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Abstract

The dinuclear ruthenium (Ru) compounds, Ru265 and Ru360, are inhibitors of the mitochondrial
calcium uniporter (MCU) and potential therapeutic agents for conditions associated with
mitochondrial calcium (mt-Ca®") dysregulation. The nitrido-bridged Ru265 offers improved cell
permeability and redox stability relative to the oxo-bridged analogue, Ru360, whilst maintaining high
selectivity and potency. In this study, extended X-ray absorption fine structure (EXAFS) spectroscopy
interrogated the stability of these compounds in buffer, saline solutions, and human blood, by
probing the sensitive Ru—X—Ru scattering signal. Both dinuclear compounds remained intact in pH
7.4 buffered solution, even in the presence of glutathione. Following addition to whole blood, EXAFS
showed the presence of diaqua-capped Ru265’, indicating axial ligand substitution but stability of the
Ru—N—Ru backbone during incubation (1 h, 37 °C). In contrast, Ru360 rapidly degraded in
saline/DMSO at room temperature, as evidenced by the diminished intensity of the Ru--Ru peak in
the EXAFS Fourier transform at ~3.65 A. Subsequently, the mononuclear Ru360 degradation products
displayed negligible uptake into red blood cells. These findings support previous studies which
highlight the improved stability of Ru265 and provide validation of the structure and coordination
environment of the complex in an ex vivo human blood sample.

Key words: ruthenium, mitochondrial calcium uniporter, human blood, stability, X-ray absorption
spectroscopy

1 Introduction

Mitochondrial calcium (mt-Ca**) homeostasis is closely associated with the regulation of many critical
biological processes, as intracellular Ca** flux modulates the production of adenosine triphosphate
(ATP), impacting subsequent cellular metabolism, and can act to reinforce the initiation of cell death."
® Transport of Ca** into the mitochondria in mammalian cells is mediated by the mitochondrial
calcium uniporter (MCU) complex, which consists of multiple inner-membrane spanning subunits
functioning together with mt-Ca®* uptake proteins 1 and 2 (MICU1 and MICU2) in the intermembrane
space.* Dysregulation of mt-Ca®* and subsequent Ca** overload can stimulate overproduction of
reactive oxygen species (ROS). Simultaneously, ROS can mediate sensitisation of the mitochondrial
permeability transition pore (mPTP) to Ca**-mobilising agonists, further perturbing the flux of mt-
Ca*".5 Excess mt-Ca® has also been associated with overexpression of the Ca*"-activated protease
calpain.® Overabundance of these species can culminate in cell damage and death. As such, mt-Ca**
dysregulation has been implicated in the progression of various neurodegenerative diseases,”®
ischemic stroke,™ cardiovascular disease,""? and cancer.’®*"

Following recognition of the role of mt-Ca* uptake in these pathophysiological conditions, a
growing body of research has emerged focusing on the development of MCU inhibitors as tools to
investigate the mechanisms of Ca** dysregulation and as potential therapeutic agents.'®'® In recent
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years, combinatorial screening strategies have been utilised to identify organic small-molecules with
MCU-inhibitory properties.'*?° However, these compounds and other small-molecule MCU inhibitors
designed in the last two decades generally exhibit alternative biological activities, creating
undesirable off-target effects and secondary toxicity.?'®

The most commonly utilised MCU inhibitor is ruthenium 360 (Ru360, Scheme 1), a dinuclear
oxo-bridged Ru compound and derivative of ruthenium red (RuRed), with strong UV-visible
absorbance at 360 nm.?*28 This compound exhibits selective MCU-inhibitory activity with nanomolar
potency in digitonin-permeabilised rat cardiomyocytes.?” However, the widespread application of
Ru360 in intact biological systems is significantly impeded by its natively poor cell permeability,?*
and unfavourable redox stability.?? In contrast to Ru360, the nitrido-bridged analogue, Ru265
(Scheme 1), has been shown to inhibit MCU-mediated mt-Ca** uptake in intact HEK293T and Hela
cells,?® demonstrating substantially greater cell permeability while retaining high selectivity and
nanomolar potency. In addition, Ru265 was found to provide protection against mt-Ca** overload in
an in vivo model of ischemic stroke.®

Recent experiments have demonstrated striking differences in the redox activity of Ru265 and
Ru360 complexes.?? In an aqueous environment, the axial chloride and formate ligands of Ru265 and
Ru360 are replaced by water and/or hydroxide ligands (depending on the pH environment). These
aquated complexes are denoted as Ru265’ and Ru360’ (Scheme 1). Cyclic voltammetry studies
revealed that Ru360’ possesses redox potentials within the range of reduction potentials for common
biological reducing agents (-0.744 to +0.556 V vs. SCE), with an irreversible reduction occurring at
-0.740 mV vs. SCE, whereas Ru265’ shows no redox activity between -1 and +1 V vs. SCE.??
Furthermore, investigations of cellular uptake mechanisms revealed that Ru265 uptake is mediated
by the organic cation transporter 3 (OCT3),?* which is widely distributed throughout most mammalian
tissues, particularly in the heart, skeletal muscles, placenta, and brain.?' In contrast, increased
uptake of Ru360’ was not observed in cells overexpressing OCT3, indicating that the oxo-bridged
analogue is not an effective substrate for the transporter.?? These findings provide valuable insight
into the enhanced bioactivity of Ru265 in vitro and in vivo.
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Scheme 1. Chemical structures of dinuclear Ru compounds discussed in this work. Note that the presence of axial
water (H,O) ligands for the aquated complexes, Ru265' and Ru360, is pH dependent. These ligands may be

substituted for hydroxide (OH") ligands under physiological conditions.

