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X-ray fluorescence microscopy and X-ray
absorption spectroscopy reveal the stability of the
plecstatin-1 scaffold in biological model systems:
comparison of Ru, Os and Ir analoguesf
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Plecstatin-1 ([RuCl(p-cym)(pca)lCl; p-cym = p-cymene, pca = (4-fluorophenyl-2-pyridinecarbothioamide)) is
an organometallic anticancer compound of the ruthenium “piano-stool’/*half-sandwich” class which displays
promising pre-clinical results. Its mode of action is ascribed to targeting plectin in the cytoskeleton to inhibit
cancer cell motility. In this research, we report X-ray fluorescence microscopy (XFM) data demonstrating that
the cellular distributions of the metals from the Os and Ir analogues of plecstatin-1 are identical to that of Ruin
SKOV-3 ovarian cancer cells treated with plecstatin-1. Extended X-ray absorption fine structure (EXAFS)
spectroscopy data confirms that both the p-cym, and the ancillary pca ligand, remain coordinated after
incubation of plecstatin-1 in cell media (in the presence or absence of foetal bovine serum), or, in whole
human blood, with the likely ligand substitution of the chlorido ligand for a thiol when available. The
apparent stability of the complex scaffold to challenge from a wide variety of biological ligands can be
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1 Introduction

Anticancer drug candidates based on a ruthenium (Ru) centre
have been rigorously investigated over the last three decades,
following the discovery of the antineoplastic and antimetastatic
activities of the Ru™ compounds known as KP1019 and NAMI-
A, respectively."® More recently, focus has shifted to the
organometallic Ru” “half-sandwich” class of compounds.*®
Whereas rigorous descriptions of the pharmacokinetics and
structure-activity relationships of Ru™ compounds remain
elusive and ill-defined,*® Ru™ anticancer compounds have
attracted the bulk of the recent attention owing to the predict-
ability and tunability of their aqueous and physiological prop-
erties, facilitating a more predictable route for the rational
design of new compounds.*'*** Attention has more recently
turned to analogues of these complexes comprising the third
row transition metals osmium (Os) and iridium (Ir), with
a general trend towards slower aquation kinetics and a longer
half-life of the intact compound upon introduction to physio-
logical media.**™*
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used to rationalise the similar cell targeting behaviour of the Ru, Os and Ir complexes.

Ru", 0s", and Ir'"" are d® metal centres that favour low-spin
electronic configurations and octahedral geometries. In the
motif of an organometallic half-sandwich complex, three of the
six available coordination sites are occupied by an n°-arene (or
n’-cyclopentadienyl anion in the case of Ir'™), which stabilises
the low oxidation state of the metal centre. The three remaining
sites can be occupied by three monodentate ligands, a mono-
dentate and bidentate ligand, or one tridentate ligand.

Most commonly, octahedral Ru" and Os" drug candidate
complexes are designed with one or two labile leaving ligands
(usually halides), and the complex can be hydrolysed to its aqua
form.”*?> The aquated complex is typically more prone to ligand
exchange with biological nucleophiles and intracellular drug
targets,”> which might either enhance drug activity or be
a mechanism of drug inactivation.* In this way, organometallic
half-sandwich complexes can be rationally designed as pro-
drugs, where hydrolysis is suppressed in the high chloride
environment of blood ([Cl™] = 100-160 mM) and then activated
by hydrolysis once transported into the low chloride environ-
ment within the cytoplasm of the destination cell ([Cl7] = 4-10
mM).>

The remaining coordination sites of the half-sandwich
complex can be occupied by ligands of diverse functionalities,
which may be tuned to influence the properties of the organo-
metallic anticancer complex. These properties may confer target
specificity,®?” tune lipophilicity and optimise bioavailability
and cell permeability,”® provide spectroscopic or fluorescent
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bioimaging and tracking of complex
allow tuning of the electronic properties and
ligand exchange kinetics of the complex,** or facilitate delivery
of bioactive ligands that are specifically released upon reaching
the drug target as a “payload”,** among many other func-
tionalities that might be imagined or desired.**=**%”

Plecstatin-1 (1, Fig. 1) is a Ru™ half-sandwich organometallic
complex featuring n°-p-cymene (p-cym) as a m-bound ligand,
a labile chlorido leaving ligand, and the bidentate N-(4-
fluorophenyl)-2-pyridinethiocarbamide (pca) ligand. First re-
ported in 2013, plecstatin-1 was rationally designed to be orally
bioavailable owing to the stability of this complex in fairly harsh
acidic conditions.?® Initially, crystal-soaking experiments with
the nucleosome core particle (NCP) showed specific binding of
plecstatin-1 and the analogous Os complex (2, Fig. 1) to histi-
dine residues of the histone proteins and no interactions with
DNA.*® It was later found that plecstatin-1 showed high selec-
tivity for the cytolinker plectin using label-free quantitative
shotgun proteomics. The affinity of plecstatin-1 for plectin was
enhanced by hydrolysis of the chlorido prodrug to the
biologically-active hydroxylated moiety and the necessity of the
hydrogen bond-accepting aryl fluoride substituent was estab-
lished by the substitution of a hydrogen bond-donating
hydroxyl, abrogating the selectivity for plectin.** Plectin
knockout studies have validated the selective binding of
plecstatin-1 to plectin in vitro by treating keratinocytes isolated
from wild-type and plectin-deficient mice.*® Size-exclusion
chromatography-inductively coupled plasma-mass spectrom-
etry (SEC-ICP-MS) has been employed to screen for potential
protein binding partners of 1 and 2 in serum obtained from
mice bearing CT-26 tumours that were treated with the
complexes intraperitoneally and from human serum treated ex
vivo, indicating that 1 and 2 bound extensively to the blood
serum proteins serum albumin and transferrin, with minor
fractions bound to immunoglobins and negligible unbound
free complex.** Further attempts to investigate the interactions
of 1 with biomolecules and serum molecules using capillary
electrophoresis (CE) have been hindered by the tendency of
these samples to aggregate and precipitate after the addition of
1 to the reaction media.*

