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Introduction

Biological processing of dinuclear ruthenium
complexes in eukaryotic cells

Xin Li,? Kirsten Heimann,*°¢ Xuyen Thi Dinh,“ F. Richard Keene*“*" and
J. Grant Collins*®

The biological processing — mechanism of cellular uptake, effects on the cytoplasmic and mitochondrial
membranes, intracellular sites of localisation and induction of reactive oxygen species — of two dinuclear
polypyridylruthenium(i) complexes has been examined in three eukaryotic cells lines. Flow cytometry
was used to determine the uptake of [{Ru(phen),}-{u-bbio}1** (Rubbi,) and [Ru(phen),(u-bbs)Rultpy)ClIS*
{Rubb-Cl, where phen = 1,10-phenanthroline, tpy = 2,2":6",2"-terpyridine and bb,, = bis[4(4’-methyl-
2,2'-bipyridyl)]-1,n-alkane} in baby hamster kidney (BHK), human embryonic kidney (HEK-293) and liver
carcinoma (HepG2) cell lines. The results demonstrated that the major uptake mechanism for Rubbi,
and Rubb;-Cl was active transport, although with a significant contribution from carrier-assisted diffusion
for Rubbs, and passive diffusion for Rubb,-Cl. Flow cytometry coupled with Annexin V/TO-PRO-3
double-staining was used to compare cell death by membrane damage or apoptosis. Rubb;, induced
significant direct membrane damage, particularly with HepG2 cells, while Rubb,-Cl caused considerably
less membrane damage but induced greater levels of apoptosis. Confocal microscopy, coupled with
JC-1 assays, demonstrated that Rubb;, depolarises the mitochondrial membrane, whereas Rubb,-Cl had
a much smaller affect. Cellular localisation experiments indicated that Rubb;, did not accumulate in the
mitochondria, whereas significant mitochondrial accumulation was observed for Rubb;-Cl. The effect of
Rubby, and Rubb;-Cl on intracellular superoxide dismutase activity showed that the ruthenium
complexes could induce cell death via a reactive oxygen species-mediated pathway. The results of this
study demonstrate that Rubb;, predominantly kills eukaryotic cells by damaging the cytoplasmic
membrane. As this dinuclear ruthenium complex has been previously shown to exhibit greater toxicity
towards bacteria than eukaryotic cells, the results of the present study suggest that metal-based cationic
oligomers can achieve selective toxicity against bacteria, despite exhibiting a non-specific membrane
damage mechanism of action.

of inert mononuclear ruthenium(u) complexes have shown pro-
mising in vitro anticancer and/or antimicrobial properties.” "’

There is considerable interest in developing ruthenium complexes
as therapeutic agents, and a variety of coordinatively-labile mono-
nuclear ruthenium(u) and ruthenium(ur) complexes have shown
significant promise as anticancer drugs.® Furthermore, a range
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More recently, there has been increasing interest in “tuning”
the structure of the ruthenium complexes to increase their activity
and selectivity for bacterial or cancer cells. One such strategy,
the synthesis of cationic oligomers,'®™° takes advantage of
the greater presence of negatively-charged components in the
bacterial membrane compared to eukaryotic cells.>**" The
cell wall and outer membrane of bacteria contain a higher
proportion of negatively-charged phospholipids - e.g. phosphatidyl-
glycerol, as well as a variety of negatively-charged macro-
molecules such as teichoic acids and lipopolysaccharides - than
do eukaryotic cells.>**!

We have synthesised and examined the antibacterial activities
of a series of dinuclear polypyridylruthenium(u) complexes
[{Ru(phen),},{u-bb,}]*" (Rubb,, see Fig. 1) where (phen = 1,10-
phenanthroline and bb,, = bis[4(4’-methyl-2,2'-bipyridyl)]-1,n-
alkane).”>>* The Rubb,, complexes with a short linking chain

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Structure of the Rubb, and Rubb,-Cl complexes (n = 7, 12 and 16).

(bb,, bbs and bb,) showed little or no antibacterial activity,
whereas Rubb;, showed excellent activity and was 40-100 fold
less toxic towards eukaryotic cells.?*>*> However, it was noted
that Rubb,, showed very similar 24-hour ICs, values towards
three significantly different eukaryotic cell lines - a baby
hamster kidney (BHK), a human embryonic kidney (HEK-293)
and a human liver carcinoma (HepG2).>® The similar cytotoxi-
city data between the eukaryotic cell lines suggest a common,
non-specific, mechanism of action. Previous studies with bacteria
demonstrated that although Rubb,, preferentially localises at
ribosomes within a bacterial cell,*® it also significantly permea-
bilises the cytoplasmic membrane.”” Non-specific membrane
damage would likely result in the ruthenium complex exhibiting
very similar ICs, values against the three eukaryotic cell lines.
However, a previous study suggested that the Rubb,, complexes
enter L1210 murine leukaemia cells largely by passive diffusion,
accumulate in the mitochondria and induce cell death by
apoptosis.”® By contrast, the results of a confocal microscopy
study with the BHK, HEK-293 and HepG2 cell lines demon-
strated that Rubb;, did not accumulate in the mitochondria,
but predominantly localised in the nucleolus of the cell.>®
Taken together, the combined results suggest that the bio-
logical processing of the Rubb,, complexes in white blood cells
(L1210) is significantly different to that in kidney and liver cells
(BHK, HEK-293 and HepG2). In order to gain a deeper under-
standing of the effect of the Rubb, complexes on organ cells,
and in particular the organs responsible for processing drugs,
it was of interest to determine the cellular uptake mechanism
and mechanism of cell death of the Rubb,, complex in the
BHK, HEK-293 and HepG2 cells.

Although this study was aimed at understanding the bio-
logical processing of the Rubb,, complexes in eukaryotic cells,
it also provides important information for the development
of cationic antimicrobial or anticancer oligomers in general.

This journal is © The Royal Society of Chemistry 2016
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As previously noted, there is considerable current interest in
the use of cationic oligomers/polymers for combating bacterial
resistance to current drugs.'®*® However, because many of these
potential drugs disrupt the bacterial membrane, their clinical
application could be limited as they would also interact with
eukaryotic membranes in a similar manner. As alkyl chains are
commonly used to link the monomeric units of antimicrobial
(and anticancer) cationic oligomers/polymers,'®™° the results of
this study could well be applicable to a wider range of drugs than
the Rubb,, complexes.