Herein we describe further evaluation of the stability of Ru265 and Ru360 in biological buffers
and in human whole blood using Ru K-edge extended X-ray absorption fine structure (EXAFS)
spectroscopy. This synchrotron-based X-ray technique probes the characteristic absorption energies
of core electrons. The unique oscillations arising from the interferences between the photoelectron



waves of the absorber and backscatterers provide structural information which can be used to
characterise the coordination environment and bond distances between the absorber and
neighbouring atoms. Unlike X-ray diffraction-based methods, EXAFS does not provide three-
dimensional characterisation and interrogates only a limited radial field of view surrounding the
central absorbing atom (up to ~5 A), however, it offers high bond length accuracy, improved precision
in atomic positions, and can be utilised to obtain structural information for metal complexes and
metabolites in solution.**3* Thus, EXAFS analysis allows sensitive monitoring of the Ru—X—Ru
backbone, a structural feature which is unique to these dinuclear Ru compounds, in aqueous
environments. In addition, samples require minimal preparation and pre-treatment, preserving the
native chemistry and translating to results which best represent the true Ru speciation directly
following treatment.

In this work, Ru265 and Ru360 solutions were prepared in 3-(N-morpholino)propanesulfonic
acid (MOPS) buffer at physiological pH (~7.4) in the presence and absence of L-glutathione (GSH, 5
molar equivalents) as a biological reducing agent. Whole blood was treated with 0.1 mM Ru265 or
Ru360 from a 1 mM stock solution prepared in physiological saline (160 mM, pH ~7.4), containing
10% dimethyl sulfoxide (DMSO). Human whole blood serves as a valuable model system to evaluate
biological stability, as drug compounds must first enter the bloodstream to be transported to other
tissues to deliver therapeutic activity and undergo metabolic processing. Our EXAFS data
demonstrates that Ru265 upholds appreciable stability in buffer and saline/DMSO solutions, and in
human blood, whereas Ru360 undergoes rapid degradation in saline/DMSO at physiological pH and
exhibits poor uptake into red blood cells (RBCs).

2 Materials and methods
2.1 Sample preparation
2.1.1 Synthesis of Ru265 and Ru360

The dinuclear Ru compounds Ru265 ([CI(NHs)sRu(u-N)Ru(NHs)4CI]Cl; / ClsH24NgRu,) and Ru360
([(HCO2)RU(NH3)4(u-O)RU(NHs)4(HCO,)]ICl;5 / C;H,6ClsNgOsRuU,) were synthesised and characterised
according to previously described procedures.?"*

2.1.2 Standards in biological buffers

A stock solution of containing 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS, M1254, Sigma-
Aldrich) was prepared in ultrapure deionised water from a Milli-Q water purification system
(Millipore-Waters, Australia). The pH of the solution was adjusted to ~7.4 with aqueous sodium
hydroxide (NaOH, 1 M). Using this buffered solution, standards containing Ru265 (2 mM) and Ru360
(5 mM) were prepared with and without the addition of 5 molar equivalents of L-glutathione (GSH,
G4251, Sigma-Aldrich) incubated with the compounds at room temperature for 2.5 h. Aliquots (~100
pL) of each solution were injected into plastic sample holders covered with Kapton tape and
immediately flash-frozen in liquid nitrogen (LN2) prior to placing the sample in the beamline for
measurement.

2.1.3 Standards in saline/DMSO

Physiological saline solution containing 160 mM sodium chloride (NaCl) was prepared in ultrapure
deionised (Milli-Q). The pH of the solution was adjusted to ~7.4 with aqueous sodium hydroxide
(NaOH, 1 M). Ru265 and Ru360 were dissolved in dimethyl sulfoxide (DMSO, DA013, Chem-Supply) to
prepare a 10 mM stock solution, which was then diluted by a factor of ten with physiological saline,
for a final concentration of 1 mM (containing 10% DMSO). Aliquots (~100 pL) of each saline/DMSO



solution prepared as described above and stored at -80 °C until analysis. To complement EXAFS data,
'"H NMR and UV-Vis spectra were collected for a solution of Ru265 in saline/DMSO (10% DMSO-d6 or
DMSO, 80 mM or 160 mM NaCl, pH 7.4), immediately after dissolution and following incubation at 37
°C for 4 h (characterisation summarised in SI, pages 1-2, Figures S1 and S2).

2.1.4 Human blood samples

Blood was collected with informed consent from a volunteer participant (22 years old, biological
male). Experiments were conducted with protocols and conditions approved by The University of
Adelaide Human Research Ethics Committee (Approval Number: H-2024-155). Human whole blood
was collected in 9 mL lithium heparin-coated vacutainers (Vacuette, Greiner Bio-One) and stored on
ice before use (~1 h). Whole blood (900 pL) and Ru265 and Ru360 treatment solutions in saline/DMSO
were preheated to 37 °C for ~15 min. The treatment solutions (100 pL) were then added to the whole
blood and incubated at 37 °C for 1 h, to give a final concentration of 100 uM and 1% DMSO in the
blood sample.

Following incubation, treated whole blood (700 pL) was separated into plasma and red blood cell
fractions via centrifugation (10,000 rpm, 10 min, 20 °C). The plasma supernatant was isolated, and
the RBC pellets were lyophilised under vacuum pressure at -55 °C. Plasma and whole blood samples
(~100 pL) were injected into plastic sample holders covered with Kapton tape, immediately flash-
frozen in LN2, and stored at -80 °C until analysis. The RBCs were packed into sample holders as dry
powders and stored under the same conditions.

2.2 X-ray absorption spectroscopy
2.2.1 EXAFS data collection

Ru K-edge X-ray absorption spectra were recorded on the X-ray absorption spectroscopy (XAS)
beamline at the Australian Synchrotron (Clayton, Victoria, Australia) with a storage ring containing
~200 mA at 3.0 GeV. The incident X-ray beam was sourced from a 1.9 T wiggler insertion device and
selected using a Si(111) double crystal monochromator with an energy resolution (AE/E) of ~1.5 x 10™.
Rhodium-coated Kirkpatrick-Baez mirrors upstream of the sample were used to achieve rejection of
higher order harmonics and to deliver a focused beam of ~250 um?. All standards and samples were
measured in fluorescence mode using a detector oriented at 90° to the incident beam to minimise
background noise from scattered photons. The standards prepared in MOPS buffer were analysed
using a 100-element Ge detector (UniSys, Canberra, Australia), and measurements for the standards
in saline/DMSO and blood samples were obtained using an 18-element Ge detector (Mirion, France).
To minimise radiation damage and thermal fluctuations contributing to the Debye-Waller factor for
EXAFS analysis, the samples were maintained at ~10 K using a helium pulsed expansion cooled
cryostat (Oxford Instruments, Abingdon, UK). The Ru K-edge was monitored in between scans
interrogating a single spot to assess radiation damage. No evidence of photodamage was observed
between the first and last scans for each sample. The spectrum of a Ru foil, recorded in transmission
downstream from the sample, was used as an internal standard to calibrate the energy for the first
peak of the first derivative of the elemental Ru K-edge (22,118 eV).

