observed between the digest and
scICP-MS.

Table 7.2. Concentrations of Mn in MDA-MB-231 cells treated with 0, 10 and 100 pmol L™! MnCl, for
24 h as determined by digestion and scICP-MS.

MnCl, (umol L™1) Digest scICP-MS
mean + mean * median
0 0.22 +0.02 0.7 £1.1 0.40
10 1.06 =0.08 1 +5 0.95
100 26 03 4 +38 2.7

The distribution of Mn in untreated cells was log-normal, and multi-modal in both the 10 and
100 umol L™ treatments (Figure 7.7). Multi-modal distributions of Mn have been observed previously in
human cancer and normal cell lines.?>? There are two hypotheses to explain the multiple distributions
observed. The first was that distributions are subpopulations of cells with varying ability to uptake

Mn from the media. Tumour cells are well known to be heterogeneous and cell-to-cell variations
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and subpopulations has been previously observed in MDA-MB-231 cell lines.*’® Cell heterogenity
would impact the survival of cells following irradiation and with those with highest Mn surviving
and repopulating with increased resistance. Tumours of the breast have been shown to increase
radioresistance following treatment and this extends to cell lines as well.*”’

The second hypothesis is that the multi-modal distribution was caused by increased cell adhesion
in the treated samples, with each distribution caused by single-cell events containing clusters of one,
two, three or more cells. Mn?" is a powerful activator of integrins, the proteins that mediate cell-cell
adhesion.””® Multi-modal distributions were only observed in treated samples as the untreated sample
was absent of the divalent cations required by integrins to initiate binding and as each sample was diluted
with deionised water, all cations must have been present within the cells. Studies of divalent-cations
(Ca?*, Mg?* and Mn?* in particular) using scICP-MS will have to consider this factor when preparing

samples and analysing data. A future study could determine if fixing or the addition of dissociation

enzyme such as trypsin can reduce cell-to-cell binding.

7.4 Conclusion

An MDA-MB-231 cell model was successfully used to test the protective effects of Mn on cells exposed
to UV radiation. Toxicity of MnCl, was determined, with an LDs, of 1.2 mmol L™! in 1% FCS and no
significant toxicity observed in 24 h at concentrations below 100 umol L™!. The concentration of FCS
drastically affected toxicity, with the LDs, and order of magnitude higher in 10 % FCS. Uptake of Mn from
media increased with both time and concentration. Similar viability was observed after UVC challenges
for cells treated with 0, 10 and 100 pmol L™! MnCl,; Mn was not protective against UVC radiation.
Median concentrations of Mn determined using scICP-MS correlated with the concentration determined
using traditional acid digestion. Untreated cells were unable to be separated from background noise
using scICP-MS, leading to an overestimation of concentration. The observation of cell subpopulations
demonstrated the capabilities of scICP-MS when investigating populations of cells and would have been
missed if quantification was performed using digestion alone. ICP-MS is still emerging as a single-cell

analysis technique but it has great potential for quantifying cell-to-cell variations.
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Conclusions and Future Work

Novel mould-formed gelatine standards were produced with controllable thickness, improved surface
characteristics and superior analytical figures of merit. The endogenous background of the gelatine
was reduced using metal chelators, but remained high for certain elements. Polymer standards have
the potential to offer true ‘zero’ background levels, but still require significant work. Additives and
cross-linking of polymers could be used to control their physical characteristics and match the ablation
patterns of gelatine and tissue. Use of spiked gelatine to create a height map was impossible due to
imperfections introduced during moulding and dehydration. Techniques to control the drying of gelatine
are already implemented in the food sciences and could be applied to improve surface characteristics of
the gelatine further.”!’

Open-source LA-ICP-MS imaging software was created and demonstrated throughout the thesis.
Improvements over existing software include native compatibility with existing ICP-MS vendors, speed,
ease-of-use and the ability to export to a variety of formats. The open-source nature of the program
ensures user extensibility and long term support. Maintenance of the software will have to continue,
with addition of new file formats as they are introduced by vendors. Live imaging, direct capture
and display of the sample being ablated, is possible and would be a useful addition to the software.
Simultaneous display of other image formats such as micrographs would aid in region selection of
samples.

