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THESIS ABSTRACT 

The use of synchrotron-based experimental techniques has gained increasing 

recognition, as they are powerful tools to explore the cellular metallome. 

Metallomics, which encompasses all aspects of biological systems, especially the cell, 

involved in metal speciation and metabolism; and probes the spatial metal ion 

distributions within differing cell types, organelles and regulating proteins. As such, 

the precise imaging of metal ion and intracellular organelle distribution within the 

wider context of cellular regulation pathways and biological function is essential.  

Biological systems are inherently complex, with the metal of interest being contained 

within an intricate biological matrix. Synchrotron-based techniques have benefits that 

laboratory-based fluorescence experiments do not; reduced required sample 

preparation, direct metal distribution imaging, and the ability to characterise the 

chemical nature of the intracellular metal pool.  

This thesis describes the use of two synchrotron-based techniques; X-ray absorption 

spectroscopy (XAS) and X-ray fluorescence microscopy (XFM), to investigate the 

effects of biometal-based agents on the intracellular metallome.  

Firstly, the intracellular fate of a luminescent rhenium(I) tricarbonyl tetrazolato 

complex probe within 22Rv1 human prostate epithelial carcinoma cells was explored. 

It was demonstrated that the cellular distribution of the luminescent imaging agent 

could be determined by monitoring the luminescence from the compound using 

optical microscopy and then correlated with the cellular distributions of rhenium and 

iodine contained in the species within the same samples as measured using micro- 

probe XFM.  

A combination of XAS and XFM was employed to investigate the neuroprotective 

action purported for diphenyl diselenide. This was achieved by treating SH-SY5Y 

human neurocarcinoma epithelial cells with more water soluble diphenyl diselenide 

analogues; bis(2-aminodiphenyl)diselenide and bis(2-nitrodiphenyl)diselenide.  

These two studies showcased that the advantageous, simultaneous collection of 

metallome and mode of action information can provide a pathway to exploring 

neurological diseases and disorders, the production of better therapeutic agents, and 

could be used diagnostically in medicine.  
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Finally, the anticancer action of NKP-1339, a KP1019 analogue, within A549 human 

lung adenocarcinoma epithelial cells was investigated. Initially a co-localisation of 

NKP-1339, or its ruthenium-containing metabolites, with intracellular iron and copper 

was observed. Subsequent attempts to visualise a mitochondrial compartmentalisation 

of the NKP-1339 or its ruthenium-based metabolites utilising a combination of optical 

and synchrotron-based fluorescence microscopy were unsuccessful. 

The studies into the Re-I probe and diphenyl diselenide analogues showcased the 

power of synchrotron-based spectroscopic techniques yielding mode-of-action 

information as well as visualising the effects of the biometal-containing agents on the 

intracellular metallome. The study into NKP-1339, while largely unsuccessful, did 

provide similar information related to the perturbation of the intracellular metallome 

while not yielding mode-of-action information.   
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LINKAGE BETWEEN CHAPTERS 

This thesis of 5 chapters is comprised of 4 manuscripts and 1 journal article. The 

manuscripts form the introduction (Chapter 1), two of the experimental sections 

(Chapters 3 and 4) and a final conclusion section (Chapter 5). Chapter 2 is presented 

as a published journal article. The work of Chapter 3 has also been published in a 

peer-reviewed, international journal. Due to the nature of the results for the studies 

that are presented in Chapter 4, there is no plan to pursue publication. The 

manuscripts are listed at the end of this section. 

The introductory chapter consists of a review of synchrotron-based techniques and 

their application into probing the intracellular metallome. This section aims to provide 

a broad context towards the importance of a greater understanding of the metallome 

and how synchrotron-based techniques are a powerful tool well placed to achieve this 

aim. This chapter also aims to introduce and provide a basis for the subsequent 

experimental sections and their aims. 

In Chapters 2-4, the results of synchrotron-based studies into a luminescent 

rhenium(I) tricarbonyl tetrazolato complex probe, selenium-containing stroke 

mitigation agent and ruthenium-based anticancer agent’s effects on the intracellular 

metallome in addition to mode-of-action information are presented.  

Chapter 2 showcases the use of X-ray fluorescence microscopy (XFM) in conjunction 

with laboratory-based fluorescence techniques to investigate the cellular fate of the 

luminescent probe as well as the impacts the probe has on the intracellular metallome. 

As stated above, Chapter 2 is presented as the paper appears in the peer-reviewed 

journal Metallomics. Included is the journal edition cover, which was designed by the 

candidate at the request of the journal. 

Chapter 3 employs XFM along with X-ray absorption spectroscopy (XAS) to 

investigate the stroke-mitigation action of water-soluble diphenyl diselenide 

analogues. The results, aided by comparison to known stroke-mitigation agent 

Ebselen, indicated that the nuclear penetration (XFM data) and changes in chemical 

speciation  (XAS data) had a large bearing on the afforded protective action. Despite 

being published prior to thesis submission, the original, complete, non-truncated 

version of the research is presented in this thesis. 
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Chapter 4 presents the use of XFM in conjunction with laboratory-based fluorescence 

techniques to investigate the mode-of-action of a ruthenium-based anticancer agent. 

Whilst mode-of-action information was not obtained, the resulting changes to the 

intracellular metallome from treatment were visualised. 

Chapter 5 closes the main body of the thesis aiming to draw together the results from 

the three experimental chapters within the broader context presented in the 

introduction section. 

Appendix I finally presents a published work that the candidate assisted with, which 

while related to the research presented within Chapter 3 did not fit within the context 

of this thesis. 

Below is the list of manuscripts that constitute Chapters 2, 3 and Appendix I of this 

thesis: 

J. L. Wedding, H. H. Harris, C. A. Bader, S. E. Plush, R. Mak, M. Massi, D. A. 

Brooks, B. Lai, S. Vogt, M. V. Werrett, P. V. Simpson, B. W. Skelton and  S. Stagni 

(2017)  Intracellular distribution and stability of a luminescent rhenium(I) tricarbonyl 

tetrazolato complex using epifluorescence microscopy in conjunction with X-ray 

fluorescence imaging, Metallomics, 9 (4) 382-390. 

J. L. Wedding, B. Lai, S. Vogt, H. H. Harris (2018) Investigation into the 

intracellular fates, speciation and mode of action of selenium-containing 

neuroprotective agents using XAS and XFM, Biochim. Biophys. Acta, 1862 (11) 

2393-2404. 

M. Sooriyaarachchi, J. L. Wedding, H. H. Harris, J. Gailer (2014) 

Simultaneous observation of the metabolism of cisplatin and NAMI-A in 

human plasma in vitro by SEC-ICP-AES, J. Bio. Inorg. Chem., 19 (6) 1049–

1053. 
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1.1 Abstract 

The use of synchrotron-based experimental techniques, such as X-ray absorption 

spectroscopy and X-ray fluorescence microscopy, has gained increasing recognition as 

powerful tools to explore the cellular metallome. Biological systems are inherently complex, 

with the metal of interest being contained within an intricate biological matrix. Furthermore, 

biometals are tightly regulated within cells and compartmentalised within organelles, 

producing “pools” of the same metal that can function differently from one another. 

Synchrotron-based techniques have the benefits that laboratory-based fluorescence 

experiments do not; reduced required sample preparation, direct metal distribution imaging, 

and can characterise the chemical nature of the intracellular metal pool. As such synchrotron-

based techniques provide a pathway to exploring neurological diseases, the production of 

better anti-cancer drugs, and can be used diagnostically in medicine.  
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1.2 Abbreviations 

EXAFS Extended X-ray absorption fine structure; 

HPLC  High performance liquid chromatography; 

ICP-MS Inductively coupled plasma mass spectrometry; 

Linac  Linear (particle) accelerator; 

XANES X-ray absorption near-edge structure; 

XAS  X-ray absorption spectroscopy; 

XFM  X-ray fluorescence microscopy; 

SH-SY5Y Human bone marrow epithelial neuroblastoma cells; 

22Rv1  Human prostate epithelial carcinoma cells.  



 4 

1.3 Introduction 

1.3.1 Synchrotron Facilities – Brief History and Basic Principles 

The synchrotron-based X-ray techniques, XAS (X-ray absorption spectroscopy) and XFM 

(X-ray fluorescence microscopy), allow for chemical speciation and elemental distribution to 

be investigated with relatively less sample preparation than their more common, laboratory 

based counterparts (e.g. ICP-MS). The development of the principles behind synchrotron 

science is uniquely credited to both Vladimir Veksler and Edwin McMillian, but 

independently. Veksler published the theory behind synchrotron operations in 19441, with 

McMillian constructing the first synchrotron in 1945 without the aid of Veksler’s paper2,3. 

Figure 1.1 – Schematic of a synchrotron highlighting its main features of (I) electron 

generation by thermionic emission with subsequent electrons being rapidly accelerated over a 

short distance in a linac (II) before entering the booster ring (III) at near the speed of light. 

After spending only half a second and completing over a million laps the electrons then enter 

the storage ring (IV). Beamlines (V) are positioned to catch the tangential synchrotron 

radiation given off by the storage ring, with experiments utilising the radiation occurring in 

custom hutches (VI) that are optimised for the particular type of experiments. 

Synchrotrons (Figure 1.1) are large particle accelerators that use a narrow ring of magnets in 

an elliptical arrangement, which are interrupted by gaps where a high voltage electric field 

accelerates the charged particles. Particles are injected with considerable initial energy from a 
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smaller accelerator ring (booster ring), into a larger storage ring where they move in a circle 

of constant radius at 99.9997% the speed of light. The forced acceleration of the particles 

(typically electrons) within a strong magnetic field produces electromagnetic radiation with 

special properties to be radiated at high intensity and within a narrow cone tangentially to the 

circular path, and is termed synchrotron radiation.4-7  

Synchrotron radiation, while initially regarded as an unwanted bi-product of the particle 

acceleration experiments was quickly recognised for its unique properties and synchrotrons 

began to optimise their structure around the production and collection of this radiation.4,5,7 

Modern synchrotrons use insertion devices (wigglers and undulators) to significantly increase 

the intensity of the light produced by increasing the acceleration that the particles 

experience.5,7 Synchrotron radiation has high brightness due to its high intensity and 

collimated nature, can be generated and tuned across a wide range of the electromagnetic 

spectrum (IR to hard X-rays), is highly polarised, and can be emitted in extremely short 

pulses (typically less than a nano-second) enabling time-resolved studies.5-8 

Applications of synchrotron radiation bridge a wide range of scientific areas, from 

biosciences (protein crystallography and cell biology)9-12, medical research (microbiology, 

cancer cell radiation therapy and high resolution imaging)13-16, environmental sciences 

(atmospheric research and toxicology) 17-22, and agriculture (plant genomics, soil studies and 

plant imaging)18,23.5,6,18,24,25  

Within the field of bioscience, the native low concentrations within samples are uniquely 

compensated for by the high intensity and sensitivity.18,24 This has allowed for the 

determination of accurate bond lengths and active site geometrics by XAS, of particular 

import to understand reaction mechanisms.24 It has provided information when 

crystallography was not available (e.g. in solution enzyme catalysis), as well as additional 

information when crystallography was available (found a missed Se-S interaction within 

Escherichia coli formate dehydrogenase H).24 

1.3.2 Metallomics – Metal Ion Metabolism 

Metallomics, which encompasses all aspects of biological systems, especially the cell, 

involved in metal speciation and metabolism; and probes the spatial metal ion distributions 

within differing cell types, organelles and regulating proteins. As such the precise imaging of 

metal ion and intracellular organelle distribution within the wider context of cellular 

regulation pathways and biological function is essential.26-28 
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All life has evolved to capitalise on the unique chemical characteristics of metal ions to carry 

out varied functions not available to non-metals.26,29-33 It is estimated that one third of 

proteins interact with metal ions, and half of enzymes require metal ions to function. 

Biometal cofactors act in numerous ways; such as stabilising protein structures (Zn finger 

proteins), aiding in catalytic activity (cytochrome P450), as well as in cell signalling 

pathways. Furthermore, free metal ions have been linked to the regulation of resting and 

action potentials, neurotransmission activity, osmotic potentials and biological pH 

regulation.26,34,35 Due to the wide-ranging effects that biometals exert, biometal metabolism is 

a viable therapeutic target within various disease states.36-38 

The investigation of metallomics is hindered by the inherent complexity of biological systems 

and accompanied unpredictably of biological processes that make accurate measurements 

difficult. Ideal experimentation involves the measurement of a stable analyte that does not 

undergo chemical changes during the associated preparation steps as well as the during the 

measurement window itself. However, metallomics involves the study of metal ions which is 

complicated by; metal ions exhibiting multiple roles, in vitro evidence of metal ion-protein 

interactions not necessarily indicating primary function, some metal ion-protein interactions 

being transient, and changes in cellular distributions of metal ions being indicative of changes 

in activity without an overall net change in metal ion level (such as mobilisation of metal ions 

from storage proteins allowing for indiscriminate reactivity as labile ions).26,39-41  

The biometal pool is under tight control within the cell, with cofactors carefully chaperoning 

ions through the cell by a network of ligands, due to the potential of metal ions to cause 

injury due to unregulated activity, or activity at the incorrect time or in the wrong 

intracellular location.42,43 This fine balance provides opportunities for pathological processes 

to perturb the biometal homeostasis leading to disease states, but also means the balance is 

easily disturbed by attempts to monitor it.44-46  

Probing the intricacies of metal ion metabolism is important due to its major implications for 

greater understanding of not only basic biology, but also for informing and improving clinical 

practices and biotech-based solutions. As such, direct in vivo imaging of these systems with 

minimal and careful sample preparations would provide the most powerful and accurate 

insights into metal ion metabolism.26,47 
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1.3.2.1 The Metallomics Image Problem 

Tools well suited for exploring metallomics need to be able to image the multiple forms of a 

given metal across a range of biochemistry, physiology and pathology processes. Traditional 

tools involve investigating single isolated metal bound species (e.g. crystallography, various 

spectroscopies of purified metalloproteins), or they examine the entire biometal pool without 

differentiating the chemical forms (ICP-MS of tissues).  

Furthermore, traditional laboratory-based tools are frequently destructive, especially in 

regards to the hyphenated chromatography-spectroscopies, e.g. the sample is destroyed 

during measurement during ICP-MS. This limits the ability to corroborate results, control the 

risks associated with sample preparations and the measurement technique itself altering the 

biometal chemical speciation. 

While current technology provides adequate sensing to detect physiological concentrations 

and distributions of the most common biologically relevant metal ions, e.g. Ca, Zn, Fe. These 

native metal ions and their metabolism and regulation are highly susceptible to extrinsic 

factors that can perturb how the total biometal is distributed. Biometal homeostasis is 

dynamic and so capturing an unbiased snapshot is an analytical challenge. Issues arise as to 

whether the produced images are true depictions of physiological biometal metabolism, or 

merely a depiction of the effects of external perturbations introduced by the measuring 

techniques and required sample preparations.26 

1.3.2.2 Sample Preparations 

The ability of metal ions to form dyes visible to the naked eye has been a useful characteristic 

traditionally utilised to profile spatial distributions.26,47 While useful in a clinical setting, this 

approach has limited utility in use as a research tool for assessing true quantitative 

distributions and spatial coordination of biometals in a native state.26 The chemical 

processing required for the visualisation (e.g. staining) exerts some influence on the biometal 

levels.  

Samples are typically immersed in a fixation solution, such as formaldehyde, dehydrated with 

alcohol and xylene, sectioned, all before being placed in a cover-slipped glycerol medium. 

This affords ample opportunity for labile metal ions to be lost or introduced into the sample 

environment. Moreover, the nature of the stain may also alter the metal ion within the sample, 

either through binding directly or causing re-distribution and resultant speciation changes.26 

Other techniques, such as atomic absorption spectroscopy or inductively-coupled plasma 
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mass spectrometry, require homogenisation and chemical digestion prior to analysis. These 

provide valuable information but cannot reveal the spatial distribution of biometals within the 

sample, as well as requiring the isolation and detection of discrete species. 

Currently accepted preparative treatments have been found to have the potential to exert a 

marked impact on total biometal levels, speciation and distribution on the µ-scale.48 FT-IR on 

brain sections with and without formalin staining elucidated significant effects on the organic 

composition and exposed biometal redistribution and influx.49 The use of synchrotron-based 

techniques XFM and PIXE, proton induced X-ray emission, has provided quantitative 

assessment of various fixative techniques with the conclusion being that the effects on 

concentrations and distributions of biometals vary depending on the chemical treatment 

employed.50,51 Synchrotron-based studies can limit sample preparation to freeze-drying 

hydrated samples, which avoids chemical modification of the target metal ion prior to 

analysis. 

1.3.2.3 Technique-introduced Bias 

The most common biometal sensor design is utilising a fluorophore that generates a 

measurable signal, or change in signal, upon binding to the target metal ion. The fluorophore 

by definition disturbs the biological system, and in turn affects the distribution and 

concentration of the target metal ion. This issue is most prevalent when dealing with 

biological systems where there exists a labile metal ion pool, where the binding of metal ions 

to the sensor can induce unintended transfer of protein-bound metal ions to the sensor, or 

movement between different intracellular locations.26 

These concerns are currently minimised by designing the probe to have sufficient brightness 

and sensitivity such that they can operate at extremely low treatment concentrations52, or by 

using reaction-based probes that do not directly bind the target metal ion53. It is however, 

impossible to completely eliminate sensor interference, and is important instead to understand 

the detection protocol’s effects on the metallome distribution and speciation changes. It is 

only by measurement of other parameters, such as cell viability, mitochondrial function or 

reactive oxygen species (ROS) levels, that a sensor can be confirmed to have no or minimal 

unwanted effects.26 

1.3.3 A Synchrotron-based Solution 

Synchrotron science affords the ability to conduct holistic, multimodal studies of a sample’s 

intact, cellular metallome, thereby providing a pathway to better research a myriad of topics; 
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producing better anticancer drugs54,55, probe neurological disease states37, as well as provide 

better diagnostic imaging56. These types of techniques provide direct and simultaneous 

imaging of multiple chemical forms with cellular resolution at intact cells, tissues and 

organism levels.  

Cellular processes involving biometals are directed by complex metal chemistry at an atomic 

and molecular scale; X-rays can provide information pertaining to local coordination 

geometry as well as the chemical states of species at a subcellular level.8 This unique ability 

to detect speciation, which is crucial to understanding the chemistry of biometals in cellular 

processes, makes synchrotron-based experimentation tools particularly powerful in the 

elucidation of the roles and function of biometals at a cellular level.8  

X-ray fluorescence microscopy facilitates the localisation and quantification of elements in 

cells and tissues, and is commonly used in conjunction with X-ray absorption spectroscopy. 

X-ray absorption spectroscopy can add speciation information; such as the chemical or 

oxidation state and the local coordination geometry of the probed element. Together these 

two techniques allow for the in situ imaging of, and information gathering on, biometals 

within a range of sample types.8 

Synchrotron-based X-ray microscopy has a spatial resolution down to the tens of nanometres 

without the need of invasive procedures such as labelling, dehydration, nor chemical fixation, 

which alter the endogenous biometal chemistry. This ability to obtain subcellular resolution is 

especially important as biometal homeostasis involves tight regulation of biometal-containing 

species through subcellular compartmentalisation. For example, Fe-S clusters and heme 

synthesis products are kept in the mitochondria, Zn-finger proteins are found in the nucleus 

and Cu is regulated within the Golgi apparatus.8,57,58  

Synchrotron-based tools for exploring metallomics are not without their own drawbacks. Due 

to the nature of the high intensity radiation employed there is always the risk of radiation-

induced damage, which has been also shown to perturb biochemical activity and alters 

speciation and distribution of biometals.59 This risk is managed by cryogenic preservation, 

which involves the combination of cryo-cooling, vacuum chambers, and more recently 

streaming liquid nitrogen onto samples at atmospheric pressure. As such, synchrotron-based 

techniques are developing into a “standard” for exploring undisturbed cellular systems, 

especially with the ability to image larger standards including fully hydrated room 

temperature tissue samples.26 
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1.3.3.1 Principles of XAS 

X-ray absorption spectroscopy, or XAS, involves the absorption of x-rays by core electrons 

(e.g. 1s), followed by either promotion to a higher bound state (termed the edge region, e.g. 

1s to 3d or 1s to 4p), or the core electron is ejected as a photoelectron (termed the extended 

X-ray fine structure region). When neighbouring atoms are present the emitted photoelectron 

will be backscattered off these nearby atoms and produce interference between the outgoing 

and backscatter waves producing EXAFS modulations.  

Practically, a spectrum is produced by scanning across an energy range both above and below 

the absorption edge of the probed element (Figure 1.2). The X-ray near-edge structure is 

collected within 100 eV of the absorption edge, with the core electron being ejected and thus 

producing the EXAFS at a higher level.13,60,61 Due to the intrinsically low concentrations of 

the probed element within the samples fluorescent photons are collected. These fluorescent 

photons are emitted as lower energy photons, which result from bound electrons falling to fill 

the core hole left by the ejected core electron.24 X-ray absorption spectra represent the bulk 

coordination environment and oxidation of the probed element of interest, including 

contributions from all chemical forms containing the element within the sample.6 

Figure 1.2 – Left: The selenium near-edge (XANES) region of bulk cell pellets treated with a 

selenium-based agent. Right: Fitted XANES spectra for a bulk cell pellet treated with a 

selenium-based agent. The experimental spectrum is in black, while the resultant fit of two Se-

model compound spectra (pink and light blue) is shown in dark green. The residual, or 

difference between the experimental and fitted data is shown in red.  
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XAS near-edge structure can provide important information on electronic structure, such as 

the element’s oxidation state, spin state, direct determination of metals in the active site 

(which is only implied by crystallography) in macromolecules. The EXAFS, however, 

provides the primary structural determination tool. From fitting of the EXAFS very accurate 

bond lengths can be obtained (~0.002 Å), which is superior to protein crystallography by an 

order of magnitude. However, it is a very short ranged technique, with covalently bound 

atoms being able to be observed but not distant atoms (>5 Å). Furthermore EXAFS has 

limited bond length resolution (~0.1 Å) in discriminating between similarly coordinated 

atoms, is not effective with the determination of coordination numbers (~20%), and cannot 

accurately differentiate between backscattering atoms of similar size (e.g. S, Cl).6,24 

Figure 1.3– EXAFS spectra and corresponding Fourier transforms of cells treated with a 

selenium-based agent, showing experimental (black) and calculated (green) data, with the 

residual shown offset (red).  The Fourier Transform fitting indicating two dominant back-

scattering neighbouring atoms. 

A single XAS scan contains both the XANES and EXAFS regions, and so through 

independent analysis results can be combined to more confidently assess the speciation and 

structure of the element of interest. Furthermore, relatively short scan times allows for 

multiple scans of the same sample (at differing spots on the sample) to lessen photo-reduction 

effects and noise within the EXAFS region. The resultant XANES spectra are fit with linear 

combinations of model compound spectra, while EXAFS are analysed a priori with the 

tentative XANES findings acting as the starting point to the EXAFS analysis.  
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XAS excels in investigation into biometals where not only the total metal distribution is 

important, but also the speciation of the biometals present. XAS can provide information on 

species which standard crystallography cannot, such as solution-based enzyme catalysis, or 

provide supplemental information for systems for which crystallography is available.6,8,24 

Utilising the principles of XAS as a microscopic technique provides opportunities for 

chemical mapping of metals down to the nano-scale, providing speciation and localisation 

information critical to understanding the mechanisms and roles of biometals in specific 

biological processes.8 

1.3.3.2 Principles of XFM 

Fluorescence, or secondary, photons used to create X-ray absorption spectra are also used as 

the foundation of XFM. Each element possesses an electronic structure with characteristic 

energy levels, XFM capitalises on these fingerprint-like electronics. Incident photons with 

enough energy above the ionisation threshold eject core electrons, much like XAS, these core 

holes are then subsequently filled by outer shell electrons resulting in the emission of lower 

energy fluorescence photons.  

Figure 1.4 – Optical fluorescence image (top left), scattered X-ray (XS) and XFM elemental 

distribution maps of cells treated with a ruthenium-based agent. The maxima elemental area 

densities (quantified from standards and expressed in micrograms per square centimetre) are 

given in the bottom corner of each map. The black bar under the maps represents 10 µm. 

Instead of scanning a range of energies through the sample such as with XAS, the energy is 

held constant and above the absorption edge for XFM, with the sample then moved through 

the beam to produce an elemental map based on the fluorescence at each point (Figure 1.4). 

Precision of the raster scanning process allows for imaging down to the cellular level, with 

the potential of sub-cellular organelle determination, such as the nucleus of cells that contain 
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high P and K concentrations. XFM has developed a reputation as the most versatile imaging 

technique for simultaneously obtaining structural and compositional information relating to 

biometals.26 

Figure 1.5 – Schematic of a XFM experimental hutch with the incident synchrotron beam (I) 

passing through the primary aperture (II) before the double crystal monochromators (III) and 

focusing mirrors (IV). The beam then passes into the experimental hutch through a secondary 

aperture (V), pinhole (VI) and the primary filter (VII) before reaching the sample (VIII) loaded 

onto a mechanised, moveable stage (XI). The location of the sample respective to the beam is 

monitored with a microscope (IX) and fluorescence photons collected by the detector (X), with 

the beam finally ending its path at the beam stop (XII).  