2.2.2 EXAFS data analysis

The EXAFS oscillations (k) were quantitatively analysed by curve-fitting using the EXAFSPAK suite of
computer programs (G. N. George, SSRL, http://ssrl.slac.stanford.edu/exafspak.html).*” Fourier
transforms were phase-corrected for a Ru absorber (Z.,s = 44) and N backscatterer (Zpsc = 7). The
threshold energy E, was assumed to be 22,135 eV, and ab initio theoretical phase and amplitude
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functions were calculated using the program FEFF version 8.5L.% FEFF multiple scattering calculations
from the heavy atom framework were computed using the optimised geometries from previously
published crystallographic data.?'#*% Prior to pre-edge subtraction, spline fitting, and extraction of
EXAFS oscillations, the k-range for spectra from each sample was trimmed to 12.5 A" or 15.0 A", as
necessary according to the data quality and original range. Generally, kma = 12.5 A" was chosen due
to increasingly poor signal-to-noise in spectra collected from biological samples above k= 13.0 A™.
Calculated scattering paths included a maximum Nig path = 6 and Ry.x = 6.0 A.

During EXAFS fitting, the Ru—N/O(bridging atom) single scattering path was linked to the single
scattering and multiple scattering paths for the Ru--Ru interaction, hence the bond lengths (R)
and/or Debye-Waller (o°) parameters were floated simultaneously for these components. In these
cases, the Debye-Waller factors for the Ru—N/O(bridging atom) and the Ru-*Ru scattering interaction
were maintained in an approximately 1:2 ratio. Note that the coordination number (N) for Ru--Ru
scattering is given as ‘1,2,1', referring to (i) the single scattering (two-legged) path ‘020’, (ii) the doubly
degenerate three-legged multiple scattering paths ‘0210’ and ‘0120’ (asymmetric equivalents), and (iii)
the four-legged multiple scattering path ‘01210’, respectively, where 0 = Ru (origin), 1 = bridging N or
O atom, and 2 = neighbouring Ru atom. These three components remained linked in all fits, with
equivalent R and o” parameters. Debye-Waller factors below the typical chemically reasonable lower
limit of 0.0015 A” were accepted for the Ru—N/O(bridging atom) components given the rigidity of the
Ru—X—Ru backbone. In samples where degradation of this backbone was evident, the
Ru—N/O(bridging atom) ‘010’ single scattering path was unlinked from the Ru--Ru single and
multiple scattering paths (020, 0210, and 01210) , hence these components were optimised
independently. Degenerate paths for the Ru—N (NHs) single scattering interactions were combined
as one component with N = 4. During EXAFS fit refinement, components contributing less than 0.75%
towards the overall fit were excluded.

3 Results and discussion
3.1 EXAFS curve-fitting of Ru compounds in biological buffers

The phase-corrected Fourier transforms of these dinuclear Ru compounds are dominated by a single
scattering peak at ~2.11 A derived from the degenerate Ru—N paths representing the four ammine
(NHs) ligands coordinated to the absorber Ru atom (Figure 1). Major features also arise from the
single scattering interactions between the absorber and the bridging N or O atom and the multiple
scattering paths across to the neighbouring Ru atom in the backbone. In Ru265, the Ru—N bridge
distance is ~1.74 A. This distance is longer for the Ru—O bridge in Ru360, at ~1.82 A. Importantly, the
Ru---Ru scattering interactions give rise to distinctive structure in the EXAFS oscillations, beginning at
around k =7 A", producing peaks in the Fourier transform at ~3.48 A and ~3.65 A for Ru265 and
Ru360, respectively. This distinguishable feature affords valuable sensitivity in the determination of
the stability of these dinuclear compounds in biological mixtures, as the presence or absence of the
Ru—X—Ru backbone can be readily identified in the EXAFS oscillations. Individual EXAFS plots and
deconvolutions (indicating the contributions from the main scattering components) for Ru265 and
Ru360 standards are provided in the Supplementary Information (SI Figures S3-S6).

3.1.1 Ru265

Ab initio multiple scattering calculations were carried out in FEFF for Ru265 using structural
information from existing crystallographic models for Ru265 (dichlorido-capped) and Ru265’ (diaqua-
capped).?® However, we note that at physiological pH (above pK,, = 7.00), Ru265’ exists as a
combination of the aqua/hydroxido-capped and dihydroxido-capped species.?



The best fit to the EXAFS data for Ru265 in MOPS was obtained using the Ru265 model with
axial Cl ligands (Table 1, Figure 1A, and Figure S3). In the buffered solution, the Ru—Cl bond
distance was optimised at ~2.44 A. This is relatively longer than the interatomic distance of ~2.38 A
given in the crystallographic model,?" however, it is not unreasonable and lies within the range of Ru
—Cl bond distances (2.30 - 2.48 A) calculated by computational methods in other literature.® The
presence of axial Cl ligands was anticipated given the short preparation time for the sample and the
~45 min aquation half-life of the Ru265 at room temperature.? Other interatomic distances, including
the Ru—Ny, (bridging py-N*, 1.74 A), Ru--Ru (3.48 A), and Ru—N (NHs, 2.11 A) (Table 1), show good
agreement with the existing model (R + 0.006 A or better), confirming the stability of the compound
in this medium. Floating the Debye-Waller factor for Ru—N (NHs) resulted in a value converging
around 0.0013 A% The rigidity of the Ru—X—Ru backbone provides some exception to the typical
lower limits for the Debye-Waller factor (0.0015 A%), however, this low value does not provide a
realistic representation of the thermal disorder corresponding to the NH; ligands. These ligands are
substantially more labile; hence, the Debye-Waller value was constrained to a chemically reasonable
limit. The greater intensity of the ~2.11 A peak may be attributed to some contributions from Ru—O
interactions (as H,O/OH' ligands, at ~2.14 A) derived from a small proportion of aquated Ru265'.
Fitting to a mixture of both dichlorido- and diaqua-capped models (80:20 ratio) was attempted,
however, the statistical goodness-of-fit for this mixed model was equivalent to that obtained from
fitting with the dichlorido-capped model alone. This was consistent at varying k-ranges (kmax = 12.5,
14, and 15.5 A) and when fitting in either k-space or R-space. Additionally, the bond resolution (AR =
T/2AK) at k = 12.5 A" is ~0.14 A and improves only marginally to ~0.11 Aat k= 15.0 A", thus, an axial
H,O/OH ligand cannot be resolved from the equatorial NH; ligands, and the presence and intensity
of the 2.44 A peak indicates that dichlorido-capped species is the dominant form.

