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TUTORIAL REVIEW

The use of X-ray absorption and synchrotron based
o , micro-X-ray fluorescence spectroscopy to investigate
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3,597 anti-cancer metal compounds in vivo and in vitro

Alfred A. Hummer and Annette Rompel*

X-ray absorption spectroscopy (XAS) and micro-synchrotron based X-ray fluorescence (micro-SXRF) are element
specific spectroscopic techniques and have been proven to be valuable tools for the investigation of changes in
the chemical environment of metal centres. XAS allows the determination of the oxidation state, the
coordination motif of the probed element, the identity and the number of adjacent atoms and the absorber—
ligand distances. It is further applicable to nearly all types of samples independent of their actual physical state
(solid, liquid, gaseous) down to pM concentrations. Micro-SXRF can provide information on the distribution and
concentration of multiple elements within a sample simultaneously, allowing for the chemical state of several
elements within subcellular compartments to be probed. Modern third generation synchrotrons offer the
possibility to investigate the majority of the biologically relevant elements. The biological mode of action of
metal-based compounds often involves interactions with target and/or transport molecules. The presence of
reducing agents may also give rise to changes in the coordination sphere and/or the oxidation state. XAS and
micro-SXRF are ideal techniques for investigating these issues. This tutorial review introduces the use of XAS
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and micro-SXRF techniques into the field of inorganic medicinal chemistry. The results obtained for platinum,

www.rsc.org/metallomics ruthenium, gallium, gold and cobalt compounds within the last few years are presented.
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number of diseases, but it was in 1965 when Rosenberg et al.
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first encountered the anti-tumoural activity of cisplatin.' Since
then intensive research in the field of tumour inhibiting metal
complexes has been undertaken. X-ray absorption spectroscopy
(XAS) is an important tool for the examination of structurally
undefined heterogeneous systems. There are several review articles
on the anti-tumoural activity of metal complexes®® as well as the
application of XAS”** and micro-SXRF">™ in biological systems or
bioinorganic chemistry. This review will provide a glimpse into the
possibilities, applications and outcomes of these spectroscopic
techniques in metal based cancer research.

It focuses on the metal complexes of platinum, gallium,
ruthenium, gold and cobalt which were recently investigated
using XAS and micro-SXRF, and are promising candidates for
use as anti-cancer agents.

The first section of this article will give an overview of XAS
and micro-SXRF and their underlying principles. The following
sections will discuss the proposed modes of action of compounds
comprised of the aforementioned metals and present the latest
results of XAS and micro-SXRF investigations and their contribu-
tions to the clarification of the in vivo pathways.

1.1. X-ray absorption spectroscopy in a nutshell

XAS is a method which probes the core-shell electrons of an
atom (1s, 2s or 2p) by means of X-rays. Corresponding to the energy
levels of the core shell electrons of the probed element, the X-rays
will be absorbed at distinct energies displayed in a sudden rise in
the absorption spectrum. This increase in absorption is called the
X-ray absorption edge or edge. According to the energy state of the
excited electron the edges are named K (1s), Ly (2s) and Ly and Ly
(2p1/2 and 2ps,). The sector from 30 electron volt (eV) below and up
to 50 eV above the edge is called the X-ray absorption near edge
structure (XANES) and the ongoing spectral features are called
extended X-ray absorption fine structure (EXAFS). In the XANES
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regime the electrons are excited into the lowest unoccupied
bound state orbitals (LUMO) just above the Fermi energy. In the
case of EXAFS the electrons are promoted into higher energy
states (the so called continuum), creating a photoelectron and
interacting with the surrounding atoms.’ The constructive and
destructive interactions of the photoelectron with the back-
scattering from adjacent atoms give rise to the well known
oscillations in EXAFS (see Fig. 1). XANES gives important
information about the oxidation state, the electronic structure
of the absorber-ligand environment and the coordination
motif of the excited atom, whereas EXAFS is suitable to deter-
mine the absorber-ligand distances and the number and the
type of the nearest neighboring atoms (up to about 4 A).

The analysis of the absorption spectra, their features and the
underlying principles are discussed elsewhere.'® " For further
reading introductory books of Bunker,'® de Groot and Kotani,**
and Stéhr,>* and review articles'®>*?> covering the underlying
principles, applications and analysis of XAS can be recommended.
Furthermore, the articles of Rehr and Albers*® and Ankudinov
et al”” discuss the theoretical models applied to XAS in detail. A
historical overview of the development of XAS is given in the
reviews of Lytle*® and Stumm von Bordwehr.*

1.2. Microprobe synchrotron based X-ray fluorescence

Micro-synchrotron based X-ray fluorescence (micro-SXRF) or micro-
synchrotron radiation induced X-ray emission (micro-SRIXE)*® uses
X-ray beams focused to spot sizes ranging from hundreds of pm?>
down to the nm* range. The sample stage is moved in a fixed
distance horizontally and vertically relative to the incoming beam
to raster the desired sample area. Depending on the beam size and
collection time per spot the distribution and concentration profiles
of larger sample areas or subcellular structures can be monitored.
When collecting SXRF data all elements with lower edge
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Fig. 1 Center: XAS spectrum of ruthenium compound 19 KP1019 collected in transmission mode (structural formula see Fig. 7). Right: extracted fine structure
(EXAFS) and Fourier transform (FT) thereof. Left: the normalized XANES spectrum and the normalized derivative f'(x).
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energies than the incident one are excited and the corre-
sponding spatial distribution data of these elements are
collected at once. Micro-SXRF is applied in anti-cancer research
to study the two dimensional distribution and concentration
of metals and other biologically important elements, like
phosphorus or sulfur, in cell or tissue samples. Thus, the direct
assignment of the metal distribution to specific biological
functions and targets is possible, e.g. DNA binding or accumulation
in membrane regions. To quantify the elements in the tissue or
cells the collected spectra and peak intensities must be calibrated
against a standard of known composition and concentrations of
the elements in question.'>'**"

1.3. Application of XAS in biological systems

XAS can be applied independently of the actual physical state
(solid, liquid, gaseous) and does not require any long range order.
It has evolved into a standard measurement technique in the
study of amorphous materials and in bioinorganic chemistry.'***
Especially in the investigation of spectroscopically silent metals
like Au(i), Zn(u), Ga(m) and K(i), Ca(u), Mg(u) with a full or an
empty d-shell it is one of the few techniques which can obtain
valuable structural information.?® XAS is elemental specific and
the elements Pt, Ru, Ga, and Au are not naturally abundant
chemical species in biological tissues. This makes XAS an ideal
choice for the study of anti-tumoural compounds.*

2. Platinum compounds

In the last few years the research in the field of Pt(i) complexes
focused on cisplatin (1)," carboplatin (2),** oxaliplatin (3),** and
nedaplatin (4).>*® These compounds are available commercially
and are in clinical use worldwide (1 cisplatin, 2 carboplatin and 3
oxaliplatin, Fig. 2), or at least in one country: 4 nedaplatin (Japan,
Fig. 2),°**" heptaplatin (5, Republic of Korea, Fig. 2)***” and
lobaplatin (6, China, Fig. 2).*° Today these drugs are mostly used
in combined treatment plans.*®*!