In addition to the Rubb, complexes, we have also synthe-
sised and examined the biological activities of a series of
dinuclear complexes that contain one inert metal centre and
one coordinatively-labile metal centre (the Rubb,-Cl complexes,
see Fig. 1).”° Interestingly, while each of the Rubb,,-Cl and
Rubb,-Cl complexes showed similar toxicities across the BHK,
HEK-293 and HepG2 cell lines, Rubb,-Cl showed surprising
differences in cytotoxicities.*® Against the BHK cells, Rubb,-Cl
was by far the least toxic of the Rubb,-Cl and Rubb,, complexes
(24 h-IC;, = 238 pM); whereas by contrast, against the HepG2
cell line it was by far the most toxic (24 h-IC5, = 3.7 uM).>® The
significantly different response exhibited by the BHK, HEK-293
and HepG2 cells to Rubb,-Cl suggests that the ruthenium
complex does not act in a non-specific manner (e.g. membrane
damage), but through a specific pathway that leads to apop-
tosis. Consequently, the cellular uptake mechanism and mecha-
nism of cell death for Rubb,-Cl against the BHK, HEK-293 and
HepG2 cells was also examined and compared to that obtained
for Rubb;,.

Results
Cellular uptake mechanism of the ruthenium complexes

Cellular uptake studies {described in (a)-(d) below} were carried
out using flow cytometry for the Rubb;, and Rubb,-Cl com-
plexes in the kidney and liver cell lines. These studies aimed to
differentiate between three major uptake pathways: (1) active
transport, which is energy-dependent; (2) passive diffusion, an
energy-independent form of molecular transport; and (3) carrier-
assisted diffusion, an energy-independent pathway, facilitated
by membrane protein carriers such as organic cation trans-
porters (OCT).

(a) Effect of cell membrane permeability on uptake of
Rubb,, and Rubb,-Cl. To differentiate between passive uptake
and active transport/carrier-facilitated diffusion, the cellular
uptake of Rubb,, and Rubb,-Cl were initially examined in fully
permeabilised (heat treated, representing the maximum cellular
uptake possible) and PFA-fixed (active transport/carrier-impaired)
cells (Fig. 2). PFA-fixation causes cross-linking of primary amino
groups in proteins that results in protein related uptake of the
ruthenium complex being blocked. Consequently, the cellular
uptake of the ruthenium complexes after heat treatment or
PFA-fixation provides useful comparative data to that obtained
under control conditions (37 °C in the absence of metabolic
inhibitors or activators).

Mol. BioSyst., 2016, 12, 3032-3045 | 3033
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Fig. 2 Cellular uptake as median fluorescence intensity (MFI) values of
20 puM ruthenium complexes (A, Rubb;, and B, Rubb,-Cl) after a 4-hour
incubation at 37 °C in untreated, heat-treated and PFA-fixed cells for the
three cell lines BHK, HEK-293 and HepG2.

The Rubb,, and Rubb,-Cl complexes have different lumines-
cence signal strengths. Therefore, the median fluorescence inten-
sity (MFI) values cannot be used to compare cellular uptake of
different complexes, but only for analysing changes in the uptake
of one complex under different conditions in different cells.

Both complexes accumulated significantly more in heat-treated
cells than in untreated and PFA-fixed cells irrespective of the
cell line. In control and PFA-fixed samples, the uptake generally
followed HepG2 > HEK-293 > BHK for both complexes. However,
in heat-treated cells, MFIs in HEK-293 cells were slightly higher
than HepG2, and the MFIs in both human cell lines were more
than 3-fold higher than for the baby hamster kidney BHK cells.
After PFA-fixation, the cellular uptake of Rubb,, and Rubb,-Cl
was strongly impeded by 50-90% compared with the untreated
controls in the three cell lines.

(b) Temperature-dependent cellular uptake of Rubb,, and
Rubb,-Cl. To differentiate between temperature-dependent and
-independent transport routes, the cellular uptake of Rubb;,
and Rubb,-Cl were investigated at 4, 24 and 37 °C by flow cyto-
metry in the three cell lines. Relative MFI values (percentage of
MFI at each temperature versus MFI at 37 °C) are summarised in
Fig. 3. Uptake increased with temperature for both ruthenium
complexes in the three cell lines. At 4 °C, almost no uptake was
observed in BHK and HEK-293 cells, with a slightly higher
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Fig. 3 Relative cellular uptake (MFls at each temperature to MFls at 37 °C) of
(A) Rubb, and (B) Rubb,-Cl at 4, 24 and 37 °C in BHK, HEK-293 and HepG2
cells after a 4-hour incubation. MFls: medium fluorescence intensities.

uptake in HepG2. At 24 °C, the uptake of Rubb,, increased
sharply in BHK cells, as it did for Rubb,-Cl in HEK-293, and
moderately increased (40-50%) in the other cell lines. These data
suggest a larger contribution to uptake of Rubb;, by an energy-
independent process in BHK, but predominantly an active uptake
mechanism in HEK-293. However, the opposite was observed for
Rubb,-Cl, where a larger contribution to uptake by an energy-
independent process was seen in HEK-293 cells. By contrast, the
uptake of both ruthenium complexes in HepG2 cells appeared to
be predominantly by an active process.

(c) Dependence of cellular uptake of Rubb,, and Rubb,-Cl
on ATP production. Flow cytometry experiments were con-
ducted to confirm the ATP requirement for the cellular uptake
of the ruthenium complexes (see Fig. 4). Cells were pretreated
with the glycolysis inhibitor 2-deoxy-glucose®® and the mito-
chondria inhibitor oligomyein to inhibit ATP production,®" and
with p-glucose to stimulate ATP production.

The ATP-production stimulator p-glucose did not enhance
uptake of the ruthenium complexes in BHK and HEK-293 cells,
with uptake of Rubb;, in BHK even slightly lower. This suggested
that the cellular ATP quota was optimal, preventing further accu-
mulation by the treatment. However, for HepG2 cells, p-glucose
treatment did induce slightly greater accumulation for Rubb;, and
Rubb,-ClL. The inhibition of ATP production caused a significant
decrease in the uptake of both ruthenium complexes in all three
cell lines, indicating that uptake was predominantly through an
energy-dependent (active) process.