XFM features primary and secondary apertures that define the incident beam, which along 

with double crystal monochromators and focusing mirrors direct the beam onto a specimen 

loaded onto an x-y-z digital stage (Figure 1.5). The X-ray detector is placed at 90° to the 

incident beam to capture the resultant fluorescence photons. The energy used to excite the 

element of interest will also excite elements with lower atomic numbers, thus elemental maps 

of these elements are simultaneously generated. Although sensitivity to lower atomic 

numbered elements is diminished with increasing incident energy. In addition to the mapping 

of individual elements, spatial relationships can be identified and then through comparison to 

elemental standards the concentrations of the elements can be determined.5,6 

A number of metallomic questions have utilised both µ–XFM and nano-XFM; including the 

effects of non-essential metal detoxification on subcellular homeostasis of native biometals, 

biometal profiles in cellular processes and diseases, and cellular localisation of metal-

containing drugs.8 XAS and XFM have successfully been used in conjunction in the study of 
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metal and non-metals in wide ranging fields of biology. The speciation and distribution of 

mercury within the human brain following exposure was investigated by Korbas et. al.62. 

Similarly the speciation and distribution of selenium and copper within rat kidneys was 

investigated with XAS and XFM.63 EXAFS64 and XFM12 have been used to investigate the 

mode of action of ruthenium-based anticancer agents within tumour-like settings. Even the 

effects of labile nanoparticles on homeostasis have been probed using XFM techniques.65 

1.3.4 Experimental Aims 

Given the increasing popularity of synchrotron-based XAS and XFM techniques within the 

field of bioinorganic chemistry6,66 and their application towards elucidating intracellular 

speciation and distributions of elements heavier than Si, these two techniques were employed 

to probe into the cellular fates of selenium, rhenium and ruthenium due to directed drug 

exposure. Furthermore, these methods allow for the advantageous ability to directly detect the 

element-containing drugs and their metabolites within cells without excessive sample 

preparations typical of laboratory-based systems (such as HPLC). 

Rhenium and ruthenium are two elements that are not naturally occurring within the human 

biological system. Furthermore selenium, while present within the body at extremely low-

basal levels, has its role confined to being a component of only a relatively small number of 

discovered proteins that exists with diverse patterns of tissue distributions. Selenium is 

incorporated into proteins involved in antioxidant roles (glutathione peroxidase, GPx), redox 

regulation (thioredoxin reductase, TrxR), nuclear transcription (selenoprotein H, Sel H) and 

early muscle formation (selenoprotein N, Sel N).63,67,68 As such, changes in selenium content 

composition and distribution following drug treatments would indicate perturbations of 

intracellular homeostasis. 

As such any and all rhenium and ruthenium detected by XAS and XFM would directly 

correlate to drug and resulting metabolites from treatment with agents containing the 

respective elements. The use of controls along with the low native basal levels of selenium 

also allows for the monitoring of changes in selenium speciation and distributions resulting 

from selenium-containing agent treatments. 

The use of XFM was thus employed to detect and monitor the uptake and sub-cellular 

compartmentalisation of a rhenium-based luminescent rhenium(I) tricarbonyl tetrazolato 

complex within 22Rv1 human prostate carcinoma cells. Similarly, XFM was used to probe 

the cellular fate of ruthenium-based anticancer agent NKP-1339 (a KP1019 analogue) within 
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A549 adenocarcinomic human alveolar basal epithelial cells. Finally, a combination of XAS 

and XFM was employed to probe the basis of diphenyl-diselenide’s stroke mitigation action 

within SH-SY5Y human neurobalstoma cells.  
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Intracellular distribution and stability of a
luminescent rhenium(I) tricarbonyl tetrazolato
complex using epifluorescence microscopy in
conjunction with X-ray fluorescence imaging†

J. L. Wedding,a H. H. Harris,*a C. A. Bader,b S. E. Plush,b R. Mak,c M. Massi,*d

D. A. Brooks,b B. Lai,e S. Vogt,e M. V. Werrett,d P. V. Simpson,d B. W. Skeltonf and
S. Stagnig

Optical epifluorescence microscopy was used in conjunction with X-ray fluorescence imaging to monitor

the stability and intracellular distribution of the luminescent rhenium(I) complex fac-[Re(CO)3(phen)L], where

phen = 1,10-phenathroline and L = 5-(4-iodophenyl)tetrazolato, in 22Rv1 cells. The rhenium complex

showed no signs of ancillary ligand dissociation, a conclusion based on data obtained via X-ray fluorescence

imaging aligning iodine and rhenium distributions. A diffuse reticular localisation was detected for the

complex in the nuclear/perinuclear region of cells, by either optical or X-ray fluorescence imaging

techniques. X-ray fluorescence also showed that the rhenium complex disrupted the homeostasis of

some biologically relevant elements, such as chlorine, potassium and zinc.

Significance to metallomics
Organelle or tissue targeted luminescent imaging agents are vital tools for researchers hoping to enhance knowledge of fundamental physiological processes.
Metal complexes offer a number of advantages as imaging agents compared to other species due to favourable photophysical properties, but the subtle
chemistry they display gives rise to the potential for artefacts that may cloud the information they provide. By correlating optical fluorescence microscopy of
treated cells with elemental distribution from X-ray fluorescence imaging of the same cells, we have demonstrated stability in a biological setting for a Re(I)
tricarbonyl-based imaging agent which allays concerns regarding artefactual data from its use.

Introduction
Interest and advancement of coordinated group VII elements,
such as rhenium and technetium, has been largely due to

their application as radionuclides in the development of
radiopharmaceuticals1–5 and as optical dyes for cellular imaging
in microscopy.6–9 The ability to incorporate these radionuclides
into tracer molecules has been at the forefront in developing
diagnostic radiopharmaceuticals.10 99mTechnetium has become
a popular choice, being used in over 85% of diagnostic scans
every year, due to its medicinally appropriate half-life, wide range
of compatible ligands affording stable complexes and low
bioaccumulation rates in patients.3,6,10,11 Luminescent metal
complexes of rhenium(I), ruthenium(II) and iridium(III) have found
considerable application as luminescent imaging agents due to
their favorable photophysical properties.5–7,12,13 In particular,
their large Stokes shifts prevent concentration quenching pheno-
mena and, along with their long excited state lifetime, allows
for easier discrimination from background autofluorescence.
Furthermore, chemical design can render these complexes
photostable, thus preventing fast bleaching upon excitation.
Bioconjugation of these complexes to biological vectors (such
as avidin or octreotide) has been successfully employed to
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confer biological specificity in cell lines, including specific
organelles, after internalisation.2,4,6–8

Rhenium14,15 and iridium2,16,17 complexes have already
been shown to be useful as cellular imaging agents due to their
favorable intracellular localisations and organelle targeting,18 and
offer the possibility of combining their functions as fluorescence
microscopy imaging agents with in vivo radio-imaging.5,19–22

For example rhenium(I) is used as a ‘‘cold’’, or non-radioactive,
99mtechnetium chemical analogue, thereby allowing for insight
into the in vivo and in vitro localisations of 99mtechnetium
analogues.18,23

As a result of extensive attention, the chemistry of rhenium
organometallic complexes is well documented.3–5,10,11,23–26 A wide
range of accessible oxidation states (!1 to +7) lends structural
diversity to rhenium complexes, however the low oxidation state
complexes are more kinetically stable and hence more suitable
for use as fluorescence imaging agents.3,5

The most studied18,27–31 luminescent rhenium complexes
belong to the family of fac-[Re(CO)3(diim)X]0/+, where diim is a
bidentate diimine ligand such as 1,10-phenathroline (phen)
and X is a monodentate anionic or neutral ancillary ligand such
as chloride or pyridine.32 These complexes have well documented
photophysical properties that can be appropriately adjusted via
the introduction of various functional groups into the diimine
or ancillary ligand. Furthermore, chemical modification of
these complexes can be used to modulate their lipophilicity
and optimise cellular uptake and cytotoxicity. Consequently,
fac-[Re(CO)3(diim)X]0/+ complexes have generally shown low
levels of cytotoxicity.13 However, in some cases, cytotoxic effects
have been observed in a number of cell lines, although the
specific mechanism is not yet clearly elucidated.33

In our studies, we have investigated the cellular uptake and
localisation of neutral fac-[Re(CO)3(phen)T] complexes, where T
represents an aryltetrazolato ligand. These complexes localise
in different organelles such as lipid droplets,34 endoplasmic
reticulum,35 and acidic vesicles34 depending of the specific
substituent present on the tetrazolato ligand. For example, the
rhenium species bound to 5-(4-cyanophenyl)-tetrazolate accumulates
in lipid droplets with a high specificity for polar lipids such as
phosphatidylethanolamine, cholesterol and sphingomyelin,36

and allows the visualisation of polar lipid trafficking.37 On the
other hand, the rhenium species bound to 5-(pyrid-4-yl)-tetrazolate
strongly located in the endoplasmic reticulum and permitted the
visualisation of membrane events in live cells.35 These complexes
were all found to be highly amenable to long term imaging in
live cells and exhibited very low toxicity. The previous studies
suggest that these rhenium tetrazolato complexes are kinetically

inert and do not undergo ligand exchange reactions, at least
before their specific targeted organelle is reached. This study
therefore aimed to prove this and assess the stability of a rhenium
tetrazolato complex after cellular incubation. For this scope,
the complex fac-[Re(CO)3(phen)L] was synthesised, where L is
5-(4-iodophenyl)-tetrazolate (iodine was initially installed with a
view to further coupling chemistry) and the complex is herein
referred to as Re–I. The aim is to combine optical epifluorescence
microscopy alongside X-ray fluorescence (XRF) imaging to
monitor the intracellular localisation of the Re metal center
and an I-labeled 5-(4-iodophenyl)tetrazolate ancillary ligand.

Experimental
Synthesis and characterisation

All reagents and solvents were purchased from Sigma Aldrich or
Alfa Aesar. Nuclear magnetic resonance spectra were recorded
using a Bruker Avance 400 spectrometer (400 MHz for 1H NMR;
100 MHz for 13C NMR) at 300 K. All NMR spectra were calibrated to
residual solvent signals. Infrared spectra were recorded using an
attenuated total reflectance Perkin Elmer Spectrum 100 FT-IR with
a diamond stage. IR spectra were recorded from 4000–650 cm!1.
The intensities of the band are reported as strong (s), medium (m),
or weak (w), with broad (br) bands also specified. Melting
points were determined using a BI Barnsted Electrotermal
9100 apparatus. Elemental analysis were carried out on bulk
samples using a Thermo Finning EA 1112 Series Flash.

1H-5-(4-Iodophenyl)tetrazole was prepared following the method-
ology described by Koguro.38 Yield 57%. M.p. 268–269 1C (dec.).
nmax/cm!1: 2964 w, 2816 w, 2668 w, 2514 m, 2445 m, 1906 m, 1602 s,
1557 m, 1492 w, 1478 m, 1431 s, 1405 w, 1364 w, 1272 w, 1252 w,
1165 m, 1117 w, 1088 w, 1055 m, 1025 w, 1005 w, 81 s, 826 s,
742 m, 711 w, 693 w. 1H-NMR d/ppm (DMSO-d6): 7.98 (2H, d,
J = 8.4 Hz, Ph H2,6), 7.81 (2H, d, J = 8.4 Hz, Ph H3,5). 13C-NMR
d/ppm (DMSO-d6): 155.2 (!CN4), 138.3, 128.7, 123.8, 98.4.

The synthesis of Re–I was performed according to the
following procedure. fac-[Re(CO)3(phen)Cl] (0.10 g, 0.2 mmol)
was added to 10 mL of 3 : 1 a (v/v) ethanol/water solvent
mixture. To this suspension, a solution obtained by dissolving
1H-5-(4-iodophenyl)tetrazole (1.6 eq.) and triethylamine (1.6 eq.)
in 2.5 mL of 3 : 1 a (v/v) ethanol/water solvent mixture was added.
The mixture was vigorously stirred and heated at reflux for 20 h.
After this time, the mixture was cooled to room temperature,
filtered over a glass frit, and washed with a 3 : 1 a (v/v) ethanol/
water solvent mixture (5 mL) to afford the desired complex as a
yellow microcrystalline powder. Yield 95%. M.p. 291.3–291.9 1C
(dec.). Elemental analysis for C22H12IN6O3Re: calculated: C 36.62,
H 1.68, N 11.65; found: C 36.43, H 1.44, N 11.46. nmax/cm!1:
3798 w, 3060 w, 2023 s (CO, A0(1)), 1908 br s (CO, A0(2)/A00), 1631 w,
1600 w, 1584 w, 1425 m, 1411 m, 1338 w, 1269 w, 1226 w, 1177
w, 1146 w, 1117 w, 1038 w, 1000 w, 965 w, 848 w, 825 w,
779 w, 748 w, 721 w. 1H-NMR d/ppm (acetone-d6): 9.65 (2H,
d, J = 5.2 Hz, phen H2,9), 8.96 (2H, d, J = 8.2 Hz, phen H4,7),
8.30 (2H, s, phen H5,6), 8.19–8.15 (2H, m, phen H3,8), 7.62
(2H, d, J = 8.4 Hz, Ph H3,5), 7.43 (2H, d, J = 8.8 Hz, Ph H2,6).
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13C-NMR d/ppm (acetone-d6): 162.9 (!CN4), 155.2, 148.3, 140.4, 138.4,
131.7, 130.9, 128.7, 128.6, 127.4, 93.9. Crystals suitable for X-ray
analysis were obtained by liquid–liquid diffusion of petroleum
spirits into a dichloromethane solution of Re–I (see ESI†).

Photophysical measurements

Absorption spectra were recorded at room temperature using
a Cary 4000 UV/Vis spectrometer. Uncorrected steady state
emission and excitation spectra were recorded on an Edinburgh
FLSP980-S2S2-stm spectrometer equipped with: (i) a temperature-
monitored cuvette holder; (ii) 450 W Xenon arc lamp; (iii) double
excitation and emission monochromators; (iv) a Peltier cooled
Hamamatsu R928P photomultiplier tube (spectral range 200–
870 nm). Emission and excitation spectra were corrected for
source intensity (lamp and grating) and emission spectral
response (detector and grating) by a calibration curve supplied
with the instrument. According to the approach described by
Demas and Crosby,39 luminescence quantum yields (Fem) were
measured in optically dilute solutions (O.D. o0.1 at excitation
wavelength) obtained from absorption spectra on a wavelength
scale [nm] and compared to the reference emitter by the
following equation:

Fx ¼ Fr
Ar lrð Þ
Axlx

! "
Ir lrð Þ
Ixlx

! "
nx

2

nr2

! "
Dx

Dr

! "

where A is the absorbance at the excitation wavelength (l), I is
the intensity of the excitation light at the excitation wavelength
(l), n is the refractive index of the solvent, D is the integrated
intensity of the luminescence and F is the quantum yield.
The subscripts r and x refer to the reference and the sample,
respectively. The quantum yield determinations were performed
at identical excitation wavelength for the sample and the refer-
ence, therefore cancelling the I(lr)/I(lx) term in the equation. The
quantum yields of complexes were measured against an aqueous
solution of [Ru(bipy)3]Cl2 (bipy = 2,20-bipyridine; Fr = 0.028).40

Emission lifetimes (t) were determined with the time correlated
single photon counting technique (TCSPC) with the same
Edinburgh FLSP980-S2S2-stm spectrometer using a pulsed
picosecond LED (EPLED/EPL 377 nm, FHWM o 800 ps). The
goodness of fit was assessed by minimising the reduced w2

function and by visual inspection of the weighted residuals.
The dichloromethane solvent used for the preparation of the
solutions for the photophysical investigations were of LR grade.
Degassing of the dichloromethane solution was performed using
the freeze–pump–thaw method. Experimental uncertainties are
estimated to be % 8% for lifetime determinations, % 20% for
quantum yields, % 2 nm and % 5 nm for absorption and emission
peaks, respectively.

Cell culture

22Rv1 human prostate epithelial carcinoma cells, originally
purchased from the European Collection of Cell Cultures via
CellBank Australia (Children’s Medical Research Institute, New
South Wales Australia), were cultured as monolayers in complete
RPMI-1640 (Sigma Life Sciences) supplemented with foetal bovine
serum (10% v/v; Invitrogen Australia, Thermo-Fischer Scientific),

L-glutamine (2 mM, Sigma Life Sciences), antibiotic–antimyotic
mixture (100 mg mL!1 penicillin and 100 U mL!1 streptomycin;
Sigma Life Sciences) at 310 K in a 5% CO2-humidified incubator
and were sub-cultured every 3–4 days.

Preparation of Re–I treatment solutions

Re–I was dissolved in DMSO to produce a 10 mM solution. This
solution was then diluted with PBS to the treatment concentration
of 10 mM (0.1% DMSO).

Cell treatment sample preparations

Cells were prepared for XRF imaging by growth on 1.5 &
1.5 mm & 500 nm silicon nitride windows (Silson, UK) in
6-well plates as described previously.41–46 The plates were
seeded at 1 & 106 cells per well in complete DMEM and were
incubated at 310 K in a 5% CO2-humidified incubator for 24 h
prior to treatment. Cells were then treated with Re–I (for either
2 or 4 h) or DMSO (0.1%) as a vehicle-only control for 2 h. At the
end of the treatment time the medium was removed and cells
were fixed with 3.7% paraformaldehyde (prepared fresh in PBS)
solution for 15 min. Fixed windows were then washed with PBS,
ammonium acetate (in Milli-Q water) and Milli-Q water thrice.
(Procedure adapted from ref. 47 and 48.)

Spectroscopic data collection

Optical epifluorescence images were collected with an Olympus
BX53 upright fluorescence microscope (Olympus, Australia), with
a 10& lens and excitation wash with a blue LED and images were
collected in bright field mode or using a long band pass filter.

XRF elemental distribution maps of single cells were recorded
on beamline 2-ID-D at the Advanced Photon Source (APS), Argonne
National Laboratory, Illinois, USA. The X-ray beam was tuned to an
incident energy of 12.7 keV using a double crystal monochromator
and was focused to a diameter of B0.25 mm using a ‘‘high-flux’’
zone plate. A single element silicon drift energy dispersive detector
(Vortex EX, SII Nano-technology, Northridge, CA), at 901 to the
incident beam, was used to collect the fluorescence signal for
1 s per spatial point from samples under a He atmosphere.

Four to eight individual cells per sample were selected and
located using an optical microscope (Leica DMRXE). Cells were
subsequently relocated in the beamline by correlating the
light microscope coordinates with those determined from the
X-ray transmission image of the window as viewed on a CCD
camera. Whole cells were raster scanned using a 25 nm accuracy
Newport sample positioning stage. Low resolution scans with a
step size of 4 mm and a dwell time of 0.5 s were used to locate the
cells before obtaining high-resolution scans with a step size of
0.5 mm and a dwell time of 1 s.

XRF imaging data analysis

The fluorescence spectrum at each spatial point was fit to
Gaussians, modified by the addition of a step function and a
tailing function to describe mostly incomplete charge collection
and other detector artefacts.49,50 The integrated fluorescence
spectra extracted from these regions were also fit with modified
Gaussians to determine average elemental area densities
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(in units of mg cm!2). Quantification was performed by com-
parison to the corresponding measurements on the thin-film
standards NBS-1832 and NBS-1833 from the National Bureau of
Standards (Gaithersburg, MD). The analysis was performed
using MAPS software.42,50

Results
The complex Re–I was obtained via a direct ligand exchange
reaction between the chloro ligand in fac-[Re(CO)3(phen)Cl]
with the tetrazolate anion. Compared to previously investigated
methodologies, involving the preparation of the intermediate
complex fac-[Re(CO)3(phen)(NCCH3)]+,51 the direct exchange
yields the targeted compound in high purity without the need
of chromatographic purification. The species Re–I displays
the expected peaks belonging to the CO ligands at 2023 and
1908 cm!1 in the IR spectrum, as typical for rhenium tetrazolato
complexes of facial configuration.51 The formulation of Re–I was
further supported by NMR and elemental analysis. Single crystals
suitable for X-ray diffraction could be obtained by layering
petroleum spirits onto a dichloromethane solution of the complex.
The obtained structure (see ESI†) highlights the expected rhenium
complex coordinated by three facial CO ligands, a chelating
phen and the N2 coordinated tetrazolato ligand.

The photophysical data for Re–I from a diluted dichloro-
methane solution are reported in Table 1, and the relative
absorption, excitation, and emission spectra are reported in
the ESI.† As expected for this class of rhenium complexes,51 the

absorption profile presents an intense band in the 250–310 nm
region originating from ligand centered (LC) pp* transitions on the
phen and tetrazolato ligands. A further band of lower intensity is
visible in the 310–420 nm region, typical of metal-to-ligand charge
transfer transitions (MLCT) partially mixed with ligand-to-ligand
charge transfer character (LLCT). Upon excitation to the charge
transfer manifold, Re–I exhibits an emission profile that is broad
and structureless with a maximum at 590 nm. The elongation of
the excited state lifetime (t) from 0.262 to 0.591 ms upon degassing,
along with an increase of the photoluminescence quantum
yield (F), supports the assignment of triplet spin multiplicity
to the excited state (3MLCT).

Cellular uptake and distribution of Re–I was investigated
using optical epifluorescence and X-ray fluorescence microscopy.
22Rv1 cells were grown on silicon nitride windows overnight
before being treated with Re–I for 2 and 4 h. After incubation,
the cells were fixed in paraformaldehyde and freeze dried
before imaging. The use of paraformaldehyde as a fixative
agent is known to preserve the morphology of cells for optical
fluorescence and XRF imaging.43,44,52 The optical fluorescence of
the entire window was imaged and stitched together immediately
after fixation. Samples were then transported to the Advanced
Photon Source (APS), Argonne National Laboratory, Illinois,
USA for subsequent XRF imaging.

The zinc (Zn) map was used to identify the approximate
boundaries of the cells as this element showed consistently
higher signal-to-noise ratio (Fig. 1). The synchrotron beam was
raster scanned to simultaneously obtain elemental maps of
individual cells. As the beam moved across the cells the resulting
fluorescence spectrum at each dwell point was collected and
formed a single pixel within the elemental map.

Elemental maps were obtained for typically important
biological elements (P, S, Cl, K, Ca) as well as transition metals
(Fe, Zn). Rhenium concentrations were below detection limit
within the control cells (Fig. 1), – no rhenium-based fluores-
cence signal was observed, nor any definable cellular localisa-
tion. Likewise, iodine was only found to be present in extremely
low native concentrations in the control cells, with a very poorly
defined intracellular distribution.

Table 1 Photophysical data for Re–I from diluted (ca 10!5 M) dichloro-
methane solutions

Absorption: lmax/nm (e/104 M!1 cm!1) 267 (5.15), 365 (0.50)
Emission – 298 K: lmax/nm 590
Air-equilibrated – 298 K: t/ms 0.262
Deaerated – 298 K: t/ms 0.591
Air-equilibrated F 0.028
Deaerated F 0.083
kr/106 s!1 0.14
knr/106 s!1 1.55

Fig. 1 Optical micrograph (top left), scattered X-ray (XS) and XRF elemental distribution maps of a 22Rv1 control cell. The maximum elemental area
densities (quantified from standards and expressed in mg cm!2) are given in the bottom corner of each map. The scale bar represents 10 mm.
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All cells treated with Re–I showed elemental concentrations
localised within the cell, with notable exceptions for rhenium,
iodine and zinc, which were also occasionally found outside the
boundaries of the cell (Fig. 2). The co-localisation of rhenium
and iodine, both inside and outside the cells, is consistent with
the fact that the tetrazolato ancillary ligand has not dissociated
from the rhenium center. The cellular uptake of Re–I was
evident in high intracellular concentrations of both rhenium
and iodine within all treated cells.

The Re–I complex appeared to strongly adhere to the silicon
nitride windows such that extracellular localisations of rhenium
and iodine were visible (Fig. 2). These spots were also fluores-
cent, identifying them to be from adhered complex, however the
co-localisation with zinc is unusual. Zinc, while not contained in
Re–I, was the only element to be additionally co-localised both
within the cell and in the spots where Re–I adhered.

The intense regions of the optical fluorescence images
were visually similar to the rhenium intracellular distribution
from XRF imaging, indicating that the luminescence detected
by epifluorescence microscopy was likely to be originating from
Re–I. Taken together with the similarity of the XRF maps of
rhenium and iodine distributions, this supports the interpreta-
tion that the complex was still intact at the time of XRF imaging.

This is in line with the theory that the low spin d6 complexes
form kinetically stable complexes, even in complex biological
systems.

The distribution of Re–I in the 22Rv1 cell is consistent with the
staining of a diffuse reticular network in the nuclear/perinuclear
region; where the nuclear regions of the cells were identified using
the P and Zn maps, given the inherently higher concentrations of
phosphate from the DNA backbone and Zn from zinc finger
proteins within the nucleus.48 The localisation of Re–I is consis-
tent with other previously reported neutral fac-[Re(CO)3(phen)T]
complexes, where T is an aryltetrazolato ligand. The distribution
of Re–I does follow the thickness of the cell (Fig. 3) but this is as
expected; 22Rv1s are a relatively thin cell where the vast majority
of cellular organisation is localised around the nucleus.

Localisation within the diffuse reticular network of the
endoplasmic reticulum has been previously reported with other
rhenium tetrazolato complexes in live HeLa cells53 as well as
with larger more complex ancillary biomolecules, such as nuclear,21

peri-nuclear,15 cytoplasmic17 and cellular compartments,14 and
some organelle18 specific distributions, for certain complexes.
Three-colour elemental correlation images readily identified
strong extracellular colocalisations of rhenium, iodine and zinc
for Re–I treated cells (Fig. 4).