The pharmacological mode of action is supposed to be
similar for 1 cisplatin, 2 carboplatin, 3 oxaliplatin and 4
nedaplatin.*” The complexes can be seen as pro-drugs activated
through hydrolysis, ending in an active diamine-diaquo-platinum
complex (diaminocyclohexane-diaquo-platinum for 3 oxaliplatin).*>
The difference in their cytotoxicity is found to be due to their
differing pharmacokinetic behaviour, mainly governed by the
velocity of aquation of the leaving ligands chloride (1 cisplatin),
cyclobutane (2 carboplatin), the oxalate group (3 oxaliplatin) and
the glycolate moiety (4 nedaplatin).*>** The tumour inhibiting Pt(u)
complexes are supposed to form adducts with amine groups of
proteins, RNA and DNA. Mainly the crosslinking of guanine (N7
position) and adenine residues in DNA is thought to be the major
cause of cytotoxicity. The crosslinking occurs within the same
strand (intrastrand) and between different strands (interstrand).
The bending of the DNA strand prohibits proper DNA transcription
and the large number of crosslinks overwhelms the DNA repair
mechanisms.*? Thus, cells with enhanced DNA repair mechanisms
tend to exhibit a resistance to 1 cisplatin.**** Although DNA is a
major target for platinum drugs it is not necessarily the only
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Fig. 2 Top: the most prominent Pt(1) anti-cancer drugs today: cis-diammine-
dichloroplatinum(i) (1, cisplatin), cis-diammine(cyclobutane-1,1-dicarboxylate-O,0')-
platinum(i) (2, carboplatin), [(1R,2R)-cyclohexane-1,2-diamine](ethanedioato-0O,0’)-
platinum(i) (3, oxaliplatin), (diammine[hydroxyacetato(2-)-O,0’]platinum(i)
(4, nedaplatin). Center: [propanedioato(2-)-0,0'][2-(1-methylethyl)-1,3-dioxolane-
4,5-dimethanamine-N,N']platinum(n) (5, heptaplatin), [2-hydroxypropanoato-
(2-)-01,02][1,2-cyclobutanedimethanamine-N,N'Iplatinum(i) (6, lobaplatin), and
the intercalators [Pt(5,6-dimethyl-1,10-phenanthroline)(trans-1R,2R-diaminocyclo-
hexane)** (7, [S6MERR]), and [Pt(5,6-dimethyl-1,10-phenanthroline)(trans-1S,2S-
diaminocyclohexane)]z* (8, [S6MESS]). Bottom: the Pt(i) complexes: [trisammine-
chloroplatinum(mI™ [Pt()CI(NH3)s]" (9), PtIN(p-HCgF4)CH,lopy, (12, Pt103), cis-
ammine(3-bromopyridine)dichloroplatinum(i) [PtCl,(3-Brpyr)(NHs)] (16, Brpyr =
3-bromopyridine), and a platinum complex with an anthrachinone ligand
[PtCl»(2C3)(NH3)] (18, Pt-2C3).

cause of cell death and treated cells showing no DNA damage
have undergone apoptosis.**

Apart from the aforementioned Pt(u1) complexes, there exists
much interest in the use of Pt(iv) complexes as pro-drugs.*>*®
Their mode of action is less understood and reduction of the
Pt(wv) precursor to a Pt(u) pro-drug followed by a hydrolysis step
is argued (Fig. 3)."” The higher stability of octahedral Pt(iv)
complexes under physiological conditions reduces unwanted
interactions with non-DNA biological nucleophiles and Pt
related severe side effects.’®*® The main goals in the develop-
ment of Pt(iv) complexes are: (i) oral application of Pt(wv)
compounds, (ii) increase of its target selectivity (compared to
Pt(u) complexes) via the modification of the axial ligands, and
(iii) decrease in non-specific interactions (particularly with
thiols) en route to the target sites, by increasing its kinetic
inertness.*”*® One approach to overcome the early reduction
through gastric juices is the use of nanobased delivering
systems like carbon nanotubes, gold based nanoparticles and
polymeric nanoparticles.”> Nonetheless, up to now, no Pt(iv)
compound has reached the status of an approved cancer drug
(albeit entered clinical trials).”*”*°

Metallomics, 2013, 5,597-614 | 599


https://doi.org/10.1039/c3mt20261e

Open Access Article. Published on 08 March 2013. Downloaded on 4/9/2026 5:59:58 AM.

o] o)
OH * /U\o - )\o
HaN \ \NH, H3Nu_| ' | \NH, 'L”\NH:,
Pt Pt Pt t
HaNT | NBA” | s 7| NH,
OH YO ; YO
o} o)
10 11 13 14
X
O~ "CHyBr X
TH NH \ NH ’ ‘ “d
.. | NH3 .| NH; H3N, | .CI H3N
TRt Pt e 7—4 DL
| SNH; | “NH; HaN" | i HsN
e
o O._CH,Br X
g +V +l
o)
15 17 reduction scheme Pt(IV) to Pt(ll)

Fig. 3 The platinum(v) complexes. Top: trans,mer-[Pt(iv)CI(OH)>(NH3)s]* (10),
cis,trans, cis-[PtCl,(OAC)»(NH3)(NBA)] (NBA = n-butylamine) (11), cis-[Pt(iv)Cl4(NHs),]
(13), cis, trans,cis-[Pt(v)Cl,(OAC)>(NHs),] (14). Bottom: cis,trans,cis-[Pt(iv)Cl>(OH)>(NH3),]
(15), and cis trans, cis-[PtCl,(OACBr)»(NHs),] (OACBr = bromacetato) (17), and the Pt(v)
to Pt(i) reduction scheme.

Metallointercalators are a new class of platinum(u) DNA-
damaging compounds active against 1 cisplatin and 3 oxaliplatin
resistant cell lines.**™" Dillon reported the synthesis and the
mechanism of action of metallointercalator compounds, among
them the platinum complexes [S6MERR] (7, Fig. 2) and [56MESS]
(8, Fig. 2).>*> 7 [56MERR] and 8 [S6MESS] are isomers possessing
planar aromatic rings which can be inserted between the DNA base
pairs. This non-covalent interaction unwinds the DNA double
helix and is further stabilized through an overall positive
charge of the complex. The resulting high selectivity for DNA
make them promising highly toxic anti-cancer agents.”

2.1. XAS and micro-SXRF investigations on platinum

One of the first investigations on Pt anti-cancer compounds by
means of XAS dates back to 1978 when Teo and Lippard et al.
studied the binding of 1 cisplatin to calf thymus DNA.>* Since
then, XAS has proven to be an invaluable technique in probing
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the reduction of Pt(v) to Pt(u), as well as the changing coordina-
tion environment of the Pt(u) in cellulo and in different media
environments.

2.1.1. The reduction of platinum(wv) to platinum(u). XANES
spectroscopy is a method of choice to quantify the proportion
of platinum in its Pt(iv) and Pt(u) states in highly heterogeneous
media (Fig. 4). Hambley et al.’* presented a method whereby the
ratio a/b of the absorbance maximum at the white line ¢ and the
post edge minimum b is linearly related to the content of Pt(iv),
which was used to determine the percentage of Pt(iv) present in
an unknown sample. Daly et al>® applied this concept of the
Pt(v)/Pt(ir) ratio determination to determine the extent of
reduction of the triamine platinum complexes 9 (Fig. 2) and 10
(Fig. 3) in cells.>® A2780 ovarian cancer cells were treated with 10
and XANES spectra were recorded from the pelleted cells. The
proportion of Pt(iv) was determined to be 63% after 2 h and 13%
after 24 h of incubation. The results showed the possibility of
stabilizing triamine Pt() complexes as Pt(iv) complexes with
longer lifespans under reducing conditions.

In a recent paper*® the validity of the Pt(iv)/Pt(u) ratio method
was further expanded to a number of platinum(wv) and platinum(i)
complexes with different coordination spheres, and in different
isomeric arrangements.*® The XANES spectra of six Pt(n) and twelve
Pt(v) complexes were collected in phosphate buffered saline (PBS
buffer). The standard curves were constructed with solutions of
the Pt(v) complexes and their corresponding Pt(u) analogues in
fixed molar ratios from 0% to 100% Pt(1v). The obtained ratios
a/b were the same for all Pt(u) complexes. In the case of the
Pt(1v) compounds the ratios a/b increased with the number of
oxygen ligands in the first coordination sphere. Nevertheless in all
cases the linear relationship between the ratio a/b and the Pt(wv)
content was preserved. The reduction of Pt(iv) was monitored in
cell growth medium (after 2, 14 and 24 h) and in A2780 ovarian
cancer cells treated with the cis- and ¢rans-Pt(v) anti-tumoural
compounds (after 2 and 24 h). The overall stability of the Pt(iv)
complexes in cell growth medium was higher, presumably as a
result of the decreasing reducing power of the medium over time
due to the oxidative effects of air. The stability of the compounds

0 10 20 0 40 50 60 70 80 90 100
% Platinum(IV)

Fig. 4 Left: XANES spectra of 1 cisplatin (Pt(i), dashed) and 15 (Pt(iv), solid) complexes. Right: linear fit of the peak height ratio a/b extracted from 15 (Pt(iv))/1 (Pt(n))
standard mixtures. Reprinted (adapted) with permission from M. D. Hall, G. J. Foran, M. Zhang, P. J. Beale, and T. W. Hambley, J. Am. Chem. Soc., 2003, 125, 7524-7525.