Relative to Ru complexes, Os complexes are typically more
inert to hydrolysis (up to 100-fold slower aquation kinetics)****
and form more acidic aqua complexes (ca. 1.5 pK, units lower
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1. M=Ru, R=p-cym
2: M=0s,R=p-cym
3 M=Ir, R=Cp*

Fig.1 Structures of plecstatin-1 (1), plecstatin—Os (2) and plecstatin—Ir
(3).
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than Ru complexes).?** In this way, Os complexes are envisaged
as prodrugs more persistent in their non-activated, non-
hydrolysed form than their isosteric Ru analogues, potentially
achieving a longer drug half-life.** This is of great interest in
organometallic drug design, as isostructural Ru and Os
complexes share similar bioactivities and affinities for identical
drug targets.*>™ In the cases where there is a significant devi-
ation in cytotoxicity or bioactivity, this is often attributed to
hydrolysis or ligand exchange rate modifications such that
these processes no longer occur in a time frame that allows the
complex to exhibit these properties.*®* The cytotoxicity and
pharmacokinetics of a drug might then be tuned by changing
the metal centre alone, with minimal disruption to target
selectivity or disturbance of the structure-activity relationship.

Distinct from traditional drug design that produced the
organic drugs dominant in the pharmaceutical market, where
administered forms are typically robust and directly responsible
for the mechanism of action, the diverse and often more
complex chemistry available to elements in the d-block of the
periodic table generates challenges for development and
opportunities that may be leveraged for medicinal inorganic
chemistry.®™** An emerging and exciting facet of metal-based
drug design is the area of bioorthogonal catalysis,** where
unique properties of metal ions, often in organometallic
complexes, facilitate highly controlled and specific biochemical
outcomes. However, even for this class of metallodrugs, as it is
for cytotoxins, including stimuli-responsive examples, an
ongoing and crucial requirement is to understand the chemical
transformations of the metal complexes within cells (ie.
“speciation”) so that such information can be included in
a closed feedback loop which enables optimisation.*

To gain insight into the cellular fates and pharmacokinetics
of plecstatin-1 and its Os and Ir analogues (Fig. 1), we have
employed synchrotron-based X-ray fluorescence microscopy
(XFM) and extended X-ray absorption fine structure (EXAFS)
spectroscopy to examine cells, cell growth media and whole
human blood treated with these compounds. Synchrotron-
based XFM and EXAFS place few restrictions on sample
matrices, allowing data on a system to be collected as close to
the native, unadulterated state as possible and circumventing
harsh chemical and physical sample preparation techniques
that might disturb the speciation of transition metals subject to
analysis.>® XFM is a non-destructive elemental mapping tech-
nique used to examine elemental localisation at sub-micron
resolution for elements with atomic number usually Z = 14.%
For XFM, we have employed a paraformaldehyde chemical
fixation protocol to prepare adherent SKOV-3 ovarian cancer
cells on silicon nitride membranes, as validated by previous
published work on human cancer cells treated with the Ru
anticancer compounds KP1019 and NAMI-A among other
studies of metal uptake in treated cells.*®*” In doing so, we
provide insight into the intracellular accumulation of the metal
ions of these putative anticancer complexes.

EXAFS is element-specific and reports on the average local
coordination environment of the absorbing element of interest
up to ~5 A and can report bond lengths to a precision of ~0.02
A58 In this work, we analyse the Ru K-edge EXAFS to elucidate
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the ligand exchange products of plecstatin-1 in cell growth
media in the presence or absence of FBS, and in whole human
blood. These data and their interpretation then allow us to
rationalise the cellular distribution information provided by the
XFM analyses.

2 Results and discussion

2.1 Elemental distribution in cells treated with plecstatin-1
and Os and Ir analogues

X-ray fluorescence microscopy (XFM) analysis was conducted on
SKOV-3 cells (n = 5 in each treatment) treated with plecstatin-1
(Ru) 1, plecstatin-Os 2 or plecstatin-Ir 3 at the 2-ID-D beamline

Table 1 Beamline operating conditions and cell treatment concen-
trations for the collection of XFM elemental maps for SKOV-3 ovarian
cancer cells treated with compounds 1-3

Concentration Beam energy Pixel step size Dwell time
(nM) (kev) (um x pm) (ms)

1 20 22.7 0.75 x 0.75 500

2 20 13.1 0.50 x 0.50 150

3 30 13.1 0.50 x 0.50 250
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at the Advanced Photon Source (Argonne National Laboratory,
Illinois, USA). Treatment conditions and beamline operating
parameters are given in Table 1. Elemental maps were collected
from cells treated with 1 using an incident beam energy of 22.7
keV to excite fluorescence from the Ru K-edge while also
allowing analysis of the K fluorescence lines of all lighter
elements, including the first-row transition metals and all bio-
logically relevant s- and p-block elements. Elemental maps of
samples treated with the Os or Ir complexes were collected
using an incident beam energy of 13.1 keV to excite the L-edges
of these elements while of appropriately high energy to excite K-
edge fluorescence of elements with Z < 33 (Se). Elemental maps
of SKOV-3 control cells treated with vehicle alone were collected
at 22.7 and 13.1 keV on the same cells (Fig. S2 and S37).

Fig. 2 shows XFM elemental maps of P, Zn and either Ru, Os
or Ir from a representative cell treated with either plecstatin-1 1,
plecstatin—-Os 2 or plecstatin-Ir 3, respectively (see also Fig. S4-
S6+ for further cell images). The distributions of P and Zn are
assumed to correlate with the nucleus of the cell due to the
elevated content of these elements. The distribution of Ru in
cells treated with 1 appears approximately perinuclear, with its
highest concentration in the periphery of the nuclear region.
The pixel resolution of cells treated with 1 makes identifying
fine structure or organelle localisation of the elements difficult.