Fig. 2 Optical micrographs (top left), epifluorescence microscopy images (second right, top), scattered X-ray (XS) and XRF elemental distribution maps
of 22Rv1 cells treated with Re–I for 2 h (top, middle) or 4 h (bottom). The maximum elemental area densities (quantified from standards and expressed
in mg cm!2) are given in the bottom corner of each map. The scale bar represents 10 mm unless otherwise indicated.
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From the XRF data the total average rhenium content can
be quantified for both the cell as a whole and related to an area
designated as nuclear fractions (Fig. 5). The quantitation
of cellular elemental content showed a significant increase in
both rhenium and iodine concentrations in Re–I treated cells
compared to untreated controls. Furthermore, the ratio of cell
to nuclear content for rhenium is consistent with data that
shows Re–I preferentially localises to cytoplasmic areas around
the nucleus. It should be noted that the quantitation of elemental
contents in the nuclear regions of the cell also includes elemental
content in over- or underlying structures, e.g. the endoplasmic
reticulum, because the XRF images are simply two-dimensional
projections of (dried) three-dimensional objects. There was no
significant increase in intracellular contents of either rhenium

or iodine in treated cells between the 2 and 4 h incubation
periods, indicating that a 2 h treatment was sufficient to
allow maximum uptake. The ratio of the total cellular contents
(as masses) for rhenium and iodine were observed to be
approximately in concordance with the ratio of their atomic
masses and the expected 1 : 1 stoichiometric ratio, again providing
some evidence to support the kinetic stability of the complex
after cellular uptake.

Homeostasis of some other biologically relevant elements
was disrupted by incubation with Re–I with significant changes in
intracellular content of selenium, chlorine, zinc and potassium.
However, not all elements were similarly affected, for example
there was a general increase in zinc content for both the 2 and 4 h
treatments; whereas potassium only saw significant increases
with the 2 h treatment. There are a range of possible causes
for disturbance of the homeostasis of these elements, for
example in the case of potassium, the complex may transiently

Fig. 3 XRF elemental distribution maps for a 22Rv1 cell incubated with
Re–I for 2 h showing the colocalisation of rhenium (red), iodine (green)
and zinc (blue) (top), cell thickness (blue, XS) (bottom), and the resultant
three-colour overlay; where white indicates co-localisation of all three
elements. The maximum elemental area densities (quantified from
standards and expressed in mg cm!2) are given in the top corner of each
map. The scale bar represents 10 mm.

Fig. 4 XRF elemental distribution maps for a 22Rv1 cell incubated with
Re–I for 4 h showing the colocalisation of rhenium (red), iodine (green)
and zinc (blue) (top), cell thickness (blue, XS) (bottom), and the resultant
three-colour overlay; where white indicates co-localisation of all three
elements. The maximum elemental area densities (quantified from stan-
dards and expressed in mg cm!2) is given in the bottom corner of each
map. The scale bar represents 20 mm.
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activate Na+/K+ ATPase54 or even inhibit K+ ion channels;55

both of these would lead to the observed increase in intra-
cellular potassium contents. However, the data presented
herein provide no evidence to support or disprove either
of these hypotheses, nor any other, and complementary experi-
ments would be needed to further investigate the topic.
Furthermore, some elements saw no significant change to their
content levels, such as sulfur and iron. Nonetheless, this
approach might provide a very important way of assessing
the impact of imaging agents on cells by identifying subtle
changes in cellular metabolism/homeostasis, especially when
combined with other methodologies which can provide infor-
mation regarding the mechanisms by which homeostasis
is disturbed.

Conclusions
In this study we have demonstrated that the cellular distribu-
tion of a novel Re(I) based luminescent imaging agent can be
determined by monitoring the luminescence from the com-
pound using optical microscopy and then correlated with the
cellular distributions of rhenium and iodine contained in the
species within the same samples as measured using micro-
probe X-ray fluorescence imaging.

The iodinated tetrazolato ancillary group on the complex
resulted in a similar cellular distribution within the 22Rv1 cell
line to that reported for a related fac-[Re(CO)3(phen)T], where T
is 5-(pyrid-4-yl)-tetrazolate, which interacts with endoplasmic
reticulum. The intracellular distribution of Re–I therefore
approximately followed the cell thickness producing a diffuse
reticular network staining pattern.

The combination of optical microscopy with XRF imaging was
able to provide more information beyond just the distribution of
the complex. A co-localisation of zinc with the exogenous elements
was evident both inside and outside of the cells. Quantitation of
cellular elemental contents arising from integrated XRF signals
showed that the homeostasis of some biological elements was
disrupted by treatment with Re–I and that this may be used to
identify subtle impacts of imaging agents on cellular homeostasis.
The principal conclusion drawn from the XRF imaging study
was based on the observation that the distributions of rhenium
and iodine were very similar, which indicated that the complex
remained intact in the cells after uptake.
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3.1 Abstract 

Bis(2-aminophenyl)diselenide was shown to protect against oxidative stress conditions 

which mimic ischemic strokes, while its nitro analogue, bis(2-nitrophenyl)diselenide did 

not. This protective activity was tentatively assigned to the reductive cleavage of bis(2-

aminophenyl)diselenide inside human neurocarcinoma cells, SH-SY5Y, while bis(2-

nitrophenyl)diselenide remained unchanged. The distinct chemistries of the related 

compounds were traced by the changes in selenium speciation in bulk pellets of treated 

SH-SY5Y cells detected by X-ray absorption spectroscopy. Further, bis(2-

aminophenyl)diselenide, like the known stroke mitigation agent Ebselen, was observed 

by X-ray fluorescence imaging to penetrate into the nucleus of SH-SY5Y cells while 

bis(2-nitrophenyl)diselenide was observed to be excluded from the nuclear region. The 

differences in activity were thus attributed to the varied speciation and localisations of 

the drugs, or their metabolites, as detected by X-ray absorption spectroscopy and X-ray 

fluorescence microscopy. 
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3.2 Abbreviations 

Am-DPDS  bis(2-aminophenyl)diselenide;  

Cys   cysteine;  

CysSeSeCys  selenocysteine;  

CysSeSCys  sulfoselenocysteine;  

DPDS   diphenyl diselenide;  

Eb   Ebselen;  

EXAFS  extended X-ray absorption fine structure;  

GPx   glutathione peroxidase;  

GSH   glutathione;  

GSSeSG  seleno-diglutathione;  

MSC   methylselenocysteine;  

Ni-DPDS  bis(2-nitrophenyl)diselenide;  

ROS   reactive oxygen species;  

SeCys   selenocysteine;  

SeMet   ι-selenomethionine;  

XANES  X-ray absorption near edge structure;  

XAS   X-ray absorption spectroscopy;  

XFM   X-ray fluorescence microscopy;  
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3.3 Introduction 

3.3.1 Ischaemia 

Strokes are one of the leading causes of death in the developed world,1-4 as well as a 

leading cause of long term disability, and as such continues to be a target of clinical 

research5. While neuroprotective agents continue to make it through phase III clinical 

trials, most are ultimately rejected due to ineffectiveness or unacceptable toxicity.5 

Ischaemic strokes occur due to the abrupt interruption or extreme reduction of blood 

flow and oxygen in cerebral arteries and account for 80-85% of all stroke cases.2,4-6 

Ischaemia affects neurons by ATP depletion due to disrupted energy production, 

glutamine-mediated toxicity, Na+ and Ca+ influx, mitochondrial failure and finally cell 

death (Scheme 3.3.1).6,7 Apoptosis is also a known consequence of prolonged ischaemia 

as oxidative stress conditions develop as lactic acid builds up due to energy depletion 

leading to acidosis and thus pro-oxidant conditions.2,6,7 

Scheme 3.3.1 - Intracellular cascade in neurons as a result of ischaemic conditions that 

leads to cell death. 
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Neurons under oxidative stress are subjected to excessive levels of molecular oxygen 

and its chemical derivatives (ROS).2 Reactive oxygen species are known to be linked to 

ageing and disease pathogenesis.2,8 The brain has an increased susceptibility to ROS–

induced damage due to its high lipid content, low native antioxidant concentrations, 

high oxygen consumption and high iron levels.2,3 During ischaemic conditions, ROS 

cause multi-pronged damage; including lipid peroxidation, protein denaturation, DNA 

modifications, and disruption of redox-sensitive transduction pathways.2,3,9 

3.3.2 Antioxidant defences 

An antioxidant is a substance that exhibits the property of dampening, quenching 

or removing oxidative damage.10-12 The requirement for such activity is that the 

substance itself should be targeted by the ROS, leaving more valuable targets such 

as lipids, enzymes or DNA unscathed, while also producing a less reactive 

product unable to perpetuate the intracellular cascade.10 

Biological antioxidant defences consist of two types; non-enzymatic antioxidants, 

such as GSH, vitamin C and vitamin E, as well as enzymatic antioxidants, 

including superoxide dismutase (SOD), catalase (COD) and glutathione 

peroxidase (GPx). The exact antioxidant defence’s effectiveness and composition 

depends on the tissue type as well as the cell type.10-13  

3.3.3 Therapeutic antioxidants 

Interest in the protective activity of organoselenium compounds has increased since the 

1980s, when it was shown that Ebselen was an antioxidant mimic for the selenoenzyme 

glutathione peroxidase (GPx).14 The neuroprotective effects of Ebselen in rodent models 

of ischemia allowed it to be used in clinical trials for the treatment of neurological 

diseases linked with ischemia and thus oxidative stress.15-17  

Ebselen’s discovery and success led to the development of other organoselenium 

compounds designed to mimic GPx activity. These incorporate a selenium atom within 

an organic framework to produce a redox sensitive compound. Successful antioxidant 

compounds would thus catalytically increase the rate of reduction of the ROS and so 

enhance the effects of endogenous antioxidants within the cells. By mimicking the GPx 

catalytic activity, only small concentrations would be required to exert significant 

effects as they are not consumed by the reduction reaction.11,18-21 

 



 42 

3.3.4 Ebselen 

Ebselen has attracted interest as a glutathione peroxidase mimic, and has been shown to 

be capable of contributing to the antioxidant defence in tissues.22 Ebselen is a potent 

scavenger of hydrogen peroxide, membrane bound phospholipids and cholesterylester 

hydroperoxides which result from ischaemic conditions.22 The selenium within Ebselen 

is not bioavailable for incorporation into selenoproteins (GPx activity could not be 

salvaged by supplementation with Ebselen, unlike selenite, in Se-deficient animals23,24), 

which is thought to be the reason for its lack of toxicity22, instead showing anti-

inflammatory capabilities25.  

Despite the clinical trial successes of Ebselen, there is debate over the mode of action 

for its neuroprotective effects.26,27 While Ebselen’s intracellular interactions with 

organic thiols, such as glutathione, are known to be key components of its activity, the 

exact nature of the glutathione peroxidase activity is unproven. The involvement of 

diselenide and selenol forms of Ebselen after reaction with organic thiols has been 

posited with a focus given to the selenol (Scheme 3.3.2).26-28 

Scheme 3.3.2 - Summary of different proposed modes of action for Ebselen’s glutathione 

peroxidase activity reacting with both hydrogen peroxide and organic thiols such as 

glutathione (RSH).  
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While a multitude of different schemes have been proposed27,29,30, the three shown in 

Scheme 3.3.2 have garnered the most interest. Cycle I features the involvement of a 

selenoxide form of Ebselen (Eb-Selenoxide, Scheme 3.3.2)31 which is now generally 

regarded not to be involved with the mode of action.27 This catalytic reduction of 

hydroperoxides is in the presence of thiol is independent of the popular Ebselen selenol 

intermediate. This cycle is dependent on low thiol concentrations and high levels of 

hydrogen peroxide, which is not representative of conditions within biological systems.  

Cycle II involves the selenol form of Ebselen23,32 and has garnered recent support and 

features a mode of action kinetically similar to glutathione peroxidase enzyme activity 

in solution25,27,32,33, while cycle III features the involvement of an Ebselen dimer26,27. 

Unlike cycle I, these schemes (cycle II and III) are dependent on excess thiol levels and 

low hydrogen peroxide concentrations which are more biologically consistent.27 

3.3.5 Diphenyl diselenide 

Subsequent to the discovery of Ebselen’s GPx activity, diphenyl diselenide (DPDS) was 

reported to have an even greater GPx mimetic activity.34 DPDS has since exhibited 

similar antioxidant capabilities, specifically, it reduces cerebral, renal, pulmonary and 

hepatic oxidative stress in mice35-38, as well as reducing cerebral and renal oxidative 

stress induced in rats39-41. More generally it has been found to have anti-inflammatory 

and antinociceptive activity42 and can prevent gastric lesions43 and mitochondrial 

dysfunction44. Conversely, it is known to display toxicity at relatively high levels; 

although the exact threshold where toxicity manifests remains unknown.45,46 DPDS is 

known to be less toxic than Ebselen, which is commonly used as a comparison given 

Ebselen’s low toxicity and use in clinical trials.36,45,47 Animals tested with DPDS were 

either administered it orally, dissolved in either soy-bean or canola oil, or the DPDS was 

dissolved in DMSO and administered subcutaneously. 

3.3.6 Experimental Aims 

The aim of this study was to investigate the neuroprotective action of DPDS in vitro 

against oxidative stress-induced damage, and using synchrotron techniques to probe the 

possible molecular basis of this protective action. DPDS is not water soluble, and thus is 

incompatible with cell-culture-based experiments. Instead, the ability of two more 

aqueous soluble analogues of DPDS, bis(2-aminophenyl)diselenide (Am-DPDS) and 

bis(2-nitrophenyl)diselenide (Ni-DPDS) (Scheme 3.3.3), to protect against oxidative 
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stress-induced damage in human neurocarcinoma (SH-SY5Y) cells will be directly 

investigated.  

Scheme 3.3.3 - Selenium containing compounds, alongside the parent compound 

diphenyl diselenide (DPDS), which will be used in cell-based studies to elucidate any 

neuroprotective action. 

Bis(2-aminophenyl)diselenide has been previously used in aqueous experiments in the 

place of DPDS48, while its nitro analogue has a similarly comparable structure to DPDS. 

The results of this study using the two analogues will then be compared to that of 

Ebselen, with the aim of elucidating the mode of action of all the three compounds 

within the brain and other tissues under stress. 

3.3.7 Synchrotron techniques 

The well-established synchrotron-based techniques for exploring local structure, 

electronic environments and distribution of intracellular species49,50, X-ray Absorption 

Spectroscopy (XAS) and X-ray Fluorescence Microscopy (XFM), will be employed to 

investigate the intracellular fates of the three selenium-containing stroke mitigation 

agents. XAS has developed into an invaluable tool to characterize the structure of metal 

binding sites in metalloproteins.51,52 XAS has been used to probe the speciation and 

distribution of selenium metabolites in cancer cells, as well as track changes in 

intracellular selenium speciation over time.53 XAS has been employed to provide 

structural information of adsorbed selenium species at water-oxide junctions54, and 

wider-reaching XAS has been used to investigate selenium speciation within soil 

samples50. 

3.3.7.1 X-ray absorption spectroscopy 

XAS can provide information on the bulk properties of selenium in a cell sample; 

simplified by the fact that selenium in non-treated cells is at extremely low native basal 

levels (generally below the detection limit of the technique). XAS requires minimal 

sample preparation, unlike other selenium separation and characterization techniques 

Ebselen Ni-DPDS 
 

DPDS Am-DPDS 
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which may alter speciation.55 XAS is divided into two sub-regions; X-Ray absorption 

near-edge structure (XANES) which provides information about oxidation state and 

geometry and extended X-ray absorption fine structure (EXAFS) which provides 

metrical information about absorber atom ligation.56 

XANES provides information about the electronic environment of an absorber atom 

from comparison of the resultant unknown spectrum to spectra of known reference 

samples. The technique is highly sensitive to oxidation states and can provide a high 

level of speciation data but requires careful selection of the possible reference spectra to 

fully elucidate the speciation within a sample. When the absorbing atom is present in 

the sample in multiple forms, the XANES spectrum can be represented by the weighted 

addition of spectra of suitable reference samples to provide information about the 

relative abundance of different chemical forms within the sample.57 

EXAFS is an excellent tool to determine the structure of the environment surrounding 

the absorber atom.57 It has become a standard method for probing metal binding sites 

within metalloproteins, and can provide structural information when typical 

crystallography is impossible such as for reaction intermediates of catalysis.57 However 

the EXAFS signal is far weaker than the XANES leading to a higher detection limit, 

EXAFS can struggle to resolve bonds at similar distances (in practice a resolution of 

~0.1 Å is common), carries an uncertainty of ~20% in determination of the coordination 

number and an inability to distinguish different neighbouring atoms of similar size, such 

as S and Cl.58 Thus information resulting from EXAFS analysis is frequently used in 

conjunction with the XANES finding to provide a stronger overall picture of the 

speciation. Structural information is extracted from the EXAFS signal by constructing a 

theoretical signal for expected coordination environments, which is subsequently 

compared to the actual experimental signal. The nature of the neighbouring structures 

are often initially constructed from interpretation of the XANES results, and optimized 

until a close fit between the experimental and theorized signals is achieved.57 

3.3.7.2 X-ray fluorescence microscopy 

XFM allows for the mapping of trace element distribution in biological samples at the 

(sub)cellular scale.56 Targeted cells are scanned through the X-ray beam, with the 

resultant fluorescence collected at discreet points to produce pixels. The spectrum at 

each point is then fitted and calibrated against measure standards to produce elemental 



 46 

maps for each excited element. Fortunately the excitation required for selenium 

fluorescence also excites other biologically relevant elements such that maps for Se, P, 

S, Ca, Zn, and Fe are all produced concurrently. XFM has been used to trace selenium 

distribution changes in healthy and diseased mouse kidneys59,60, as well as the uptake 

and distribution of selenoamino acids in human lung cancer cells61.  
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3.4 Materials & Methodology 

3.4.1 Materials 

Ebselen was used as purchased from Sigma-Aldrich, Sydney, NSW, Australia. Bis(2-

aminophenyl)diselenide was used as purchased from BOC Scientific, Shirley, NY, 

USA. Bis-(2-nitrophenyl)diselenide was used as purchased from ACROS Organics, 

Geel, Antwerp, Belgium. Hydrogen peroxide (30%) was sourced from Ajax Finechem 

(part of Thermo Fischer Scientific, Green Fields, SA, Australia).  

3.4.2 Cell culture  

SH-SY5Y human neuroblastoma cells, originally purchased from the American Tissue 

Culture Collection, were cultured as monolayers in complete Dulbecco’s Modified 

Eagle’s Medium (DMEM; Gibco) supplemented with foetal bovine serum (5% v/v; 

Bovogen Biologicals), L-glutamine (2 mM), antibiotic-antimyotic mixture (100 mg.mL-

1 penicillin and 100 U.mL-1 streptomycin; Sigma Life Sciences) and non-essential 

amino acids (100 U.mL-1; Sigma Life Sciences) at 310 K in a 5% CO2-humidified 

incubator and were sub-cultured every 4-6 days. 

3.4.3 Treatment solutions 

Solutions of the selenium-containing compounds were prepared by initial solvation in 

DMSO (1 mL; Chem-Supply) before being made up to a 1000 µM solution in complete 

media. For the drug alone studies these solutions were then serially diluted in complete 

media to between 1 and 750 µM (<2% DMSO in final media). 

Additional selenium-containing agent treatment solutions for the oxidative stress 

condition studies were made separately; Ebselen treatment solutions were then prepared 

by dilution with complete media to 10 µM (0.03% DMSO). Treatment solutions of 

bis(2-aminophenyl)diselenide and bis(2-nitrophenyl)diselenide were prepared by 

dilution with complete media to 5 µM (0.09% DMSO). Oxidative stress-inducing 

solutions of hydrogen peroxide were prepared by serial dilution of peroxide in serum-

reduced (2% FCS) DMEM media. 

3.4.4 Cell fixation solutions 

Paraformaldehyde (Sigma Aldrich, 95%) was dissolved on the day of use in phosphate 

buffered saline (PBS) to prepare a 10% w/v solution. The pH was adjusted to 7.4 using 

0.1 M NaOH and 0.1 M HCl with the aid of a pH meter. Then a subsequent 3.7% w/v 
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paraformaldehyde solution was prepared by diluting with PBS buffer solution. 

Ammonium acetate (0.1 M, isotonic) solution was prepared by dissolving ammonium 

acetate in Milli-Q water. 

3.4.5 Cytotoxicity assays  

3.4.5.1 Drug alone studies 

Cell viability was assessed using the MTT (3-(4,5 dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay.62,63 Briefly, cells were seeded at a density of 2 x 

105 cells per well in a 96-well plate for 24 h at 310 K in a 5% CO2-humidified incubator. 

Cells were then pre-treated with aforementioned selenium-containing solutions (<0.5% 

DMSO), or vehicle-only control (0.5% DMSO), for 24 hours.  

After treatment, the cells were incubated with MTT solution (0.25 mg.mL-1 in serum 

free DMEM) for 3 hours. The MTT solution was finally replaced with DMSO (100uL) 

and the formation of the formazan was measured at 560 nm using a microplate 

spectrophotometer (BMG Lab Tach Fluostar Galaxy). Cell viability was reported as a 

percentage absorbance relative to the control as a mean of pooled data from 4-10 

individual experiments (with 16-24 replicates per experiment), with outliers being 

identified and removed using the ROUT test (Q=1.000%).64 IC50 values were 

determined by curve-fitting plots of cell viability against the log of selenium-containing 

compound concentration. 

3.4.5.2 Oxidative stress condition studies 

To test the protection afforded by the three selenium-containing compounds activity 

against oxidative stress insult, the previous method (Method 3.4.5.1) was repeated with 

selenium-containing compound concentrations of 5 µM for diselenides, 10 µM for 

Ebselen and 0.5% DMSO as a control; followed by 24 hour hydrogen peroxide-induced 

oxidative stress. Solutions of hydrogen peroxide (stock 29% w/v*) were prepared by 

serial dilution in complete media. The selenium-compound containing solutions were 

then replaced after 24 hours with the hydrogen peroxide solutions to instigate oxidative 

stress conditions for a further 24 hours. Cell viability was subsequently assessed using 

the MTT assay as described previously (Method 2.2.5.1).  

																																																								
* The concentration of hydrogen peroxide in solution was determined by titration against a 
potassium permanganate solution standardized against sodium oxalate as the mean of three 
consistent titer values.65 
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3.4.6 Sample preparation 

Bulk cell pellets from treated cultures were prepared for X-ray absorption spectroscopy 

by growing over 4 days to ~80% confluence in 75 mL culture flasks in complete 

DMEM. Cells were then pre-treated with 5 µM bis-(2-amino-diphenyl)-diselenide and 

bis-(2-nitro-diphenyl)-diselenide, or 10 µM Ebselen for 24 hr or DMSO as a vehicle-

only control. Oxidative stress conditions were induced by treatment with hydrogen 

peroxide for 24 hr. Cell pellets were subsequently isolated by light scraping with a cell 

lifter and centrifugation (600 g). The supernatant was removed and the cells rinsed by 

re-suspension in PBS (3 x 5 mL) and centrifugation before the pellet was vacuum-dried 

for 24 hours. 

Cells were prepared for XRF imaging by growth on 1.5 x 1.5 mm x 500 nm silicon 

nitride windows (Silson, UK) in 6-well plates as described previously.53,61,66-69 The 

plates were seeded at 2 x 105 cells/well in complete DMEM and were incubated at 310 

K in a 5% CO2-humidified incubator for 24 hr prior to treatment. Cells were then pre-

treated with 5 µM bis(2-aminophenyl)diselenide and bis(2-nitrophenyl)diselenide, or 10 

µM Ebselen for 24 hr or DMSO (0.5%) as a vehicle-only control. At the end of the 

treatment time the medium was removed and cells were fixed with 3.7% 

paraformaldehyde (prepared fresh in PBS) solution for 15 min. Fixed windows were 

then washed with PBS, ammonium acetate (in Milli-Q water) and Milli-Q water thrice. 

(Procedure adapted from 70-72) 

3.4.7 XAS data collection 

 Selenium K-edge X-ray absorption spectra were recorded at the Australian Synchrotron 

(AS), Victoria, Australia on beamline XAS using a double-crystal Si(111) 

monochromator. Harmonic rejection was achieved by setting the cut-off energy of a 

harmonic rejection mirror to 15 keV. The AS storage ring electron beam energy was 3 

GeV with a current of 160-200 mA. 

Cell pellets were compressed to approximately 4 mm in diameter and sealed in kapton 

tape and cooled to ~10 K in a He expansion cryostat. Spectra of the samples were 

recorded in fluorescence mode on a 100-element solid-state Ge fluorescence detector 

array at 90° to the incident beam. The energy ranges used for XANES Se-edge data 

collection were: pre-edge region 12430-12635 eV (10 eV steps); XANES region 12635-

12685 eV (0.25 eV steps); post-edge region 12685-12875 eV. EXAFS Se-edge spectra 
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were collected at the following energy ranges:  pre-edge region 12430-12635 eV (10 eV 

steps); XANES region 12635-12685 eV (0.25 eV steps); and the EXAFS region 12685-

13445 eV (0.035 Å–1 steps to k = 14 Å–1).  

A spectrum of a hexagonal selenium standard, recorded simultaneously in transmission 

downstream of the sample, was used to calibrate the energy scale to the first peak of the 

first derivative of the elemental selenium edge (12658.0 eV).  