(d) Effect of organic cation transport (OCT) inhibitors on
the uptake of Rubb,, and Rubb,-Cl. Organisms use polyspecific
organic cation (OCT) transporters for facilitating the diffusion
of endogenous organic cations, cationic drugs and toxins across
the cell membrane.*> The possibility of energy-independent

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Cellular uptake (MFls) of (A), Rubby, and (B), Rubb,-Cl (4-hour incuba-
tion) in ATP-inhibitor-treated, glucose-treated and untreated BHK, HEK-293
and HepG2 cells. MFI: medium fluorescence intensity.

carrier-assisted diffusion via OCTs was investigated by flow
cytometry (see Fig. 5). To determine if the ruthenium complexes
were transported by OCTSs, cells were pre-treated with tetraalkyl-
ammonium salts or procainamide to inhibit the function of organic
cation transporters then incubated with the ruthenium complexes.
In BHK cells, uptake of Rubb;, was inhibited slightly but signifi-
cantly by the tetra-n-butylammonium, tetramethylammonium and
tetraethylammonium salts, suggesting OCT1, OCT2 and OCTN1
could be involved in transportation. Interestingly, uptake appeared
to be stimulated for Rubb,-Cl, suggesting that these OCTs were not
involved in the uptake of Rubb,-Cl. A significant decrease in uptake
of both ruthenium complexes was observed in OCT-inhibited
HEK-293 cells. This observation suggests that HEK-293 cells can
transport both ruthenium complexes by OCT-facilitated diffusion
as an additional pathway to active transport mechanism. Rubb;,
uptake was significantly lower (by 32-42%) in the OCT-inhibited
HepG2 cells, suggesting a significant contribution of OCTs in the
transportation process. By contrast, OCTs do not appear to be
involved in the uptake of Rubb,-Cl in HepG2 cells.

Detection of apoptosis and membrane damage

Annexin V/TO-PRO-3 double-staining assays were carried out
with BHK and HepG2 cells to compare cell death by membrane

This journal is © The Royal Society of Chemistry 2016
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damage or apoptosis for Rubb;, and Rubb,-Cl. Early stages of
apoptosis are characterised by the translocation of phosphati-
dylserine from the inner leaflet of the plasma membrane to the
outer leaflet, which can be visualised by binding to the Annexin
V fluorescent conjugate.>® As cell death progresses, TO-PRO-3
(a cell-impermeant dye) diffuses into the cells with compromised
membrane integrity and binds to DNA.** Alternatively, if the
cytoplasmic membrane is directly damaged by the ruthenium
complex, TO-PRO-3 will enter the cell and bind to DNA without
any translocation of phosphatidylserine from the inner leaflet
of the plasma membrane to the outer leaflet. Accordingly, in
the flow cytometry assays, apoptosis is demonstrated by cells
“moving” from Q4 (bottom-left quadrant) to Q3 (bottom-right)
and then finally to Q2 (top-right). On the other hand, direct
membrane damage is detected by cells moving from Q4 to Q1
(top-left), and then to Q2 as the cell becomes totally permeabilised
(allowing the large Annexin V fluorescent conjugate into the cell)
and then possibly to Q3 as TO-PRO-3 is displaced from the DNA
by the ruthenium complex.

Time-course (4-, 24-, 48- and 72-hours) flow cytometry was
conducted using BHK cells with Rubb;, and Rubb,-Cl at half of
their 24 h-ICs, concentrations (50 and 100 uM, respectively).
A small percentage of the BHK cells (5-10%) were always damaged
(observed in Q1) during the trypsin treatment required for cell
harvesting; however, little membrane damage was observed for
HepG2 cells. After incubation with Rubb,,, viable BHK cells
(bottom-left quadrant, Q4) decreased gradually with incubation
time (see Fig. 6). Noticeably, there was a sharp increase in the
top-left quadrant, indicating that half the cells had significant
membrane damage, while the early apoptotic cells (bottom-
right quadrant, Q3) only increased slowly and to a lesser extent.
BHK cells treated with Rubb,-Cl showed a different cell popula-
tion distribution to that observed with Rubb,,. The percentage
of cells that exhibited direct membrane damage was consider-
ably smaller (Q1), but the percentage of cells exhibiting apop-
tosis (Q2 and Q3) was significantly higher than was observed
with Rubby,.

Time-course Annexin V/TO-PRO-3 double-staining assays were
also carried out with HepG2 cells treated with either Rubb;, or
Rubb,-Cl (see Fig. 7). For Rubb;,, extensive membrane damage
was observed after a 4-hour incubation, with over 50% of the cell
population observed in Q1 after 24 hours. Interestingly, after a
72-hour incubation a significant percentage of the cells were
Annexin positive and TO-PRO-3 negative (Q3). Given that most
of the cells were non-viable due to membrane damage at 4 and
24 hours, the significant percentage of cells in Q3 after a 72-hour
incubation suggests the DNA was saturated with Rubb,,, rather
being indicative of early apoptosis. Saturation with Rubb;, would
inhibit TO-PRO-3 from binding to DNA, leading to the observed
low levels of TO-PRO-3 fluorescence.

HepG2 cells treated with 10 pM Rubb--Cl appeared to induce
relatively weak responses, with few cells exhibiting significant
membrane damage (Q1) and even fewer cells being early-apoptotic
(Q3). To further amplify cell responses, the assays were repeated
with a Rubb,-Cl concentration of 20 uM. The increased concen-
tration of Rubb,-Cl did slightly enhance the responses, with the

Mol. BioSyst., 2016, 12, 3032-3045 | 3035
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Fig. 5 Effect of OCT inhibition on Rubbj, (A—C) and Rubb,-Cl (D-F) uptake in BHK, HEK-293 and HepG2 cells after a 4-hour incubation.

percentage of cells exhibiting direct membrane damage
doubling (Q1); however there was only a very slight increase
in the number of early apoptotic cells (Q3). As the 24 h-ICs, is
3.7 uM, the flow cytometry results suggest that Rubb,-Cl is not
cytotoxic against HepG2 cells due to direct membrane damage
or any process leading to apoptosis.