Fig.2 Elemental maps of P, Zn and the metal of interest (Ru, Os or Ir) collected by XFM on SKOV-3 ovarian cancer cells treated with 1 (20 uM, top
left), 2 (20 uM, right) or 3 (30 uM, bottom left). Elemental maps were recorded using a beam energy of 22.7 keV, a beam spot size of 0.75 x 0.75
pum and a dwell time of 500 ms (1) or a beam energy of 13.1 keV, beam spot size of 0.50 x 0.50 um and a dwell time of 150 ms (2) or 250 ms (3).
The maximum pixel intensity is reported for each elemental map in units of areal density (g cm™2). All scale bars are 20 pm. XFM elemental maps
were recorded at the 2-1D-D beamline of the Advanced Photon Source (Argonne National Laboratory, USA). Cells were fixed to silicon nitride
windows using a paraformaldehyde fixing protocol (vide infra) and cells were selected for elemental mapping by inspection with optical
microscopy (top left panel of sample) prior to measurement.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2025, 16, 11347-11358 | 11349
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The elemental maps of samples treated with either 2 or 3 were
measured using a lower incident beam energy and smaller pixel
step-size, and show excellent spatial resolution. Os (2) and Ir (3)
concentrations are highest in the region directly surrounding
the nucleus. In the case of cells treated with 3, clear co-
localisation can be seen with the distribution of Ir and the
non-nuclear fraction of Zn and P. This pattern of metal distri-
bution may indicate some degree of organelle-specific local-
isation in the endoplasmic reticulum or mitochondria. The
apparent similarity of the elemental maps of cells treated with
all three complexes suggests that these complexes exert their
cytotoxic activity via a similar mechanism, or at the least, show
no specific intracellular localisation that might suggest
a different mechanism of action or handling of these
compounds by the cell.

Although there appears to be some overlap of metal distri-
bution with the nucleus of these cells, because XFM elemental
maps are necessarily two-dimensional projections of an object
with z-axis depth, it is not possible to quantitatively ascertain
the nuclear-associated fraction of these complexes using XFM
alone. In any case, the distributions of all three of these metals
are consistent with previous results that suggest that the target
of plecstatin-1 is plectin and the cytoskeletal structure of
the cell.*

The average intracellular content of Ru, Os, and Ir (Table 2),
the biologically-relevant non-metals (P, S and Cl) and metals
with Z > 16 (K, Ca, Mn, Fe, Cu and Zn) (Table S17) was assessed
for all treated samples and non-treated control cell groups,
along with cell areas. Average intracellular elemental content is
reported as fg per cell with sample size n = 5 for all treatment
and control groups, with the uncertainty recorded as the stan-
dard error of the mean. An apparent decrease in the area of cells
treated with 3 relative to either control, or cells treated with 2,
was not statistically significant (Fig. S7 and Table S17).

We have previously reported unexpected changes in levels of
endogenous elements and morphology of cells after treatment
with metal complexes. In particular, we have noted the
approximate two-fold increase in intracellular Cu and its co-
localisation with Ru in cells treated with 50 uM of Ru265, an
inhibitor of the mitochondrial calcium uniporter which local-
ises specifically in mitochondria.® It is likely that treating cells
with biologically active transition metal complexes might

Table 2 Average intracellular mass content (fg per cell) of Ru, Os or Ir
in SKOV-3 ovarian cancer cells treated with compounds 1-3 (cell n =
5) derived from XFM measurements. The uncertainty of the elemental
mass quantity is given as the standard error of the mean. We note
minor crosstalk interference of the Os and Ir XRF signals in this data,
likely arising from overlap of nearly coincident L-edge X-ray fluores-
cence lines of these two elements

Average intracellular metal mass content (fg per cell)

Ru Os Ir
1 152 + 4 — —
2 — 171 £ 12 38+4
3 — 27+ 3 489 + 69
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influence redox homeostasis and instigate a corresponding
intracellular response and differential (mis)handling of
endogenous elements by the cell under stress. Previous work
from our group has noted partial co-localisation of Fe with Ru in
SH-SY5Y cells treated with 200 pM of the anticancer Ru™
complex KP1019, in which the Fe distribution was altered in
treated cells relative to control cells, whereas the distribution of
other endogenous elements remained unperturbed.®* In this
context, it appears notable that plecstatin-1 and its analogues
leave the endogenous metallome unperturbed, with no
apparent disruption to the concentration or distribution of the
endogenous trace elements Mn, Fe, Cu or Zn as measured by
XFM. It may be inferred that these compounds are unlikely to
exert a cytotoxic mode of action through redox cycling and the
generation of ROS, with the caveat that standard XFM analysis
does not report the oxidation status of the elements under
analysis. These findings are consistent with the previously
proposed hypothesis that the predominant mode of action of
plecstatin-1 is through interaction with plectin and subsequent
disruption of cellular structure, adherence and motility,
providing evidence that, likely, the Os and Ir analogues of
plecstatin-1 do not deviate significantly from this principal
mode of action.

We note that interesting results have been published using
nano-focussed X-ray absorption near-edge structure (XANES)
spectroscopy to report the oxidation status of Os in single cells
treated with a cytotoxic organoosmium(u) half-sandwich
complex that purportedly exerts its anticancer activity via
intracellular redox cycling.®> While these results show the utility
and promise of nano-focussed XANES to report speciation and
localisation information in intact single cells simultaneously,
we note the caveats given by the authors in their manuscript.
Namely, the pharmacologically relevant concentrations of metal
complexes are much too low to provide sufficient fluorescent
signal for XANES analysis, except in cases of significant bio-
concentration in specific organelles (e.g. mitochondria). As the
intracellular redox stability of 1 has previously been established
and its intracellular localisation and site of action has been
previously ascertained to be the cytoskeleton and not localised
in organelles, it was suitable to investigate the speciation of this
complex using bulk XAS in whole physiological systems.