3.4.8 XAS data analysis 

Calibration, averaging and background subtraction of all spectra as well as subsequent 

principle component, target transformation and multiple linear regression analyses of 

XANES spectra were performed using the EXAFSPAK software package (G. N. 

George, SSRL). Spectra of model selenium compounds for target analysis and XANES 

linear combination fitting were provided by G. N. George (University of Saskatchewan) 

except for MeSeCys, which was provided by C. Weekley (obtained as a 5 mM aqueous 

frozen solution). Spectra of bis(2-nitrophenyl)diselenide and bis(2-

aminophenyl)diselenide, were recorded at the Australian Synchrotron.  XAS of all 

selenium-containing treatment compounds were either measured solubilized (to 2 mM) 

in Milli-Q water (0.5% DMSO) using N-cetylpyridinium chloride (CPC) (12 mM), or as 

homogenous solids (2-3 mg) in cellulose matrix (1 g) compacted into a disc. Solutions 

of the selenium-containing compounds in CPC were then chemically reduced through 

the addition of a five times excess of dithionite, and spectra recorded at the Australian 

Synchrotron XAS beamline. Multiple-scattering fits of EXAFS data were performed 

using EXAFSPAK, including the FEFF7 code.57 

3.4.9 XFM data collection 

XRF elemental distribution maps of single cells were recorded on beamline 2-ID-D at 

the Advanced Photon Source (APS), Argonne National Laboratory, Illinois, USA. At 

the APS, the beam was tuned to an incident energy of 12.7 keV using a beam splitting 

Si(220) monochromator and was focused to a diameter of 1 µm using a “high-flux” 

zone plate. A single element silicon drift energy dispersive detector (Vortex EX, SII 

Nano- technology, Northridge, CA), at 90o to the incident beam, was used to collect the 

fluorescence signal for 1 s per spatial point from samples under a He atmosphere. 

Four to eight individual cells per sample were selected and located using an optical 

microscope (Leica DMRXE). Cells were subsequently relocated in the beamline by 
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correlating the light microscope coordinates with those determined from the X-ray 

transmission image of the window as viewed on a CCD camera. Whole cells were raster 

scanned using a 25-nm accuracy Newport sample positioning stage. Low resolution 

scans with a step size of 4 µm and a dwell time of 0.5 s were used to accurately locate 

the cells before obtaining high-resolution scans with a step size of 1 µm and a per-pixel 

dwell time of 1 s. 

3.4.10 XFM data analysis 

The fluorescence spectrum at each spatial point was fit to Gaussians, modified by the 

addition of a step function and a tailing function to describe mostly incomplete charge 

collection and other detector artefacts.73,74 The integrated fluorescence spectra extracted 

from these regions were also fit with modified Gaussians to determine average 

elemental area densities (in units of µg cm-2). Quantification was performed by 

comparison to the corresponding measurements on the thin-film standards NBS-1832 

and NBS-1833 from the National Bureau of Standards (Gaithersburg, MD). The 

analysis was performed using MAPS software.53,61,66,73 

Statistical analysis of quantified elemental content was carried out by calculating the 

mean, standard deviation and standard error of the mean for each element separately; 

then unpaired, two-tailed t-tests on the raw data were carried out assuming a Gaussian 

distribution and run with 95% confidence interval. 
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3.5 Results & Discussion 

3.5.1 Cytotoxicity studies 

3.5.1.1 Drug alone cytotoxicity studies 

Cytotoxicity assays are a common feature of pharmacology and measure the effect of a 

treatment on the growth of a population of cells. Methyl thiazolyldiphenyl tetrazolium 

(MTT) acts as an indirect measure of cell number. MTT has been employed since the 

1980s and is a rapid screening technique that allows for a large throughput of assays in 

one batch.62,63 The MTT is a yellow aqueous dye that is reduced inside living cells to 

form a purple formazan product, which is insoluble in water. The formation of the 

formazan product can be monitored by spectrometry and is proportional to the number 

of viable cells.  

Cytotoxicity assays were carried out on the three selenium-based compounds to 

determine their respective cytotoxicity towards the SH-SY5Y cell line, and to verify 

that the diselenide compounds have similar cytotoxicity profiles to the known drug 

Ebselen. It is important to understand the cytotoxicity of the drugs to get an appropriate 

treatment concentration window for the oxidative stress condition studies, such that 

uptake of the selenium drug has been achieved, but excessive cell death is avoided. 

While the cytotoxicity for both Am-DPDS (11±1 µM) and Ni-DPDS (23±1 µM) have 

an IC50 value an order of magnitude lower than that of Ebselen (360±20 µM), all three 

are in the µM range marking them as moderately cytotoxic (Figure 3.5.1).11  

Figure 3.5.1 - Cell Viabilities of SH-SY5Y cells treated with Am-DPDS, Ni-DPDS or 

Ebselen for 24 hours as determined by MTT assay. Each point represents the mean of 

several (4-10) repeat experiments (of 16-24 replicates) and the error bars represent the 

standard error in the mean.  
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Sigmoidal dose-response curves ! = !"##"$ + !"!!!"##"$
!!!" !"#!"!"!! ×!"## !"#$$%&%#'(  were fit 

to all data sets. ‘LogIC50’ is the x value when the response is halfway between ‘Bottom’ 

and ‘Top’ plateaus. The ‘Hill Coefficient’ describes the steepness of the curve. A 

standard sigmoid dose-response curve has a Hill Slope of 1.0. Interestingly the IC50 

values for the two diselenides differ significantly, despite only varying in the nitrogen 

functional groups.  

Furthermore, unlike the previous studies that investigated the toxicities of Ebselen and 

DPDS in mice and rats which found that Ebselen was less toxic than DPDS36,42, the 

converse was observed. It should be noted, however, that these aforementioned studies 

found that many factors impact on the observed relative toxicities. The two major 

factors were the species of the treated animal, mouse or rat, and the treatment technique, 

intraperitoneal or subcutaneous. These two factors resulted in very different toxicity 

patterns, with the LD50 varying from 210 to 1200 µmol/kg for DPDS in mice and rats 

respectively for DPDS and 400 to 340 µmol/kg for Ebselen likewise in mice and rats. 

The aforementioned LD50 values were for the intrapertioneal method, subcutaneous 

administration resulted in LD50 values over 500 µmol/kg. Ultimately given the 

administration of the selenium-containing agents directly into the growth media and the 

use of a human cell-line, the results of the DPDS analogues being more cytotoxic than 

Ebselen is not without precedent. 

3.5.1.2 Oxidative Stress Condition Studies 

Cytotoxicity assays were again used to investigate if any of the three stroke mitigation 

drugs showed any protective effect against oxidative stress induced damage due to 

hydrogen peroxide insult. Oxidative stress conditions were modelled through addition 

of hydrogen peroxide into the SH-SY5Y cell growth media as hydrogen peroxide is 

known to crudely mimic oxidative stress conditions, stimulating radical and superoxide 

production within cell culture.48,75-77 As a result, hydrogen peroxide insult is widely 

used to investigate cellular response to ROS insult as well as to assess the protection 

afforded by antioxidants.11,78-80 Hydrogen peroxide ultimately causes cell death by 

apoptosis, or regulated cell death.81-85 

For subsequent oxidative stress studies a pre-treatment selenocompound concentration 

of 5 µM was chosen as it is less than half the IC50 for Am-DPDS, and a quarter of the 

IC50 for Ni-DPDS. A pre-treatment concentration of 10 µM for Ebselen was chosen due 
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to past studies displaying cellular uptake at that concentration.86 Treatment at these 

three levels showed no discernable cellular morphological changes after 24 hr.  

Originally, a 10 µM pre-treatment concentration was trailed for Ni-DPDS (half IC50 

value), however this concentration caused morphological changes after 24 hours and the 

cells partially lost adherence which inhibited the subsequent studies involving the 

addition of hydrogen peroxide. 

Am-DPDS showed protective action (Figure 3.5.2), delaying the onset of cell death 

(blue line) compared to the control that had no pre-treatment (black dashed line). 

Furthermore, the IC50 value associated with peroxide exposure after Am-DPDS pre-

treatment was increased from 1742±29 µM for the control to 2385±103 µM (Table 

3.3.1). In spite of the structural similarities, the nitro analogue did not exhibit any 

protective action (green line). Ebselen, a known stroke mitigation agent 

notwithstanding, failed to display protective effects under the test conditions, instead 

treatment with Ebselen caused apparent earlier onset of cell death (Figure 3.5.2, red 

line). 

Figure 3.5.2 - Cell Viabilities of SH-SY5Y cells pre-treated with 5 µM Am-DPDS, 5 

µM Ni-DPDS or 10 µM Ebselen for 24 hours prior to insult with varying 

concentrations of hydrogen peroxide for 24 hours as determined by MTT assay. Each 

point represents the mean of several (4-10) repeat experiments (of 16-24 replicates) and 

the error bars represent the standard error in the mean. Sigmoidal dose-response curves 

! = !"##"$ + !"#!!"##"$
!!!" !"#!"!"!! ×!"## !"#$$%&%#'(  were fit to all data sets. 
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Table 3.5.1 - IC50 values for the cytotoxicity of hydrogen peroxide induced oxidative 

stress conditions on SH-SY5Y and the effects of initial pre-treatment with Ebselen, Ni-

DPDS and Am-DPDS. 

 

 

 

 

 

The IC50 value determined for the hydrogen peroxide treatment alone is notably higher 

than that found for similar studies which treated with hydrogen peroxide for 24 hours 

(Table 3.5.1). Previous values of 100 µM87 and 150 µM88 were a factor of ten lower 

than the recorded value. These variations, while significant, are not without precedent. 

Other studies have found that hydrogen peroxide cytotoxicity is linked to both cell 

density and treatment duration.11,79,80  

In this study the cells were initially seeded at a higher 2 x 105 per well density than was 

used in other studies. This was compounded by the fact the hydrogen peroxide insult 

came 24 hours after this seeding due to the pre-treatment with the selenocompounds. As 

a result the expected cell density would have been even greater at the time of peroxide 

insult, which has been shown to significantly reduce the cytotoxicity of hydrogen 

peroxide.11 

The effect of the increased seeding density would have been at least partially offset by 

the longer treatment window. It has been shown that longer treatment durations, such as 

24 hr, cause hydrogen peroxide to exhibit stronger cytotoxicity.11 Literature suggests 

that the wide range of cytotoxicity displayed by hydrogen peroxide could also be due to 

the wide array of antioxidant defence systems that exist to protect against ROS 

damage.89,90 As it is known that these defences differ between different tissues and cell 

lines, this means that it is expected that the IC50 value for SH-SY5Y cells would likely 

differ to the reported values for other cell lines. 

Furthermore, in this study, hydrogen peroxide solutions were prepared by serial 

dilutions in complete media, other methods mentioned in the literature involved 

preparing higher concentration peroxide solutions in phosphate buffered saline (PBS) 

Pre-Treatment Compound 

 None 

(0.5% DMSO) 
Ebselen Ni-DPDS Am-DPDS 

IC50 (µM) 1742 ± 29 1520 ± 50 1660 ± 29 2385 ± 108 
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and then pipetting these directly into the growth media at a marked dilution. This 

technique was unfavourable given the initial growth media contained the pre-treatment 

selenium compounds, which had to be removed and replaced with the peroxide 

containing growth media.  

The simpler addition of peroxide-PBS solutions would have complicating extracellular 

drug-peroxide interactions, which would have interfered with the peroxide’s role as an 

oxidative intracellular stress-inducing agent. However, the procedure employed allowed 

for the hydrogen peroxide to react with the growth media for several minutes prior cell 

exposure. Direct pipetting of peroxide in PBS would instead allow for a greater 

proportion of the peroxide to reach the cells before reacting with the growth media. 

Taking the ramifications of these possible procedural variations into account, MTT 

trails of each treatment set were repeated 4-10 times with 16-24 replicates, before the 

data was collated for analysis. Additionally, a wide concentration range of 500-4000 

µM was tested to ensure the full 100-0% viability curve was visualized for each trial. 

Finally the MTT assays were carried out with three different SH-SY5Y stocks (all still 

sourced from the American Tissue Culture Collection) at differing initial low passage 

numbers, to verify similar dose responses independent of the age of the cell line. 

Scheme 3.5.1 – GPx-like catalytic cycle extrapolated for substituted diphenyl 

diselenide from literature on the antioxidant activity of benzylamine 

diselenides.11,91 
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It is known that Am-DPDS does not prevent oxidative damage to DNA induced by 

hydrogen peroxide in solution.48 Instead, its protective action is reported to result from 

the selenol and selenenyl sulfide species formed from the cleavage of the diselenide 

bond (Scheme 3.5.1). The observed protective action thereby is either sourced from 

these metabolites or a secondary cellular response that could not be activated during the 

solution studies that only investigated direct drug-DNA interactions. To determine 

which of these was the source of the difference in protective action, synchrotron studies 

were carried out to investigate the intracellular selenium speciation and distribution. 

3.5.2 Synchrotron Based Studies 

3.5.2.1 Bis(2-nitrophenyl)diselenide XAS Studies 

3.5.2.1.1 Bis(2-nitrophenyl)diselenide XANES Studies 

XAS provides two distinct types of data that can be analysed separately, the XANES or 

edge region, and the EXAFS. XANES fitting has the experimental data fit with a linear 

combination of spectra obtained for possible known selenium species or model 

compounds. This provides a general indication of the selenium speciation within the 

sample.  

EXAFS fitting allows for the identification of the selenium-bonding environment, i.e. 

the number and nature of neighbouring atoms, bond lengths and coordination number. 

The EXAFS fitting can use the XANES speciation as a starting point, with likely 

neighbours to the Se tested with reasonable bond lengths and coordination numbers to 

provide theoretical EXAFS spectra. These theoretical spectra are then compared to the 

experimental data and the structural parameters are optimized to provide the best fit to 

the experimental data. 

SY-SY5Y cells were cultured as monolayers and then pre-treated with a lower 5 µM or 

higher 10 µM concentration of the selenium containing compounds for 24 hr prior to a 

24 hr hydrogen peroxide insult to simulate oxidative stress conditions. After the 48 hr 

the cells were collected and centrifuged into bulk cell pellets that were freeze dried 

before XAS data collection.  

Regardless of the oxidative stress level, all treatments with Ni-DPDS produced very 

similar XANES spectra (Figure 3.5.3, Left). All of the spectra shared the same white 

line peak at 12661 eV, as well as similar second peak energies of 12668-12669 eV. 

Despite the differences in spectral shapes, all spectra had a white line to second peak 
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ratio within the range 0.71-0.77, except for the 10 µM Ni-DPDS treated cell, which had 

a ratio of 0.68. Along with the sharp white line peak, these ratios indicate that self-

absorption was not present within the spectra that can result in artefacts due to poor 

experimental optimization. Instead, the observed variations appear to be conserved 

across the pre-treatment conditions, with the 5 µM pre-treatments having a larger 

second peak energy than the 10 µM, and the variations indicate a change in the 

speciation dependent on intracellular selenium levels. 

Figure 3.5.3 – Left: The selenium near-edge (XANES) region of bulk cell pellets treated 

with bis(2-nitrophenyl)diselenide for 24 hr prior to insult with hydrogen peroxide for 24 

hours. All spectra shared the same white line peak energy and common second peak 

energy. Right: Fitted XANES spectra for SH-SY5Y bulk cell pellet treated with 10 µM 

bis(2-nitrophenyl)diselenide for 24 hours prior to insult with 200 µM hydrogen peroxide 

for 24 hours. The experimental spectrum is in black, while the resultant fit of the nitro 

diselenide (pink), amino diselenide (light green), and methylselenylcysteine (light blue) 

models is shown in dark green. The residual, or difference between the experimental and 

fitted data is shown in red.  

XANES analysis of the spectra collected for the treated cells showed a consistent major 

component corresponding to the parent Ni-DPDS compound (Table 3.5.2). Coupled 

with this was a typically smaller fraction of methylselenocysteine (MSC), a Se-C bond 

containing species (Scheme 3.5.2). This could represent a proportion of the diselenide 

compound that has been reduced within the cells. This reduction would involve the 

cleavage of the central diselenide bond, leaving the selenium bound to the phenyl 
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carbon ring (Se-C) and hydrogen (Se-H). Thus the spectra of this cleaved Ni-DPDS 

would be similar to that of methylselenocysteine. 

Scheme 3.5.2 – XANES fitted components for Ni-DPDS treated SH-SY5Y bulk cell 

samples, including the parent compound (Ni-DPDS), methylselenocysteine (MSC), 

seleno-diglutathione (GSSeSG) and Am-DPDS. 

Table 3.5.2 – XANES linear combination fitting for cells treated with Ni-DPDS and 

subsequent hydrogen peroxide, showing percentage fraction of different species, as well 

as the residual for the fit and the resultant total for the fitted fractions. 

Treatment Percentage of component fitted a Residual (x 10-3) Total b 

Ni-DPDS MSC GSSeSG Am-DPDS 

5 �M Ni-DPDS 60(1) 38(1) 
  

0.14 99 

5 µM Ni-DPDS &  

100 µM Peroxide 
22(4) 72(4) 

  
2.6 94 

5 µM Ni-DPDS &  

200 µM Peroxide 
19(2) 

 
23(2) 56(3) 0.85 97 

10 µM Ni-DPDS 89(2) 14(2) 
  

0.69 103 

10 µM Ni-DPDS & 

100 µM Peroxide 
45.3(8) 55.9(8) 

  
0.11 101 

10 µM Ni-DPDS & 

200 µM Peroxide 
59(1) 6(1) 

 
35(1) 0.044 100 

a Values in the parentheses are the standard deviations estimated from the diagonal elements of 

the covariance matrix and note precision b Total denotes the sum of the fitted fractions. 
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The 200 µM peroxide treated cells showed additional fractions of the parent Am-DPDS 

compound (Figure 3.5.3, Right). This is not surprising as the Ni-DPDS and Am-DPDS 

model spectra are quite similar, with matching white line peaks at 12661 eV and very 

similar second peak energies of 12668.6 eV for Ni-DPDS and 12667.8 eV for Am-

DPDS (Figure 3.5.4, top left) due to similar selenium environments conserved within 

the structures. The main difference is the two peak ratios of 0.67 for Ni-DPDS and 0.89 

for Am-DPDS. This suggests that there may have been significant self-absorption 

within the Am-DPDS model spectra due to the sample being too concentrated.  

Figure 3.5.4 – Comparison plots of Ni-DPDS [black] against the amino analogue 

[purple] (top left) which had a residual of 0.57 x 10-2; two Se-C models 

methyselenocysteine [purple] against ι-selenomethionine [black] (top right) which had 

a residual of 0.22 x 10-2; a Se-S model seleno-diglutathione [black] against a Se-C 

model methyselenylcysteine [purple] (bottom left) which had a residual of 0.25 x 10-1; 

solid Ni-DPDS spectra [purple] against the CPC water solubilized Ni-DPDS spectra 

[black] (bottom right), which had a residual of 0.46 x 10-2 . 
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Nevertheless, the difference is in stark contrast to a comparison of methylselenocysteine 

(MSC) with a Se-S bonding model seleno-diglutathione (GSSeSG). These two model 

spectra are very different with the residual between the spectra (red line, bottom left, 

Figure 3.5.4) clearly showing the difference in spectral morphologies and being an order 

of magnitude greater than for the two diselenides (Figure 3.5.4, top left).  

GSSeSG has a white line peak at 12660 eV and a second peak at 12668 eV with a peak-

to-peak ratio of 0.61, compared to MSC which has a white line peak at 12661.4 eV and 

a second peak at 12666.4 eV with a peak-to-peak ratio of 0.87. 

However the difference is more pronounced than that expected between two structurally 

similar selenium species, such as compared to the differences between two Se-C species 

ι-selenomethionine (Se-Met) and MSC (Figure 3.5.4, top right). These two have a 

smaller residual and the same white line peak at 12661 eV, but Se-Met having subtly 

different second peak energy at 12666.6 eV and peak to peak ratio of 0.80. 

Despite obtaining model spectra for both the Ni-DPDS as a solid and in aqueous 

solution (Figure 3.5.4, bottom right), only the solid-state spectrum was found to be a 

component of the XANES spectra. The spectra for the solvated parent compound, if 

forced to be part of the linear combination fit, resulted in poorer fits with larger 

residuals.  

For example the bulk cell samples pre-treated with 10 µM Ni-DPDS for 24 hours with a 

subsequent 200 µM hydrogen peroxide insult when fitted with the aqueous standards 

gave a greater fit component to the Am-DPDS over the Ni-DPDS, and a greater residual 

of 0.51 x 10-3 compared to the solid standards fit residual of 0.44 x 10-3 (Figure 3.5.5). 

Furthermore the total fit percentage was reduced from 100 per cent for the solid 

standards to 96 per cent. 
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Figure 3.5.5 – XANES fittings for SH-SY5Y bulk cell samples pre-treated with 10 µM 

Ni-DPDS for 24 hours with a subsequent 200 µM hydrogen peroxide insult. Spectra fit 

with model spectra for solid Ni-DPDS (purple) [left] or CPC water-solubilized Ni-DPDS 

(purple) [right], Am-DPDS (light green) and MSC (light blue) components. The 

experimental spectrum is black, while the resultant fit of the three components is shown 

in dark green.  The residual, or difference between the experimental and fitted data is 

shown in red.  

The worst fit, which had an order of magnitude greater residual and only a 94% fraction 

fit total, was that of the 5 µM Ni-DPDS with a 100 µM hydrogen peroxide insult treated 

cells. The lower 5 µM treatments, where 100% uptake is not guaranteed, tended to 

result in spectra that had noise that resulted in sub-optimal fitting. However the 

components expected were conserved, if in differing percentages. 

3.5.2.1.2 Bis(2-nitrophenyl)diselenide EXAFS Studies 

EXAFS fitting for the Ni-DPDS pre-treated bulk cell pellets yielded results consistent 

with the XANES fitting, showing two dominant backscatters or neighbours to the 

selenium atoms, being C at 1.87-1.89 Å and Se at 2.34-2.36 Å (Figure 3.5.6). These 

values are in accordance with literature on aromatic diselenides, with DPDS having Se-

C bond length of 1.93 Å and Se-Se bond length of 2.29 Å.92 Bis(p-

nitrophenyl)diselenide has been observed to have Se-C bond lengths of 1.92 Å and Se-

Se bond lengths of 2.30 Å.93  
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Figure 3.5.6 – EXAFS spectra (left) and corresponding Fourier transforms (right) for a 

10 µM Ni-DPDS, 100 µM hydrogen peroxide treated SH-SY5Y bulk cell pellet, with 

the experimental data in black, the fit in green and the residual in red. Fit parameters are 

reported in Table 3.3.3.  

In addition a backscatter at ~3.3 Å was noticeable, which was assumed to correspond to 

the phenyl ring carbon adjacent to the diselenide bridge.92 These peaks could not be 

well fit as the noise levels in the EXAFS were too high to accommodate acceptable 

multiple scattering fits. 

There are, nonetheless, two possible Se-C bond lengths around 3 Å to consider (Scheme 

3.5.3). First there is 3.2 Å between the Se and the second phenyl ring adjacent to the C 

bound to the Se atom in the parent molecule (assumed to be similar to DPDS), while it 

is 3.4 Å from the Se to the C bound to the other Se atom. Thus if both are present and 

similar in the more water soluble diselenides, Ni-DPDS and Am-DPDS, then the 

resultant composite peak would be broad and centred ~3.2 Å (as observed).  

Se-Se 
Se-C 

Phenyl  
Ring C
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Scheme 3.5.3 – Structure of DPDS with the four interatomic bond lengths indicated 

as per the crystal structure.  

There was also a peak observed in the EXAFS between 4 and 5 Å that was unfitted, this 

could correspond to the bond lengths between the Se atom and the meta (~4.2 Å) and 

para (~4.6 Å) carbons which would combine to make a composite peak at ~4.4 Å. These 

peaks, similar to the aforementioned phenyl ring carbons, were unable to be modelled, 

as the noise level was too great to allow for sufficient quality multiple scattering fits 

(Figure 3.5.7). 

Figure 3.5.7 - EXAFS spectra (left) and corresponding Fourier transforms (right) of 

SH-SY5Y cells treated for 24 h with 5 µM Ni-DPDS for 24 hr showing experimental 

(black) and calculated (green) data with the residual shown offset (red). Fit 

parameters are reported in Table 3.5.3.  
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Table 3.5.3 – Parameters fit to EXAFS spectra of SH-SY5Y cells treated with Ni-

DPDS and then insulted with hydrogen peroxide. a 

Treatment Scatterer Coordination 

Number, N 

Interatomic 

distance, R (Å) 

Debye-Waller 

Factor, � 2 (Å2) 

-�Eo (eV) b Fit 

Error 

5 µM Ni-DPDS C 

Se 

1.2(4) 

0.8 

1.92(1) 

2.37(1) 

0.001(2) 

0.0058(7) 

10(3) 

10(3) 

0.89 

10 µM Ni-DPDS C 

Se 

1.1(1) 

0.9 

1.890(7) 

2.369(6) 

0.001(1) 

0.0040(3) 

9(2) 

9(2) 

0.69 

10 µM Ni-DPDS & 

100 µM Peroxide 

C 

Se 

1.2(2) 

0.8 

1.86(2) 

2.33(1) 

0.004(2) 

0.006(1) 

12(2) 

12(2) 

0.94 

10 µM Ni-DPDS & 

200 µM Peroxide 

C 

Se 

1.1(5) 

0.9 

1.90(2) 

2.348(9) 

0.004(3) 

0.0038(4) 

12(3) 

12(3) 

0.85 

aThe k-range was 1 – 12 Å-1 and a scale factor (S0
2) of 0.9 was used for all fits. ΔE0 

= E0 – 12658 (eV) where E0 is the threshold energy. Values in parentheses are the 

estimated standard deviation derived from the diagonal elements of the covariance 

matrix and are a measure of precision. The fit-error is defined as [Σk6(Χ exp- Χ 

calc)2/Σk6 Χexp
2]1⁄2.  