Mitochondrial membrane potential

Mitochondrial dysfunction plays an important role in different
cell death mechanisms, and the depolarisation of the mito-
chondrial membrane potential (MMP) due to changes in the
mitochondrial permeability has been demonstrated to be an
early stage of mitochondrial dysfunction.*® To evaluate the
disruption of mitochondrial function induced by Rubb,, and
Rubb,-C], the change in the mitochondrial membrane potential
was determined by confocal microscopy using JC-1 assays.’®
Functional polarised mitochondria have a high MMP promoting

3036 | Mol. BioSyst., 2016, 12, 3032-3045

the formation of red fluorescent JC-1 aggregates, while depolarised
mitochondria with low MMP show a diffuse green fluorescence
from JC-1 monomers.

BHK cells incubated with 50 uM of Rubb;, and Rubb,-Cl
showed different changing patterns in MMP (Fig. 8). After a
4-hour incubation, Rubb;, treatment affected the distribution
of mitochondria in BHK cells, with low MMP mitochondria
spreading throughout the cytoplasm. Mitochondria with high
MMP appeared to be confined to the cell periphery. Moreover,
some polarised mitochondria appeared elongated. By contrast,
in Rubb,-Cl treated BHK cells very few low MMP mitochondria
were observed, with the high MMP mitochondria red fluores-
cence being maintained.

HepG2 cells incubated with 20 uM of Rubb;, and Rubb,-Cl
displayed some differences in the staining pattern (Fig. 9).
Treatment with Rubb;, led to the localisation of depolarised
mitochondria in the perinuclear region. The presence of several

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Time-course Annexin V/TO-PRO-3 staining of BHK cells (control, top) and with treatment by the ruthenium complexes (middle: Rubb;, and
bottom: Rubb;-Cl). Cells plotted in each quadrant represent the following: bottom-left (Annexin V-negative/TO-PRO-3-negative), viable cells; bottom-
right (Annexin V-positive/TO-PRO-3-negative), early apoptotic cells; top-right (Annexin V-positive/TO-PRO-3-positive), late apoptotic/necrotic cells;
top-left (Annexin V-negative/TO-PRO-3-positive), membrane-damaged dead cells.

condensed green hotspots could be indicative of condensed
mitochondria with low MMP in response to Rubb,, treatment.
On the other hand, mitochondria with high MMP displayed
condensed red fluorescence. After incubation with Rubb,-Cl at
the concentration of 20 uM, HepG2 cells displayed only slightly
decreased red fluorescence of high MMP mitochondria, with only
a few low MMP mitochondria observed in the perinuclear region.
Additionally, time-course MMP changes (0-, 4- and 20-hour
incubations) were monitored in BHK cells with Rubb;, and
Rubb,-Cl. As expected, longer incubation time led to increased
depolarisation of mitochondria (data not shown).

Cellular localisation

As the JC-1 assays demonstrated that Rubb,;, and Rubb,-Cl
affected the mitochondrial membrane potential, it was of interest
to determine if the ruthenium complexes localised to any extent
in the mitochondria. The cellular localisation of high and
low concentrations (relative to 24 h-ICj5, values) of Rubby,
and Rubb,-Cl in BHK cells has been previously reported.>
Both Rubb,, and Rubb,-Cl preferentially accumulated in the
nucleolus at low concentrations, but exhibited significant DNA
binding at higher concentrations. Furthermore, mitochondrial
localisation was observed for Rubb,-Cl at high concentration,

This journal is © The Royal Society of Chemistry 2016

but not for Rubb,,.>° The localisation of both ruthenium com-
plexes at low concentrations (5 pM) in HepG2 cells has also
been reported.>® However, the localisation of higher concentra-
tions of Rubb;, and Rubb,-Cl in HepG2 cells has not been
reported. Although considerable Rubb,, phosphorescence was
observed in the cytoplasm of HepG2 cells, no co-localisation
was observed in the mitochondria (see Fig. 10). Co-localisation
experiments with ERtracker indicated that a significant propor-
tion of the cytoplasmic Rubb,, phosphorescence was due to
accumulation in the ER (Fig. 10). By contrast, Rubb,-Cl showed
intense co-localisation with mitochondria (yellow overlay), but
little in the ER (Fig. 10).

Reactive oxygen superoxide dismutase assays

The primary superoxide scavenger, superoxide dismutase (SOD),
is an attractive target for pharmacological intervention.>*®* To
investigate whether the treatment with ruthenium complexes
affected intracellular SOD activity, SOD assays were conducted
on BHK, HEK-293 and HepG2 cells after a 20-hour incubation
with Rubb;, and Rubb,-Cl (Fig. 11). Compared with the untreated
controls, BHK cells appeared to slightly increase SOD activity in
response to treatment with the ruthenium complexes, with a non-
significant increase for Rubb;, and Rubb,-Cl being observed.

Mol. BioSyst., 2016, 12, 3032-3045 | 3037
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Fig. 7 Annexin V/TO-PRO-3 staining of HepG2 cells (control) and with treatment by the ruthenium complexes treatment (from top to bottom:

50 uM Rubb;y, 10 pM Rubbz-Cl and 20 pM Rubb;-Cl).

Similarly, SOD activity in HEK-293 cells also showed a slight
increase for both ruthenium complexes. In contrast, the cancer
cell line HepG2 showed a reverse trend in SOD activity, with a
significant down-regulation for Rubb,,, but no obvious change
for Rubb--Cl.

Discussion

Cationic oligomers, such as cationic peptides and di- and oligo-
nuclear ruthenium complexes, have considerable potential as
selective antibacterial agents due to their preferential inter-
actions with the negatively-charged bacterial membrane and cell
wall. One approach to the preparation of di- and oligo-nuclear
ruthenium complexes is to link the individual metal centres

3038 | Mol. BioSyst., 2016, 12, 3032-3045

with a ligand that contains an alkyl chain. The length of the
alkyl chain could affect cellular uptake, membrane damage and
intracellular localisation in bacterial and eukaryotic cells. It has
been previously demonstrated that the alkyl chain length
controls the uptake in bacterial and L1210 cells.***® However,
for both bacterial and L1210 cells, the dominant mechanism of
cellular uptake was passive diffusion.>**® The aims of this study
were to determine if the Rubb,, and Rubb,-Cl complexes were
taken up by passive diffusion in organ cells, and to examine the
effect of the ruthenium complexes on the cytoplasmic and
mitochondrial membranes.