2.2 Speciation analysis in a media surrogate of the biological
environment

Extended X-ray absorption fine structure (EXAFS) data were
collected from 1 diluted in cellulose or dissolved in 10% DMSO/
saline (1 mM). Data were also collected for 1 incubated in cell
media in either the presence or absence of 10% foetal bovine
serum (FBS) and in human whole blood treated with 1 (100 uM).
EXAFS analysis allows for the elucidation of the local coordina-
tion environment around the absorbing element of interest.
EXAFS is suited to analysing the speciation of heavy elements in
complex biological sample matrices as it collects data on only the
element of interest, requires minimal sample preparation that
may induce changes to the native speciation of the sample via
harsh chemical or physical methods, and has no theoretical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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restrictions on the physical state of the sample analysed (e.g. no
necessity for crystallinity, absence of particles and debris).

Fig. 3 shows the Ru K-edge EXAFS (x(k), k*-weighted) spectra
collected at the XAS beamline of the Australian Synchrotron and
analysed using the XAS data analysis software package EXAF-
SPAK. Structural parameters of the absorber-backscatter
distances derived from single-scattering fits to the experi-
mental spectra are given in Table 3.

From the curve-fitting analysis of the EXAFS spectra collected
from the samples incubated in media (either with or without
FBS) and in human whole blood, it is apparent that both the n°-
p-cymene and the bidentate N-phenyl-2-
pyridinecarbothioamide ligand remain coordinated to the Ru
centre. The donor atom on the final coordination site on the Ru
centre, occupied by the chlorido ligand in the parent complex,
cannot be definitively assigned as either S or Cl in our analyses
of these samples. The phase and amplitude components of an
EXAFS signal from a backscattering atom with a constant

View Article Online
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absorber atom is primarily governed by the absorption cross-
section of the backscattering atom, proportional to the size
and density of the electron distribution around that atom.
Therefore, distinguishing the identity of one backscattering
atom from another of similar atomic number (i.e. S and Cl) is an
almost impossible task in practice. However, EXAFS analysis
can definitively distinguish between backscatterers of signifi-
cantly different atomic number, e.g. between N or O and S or
between S and Se.

Crystallography data published on plecstatin-1 from crystal-
soaking experiments revealed Ru binding to two different
histidine residues of the H2B subdomain of the NCP.*® These
data revealed cleavage of the pca ligand, leaving the Ru(p-cym)
moiety bound to His, although the parallel experiment using
the Os analogue 2 suggested that both ligands remain bound to
the metal centre for this species. Similar crystal-soaking
experiments using the Ru(p-cym) anticancer complexes
RAPTA-C and RAED-C showed binding to histidine residues of

1 '\/-':\"w it J i
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Fig. 3 Raw data (black) and model spectra generated using FEFF8 (green) of the EXAFS x(k) (left) and the Fourier transform (right) spectra
analysed using a single-scattering model within the analysis software suite EXAFSPAK. Data presented are of 1 ground in cellulose (top right), 1 (1
mM) incubated in DMEM/F12 media in the absence (middle left) or presence (middle right) of 10% FBS (1 mM, 10% DMSO), 1 (0.1 mM) incubated in
human whole blood (37 °C, 1 h; bottom left) and 1 (1 mM) dissolved in 10% DMSO/saline (bottom right).
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Table 3 Structural parameters of 1 (plecstatin-1) derived from EXAFS fitting calculations. EXAFS curve-fitting analysis was performed using the

software package EXAFSPAK and the ab initio fitting code FEFF8¢

Path R(4) o (x10% A% AE, (eV)

Best fit [7 x Ru-C/N (Z = 6), 2 x Ru-S/Cl (Z = 16)]

Cellulose (F = 0.234) Ru-C/N 2.190(1) 3.5(1) -10.8(2)
Ru-S/Cl 2.391(1) 2.4(1)

Media (F = 0.286) Ru-C/N 2.168(4) 3.7(3) —-13.2(6)
Ru-S/Cl 2.361(4) 2.0(2)

Media + FBS (F = 0.262) Ru-C/N 2.166(4) 3.4(3) —-13.3(6)
Ru-S/Cl 2.360(3) 1.5(2)

Whole blood (F = 0.898) Ru-C/N 2.167(26) 3.8(2-3) —13.1(4.3)
Ru-S/Cl 2.374(25) 1.0(0.9)

DMSO/saline (F = 0.431) Ru-C/N 2.215(6) 4.4(5) —11.1(9)
Ru-S/Cl 2.366(6) 3.5(4)

Alternative model [8 x Ru-C/N/O (Z = 6), 1 x Ru-S/Cl (Z = 16)]

Media (F = 0.302) Ru-C/N/O 2.193(3) 3.5(3) -10.3(6)
Ru-S/Cl 2.379(5) 0.6

Media + FBS (F = 0.283) Ru-C/N/O 2.192(3) 3.4(3) —10.4(6)
Ru-S/Cl 2.375(5) 0.5

Whole blood (F = 0.902) Ru-C/N/O 2.204(19) 3.6(2.3) —9.4(3.7)
Ru-S/Cl 2.392(36) 0.1

DMSO/saline (F = 0.439) Ru-C/N/O 2.220(4) 3.2(3) —9.0(7)
Ru-S/Cl 2.392(7) 1.1(4)

4 The k-range was 1.1-13.9 A™* and a scale factor (Sy?) of 0.9 was used for all fits except for the whole blood sample, which used a k-range of 1.1-11.9
A"l AE, = E, — 22.135 (keV), where E, 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 (F) is defined as [SA°(Xexp —

Xeald) /2K X exp?]. * These

values of ¢? are already too low (<1 x 107> A?%) to be considered physically realistic. Further refinements of this parameter converged to
negative values to satisfy the curve-fitting algorithm, resulting in our abandonment of this model as a viable structure.