The coordination numbers for the fitting of C and Se backscatterers show non-integer 

values; this may indicate that some fraction of the parent compound was reduced. This 

reduction thus decreases the average coordination of selenium from one while the 

average Se-C coordination would be increased. This is consistent with the XANES 

results that showed a dominant fraction of the parent Ni-DPDS component but with 

additional Se-C components (MSC), which could represent this reduced form. Unlike 

the XANES results that showed variable reduction and thus MSC component fitted 

throughout the 10 µM samples, the EXAFS indicate a relatively stable level of reduction 

by consistent C coordination numbers across the different treatment conditions.  

The XANES fitting for the SH-SY5Y cells treated for 24 hr with 10 µM Ni-DPDS 

followed by 100 µM hydrogen peroxide insult for a further 24 hours showed a marked 
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decrease in the parent Ni-DPDS component fit with no compensating Am-DPDS 

component fit. Thus it was expected that the EXAFS for this sample would show a 

likewise diminished Se-Se bond signal. This was observed (Figure 3.5.8) with the Se-

C:Se-Se signals in the Fourier transform being 8.6:10 in intensity for this sample (I) 

when compared with 7.3:10 for the EXAFS for the 10 µM Ni-DPDS followed by 200 

µM hydrogen peroxide cell sample’s Fourier transform (III). The Fourier transforms for 

cells treated with 10 µM Ni-DPDS alone (II) were consistent with those treated with 10 

µM Ni-DPDS followed by 200 µM hydrogen peroxide (III).  

Figure 3.5.8 – (I) EXAFS spectra and corresponding Fourier transforms of SH-SY5Y 

cells pre-treated for 24 hr with 10 µM Ni-DPDS followed by 200 µM hydrogen 

peroxide insult for a further 24 hr showing experimental (black) and calculated (green) 

data with the residual shown offset (red). (II) Fourier transforms of SH-SY5Y cells 

treated for 24 hr with 10 µM Ni-DPDS showing experimental (black) and calculated 

(green) data with the residual shown offset (red). (III) Fourier transforms of SH-SY5Y 

cells treated for 24 hr with 10 µM Ni-DPDS followed by 100 µM hydrogen peroxide 

insult for a further 24 hr showing experimental (black) and calculated (green) data with 

the residual shown offset (red). Fit parameters are reported in Table 3.5.3. 
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3.5.2.2 Bis(2-aminophenyl)diselenide XAS studies  

3.5.2.2.1 Bis(2-aminophenyl)diselenide XANES Studies  

In a similar fashion to the Ni-DPDS experiments, SY-SY5Y cells were cultured as 

monolayers and then pre-treated with a lower 5 µM or higher 10 µM concentration of 

Am-DPDS for 24 hours prior to a 24 hour hydrogen peroxide insult to simulate 

oxidative stress conditions. After 48 hours, the cells were collected and centrifuged into 

bulk cell pellets that were freeze dried before XAS data collection. The XANES fitting 

results for the Am-DPDS treated cells were markedly different to the results for the Ni-

DPDS (Figure 3.5.9). 

Figure 3.5.9  – The selenium near-edge (XANES) region of bulk SH-SY5Y cell 

pellets treated with Am-DPDS for 24 hr (black) and the parent Am-DPDS 

compound (purple) showing large differences compared to the spectra of Ni-DPDS 

treated for 24 hr cells (green) compared to its parent Ni-DPDS compound (red). 

Fitting of the resultant spectra instead showed no fraction of the parent Am-DPDS 

compound present, instead having a major component of methylselenocysteine (MSC) 

(Table 3.5.4), indicating that all the compound had been reduced, or the diselenide bond 

cleaved, within the cell. 
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Table 3.5.4 – XANES fitting for cells treated with Am-DPDS prior to hydrogen peroxide 

insult, showing percentage fraction of different species, as well as the residual for the fit 

and the resultant total for the fitted fractions.  

Treatment 
Percentage Fitted Component a Residual 

(x 10-3) 
Total b 

MSC SeMet Ni-DPDS 

5 µM Am-DPDS 91(3) 10(3) 
 

0.48 101 

5 µM Am-DPDS & 

100 µM Peroxide 
90(3) 9(3) 

 
0.53 99 

5 µM Am-DPDS & 

200 µM Peroxide 
45(6) 47(6) 

 
1.9 91 

10 µM Am-DPDS 69(3) 34(3) 
 

0.61 103 

10 µM Am-DPDS & 

100 µM Peroxide 
76(3) 25(3) 

 
0.54 102 

10 µM Am-DPDS & 

200 µM Peroxide 
75(2) 9(2) 17(1) 0.21 101 

a Values in the parentheses are the standard deviations estimated from the diagonal 

elements of the covariance matrix and note precision b Total denotes the sum of the fitted 

fractions. 

Only the higher treatment concentration sample, 10 µM diselenide with a 200 µM 

peroxide insult, showed any fit component of the parent compound. Apart from 

methylselenocysteine (MSC), samples were also shown to have a lesser component 

matched to ι-selenomethionine, another Se-C model compound. Methylselenocysteine 

and ι-selenomethionine are both Se-C bonded species, and as such produce very similar 

XANES spectra (Figure 3.5.4, top right). Both of these models have the same white line 

peak energy and the same second peak energy as mentioned previously.  

The lower concentration samples gave generally poorer fits, in particular the 5 µM 

diselenide with a 100 µM peroxide insult (Figure 3.5.10, black), had the largest 

uncertainties in the fractional percentages, and a sum that did not represent the total of 

100%. The noise in the spectrum for this sample had a greater effect on the fitting of 
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this sample than of the higher concentration samples such as the 10 µM Am-DPDS 

spectra shown (Figure 3.5.10, red). The signal to noise ratio† for the lower concentration 

was an order of magnitude higher than that present in the 10 µM Am-DPDS spectrum, 

at 1.6 x 10-3 and 2.7 x 10-4 respectively. 

Figure 3.5.10 – XANES spectra for (black) SH-SY5Y bulk cell pellets treated with 

5 µM Am-DPDS and then insulted with 200 µM hydrogen peroxide and (red) SH-

SY5Y bulk cell pellets treated with 10 µM Am-DPDS.  

Lastly, the 10 µM Am-DPDS and 200 µM hydrogen peroxide treated cell pellets 

spectrum was fit with a minor fraction of the Am-DPDS parent compound. As 

discussed above this is not significantly different to that of the amine compound, and so 

may represent some small fraction of non-reduced parent compound. 

3.5.2.2.2 Bis(2-aminophenyl)diselenide EXAFS Studies 

The EXAFS of cells treated with Am-DPDS, in stark contrast to the EXAFS of the cells 

treated with Ni-DPDS, featured only one main Se-C peak, with a small phenyl ring 

carbon peak (Figure 3.5.11). Furthermore, the phenyl ring C peak was now sharp and 

centred around 3 Å. This is logical as it corresponds to scatter between the Se and the 

carbon on the adjacent phenyl ring alone due to diselenide cleavage, i.e. due to the 

cleavage, the distance marked “2” is no longer possible and only “3” remains (Scheme 

3.3.4). In other words, this indicated that the longer 3.4 Å bond length from Se to the C 

																																																								
†	Signal	 to	 noise	 ratio	was	 calculated	 as	 defined	by	 Shimadzu’s	 support	 instructions94	 as	
S(peak	height)/N(noise	in	RMS).	“Noise	in	RMS”	was	calculated	for	spectral	range	12460-
12640	eV	as	the	average	absolute	deviation	from	the	mean	signal	intensity.	The	white	line	
peak	was	used	to	define	the	“peak	height”	value.	
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bound to the other Se was no longer present, further suggesting cleavage of the 

compound. 

 

Figure 3.5.11 - EXAFS spectra (left) and corresponding Fourier transforms (right) of 

SH-SY5Y cells treated for 24 h with 5 µM Am-DPDS for 24 hours showing 

experimental (black) and calculated (green) data with the residual shown offset (red). 

Fit parameters are reported in Table 3.5.5.  

Scheme 3.3.4 – Left: Structure of DPDS with the four interatomic bond lengths 

indicated as per the crystal structure. Right: Schematic of the reduction of diselenide 

bridge, DPDS used as the example, with the resultant selenium interatomic bond lengths 

indicated with their corresponding values.  

Once again the EXAFS interpretations reiterate the XANES results that there is no 

longer any of the parent Am-DPDS compound inside the cells after a 24-hr incubation 

(Table 3.5.5).  
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Table 3.5.5 – Parameters fit to EXAFS spectra of SH-SY5Y cells treated with 

Am-DPDS and then insulted with hydrogen peroxide.a 

Treatment Scatterer Coordination 

Number, N 

Interatomic 

distance, R (Å) 

Debye-Waller 

Factor, � 2 

(Å2) 

-�Eo (eV) b Fit Error 

5 µM Am-DPDS C 1.8(1) 1.906(7) 0.0032(5) 10(2) 0.82 

5 µM Am-DPDS & 

100 µM Peroxide 

C 2.5(4) 1.89(2) 0.0010(7) 12(5) 0.95 

10 µM Am-DPDS C 2.0(1) 1.899(5) 0.0033(4) 10(1) 0.73 

10 µM Am-DPDS & 

100 µM Peroxide 

C 1.9(1) 1.905(6) 0.0043(5) 8(1) 0.77 

10 µM Am-DPDS & 

200 µM Peroxide 
C 1.9(1) 1.892(3) 0.0012(4) 11(3) 0.79 

10 µM Am-DPDS & 

200 µM Peroxide 

C 

Se 

1.5(1) 

0.5(1) 

1.887(6) 

2.40(2) 

0.0001 

0.009(2) 

13(2) 

13(2) 

0.75 

 

aThe k-range was 1 – 12 Å-1 and a scale factor (S0
2) of 0.9 was used for all fits. ΔE0 = 

E0 – 12658 (eV) where E0 is the threshold energy. Values in parentheses are the 

estimated standard deviation derived from the diagonal elements of the covariance 

matrix and are a measure of precision. The fit-error is defined as [Σk6(Χ exp- Χ 

calc)2/Σk6 Χexp
2]1⁄2.  

This points to a possible required activation step where the diselenide must be cleaved 

to produce a positive protective intracellular effect. The increased ease of the reduction 

between the two DPDS analogues may be due to the differences in the electronic 

structure of the phenyl ring between the two compounds. In the Am-DPDS, the amine 

groups delocalise a negative charge throughout the ring and Se due to the lone pair from 

the amines. The Ni-DPDS, on the other hand, is an electron-withdrawing group that 

does not display the same kind of resonance stabilization effects. As a consequence the 
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cleaved Am-DPDS structure would be more stabilized due to the amine functional 

group, unlike in the Ni-DPDS structure. 

For the sample which had a XANES component of the Ni-DPDS, cells treated with 10 

µM Am-DPDS for 24 hours prior to insult with 200 µM hydrogen peroxide (Figure 

3.5.12), the EXAFS largely contradicted the XANES results Instead only one main Se-

C peak was present along with the phenyl ring C peak. However the phenyl ring carbon 

peak may be masking a small diselenide peak due to the similar interatomic distances. 

During the fitting process the shoulder peak at 2.3 Å could be attributed to a Se-Se bond 

(Figure 3.5.12, right), strengthening the assertion that a small Se-Se peak could be 

present. However the noise in the EXAFS prevented the determination of whether this 

was evidence of a diselenide bond or just an artefact of the noise. 

Figure 3.5.12 – Fourier transforms for a SH-SY5Y bulk cell pellet treated with 10 µM 

Am-DPDS for 24 hours prior to insult with 200 µM hydrogen peroxide. Experimental 

data is represented in black while the resultant fit in green. Left: EXAFS fit with 

realistic structural parameters but no Se-Se bond, Right: EXAFS forced to be fit for Se-

Se bond, but which resulted in unrealistic parameters. 

When the Se-Se bond was forced into the fitting process the resultant bond length was 

at 2.4 Å, which was not considerably higher than that of 2.36 Å as determined from the 

crystal structure for Am-DPDS95. The Se-C bond length was comparable to those fit for 

#,IM M

N5,&4(! 
?$&%!M ?$&%!M

#,I#, #,IM #, M

N5,&4(! 
?$&%!M ?$&%!M



 73 

the Ni-DPDS samples’ EXAFS and DPDS literature bond length of 1.90 Å95 however 

the Debye-Waller factor during the fitting for Se-C needed to be fixed at 0.0001 Å2 to 

prevent it being optimized to a negative value. Conversely, the Debye-Waller factor for 

Se-Se is very large for the fit at 0.009 Å2. Taken together, these observations suggest 

that while there may be a Se-Se bond present in some fraction of the total selenium 

species present in the treated cells, it is at too low a level to be identified above the 

noise. This is exacerbated by the possible Se-Se interaction being partially masked by 

the adjacent Se-C phenyl ring peak. 

The evidence of cleavage or reduction of the Am-DPDS inside cells, given that the 

cytotoxicity-based evidence for Ni-DPD showed no protective action, indicates that the 

intracellular reduction may be important for the protective action against oxidative 

stress induced damage. This is not unprecedented, as it has been previously shown that 

Am-DPDS and DPDS undergo redox reactions in vitro and vivo studies, and this has 

been linked to their GPx-like activity.35,96,97 Briefly, if Ni-DPDS is resistant to 

diselenide cleavage, then the GPx-like activity which requires the reversible interaction 

of the selenium with thiols would be impossible. In contrast Am-DPDS being able to be 

readily reduced would allow for the ability to readily undergo redox reactions with 

peroxide and thiols to give GPx-like activity (Scheme 3.5.1). 

3.5.2.3 Ebselen XAS Studies 

3.5.2.3.1 Ebselen XANES Studies 

Experiments using SY-SY5Y cells cultured as monolayers and then pre-treated with a 

lower 5 µM or higher 10 µM concentration of Ebselen for 24 hours prior to a 24 hour 

hydrogen peroxide insult to simulate oxidative stress conditions were conducted so that 

the previous results could be compared to an accepted neuroprotective agent. After the 

48 hours the cells were collected and centrifuged into bulk cell pellets, which were then 

freeze dried before XAS data collection.  

XANES fitting of the resultant spectra showed a consistent major component, ~60%, 

corresponding to the Ni-DPDS compound (Table 3.5.6). Given the structural similarities 

between an Ebselen dimer and the nitro compound (Scheme 3.5.5) it is expected that 

fitting with this model’s spectrum shows support for the intracellular presence of the 

Ebselen dimer. Coupled with this was a typically smaller fraction, 20-26%, of Se-S 

containing species (seleno-diglutathione GSSeSG and sulfoselenylcysteine 
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CysSSeCys). This could represent a proportion of the compound that is bound to 

intracellular protein thiol groups, such as cysteine residues, or reduced glutathione.98 

Finally, a 10-20% component was attributed to Se-C containing species, either SeMet or 

MSC. 

Scheme 3.5.5 – Chemical structures of the ring-opened Ebselen dimer (left) which 

shows structural similarities to Ni-DPDS (right). 

Table 3.5.6 – XANES fitting for Ebselen treated cells, showing percentage fraction of 

different model species, the residual for the fit, and the resultant total for the fitted 

fractions. 

Treatment 
Percentage Fitted Component a Residual  

(x 10-3) 
Total b 

Ni-DPDS GSSeSG SeMet MSC Cys-S-Se-Cys 

5 µM Eb 60(2) 26(1) 13(1) 
  

0.33 97 

5 µM Eb & 100 

µM Peroxide 
40(4)  11(2) 

 
19(3) 0.98 70 

5 µM Eb & 200 

µM Peroxide 
58(2) 24(1) 16(1) 

  
0.33 98 

10 µM Eb 58(2) 23(1) 8(2) 12(2) 
 

0.28 101 

10 µM Eb & 200 

µM Peroxide 
60(1) 18(6) 17(2) 6(2) 

 
0.13 101 

a Values in the parentheses are the standard deviations estimated from the diagonal elements of 

the covariance matrix and denote precision b Total denotes the sum of the fitted fractions. 
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Again one of the lower treatment concentration samples gave a poor quality fit (Figure 

3.5.13), which had a relatively small residual, but a total of only 70% fractions fitted. 

This low total is likely due to the noise in the pre and post edge region, which arises 

from the low intracellular selenium concentrations and resultant weak signal. It was also 

fit with selenylcysteine instead of seleno-diglutathione, as both are Se-S species this still 

suggests some small amount of thiol bound Ebselen. 

Figure 3.5.13 - Fitted XANES spectra for SH-SY5Y bulk cell pellet treated with 5 

µM Ebselen for 24 hours prior to insult with 100 µM hydrogen peroxide for 24 hours. 

The experimental spectrum is in black, while the resultant fit of the Ni-DPDS (dark 

green), selenomethione (light green), and selenylcysteine (light blue) is shown in 

green. The residual, or difference between the experimental and fitted data is shown in 

red.   

Thiol-bound Ebselen, a common component of the fitting, is part of its proposed 

mechanism of action23,26-32, but given the toxicology results showing no protective 

action, this thiol-bound Ebselen may in fact be trapped and so unable to carry out its 

catalytic action of protection. 
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Figure 3.5.14 –Summary of different proposed modes of action for Ebselen’s glutathione 

peroxidase activity reacting with both hydrogen peroxide and organic thiols such as 

glutathione (RSH). Species found to be present within Ebselen treated cells’ observed X-

ray absorption spectra are denoted, suggesting the involvement of Mechanism III.  

Given that the fitting of Ebselen treated cells showed the presence of a Ni-DPDS-like 

compound as well as thiol bound selenium species, the XANES data indicate the 

involvement of cycle III (Figure 3.5.14).  
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3.5.2.3.2 Ebselen EXAFS Studies  

The Ebselen EXAFS (Figure 3.5.15) were reminiscent of the bis-(2-

nitrophenyl)diselenide treated cell EXAFS with two backscatterers observed at different 

distances. Similar to the EXAFS of Ni-DPDS treated cells, these corresponded to Se-C 

and Se-Se bonds. The bond lengths for both the C and Se backscatterers agree with 

literature with Se-C (aromatic) bond lengths 1.896-1.920 Å93,95,99, and Se-Se bond 

lengths being 2.30-2.36 Å93,95,99. 

Figure 3.5.15 - EXAFS spectra (left) and corresponding Fourier transforms (right) of 

SH-SY5Y cells treated for 24 h with 10 µM Ebselen for 24 hours prior to 24 hour insult 

with 200 µM hydrogen peroxide showing experimental (black) and calculated (green) 

data with the residual shown offset (red). Fit parameters are reported in Table 3.5.7.  

Notably, there was an absence of any evidence of any S backscatterer as indicated from 

the XANES fitting. There is no shoulder on the Se-Se peak within the Fourier transform 

at 2.193-2.195 Å, the Se-S bond length range99, which does not appear to be in 

accordance with any of the proposed mechanisms of action. However, if the interaction 

between Ebselen and thiols like GSH are catalytic, it may be that the association is too 

transient to be detected by EXAFS. Ultimately, the results of the XANES and EXAFS 

fail to consistently indicate the presence of Se-S within the cellular samples, but don’t 

disprove its possible presence. 
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While the lower treatment concentration samples yielded EXAFS too noisy to fit, all 

EXAFS able to be fitted yielded consistent results, with Se-C and Se-Se backscatterers. 

The EXAFS and XANES results therefore provide combined evidence for the presence 

of a mechanism of action for Ebselen’s GPx activity involving GSH induced 

dimerisation (Cycle III, Figure 3.5.14). 	

Table 3.5.7 – Parameters fit to EXAFS spectra of SH-SY5Y cells treated with Ebselen 

and then insulted with hydrogen peroxide. a 

Treatment Scatterer Coordinatio

n Number, 

N 

Interatomic 

distance, R 

(Å) 

Debye-Waller 

Factor, � 2 (Å2) 

-�Eo (eV) 
b 

Fit Error 

5 µM Ebselen C 

Se 

1.0(2) 

1.0(2) 

1.90(1) 

2.326(7) 

0.001 

0.0025(3) 

15(2) 

15(2) 

0.72 

10 µM Ebselen C 

Se 

1.00(7) 

1.00(7) 

1.892(4) 

2.309(3) 

0.0009(5) 

0.0028(1) 

17(1) 

17(1) 

0.38 

10 µM Ebselen & 

200 µM Peroxide 

C 

Se 

1.0(2) 

1.0(2) 

1.892(8) 

2.316(6) 

0.003(2) 

0.0041(2) 

16(2) 

16(2) 

0.51 

aThe k-range was 1 – 12 Å-1 and a scale factor (S0
2) of 0.9 was used for all fits. ΔE0 = E0 – 

12658 (eV) where E0 is the threshold energy. Values in parentheses are the estimated standard 

deviation derived from the diagonal elements of the covariance matrix and are a measure of 

precision. The fit-error is defined as [Σk6(Χ exp- Χ calc)2/Σk6 Χexp
2]1⁄2.  

Fitting of the cells treated with 5 µM Ebselen required the fixation of the carbon 

backscatterer’s Debye-Waller Factor at a small positive value. While the Fourier 

transforms showed clear indications of a carbon backscatterer at 1.90 Å the general 

noise in the EXAFS for the sample was too high to optimize structural parameters for 

this interaction to reasonable values. The values within the table were included as the 

calculated model was a close visual match to the experimental spectra (Figure 3.5.16). 

The noise in the Fourier transforms is most apparent for this sample when compared to 

the higher concentration treatments resulting EXAFS (Figure 3.5.15). 
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Figure 3.5.16 - EXAFS spectra (left) and corresponding Fourier transforms (right) of 

SH-SY5Y cell treated with 5 µM Ebselen for 24 hours showing the experimental 

(black) and calculated (green) data with the resultant residual shown offset (red). Fit 

parameters are reported in Table 3.5.7. 

However, the evidence for the dimer doesn’t necessarily support cycle III being the 

mode of action, especially given that no discernable protective effect was observed for 

Ebselen in the toxicology studies. Instead it may be that a competing mechanism 

prevents Ebselen from protecting against oxidative stress induced damage. This may 

explain why Ebselen showed no protective action in the cytotoxicity studies, while it 

has been shown to have protective action in other studies. Thus, at the conclusion of the 

speciation studies there is evidence that cycle III can take place within SH-SY5Y cells, 

but without protective action against oxidative stress. Cycle II may therefore be the 

protective pathway as proposed23,32, but seemed to not to be occurring within the cells 

under the conditions employed here. 

3.5.2.4 X-Ray Fluorescence Microscopy Studies 

Cellular uptake and distribution of selenium-containing compounds was investigated 

using X-Ray fluorescence microscopy in an effort to seek a rationale as to why one of 

the diselenides shows protective action, whereas the other failed to do so. SH-SY5Y 

cells were grown on silicon nitride windows overnight before being treated with 5 µM 

Am-DPDS or Ni-DPDS or 10 µM Ebselen for 24 hours. After incubation with the 
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treatment compounds the cells were fixed with paraformaldehyde and freeze dried 

before XFM imaging. 

When SH-SY5Y cells were fixed with paraformaldehyde their morphology was 

preserved for XFM imaging.53,55,61,100 The zinc (Zn) map was used to identify the 

boundaries of the cells as this element showed consistently higher signal-to-noise ratio 

than the other endogenous elements (Figure 3.5.17). The synchrotron beam at an energy 

of 12.7 keV was focused to 1 µm and then raster scanned to simultaneously obtain maps 

of elemental distribution within individual cells. As the beam moved across the cells, 

the resulting fluorescence spectrum at each dwell point was collected and formed a 

single pixel within the elemental maps. 

Figure 3.5.17 – Optical micrographs (top left), scattered X-ray (XS) and XFM 

elemental distribution maps of a SH-SY5Y control cell. The maximal elemental area 

density (quantified from standards and expressed in micrograms per square 

centimetre) is given in the bottom corner of each map. The black bar under the maps 

represents 10 µm. 

These maps, due to the time required to complete scans, did not always contain the cells 

in their entirety, instead preference was given for the main body over protruding 

outgrowths. This was because the protruding outgrowths typically required large 

amounts of background to be imaged, without much gain in the actual cell area. 