Copyright 2003 American Chemical Society.
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in A2780 cells was lower, with most of the ¢rans-Pt(iv) complexes
reduced after 2 h, whereas the cis-Pt(iv) complexes were revealed
to be more stable.®

2.1.2. Platinum compounds in the presence of reducing
agents. Nemirovski et al®’ studied the reduction of the
platinum(v) compound 11 (Fig. 3) by sodium ascorbate.’”
The reduction process was monitored using ['H, "*C] and ['H,
5N] heteronuclear single quantum coherence nuclear magnetic
resonance (HSQC-NMR). The intermediate peak present in the
NMR spectra was identified with respect to its oxidation state
using XANES. The Pt(v)/Pt(u) ratio was determined with the
peak height ratio method developed by Hall et al,>* which
made it possible to quantify a ratio of 20% Pt(iv) to 80% Pt(u) in
the intermediate reaction mixture.

Studies on the interaction of 1 cisplatin and 2 carboplatin
with reduced glutathione (GSH) were conducted by Obata
et al.>® As explained in Section 7, elements next to each other
in the periodic table are hard to distinguish in XAS analysis.
However, the replacement of light scatterers (e.g. N/O) through
heavy scatterers (e.g. S/Cl) is possible and was studied with Pt
Lyredge EXAFS in this article. The experiments were carried out
in PBS buffer at room temperature in the presence of 10-fold
excess GSH. The N/O peaks in the Fourier transform (FT) of
the EXAFS at around 1.6 A decreased monotonically whereas
the CI/S peak at around 2.0 A increased in the same manner.
Following 180 and 930 min, a vast majority of the N/O ligands
were observed to be exchanged for 1 cisplatin and 2 carboplatin.
The advantage of EXAFS in monitoring these highly heterogenic
systems without the need of labelling with expensive isotopes
like **N or '**Pt was clearly shown.

2.1.3. Stability of platinum complexes in solution. Provost
et al. made several studies on the Pt(i1) compounds 1 cisplatin, 2
carboplatin and 3 oxaliplatin.>*** The reactions of these three
compounds in chloride containing solutions of different pH
values were studied.®®®* XANES and EXAFS analyses showed that
2 carboplatin decomposed to 1 cisplatin under acidic conditions
and at chloride concentrations >0.9% w/w. The compound 3
oxaliplatin was shown to be less stable, with slowest degradation
rates in neutral NaCl solutions sped up with decreasing pH values.
In a subsequent study® the degradation of 3 oxaliplatin from
its original configuration diammino-cyclohexane-Pt(i)-oxalate
(DACH-Pt(n)-Ox) (Fig. 2) to DACH-Pt(u)}-Cl, could be shown,
applying multiple scattering EXAFS analysis. The decomposition
product was the same in neutral NaCl and acidic hydrochloric
acid solutions. The fact that 2 carboplatin and 3 oxaliplatin
decompose to 1 cisplatin or cisplatin-like drugs in chloride
containing solutions is of high importance for the formulation
and storage of infusion solutions. With a view to minimize the
severe side effects — for example nephro- or ototoxicity - of 1
cisplatin, 2 carboplatin and 3 oxaliplatin, the degradation pro-
ducts of these compounds with diethyl-dithiocarbamate (DDTC)
have been studied. DDTC is recommended by the World Health
Organization for the destruction of 1 cisplatin.®® The compounds
1 cisplatin and 2 carboplatin exhibited the same FT after
interaction with DDTC while the FT spectra for 3 oxaliplatin
exhibited lower amplitudes (see Fig. 5). The final first shell

This journal is © The Royal Society of Chemistry 2013
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coordination was identified as centro-symmetric square planar
with four S atoms in the first shell of 1 cisplatin and 2
carboplatin, and two N and two S atoms in the first shell of 3
oxaliplatin. In the case of 3 oxaliplatin the exchange of the
bidentate oxalate ligand by a bidentate DDTC ligand was
shown. The investigations where expanded to other sulfur
nucleophiles, namely cysteine (Cys), GSH, p-methionine,
sodium thiosulfate and potassium thiocyanate.”® The prepared
solutions of 2 carboplatin and 3 oxaliplatin with the previous
mentioned compounds were measured right after preparation,
after three days, two weeks and one month. The outcome of
these studies demonstrated the possible inactivation of Pt(u)
anti-cancer drugs by DDTC and other sulfur nucleophiles.

2.1.4. Platinum micro-X-ray fluorescence. Micro-SXRF
mapping has been proven to be an invaluable tool for deter-
mining the distribution and concentration of platinum species
within biological samples. Ilinski et al®* demonstrated the
feasibility of using micro-SXRF to detect clinical doses of an
anti-cancer drug in single cells. The concentrations and uptake
rates of 1 cisplatin and 12 (Pt103, Fig. 2) in cisplatin sensitive
and resistant ovarian cancer cells were investigated. The
concentration of Pt could be detected up to 5-10 ppm or
20 attograms (2 x 10~"7 g) in a beam spot size of 1 x 0.2 pm>.
For future studies a resolution of up to 150 nm for the investiga-
tion of cell sections has been postulated.

The cellular distributions of 1 cisplatin and its Pt(iv) analogues
13, 14, and 15 (Fig. 3) were analyzed using micro-SXRF by
Hambley et al.®® These four compounds display a similar cellular
distribution with Pt localized in the nucleus. Micro-XANES spectra
collected on areas of high Pt concentration in the cells revealed
that the complex 15 with dihydroxo axial ligands is the most
resistant against reduction to Pt(u).

In a subsequent step A2780 cancer cells treated with the
bromine labelled Pt(u) compound 16 (Fig. 2) and the Pt(wv)
compound 17 (Fig. 3) were investigated with micro-SXRF.®® The
bromine labelled ligands have replaced an amine ligand in the
Pt(un) complex 16 and an axial ligand in the Pt(iv) complex 17.
The dissociation of the bromine labelled axial ligands from 17 was
used to monitor reduction to Pt(u). In the case of compound 16
the Pt and Br distributions were the same confirming the amine
ligands as non-leaving groups. In the case of 17 the bromine
distribution was more diffuse pointing toward the reduction of a
substantial amount of the Pt(v) complexes to Pt(u). However, it
could not be determined if the reduction took place extra- or
intracellularly. Furthermore, control A2780 cells treated with the
unlabelled 1 cisplatin showed unexpected endogenous levels of
bromine, but at substantially lower concentrations.®® Micro-SXRF
investigations were undertaken on mouse tumour thin sections
(4T1.2 neo 1 mammary tumour) derived from 15 (Fig. 3) treated
Balb/c mice and on A2780 ovarian cancer cells treated with the
intercalating complex 18 (Pt-2C3, Fig. 2).°® Due to the phosphate
backbones of DNA, the phosphorous distribution within the
A2780 cells is likely to correspond to the distribution of cellular
DNA. The Pt distribution exhibited high co-localization with the
phosphorous distribution, consistent with the selective DNA
targeting abilities of the intercalating ligand.*®
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Fig. 5 Left: comparison of EXAFS spectra before and after reaction between diethyl-dithiocarbamate (DDTC) and 1 cisplatin, 2 carboplatin, or 3 oxaliplatin. Right:
comparison of Fourier transform amplitudes before and after reaction between DDTC and 1 cisplatin, 2 carboplatin, or 3 oxaliplatin. The replacement of N/O through
Cl/S introduces a change in the FT peaks. Reprinted (adapted) with permission from: D. Bouvet, A. Michalowicz, S. Crauste-Manciet, D. Brossard, and K. Provost, Inorg.

Chem., 2006, 45, 3393-3398. Copyright 2006 American Chemical Society.

Davis et al.®” applied micro-SXRF to thin sections of A549
lung cancer cells treated with 1 cisplatin and the metallointer-
calators 7 [56MERR]| and 8 [56MESS| (Fig. 2). The Pt in 7
[56MERR] and 8 [56MESS] treated cells was clearly co-localized
with phosphorus, which points toward a main interaction with
the densely packed DNA in the heterochromatin regions of the
nucleus (see Fig. 6¢ and d).