the H2B subdomain of the NCP.** However, our attempts to fit
the EXAFS spectrum of 1 in media (with or without FBS) or
whole blood by replacing one Ru-S/Cl scattering path with
a Ru-N path led to physically unreasonable fit parameters. The
magnitude of the Debye-Waller factor (¢*) of the Ru-S/Cl
component in this structural model optimised to negative
values as the curve-fitting algorithm attempted to compensate
for the halving of the backscatterer coordination number. For
this reason, a structural model featuring only one heavy S/Cl
backscatterer was eliminated as a viable fit candidate, and we
ruled out histidine or another N-donating ligand as a nucleo-
phile that could effectively compete with cysteine or another S-
donating ligand for coordination to 1 in this system.
Coordination of both a chlorido and a sulfur donor ligand in
the first coordination shell of Ru was used as the initial struc-
tural model for EXAFS curve-fitting for all samples, using
atomic coordinates obtained from the crystal structure previ-
ously published by Meier et al.*® The assignment of coordina-
tion number (formally scattering path degeneracy, N) to the Cl
and S scattering paths was challenging due to both the intrinsic
difficulty of distinguishing between two elements with very
similar atomic number and the very similar XRD bond lengths
of Ru-S (2.367 A) and Ru-Cl (2.369 A) (accuracy of bond length
determined by EXAFS is typically AR = £0.02 A). Assessment of
different structural models for single-scattering and multiple-
scattering fits failed to resolve either the Ru-C/N or Ru-S/Cl
paths into discrete EXAFS backscattering components while
maintaining stability of the final parameters and physically
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sensible bond lengths and Debye-Waller factors. The best fit
across all three datasets was achieved using only two compo-
nents; one path for Ru-C/N backscattering atoms (N =7, Z = 6)
and one path for Ru-S/Cl (N = 2, Z = 16).

The amplitude of a scattering path contributing to the EXAFS
signal is proportional to both S,> and N and inversely propor-
tional to kR?, where S,” is the amplitude reduction factor. S,> is
related to the intrinsic losses in the yield of ejected photoelec-
trons returning in phase to the absorbing atom, e.g. by relaxa-
tion of the finite lifetime core-hole of the excited state absorbing
atom or by inelastic scattering of the photoelectron. In practice,
it is not possible to determine S,> during an XAS experiment
and it is generally estimated in the fitting model as a constant
between 0.7 and 1.0 (although there is some evidence that S, is
weakly energy-dependent);** for S,” a value of 0.9 was chosen in
all models presented in this work. A corollary to not being able
to explicitly determine S,” is that it introduces uncertainty in
determining N, typically on the order of 20-25%.*

Choosing N =0, 1, or 2 for S and Cl (such that N(S) + N(Cl) = 2)
for separate scattering shells never yielded chemically-
reasonable fit parameters; the Debye-Waller factor (¢*) of one
path would increase to an infeasibly high value (>7.00 x 107° A%)
while the other would simultaneously converge to an infeasibly
low or even negative value. To circumvent this, we eliminated the
Ru-Cl scattering path and modelled the Ru-S/Cl paths as a single
N =2 Ru-S component. A similar analysis led to modelling of the
Ru-C and Ru-N paths, which have very similar bond lengths in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the reported related crystal structures, as one Ru-C component
with N = 7.

The mode of action of Ru" organometallic anticancer
compounds, and halido-coordinated anticancer organometal-
lics more generally, is rationally designed around the hydrolysis
of the halido ligand followed by subsequent binding to
macromolecules, often via reduced thiolate groups. Plecstatin-1
is likely bound to a thiolato ligand in serum-containing media,
however, the unambiguous identity of biomolecular ligands
cannot be confirmed using XAS alone. Our group has previously
investigated the aqueous stability of Ru half-sandwich
complexes and their interactions with serum proteins using
capillary electrophoresis (CE) and hyphenated mass spectrom-
etry (MS) techniques. Human serum albumin (HSA) and
transferrin (Tf) were shown to interact with organoruthenium
complexes, including 1, and Ru-complex interactions were also
assessed in simulated media, cell culture medium and human
serum to evaluate hypothetical protein binding partners for
these complexes in physiologically relevant systems. Although
these methods yielded interesting results for a hydroxyquino-
line-derived complex, incubation of 1 in all sample matrices
induced precipitation that occluded the identification of any
protein binding partners in these experiments.”” In this
previous report, precipitation likely resulted from an experi-
mental requirement to dilute reaction mixtures in 20 mM
phosphate buffer; note that in the current work, the XAS
samples were not diluted in this manner, and no precipitation
was observed.

With the identity of any potential biomolecular binding
partner not yet being explicitly elucidated, we present here that
any candidate should feature a sulfur-donating ligand as
opposed to a hard Lewis base donor, concomitant with the
EXAFS results of 1 incubated in media and whole blood.

The EXAFS spectrum of 1 dissolved in 10% DMSO/saline was
the only sample that yielded physically-reasonable fit parame-
ters for the alternative fitting model of 8 x Ru-C/N/O, 1 x Ru-S/
Cl. This seemed curious at first, as it represented a model of
hydrolysed 1 in a solution with high concentrations of chloride
and DMSO. As such, different fractions of N for each component
were tested and refined by floating N followed by floating all
other structural parameters in unison. The results of each
refinement returned almost equal goodness-of-fit (F) values
with no obvious “red flags” in the structural parameters R, o> or
AE,. However, upon further refinements the fit consistently
converged on the 7 x Ru-C/N, 2 x Ru-S/Cl model and in the
absence of any evidence for hydrolysis in this sample, this was
accepted as the best fit. The bond length of the Ru-S/Cl
component in the best fit is comparable to the samples first
dissolved in DMSO and added to biological media, and shorter
than R for the same component in the cellulose standard, which
retains the chlorido ligand and appears to indicate the substi-
tution of chloride for a shorter Ru-S bond.