Information rich elemental maps were obtained for typically important biological 

elements (P, S, Cl, K, Ca) as well as transition metals (Fe, Zn). Selenium was found to 

be below the detection limit (0.1 µg.g-1)56 within the control cells (Figure 3.5.17), shown 

by an extremely weak fluorescence signal without any definable cellular localization.  
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All cells showed elemental concentrations localized within the cell, with the exception 

of iron (Fe) whose lower concentrations meant that any dust spots on the windows gave 

false positives outside the cell. Nuclear regions of the cells were identified using the P 

and Zn images, given the inherently higher concentrations of phosphate from the DNA 

backbone and Zn from zinc finger proteins within the nucleus.101  

The inactive Ni-DPDS was observed to be excluded from the nuclear region (Figure 

3.5.18, top), which, given that hydrogen peroxide is known to induce apoptosis which 

involves mechanisms within the nucleus 81,102, may account for Ni-DPDS’s lack of 

protective action. Intrinsic, or stress-damage-induced, apoptosis occurs when DNA 

damage is detected and apoptosis-related genes are activated leading to cell death10. The 

inhibition of this type of apoptosis from the peroxide could be explained for Ebselen 

and Am-DPDS as they are present within the nucleus and so are able to prevent the 

peroxide initiating DNA damage. 
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Figure 3.5.18 – Optical micrographs (top left), scattered X-ray (XS) and XFM elemental distribution 

maps of SH-SY5Y cells treated with 5 µM Ni-DPDS [top], 5 µM Am-DPDS [middle] and 10 µM 

Ebselen [bottom] for 24 h. Maximal elemental area density (quantified from standards and expressed in 

micrograms per square centimetre) is given in the bottom corner of each map. The nuclear region, 

identified by localisation of phosphorous and zinc, is circled. Arrows indicate a region that shared 

mutually high concentrations of iron and selenium. The black bar under the maps represents 10 µm. 
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From the XFM data the total average selenium content can be quantified for both the 

cell as a whole and just the nuclear fractions (Figure 3.5.19).  

Figure 3.5.19 – Nuclear fraction of the selenium content within SH-SY5Y cells treated 

with 5 µM Ni-DPDS, Am-DPDS and 10 µM Ebselen as quantified by XFM studies, 

indicating the much lower fraction of Ni-DPDS present within the nuclear ROI 

compared to the other two treatments. * represents p<0.05, ** p<0.001, ***p<0.0001. 

It is clear that Ni-DPDS treated cells have a much lower nuclear selenium content than 

the other two compound treated cells, at just 4.6% of the total intracellular selenium 

(Table 3.5.8). This non-zero value doesn’t disprove that Ni-DPDS is excluded from the 

nucleus; instead it highlights one of the weaknesses of the XFM imaging process. XFM 

is a 2D imaging process, however the cells imaged were 3D, so while the nuclear region 

is identifiable from the image, there are still layers of cytoplasm and cellular membrane 

above and below the nuclear envelope that accounts for the non-zero Ni-DPDS content 

for the nuclear region. 
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Table 3.5.8 – Quantified average intracellular and nuclear selenium content in SH-

SY5Y cells treated with 5 µM Ni-DPDS, Am-DPDS and 10 µM Ebselen, and the 

subsequent corresponding nuclear fraction percentage. 

Treatment 

Compound 
Cellular Content (fg) Nuclear Content (fg) 

Nuclear Fraction 

(%) 

Am-DPDS 30 ± 10 1.4 ± 0.2 4.6 

Ni-DPDS 7.4 ± 0.5 2.8 ± 0.3 38.6 

Ebselen 18 ± 3 5.5 ± 1.5 30.2 

 

The Am-DPDS and Ebselen treated SH-SY5Y cells showed much larger percentage 

nuclear selenium contents at 30.2 and 38.6 per cent respectively. These larger 

percentages show the abilities of the metabolites of each of these compounds to 

penetrate the nuclear envelope. When considered alongside the XFM maps, however, 

there was no clear localization, instead the selenium distributions appear to mirror 

changes in the total cell thickness as measured by the X-ray scatter (Figure 3.5.18). 

Whilst bis(2-aminophenyl)diselenide was observed to enter the nuclear region (Figure 

3.5.20, middle), total intracellular selenium concentrations were on average lower for 

the active Am-DPDS than for Ni-DPDS (Figure 3.5.20).  Given that the XAS results 

showed that the Am-DPDS was cleaved within the cells, the difference in nuclear 

concentrations may be due to differences in the binding of the two compounds’ 

metabolites with importin or their diffusion through the nuclear pores. Importin-

interaction is critical for nuclear importation of small molecules, with it being 

responsible for all non-diffusion driven transport into the nucleus.10 
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Figure 3.5.20 – Intracellular concentrations of selenium and other biologically 

relevant elements within SH-SY5Y cells treated with 5 µM Ni-DPDS, Am-DPDS and 

10 µM Ebselen as quantified by XFM studies. Graphs indicate that homeostasis is 

disrupted within the treated cells differently for some elements, while not significantly 

for others. * represents p<0.1, ** p<0.05.  

Not all elements were similarly disrupted, for example K and S showed no statistically 

significant deviations from the control as a result of treatment with any of the 

compounds. However significant decreases in the calcium concentrations within the 

treated cells compared to the control after treatment with Ni-DPDS and Ebselen, but not 

Am-DPDS, are of particular interest.  
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Calcium mobilization from the endoplasmic reticulum to the cytosol is known to 

activate apoptosis.103-105 The signalling cascade features the exodus of cytochrome C 

and subsequent activation of caspase and nuclease enzymes that lead ultimately to cell 

death.103,106 As a result the homeostasis of Ca2+ is a finely tuned intracellular event with 

balance afforded by anti- and pro-apoptotic proteins storing Ca2+ in the ER.104,105 

The fluctuations in intracellular calcium concentrations, therefore, point towards a 

dysfunction of calcium homeostasis that would ultimately be detrimental to cell 

survival. The statistically significant decreases in intracellular calcium concentrations 

would indicate dysfunction within the Ni-DPDS and Ebselen treated cells, but not in the 

Am-DPDS treated cells. 

Further inferences from the XFM imaging for the Am-DPDS were difficult due to the 

distribution of selenium generally following the thickness of the cell, shown by a 

general positive correlation between the Se and scatter maps (Figure 3.5.21, top left). 

The positive correlation between selenium concentration and cell thickness is not as 

strong as the trend of Zn with the X-ray scatter maps (Figure 3.5.21, top right), but this 

could be due to the relative concentrations, with the Zn giving a much stronger signal 

due to higher intracellular concentrations. The strongest, but least surprising, positive 

correlation is between phosphorous and zinc concentrations (Figure 3.5.21, bottom left), 

because they are largely localised within the nucleus and so are expected to be co-

localised. 
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Ebselen was used once again used to make comparisons between the diselenides and a 

known therapeutic agent. It had been previously noted to have an interesting 

intracellular distribution in ND15 cells, with a localization with zinc but a separation 

from phosphorous.86 In this study Ebselen, like the active Am-DPDS, showed the ability 

to enter the nucleus, with a localization with zinc and phosphorous (Figure 3.5.18, 

bottom).   

However, given that Ebselen showed no protective action against oxidative stress 

induced cell death, the ability to enter the nucleus alone may not be the only 

requirement to assert protective ability. Instead it may be the metabolism of the Am-

Figure 3.5.21 – Correlation plots for a 

Am-DPDS treated cell (top left) 

intracellular selenium concentration and 

the cell thickness (scatter); (top right) the 

intracellular zinc concentration and the 

cell thickness (scatter) and (bottom left) 

the intracellular zinc and phosphorous 

concentrations. Red crosses represent 

intracellular pixels, while the black 

represent extracellular pixels as defined 

based on the high contrast between extra- 

and intra-cellular Zn concentrations. 
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DPDS to the intracellular reduced species in combination with the nuclear envelope 

penetration results in activity. 

XFM is able to highlight treatment-derived fluctuations in the other elements due to 

disruptions to homeostasis. Calcium in particular is lower for the Ni-DPDS and Ebselen 

treated cells compared to the control, but not for Am-DPDS (Figure 3.5.20). However 

any generalisations about these trends and their intracellular ramifications is dampened 

somewhat given the small sample size available with only six cells imaged to represent 

each treatment condition.  

Ebselen showed a possible co-localisation with iron (Figure 3.5.18, bottom), a Fenton 

oxidation agent. However given the overall extremely low concentration of iron it is 

difficult to quantify this co-localisation statistically. Visually there appears to be a 

subset of the iron (indicated with an arrow) that is co-localised with the selenium from 

the Ebselen. It is not clear if this has any bearing on the mechanism of action for 

Ebselen, but the co-localisation is present in future studies it could be an alternate 

source of protection if it prevents Fenton chemistry. Of note is that Ebselen did not 

follow the previously reported pattern of co-localisation with zinc and separation from 

phosphorous.86 
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3.6 Conclusions & Future Directions 

3.6.1 Conclusions 

Only Am-DPDS showed protective activity against oxidative stress induced damage in 

SH-SY5Y human neuroblastoma cells from MTT cytotoxicity assays, increasing the 

IC50 value of hydrogen peroxide treatment for 24 h from 1742 ± 29 µM to 2385 ± 108 

µM. Ni-DPDS and Ebselen pre-treatment did not significantly alter the IC50 value, 

resulting in 1660 ± 29 µM and 1520 ± 50 µM respectively. 

Synchrotron-based studies, XAS and XFM, indicated that Ni-DPDS remains largely 

unchanged within cells and is unable to penetrate into the nucleus, both of which limit 

its protective activity. XANES fitting of Ni-DPDS treated cells showed a dominant 60-

89% Ni-DPDS fraction, with a smaller fraction of Se-C bonded character.  

EXAFS for the Ni-DPDS treatments were consistent with their respective XANES 

results showing a carbon and selenium backscatterers at 1.87-1.89 Å and 2.34-2.36 Å 

respectively. These bond lengths were consistent with expected Se-C and Se-Se bonds 

lengths from literature for crystal structure data for similar substituted diphenyl 

diselenides. Despite possible Se-S binding identified in the XANES fitting, there was no 

corroborating evidence for such species from the EXAFS analysis. However, given the 

similar Se-S and Se-Se bond lengths, the presence of Se-S bonds may have been 

masked within the Fourier transform if they were only present at low concentrations. 

Am-DPDS, however, was found to be reduced or have the diselenide bond cleaved 

inside cells and its metabolites were also able to enter nucleus. XANES fitting of treated 

cells showed only Se-C character, with 76-91% fit with methylselenocysteine and 9-

34% fit with ι-selenomethionine. Noise levels hampered fitting of lower concentration 

samples, but as with the Ni-DPDS fits, all Am-DPDS fits generally produced results 

that were similar despite different oxidative stress conditions.  

EXAFS further supported Am-DPDS’s intracellular reduction by featuring two carbon 

backscatterers at 1.89-1.91 Å and no backscatteres at a distance consistent with Se-Se 

bond character within the Fourier transforms. The combination of reduction and nuclear 

penetration is assumed to give rise to the protective action observed for Am-DPDS 

against oxidative stress induced cell death. 

Ebselen showed evidence of dimer formation inside cells with XANES fitting of treated 

SH-SY5Y cells being fit with 40-60% Ni-DPDS character, and XFM showed it to be 
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able to penetrate into the nucleus. XANES also showed Ebselen treated cells to have Se-

S bonding character, being fit with a combined percentage of 18-26% with seleno-

diglutathione and sulfoselenylcysteine characters. The lower concentration treated cell 

samples’ spectral noise continued to hinder XANES fitting, but all spectra showed 

similar character. Given the lack of protective action against oxidative stress induced 

cell death in the MTT assays by Ebselen, the mechanism involving the dimer, although 

detected, may not be the GPx-like protective pathway.  

Finally, the drug uptake levels were lowest for Am-DPDS, showing only a small 

amount was needed for protective action; this supports its GPx-like mode of action 

being catalytic like its parent compound DPDS. All three treatments disrupted 

homeostasis within the SH-SY5Y cells, as viewed through elemental fluctuations in 

treated cells compared to the untreated control cells. Not all elements were affected in 

the same fashion, with the homeostasis of signalling elements Zn and Ca being the most 

clearly disrupted. 

3.6.2 Future Directions 

The success of Am-DPDS as an antioxidant in cell based trials indicates that it is a 

candidate for further animal trials to confirm its protective abilities in larger scale, more 

complex biological systems. Ni-DPDS, while not seemingly as likely a candidate for 

further study due to its inactivity in cell based studies, may still show potential with 

different delivery systems. The cell based studies had cells pre-treated with the 

compounds directly into complete media, while interactions of the compounds with 

blood-albumin or gastric digestion would need to be investigated for applications with 

animal or human treatment. 

Repeating the experiments in a differing brain cell model, or differentiating the SH-

SY5Y blastoma cells to their neuronal phenotype, may provide a greater understanding 

of Ebselen’s mode of action. Specifically a brain cell model where the drug shows 

protective action against oxidative stress induced cell death in toxicology experiments 

would be an appropriate system to test. Given the reported co-localisation with zinc and 

separation from phosphorous was not observed in the SH-SY5Y cell line, while it was 

in ND15 cells86, this cell line may be a likely candidate with which to repeat the 

experiments. Otherwise the existing experiment could be altered by differentiating the 
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SH-SY5Y cells to a neuronal, rather than blastoma, phenotype and observing if this 

changes the outcomes for both speciation and distribution of Ebselen. 

The three compounds were all being investigated as possible agents to limit the damage 

done to the brain during an ischaemic stroke event. One major factor that was not 

incorporated into the study was the effect the blood-brain barrier might have on the 

ability of the agent to reach their target brain cells. If the compounds were not able to 

cross the barrier then they would be unable to show any protective action within a living 

subject. 

Finally, investigating Am-DPDS and its intracellular metabolites interactions with 

importin, the nuclear transport protein, could provide further insight into the differences 

in nuclear penetration between Ni-DPDS and Am-DPDS, and thus their respective 

protective abilities. 
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CHAPTER 4. Fluorescence and XFM studies into the anticancer mode of action 

of the ruthenium-based anti-cancer agent NKP-1339 within A549 human lung 

adenocarcinoma epithelial cells. 
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4.1 Abstract 

The purported anticancer mode of action of a KP1019 analogue, NKP-1339, within 

human lung adenocarcinoma epithelial cells (A549) was investigated using 

synchrotron-based X-ray fluorescence microscopy. A preliminary study showed a 

tentative co-localisation of NKP-1339, or its ruthenium-containing metabolites, with 

intracellular iron and copper. A follow-up study attempted to visualise a 

mitochondrial compartmentalisation of the NKP-1339 or its ruthenium-based 

metabolites utilising a combination of optical and synchrotron-based fluorescence 

microscopy. Results appeared to support that NKP-1339 was a KP1019 analogue, 

with prominent cellular uptake. The initially tentative co-localisation with iron was 

observed again, suggesting a possible role by Fenton chemistry in the anticancer 

action. Furthermore, X-ray fluorescence showed that the two chosen mitochondrial 

probes; MitoTracker DeepRed and MitoTracker Orange, perturbed homeostasis in 

different ways. This highlights the importance of thorough consideration of the 

effects of probes for future studies, and the need for careful attention to the controls 

to understand these probe-based perturbations. 
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4.2 Abbreviations 

A549   human lung adenocarcinoma epithelial cells; 

apoTf   apotransferrin; 

GSH   glutathione;  

HSA   human serum albumin; 

ICP-MS  inductively coupled plasma mass spectrometry; 

KP1019  trans-[tetrachlorobis(1 H-indazole)ruthenate(III)] 

NAMI-A imidazolium trans-imidazoledimethyl sulfoxide-

tetrachlororuthenate; 

PIPES   piperazine-N,N′-bis(2-ethanesulfonic acid); 

RAPTA ruthenium–arene complexes bearing the 1,3,5-triaza-7-

phosphatricyclo-[3.3.1.1]decane ligand and a η6-arene ligand; 

VEGF   Vascular endothelial growth factor; 

XFM   X-ray fluorescence microscopy 

 

  



 102 

4.3 Introduction 

Interest in ruthenium-based anticancer agents has increased since the completion of 

phase I clinical trials by NAMI-A1-3 and KP10194-6 (Scheme 1), such that the study of 

ruthenium-based drugs is an expanding field of bioinorganic chemistry.7,8 The history 

of ruthenium anticancer agents is inextricably tied to the discovery of the platinum-

based anticancer agent cisplatin by Rosenberg in 19659.6,10 While the biological 

activities of ruthenium complexes were recognised prior to the discovery of cisplatin 

by Dwyer in the 1950s11,12, they were largely forgotten until the success of 

cisplatin.8,13 

 

Scheme 1 – Structures of ruthenium-based anticancer agents that have been 

clinically investigated: NAMI-A1-3 (left) and KP10194-6 (right). 

4.3.1 Cisplatin 

Cisplatin (Scheme 2) and its analogues are still among the most effective anticancer 

agents in clinical usage, often employed in the treatment of germline cancers.6,10,14,15 

Under physiological conditions cisplatin is thought to undergo intracellular aquation, 

exchanging the chlorido ligands with water, partial hydrolysis and subsequently binds 

to DNA, and other macromolecules8,16, stimulating apoptosis.8,17,18 Extracellular (e.g. 

serum albumin8,19,20) and intracellular (e.g. GSH8,16,21) protein and small molecule 

binding are competing, unwanted processes which limit the activity of cisplatin and 

lead to its harsh side effect profile. 
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Scheme 2 – Structures of platinum-based anticancer agents: cisplatin (I), 

carboplatin (II), oxaliplatin (III), and satraplatin (IV). 

Due to the high systematic toxicity of cisplatin, along with the propensity of tumours 

to develop resistance7,10,22,23, cisplatin is commonly used in combination therapy in 

conjunction with other anticancer agents24. Toxicity towards rapidly dividing cells 

including hair follicles, bone marrow and gastrointestinal tract cells leads to hair loss, 

anaemia and neutropenia in patients.6,25 Developing alternatives that do not suffer 

from these inherent side effects has been the driving force behind the development of 

more platinum-based drugs.24,26-30 Ideally these alternatives would have lower 

toxicity, fewer problems with resistance development (acquired and intrinsic) and 

activity against a boarder range of tumours.7,24,26  

Despite the extensive trialling of platinum-based analogues for similar anticancer 

activity, only an additional two have reached clinical use; carboplatin and 

oxaliplatin.16,18,22,30,31 Carboplatin has a reduced toxicological profile, but similar 

spectrum of activity to cisplatin; while oxaliplatin has shown strong activity against 

colorectal cancer derived tumours.10 More recently, with a differing approach of 

using a Pt(IV) pro-drug that is intracellularly reduced to produce toxic Pt(II) moieties, 

orally active satraplatin was discovered.6,32 The lack of successful throughput of 

potent cisplatin analogues provided the motivation to explore the activity of other 

transition metal complexes.8 

4.3.2 Ruthenium-based anticancer alternatives 

Ruthenium was a strong alternative to platinum as it had a previously documented 

rich synthetic history, and a large range of oxidation states accessible under 
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biological conditions.8,10,33,34 Having access to multiple oxidation states is significant 

as the oxidation state affects the activities of most metal-based anticancer agents.6 

Unlike cisplatin, which displays strong anticancer activity to primary tumours3,7,35, 

ruthenium-based anticancer agents display a more complex, multi-faceted anticancer 

activity that cannot be explained by the model that exists for cisplatin.3,8,36-39  

NAMI-A is one of the two most successful ruthenium-based anticancer agents and 

shows strong anti-metastatic activity10,40,41, in particular against lung cancers and 

solid metastases.1,42,43 NAMI-A was the first ruthenium-based anticancer agent to 

enter clinical trials6,40, and is one of only two ruthenium-based compounds (alongside 

KP1019) to have completed phase I trials.8,44-46 It has been shown to be effective in 

reducing metastasis independently of any reduction of primary tumour growth.3,6,47 

NAMI-A is a RuIII pro-drug that undergoes rapid aquation and hydrolysis within 

minutes8,48 losing its original ligands, which takes hours for cisplatin in aqueous 

solutions.3,36 

When NAMI-A was screened for cytotoxicity against the more common cancer cell 

lines it showed no activity.3,49 Instead it has been shown to be over a thousand times 

less toxic than cisplatin.3 While its mechanism of action has been source of ample 

debate; it has been shown that the activity of NAMI-A is not related to intracellular 

DNA binding, instead displaying very poor cellular uptake.3,50 Instead it interacts 

with actin-type proteins3,51,52 on the cell surface or collagen within the extracellular 

matrix3,42,53, which reduces invasive cancer cell mobility. It has also been shown to 

rapidly bind to serum proteins (HSA and apoTf), expected to assist with its transport 

after administration.7,39,54-58 NAMI-A has also been shown to inhibit angiogenesis by 

VEGF3,59, which is a key component for tumour development and continued growth. 

Concurrent with the development of NAMI-A, Keppler and co-workers developed 

another RuIII anticancer agent called KP1019.8 KP1019 has shown high cytotoxicity 

against primary tumours7,60, much like platinum-based anticancer agents.7,35 Most 

notably, it has been shown to be effective against cisplatin-resistant colorectal 

tumours.4,8,10,39 It has also been effective against primary explanted human tumours in 

rats.4,10,38,61 While KP1019 was initially thought to not have any anti-metastatic 

activity8,10, that has since been called into question.39,62  
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KP1019, like NAMI-A, is a pro-drug but it is more stable against aquation and 

hydrolysis and shows much greater cellular uptake.8,63-65 Its activity has been posited 

to be due to changes in oxidation states, much like cisplatin, but there is limited direct 

evidence of this reduction in vivo.8,10 Recently, the activation of KP1019 has been 

linked to the redox state of the tissues it is contained within, with a change in 

speciation in hypoxic environments observed for spheroids.39 This intracellular 

reduction is thought to be by endogenous glutathione.6 While it can be reduced by 

ascorbate in solution39,54,66, RuIII has been found to be the dominant oxidation state of 

Ru-serum adducts7,39,54,67,68, therefore intracellular reduction is thought to direct its 

activity.  

Transport into cells was thought to be assisted by transferrin6,68,69, because analogues 

that bound less-well to transferrin exhibited less activity6,64. However, recently 

transferrin transport as a mechanism of uptake and release into the cytosol has been 

criticised due to inconsistencies with similar observations for transferrin-assisted 

gallium uptake.3 Metals, other than iron, bind to transferrin with similar affinity and 

yet are not internalised.3,70 Furthermore it has been found that the ruthenium moieties 

bind non-specifically to transferrin rather than at the FeIII-binding sites in solution.3,7 

Finally, as with gallium, even if taken into the cell there is no evidence it is released 

into the cytosol, instead it would likely stay trapped within the endosomes.3  

Instead passive diffusion has now resurged in popularity to account for the cellular 

uptake of KP1019 that has been observed.7 Its ability to disrupt, whether directly or 

indirectly, the iron distribution in treated cells still accounts, at least in part, for its 

toxicity.3,50 Due to its similar activity profile to cisplatin, DNA is the expected target 

for KP101950, however the resulting DNA lesions differ between to the two 

agents.4,6,71 

More recently a large range of new ruthenium-based agents have been categorized, 

including organometallic arene-ruthenium complexes6,72 and arene PTA 

ruthenium(II) [RAPTA-type] complexes6. The advantages of RAPTA-type 

complexes being generally greater stability in air as well as good thermodynamic 

stability, providing better properties for clinical usage.6 Their activity, being potent 

against secondary metastasis but inactive against primary tumours, largely mirrors 

that of NAMI-A and so both are thought to have similar targets.6,73 Non-orthodox 

approaches such as new tri-nuclear Ru-arene clusters have also been found to be 
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highly cytotoxic to ovarian cancer cell lines, much more so than the pre-existing 

tetra-clusters.6,8,74-76  

4.3.3 NKP-1339 

NKP-1339 is the more water-soluble, sodium salt of KP1019; and has completed 

phase I and II clinical trials.64,77 It has shown to be potent against neuroendocrine 

tumours (NET)77; and is known to generate intracellular ROS probably by redox-

induced redox cycling78,79; and cause apoptosis-regulated cell death via the 

mitochondrial pathway64,80. NKP-1339 has also been shown to enhance the anticancer 

activity of sorafenib in vitro and in vivo; as well as arresting the cell cycle in the 

G2/M phase.81  

4.3.4 Experimental aims 

This experiment aims to investigate the intracellular fates of NKP-1339 by using X-

ray fluorescence microscopy (XFM) to probe its mechanism of anticancer action. 

This follows the success of Aitken et. al.50 who used XFM to investigate the cellular 

fates of NAMI-A and KP1019 to confirm the lack of cellular uptake of NAMI-A and 

the DNA targeting of KP1019. Synchrotron techniques have become a leading tool 

for the determination of speciation and distribution of heavy metals in biological 

environments.7,82 

XFM allows for the non-destructive, i.e. no need for pre-imaging chemical digestion, 

mapping of trace element distribution in biological samples at the cellular scale.83,84 

Targeted cells are scanned through the X-ray beam, with the resultant fluorescence 

collected at discreet points to produce pixels. The spectrum at each point is then fitted 

and calibrated to produce elemental maps for each excited element. The excitation 

required to produce ruthenium K-line fluorescence is significantly higher than that 

necessary to excite other biologically relevant elements such as Se, P, S, Ca, Zn, and 

Fe. As such, to image ruthenium in cells in addition to the lighter elements, two scans 

for each cell, one at a higher 22 keV for ruthenium excitation and one at a lower 

energy 10 keV to allow sufficient sensitivity for the other biologically relevant 

elements, must be collected and collated. Ruthenium is not an endogenous element, 

and so any ruthenium detected results from the ruthenium-agent administration.  