Zhang et al.®® used SXRF tomography and 2D X-ray fluorescence
microscopy (2D-XFM) to study the bio-distribution of several anti-
cancer platinum(n) complexes, among them 1 cisplatin, in a solid
tumour model. Cryo-sectioning and cryo-fixing techniques were
revealed to be less invasive than formalin fixing and more suitable
for distribution studies of metal compounds in biological tissues.
SXRF tomography allowed the drug distribution to be studied
without the use of chemical fixatives, physical sectioning and
lyophilisation. For the first time the good penetration of 1 cisplatin
through DLD-1 colorectal cancer cell spheroids could be shown.
SXRF tomography has a complicated experimental setup, and
2D-XFM was pointed out as a suitable, less complex alternative
showing only minor changes in the observed metal distribution
patterns in comparison to SXRF tomography.®®

3. Ruthenium compounds

The most promising Ru compounds investigated so far show
anti-tumour activity exceeding that of Pt-compounds or other
cytostatic agents (e.g. in colorectal carcinomas in vivo and a
variety of primary explanted human tumours in vitro).>%%7°
Compared to Pt compounds the Ru complexes cause less
side effects and cellular resistance occurs to a lesser extent.>”"
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Fig. 6 Micro-SXRF elemental maps for A549 cells following treatment (4 h)
with: (a) cell medium, (b) 1 cisplatin, (c) 7 [S6MERR] and (d) 8 [S6MESS].
Reprinted (adapted) with permission from K. J. Davis, J. A. Carrall, B. Lai, J. R.
Aldrich-Wright, S. F. Ralph, and C. T. Dillon, Dalton Trans., 2012, 41, 9417.
Copyright 2012 Royal Society of Chemistry.
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The overall chemical and pharmacokinetic behaviour of Ru is
quite different from Pt compounds,’® as reflected in extensive
protein binding which questions the relevance of DNA interac-
tions in vivo.

3.1. Octahedral ruthenium complexes (KP1019/KP1339 and
NAMI-A)

The Ru-complex KP1019 (19, Fig. 7)’* has shown promising
anti-cancer activity’’ and its sodium analogue KP1339 (20,
Fig. 7)”* is in a clinical phase I-Ila study,””> whereas NAMI-A
(21, Fig. 7)"*”” has shown activity mainly against metastases.”>”®
Fast uptake of 19 KP1019 and 20 KP1339 by the cell was shown
and initiation of apoptosis was indicated by caspase activation.”®
The uptake mechanism of 19 KP1019 and 20 KP1339 may
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Fig. 7 Top: the Ru anti-cancer drugs indazolium-trans-[tetrachlorobis(indazole)-
ruthenate(m)] (19, KP1019), sodium-trans-[tetrachlorobis(indazole)ruthenate(i)]
(20, KP1339), and imidazolium trans-[imidazoledimethyl-sulfoxide-tetrachloro-
ruthenate] (21, NAMI-A). Center: the general formula of n®-arene complexes,
the ns-arene thiophenolate complex [(nG—arene)Ru(en)(SO,,R)]*, and [Ru(ns-p»cymene)—
Cly(pta)] (22, RAPTA-C, pta = 1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decanephosphine).
Bottom: the photoactive bipyridine complex [Ru(bpy)z(llAP)z]2+ (23, bpy =
2,2'-bipyridine, 4AP = 4-aminopyridine), and the Ru(i) complex cis,fac-[dichlorobis-
(trisdimethylsulfoxide)imidazole-ruthenate(i)] (24). en ethylenediamine, pyr pyridine,
acac acetylacetonato.
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involve the iron transport protein transferrin (Tf) and the Tf
receptor, which is over-expressed in tumour cells to meet their
increased demand for iron.”” Another possible transport
protein is human serum albumin (HSA).° Once the ruthenium
compound is inside the cell a pro-drug function is hypothesised
and the reduction of Ru(m) to Ru(u) within this process is
under debate. The electrochemical potential of Ru(m)/Ru(u) is
accessible under physiological conditions and GSH and single-
electron transfer proteins are able to reduce Ru(m) in the
presence of NADH.”’

The main targets of 21 NAMI-A are located in the extracellular
matrix®~** and several studies on different tumour types and cell
lines confirmed this main site of action.***> The compound alters
the extracellular matrix of the solid tumours, accompanied by
accumulation of the tumour cells in the G,/G,™ or G,* phase and
a decrease of cells present in the S phase of the cell cycle.

3.2. Organometallic ruthenium arene compounds

Organo-metallic photoactive Ru-bipyridine and Ru-n°-arene
complexes draw increasing interest due to their selective anti-
proliferative properties.®””*® The n°arene Ru compounds of the
form [(n®-arene)Ru(en)Cl]" (see Fig. 7) for example are activated
through hydrolysis in vivo in environments low in Cl~, like the cell
nucleus.’” The hydrolyzed species [(n°-arene)Ru(en)(H,O)*" is
capable of binding to DNA, with high affinity to the N7 position
of guanine bases,”” forming only monofunctional DNA adducts.®® In
general, the cytotoxicity of Ru-arene complexes can be influenced by
the nature of the n°arene ligand, the bidentate chelating
ligand (Y-Z) and the leaving group X (see Fig. 7).*” Complexes
with extended m°®-arene ligands (e.g. biphenyl) show higher
ability to bind to DNA due to an increased intercalating effect.®®
Complexes with a readily aquated leaving group X (X = halide)
are more active than those with a non-aquating ligand (X =
pyridine, pyr).”° An exception is [(n®-arene)Ru(en)(SO,R)]"
(Fig. 7) with a thiophenolate leaving ligand X. Thiophenolate
is relatively inert to hydrolysis, but the complex shows anti-
proliferative effects of the order of 1 cisplatin and 2 carbo-
platin.’* The activation may involve the oxidation of the
thiolate (SR ™), which was studied by XAS.%> Another promising
Ru n®-arene compound is RAPTA-C (22, Fig. 7),°* which has two
hydrolysable CI~ binding sites and pta (pta = 1,3,5-triaza-7-
phosphatricyclo-[3.3.1.1]decanephosphine), an interesting alkyla-
tion site which can be used to modify the lypophilicity of
the compound.®

3.3. Photoactivatable polypyridyl ruthenium complexes

The bipyridine Ru complexes are a class of photoactivatable
metal complexes offering new possibilities of selective prodrug
activation.”® The crucial step is the light induced dissocia-
tion of one or more ligands and the subsequent binding to
biological target molecules. 23 (Fig. 7) is such a compound
which transforms into a disubstituted product after photodis-
sociation of two 4APs (4AP = 4-aminopyridine).””°° The two new
binding sites are possible targets for an adduct formation with
DNA and the introduction of lethal DNA crosslinks.*’
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3.4. XAS and micro-SXRF investigations on Ru

3.4.1. Octahedral ruthenium complexes (KP1019/KP1339
and NAMI-A) and their adducts. In a recent paper, 19 KP1019
and its analogue 20 KP1339 (Fig. 7) were investigated by means of
XANES in solution and in tumour tissue.'® The concept of the
coordination charge was used to assign possible coordination—-
oxidation pairs to the unknown sample spectra. The edge shifts of
ruthenium model compounds, representing possible coordina-
tion motifs and oxidation states in vivo, and the calculated
coordination charge revealed a linear relationship. 19 KP1019
was dissolved in citrate saline buffer (CS buffer, pH 3.5, 37 °C) and
incubated for 30 min and 4 h, respectively. After 30 min and 4 h a
shift of +1.1 eV with respect to the spectrum of solid 19 KP1019
implied an average replacement of one chlorine ligand and a first
coordination environment of Ru(ur)Cl;N,(O/N).

After 8 h of incubation in CS buffer the first shell environment
and/or the oxidation state of the Ru center changed dramatically,
which is displayed by a significant decrease in the edge energy
position. In the presence of five-fold excess GSH (5 h in CS bulffer),
the best matching first shell coordinations were Ru(u)C3N,S and
Ru(m)CIN,S;. In comparison to CS buffer, the spectrum of 19
KP1019 in carbonate buffer (30 min, pH 7.4, 37 °C) was slightly
shifted to higher energies. A possible interaction with apo-
transferrin (apoTf) was indicated by a further shift to higher
energies when apoTf was present under the same incubation
conditions (30 min, pH 7.4, 37 °C). Independently of the used
dosages and application schemes, 19 KP1019 and 20 KP1339 gave
the same spectra in the mouse model, most consistent with a
Ru(m)Cl;N,(O/N) and Ru(m)CIN,(O/N); first shell."*