Heat treatment at 60 °C destroys membrane integrity com-
pletely*® and compounds freely pass into the cells and associate
with all available biological ligands. Following 60 °C treatment,
both Rubb;, and Rubb,-Cl uptake was greater in the human cell

This journal is © The Royal Society of Chemistry 2016
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JC-1 Green JC-1 Red Merge

Control

50 uM

Rubb,,

50 uM
Rubb,-Cl

Fig. 8 JC-1 fluorescence imaging of mitochondria in BHK cells after a 4-hour incubation with 50 uM of Rubb, (middle) and Rubb,-Cl (bottom). Red fluorescence
is the sign of high MMP, whereas the green fluorescent signal indicates mitochondrial membrane depolarisation. Scale bar = 20 um.

JC-1Green JC-1 Red Merge

Contral

20 uM
Rubb,,

20 uM
Rubb, -Cl

Fig. 9 JC-1 fluorescence imaging of mitochondria in HepG2 cells after a 4-hour incubation with 20 puM of Rubb;, (middle) and Rubb,-Cl (bottom).
Scale bar = 20 pm.
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Mitotracker Ru complex merge

Rubb,,

Rubb,-Cl
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ERtracker Ru complex merge

|

Fig. 10 Rubb;; (top) and Rubb-Cl (20 hour incubation) localisation in HepG2 cells at 20 uM, co-stained with Mitotracker Green (left) or ERtracker Green (right),
where the yellow coloration arises from co-localisation of Mitotracker Green/ERtracker Green and Rubb,-Cl. Scale bar = 20 pm.
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Fig. 11 Effect of the ruthenium complexes on SOD activity in BHK, HEK-293
and HepG2 cells.

lines than in the baby hamster cells (HEK-293 > HepG2 > BHK),
suggesting more intracellular binding sites in the two human cell
lines than in BHK cells. As chromosomal DNA was one of the
main intracellular targets, these results could be partly explained
by the different chromosome numbers in HEK-293, HepG2 and
BHK cells - with 64, 55 and 44 chromosomes, respectively.*’
PFA-fixation causes cross-linking of membrane proteins (including
protein carriers),"’ leading to diminished uptake, with com-
pounds predominantly entering cells via passive diffusion. The
observed large loss of Rubb;, and Rubb,-Cl uptake in PFA-fixed
cells may suggest that the inhibited active/carrier-assisted
transportation routes contribute more than 50% of the total
uptake in all cases.

As carrier proteins are inactivated and ATP-production is
limited at 4 °C,"* the small uptake of Rubb,, and Rubb,-Cl at
4 °C compared with the greater uptake at higher temperatures
demonstrated the strong temperature-dependence of the uptake
in the eukaryotic cells. This is consistent with the previously
reported energy-dependent uptake of the rigidly linked dinuclear
complex [{Ru(phen),},{u-tpphz}]*" in MCF-7 cells.** However,
other ruthenium complexes are transported via passive diffu-
sion; for instance the mononuclear complex [Ru(DIP),dppz]”*
showed much higher uptake at 4 °C.** Due to the decreased
membrane fluidity at 4 °C (increased rigidity of the phospho-
lipids chains), the cell membrane would be less permeable than
it would be at 37 °C.*">*° Consequently, and particularly as the
interactions between the phospholipid alkyl chains and the
alkyl chains of the bb,, ligand are likely to be important, it is
possible that the ruthenium complexes might not be able to

3040 | Mol. BioSyst, 2016, 12, 3032-3045

enter the cells by passive diffusion at 4 °C. On the other hand, at
24 °C, ATP-dependent transport is mostly inhibited, while passive
transport and carrier-facilitated diffusion function normally.*”*®
Other studies have demonstrated that strictly ATP-required uptake
of peptides was reduced by ~75% at 24 °C compared to 37 °C,*
and Na-K-ATPase activity is inhibited by ~70% in mammalian
erythrocytes at 24 °C.>° These findings indicate that ~25-30% of
active uptake occurs at 24 °C. Accordingly, the actual active uptake
can be estimated. Corrected estimations suggest active transport
generally appears to be the dominant cellular uptake mechanism,
contributing to more than half of the total uptake. However, for
Rubb;, in BHK cells and Rubb,-Cl in HEK-239 cells slightly lower
contributions of active uptake (~30%) are estimated, indicating
carrier-assisted diffusion could also be involved in the uptake.

To further ascertain the contribution of active uptake, the
energy dependence of cellular uptake of Rubb,, and Rubb,-Cl
was determined by pretreating cells with the ATP-production
stimulator p-glucose or the metabolic inhibitors 2-deoxy-glucose
and oligomycin. The unchanged uptake in the p-glucose-treated
BHK and HEK-293 cells indicate an optimal energy condition,
which could not be further improved. However, the increased
uptake in p-glucose-treated HepG2 cells was indicative of glucose
deprivation in HepG2 cells. This may be a result of a heavy
reliance on glycolysis for ATP production in cancer cells instead
of mitochondrial oxidative phosphorylation,® the latter being the
primary pathway to produce ATP in healthy cells.>® Therefore, it is
possible that the external supply of glucose enhanced energy
production in HepG2 cells, consequently leading to greater active
uptake of ruthenium complexes. In contrast, the significant
decrease in uptake in ATP-inhibited cells for both Rubb,, and
Rubb,-Cl confirmed a significantly large contribution of active
uptake of the ruthenium complexes.

The actual contribution of active uptake could be even larger
than the observed proportions, considering that ATP-production
cannot be completely blocked by the metabolic inhibitors.”*>*
These findings, in conjunction with the lower temperature study
results, strongly support the conclusion that active uptake is the
major mechanism of cell entry for the ruthenium complexes
studied in kidney and liver cell lines.

Based on the 24 °C uptake and the ATP-inhibited uptake
results, the possible role of polyspecific organic cation transporters

This journal is © The Royal Society of Chemistry 2016
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(OCT)-assisted diffusion of Rubb,, and Rubb,-Cl was explored.
The lower uptake of Rubb;, following OCTs inhibition in the
three cell lines, supports the conclusion that the uptake of
Rubb,, was partially facilitated by OCTs. In contrast, Rubb,-Cl
displayed no OCTs-facilitated diffusion in BHK and HepG2 cells,
but a considerable contribution of OCTs-facilitated uptake was
noted in HEK-293 cells. It is possible that the labile complex
Rubb,-Cl interacts with the carrier proteins in a covalent mode,
making dissociation harder from the membrane protein, and
transport by carriers like OCTs less likely. On the other hand, a
correlation between OCT binding with molecules that contain
both a positive charge and high lipophilicity has been observed.>®
This may explain the greater OCT-assisted uptake of the more
positively-charged and possibly more lipophilic Rubb;,.