Previously reported crystal structures of 1 showed only an
N,S-coordination mode of the pca ligand to the metal centre.
However, amido-switching has been observed in 2, leading to
N,N-coordination to the metal centre.*® Furthermore, plecstatin-
1 can dimerise in aqueous solution, with two thione bridges
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between the two Ru constituents of the dimer. Dimerisation was
reported to persist in the presence of sulfur-containing amino
acids, however, was abrogated by the use of DMSO to prepare
stock solutions.*® EXAFS curve-fitting of structural models to
plecstatin-1 data in the present work confirms the N,S-coordi-
nation mode of pca first observed by X-ray diffraction analysis.
Sulfur has a much larger backscattering cross-section than
nitrogen, corresponding to a much greater scattering amplitude
from sulfur in the coordination sphere, relative to nitrogen.
Furthermore, the Ru-S bond is typically much longer than the
Ru-N bond due to coulombic and orbital overlap effects, and
significantly greater in length than the limit of bond length
resolutions in an EXAFS experiment (AR = 2m/Ak = +0.02 A).
Structural models for the EXAFS data incorporating the light
backscattering atoms N or O substituting for S or Cl were
rejected due to poor or unstable fits, indicating that no amide
switching was observed under the conditions investigated and
that plecstatin-1 remains intact as-synthesised in cell media in
either the presence or absence of biological reductants. No
evidence of dimerisation was observed, which would be
apparent through the presence of a Ru-Ru peak at ~3.6 A in the
EXAFS Fourier transformation. This is consistent with dissolu-
tion of 1 in DMSO inhibiting dimerisation. If 1 had undergone
rapid aquation of the chlorido ligand in water, then the
hydrolysis step would facilitate the subsequent ligand exchange
for a thiol-containing biomolecule. However, the XAS experi-
ments gave strikingly similar spectra for 1 incubated in media
in either the presence or absence of FBS (Fig. S91), which
provides the vast majority of nucleophilic thiols to the media.
We propose that the “second” sulfur donor ligand in the coor-
dination sphere of 1 in media in the absence of FBS is derived
from solvent DMSO during the preparation of the stock solution
before incubation in media. This proposed mechanism is
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Fig. 4 *H NMR spectra (400 MHz, D,0) of plecstatin-1 (2 mM, species
a) with and without L-cysteine (1 mol eq.) incubated for 96 h. To the
latter sample, Cys was added and the reaction was remeasured after
24 h. Plecstatin-1 (a) dimerises in aqueous solution to form b, which is
stable upon addition of Cys. Once formed, the dimer does not react
with Cys, while plecstatin-1 forms a Cys adduct (species ¢).
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further supported by considering the magnitudes of AE, for the
three samples. A shift of AE, to more negative energies, as
observed for the —2 eV shift of both media samples relative to
the cellulose pellet, is an unsurprising result for the exchange of
a chlorido ligand for a less electronegative sulfur-donor ligand.
The formation of the 1-DMSO adduct effectively “blocks” the
formation of the plecstatin-1 dimer, however, it is likely readily
exchanged for a nucleophilic thiol from a biological reductant
such as those that would be abundant in FBS. Indeed, the
inhibition of dimerisation by an S-donor ligand was observed in
the reaction of plecstatin-1 with r-cysteine (Cys) in D,0, which
we investigated by "H NMR spectroscopy. When the compound
was dissolved in D,O, signal sets assignable to monometallic
(Fig. 4, species a) and dimerised species (Fig. 4, species b) were
observed, presumably with the pca sulfur atoms acting as
bridging ligands. After 96 h of incubation, the compound was
completely converted into the dimeric form. When Cys was
added to plecstatin-1 in D,O at a 1:1 molar ratio, the first
spectrum recorded immediately after mixing had already
significantly changed compared to that obtained for pure
plecstatin-1. While the peaks assigned to the dimeric species
were visible, the monomer immediately converted into the Cys
adduct (Fig. 4, species ¢), most prominently evidenced by
a significant upfield shift of the proton neighbouring the pyridyl
nitrogen atom. Over the course of 96 h, the spectra did not
change significantly, indicating that Cys did not affect the
dimer once established in aqueous solution. This observation
was confirmed by the addition of Cys to a sample of plecstatin-1
in D,O that was aged for 96 h. In this case, only peaks assignable
to the dimeric form were observed, and the spectrum recorded
after a 24 h-incubation period was virtually identical, support-
ing the high stability of the dimer once established. These
studies confirm that Cys binding to plecstatin-1 prevents it from
dimerising in solution, supporting the EXAFS data, which did
not indicate the presence of dimer. As the EXAFS sample con-
tained chloride, dimerisation would have been prevented or
slowed down significantly, which explains the lack of a signal
assignable to a dimer under these conditions and the detection
of the S(/Cl)-coordinated adduct.

3 Materials and methods

Compounds 1-3 were synthesised according to literature
methods.*® Compounds were stored away from light at room
temperature before cell treatments. After the cells were treated
with the compound, they were fixed to silicon nitride
membranes and transported to the Advanced Photon Source
(APS; Argonne National Laboratory, USA). Plecstatin-1 cellulose
pellet standard and media samples were prepared on-site at the
Australian Synchrotron (AS; Clayton, Australia).

3.1 X-ray fluorescence microscopy

3.1.1 Cell culture. Silicon nitride membranes (Silson Ltd,
Warwickshire, England) were washed sequentially for 2 min
each in Milli-Q water, 70% ethanol, and 100% ethanol in a small
Petri dish. The membranes were air-dried under sterile
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conditions and transferred into wells of 12-well culture plates,
which had been previously exposed to UV-light overnight.

SKOV-3 cells were kindly provided by Dr Carmela Ricciardelli
from the Robinson Research Institute at The University of
Adelaide, Australia. The cells were cultured in a T75 flask and
collected after trypsinisation (0.25% trypsin and ethyl-
enediaminetetraacetic acid) for 3 min. The cells were spun
down at 1200 rpm for 5 min. Cell supernatant was discarded
and the pellet was suspended in 1 mL culturing media (DMEM/
F12, 10% FBS, r-glutamine, 1% penicillin/streptomycin and
0.1% Fungizone).