In the Ru265 MOPS standard incubated with GSH for 2.5 h, EXAFS data suggests that the
dinuclear complex remains intact, however, in this time frame, the Cl ligands were replaced by O-
containing ligands (H,O and/or OH" ligands). This is evidenced by the absence of the ~2.44 A peak in
the Fourier transform for this sample in Figure 1A (and Figure S4) and aligns with expectations
based on the aquation half-life. The axial Ru—O component was optimised at a bond length of ~2.15
A, which aligns well with the crystallographic model.?? Excluding this distinction derived from axial
ligand substitution, the interatomic distances of Ru—Ny, (bridging y-N*, 1.74 A), Ru--Ru (3.48 A), and
Ru—N (NHs, 2.10 A) remain consistent with the EXAFS data from Ru265 in MOPs without GSH (Table
1), hence, the presence of this biological reducing agent does not influence the stability of the
complex under these conditions (5 molar equivalents, 2.5 h, pH ~7.4).

3.1.2 Ru360

For Ru360 samples in MOPS buffer, ab initio multiple scattering calculations in FEFF were
performed using the crystallographic model for the aquated Ru360 complex (Ru360’) where the axial
formate ligands are substituted by OH groups.* These formate ligands undergo rapid aquation, at a
rate faster than that observed for the dichlorido-capped Ru360 analogue.?* Previous studies have
demonstrated that this substitution does not impede MCU-inhibitory activity.'*? Furthermore, Ru360’
exists almost exclusively as the dihydroxido-capped species at physiological pH, given the low pK,
values for the complex (pK,: = 2.98 and pK,, = 4.75).%

Using the Ru360’ model, similar fit-errors were obtained for Ru360 in MOPS with and without
GSH (~34% and ~36%, respectively). For both samples, the interatomic distances determined by
EXAFS curve-fitting were relatively consistent with the expected bond lengths based on the
crystallographic data; Ru—Oy, (bridging y-0%, 1.82-1.84 A), Ru-Ru (3.64-3.67 A), Ru—N (NHs, 2.10-



2.13 A), and Ru—O (OH’, 2.03-2.06 A) (Table 1, Figure 1B, and Figures S5-56). Whilst these values
show comparatively poorer precision relative to the Ru265 samples, and greater deviation from each
other and the Ru360’ model (+ 0.03 A), the EXAFS data substantiates the presence of the Ru—O—Ru
backbone in both samples. In addition, the ~1:2 proportionality between the Debye-Waller factors for
Ru—Oy, and Ru---Ru scattering interactions were maintained for both samples. Thus, like the N-
bridged analogue Ru265, this data demonstrates that Ru360’ is stable in 50 mM MOPS with and
without the addition of GSH as a reducing agent under the present conditions (5 molar equivalents,
2.5 h, pH ~7.4). However, this treatment was a relatively short and conducted at room temperature.
Previous data indicates a time-dependent loss in MCU-inhibitory activity in permeabilised HelLa cells
for Ru360’ when prepared under similar conditions (10 pM Ru360’ in 50 mM MOPS at pH 7.4 with 2
mM GSH) but incubated at physiological temperature (37 °C).%2 Similar loss of activity was also
observed upon incubation of Ru360’ with 250 uM sodium ascorbate, with total loss of inhibitory
activity observed after 24 h of incubation with either GSH or ascorbate. Additionally, incubation with
stronger reducing agents (sodium sulfite and sodium dithionite) resulted in complete loss of MCU-
inhibitory function after 2 h.? The structures of these reduced metabolites in biological media have
not yet been characterised.
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Figure 1. Results of EXAFS curve fitting for (A) Ru265 and (B) Ru360 standards in biological buffers, showing the
EXAFS oscillations to kma = 12.5 A" (left panel) and the corresponding Fourier transform phase corrected for Ru
—N backscattering (right panel). The experimental data (solid black line) and best fit (solid green line) are



overlayed for each spectrum. Data for standards prepared in 50 mM MOPS buffer (pH ~7.4) with and without 5
molar equivalents of GSH are plotted offset from one another (origin indicated by dashed black lines).
Corresponding curve fitting parameters are provided in Table 1.

Table 1. EXAFS curve-fitting parameters for Ru265 and Ru360 standards in biological buffers;? 2 mM Ru265 and
5 mM Ru360 in 50 mM MOPS with/without 5 molar equivalents of GSH. All standards were prepared at pH ~7.4.

Standard Path” N R (A) o’ (A% AEq (eV) Fe
RU—Np, 1 1.740(1) 0.00113(9)°
Ru---Ru 1,2,1 3.480(1) 0.00208(9)
Ru265 in MOPS Ru—N 4 2.106(1) 0.0015¢ 4.92) 0.2793
Ru—Cl 1 2.436(4) 0.0034(4)
+9 additional unlisted single and multiple scattering shells’
RU—Np, 1 1.739(1) 0.0015(2)
Ru---Ru 1,2,1 3.477(1) 0.0030(2)
-4, .
Ru265 in MOPS + GSH Ru—N 4 2.091(2) 0.0031(2) 203) 0.3930
Ru—O 1 2.15(1) 0.004(1)
+7 additional unlisted single and multiple scattering shells’
RU—Opr 1 1.828(1) 0.0013(1)°
Ru--Ru 1,2,1 3.666(1) 0.0027(1)
-5.4 .364
Ru360 in MOPS Ru—N 4 2.128(4) 0.0058(4) >A43) 0-3646
Ru—O 1 2.059(8) 0.0023(6)
+7 additional unlisted single and multiple scattering shells’
Ru—Oy, 1 1.817(1) 0.0017(1)
Ru--Ru 1,2,1 3.640(1) 0.0034(1)
-6. .344
Ru360 in MOPS + GSH Ru—N 4 2.100(3) 0.0057(3) 6.6() 0-3446
Ru—O 1 2.031(7) 0.0044(8)
+8 additional unlisted single and multiple scattering shells’