In summary, the major uptake mechanism for Rubb,, and
Rubb,-Cl is active transport in kidney and liver cells — with a
significant contribution from carrier-assisted diffusion for
Rubb,, but mainly passive diffusion for Rubb,-Cl. However,
previous studies from our research group on Rubb,, complexes
demonstrated uptake by passive diffusion in L1210 leukaemia
cells and bacteria cells.***® As the function of kidney and liver
are filtering and detoxification,>® uptake of molecules can be
expected to be more selective and finely managed, which is only
possible by active uptake.

To determine the extent of the damage to the cytoplasmic
membrane, and to compare the cellular consequences of mem-
brane damage with cell death through an apoptotic pathway,
Annexin V/TO-PRO-3 assays were carried out. The results clearly
demonstrated that Rubb;, caused significant direct membrane
damage to both BHK and HepG2 cells; however, membrane
damage was considerably more rapid and extensive with the
HepG2 cells. By contrast, Rubb,-Cl caused significantly less
membrane damage than Rubb;, in both cell lines. Of note
however, was the relatively low level of apoptotic cells up to
48 hours for both cell lines.

As an indicator of mitochondrial health, mitochondrial
membrane potential (MMP) was monitored using the JC-1
assays. The results clearly demonstrate that Rubb;, depolarises
the mitochondrial membrane in both BHK and HepG2 cells;
whereas, Rubb,-Cl had a much smaller affect. The cellular localisa-
tion experiments indicated that although Rubb;, did not accumu-
late in the mitochondria in either cell line, significant mitochondrial
accumulation was observed for Rubb,-Cl in both BHK and HepG2
lines. While DNA damage and ER stress beyond a certain repair-
threshold could reduce MMP,>>*"*® the combined results (lack of
localisation and reduction in MMP) are consistent with Rubby,
damaging the mitochondrial membrane. Given the previously-
reported membrane damage induced by Rubb, in bacterial
cells,”” the lipophilic ruthenium complexes could lead to
depolarisation of membranes in eukaryotic cells, including
the cell membrane and intracellular membrane compartments
(e.g. ER, mitochondria, Golgi, endosome and lysosome), result-
ing in irreparable membrane damage.

Reactive oxygen species (ROS) have long been known as
inducers of programmed cell death.>® ER/mitochondrial localisa-
tion of the ruthenium complexes makes generation of ROS likely,

This journal is © The Royal Society of Chemistry 2016
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as these two organelles are intricately involved in the overall ROS
regulation.®® Many ruthenium complexes have been demon-
strated to increase ROS generation and induce oxidative stress
and apoptosis.®’"** To estimate the oxidative perturbation caused
by the ruthenium complexes Rubb;, and Rubb,-Cl, their effects
on the intracellular activity of superoxide dismutase (SOD), the
essential enzyme eliminating ROS, was studied. The observed
enhanced SOD activity in BHK and HEK-293 cells can be indica-
tive of increased ROS stress induced by the ruthenium com-
plexes. This hypothesis is supported by the reported increased
SOD activity in response to oxidative stress in plants®® and other
animal cells.”® However, in HepG2 cells, SOD activity decreased
with treatment by Rubb,, but remained unchanged for Rubb,-Cl.
Since HepG2 cells are more susceptible to the ruthenium com-
plexes than the other two cell lines, a decrease in SOD activity
rather than increased activity was to be expected, due to the direct
oxidative damage of SOD enzymes and/or ROS-altered SOD gene
expression.®” ® Similar reduction of SOD activity has been
reported in cisplatin treated rat ovarian cells’® and in vitamin-
treated breast cancer cells.”! The unchanged SOD activity in
Rubb,-Cl treated HepG2 could be explained by a balance between
up-regulation and the inhibition of the enzyme activity/expression.
These results suggest that the ruthenium complexes could induce
cell death via a ROS-mediated pathway.

The present study demonstrates that the dinuclear ruthenium
complex linked by the bb,, ligand (Rubb;,) extensively damages
the cytoplasmic membrane and probably the mitochondrial
membrane. Although it has been established that Rubb,, selec-
tively localises with RNA in eukaryotic cells,” it is likely that
membrane damage is the dominant mechanism of cell death.
By contrast, Rubb,-Cl has a considerably smaller affect on the
cytoplasmic and mitochondrial membranes. As a consequence,
Rubb,-Cl shows greater variability in its 24 h-ICsos towards
eukaryotic cells. After activation by aquation, Rubb,-Cl can
form covalent bonds with biomolecules. Although Rubb,-Cl
only requires 3.5 hours to be 50% aquated in aqueous solution
at 25 °C,*® covalent bond formation with nucleotides and
amino acids is very slow.>® This suggests that Rubb,-Cl pre-
dominantly induces its biological effect through non-covalent
interactions within eukaryotic cells. HepG2 cells treated with
Rubb,-Cl at a concentration more than six-fold the 72 h-ICs,
exhibited only a slight cell response, with weak apoptosis and
weak membrane damage. These weak cellular responses could
be partly due to the low incidence of drug-induced apoptosis
reported for some cancer cells.”>”* However, Rubb,-Cl targets
nucleic DNA in HepG2 cells,”® which may suggest another
predominant cell death pathway. The DNA binding caused by
Rubb,-Cl may induce DNA damage (for example condensation),
therefore halting the cell cycle.