Cell suspensions were mixed with trypan blue solution
(0.4%) and transferred into a cell counting chamber slide
(Thermo Fisher Scientific Australia, Adelaide, Australia). The
viable cells were counted with Countess II (Thermo Fisher
Scientific Australia, Adelaide, Australia). The cell suspensions
were prepared with culturing media and ~2000 SKOV-3 cells
were seeded onto each membrane without contacting the
pipette tip. The cells were incubated for 3 h at 37 °C and 5% CO,
atmosphere for attachment. Culturing media (1.4 mL) was
added carefully to each well and the cells were incubated over-
night at 37 °C, 5% CO,.

3.1.2 Metal complex incubation and cell fixation. Cells
adhered to the silicon nitride membranes were treated with 1
(20 uM, 1% DMSO in media), 2 (20 uM, 1% DMSO in media) or 3
(30 uM, 1% DMSO in media) in 2 separate portions of 0.7 mL,
enough to soak the cell-coated silicon nitride membrane in
solution. The cells were incubated in the media containing the
respective compound for 4 h (37 °C, 5% CO,). The treatment
solution was aspirated from the well carefully, avoiding contact
with the membrane, and then the membrane was washed with
PBS (0.7 mL) and then aspirated. The cells were fixed onto the
membrane with 4% paraformaldehyde in PBS (0.7 mL). After
5 min, the paraformaldehyde solution was aspirated. The
membrane was washed twice with PBS (0.7 mL) for 5 min each,
twice with a solution of trace metal-free ammonium acetate
(100 mM, 0.7 mL) for 2 min each and finally with Milli-Q water
(0.7 mL) to cover the surface of the membrane and to wash out
excess ammonium acetate. Milli-Q water was removed imme-
diately by blotting with tissue and the membrane was then
allowed to dry completely while protected from dust. The
membrane was stored in a sealed plastic vessel at room
temperature for subsequent analysis.

3.1.3 Advanced Photon Source beamline operating condi-
tions. Elemental distribution maps of SKOV-3 cells treated with
1, 2 or 3 were measured at the 2-ID-D beamline at the Advanced
Photon Source (Argonne National Laboratory, Lemont, IL) with
modifications to the protocol described previously.” The
beamline used a double multilayer monochromator and a gold
“high flux” zone plate setup to focus a monochromatic beam
into a spot of 300-400 nm full width at half maximum (FWHM)
in diameter. The same Fresnel zone plate arrangement was used
to focus the X-ray beam to the same spot size at the lower energy
setting. An energy-dispersive silicon drift detector (Vortex EM,
SII Nanotechnology, Northridge, CA, USA) was used to collect
the X-ray fluorescence spectra from the sample, which was
placed in a He environment at 75° to the incident beam. All
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elemental maps were recorded in fly-scan mode. Elemental
maps were generated with the MAPS software package® by
Gaussian fitting of the raw emission spectra for each image
pixel. The Gaussian peaks were matched to characteristic X-ray
emission lines to determine the fluorescence signal for each
element. Quantification of the data (in pg cm™~?) was performed
by comparing the X-ray fluorescence intensity to those from
National Bureau of Standards thin film standards NBS-1832 and
NBS-1833 (National Bureau of Standards, Gaithersburg, MD,
USA) measured at the same position as the sample
measurements.

Elemental maps of SKOV-3 cells treated with 1 were collected
with an incident beam energy of 22.7 keV to excite the K-edge
fluorescence of Ru and all lighter elements. The pixel step size
of these maps was 0.75 pm x 0.75 pm and the per pixel dwell
time was 500 ms. Elemental maps of cells treated with either 2
or 3 were recorded at 13.1 keV to excite the L-edge fluorescence
of these third-row transition metals simultaneously with the K-
edge fluorescence of all first-row transition metals and lighter
elements. The pixel step size of all elemental maps recorded for
cells treated with 2 or 3 was 0.50 pm x 0.50 pm. The per pixel
beam dwell time was 150 ms for all cells treated with 2 and 250
ms for all cells treated with 3. Elemental maps of untreated
control cells were taken at the higher and lower energy settings
on the same set of cells. The pixel step size was 0.75 pm x 0.75
um and the dwell time was 500 ms when the control cells were
measured at 22.7 keV and 0.50 pum x 0.50 pum and 200 ms when
measured at 13.1 keV.

3.1.4 Data analysis. Region-of-interest (ROI) analysis of
the cells was conducted by drawing ROIs around a particular
cell using the ROI analysis tool in the XFM data analysis
software MAPS.®” Intracellular elemental quantitation was
achieved in MAPS by per-pixel spectrum fitting of the samples,
followed by integration of the entire elemental concentration
in the ROI to give elemental quantities in mass units (fg per
cell). Statistically significant variations in the mean of cell
areas and intracellular elemental concentrations between
samples were calculated using ANOVA in the GraphPad Prism
software suite. Statistically significant variations between
samples in the means of cell areas and intracellular elemental
content were calculated using the GraphPad Prism software
suite. An unpaired, two-tailed Student's t-test with Welch's
correction was used to determine the p-value for the difference
in mean intracellular ruthenium concentration of samples
treated with plecstatin-1 and untreated control cells, both
measured at 22.7 keV. The cell areas of samples and the
intracellular elemental content of all other elements
measured were analysed by one-way ANOVA tests, and the
mean of each sample group was compared against the mean of
each of the other groups using Dunnett's T3 multiple
comparisons test. The large and significant differences in the
means of cell areas and intracellular content of several
elements between control cells measured at 13.1 keV and 22.7
keV confirmed there was no validity in comparing between
samples measured at different energies, and all comparisons
between treatment groups measured at different energies have
been ignored.
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3.2 X-ray absorption spectroscopy

3.2.1 Cellulose pellet standard. 1 was ground with cellulose
in a mortar and pestle to achieve sufficient dilution of the
overall Ru concentration and an optimal fluorescence signal to
collect EXAFS data in fluorescence mode at the XAS beamline.
The pressed cellulose pellet was transferred to a plastic sample
cuvette holder covered with Kapton tape and analysed within
1 h of preparation.