? Coordination numbers (N), interatomic distances (R), Debye-Waller factors (6°, mean-square deviations in
interatomic distance), and threshold energy shifts (AEo). The values in parentheses are the estimated standard
deviations in the last digit obtained from the diagonal elements of the covariance matrix. Note that the
accuracies are somewhat larger than the precisions, typically + 0.02 A for R and + 20% for N and o”.

® All paths terminate at the originating Ru atom (not indicated). Note that EXAFS cannot readily distinguish
between scatterers of similar atomic number (e.g. S/Cl or N/O). Assignments of Ru—N (from NHs) ligands and
Ru—O (from H,0 or OH" axial ligands) are based on the consistency of N and R with the crystallographic
models.

“ The fit-error function (F) is defined by F = \( > k°\(x K |oaia - X (k)expt\)z/z X \(k\)iXpt \)'?, where
X\(k\) are the EXAFS oscillations and k is the photoelectron wavenumber given by

k =\(\(2m,/h*\)\(E - E;)\)'"

“ Debye-Waller factor below the typical chemically reasonable lower limit of 0.0015 A? is accepted for these
features given the rigidity of the Ru—N—Ru and Ru—O—Ru backbones.

¢ For Ru—N (NHs), the Debye-Waller factor was constrained to the chemically reasonable lower limit (0.0015 A?).
Unconstrained the value converged at 0.0013 A?,

IPaths include the single scattering path Ru-*N (NH; ligands on adjacent Ru atom) and multiple scattering
paths to the distant axial ligand across the Ru—N—Ru and Ru—O—Ru backbones.

3.2 Stability of Ru compounds in saline/DMSO and human blood

Prior to incubation in human blood, 1 mM solutions of Ru265 and Ru360 were prepared in
physiological saline (160 mM, pH ~7.4) containing 10% DMSO. Although potentially unnecessary
given the low treatment concentrations and solubilities of these Ru compounds, DMSO is a widely



used polar aprotic solvent in biomedical applications due to its ability to alter biological lipid
membranes,* acting to enhance the membrane penetration of various compounds and drugs.*"*
Whilst the influence of DMSO on the cellular uptake of Ru265 and Ru360 was not directly evaluated in
this work, the EXAFS data reveals some interesting structural changes to the complexes under these
solvent conditions prior to and following incubation in blood.

3.2.1 Ru265 in saline/DMSO

The best fit for Ru265 in saline/DMSO was obtained using the dichlorido-capped model (Table
2, Figure 2A, and Figure S7). Consistent with the EXAFS data for Ru265 in MOPS, the Ru—Cl bond
distance was optimised at ~2.42 A. In EXAFS analysis, backscatterers with similar atomic numbers
such as S and Cl cannot be readily distinguished, hence, it is also possible that the axial Cl ligands
may be replaced by S-coordinated DMSO (kS-DMSO). However, existing literature reports shorter
bond distances for Ru—kS-DMSO, between ~2.24 A and ~2.30 A.**“* Notably, these interatomic
distances were determined for a variety of mononuclear Ru complexes coordinated with sulfoxides
and other ligands including NHs, Cl, and bipyridine, hence, the electron density and unique geometry
of the dinuclear Ru265 complex may permit coordination of DMSO (via the S atom) at a longer bond
distance. Notwithstanding this uncertainty, the interatomic distance determined by EXAFS analysis
more closely aligns with the bond length determined for Ru265 by X-ray crystallography,®" and with
other reported Ru—Cl bond distances in various mononuclear Ru complexes (between ~2.37 A and
~2.44 A).%4 Moreover, the bond lengths for Ru—N,, (bridging y-N*, 1.74 A), Ru---Ru (3.48 A), and Ru—
N (NHs, 2.11 A) (Table 2) are consistent with the existing Ru265 model, indicating that the complex is
stable in physiological saline and 10% DMSO.

Furthermore, '"H NMR spectra of Ru265 in saline/DMSO (Figure S1) show that the NHs peak splits
after 4 h incubation in 10% DMSO-ds and 80 mM saline (pH 7.4) at 37°C, corresponding to
solvation/aquation and exchange of the axial ligands. In addition, proton NMR data provides no
evidence of decomposition of Ru265 into mononuclear species (see SI pages 1-2 for further details).
This is also supported by UV-Vis data (Figure S2) which indicates that the 265 nm absorbance band is
retained following incubation in 10% DMSO and 160 mM saline (pH 7.4, 37°C, 4 h). The slight blue
shift and decreased intensity is consistent with previous reports of axial ligand exchange in aqueous
solution.?? Thus, the additional proton NMR and UV-Vis spectroscopy data corroborate our
interpretations from Ru K-edge EXAFS analysis.

3.2.1 Ru360 in saline/DMSO

In contrast, EXAFS data demonstrates that Ru360 undergoes rapid decomposition (within ~1 h
during sample preparation) at room temperature in 160 mM saline in the presence of 10% DMSO, as
evidenced by the greatly diminished intensity of the Ru--Ru peak at ~3.65 A (Table 2, Figure 2B and
Figure S8). Subsequently, the Ru—O(bridging y-0%, 1.81 A) and Ru-Ru paths were unlinked and
floated independently. The Debye-Waller factors for these paths converged at 0.0055 A* and 0.0076
A? (Table 2), respectively, emphasising the weakened contributions and greater disorder associated
with these scattering interactions. For this sample, ab initio calculations in FEFF were performed
using a modified Ru360’ model where the axial OH" ligands were replaced by S/Cl atoms. The bond
distance for this Ru—S/Cl interaction was optimised as ~2.37 A. This interatomic distance is longer
than previously reported values for Ru—kS-DMSO,*** and aligns better with a typical Ru—Cl bond
length, albeit towards the minimum length for this interaction as reported in the literature.**
However, this distance is notably shorter than the Ru—Cl distances determined for Ru265 in MOPS
and saline/DMSO. Following degradation of the Ru—O—Ru backbone, there are many possible



coordination environments for mononuclear Ru species, therefore, the sample likely contains a
complex mixture of mononuclear Ru species with different combinations of ligands (N/O and S/Cl).

