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Abstract

It is known that the proposed biologically active form of ruthenium is its oxidation state Il other
than oxidation state I1l, and Ruthenium complexes offer the potential of a novel mechanism of
action, reduced toxicity. Herein, three half-sandwich Ru" complexes [(°-p-cym)Ru(N~N)CI]PFs
were designed and synthesized. Lysosomes are involved in various aspects of cancer cell
immortalization and cell death. Thus, lysosomes are attractive pharmacological targets for
selective Killing of cancer cells. We demonstrated that Ru2 can accumulate in lysosomes. In
addition, A549 cell variability remained at 87.81% after exposure to Ru2 for 24 h at the working
concentration. Meanwhile, Ru2 exhibited relatively high photostability and suitability for
long-term tracking. At increased concentration after 24 h of exposure to the complex toward A549
cell line, Ru2 induced a high apoptotic rate, cell cycle arrest, mitochondrial membrane potential
loss, and reactive oxygen species overload. Ru2 integrated the anticancer properties and imaging
capabilities and is expected to be developed as a dual functional theranostic agent.

Keywords. Anticancer agents; Apoptosis; Lysosome-targeting probes; Photostability; Ruthenium.
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Introduction

Transition metal complexes remain a significant resource to produce chemical diversity in the
search for new diagnostic and therapeutic agents,*” for a relatively readily subtle or dramatic
change of the characteristics of the complex by alter-related ligands. Therefore, biological
applications of transition metal complexes have been greatly explored, especially in the anticancer
drug development.*™* Cisplatin (CDDP), oxaliplatin (OXA), and carboplatin represent the most
active and useful clinical transition metal anticancer agents, approximately nearly 50% of all
anticancer therapies globally. These drugs are especially effective in treating lung and ovarian
cancer. These successes demonstrated that utilization of metals in medicine may be a useful
strategy in drug design and development. However, similar to other cytotoxic drugs, problems of
platinum-based anticancer drugs, normal tissue toxicity, and drug resistance limit their future
use.”® These factors necessitate the exploration of new chemotype anticancer agents that have
metal and new mechanisms of action different from platinum.'®%

Very recently, ruthenium (Ru) complexes have been reported to possess great potential in the
search for therapeutic agents. These agents not only showed rich redox chemistry (Ru" and Ru"")
but also had less toxicity than their platinum analogs.?* Recent study by Dyson has shown that
ruthenium arene complexes containing a-diimine ligands have appeared as potential anticancer
agents.? Previous investigators have demonstrated that ruthenium compounds have displayed
potent anticancer activities,”? such as three ruthenium complexes (NAMI-A, KP1019, and
KP1339) and have entered clinical trials.? % In contrast to the nuclear targets, Ru anticancer drug
(e.g., NAMI-A) is one of the mitochondrion and cell surface target agents, indicating that the
mitochondrion, the cell surface, and other organelles targets have also been implicated in the
anticancer activity of Ru complexes.?”2 In this regard, we are interested in the synthesis of novel
Ru (I1) organometallic arene complexes based on N*N-chelating ligands. We also investigated the
effects of N"N-chelating ligands on the chemical and biological activities. N*N-chelating ligand
derivatives with different substitution patterns have recently drawn attention as promising catalyst
for polymerization. Incorporation of the electron withdrawing groups into the imino ligands can
also enhance both the catalytic activity and selectivity of the complex.® In addition to promising
catalytic activity, N”N-chelating ligand derivatives provide the prospect for structural
diversification through metal complexation.

In this study, we choose the diimino as N~N-chelating ligands to construct half-sandwich Ru"
complexes [(7°-p-cym)Ru(N~N)CIJPFs, Rul, Ru2, and Ru3, (Scheme 1) as theranostic agents.
We explored the cell toxicity, photobleaching and the mechanism of action (MOA) of these metal
complexes. The study MOA including catalytic hydride transfer analysis, cellular distribution and
uptake cell cycle, ROS, and apoptosis. The results suggested that three Ru' complexes are
potential candidates for development as new therapeutic agents and long-term lysosome tracking
agents.

Results and Discussion.
Syntheses.