Transition metals were quantified in TMAs and brain tumour sections and compared with inferred
radioresistance. A correlation was seen between Mn concentrations and radioresistance in the TMAs
but not in brain tumours. Radioresistance in testis tumours did not correlate with Mn, with NSGCTs
concentrations lower when compared to seminoma. Concentrations of Mn were not raised in any
radioresistant tumours when compared to normal tissue. Current work has been limited to a few
representative tumours and a larger sample set with a greater range of types would improve our

understanding of the relationship between endogenous metals and radioresistance. Statistical power
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was also limited in brain sections due to the number of samples available and could be increased using
a larger sample set. Samples of tumour and tumour-adjacent normal tissue from the same patient
would remove inter-sample variances and help explore the differences in metal uptake between normal
and tumorous tissues. Phosphorous masking has been shown as a potential tool in the automation of
analysis but further work is required to improve and validate the masks. Use of large sample sets and
computer learning approaches could be applied. Laser ablation imaging lacks the ability to discriminate
between organic and inorganic sources of Mn. Up-regulation of Mn-SOD remains a potential source
of the increased Mn observed and could be excluded using matrix-assisted laser desorption/ionisation
imaging.?”?

Open-source ICP-MS software for single-particle and -cell analyses was created with multiple methods
of filtration and calibration. The software’s GUI guides users through the analysis of sp and sc data,
and is fast enough to process the large data sets produced by these experiments in seconds. scICP-MS
is emerging as an excellent tool for quantifying endogenous elements in individual cells, providing
information about cell-to-cell variations in element concentrations and uptake. Future experiments
could make use of scICP-MS to quantify the metal-tags used in mass cytometry, and thus cancer
markers, with increased sensitivity.

Breast cancer cells were successfully used to model the radioprotective effects of inorganic Mn**
using UVC radiation. While UVC is a reasonable analogue to gamma irradiation it would be worthwhile
to repeat these experiments using a gamma radiation source such as ®°Co. Future studies could correlate
the effects of UVC and gamma irradiation in breast cancer cells by measuring produced ROS and
cell viability.>* The protection of Mn-Pi-complexes has been shown to heavily depend on the ligands
available.!®! Perhaps those that are naturally abundant in human cells and cell media are not sufficiently

protective and thus require supplementation before irradiation.
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Appendix

Table A.1. Links to software and tools created for this thesis.

Name Description Link

ckwrap Python wrapper for Ckmeans.1d.dp, https://github.com/djdt/ckwrap
optimal k-means clustering.

ExTMA Automated segmentation and https://github.com/djdt/extma
extraction of tissue micro-arrays

opdxread  Import and fitting of Bruker 1D https://github.com/djdt/opdxread
profilometric data

pewlib Library for import, processing and  https://github.com/djdt/pewlib
export of LA-ICP-MS data

Pew? GUI import and visualisation of https://github.com/djdt/pewpew
LA-ICP-MS data

SPCal GUI import and calculator for https://github.com/djdt/spcal
spICP-MS data

STM UV12 Code and PCB files for UV cell https://github.com/djdt/stm_uv12

irradiator

165


https://github.com/djdt/ckwrap
https://github.com/djdt/extma
https://github.com/djdt/opdxread
https://github.com/djdt/pewlib
https://github.com/djdt/pewpew
https://github.com/djdt/spcal
https://github.com/djdt/stm_uv12

Appendix

A.1 Appendix for Imaging of Tumour Microarrays

104-5
B * % %
- 103 4 (%)
T ] o e O
5 - o ©
%.i ] * % % . O
'9 E * — ‘
- *
4] 1 *kk —_—
R - 8
10" 3 (0] (0]
é E (0] © ® ® (0]
8 ] ‘ (@) )
g 0 ] °
o -
Q 10 E
c ]
< B
o |
= 107! 4 ‘. @ Melanoma
1 ® O  Pancreatic Cancer
] @ Seminoma
1072 . . . .
S Mn S6Fe 63Cu 6671

Figure A.1. Mean metal concentrations of Otsu P masked regions for each malignant TMA core,
separated by tissue type. Statistics were performed using Student’s or Welch’s t-test,
dependant on homoscedasticity (*, p = 0.05, **, p = 0.01, ***, p = 0.001).
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A.2 Appendix for LA-ICP-MS Imaging Software

Figure A.2. Signal drift removed from an image of *'P in a mouse brain using Pew?. A polynomial fit
to the background from image (a) was convolved from the entire image to remove the drift

(b).