McFarlane et al.'*" studied a spectrochemical series of Ru(n)
and Ru(u) compounds, among them the anti-cancer complexes
19 KP1019 and 21 NAMI-A. Ruthenium Ly -edge and chlorine
K-edge XAS and density functional theory (DFT) calculations
were used to investigate the electronic structure around the
Ru metal center. The spectra of the Cl K-edge (2822 eV) and Ru
Liy- and Li-edge (Ly; = 2838 eV and Ly = 2967 eV) were recorded
at once. All Cl K-edge spectra for both Ru(m) and Ru(i) complexes
exhibited pre-edge features, owing to the presence of vacant
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Ru d orbitals (see Fig. 8). Because of the strong ligand-field
splitting of the Ru valence d-orbitals, the simple ground state
configuration provides information about the spectral features.
The chlorine pre-edges of the Ru(m) complexes are double-
peaked and separated by 1.5 eV from each other (Fig. 8 left),
representing the gap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the Ru metal center. These findings were also
reproduced through the DFT calculations. The changes in the
numbers of dimethyl sulfoxide (DMSO) molecules and imid-
azole ligands within the measured complexes had no significant
effect on the overall electronic structure. This was partly
ascribed to the large effective nuclear charge of Ru(m) and the
counteracting effect of o-donors and m-accepting roles of trans
DMSO sulfur ligands. The variations in the Ru Ly-edge peak
positions and intensities of the Ru(m) compounds were greater
than in the Cl K-edge spectra, with 19 KP1019 showing the
highest peak energy and intensity. This was consistent with
the highest effective nuclear charge for 19 KP1019 which lowers
the 2p level and raises the Ly-edge energy transition, reflected
in a 12% higher Ly; pre-edge feature than for its imidazole
analogue trans-[tetrachlorobis-(1H-imidazole)ruthenate(ur)]
(KP418).'°*> The spectral differences of the Ru(u) complexes
were less pronounced and the Lj; edge positions showed
only slight variations within the experimental error. The high
similarities are explained as a limitation of the ligand-to-metal
donations when reaching a combination of ligands around
two DMSO, two Cl~ and two imidazoles coordinated to the
Ru(u) center.

Lay and coworkers'* postulated that 21 NAMI-A binds to bovine
serum albumin (BSA) via surface-donor groups, like histidine and
methionine residues, rather than to a specific binding site. Freeze
dried samples of 21 NAMI-A/BSA (1:1 mM), 21 NAMI-A/BSA
(4:1 mM), 21 NAMI-A/bovine serum (0.5:0.6 mM) and 21
NAMI-A in cell culture medium supplemented with 2% fetal
calf serum were investigated with Ru K-edge XAS. The resulting
spectra were fitted with linear combinations of spectra from Ru(m)
complexes with [Ru(NH;)s]Cl; (Ru(m)Ng), [RuzO(OAc)s(OH,);](OAc)
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Fig. 8 Cl K-edge X-ray absorption near edge structure spectra with corresponding molecular orbital diagrams of the d manifold for (a) Ru(in) compound 21 NAMI-A
and (b) Ru(i) compound 24 (see also Fig. 7). Reprinted (adapted) with permission from: T.V. Harris, R. K. Szilagyi, and K. L. McFarlane Holman, J. Biol. Inorg. Chem., 2009,
14, 891-898. With kind permission from Springer Science and Business Media. Copyright 2009.
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(Ru(m)Oe) and K,[RuCls5(OH,)]-H,O (Ru(m)Cl50) first shell
environments. The resulting fits pointed toward a replacement
of the S/CI ligands of 21 NAMI-A in biological media mainly
through N/O ligands. In the linear regression analysis of 21
NAMI-A in cell culture medium a significant proportion of 16%
was constituted by Ru(ui)Cl50, explained with incomplete S/Cl
replacement or binding to Cl™ ions present in the cell culture
medium."'*

Ascone et al.'® used ruthenium K- and Ly-edge, chlorine
K-edge and sulfur K-edge XAS to identify the oxidation state and
the ligand exchange reactions during the 21 NAMI-A/BSA
adduct formation. The Ru Lpj-edge spectra resembled two
distinct peaks separated by 3 + 0.3 eV (denoted A and B bands).
The A-bands of the model ruthenium(m) acetylacetonate
(Ru(acac);), 21 NAMI-A and the 21 NAMI-A/BSA adduct are at
the same position. The B-bands of the 21 NAMI-A/BSA adduct
and Ru(acac); are shifted to higher energies by +0.8 eV compared
to 21 NAMI-A. The Ru K-edge spectra of the 21 NAMI-A/BSA
adduct and the Ru(acac); spectra are shifted by +4 eV to higher
energies with respect to the spectrum of 21 NAMI-A. The shifts in
the Ru K- and Ly;-edge spectra confirm the unchanged Ru(m)
oxidation state. The Cl K-edge spectra of 21 NAMI-A and the 21
NAMI-A/BSA adduct are quite different with a missing pre-edge
and a decrease of about —0.5 eV in energy for the latter. This
indicates a release of chlorine ligands when BSA binding took
place. The sulfur K-edge data were dominated by 40 sulfur atoms
of the BSA forming 17 disulfide bonds. The single-atom signal
from 21 NAMI-A contributes only to a minor extent to the overall
sulfur XAS spectrum.*®*

Microprobe X-ray fluorescence of tumour (SW480) thin sections
from mice treated with 20 KP1339 revealed a strong penetration of
the Ru into all regions of the tumour tissue, with the highest
concentrations near blood vessels and in the edge regions of the
tissue samples.'*

Micro-SXRF investigations on 19 KP1019 and 21 NAMI-A in
single SH-SY5Y human neuroblastoma cells'® showed the
correlation of the Ru and Fe distribution in 19 KP1019 treated
cells, whereas for 21 NAMI-A this was not the case. About 50% of
19 KP1019 was concentrated in the nuclear region. After treatment
of the cells with 19 KP1019 the Fe distribution was altered and
resembled the Ru one, with unchanged total Fe concentrations
inside the cells. In contrast, no significant uptake into the cell was
seen for 21 NAMI-A, which supports the assumption of an
extracellular main site of action. The Cu concentration was
significantly increased within the total cell and in the cell nucleus
of 21 NAMI-A and 19 KP1019 treated cells.'*

3.4.2. Photoactivatable ruthenium polypyridyl complexes.
Ru K-edge EXAFS measurements on solid [Ru(bpy);]Cl, in
boron nitride (BN)'*® and in aqueous solution (1 mM),”® on
[Ru(bpy)(4AP),]C1,°>° and 23 (Fig. 7) in aqueous solution
(10 mM)**® and on cis[Ru(bpy),(py).]Cl, in aqueous solution
(50 mM)'®” were used to validate the DFT optimized structures
of these complexes. The solution structure and the oxidation
states of the complexe cis{Ru(bpy),(CO)CI]" and its aquated
derivative cis-[Ru(bpy),(CO)H,O>" were resolved with XAS.'*®
The same edge position and the high similarity in the XANES
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spectra confirmed the unchanged oxidation state of the Ru
center in aqueous solution. Again EXAFS results were in good
agreement with the DFT optimized solution structures and with
the X-ray diffraction data of cis-[Ru(bpy),(CO)CI]".**®

3.4.3. Ruthenium arene complexes. Kennepohl et a
applied a combination of sulfur K-edge and ruthenium K-edge
XAS and DFT techniques to study the activation of Ru(u)-arene
complexes of the type [(n®-arene)Ru(en)(SO,R)]" (n = 0, 1, 2,
R = phenyl or iso-propyl group, n°-arene = p-cymene or hexa-
methylbenzene, Fig. 7). The SR™ ligand oxygenation to sulfinate
(SO,R™) via sulfenate (SOR ™) and activation through protona-
tion under acidic conditions was stated. Ru K-edge spectra of
several thiolato, sulfenato and sulfinato complexes exhibited
no changes in the Ru(u) center upon ligand oxidation. The
missing of clearly observable pre-edge features indicated a
ligand environment well described as pseudo-octahedral in
all cases.'*"'? The sulfur K-edge XAS spectra differed substan-
tially with energy shifts of about +3 eV each from SR~ to SOR™
and from SOR™ to SO,R™ (see Fig. 9). Combined XAS and DFT
results indicated little impact of the sulfur oxidation state on
the Ru-S bond and SR™ oxygenation was stated as insufficient
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Fig. 9 Sulfur K-edge spectra of Ru(i) [(n®-arene)Ru(en)(SO,R)]* (A) thiolato 1a
and 1b, (B) sulfenato 2a and 2b, and (C) sulfinato 3a and 3b complexes.
An asterisk (*) represents features due to thiolate-based impurities in the
sulfenato-sulfinato complexes. Reprinted (adapted) with permission from:
T. Sriskandakumar, H. Petzold, P. C. A. Bruijnincx, A. Habtemariam, P. J. Sadler,
and P. Kennepohl, J. Am. Chem. Soc., 2009, 131, 13355-13361. Copyright 2009
American Chemical Society.
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for the biological activation. Therefore, additional activation
mechanisms are required to obtain a biological activity.”>