XFM has been used, in addition to the study by Aitken et. al.50, to monitor the 

intracellular distribution of ruthenium as well as platinum post anticancer agent 
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administration.85-88 XFM has also been used to monitor distribution and speciation 

within biological tissues39,88, as well as to determine ruthenium- and platinum-protein 

interactions from electrophoresis gel analyses85,89-91. XFM can provide information 

about the role of transferrin58, potentially the role of reduction in the mechanism of 

action10, and examine how the biochemistry of the treated cell changes due to the 

drugs effects92,93.8 
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4.4 Materials & Methodology 

4.4.1 Materials 

4.4.1.1 Cell culture solutions and reagents 

Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco 11995-065) was 

supplemented with foetal bovine serum (FCS, Bovogen Biologicals SFBS), non-

essential amino acid solution (NEAA; Sigma Life Sciences M7145), penicillin-

streptomycin solution (Pen-Strep; 10,000 U mL-1 penicillin and 10,000 µg mL-1 

streptomycin; Gibco 15140-122), L-Glutamine (2 mM) and trypsin-EDTA (Gibco 

BRL 20 mL) were kept at 253 K for long-term storage and 277 K for short-term 

storage. Subculture media was DMEM with a 5% FCS, 1% NEAA, Pen-Strep, L-Glu 

supplementation, while treatment media had only 1% NEAA, Pen-Strep and L-Glu 

supplementation. Dimethyl sulfoxide (DMSO; CAS 67-68-5) was purchased from 

Chem-Supply (DA013-500M). 

4.4.1.2 NKP-1339 treatment solutions 

NKP-1339 (acquired from Niiki Pharma) treatment solutions were prepared as 

mandated by Niiki Pharma. A 200 mM dark brown colour stock solution was made 

through the addition of 500 µL of 100% dimethyl sulfoxide (DMSO) to the 50 mg of 

compound. The stock solution was then aliquoted into micro-centrifuge tubes for 

single use and stored at -20 °C. At time of treatment, a frozen aliquot was quickly 

thawed in water bath (30 oC) and used immediately. The 200 mM stock solution was 

intermittently vortexed over 5-10 seconds to assure a uniform solution and then 

diluted 2,000x using serum-free subculture media to yield a 100 µM NKP-1339 

(0.05% DMSO) treatment solution. 

4.4.1.3 MitoTracker fluorescence probes treatment solutions 

MitoTracker Orange CMTMRos (M-7510) and MitoTracker Deep Red FM 

(M22426) were sourced from Life Technologies, a brand of Thermo Fisher Scientific. 

MitoTracker Deep Red and MitroTracker Orange treatment solutions were prepared 

by dissolving the respective compounds (50 µg) in DMSO to produce 1 mM 

solutions. These were then diluted to the necessary treatment concentrations of 10 nM 

(0.001% DMSO) using serum-free subculture media. 
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4.4.1.4 Cell fixation solutions 

Paraformaldehyde (Sigma Aldrich, CAS 68476-52-8, 95%) was dissolved in 

phosphate buffered saline (PBS) to prepare a 10% w/v solution. The pH was adjusted 

to 7.4 using 0.1 M NaOH and 0.1 M HCl with the aid of a pH meter. Then a 

subsequent 1% w/v paraformaldehyde solution was prepared by diluting with PBS 

buffer solution. Piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) sodium salt 

(Calbiochem, CAS 5625-37-6) and sucrose (AnalaR, CAS 57-50-1) were dissolved in 

MilliQ water to give a 20 mM PIPES/200 mM sucrose solution of pH 7.2. 

4.4.2 Methodology 

4.4.2.1 Cell Culture 

A549 human lung adenocarcinoma epithelial cells originally purchased from the 

American Tissue Culture Collection. Cells were cultured as monolayers in complete 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with foetal bovine 

serum (2% v/v), L-glutamine (2 mM), antibiotic-antimyotic mixture (100 mg mL-1 

penicillin and 100 U mL-1 streptomycin) and nonessential amino acids (100 U mL-1) 

at 310 K in a 5% CO2-humidified incubator and were subcultured every 3-7 days. 

4.4.2.2 X-ray fluorescence imaging of unlabelled single cells (Advanced Photon 

Source) 

4.4.2.2.1 Sample Preparation 

Cells used in XFM imaging were grown on 1.5 × 1.5 mm2 × 500 nm silicon nitride 

windows (Silson, UK) in 6-well plates as described previously.94-98 In short, the 

plates were seeded at 1.8 × 105 cells/well in complete DMEM and were incubated at 

310 K in a 5% CO2-humidified incubator for 24 h prior to treatment. Cells were 

treated with 100 µM NKP-1339 for 1 h or 4 h; or 0.05% DMSO (in media) for 4 h as 

a vehicle-alone control. At the end of the treatment time the medium was removed 

and the cells were fixed with 1% paraformaldehyde solution (pH 7.2) for 20 min at 

room temperature, before being washed with a 20 mM PIPES/ 200 mM sucrose 

buffer solution (pH 7.2) thrice. 

4.4.2.2.2 Data Collection 

XFM elemental distribution maps of single cells were recorded on beamline 2-ID-D 

at the Advanced Photon Source (APS), Argonne National Laboratory, Illinois, USA. 
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At the APS, the beam was tuned to an incident energy of 10.0 keV using a Si(111) 

double crystal monochromator for most elements and 22.0 keV for the collection of 

ruthenium data, and was focused to a diameter of 0.75 �m using a “high-flux” zone 

plate. A single element silicon drift energy dispersive detector (Vortex EX, SII Nano- 

technology, Northridge, CA), at 90o to the incident beam, was used to collect the 

fluorescence signal for 0.5 s per spatial point from samples under a He atmosphere. 

Four to eight individual cells per sample were selected and located using an optical 

microscope (Leica DMRXE). Cells were subsequently relocated in the beamline by 

correlating the light microscope coordinates with those determined from the X-ray 

transmission image of the window as viewed on a CCD camera. Whole cells were 

raster scanned using a 25 nm accuracy Newport sample positioning stage. Low 

resolution scans with a step size of 5 µm and a dwell time of 2 s were used to 

accurately locate the cells before obtaining high-resolution scans with a step size of 

0.75 �m and a dwell time of 0.5 s. 

4.4.2.2.3 Data Analysis  

The fluorescence spectrum at each spatial point was fit to Gaussians, modified by the 

addition of a step function and a tailing function to describe mostly incomplete 

charge collection and other detector artefacts.95,96 The integrated fluorescence spectra 

extracted from these regions were also fit with modified Gaussians to determine 

average elemental area densities (in units of µg cm-2). Quantification was performed 

by comparison to the corresponding measurements on the thin-film standards NBS-

1832 and NBS-1833 from the National Bureau of Standards (Gaithersburg, MD). The 

analysis was performed using MAPS software.94,95,97,98 

Statistical analysis of quantified elemental content was carried out by calculating the 

mean, standard deviation and standard error of the mean for each element separately; 

then unpaired, two-tailed t-tests on the raw data were carried out assuming a Gaussian 

distribution and run with 95% confidence interval. 

4.4.2.3 X-ray fluorescence imaging of fluorescence-labelled single cells (Advanced 

Photon Source) 

4.4.2.3.1 Sample Preparation  

Cells used in XFM imaging were grown, likewise, on 1.5 × 1.5 mm2 × 500 nm silicon 
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nitride windows (Silson, UK) in 6-well plates as described previously. 94,97,98 In short, 

the plates were seeded at 3.2 × 105 cells/well in complete DMEM and were incubated 

at 310 K in a 5% CO2-humidified incubator for 24 h prior to treatment. Cells were 

treated with 100 µM NKP-1339 for 1 h or 4h; or 0.05% DMSO (in media) for 4 h as a 

vehicle-alone control. At the end of the treatment time the growth media was 

removed and replaced with fresh growth media containing either 100 nM 

MitoTracker Deep Red or MitroTracker Orange for 1 hr. Finally, the fluorescence 

probe solutions were removed and the cells were fixed with 1% paraformaldehyde 

solution (pH 7.2), before being washed with a 20 mM PIPES/ 200 mM sucrose buffer 

solution (pH 7.2) thrice. 

4.4.2.3.2 Data Collection 

4.4.2.3.2.1 Fluorescence-Probe Labelled Imaging  

Fluorescence images for 240 x 240 µm2 areas of the windows were collected using a 

spectral scanning confocal microscope (Leica TCS SP5) at Adelaide Microscopy. 

Regions of low cell density were targeted and 4-6 areas were imaged per window. 

The sample windows were loaded cell-side down onto the microscope stage and an 

aqueous immersion was used with a 63x water objective. Excitation wavelengths, 

from an Argon and HeNe laser, of 514 and 633 nm were used for MitoTracker 

Orange and MitoTracker Deep Red respectively with emission collection ranges of 

540-700 and 640-800 nm respectively. Images were collected with a 32 times line 

average at 1024 x 1024 pixel format with a scanning speed of 400 Hz. 

4.4.2.3.2.2 X-ray Fluorescence Imaging  

The same methodology as outlines in section 3.4.2.2.2 was employed with the 

following addition. 

The entire window was imaged using an optical microscope (Leica DMRXE), then 

the areas that were previously imaged using the spectral scanning confocal 

microscope (Leica TCS SP5) were identified. Despite collecting multiple 

fluorescence images per window, due to the difficulty of finding these small areas 

within the larger window, only one area’s individual cells were then used for the X-

ray fluorescence imaging.  
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4.4.2.3.3 Data Analysis  

4.4.2.3.3.1 X-ray Fluorescence Image Analysis 

The same methodology outlined in section 3.4.2.2.3 was employed to analyse this 

data set. 
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4.5 Results & Discussion 

4.5.1 NKP-1339 Exploratory Study 

The preliminary study of the intracellular distribution of ruthenium within A549 cells 

following NKP-1339 treatment by XFM yielded results consistent with KP1019-like 

activity. Within the control cells (Figure 4.1) no ruthenium was observed, as 

expected, as ruthenium is not an endogenous element.  

Figure 4.1 – Optical micrographs (top left), scattered X-ray (XS) and XFM elemental 

distribution maps of a A549 cell treated with 0.05% DMSO as a vehicle-only control. The 

maximal elemental area density (quantified from standards and expressed in micrograms 

per square centimetre) is given in the bottom corner of each map. The black bar under the 

maps represents 10 µm. 

Cellular uptake of ruthenium was observed in the cells treated with NKP-1339 

(Figure 4.2), regardless of the treatment duration. The ruthenium was observed in 

localised clusters, in addition to a lower basal intracellular distribution. These 

ruthenium-rich clusters visually existed alongside a weak co-localisation with a 

subset of regions of high intracellular copper and iron content (Figure 4.2, red 

circles).  

The secondary co-localisation with iron was not as common as the co-localisations 

with copper (Figure 4.2, top), and could be observed to be due to a co-localisation 

between copper and iron instead of a distinct co-localisation between iron and 

ruthenium. The distribution of ruthenium within the cells was markedly different to 

that observed of KP1019 within SH-SY5Y cells where the ruthenium was mainly 

located within the nucleus, along with a lower cytoplasmic concentration.50 
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Figure 4.2 – Optical micrographs (top left), scattered X-ray (XS) and XFM elemental 

distribution maps of A549 cells treated with NKP-1339 for 1 hour (top) or 4 hours 

(middle, bottom). Possible co-localisations between ruthenium and copper and iron are 

denoted with a red ring. The maxima elemental area densities (quantified with standards 

and expressed in micrograms per square centimetre) are given in the bottom corner of 

each map. The black bar under the maps represents 10 µm. 

Given that the two differing excitation energies were required the recording of XFM 

data for ruthenium and the other biologically relevant elements, accurate co-

localisation plots were not possible with this data set as the higher energy maps did 

not retain sufficient distribution information to correlate with the lower atomic mass 

elements (Figure 4.3).  While some elements, such as zinc and potassium, retained 

some distribution information in the maps resulting from the higher excitation 
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energy; others, including chloride and calcium, saw a significant drop in signal. Iron 

and copper saw the greatest loss in detail at the higher energy with a complete loss of 

signal into the background noise. 

Figure 4.3 – Optical and XFM maps resulting from the lower 10 keV excitation 

energy (left) and the higher 22 keV excitation energy (right) showcasing a loss in 

elemental distribution information as the excitation energy was increased. The 

maxima elemental area densities (quantified from standards and expressed in 

micrograms per square centimetre) are given in the bottom corner of each map. The 

black bar under the maps represents 10 µm. 

Treatment with the NKP-1339 was observed to significantly perturb homeostasis 

with differences between control cells and treated cells in most biologically relevant 

elements (Figure 4.4). However, issues with the washing of the windows caused 

significant halos in the S, Cl, and K images and so the significance of the differences 

cannot be solely attributed to the NKP-1339 for these elements. 

Despite this, there is still evidence of homeostasis disruption in the results for 

elements copper, calcium and zinc; all of which should be relatively unaffected by the 

incomplete washing process due the growth media not containing large amounts of 

these elements. Copper, interestingly, unlike calcium and zinc levels that were 

elevated compared to the control cells, instead showed a drastic decrease in content 

due to NKP-1339 treatment at 1 hour.  

This change then reversed such that levels were insignificantly different to the control 

levels by 4 hours, perhaps indicating the A549 cells have the ability to recover with 
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time despite the NKP-1339 uptake. This decrease in copper content did not follow 

that observed for KP1019 in SH-SY5Y cells, where the elemental density of copper 

increased due to the treatment with the Ru-containing drug.50 Thereby highlighting a 

potential difference in intracellular behaviour between NKP-1339 and its close 

analogue KP1019. 

Figure 4.4 – Intracellular content of biologically relevant elements within A549 cells 

treated with NKP-1339 as quantified by XFM studies for both the cell as a whole and 

the nuclear sub-fraction. * Represents p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. 
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The nuclear content for most elements remained largely constant regardless of the 

treatment conditions (Table 4.1). With only three exceptions (Ca, Zn, Ru), the 

percentage of each element contained within the nucleus only varied by at most 5% 

between the control, 1 hour and 4 hour treated cells. Even with the exceptions, the 

greatest difference was only 9.5% for calcium. Calcium is a key cellular messenger, 

and so its variation may be due to the mobilisation of calcium ions in response to the 

introduction of NKP-1339. For both the 1 and 4-hour treated cells showed elevated 

nuclear content of calcium, possibly indicating apoptosis signalling within the treated 

cells. 

Table 4.1 – Nuclear content of A549 cells treated with NKP-1339, as percentages of 

the total cellular content for each element. Errors are based on the standard error in the 

means of the intracellular content data. 

Element Control 1 Hour Treatment 4 Hour Treatment 

P 80 ± 35 77 ± 25 79 ± 30 

S 18 ± 7 23 ± 3 17 ± 2 

Cl 16 ± 6 21 ± 2 18 ± 2 

K 19 ± 8 25 ± 4 19 ± 3 

Ca 26 ± 4 36 ± 10 30 ± 6 

Fe 15 ± 1 20 ± 1 16.36 ± 0.04 

Cu 26 ± 12 21 ± 3 23 ± 6 

Zn 37 ± 10 43 ± 8 38 ± 7 

Ru 22 ± 7 22 ± 5 30 ± 7 

Zinc showed an increased nuclear content for the 1-hour time-course, however its 

increase was only 6.8% over the control. One weakness of the 2D XFM imaging is 

that cells are inherently 3D structures, and as such there are volumes of cytosol both 

above and below the nucleus within the cell and these volumes cannot be 



 118 

differentiated from the true nuclear volume. This significant variation in the zinc 

fraction may be indicative of this, rather than indicating a mobilisation of zinc into 

the nucleus of the 1-hour treated cells. 

Finally ruthenium showed a gradually increasing nuclear content, and while the 

aforementioned weakness of XFM imaging for zinc still applies, this may indicate a 

gradual migration of NKP-1339 or its Ru-containing metabolites into the nucleus. 

This has marked similarities with the findings of Aitken et. al. with KP1019 in SH-

SY5Y cells where they believed KP1019 has a complex uptake system which 

featured both uptake by transferrin, as well as a passive uptake mechanism.50 Another 

study by Pongratz69 posited that iron needed to be bound to transferrin in addition to 

the passive uptake mechanism to successfully deliver ruthenium into the nucleus, 

which could explain the observed delay in nuclear uptake. 

It should be noted that while a nuclear fraction for the quantified ruthenium content 

for the control cells was possible, the corresponding integrated XFM spectra showed 

no Ru K$ peak despite one being fitted (Figure 4.5). Thus the 1.7 ± 0.3 and 7.6 ± 1.2 

fg of nuclear and cellular ruthenium content for the control cells the 21.8% nuclear 

percentage was based upon should be treated as a measure of the noise rather than an 

actual ruthenium fluorescence signal for the control cells.  

Figure 4.5 – Integrated XFM fitted spectrum for a control A549 cell (left) showing no 

ruthenium K$ peak within the experimental spectrum (white line) despite one being fit 

to the data (green peak), in contrast to an integrated XFM spectrum for a 4-hour, 

NKP-1339 treated A549 cell (right). 

The cellular content of ruthenium within the control and treated cells showed a 

logical progression with ruthenium content increasing with duration of treatment with 

Ru K$ Ru K$ 
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NKP-1339 (Figure 4.6). It was observed that while the average ruthenium content, 

and thus drug uptake, within the cells was higher at 4 hours, there was no significant 

difference between the 1 and 4 hour time-courses for the cells overall. This is in line 

with previous work that showed that cellular uptake of NKP-1339 was mostly 

complete within the first hour after treatment.80 There was, however, a significant 

increase in the nuclear ruthenium content between the 1 and 4-hour time-courses; 

indicating while uptake may have slowed the intracellular ruthenium distribution is 

still in flux 4 hours after treatment. The 22-30% ruthenium nuclear content was in 

line with ICP-MS studies of KP1019 that found nuclear contents at a wide range of 

percentages. The range of ruthenium nuclear contents of 20%99, 25%80, and 55%69 

within A2780, KB-3-1 and SW480 cells was ascribed to differences in drug 

metabolism elicited by the differing cell lines. 

Figure 4.6 – Intracellular content of ruthenium within A549 cells treated with NKP-

1339 as quantified by XFM studies for both the cell as a whole and the nuclear sub-

fraction. * Represents p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

Due to the large amounts of time required to image a single cell, sometimes 
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In order to verify the overall higher drug uptake at 4 hours a greater number of cells 

would need to be imaged for each time-course to get a more statistically significant 
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as the mitochondria. Such organelles, while not able to be resolved by XFM directly, 

could be first labelled and imaged with a fluorescent probe prior to XFM imaging. By 

collating the XFM and fluorescence data the cellular localisations of NKP-1339 or its 

metabolites could be further explored. 

4.5.2 NKP-1339 Experiments with Organelle Staining 

Follow up experiments aimed to investigate the intracellular distribution of ruthenium 

within A549 cells following NKP-1339 treatment with additional mitochondrial 

staining. Within the control cells (Figure 4.7) once again no ruthenium was observed.  

Figure 4.7 – Optical fluorescence image (top left), scattered X-ray (XS) and XFM 

elemental distribution maps of an A549 control cell (treated with 0.05% DMSO as a 

vehicle-only control) that had mitochondrial staining with MitoTracker DeepRed. The 

maximal elemental area densities (quantified from standards and expressed in 

micrograms per square centimetre) are given in the bottom corner of each map. The 

scale bar represents 10 µm.  

Two different stains were used MitoTracker DeepRed and MitoTracker Orange, 

however the controls for MitoTracker Orange (i.e. treated with the fluorophore but 

not NKP-1339) were damaged in transit to the synchrotron and so could not be 

imaged. To prevent the halos observed in the preliminary study the windows were not 

just immersed in the PIPES/sucrose buffer solutions, instead they were gently 

oscillated within the buffer solution to ensure more complete washing. 

Within this study a strong co-localisation was observed between intracellular 

ruthenium and iron throughout all NKP-1339 treated cells (Figure 4.8, 4.9). This co-

localisation was much more apparent as there appeared to be greater cellular uptake 

of the ruthenium during this study compared to the preliminary study. With the 

ruthenium content after 1 and 4-hour treatments with NKP-1339 being 194 ± 30 and 
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486 ± 70 fg compared to the 46 ± 5 and 64 ± 8 fg respectively of the preliminary 

study. 

Figure 4.8 – Optical fluorescence images (top left), scattered X-ray (XS) and XFM elemental 

distribution maps of A549 cells treated with NKP-1339 for 1 hour (I, II) or 4 hours (III, IV), 

after mitochondrial staining with MitoTracker DeepRed. The maxima elemental area 

densities (quantified from standards and expressed in micrograms per square centimetre) are 

given in the bottom corner of each map. The black bar under the maps represents 10 µm. 
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Figure 4.9 – Optical fluorescence images (top left), scattered X-ray (XS) and XFM elemental 

distribution maps of A549 cells treated with NKP-1339 for 1 hour (I, II) or 4 hours (III, IV), 

after mitochondrial staining with MitoTracker Orange. The maxima elemental area densities 

(quantified from standards and expressed in micrograms per square centimetre) are given in 

the bottom corner of each map. The black bar under the maps represents 10 µm. 
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A co-localisation with copper was once again observed as in the preliminary study, 

present in the images for the cells stained with MitoTracker Orange (Figure 4.8 – II, 

III, IV), while not as readily apparent in those stained with MitoTracker DeepRed. In 

addition, unlike with the preliminary study where the elemental halos made the 

chlorine images less useful, there was both a visual co-localisation between 

ruthenium and chlorine (Figure 4.10), and a quantitative co-localisation observed 

(Figure 4.11).  

Figure 4.10 – Co-localisation plots (bottom right) between ruthenium (red) and 

chlorine (green), displayed along with zinc (blue) which was used to show the general 

cell shape for: (I), (II) A549 cells treated with NKP-1339 for 4 hours after 

mitochondrial staining with MitoTracker DeepRed; (III), (IV) A549 cells treated with 

NKP-1339 for 1 hour after mitochondrial staining with MitoTracker Orange. The 

black bar under the maps represents 10 µm. 
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The co-localisations (Figure 4.10) were clearly visible, and a strong positive 

correlation between the concentrations of ruthenium and chlorine for each pixel of the 

elemental maps (Figure 4.11), in combination these showcase the strong co-

localisation between the two elements.  

These comparison plots were possible as the elemental distribution information from 

the lower excitation energy maps was preserved in the higher excitation energy XFM 

maps (Figure 4.12). This allowed for the higher energy maps for Cl, Fe, Zn and Ru to 

be utilised for co-localisation plots without concerns for the differing scaling and 

alignment issues from the preliminary study. 

 

 

 

 

Figure 4.11 – Scatter plots of the 
concentrations (�g/cm2) of ruthenium and 
chlorine for each pixel of the elemental 
maps of the respectively labelled cells of 
Figure 4.8. 
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Figure 4.12 – Optical fluorescence and XFM maps resulting from the lower 10 keV 

excitation energy (left) and the higher 22 keV excitation energy (right) showcasing a 

greater preservation in elemental distribution information as the excitation energy was 

increased. The maxima elemental area densities (quantified from standards and 

expressed in micrograms per square centimetre) are given in the bottom corner of each 

map. The black bar under the maps represents 10 µm.  

Chlorido ligands exist within the structure of NKP-1339, and thus this co-localisation 

would suggest that the aquation and hydrolysis steps common to both NAMI-A and 

KP1019 are resisted to some extent by NKP-1339. This could help to prevent side 

effects, as it would mean the compound is more likely to reach the target sites intact.  

Unlike in the preliminary study, this study showed a strong co-localisation with iron 

in all 4-hour treatment images. This was independent of the mitochondrial stain 

employed, and resulted in a strong co-localisation between iron and chlorine (Figure 

4.13).  

Figure 4.13 – Co-localisations plots (bottom right) between ruthenium (red), chloride 

(green), and iron (blue) for an A549 cell treated with NKP-1339 for 4 hours (III, IV), 

after mitochondrial staining with MitoTracker Orange. The black bar under the maps 

represents 10 µm. 
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While it was sometimes present (Figure 4.9, II), the majority of 1-hour treated cells 

did not show a strong co-localisation with iron. The iron-ruthenium co-localisations 

largely mirrored those found for KP1019 treated SH-SY5Y cells50, where the regions 

were proximal to the nuclear envelope (Figure 4.8, IV; Figure 4.9, II, III). 

In terms of the mode of action, it is known that cellular gallium uptake due to 

transferrin binding into endosomes perturbs intracellular iron distribution and 

ultimately causes the starvation of intracellular, free iron.40 This could mean that the 

co-localisation of ruthenium and iron observed for NKP-1339 treated cells within this 

study could point to an anticancer activity based on interactions with iron. Whether 

NKP-1339 sequesters iron within the iron uptake endosomes like gallium, or simply 

binds intracellular, free iron, or is involved in Fenton chemistry, is not possible to 

ascertain with this data.  

As seen in the preliminary study the ruthenium distribution does not follow the cell 

thickness, instead it has a distinct, punctate distribution above a lower cytosol 

distribution. Generally the distribution showed nuclear envelope exclusion for the 

ruthenium, suggesting that DNA is not the primary target of NKP-1339. Occasionally 

there were highly localised areas of ruthenium that appeared to overlap with the 

nuclear envelope (Figure 4.8, III), making it uncertain if the clusters are inside the 

cell cytosol region above and below the nucleus, or on the outside of the cells 

mimicking NAMI-A activity. Given there are no clear extracellular clusters of 

ruthenium observed (on cell edges), it is more likely the clumps observed are in the 

cytosol above and below the nucleus. This is further strengthened by the co-

localisation with iron, an intracellular element.  

The results of the mitochondrial staining were largely inconclusive. While some cells 

seemed to show a visual co-localisation of the probe fluorescence and the ruthenium 

distribution (Figure 4.8 I, Figure 4.9 IV), it was not consistent throughout all the 

images. A549 cells did not have a high contrast between the fluorescence of the 

mitochondria in the cytosol and the nuclear envelope, instead having generally high 

fluorescence throughout the cell. Nor did many of the cells display strongly 

asymmetrical or suitably irregular mitochondrial distributions (Figure 4.9 I, III), once 

again making judgements of mitochondrial uptake of NKP-1339 difficult to ascertain. 