3.2.2 Media samples. 1 was dissolved in DMSO before
dilution in DMEM/F12 media in the presence or absence of 10%
FBS (10% final DMSO concentration). Media solutions (100 pL)
were injected into a plastic sample cuvette holder covered with
Kapton tape and immediately flash-frozen in liquid nitrogen
(LN,). The frozen media samples were immediately placed in
the beamline for XAS analysis. All media samples were analysed
within 1 h of preparation.

3.2.3 Human whole blood sample. Blood was collected with
informed consent from a volunteer and experiments were con-
ducted with protocols and conditions approved by the University
of Adelaide Human Research Ethics Committee (approval
number H-2024-155). Human whole blood was collected into
heparinised vacutainers and stored on ice before usage (1 h).
Physiological saline was prepared by dissolution of sodium
chloride in Milli-Q ultrapure water for a final concentration of
160 mM. 1 was dissolved in DMSO before dilution in physio-
logical saline and pH was adjusted to 7.4 with aqueous sodium
hydroxide (1 M) for a final concentration of 1 mM (10% DMSO).
Whole blood (900 uL) and 1 treatment solution were preheated to
37 °C before the addition of the treatment solution to the blood
(100 uM, 1% DMSO). After 1 h, the blood reaction mixture (100
uL) and the DMSO/saline solution (100 uL) were injected sepa-
rately into plastic sample cuvette holders covered with Kapton
tape and immediately flash-frozen in LN,. The frozen samples
were stored on LN, before analysis at the beamline.

3.2.4 EXAFS data collection and analysis. Ru K-edge X-ray
absorption spectra were recorded on the X-ray absorption
spectroscopy (XAS) beamline at the Australian Synchrotron
(Clayton, Australia). The energy of the electron beam was 3.0
GeV with a current of ~200 mA. The incident X-ray beam was
sourced from a wiggler insertion device and the requested beam
energy was selected by employing a Si(111) double crystal
monochromator with rejection of higher order harmonics
achieved using a rhodium-coated mirror. Samples were
measured in fluorescence mode and fluorescence data were
collected for cellulose and media samples by a 100-element
germanium detector (Canberra/UniSys) oriented at 90° to the
incident beam to minimise background noise from scattered
photons. Whole blood and DMSO/saline samples were
measured in fluorescence mode by an 18-element germanium
detector (Mirion, France) oriented at 90° to the incident beam.
During data collection, the samples were maintained at
a temperature of ~10 K using a helium pulsed expansion cooled
cryostat (Cryo Industries, Manchester, NH, USA). The spectrum
of a Ru foil, recorded in transmission downstream from the
sample, was used as an internal standard to calibrate the energy
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scale for the first peak of the first derivative of the elemental Ru
K-edge (22.118 keV).

3.2.5 Data analysis. Calibration, averaging and background
subtraction of all spectra were performed using the EXAFSPAK
software package (G. N. George, SSRL), available at https://www-
ssrl.slac.stanford.edu/~george/exafspak/exafs.htm. Phase and
amplitude functions for single scattering electron paths were
generated by the ab initio code FEFF8,° and these paths were fit
to the experimental data using EXAFSPAK.

3.3 NMR spectroscopy

Plecstatin-1 (2 mM) and r-cysteine (1 mol eq.) were combined in
D,0 and "H NMR spectra were recorded immediately and after
24 and 96 h. Additionally, a solution of plecstatin-1 (2 mM) in
D,O was incubated for 96 h before the addition of r-cysteine
(1 mol eq.), after which '"H NMR spectra were measured
immediately and after 24 h.

4 Conclusions

The mode of action of organometallic anticancer agents is
difficult to decipher, and there are only a few compounds for
which the molecular targets have been identified and validated.
Plecstatin-1 is one of these compounds, and it was shown to
target the scaffold protein plectin. Elemental maps generated by
X-ray fluorescence microscopy revealed that the Ru distribution
in SKOV-3 ovarian cells treated with plecstatin-1 was consistent
with the selectivity for plectin in the cytoskeleton of cancer cells.
To elucidate the role of the metal centre in plecstatin-1,
elemental maps of cells treated with the Os and Ir analogues
of plecstatin-1 were recorded. These revealed similar distribu-
tion patterns as those observed for cells treated with the Ru
complex, indicating that the Os and Ir complexes likely exert
their cytotoxic action in the same manner as plecstatin-1 and
that the primary mechanism of action of this class of
compounds is independent of the choice of metal centre. As the
metal centres are known to have very different ligand exchange
kinetics, this impacts the interaction with the target protein(s).
To investigate the speciation of plecstatin-1 in cell growth
media in the presence and absence of foetal bovine serum, and
in whole human blood, extended X-ray absorption fine structure
spectroscopy data were collected for each of these fluids in the
presence of 1. The data suggest that the arene ring and the
bidentate pca ligand remain bound to the Ru ion in all samples,
with no ligand dissociation nor dimerisation of the complex
observed. The retention of the cym and pca ligands in the Ru
complex provides an explanation for the similarity of the metal
distributions observed in cells treated with the three complexes
- assuming that the Ir and Os complexes are also similarly
stable, then the effects of the distinct ligand exchange kinetics
of the different metal ions would be masked within the cells.
Based on the EXAFS data, it is likely that the labile chlorido
ligand of 1, and by extension 2 and 3, dissociates in media or
blood and is replaced by either a biological thiol or a solvent
DMSO molecule. The distinction between this outcome and the
observed binding to histidine in protein adducts may reflect the

1356 | Chem. Sci,, 2025, 16, 11347-11358

View Article Online

Edge Article

influence of the protein microenvironment on the ligand
replacement preference in this class of compounds.
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