Due to the paramagnetic behaviour of Ru360, '"H NMR spectra of this complex incubated in
saline/DMSO were not obtained. Ru K-edge EXAFS data provides clear evidence of decomposition
into mononuclear Ru species. Although this work does not focus on characterisation of these
degradation products, an initial attempt to decipher the mixture of coordination environments is
explored further in the EXAFS analysis of Ru360 in whole blood, described below.
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Figure 2. Results of EXAFS curve fitting for (A) Ru265 and (B) Ru360 standards in saline/DMSO and whole blood,
showing the EXAFS oscillations to km.. = 12.5 A" (left panel) and the corresponding Fourier transform phase
corrected for Ru—N backscattering (right panel). The experimental data (solid black line) and best fit (solid
green line) are overlayed for each spectrum. Data for standards prepared in 160 mM saline and 10% DMSO (pH
~7.4) and the 10X dilution in whole blood are plotted offset from one another (origin indicated by dashed black
lines). Corresponding curve fitting parameters are provided in Table 2 and Table 3 (data shown for Ru360 in
whole blood represents Fit B).

Table 2. EXAFS curve-fitting parameters for Ru265 and Ru360 standards in saline/DMSO;’ 1 mM Ru265 or Ru360
in 160 mM saline with 10% DMSO. All standards were prepared at pH ~7.4.

Standard Path” N R (A) o’ (A% AE, (eV) Fe
RuU265 in saline +10% | Ru—N,, 1 1.740(1) 0.00069(7)? -6.5(2) 0.2700




Ru---Ru 1,2,1 3.478(1) 0.00139(7)°
Ru—N 4 2.106(2) 0.0016(2)
DMSO
Ru—S/Cl 1 2.418(3) 0.0023(3)
+8 additional unlisted single and multiple scattering shells®
Ru—O,, 1 1.814(5) 0.0055(7)
. . Ru---Ru 1,2,1 3.651(4Y 0.0076(3Y
0, -
Ru360 n;)i/laélge +10% RU—N 2 2.115(1) 0.0022(1) 6.1(3) 0.3816

Ru—S/Cl 1 2.369(3) 0.0029(2)

+13 additional unlisted single and multiple scattering shells®

? Coordination numbers (N), interatomic distances (R), Debye-Waller factors (6%, mean-square deviations in
interatomic distance), and threshold energy shifts (AEy). The values in parentheses are the estimated standard
deviations in the last digit obtained from the diagonal elements of the covariance matrix. Note that the
accuracies are somewhat larger than the precisions, typically + 0.02 A for R and + 20% for N and ¢

® All paths terminate at the originating Ru atom (not indicated). Note that EXAFS cannot readily distinguish
between scatterers of similar atomic number (e.g. S/Cl or N/O). Assignments of Ru—N (from NHs) ligands and
Ru—O (from H,0O or OH" axial ligands) are based on the consistency of N and R with the crystallographic
models.

“ The fit-error function (F) is defined by F = \(D K°\(X(Kleaiq = XKoot V2 / 2 X \(K \)ﬁxpt\)m, where
X\(k\) are the EXAFS oscillations and k is the photoelectron wavenumber given by

k =\(\(2m,/h*\\(E - E,\)V"

Y Debye-Waller factor below the typical chemically reasonable lower limit of 0.0015 A is accepted for these
features given the rigidity of the Ru—O—Ru backbone.

¢ Paths include the single scattering path Ru--N (NH; ligands on adjacent Ru atom) and multiple scattering
paths to the distant axial ligand across the Ru—O—Ru backbone.

T1n this sample where the dinuclear Ru360 complex showed degradation, Ru—O,, was unlinked from Ru-:Ru
paths (1:2 proportionality in the Debye-Waller factor no longer maintained).

3.2.3 Ru265 in human blood

EXAFS data collected for Ru265 incubated in human whole blood indicates that the dinuclear
complex remains intact under these treatment conditions with a short incubation period at
physiological temperature and pH (0.1 mM, 1 h, 37 °C, pH ~7.4). EXAFS oscillations were best fit using
the Ru265’ (diaqua-capped) model,? indicating substitution of the axial Cl ligands during treatment
as evidenced by the absence of the ~2.42 A peak in the Fourier transform (Figure 2A, Figure S9). This
was anticipated given the rapid aquation kinetics of Ru265 under these conditions (t;; = 2.3 min).?? In
this fit, the bond lengths for Ru—Ny, (bridging y-N*, 1.74 A), Ru--Ru (3.48 A), and Ru—N (NHs, 2.11 A)
(Table 3) align well with the existing Ru265' model, however, Ru—O (from the axial H,O/OH" ligands)
was fit at ~2.09 A, shorter than the anticipated interatomic distance of ~2.14 A.

An alternative fit (data not shown), replacing the axial O atom for S/Cl was attempted,
however, when fixing the other bond distances to their expected values and floating the bond length
for Ru—S/Cl, this value consistently converged at R = 2.26 A with a Debye-Waller factor above 0.008
A?, exceeding the typical chemically reasonable limit for thermal and vibrational disorder. According
to existing literature, coordination between Ru and DMSO via S is unlikely to occur at interatomic
distances less than 2.23 A.** DMSO is an ambidentate ligand capable of coordinating to Ru via the O
atom (Ru—k0O-DMSO) through o- and Tt-donor interactions, however, literature reports Ru—kO-DMSO
distances between 1.80 A and 2.10 A.%4¢ Unsurprisingly, this range approaches the anticipated bond
lengths for Ru—N (NHs) and Ru—O (H,O/0H) in Ru265. In this fit for Ru265 in whole blood, the
Debye-Waller factor for Ru—N (NHs) was constrained to 0.0015 A% but converged at a lower value



(0.0012 A%, potentially indicating further contributions from another N/O species coordinated to the
complex. Thus, whilst the Ru265’ model provides a reasonable fit to the EXAFS data, the inability to
distinguish between N and O backscatterers and the similar bond distances of NHs, H,O, and kKO-
DMSO ligands creates ambiguity regarding the exact coordination environment of Ru265 in whole
blood.