4. Gallium compounds

Gallium(m) displays coordination characteristics similar to
group 13 metal ions, but also to group 8 metal ions as
iron(m).""" Gallium can bind to proteins which require the
trivalent form of iron, but not to proteins requiring the divalent
one. The uptake of Ga(m) into the cell is thought to be coupled
to Tf and to compete with the iron transport process.''> The
gallium bound to Tf is taken up by receptor mediated endo-
cytosis."™® Although Fe(m) and Ga(m) have similar uptake
mechanisms, they differ from each other in terms of intra-
cellular transport processes. Iron is bound mainly to ferritin and
undergoes a reduction and re-oxidation process. Gallium shows
no change in the oxidation state under physiological conditions
and is mostly present in the labile gallium pool."** The above
described uptake mechanism is generally based on experiments
conducted with Ga-nitrate (Ga(NOj3);) or other Ga-salts. Up to
now it has not been fully clarified if the Tf coupled uptake
process also applies to the Ga tumour inhibiting complexes such
as 25 (KP46, Fig. 10) and 26 (gallium maltolate, Fig. 10).”

25 (KP46) 26

Fig. 10 Anti-cancer gallium compounds tris(8-quinolinolato)gallium(in) (25, KP46),
and tris(3-hydroxy-2-methyl-4H-pyran-4-one)gallium(i) (26, gallium maltolate).
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4.1. XAS and SXRF investigations on gallium

The interaction of the anti-cancer complex 25 KP46 with
possible transport molecules and the distribution of the
compound in tumour and liver tissue were investigated with
XAS and micro-XAS.'*®> The coordination environment of the
metal center remains intact in the presence of apoTf and HSA
(Fig. 11). The gallium distribution pattern in tumour and liver
tissue revealed high similarities to the distribution patterns of
Zn and Fe, minor similarities to Cu and Ni, and none to Ca. The
complex was observed to be very stable under physiological
conditions, in cell culture media and in tissue samples.

The study of Bockman et al''® is the first application
of micro-X-ray fluorescence to Ga(NO;); and its interaction
with the Ca pathway in cancer induced hypercalcemia. The
incorporation of trace amounts of Ga into the bone material
and the elemental distribution have been studied in vitro and
in vivo. It was found that Ga is mainly reabsorbed in
the metabolic active regions at the interface of the organic
(collagen-associated) and the mineral components, where
mineralization occurs.’® The coordination of Ga in newly formed
bone material could be elucidated as Ga bound in a distorted
octahedron with Ga-O distances of around 1.91 A.**”

5. Gold compounds

The sole clinical application of gold compounds presently is in the
treatment of rheumatoid arthritis."*™"*° Amongst these, the Au(j)
complex, auranofin (27, Fig. 12), also exhibits anti-tumoural
activity."**** Other gold(1) compounds used in chrysotherapy
are gold(r) thioglucose (solganol),'*® gold(1) sodium thiomalate
(myochrysin),"* gold(1) thiopropanol sulphonate (allochrysine)"**
and gold(i) bis(thiosulfate) (sanochrysine),">* which are all hydro-
philic, except 27 auranofin which is hydrophobic.'**

The most investigated gold compounds are Au(1) complexes
with phosphine and carbene ligands, Au(m) dithiocarbamate
compounds, Au(m) porphyrinates and organogold(ur) compounds.
The important oxidation states for gold in pharmacological

1,0
— KP46 in MEM

o 981 - - -KP46 in FCS
= 06 /\ -+ KP46 + apoTf
S /i \ -~ KP46 + HSA
£ 049 / - KP46 in BN
3 02] J
Looob— -
8 -0,2 1 /
N \
T 041
E 6]
o
S 08

10365 10370 10375 10380 10385 10390

energy (eV)

Left: XANES spectrum of 25 KP46 in minimum essential medium (MEM), fetal calf serum (FCS), in the presence of apoTf and HSA and in boron nitride (BN).

Right: first derivative thereof. Reprinted (adapted) with permission from A. A. Hummer, C. Bartel, V. B. Arion, M. A. Jakupec, W. Meyer-Klaucke, T. Geraki, P. D. Quinn,
A. Mijovilovich, B. K. Keppler, and A. Rompel, J. Med. Chem., 2012, 55, 5601-5613. Copyright 2012 American Chemical Society.

606 | Metallomics, 2013, 5,597-614

This journal is © The Royal Society of Chemistry 2013


https://doi.org/10.1039/c3mt20261e

Open Access Article. Published on 08 March 2013. Downloaded on 4/9/2026 5:59:58 AM.

+

+ Me Me. [PFely

N A
AcO 7 N—¢ \ |PFe o

Ac = acetyl =N N= A N\ N~
o] A4 Au  Au

AcO Au =z N/ NN
N\_s—A—PEl | 4o’ Som L%

Oac OAc N Me Me” N
27 (auranofin) 28 (aubipy) 29 (auoxob)

Fig. 12 Investigational  anti-cancer ~ Au() and  Au(m)  compounds
triethylphosphine(2,3,4,6-tetra-O-acetyl-B-1-p-thiopyranosato-S)gold() (27, aura-
nofin), [Au(m)(2,2’-bipyridine)(OH),IPF¢ (28, aubipy), [Au,(6,6’-dimethyl-2,2'-
bipyridine),(u—0),](PFe), (29, auoxob).

applications are gold(r) (d*° linear dicoordinated) and gold(m)
(d® square planar).** The interchange between these two
oxidation states is physiologically accessible and the high
similarity to Pt(u) coordination and the electronic configuration
(d®) make Au(m) compounds very promising candidates for new
anti-cancer drugs.'”® In the last 20 years a variety of Au(m)
compounds have been synthesized and tested against Pt resis-
tant tumour cell lines.'**"*” The main drawbacks of the Au(u)
complexes are their instability under physiological conditions
and their fast reduction to elemental gold. Au(m) is a strongly
oxidizing “borderline” cation which shows preference for nitrogen
donors, but also for “soft” donor ligands (like S, Se or cyanide),
similar to the “soft” cation Au(x).">"'>**7128

Two major biological targets could be elucidated for Au(i)
compounds, the mitochondrial membrane and the selenoenzyme
thioredoxin reductase (TrxR)."**'*® The Cys and selenocysteine
present in the active site of TrxR were revealed as an optimal target
for the Au(1) complexes which show soft acid character."** As TrxR
protects the cell against oxidative stress, its inhibition causes the
increase of reactive oxygen species and the damage of mitochondrial
functions.”®>"*! Some of the Au(t) compounds like N-heterocyclic
carbene complexes combine selective TrxR inhibition and mitochon-
drial membrane permeabilisation properties.'*>

The cytotoxic activity of Au(m) compounds is thought to be
similar to the cytotoxicity proposed for Au(i), by preferentially
targeting thiol, imidazole and selenol groups of proteins.'*”
The major cause of cytotoxicity is strongly dependent on the Au(u)
ligands. For aurobipyridines (see Fig. 12) TrxR was observed as a
major target.'” The Au(m) porphyrins instead showed a signifi-
cantly higher affinity to DNA, causing fragmentation of genomic
DNA."*® In the context of other possible targets in the cell the
enzymes lipoamide dehydrogenase, glutathione reductase and
mercuric ion reductase are mentioned, which are all members of
the family of pyridine nucleotide oxidoreductases like TrxR.'**
Messori et al.'** synthesized two promising anti-cancer agents
bearing the bipyridyl motif:'**"** the Au(m) centered aubipy (28,
Fig. 12) and the oxobridged dinuclear auoxo6 (29, Fig. 12).13¢738
These gold bipyridine complexes showed considerable cytotoxic
activity against 1 cisplatin resistant cell lines."*"**!