The results of this study indicate that Rubb,, causes significant
membrane damage - both cytoplasmic and mitochondrial - whereas
little membrane damage was observed for Rubb,-Cl. These
conclusions are consistent with the ICs5, values observed for
Rubb,, and Rubb,-Cl against the three eukaryotic cell lines - very
similar values for Rubbi,, and highly divergent values for
Rubb,-Cl. Furthermore, the results of this study suggest that
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cationic oligomers joined by alkyl chain lengths of twelve carbons
or longer will likely cause significant membrane damage to
eukaryotic cells. Alternatively, cationic oligomers joined by alkyl
chain lengths of seven carbons are unlikely to cause significant
membrane damage, and hence may provide a better scaffold for
oligomeric or polymeric antibacterial agents. The mechanism by
which Rubb,, damages membranes is unknown, but it could be
related to the lipophilicity of the dinuclear ruthenium complex or
the actual chain length. Given that the log P for Rubby, is —2.7,% it
seems unlikely that differences in lipophilicity between Rubb,,
and Rubb,-Cl is the dominant determinant of membrane damage.
It is noted that the highly non-polar section of a membrane is
25-30 A in width,”* which is approximately the same distance as
that between the ruthenium centres (26 A) in Rubb,,. As the
ruthenium metal centres can favourably interact (through n—n
interactions of the phenanthroline ligands) and the distance
between the ruthenium centres is compatible with the non-polar
region of a membrane, it is possible that membrane damage is
caused by aggregated Rubb,, molecules inserting perpendicularly
into the membrane to form a pore. This could then lead to greater
levels of membrane disruption, eventually leading to the complete
permeabilisation of the cell.

Conclusions

Dinuclear ruthenium complexes have shown considerable poten-
tial as antimicrobial agents; however, in order to rationally design
more active and more selective compounds, it is necessary to gain
an understanding of the biological processing of the dinuclear
complexes in bacterial and eukaryotic cells. This study provides a
detailed analysis of the biological processing of the dinuclear
complexes in eukaryotic cells, and in particular, an analysis of
the effects of these compounds on the membranes of eukaryotic
cells. The results indicate that Rubb,, damages the cytoplasmic
membrane, and probably the membranes of internal organelles
like the mitochondria. However, despite the fact that Rubb,,
kills eukaryotic cells in a non-specific manner, it can still be
40-100 times more active against bacteria than eukaryotic cells.>
By contrast, Rubb,-Cl does not significantly damage membranes
and is cytotoxic through other specific mechanism(s). As a con-
sequence of this, Rubb,-Cl exhibits very variable cytotoxicities
against various cell lines. It is commonly believed that potential
new antimicrobial drugs should not be active through non-specific
mechanisms (as generally evidenced by similar ICs, values against
eukaryotic cells), and in particular, should not just damage cell
membranes. The results of this study suggest there are sufficient
differences, particularly in the charge density, between bacterial
and eukaryotic membranes that cationic oligomers (like Rubb;,)
could form the basis of new types of antimicrobial agents.

Experimental procedures
Material

The ruthenium complexes Rubb,, and Rubb,-Cl were synthe-
sised as previously described.>*”®
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Cell culture

Three mammalian cell lines BHK (baby hamster kidney), HEK-293
(embryonic kidney) and HepG2 (liver carcinoma) were used in this
study. All cell lines were generously supplied by the Australian
Army Malaria Institute (AMI, Enoggera, QLD, Australia), and
originated from the American Type Culture Collection (ATCC,
Manassas, USA). Cells were cultured as previously described.”®
Cells used in the study were in the logarithmic growth phase
and were grown to 70% confluence, and then trypsinised with
0.25% trypsin-0.02% EDTA (Sigma-Aldrich) for detachment and
used in the assays described below.

Cellular localisation of the ruthenium complexes

The trypsinised cells were seeded in Lumox® multiwell plates
(Sarstedt, Numbrecht, Germany), and incubated with 20 to 50 uM
ruthenium complexes at 37 °C with 5% CO, for 4 or 20 h as
described. Following incubation, cells were stained with 100 nM
Mitotracker® Green FM (Invitrogen, Carlsbad, USA) for mito-
chondrial staining and 1 uM ER-Tracker™ Green (Invitrogen) for
endoplasmic reticulum (ER) staining. Staining was carried out in
RPMI-1640 medium under standard cultivation conditions as per
the manufacturer’s instructions. Following staining, cells were
gently rinsed with phosphate buffer solution (PBS; pH = 7.1) prior
to confocal laser scanning microscopy.

The cellular localisation of the ruthenium complexes was deter-
mined using a Zeiss laser scanning confocal microscope (LSM 700,
Carl Zeiss, Gottingen, Germany). Samples were viewed under
63x oil immersion using the following excitation (4.,) and emission
(Aem) wavelengths. Metal complexes (Aex = 450 nM, Aey, = 610 nm),
Mitotracker Green FM (Aex = 490 nm, Aey, = 516 nm) and
ER-Tracker™ Green (lex = 504 nm, Aer, = 511 nm) were excited
using a blue argon laser (4e, = 488 nm), and emissions were collected
at Aem = 570-650 nm for the ruthenium complexes, ey, = 470-
550 nm for Mitotracker and ER-tracker. Image data acquisition and
processing was performed using Zen software 2009 (Carl Zeiss).

Cellular uptake of ruthenium complexes

Flow cytometry. Cultures at ~85% confluency were treated with
ruthenium complexes at the desired concentrations in 6-well plates,
for various periods of time. Cells were gently trypsinised and
harvested by centrifuging at 1000g for 3 min, and re-suspended
and washed in PBS to remove ruthenium complexes from the
culture medium and the cell surface. Cellular uptake of the
ruthenium complexes was measured by monitoring the median
fluorescence intensity (MFI) using a Guava Easycyte™ 5HT flow
cytometer (Merck Milipore, Darmstadt, Germany). Experiments
were performed in triplicate. Ruthenium complexes were excited
with a Ae, = 488 nm blue argon laser and emissions collected
over the range Aem = 570-615 nm. All flow cytometry data were
processed with GuavaSoft 2.5 (Merck Milipore).

Effect of cell membrane permeability on the uptake of
ruthenium complexes

Cell membrane permeability was modified by heat treatment or
fixation with paraformaldehyde (PFA, Sigma-Aldrich, St. Louis, USA).

This journal is © The Royal Society of Chemistry 2016
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The cells were cultured in three aliquots. Given the upper
temperature limit for eukaryotic cells near 60 °C (due to their
inability to form membranes that are both thermostable and
functional),* one aliquot was pre-incubated at 60 °C for 30 min
before the ruthenium complexes were added. The heat treatment
permeabilised and killed the cells, allowing for the maximal
interaction between the ruthenium complexes and their intra-
cellular targets. The second aliquot was incubated in fresh
4% PFA solution for 10 min at room temperature. The PFA solution
was removed and the cell layer was rinsed with PBS before
incubation with the ruthenium complexes. The third aliquot served
as the control group following standard staining procedures.
Ruthenium complexes (20 pM) were added to pretreated and
control cells, followed by incubation at 37 °C for 4 h for all samples.
After the incubation, cells were gently trypsinised, centrifuged
and washed twice with PBS, and re-suspended in PBS for flow
cytometry. Statistical analysis was performed using a ¢test in
GraphPad Prism 6.0 (GraphPad Software, San Diego, USA).
A P value of <0.05 was considered significant.