EXAFS curve-fitting of plasma and red blood cells (RBCs) from the Ru265 treatment, indicates
consistent Ru speciation in both fractions, best fit using the Ru265' model (Table S1, Figures S10-
S$11). Moreover, the signal intensity for both blood fractions suggests appreciable uptake of Ru265’
into RBCs. However, we note that the plasma fractions were likely contaminated with material from
the erythrocytes, as treatment resulted in partial RBC haemolysis. This may be attributed to the
presence of 1% DMSO, which is known to exhibit haemolytic effects (even at low concentrations),**3
and/or the toxicity of Ru265 at the provided dose (100 pM), which is above the concentrations utilised
in previous cell-based experiments.®2!2249

3.2.4 Ru360 in human blood

As established above, the dinuclear Ru360 complex was degraded in the saline/DMSO solution
prior to treatment. Hence, EXAFS data for the whole blood shows a similarly diminished Ru---Ru peak
(Figure 2A, Table 3). To further interrogate the possible coordination environments of the
mononuclear/dinuclear Ru species, three EXAFS fits with different combinations of ligands were
attempted; (A) Ru360' model (4 x NHs ligands, 1 x OH" ligand, and bridging y-0%), (B) modified Ru360’
model replacing the axial OH group with a S/Cl ligand, and (C) an alternative modified Ru360" model
(3% NHj;, 1 x OH or kKO-DMSO, 1 x S/Cl ligand, and bridging y-0*) (Table 3, Figures S12-S14). Given
the poor signal-to-noise and the degradation of the Ru—O—Ru backbone, the fit errors obtained for
Ru360 in whole blood (~62%) were considerably larger than previous samples (< 38%). In each fit, the
Ru—O(bridging py-0%) and Ru--Ru paths converged at ~1.8 A and ~3.7 A, respectively. This
lengthening of the Ru--Ru interatomic distance and the large Debye-Waller factors (= 0.007 A?)
associated with this path support the presence of minimal dinuclear Ru360 remaining in the sample.
Across the three fits, the Ru—N (NHs) bond length was consistent with the Ru360" model at ~2.10-
2.12 A. In contrast, the interatomic distance calculated for Ru—S/Cl varies substantially between Fit B
(~2.32 A) and Fit C (~2.28 A). These values are approaching the upper limit for reported Ru—«kS-DMSO
interactions,** and are accompanied by large Debye-Waller factors (> 0.006 A%, providing
unconvincing evidence for coordination to DMSO via S. Alternatively, potential DMSO coordination via
O cannot be ruled out, as this interaction occurs between 1.80 A and 2.10 A % overlapping with Ru—
N/O distances for NHs, OH" and the bridging y-0* in the dinuclear complex.

Alternatively, following addition to whole blood, mononuclear Ru species may undergo further
reduction and/or ligand exchange, substituting labile DMSO, H,O/0OH", or Cl ligands for multidentate
biological ligands such as L-methionine and L-cysteine groups derived from peptides and proteins.
The binding affinities and coordination of these amino acids to Ru(Il) and Ru(IlI) centres has been
characterised for a variety of mononuclear organo-Ru complexes.***? For example, the crystal
structures of Ru(II) complexes coordinated to n°-arene moieties and L-methionine (via bidentate or
tridentate binding) reported by Ji et al. indicate interatomic distances for Ru—N, Ru—O0O, and Ru—S
between 2.10-2.12 A, 2.08-2.09 A, and 2.38-2.39 A, respectively.5? Additional computational models
could be constructed to simulate the multiple scattering interactions for reduced mononuclear Ru
complexes coordinated to H,O/OH’, NHs, and L-methionine or L-cysteine, however, the inability to
readily distinguish between N and O, or between S and Cl backscatterers remains a significant
limitation. Hence, synthesis of model mononuclear Ru metabolites and further characterisation by



complementary techniques, such as XRD and proton NMR spectroscopy, would be necessary to
further explore these hypotheses.

Using Fit B, EXAFS curve-fitting of blood plasma from the Ru360 treatment was attempted,
however, the poor signal-to-noise in this data created further interference and peak broadening in
the Fourier transform (Table S1, Figure S15). Negligible signal was obtained for the corresponding
RBC sample (Figure S16), indicating that the degraded Ru360 products (mononuclear Ru) were not
effectively taken up by RBCs. Previous permeability studies in cancer cell models have demonstrated
that unlike Ru265, the uptake of Ru360’ is unaffected by overexpression of OCT3, leading to the
postulation that Ru360’ and/or its reduction products are not efficient substrates for this key
transporter.® Amongst the polyspecific cation transporters (OCT1-3), OCT3 exhibits the broadest
expression in mammalian tissues, occurring most abundantly in the skeletal muscle, liver, heart, and
placenta in humans.®® However, the expression of OCT1-3 has not been reported in human RBCs,
therefore, we anticipate that uptake of Ru265’' may occur via an alternative cellular transport
mechanism. Collectively, these findings highlight that the oxo-bridged MCU inhibitor lacks adequate
redox stability which subsequently impacts its permeability to both erythrocytes and the cell
membranes of target tissues.

Table 3. EXAFS curve-fitting parameters for Ru265 and Ru360 in whole blood.” Samples were incubated at 37 °C
for 1 h (final concentration, 0.1 mM Ru265 or Ru360 and 1% DMSO).