5.1. XAS investigations on gold

A combination of Au Lj-edge XANES and DFT was used to
study the electronic configuration of 28 aubipy.'*® A structure
optimized with DFT calculations was used as an input for the
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Fig. 13 Relevant changes in the oxidation states of 29 auoxo6 and 28 aubipy
compared with their respective protein adducts are shown by XANES spectra.
Reprinted (adapted) with permission from L. Messori, A. Balerna, I. Ascone,
C. Castellano, C. Gabbiani, A. Casini, C. Marchioni, G. Jaouen, and A. C. Castellano,
J. Biol. Inorg. Chem., 2010, 16, 491-499. With kind permission from Springer
Science and Business Media. Copyright 2010.

calculation of theoretical XANES spectra. The HOMO-LUMO
gap and the orbital shapes were determined as well."**

The three gold(i/ur) compounds 27 auranofin, 28 aubipy and
29 auoxo6 were investigated by Messori et al. by means of Au
Lyr-edge XAS."®* The binding of these three complexes to the
potential transport proteins apoTf (of 27 auranofin and 29
auoxo6) and BSA (of 28 aubipy) and their potential changes in
the oxidation state after 24 h in solution were studied (50 mM
phosphate buffer, pH 7.4, 1:1 10~ * M). The XANES spectra of
the Au(umr) 29 auoxo6/apoTf and 28 aubipy/BSA adducts clearly
showed a reduction to Au(r) through a remarkable decrease in
white line intensity (Fig. 13) and a shift of about +1 eV to higher
energies, which is special for Au and reverse to an expected
shift to lower energies in the case of a reduction.'>*'*°
The EXAFS analysis of 29 auoxo6/apoTf and 28 aubipy/BSA
revealed a decrease in coordination number from four to two,
for each of the complexes. For 29 auoxo6/apoTf the loss of the
Au-Au peak in the FT was interpreted as a binding to apoTf of
the now mononuclear 29 auoxo6 via 1.9 + 0.4 O or N ligands."**
In the presence of apoTf the Au(1) compound 27 auranofin
preserved its oxidation state +1 and the coordination number
was still two, with slightly increased average S/P distances
pointing toward an 27 auranofin/apoTf adduct formation via
a protein thiol or thioether bond, most likely replacing the
thiosugar ligand.
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Hill et al. ™" used XAS to specify the binding partners of seleno-
auranofin (Et;PAuSe-tagl, tagl = tetraacetylglucose, S in 27 aurano-
fin replaced through Se) by measuring the Au Ly and Se K-edge of
a solid powder sample. Gold was found to be in the oxidation state
+1 and bound to one phosphor ligand, according to the peak
intensity at 11928 eV, whose intensity is directly proportional to
the number of Au-P bonds. The lack of a strong 2p — 5d
transition “white line” characteristic of Au(u) and the absence of
the two peaks at 11945 eV and 11 967 eV distinct for Au(0) clearly
indicated the Au() state. The best fit of the FT could be achieved
with 0.9 P at 2.28 A and 1.6 Se at 2.41 A. At the Se K-edge three
distinct peaks in the FT became visible. The peaks were best fitted
with 1.2 C at 1.91 A, 0.9 Au at 2.39 A and a 1.4 second shell P at a
non-bonded distance of 4.61 A. The difference in the Au-Se
distances determined over the Au Ly and Se K-edge EXAFS is
only 0.02 A. The sum of the Au-P and Au-Se distances from the Au
Ly EXAFS data is 4.69 A, which is in agreement with the direct
fitted second shell P distance of 4.61 A from the Se K-edge XAS
data. Furthermore, this high similarity in bond distances points
toward a nearly linear P-Au-Se grouping.'**

6. Cobalt compounds

Cobalt complexes serve as prodrugs and release cytotoxic
ligands upon reduction. Research into this area has so far
concentrated on four types of compounds: (i) hexacarbonyldi-
cobalt complexes with alkyne ligands, (ii) [Co(i)(NH;)e]Cl3, (iii)
Co(u) complexes with Schiff base ligands, (iv) Co(u) and/or
Co(ur) complexes with cytotoxic mustamine, mithramycin, and
thiouracil ligands.® In many solid tumours the rapid growth of
the tumour tissue leads to insufficient vascularization
and hypoxic conditions. Ware et al. studied the activation
of Co(m) compounds containing N-mustards under these
conditions."**'** The Co(m) center is reduced to Co(u) and
the N-mustard ligand is released."*® The workgroup of Hambley
developed the complex 30 (Fig. 14), which works as a carrier
system for marimastat (mmst).**”'*® Mmst itself is an inhibitor
of matrix metalloproteinases, which are involved in tumour
metastasis."*® It has been suggested that the selective activation
depends on the rate of reoxidation. In normal oxygenated
environments the complex is reduced and activated, but is then
rapidly reoxidized and deactivated. Under hypoxic conditions
the reoxidation rate is low and the activated anti-cancer agent is
able to induce its action.>”%**°

6.1. XAS investigations on cobalt

6.1.1. Determination of the oxidation state of cobalt
tumour inhibiting compounds. The XANES spectra of a set of
20 Co(u) and Co(m)">>**' complexes were collected and their
edge shapes were examined to assess the cobalt oxidation state.
All measurements were conducted on aqueous solutions of
the complexes and not on BN preparations. The Co(u) edge
positions were on average +1.5 eV at higher energies than the
Co(u) edges.”® The Co(m) complexes showed two absorption
peaks at about 7727 eV and 7736 eV and a significantly decreased
edge height.'”® A small pre-edge feature at about 7709 eV,
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Fig. 14 Chemical structures of the cobalt-tpa marimastat complex.
[Co(m)(mmst)tpal* (mmst = marimastat, tpa = tris(methylpyridyl)amine) (30),
[Co(m)CI(HZO)‘cpa]2+ (31), [Co(aha-H)(tpa)lPFe (32, aha = acetohydroxamate), trans-
[CoCly(en),]Cl (33), and of the diNOsar complex cobalt-1,8-dinitro-3,6,10,13,16,19-
hexaazabicyclo[6.6.6]eicosane (34, diNOsar = dinitrosarcophagine). In the lower part
the Co-Cys complexes trans(N,S)-bis(cysteinato)diaquacobalt(n) (35, Co:2Cys)
and one possible diastereoisomer of tris(cysteinato)cobalt(i) (36, Co:3Cys), and
one possible structure of bis(N-(2-mercaptopropionyl)glycinato)triaquacobalt(i)
(37, Co:TMPG).

37 (Co:1MPG)

assigned to a 1s — 3d transition, was observable for many of
the Co(mr) complexes but none for Co(u)."***** The ability to use
XANES to quantify the ratio of Co(u): Co(m) oxidation states in
a mixture of unknown composition was tested.'>' Aqueous
solutions of known ratios of Co(i)Cl,:[Co(m)(NH;)s]Cl; and
Co(u)Cl, : 31 Co(w) (Fig. 14) were investigated according to their
changes in energy positions and peak heights. With increasing
Co(m) content in the aqueous solutions the maximum at approx.
7720 eV decreased and the edge energy shifted toward higher
energies. The relationship between the edge maximum to post
edge minimum ratio a/b in the XANES spectra and the propor-
tion of Co(u) : Co(ur) appeared to be parabolic. The determination
of the Co(u): Co(w) ratios in unknown mixtures through XANES
was stated as feasible, as long as ligand exchange reactions in
the Co(m) state are slow relative to reduction to Co(i)."”*

6.1.2. Cell lines treated with cobalt compounds. The
XANES spectra collected on A2780 human ovarian carcinoma
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cells treated with Na[Co(u)(acac);] and [Co(um)(acac);] varied
greatly from the solution spectra of the same compounds.'*°
After 24 h of incubation the XANES spectra of both compounds
became nearly identical, and displayed similarities in the
edge and post-edge minimum to the spectrum of the model
compound 36 Co:3Cys (Fig. 14)."*° Therefore, the coordination
to intracellular sulfur ligands with an oxidation state of
+3 appeared to be most reasonable. The solid state K-edge
spectrum of the Co(ur) complex 34 (Fig. 14) showed marginal
differences to the solution spectra of 34 and to spectra collected
from cells treated with 34, which is consistent with the high
stability of cryptand cobalt complexes.'>>**?