Dependence of cellular uptake of the ruthenium complexes on
temperature

Cells were incubated with the ruthenium complexes (50 pM for
BHK, 20 uM for HEK-293 and 10 uM for HepG2, reflecting the
trend in the ICs, values for Rubb,-Cl) for 4 h at 4, 24 or 37 °C.
Following incubation, the cells were trypsinised, centrifuged and
rinsed with PBS before analysis by flow cytometry. ¢-Tests were
performed to evaluate the significance of temperature on the
uptake with 37 °C treatments serving as controls.

Dependence of cellular uptake of the ruthenium complexes on
ATP production

Cells were pre-incubated with 2-deoxy-glucose (30 mM, Sigma-
Aldrich) and oligomycin (10 pM, Sigma-Aldrich), or the ATP
stimulator p-glucose (30 mM; Sigma-Aldrich) for 2 h at 37 °C.
Ruthenium complexes (20 uM) were added to pretreated cells
and untreated cells (controls) and incubated at 37 °C for 4 h.
After incubation, the cells were typsinised, centrifuged and rinsed
twice with PBS for flow cytometry analysis. Results were statisti-
cally analysed using a t-test.

Effect of organic cation transport inhibitors on the uptake of
the ruthenium complexes

Cells were pre-incubated for 1 h at 37 °C with six organic cation
transport inhibitors®* (Table 1; tetramethylammonium chloride,
tetraethylammonium chloride monohydrate, tetrapropylammonium

Table 1 Inhibitors of polyspecific organic cation transporters (OCTs)

OCT inhibitors OCTs inhibited

Tetramethylammonium chloride OCT1, OCT2

Tetraethylammonium chloride OCT1, OCT2, OCT3, OCTN1, OCTN2
Tetrapropylammonium chloride OCT1, OCT2
Tetra-n-butylammonium chloride OCT1, OCT2, OCTN1
Tetra-n-pentylammonium OCT1, OCT2, OCT3, OCTN1
chloride

Procainamide OCT1, OCT2, OCT3, OCTN1, OCTN2

This journal is © The Royal Society of Chemistry 2016
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chloride, tetra-n-butylammonium chloride, tetra-n-pentylammonium
chloride and procainamide hydrochloride; Sigma-Aldrich) at
2 mM in RPMI-1640 complete medium. Thereafter, the ruthenium
complexes (20 uM) were added and incubations continued for 4 h
at 37 °C. The cells were trypsinised, centrifuged and washed for
analysis by flow cytometry. To compare the treated groups with
controls, the data were analyzed by multiple #tests.

Determination of membrane damage and apoptosis induced by
the ruthenium complexes

Apoptosis induced by the ruthenium complexes was assessed
using the Alexa Fluor® 488 Annexin V assay (Sigma-Aldrich) for
detecting phosphatidyl-serine in the external plasma membrane
leaflet and TO-PRO-3 (Molecular Probes"™, Invitrogen) for asses-
sing cell membrane permeability. BHK and HepG2 cells were
incubated with the ruthenium complexes for the desired times.
Cells were gently trypsinised, washed and collected by centrifuga-
tion. Cell pellets were resuspended to 1 x 10° to 1 x 10° cells mL ™"
in 100 pL Annexin V binding buffer. Alexa Fluor™ 488 Annexin V
(5 pL) was added and the samples were incubated at room tem-
perature for 15 min in darkness. Annexin V binding buffer (400 pL)
and TO-PRO-3 (5 uL) were added to each sample immediately prior
to analysis on a BD LSR Fortessa flow cytometer (Franklin Lakes,
USA), with a 100 000 events per sample recorded for each experi-
ment. Data were analysed using FlowJo 7.6.1 (FlowJo Software,
Ashland, USA).

Detection of mitochondrial membrane potential

Detection of mitochondrial membrane potential (MMP) was
carried out using a Zeiss laser scanning confocal microscope
(LSM 700, Carl Zeiss, Gottingen, Germany). BHK and HepG2
cells were treated with Rubb,, and Rubb,-Cl for 4 h in Lumox®
multiwell plates (Sarstedt). After rinsing, treated cells were
incubated with 5 pM JC-1 dye (mitochondrial membrane
potential probe, Invitrogen) in complete RPMI-1640 medium
for 30 min at 37 °C. Cells were washed with PBS before confocal
microscopy. JC-1 monomers were excited with a 1., = 488 nm
argon-ion laser and emissions collected over the range of
Aem = 515-545 nm. J-aggregate forms were excited with a
568 nm argon-krypton laser and the emission signals collected
over the range of Ay, = 575-625 nm. Time-course MMP tests
were conducted using the BHK cell line. The cells were incubated
with 20 uM of Rubb,, or 50 uM of Rubb,-Cl (approximately 25% of
the respective 24 h-ICs, values) for 4 or 20 h, and the treated cells
were processed as above.

Reactive oxygen superoxide dismutase (SOD) assays

The SOD activities in the cell lines BHK, HEK-293 and HepG2
after treatment with Rubb;, and Rubb,-Cl were determined
using the SOD assay kit (Sigma-Aldrich). The cell lines were
incubated with the ruthenium complexes for 20 h at different
concentrations (50 uM for BHK, 20 pM for HEK-293 and 10 uM
for HepG2, respectively). Cells were detached from the tissue
culture flask by trypsinisation and collected by centrifugation.
The cell pellets were resuspended in PBS buffer solution to
5 x 10° cells mL~". Glass beads (150-212 um; Sigma-Aldrich)
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were added to the cell suspension and agitated using a bead
beater (BBY24M-CE; Next Advance, Averill Park, USA) for 10 min
at 4 °C to break the cell membrane. Supernatants were collected
after centrifugation, and the SOD activity was determined as
per the procedure provided by the manufacturer of the assay
kit. Data were statistically analysed using ¢-tests, with the SOD
activity in untreated cells serving as controls.
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