A.2.1 Code listings

1

10

11

12

13

14

15

Listing A.1. Calculates the rolling mean over an n-dimensional array and replaces outliers.

def rolling_mean(

x: np.ndarray, block: Tuple[int, ...], threshold: float = 3.0

) -> np.ndarray:

prepare array by padding with nan to fit block size

pads = [(b // 2, b // 2) for b in block]

x_pad = np.pad(x, pads, constant_values=np.nan)

create block sized views into the array

blocks = view_as_blocks(x_pad, block, tuple([1l for b in block]))

axes = tuple(np.arange(x.ndim, x.ndim * 2))

means = np.nanmean(blocks, axis=axes)

nancenter = np.ones(block, dtype=np.float64)
nancenter[np.array(nancenter.shape) // 2] = np.nan

stds = np.nanstd(blocks * nancenter, axis=axes)

calculate means

calculate stds without central point
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16

17

18

19

20

21

22

23

24

10

11

12

13

14

15

16

17

18

19

outliers = np.abs(x - means) > threshold * stds

unpads = tuple([slice(p[0], -p[1]) for p 1in pads]) remove padding

x_pad[unpads] [outliers] = np.nan

means = np.nanmean(blocks, axis=axes) recalculate mean without outliers
replace outliers with local mean

return np.where(np.logical_and(outliers, ~np.isnan(means)), means, x)

Listing A.2. Calculates the rolling median over an n-dimensional array and replaces outliers.

def rolling_median(

x: np.ndarray, block: Tuple[int, ...], threshold: float = 3.0

) —> np.ndarray:

prepare array by padding with nan to fit block size
pads = [(b // 2, b // 2) for b {in block]
x_pad = np.pad(x, pads, constant_values=np.nan)
create block sized views into the array

blocks = view_as_blocks(x_pad, block, tuple([1l for b in block]))

axes = tuple(np.arange(x.ndim, x.ndim * 2)) calculate median and differences

medians = np.nanmedian(blocks, axis=axes)

unpads = tuple([slice(p[0], -p[1]) for p 1in pads]) remove the padding added earlier

x_pad[unpads] = np.abs(x - medians)

median_medians = np.nanmedian(blocks, axis=axes) medians of differences from local median
outliers = x_pad[unpads] > threshold * median_medians
replace outliers with local median

return np.where(np.logical_and(outliers, ~np.isnan(medians)), medians, x)

Listing A.3. Reduction of parsed tokens is completed by recursively calling the ‘reduceExpr’ function

1
2

3

168

until all tokens have been read. Error handling code has been removed to improve

readability.

def reduceExpr(

self,
tokens: List[str],
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4 operations: Dict[str, Tuple[Callable, int]],
5 variables: Dict[str, float]

6 ) —> float:

7 token = tokens.pop(0) # take the first token
8

9 if token 1in operations: # token is operation, recursively call reduceExpr to get arguments
10 op, nargs = operations[token]

1 args = [reduceExpr(tokens, operations, variables) for _ 1in range(nargs)]

12 return op(*xargs)

13 elif token 1in variables: # token is a variable, return value
14 return variables[token]

15 else: # token is a simple number
16 return float(token)
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A.3 Appendix for Radioresistance in a Breast Cancer Cell Model
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Figure A.3. CAD model of the protective shield for the UV irradiation device.
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Figure A.4. Schematic for the control and LED board of the UV irradiation device.
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Figure A.5. PCBs for the UV irradiation device.
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Table A.2. Instrument parameters used for single cell analyses.

12C 55M1’1 56Fe

RF Power (W) 1550

Sample depth (mm) 4.0

Carrier gas (L min™!) 0.4
Dilution gas (L min~!) 0.4

Extract 1 (V) -200 3.6
Extract 2 (V) 2 -190
Omega Bias (V) -85 -100
Omega Lens (V) 10.9 12.9
Deflect (V) 8.0

Cell gas (mL min™!) - - 3.0 H,
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