Fit? Sample Path* N R (R) o® (A% AE, (eV) F
Ru—Npr 1 1.738(1) 0.0007(1)°
Ru-Ru 1.2,1 3.477(1) 0.0015(1)
-5.0(3) 0.3810
A Ru265 Ru—N 4 2.108(3) 0.0015
Ru—O 1 2.091(9) 0.0020(9)
+8 additional unlisted single and multiple scattering shells’
Ru—O, 1 1.802(8) 0.004(1)
Ru--Ru 1,2,1 3.694(6)" 0.0072(6)"
-6.9(6) 0.6231
A Ru360 Ru—N 4 2.122(3) 0.0027(3)
Ru—O 1 2.01(1) 0.004(1)
+11 additional unlisted single and multiple scattering shells’
Ru—O, 1 1.807(9) 0.005(1)
Ru-Ru 1.2,1 3.695(6)" 0.0072(5)"
-6.5(5) 0.6193
B Ru360 Ru—N 4 2.100(3) 0.0030(3)
Ru—S/Cl 1 2.319(9) 0.007(1)
+14 additional unlisted single and multiple scattering shells?
Ru—O, 1 1.796(8) 0.0040(9)
Ru--Ru 1.2,1 3.684(6)" 0.0073(6)"
Ru—N/O 3 2.103(4) 0.0032(4) -10.0(5) 0.6115
C Ru360
Ru—N/O 1 2.03(1) 0.005(2)
Ru—S/Cl 1 2.277(9) 0.006(1)
+12 additional unlisted single and multiple scattering shells?

?Coordination numbers (N), interatomic distances (R), Debye-Waller factors (¢°, mean-square deviations in
interatomic distance), and threshold energy shifts (AE,). The values in parentheses are the estimated standard
deviations in the last digit obtained from the diagonal elements of the covariance matrix. Note that the
accuracies are somewhat larger than the precisions, typically + 0.02 A for R and + 20% for N and ¢°.



® Alternative fits A (H,O or OH" axial ligands), B (OH replaced with axial S/Cl ligand), and C (combination of 3 x
NHs, 1 x O-coordinating ligand, and 1 x S-coordinating ligand). These fits have approximately equivalent fit
errors for Ru360 in whole blood.

© All paths terminate at the originating Ru atom (not indicated). Note that EXAFS cannot readily distinguish
between scatterers of similar atomic number (e.g. S/Cl or N/O). Assignments of Ru—N (from NHs) ligands and
Ru—O (from H,0O or OH" axial ligands) are based on the consistency of N and R with the crystallographic
models.

The fit-error function (F) is defined by F = \( Z k°\(x K oaa - X(k)expt \V)?/ Z x\(k \)ﬁXpt )%, where
¥\(k\) are the EXAFS oscillations and k is the photoelectron wavenumber given by

k =\(\(2m,/A*\\(E - E,)V)"

¢ Debye-Waller factor below the typical chemically reasonable lower limit of 0.0015 A? is accepted for these
features given the rigidity of the Ru—N—Ru backbone.

fFor Ru—N (NHs), the Debye-Waller factor was constrained to the chemically reasonable lower limit (0.0015 A?).
Unconstrained the value converged at 0.0012 A%

9 Paths include the single scattering path Ru--N (NHs ligands on adjacent Ru atom) and multiple scattering
paths to the distant axial ligand across the Ru—N—Ru or Ru—O—Ru backbone.

"In this sample where the dinuclear Ru360 complex showed degradation, Ru—O, was unlinked from Ru--Ru
paths (1:2 proportionality in Debye-Waller factor no longer maintained).

3.3 Comments on data quality

With respect to the data described above, we note that all EXAFS spectra were collected across
a larger k-range (kmax = 13.0 - 15.8 A™), however, the data was consistently truncated to kma., = 12.5 A”
to eliminate poor signal-to-noise which exacerbated with increasing k-range. This was particularly
evident for the biological samples where the concentrations of Ru265 and Ru360 were less than 1
mM. Although extension of the k-range provides more data points for structural determination and
affords greater bond resolution and accuracy in the assignment of interatomic distances,
interpretations of the data to kma = 12.5 A" provided sufficient detail to identify the Ru—X—Ru
backbone and characterise whether these dinuclear Ru compounds remained intact. This is
emphasised in the comparison of the curve-fitting parameters for EXAFS truncated to Kmax = 12.5 A
or extended to km.x = 15.0 A for Ru265 standards with the best quality data (Table S2 and Figures
$17-S18). In these samples, the bond distances determined for all key paths are consistent for both k-
ranges, with the two fits for each sample giving similar weighted fit-errors (AF-factor + 3%).

4 Conclusions

Supporting previous investigations of the redox stability of these dinuclear Ru compounds, our EXAFS
results demonstrate that Ru265 maintains stability in buffer and saline solutions at physiological pH
and is resistant to reduction by GSH (5 molar equivalents). Furthermore, EXAFS curve-fitting data
indicates that Ru265 remains intact in human whole blood after 1 h incubation at 37 °C and exhibits
appreciable uptake into RBCs. In contrast, Ru360 was shown to be degraded in physiological saline
containing 10% DMSO at room temperature, with further deterioration occurring after incubation in
blood. Thus, our data highlights the utility of EXAFS analysis for the elucidation of valuable structural
information regarding these dinuclear Ru compounds in biological samples. Specifically, multiple
scattering EXAFS curve-fitting enabled sensitive monitoring of the absorber-backscatterer
interactions across the Ru—X—Ru backbone. This sensitivity, accompanied by the simple sample
preparation protocols and rapid freezing in LN2, allowed us to accurately capture and examine
changes in ligand coordination and complex degradation within a narrow window of exposure and
treatment. Despite these advantages, given the inability to distinguish between backscatterers with



similar atomic number (N/O and S/Cl), the structures and coordination environment(s) of Ru360
degradation products (mononuclear Ru species) could not be determined. Additional models and
supporting crystallographic and spectroscopic data, coupled with chromatographic separation
techniques, are required to adequately resolve and characterise these mononuclear species.
Nevertheless, further EXAFS studies, examining a broader range of biologically relevant conditions,
are also necessary to fully evaluate the in vitro and in vivo redox activities and stability of Ru265.
These insights may then be used inform the continued development and optimisation of dinuclear
metal-based therapeutics.

Supporting Information: '"H NMR and UV-Vis characterisation of Ru265 in saline/DMSO; additional
EXAFS curve fitting plots and tables; XAS edge spectrum for Ru360 in RBCs (pdf).
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