Furthermore, if only a subset of mitochondria take up and are affected by NKP-1339 

administration, this would be very difficult to visualise. 
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Attempts to utilise inductively coupled plasma mass spectrometry (ICP-MS) on 

cytosolic and mitochondrial lysates to determine if there was NKP-1339 uptake were 

ultimately also inconclusive due to ICP-MS sensitivity, and a lack of access to 

adequate amounts of the drug to treat the large volumes of cells needed to produce 

viable volumes of mitochondrial lysates to subsequently analyse. 

The perturbations in biological elemental content were quantified (Figure 4.14). 

Figure 4.14 – Intracellular content of biologically relevant elements within A549 cells 

treated with NKP-1339, after mitochondrial staining with MitoTracker DeepRed or 

MitoTracker Orange, as quantified by XFM studies. * Represents p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001. 
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The addition of the mitochondrial probe to the experimental conditions was observed 

to elicit different perturbations (Figure 4.14) to the biological elements than just 

administration of NKP-1339 as in the preliminary study (Figure 4.4).  

In the preliminary study most biological elements had their intracellular levels 

increased, with the exception of copper levels. However, with the introduction of the 

mitochondrial probe, there was instead an observed suppression to the biological 

elements P, S, Cl, and K. This may have been due to not only the addition of the 

mitochondrial probe, but also the modified washing techniques that resulted in the 

removal of the contributions of the S, Cl and K halos that were observed in the 

preliminary study. 

Intracellular calcium levels were supressed at the 1-hour time-course, but had 

recovered by the 4-hour mark, a trend that was mirrored by intracellular zinc levels. 

Iron, in this follow up study showed no marked changes due to NKP-1339 treatments. 

Finally, in this follow up study copper levels were all elevated due to NKP-1339 

treatment compared to the MitoTracker DeepRed controls.  

Figure 4.15 – Intracellular content of ruthenium within A549 cells treated with NKP-

1339, after mitochondrial staining agent MitoTracker DeepRed or MitoTracker 

Orange, as quantified by XFM studies. * Represents p<0.05, ** p<0.01, *** p<0.001. 

Unlike in the preliminary study, the quantified ruthenium content provided a range of 

findings (Figure 4.15). Firstly, while no control cells stained with MitoTracker 

Orange cells were available, there was no significant difference in ruthenium content 

Dee
p R

ed

Oran
ge

0

200

400

600

800

Ruthenium

R
ut

he
ni

um
 C

on
te

nt
 (f

g) Control

1 Hour Treatment

4 Hour Treatment

**

**



 129 

between the 1 and 4-hour NKP-1339 treatment time-courses. However there was a 

significant difference between the two time-courses for the MitoTracker DeepRed 

stained cells. Thus, no definitive determination as to whether uptake has been 

completed after 1-hour, which was not conclusive from the preliminary study, can be 

made due to the conflicting nature of the results between the two stains. 

Furthermore, despite the elemental maps for the control cells showing no discernable 

ruthenium content, the quantified data produced a significant greater content for the 

MitoTracker DeepRed stained control cells than from the preliminary study (7.6 ± 1.2  

fg). It was determined during the fitting that the data set had a higher inelastic scatter 

peak than the data for the preliminary study, which meant that significant ruthenium 

content was fit. This was an irrevocable difference between the two studies, 

preventing any direct comparisons of quantified content levels, instead limiting the 

findings to dealing with comparisons of observed trends within the studies 

individually. 

In a repeat of the preliminary study, contrary to the integrated XFM spectra showing 

no ruthenium K$ peak like the treated cells, a significant amount was quantified (130 

± 30 fg) for the control cells (Figure 4.16). Once again the content quantified for the 

control cell can thus be treated as a measure of noise within the ruthenium fitting. 

Figure 4.16 – Integrated XFM fitted spectrum for a MitoTracker tagged control A549 

cell (left) showing no ruthenium K$ peak within the experimental spectrum (white 

line) despite one being fit to the data (green peak), in contrast to an integrated XFM 

spectrum for a MitoTracker tagged 4-hour, NKP-1339 treated A549 cell (right). 

Ultimately, should more NKP-1339 become available to complete further studies, the 

Ru K$ Ru K$ 
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results show that particular attention needs to be paid towards the choice of 

mitochondrial stain. Each stain appears to have perturbed the sulfur and potassium 

homeostasis of A549 cells differently (Figure 4.14), and this would need to be 

factored into any further research involving these stains both separately and together. 

Had the MitoTracker Orange control cells not been damaged in transit and thus 

analysed, a more direct comparison would be possible and the different effects on the 

homeostasis of each element could be observed without the additional influence of 

the NKP-1339. 
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4.6 - Conclusions and Future Directions 

Future study is required to gain greater insight into the mechanism of action of the 

ruthenium-based anticancer agent NKP-1339. These preliminary studies show that 

the drug is internalised by cancer cells, in a similar fashion to its parent compound 

KP1019. Unlike studies into its parent compound50, there is no nuclear localisation of 

the drug, however, pointing to DNA not being its primary target. Instead it appears to 

collect within the cytosol in highly localised distributions, as well as a much lower 

cytosol-wide distribution. 

Despite this difference, analogous co-localisations between iron and ruthenium 

proximal to the nuclear envelope were observed. This was not unprecedented given 

current consensus regarding the role of transferrin with ruthenium transport. It is 

possible that the perturbation of iron homeostasis within NKP-1339 treated cells 

contributes to its anticancer activity. 

To gain a better understanding of the nature of its co-localisation with iron, a pH-

sensitive endosome fluorescence probe could be used instead of MitoTrackers. This 

would provide an indication of whether the ruthenium is being taken in, but being 

trapped with iron, within the endosomes, thereby starving the cell of iron.  

While versatile, A549 cells did not result in a suitably asymmetrical or irregular 

mitochondrial distribution to investigate mitochondrial uptake. Instead a range of 

other cell lines, preferably with larger nuclear envelopes or more irregular cellular 

morphologies, should be trialled to find a cell line with a reliably unique 

mitochondrial distribution. This would allow for the same experiment to be run 

yielding more informative results. Furthermore, if more NKP-1339 could be attained 

in large enough volumes, then ICP-MS could be once again trialled on cellular 

lysates. This would aid in determining if there is any mitochondrial uptake of NKP-

1339. 

XFM is most commonly used in conjunction with XANES analysis, which provides 

information about speciation, rather than spatial distribution. This would be important 

in ascertaining the oxidation state and localised environment of the ruthenium within 

the cells, and would help confirm NKP-1339’s apparent resistance to ligand 

exchange. It has been previously utilised to observe ruthenium moieties that result 

from the pro-drug treatment of NAMI-A and KP1019 in cells and solution.7,8,39,57  
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Chapter 5. Summary of outcomes and future directions 

This thesis presented a selection of examples where synchrotron-based spectroscopic 

techniques were used to explore the cellular metallome, focusing on perturbations due 

to treatment with therapeutic and diagnostic agents. A broad range of cellular models, 

differing biometal-containing agents as well as combinations with standard laboratory 

techniques were used to highlight both the unique capabilities of synchrotron-based 

techniques in addition to their potential to complement pre-existing established 

techniques. 

The biometals of interest were characterized and visualised by X-ray absorption 

spectroscopy (XAS) and X-ray fluorescence microscopy (XFM) within cellular 

samples directly. From this data, in addition to the disruptions to the cellular 

metallome, mode of action information was also obtained for the luminescent 

rhenium probe and the neuroprotective selenium-based agent.  

Firstly, the intracellular fate of a luminescent rhenium(I) tricarbonyl tetrazolato 

complex probe within 22Rv1 human prostate epithelial carcinoma cells was explored. 

It was demonstrated that the cellular distribution of the luminescent imaging agent 

could be determined by monitoring the luminescence from the compound using 

optical microscopy and then correlated with the cellular distributions of rhenium and 

iodine contained in the species within the same samples as measured using micro- 

probe X-ray fluorescence imaging.  

Quantitation of cellular elemental contents arising from integrated XRF signals 

showed that the homeostasis of some biological elements was disrupted by treatment 

with the Re-I probe and that this may be used to identify subtle impacts of imaging 

agents on cellular homeostasis. The XRF imaging study also indicated that the 

distributions of rhenium and iodine were very similar, which indicated that the 

complex remained intact in the cells after uptake.  

A combination of XAS and XFM was employed to investigate the neuroprotective 

action purported for diphenyl diselenide. This was achieved by treating SH-SY5Y 

human neurocarcinoma epithelial cells with more water soluble diphenyl diselenide 

analogues; bis(2-aminodiphenyl)diselenide and bis(2-nitrodiphenyl)diselenide. The 

XAS and XFM results were then compared to those for the known stroke-mitigation 

drug Ebselen. Of the two analogues only bis(2-aminodiphenyl)diselenide was 
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observed to delay oxidative-stress induced cell death in cytotoxicity assays. 

The distinct chemistries of the related compounds were traced by the changes in 

selenium speciation in bulk pellets of treated SH-SY5Y cells detected by X-ray 

absorption spectroscopy. Further, bis(2-aminophenyl)diselenide, like the known 

stroke mitigation agent Ebselen, was observed by XFM to penetrate into the nucleus 

of SH-SY5Y cells while bis(2-nitrophenyl)diselenide was observed to be excluded 

from the nuclear region. The differences in activity were thus attributed to the varied 

speciation and localisations of the drugs, or their metabolites, as detected by XAS and 

XFM.  

From these two studies it can be seen that the advantageous, simultaneous collection 

of metallome and mode of action information can provide a pathway to exploring 

neurological diseases and disorders, the production of better therapeutic agents, and 

could be used diagnostically in medicine.  

Finally, the anticancer action of NKP-1339, a KP1019 analogue, within A549 human 

lung adenocarcinoma epithelial cells was investigated. Initially a co-localisation of 

NKP-1339, or its ruthenium-containing metabolites, with intracellular iron and copper 

was observed. Subsequent attempts to visualise a mitochondrial compartmentalisation 

of the NKP-1339 or its ruthenium-based metabolites utilising a combination of optical 

and synchrotron-based fluorescence microscopy were unsuccessful. 

Results appeared to support that NKP-1339 was a KP1019 analogue, with prominent 

cellular uptake. Furthermore, XFM showed that the two chosen mitochondrial probes; 

MitoTracker DeepRed and MitoTracker Orange, perturbed homeostasis in different 

ways. Thereby highlighting the importance of thorough consideration of the effects of 

probes for future studies, and the need for careful attention towards the controls to 

understand these probe-based perturbations.  

The studies into the Re-I probe and diphenyl diselenide analogues showcased the 

power of synchrotron-based spectroscopic techniques yielding mode-of-action 

information as well as visualising the effects of the biometal-containing agents on the 

intracellular metallome. The study into NKP-1339, while largely unsuccessful, did 

provide similar information related to the perturbation of the intracellular metallome 

while not yielding conclusive mode-of-action information.  

While access to beam-time at synchrotron facilities remains a limiting factor, it is 
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expected that the successes of synchrotron-based techniques within the realm of 

metallomics will aid in standardising the usage of such techniques. However, while 

the ability to work with and image biometals in hydrated samples is powerful, there is 

a need to understand the effects of the radiation damage during imaging as well as 

other limitations of XAS and XFM. 
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Abstract Single drug-based cancer therapies are fre-
quently associated with the development of drug resistance.

To overcome this problem, combination therapy with two

or more anticancer drugs is a promising strategy, but
clinical studies are logistically challenging and costly.

Intermediary in vitro studies, however, can provide critical

insight to decide whether one should proceed to in vivo
studies. To this end, cisplatin and the Ru-based anticancer

drug NAMI-A were added to human plasma and the size

distribution of Pt-containing and Ru-containing entities
was determined over a 2 h period. The results revealed a

dramatically different rate of plasma protein binding for

each drug and/or their hydrolysis products. Both drugs
bound to the same apparent plasma proteins, but crucially

they did not adversely affect each other’s metabolism.

Therefore, combination therapy of patients with these
metallodrugs should be further assessed in clinical studies

in order to systematically develop an effective combination

therapy protocol to prevent the resurgence of cancer.

Keywords Cisplatin ! NAMI-A ! Combination therapy !
Plasma ! Size-exclusion chromatography

Although cisplatin (Fig. 1a) is one of the most widely used
Pt-based anticancer drugs [1], the Ru-based drug imi-

dazolium trans-(dimethyl sulfoxide)(imidazole)tetrachlo-

roruthen(III)ate (also referred to as ‘‘new antitumor
metastasis inhibitor A’’ or NAMI-A; Fig. 1b) has only

recently entered clinical trials [2, 3]. A major problem that

is frequently encountered during cancer treatment with a
single drug is the development of resistance [4, 5]. The

coadministration of two drugs that target different bio-

chemical pathways has considerable potential to circum-
vent drug resistance. In addition, combination therapy can

also assist in increasing the effectiveness of treatment.

Indeed, the treatment of tumor-implanted mice with cis-
platin and NAMI-A was twice as effective as treatment

with either drug alone [6]. Given that cisplatin and NAMI-

A are each administered intravenously to patients (single
drug-based therapy) and target different molecular path-

ways [2, 7, 8], potential problems that may arise during

combination therapy are an increased risk to patients or a
reduced efficacy compared with when each drug is given

alone [9]. Since cisplatin and NAMI-A each interact with
plasma proteins [10, 11] and because these interactions

critically determine which molecular form of the drug

reaches the tumor [12, 13], it is important to assess whether
these metal-based drugs may mutually affect their plasma

protein binding, thereby reducing their overall efficacy. To

this end, it has been reported that combination therapy with
the anticancer drugs vincristine and doxorubicin can result

in antagonistic effects [14]. Although the competitive

plasma protein binding of cisplatin and NAMI-A has been
studied in vitro using polyacrylamide gel electrophoresis

and laser ablation inductively coupled plasma mass spec-

trometry (LA-ICP-MS), human serum albumin (HSA)
depleted and diluted human plasma was used [6]. In that

study, these drugs were added simultaneously and plasma
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was analyzed only 24 h after incubation [6]. Both drugs

appeared to bind to the same plasma proteins, and cisplatin
did not affect the binding of NAMI-A or vice versa [6].

Considering that combination therapy appears to be a

promising strategy to treat cancer patients [10], it is
important to probe the effect of different orders of addition

of these drugs on the dynamics of their biotransformation
immediately after their additions to undiluted human

plasma. The results of such an investigation could provide

guidance prior to assessing this particular drug combina-
tion in clinical studies.

We added therapeutically relevant equimolar doses of

cisplatin and NAMI-A to plasma from a healthy human
volunteer and analyzed the mixture with a bioanalytical

method which can rapidly determine the size distribution of

multiple metal species (see electronic supplementary
material) [15, 16]. This method is based on the injection of

plasma onto a size-exclusion chromatography (SEC) col-

umn to separate the plasma proteins. Simultaneous on-line
detection of the metal entities in the column effluent is

achieved with an inductively coupled plasma atomic

emission spectrometer (ICP-AES) [17]. Analysis of plasma
by SEC–ICP-AES provides unique insight as it can simul-

taneously detect the hydrolysis and protein binding of dif-

ferent metal-based drugs as well as their effect on
endogenous plasma metalloproteins. Since this method

allows the rapid and direct analysis of plasma (in less than

40 min) using phosphate-buffered saline (PBS) as the
mobile phase (pH 7.4), it can be ideally applied to visualize

dynamic bioinorganic processes which involve metals [15,

18]. To this end, SEC–ICP-AES was used to investigate the
metabolism of cisplatin and NAMI-A in human plasma over

a 2 h period. Importantly, this approach takes into account

the effect that endogenous chloride and carbonate in plasma
have on the biotransformation of these complexes.

Cisplatin was added to human plasma (final concentra-

tion 130 lM [19]) and the mixture obtained was incubated
at 37 "C. The Pt distribution was determined 15 and

65 min later (control experiment), and the results were

comparable to those obtained previously [20]. Then,

equimolar doses of cisplatin and NAMI-A were added to
plasma: cisplatin was added first, followed by NAMI-A

(experimental set 1), or cisplatin and NAMI-A were added

simultaneously (experimental set 2), or NAMI-A was
added first, followed by cisplatin (experimental set 3). The

addition of cisplatin and NAMI-A resulted in total peak

areas which were identical to those in the respective control
experiment (total area for all experiments, Pt 7,479 ± 121,

Ru 17,420 ± 438). No effect of the addition of either

cisplatin or NAMI-A on the plasma distribution of Cu, Fe,
Zn, Ca, or Mg was observed (data not shown). In experi-

mental set 1, plasma was incubated with cisplatin for 1 h

and then for an additional 10 min after the addition of
NAMI-A. The results (Fig. 2, panel a, solid pink line)

revealed that 36.9 % of total Pt was protein-bound (pink-

shaded area in Fig. 2), whereas 63.1 % eluted in the form
of cisplatin and cisplatin hydrolysis products (these will be

collectively referred to as low molecular weight—LMW—

Pt species). When this mixture was analyzed again 50 min
later (i.e., 1 h after addition of NAMI-A; Fig. 2, panel a,

dashed pink line), the protein-bound Pt fraction had

increased to 52.1 %, whereas the LMW Pt fraction had
decreased to 47.9 %. In experimental set 2, the mixture

obtained was analyzed after incubation for 10 min (Fig. 2,

panel a, solid red line) and 1 h (Fig. 2, panel a, dashed red
line). The results from the 10-min time point revealed a

protein-bound Pt fraction of 6.2 % and an LMW Pt fraction
of 93.8 %. At the 1-h time point, the protein-bound Pt

fraction had increased (30.1 %) and the LMW Pt fraction

had decreased (69.9 %). Experimental set 3 involved
spiking plasma with NAMI-A, incubation for 1 h, spiking

this mixture with cisplatin, a further 10 min incubation,

and then analysis. The observed protein-bound Pt fraction
was 6.0 % and the LMW Pt fraction was 94.0 % (Fig. 2,

panel a, solid brown line). The results obtained at the 1-h

time point (Fig. 2, panel a, dashed brown line) revealed
that 27.8 % of total Pt was protein-bound, whereas only

72.2 % remained as LMW Pt species.

When plasma was spiked with NAMI-A only and ana-
lyzed 10 min and 1 h later, the Ru distribution was

essentially the same as that observed for all three experi-

mental sets (Fig. 2, panel a). Although approximately
92.5 % of Ru was protein-bound (to the same apparent

plasma proteins as cisplatin; Fig. 2, panel a), approxi-

mately 7.5 % eluted as one apparent LMW Ru species.
NAMI-A-derived Ru species are known to have a high

affinity for plasma proteins, such as HSA [7, 21, 22] and

transferrin [22]. The minor decrease in the intensity of the
single LMW Ru species between 10 min and 1 h (retention

time tr *1,240 s; Fig. 2, panel b) can be rationalized in

terms of its binding to plasma proteins. Since these results
cannot be attributed to the reduction of Ru(III) [7, 23, 24],

Fig. 1 Molecular structures of a cisplatin and b new antitumor
metastasis inhibitor A (NAMI-A)
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our findings demonstrate that the binding of NAMI-A

derived hydrolysis products to plasma proteins is essen-

tially complete within 10 min and is not influenced by

cisplatin, whatsoever. The fact that each drug-derived

metal species appeared to bind to the same plasma proteins

can be rationalized in terms of their different binding sites

Fig. 2 Representative size-
exclusion chromatography—
inductively coupled plasma
atomic emission spectrometry
(SEC-ICP-AES) derived Pt-
specific (a) and Ru-specific
(b) chromatograms obtained
after the addition of cisplatin
(CP) and NAMI-A in different
sequences to human plasma and
to phosphate-buffered saline
(PBS-buffer) (c), 10 min and
1 h after incubation at 37 "C.
Equimolar plasma
concentrations of CP or NAMI-
A were used (130 lM). The
stationary phase was a Superdex
200 10/300 GL (30 9 1.0 cm
inner diameter, 13 lm particle
size) SEC column at 22 "C, the
mobile phase was PBS (0.15 M,
pH 7.4), the flow rate was
1.0 mL/min, the injection
volume was 500 lL, and ICP-
AES detection at 214.423 nm
(Pt) and 240.272 nm (Ru). The
retention times of the molecular
markers are depicted on top.
The pink-shaded area indicates
the protein-bound fraction. The
shoulder (asterisk) on the peak
that gradually developed was
caused by a 2-mm gap that
formed on the column head
owing to the viscosity of human
plasma, similarly to previous
observations [30]. (simult.
simultaneous)
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on the same plasma proteins [8, 25, 26], which in turn may be

attributed to the different Lewis acidities of Pt(II) and Ru(III)
[2, 23]. The HSA concentration in plasma was approxi-

mately 660 lM and the transferrin concentration was

approximately 35 lM. Since the concentration of pharma-
cologically relevant doses of each drug added to plasma was

130 lM (260 lM in total), the excess of HSA precludes a

competitive interaction of these drugs for protein binding
sites as a mechanism of action. One may envision, however,

that in principle these two metal-based drugs may be

metabolized in plasma (which contains approximately
103 mM chloride [27]) to species that form a halide-bridged

complex with Pt and Ru similar to a synthetic complex that

has been reported previously [28]. Therefore, our studies
represent an in vitro approach to better understand the

interplay between drug metabolism and drug transport to

elucidate drug–drug interactions [29] before more expensive
in vivo studies with patients are initiated [30].

To rationalize the results that were obtained with

plasma, cisplatin was added to PBS-buffer, the mixture was
incubated for 1 h, and then NAMI-A was added. Sub-

sequent analysis 10 min and 1 h later revealed that a large

fraction of Pt (Fig. 2, panel c) was present as the parent
drug (see the dotted line pertaining to cisplatin in Fig. 2)

and that a Pt-containing hydrolysis product was detected in

both PBS-buffer and plasma [18]. The Ru-specific chro-
matogram that was obtained at the 10 min time point

revealed two peaks (peak 1, tr *1,284 s, and peak 2,
tr *1,537 s; Fig. 2, panel c) which were not observed in

plasma (Fig. 2, panel b). We tentatively assign peak 2 as

NAMI-A and peak 1 as a primary hydrolysis product
(comparatively much less intense Ru peaks were also

detected in between). At the 1 h time point, only one Ru

peak (peak 3, tr *1,240 s) was detected, and this had a
retention time similar to that of the LMW Ru peak in

plasma (see the dotted line pertaining to Ru species in

Fig. 2). On the basis of the shorter retention time of this
peak compared with Ru peak 1 (observed at the 10 min

time point), peak 3 likely corresponds to a secondary

hydrolysis product of NAMI-A. These results are in accord
with previous observations where NAMI-A underwent

stepwise hydrolysis via ligand exchange of Cl- and/or

dimethyl sulfoxide with water molecules [7, 21].
The results that were obtained with PBS-buffer are

useful to interpret the results obtained after both metal-

based drugs had been added to plasma. The Pt results
corresponding to the LMW elution range were qualitatively

similar between plasma and PBS-buffer (Fig. 2, panel a vs

panel c), suggesting a closely related solution chemistry.
With regard to NAMI-A, essentially all Ru was protein-

bound within 10 min regardless of the presence of cisplatin

and the order of addition. In contrast to cisplatin, only one
residual LMW Ru peak was observed in plasma, whereas

more than three Ru peaks were observed in PBS-buffer (of

these, peak 3 was also present in plasma). The fact that Ru
peak 2 (and potentially peak 1) was not detected in plasma

implies that the protein binding of NAMI-A-derived Ru

species is essentially complete within 10 min, whereas
cisplatin hydrolyses in plasma at a comparatively slower

rate. The data that were obtained 10 min and 1 h after

incubation revealed that the fraction of Ru which eluted as
peak 3 was still present in plasma within 2 h of addition of

NAMI-A, indicating that this Ru species does not bind to

proteins, whereas the Ru species corresponding to peaks 1
and 2 appear to bind. This implies that an equilibrium

partitioning of LMW Ru species and protein-bound frac-

tions is established rather rapidly. In addition, the presence
of Ru peak 3 in plasma at 10 min and its absence in the

PBS-buffer experiment at the corresponding time point

indicate that its generation is enhanced by a component of
plasma that is not present in PBS-buffer.

Conclusions

Using a metallomics tool allowed us to simultaneously
observe the metabolic fate of two metal-based anticancer

drugs, namely, cisplatin and NAMI-A, after their addition to

human plasma in vitro. A previous investigation with these
particular metal-based drugs and using tumor-implanted

mice as a model clearly demonstrated that combination
therapy is effective (approximately 60 % decrease in lung

metastasis) compared to when each drug is administered

alone (approximately 30 % decrease in lung metastasis) [6].
The in vitro results of that investigation revealed no adverse

effect of one drug on the plasma protein binding of the other

24 h after both metal-based drugs had been simultaneously
added to HSA-depleted and diluted human plasma [6].

Using a recently developed metallomics approach, we

extended these studies using whole human plasma to assess
the effect of the order of addition of cisplatin and NAMI-A

on their mutual metabolism and plasma protein binding

over a 2 h period. In addition, we complemented these
experiments with studies using PBS-buffer. No mutual

perturbation of the metabolism of these metal-based drugs

was detected in plasma (Fig. 2, panels a and b) regardless of
their order of addition. The results obtained with PBS-

buffer provided critical insight to rationalize the dynamic

solution chemistry of cisplatin and NAMI-A in plasma.
Taken together, these data along with the demonstrated

efficacy of this anticancer drug combination in mice [6]

support clinical studies to further explore combination
therapy with these metal-based drugs.
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