6.1.3. Cobalt compounds in the presence of ascorbate,
cysteine and glutathione. Detailed knowledge of the behaviour
of Co in the presence of reducing agents and the binding of Co
to GSH and Cys is important because: (i) it gives valuable hints
towards the design for scavengers of Co contaminants and (ii) it
gives important implications for the further development of Co
containing metal-based therapeutics and their biochemical
impact on the cell metabolism. The Co(m) compounds 31, 32,
33 (Fig. 14), and [Co(ur)(NH;)s]Cl; were investigated in aqueous
solution with Co K-edge XANES."" The changes in the spectra
after addition of the reducing agents ascorbate (4-fold excess)
and Cys were monitored over a time span of 2 h.'' The
compounds 32 and [Co(NH;)e]Cl; showed no changes in the
spectral features after the addition of the reducing agents. The
complex 33 showed a strong change in the position of the main
absorption peak by —7 eV to lower energies and a shoulder at
higher energies became apparent. Over a time period of 2 h the
height of the edge peak further increased and the post edge
shoulder became more prominent. After addition of ascorbate
(4-fold excess) to a 31 (Fig. 14) containing solution an immediate
shift of the absorption maximum by —4 eV and the diminishing
of the pre- and post-edge shoulder occurred. The height of the
maximum also increased immediately but stayed constant over
time. Both results are clear evidence for the reduction to Cof(i).">*

Bresson and coworkers studied the toxicity of cobalt toward
HaCaT keratinocyte cells.'**™'*® Co K-edge XANES and EXAFS in
combination with molecular dynamics (MD) calculations gave
an insight into the binding behaviour of Co()Cl, to biologically
important thiol containing molecules."®*™* Cobalt model
complexes were synthesized with the ligands Cys and N-(2-
mercaptopropionyl)glycine (MPG), a synthetic analogue of the
right hand portion of GSH." The complexes Co:2Cys (35,
Fig. 14), Co:3Cys (36, Fig. 14) and Co:1MPG (37, Fig. 14) were
measured in aqueous solutions at the Co K-edge, resulting in
Co(u) and Co(ur) XANES spectra showing the same features as
described in the paragraph before in the studies of Bonnitcha
and Hall."*"*" 35 C0:2Cys and 36 Co:3Cys were identified to be
in the Co(m) oxidation state, 37 Co:1MPG to be Co(u) upon
comparison of the pre-edge positions.’®® The oxidation states
were dependent on the pH of the solutions (pH 11 for 35
Co:2Cys and 36 Co:3Cys, and pH 7 for 37 Co:1MPG).">® The
EXAFS analysis of these compounds confirmed the proposed
coordination of 2 Cys to 35 Co:2Cys and 3 Cys to 36 C0:3Cys in
the Co(ur) state (Fig. 14), respectively.'”® In the case of 37
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Co:1MPG a dinuclear cobalt compound bridged through
the two sulfur atoms of the bidentate MPG ligands was the
structure that best fitted the EXAFS data (Fig. 14). In a subsequent
publication'® the structures of tris(cysteinato)cobalt(n) (38,
Co(u):3Cys) and 36 Co(m):3Cys were optimized through MD calcula-
tions™® and used as structural models for the EXAFS analysis.'*>
EXAFS analysis of 36 Co(m):3Cys with MD calculated and X-ray
diffraction structural data gave the same results.'>® In situ XANES
measurements were used to follow the oxidation of 38 Co(u):3Cys to
36 Co(m):3Cys (see Fig. 15), resulting in the progressive changes in
the edge features toward an edge shape typical for a Co(u) species,
visible through a decrease in the edge height and the development
of a double-peaked edge shape.'>

7. Limitations of XAS and micro-SXRF

In XANES and EXAFS, there is a need to acquire data for an
extensive range of solid samples for modelling purposes. If the
concentration of the element of interest is not high enough XAS is
limited to the XANES regime and/or the resulting spectra are very
noisy. The processing and fitting of the EXAFS data is non-trivial,
and it is hard to distinguish between elements of nearly the same
atomic number Z, as it is the case with S and Cl, and O and N.
Like other spectroscopic techniques XAS probes only the average
coordination sphere of the metals in a particular biological
system, and much information is lost on the minor species
present in the sample. In SXRF, physical fixation of the cell
samples can lead to elemental rearrangement and loss of infor-
mation. Sometimes, the data are limited by biologically relevant
concentrations of the compounds in the biological systems, and
higher dosages are needed to see the elements in the systems.
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8. Conclusion

XAS has proven to be a valuable tool for the investigation of the
anti-cancer metals Pt, Ru, Ga, Au and Co in biological environ-
ments. The near edge structure (XANES) provides information
about the oxidation state, the electronic structure of the absorber-
ligand environment and the coordination motif, while the
extended fine structure (EXAFS) gives information about the
amount, the type and the distance of the next neighbouring
atoms up to a distance of about 4 A. In the presence of the
reducing agents ascorbate, GSH and/or Cys the reduction of Ru(ur)
to Ru(u), Pt(iv) to Pt(u) and Co(m) to Co(u) was investigated by
means of XANES spectroscopy. For Pt(wv)/Pt(u) and Co(ur)/Co(u) a
method was presented to determine the ratio of these oxidation
states in samples of unknown composition. This method was also
applied to follow the reduction of metal based drugs in tissue and
cell samples and to test the drug stability under physiological
conditions. XAS is one of the few methods that allow the
monitoring of exchange reactions of atoms at the absorber, like
O/N for Cl/S or vice-versa, and the accompanying possible changes
in the oxidation state. This fact was used in interaction studies of
the metal based drugs with possible transport proteins in vivo like
HSA, BSA and apoTf and to test their stability in solutions. The
stability of platinum drugs in infusion solution was tested and the
proposed biochemical pathways of Ru, Au and Ga complexes were
studied. Theoretical structural models optimized with DFT calcu-
lations have shown to be valuable tools for the analysis of XAS
spectra and to identify the main chemical constitution of the
element in an unknown sample or where detailed X-ray diffrac-
tion data are missing. This approach was used to obtain insight
into the photo-chemistry of Ru-bipyridine complexes and the
activation mechanism of thiophenolate containing Ru-arene
complexes. Micro-SXRF studies ranging from several um? spotsize
to the subcellular level have been undertaken on tissues derived
from Pt, Ru and Ga treated mice and on cell lines treated with Pt
and Ru anti-cancer agents. The transport into and within cells, the
main leaving ligands and the major site of action as well as the
penetration into the tissue and the correlation with other bio-
logically important elements can be monitored. Micro-XAS allows
the additional elucidation of the oxidation state and coordination
at micro-metric spatial resolution in the sample.

In conclusion it can be said that the synchrotron radiation
spectroscopic techniques presented here will play a vital role in
medicinal chemistry in the future. With the approach of the
fourth generation of synchrotron radiation facilities and their
improved and more sensitive instrumentation, investigations
in the sub-um range at physiological concentrations will be
possible at a high level of spectroscopic details. Examination
methods like X-ray tomography will reduce the need for detri-
mental fixation and sectioning of tissue samples. The combi-
nation of micro-XAS and micro-SXRF will allow for the
simultaneous investigation of the metal distribution and its
metabolism. The further progress in the theory of XAS and the
theoretical calculation of XAS spectra from artificially con-
structed structures will minimize the need for extensive collec-
tion of model compounds for analysis.
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Abbreviations

4AP 4-aminopyridine

acac acetylacetonate

aha acetohydroxamate

apoTf apo-transferrin

BN boron nitride

bpy 2,2/-bipyridine

Brpyr 3-bromopyridine

BSA bovine serum albumin

CS buffer citrate saline buffer

Cys cysteine

DDTC diethyl-dithiocarbamate

DFT density functional theory

diNOsar 1,8-dinitro-3,6,10,13,16,19-hexaazabicyclo-
[6.6.6]-eicosane

en ethylenediamine

ev electron volt

EXAFS extended X-ray absorption fine structure

FT Fourier transform

GSH glutathione

HOMO highest occupied molecular orbital

HSA human serum albumin

HSQC-NMR heteronuclear single quantum coherence

nuclear magnetic resonance

LUMO lowest unoccupied molecular orbital

MD molecular dynamics

micro-SRIXE micro-synchrotron radiation induced X-ray
emission

micro-XAS micro-X-ray absorption spectroscopy

micro-SXRF micro-synchrotron based X-ray fluorescence

mmst marimastat

MPG N-(2-mercaptopropionyl)glycine

NBA n-butylamine

OAc acetate

OAcBr bromacetato

PBS phosphate buffered saline

pta 1,3,5-triaza-7-phosphatricyclo-
[3.3.1.1]decanephosphine

py pyridine

RAPTA ruthenium arene pta

Sec selenocysteine

SO,R™ sulfinate

SOR™ sulfenate

SR™ thiolate

tagl tetraacetylglucose

Tf transferrin

tpa tris(methylpyridyl)amine

TrxR thioredoxin reductase

XANES X-ray absorption near edge structure

XAS X-ray absorption spectroscopy
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