Dimeric p-chloro-bridged complex [(#°-p-cym)RuCl,], (dimer) formed upon conversion of
a-terpinene with RuCl; under refluxing in absolute methanol.** The N~N-chelating ligand were
synthesized by 2,3-butanedione and aniline derivative under the conditions of HOAc (1ml) and
MeOH refluxed for 12 h. Rul, Ru2, and Ru3 were synthesized in high yields by stirring at room
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temperature the dinuclear ruthenium dimer and the corresponding ligands L;-Ls in methanol under
N, atmosphere and then purified by recrystallization (see Supporting Information and Scheme 2).
Rul, Ru2, and Ru3 were identified by ‘HNMR, elemental analysis and ESI-MS.
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Scheme 1. Chemical Structures of ruthenium(l1) complexes

0 0 '
+ HN g _HOAc MeOH R . . R
80°C 12h \) (/

-~ ™

[(77°-arene)RuCl,],

—_———————————— :u- N . R=
NH,PF,, CH;OH . 1. 10 h PanNe Rul: R=OMe
OO
Ru3: R=F
Rul-Ru3

Scheme 2. Synthesis ruthenium (I1) arene complexes containing NN ligands.

Photo Physical Properties and Hydrolysis Studies.

At the beginning, we tested the UV-Vis spectra of Rul, Ru2, and Ru3 acquired in
phosphate-buffered solutions at 298 K (Figure S1). The intense absorption bands of these
complexes range at approximately at 250-600 nm. These bands could be assigned to the mixed
charge-transfer modes, such as singlet and triplex metal-to-ligand charge transfer (‘MLCT and
$MLCT), mixed ligand-centered transition, and ligand-to-ligand charge transfer.?® *> We tested the
hydrolysis of complexes Rul, Ru2, and Ru3 in 10% MeOH/90% H,0 (v/v) by using UV-Vis at
298 K (Figure S2 in the Supporting information). No clear change was observed over 6 h for
those complexes, suggesting that Rul, Ru2, and Ru3 do not hydrolyze at this condition.

Cytotoxicity.

The in vitro cytotoxicity of the organometallic complexes and cisplatin (control) was screened in
vitro against HeLa (human cervical cell cancer) and A549 (nonsmall cell lung cancer) cell lines by
using MTT assay after 24 h or 72 h treatment. The half-maximal inhibitory concentration (ICs)
values are listed in Table 1 and shown in Figure S3 in the Supporting Information, wherein
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cisplatin was used as the standard control. Rul, Ru2, and Ru3 showed medium anticancer activity
against HeLa cell line after 24 h incubation. However, the recorded ICsq values of the complexes
showed comparable activity toward HelLa cell line after 72 h incubation. These complexes
exhibited better anticancer activity against A549 cell line compared with HeLa cell line whether at
24 h or 72 h. For complex Ru2 (22.2 M) equipotent to cisplatin (21.3 pM) after 24 h, Rul and
Ru3 were of intermediate value against A549 cell line. However, all complexes showed good
activity when incubated for 72 h for A549 cell lines. Notably, Ru2 demonstrated 4.9-fold greater
potency after 72 h incubation than that after 24 h incubation in A549 cells and approximately
1.6-fold greater potency than cisplatin. Previous cytotoxicity studies on ruthenium(ll) p-cymene
anticancer complexes show that a marked increase in the cytotoxicity when aspirin and valproic
acid was introduced on o-diimine ligands.?? The resulting 1Cs, values showed that substitution of
the alterations to the chelating ligand had minimal effect on inhibitory activity in this study.
Next, the antiproliferative activities of Ru2 against BEAS-2B (human bronchial epithelial normal
cell) were also evaluated by MTT assay after 72 h incubation, however, no selectivity was
observed for the complex between cancer cells versus BEAS-2B normal cell (ICs,= 8.0 £0.5 uM
towards BEAS-2B normal cell).

Table 1. Cytotoxicities (ICsg) of Rul-Ru3 and Cisplatin towards different cell lines.

ICs0 (M)
Complex = 528 A549 HeLa
72h 24h  72h 24 h 72h
Rul 277410 59404 33.640.8 8.540.2
Ru2 80405 222409 45407 28.941.7 5.840.5
Ru3 345402 7.840.5 37.841.0 9.740.3
Cisplatin 213417 72410 7.540.2 5.540.4

% Cells were treated with different concentrations of the ruthenium complexes and cisplatin for 24
h or 72 h. Cell viability was determined by the MTT assay, and data were calculated as described
in the experimental section. Data are presented as means + SD obtained in at least three
independent experiments.

Partition Coefficients (log P).

The in vitro antiproliferative activity and cellular uptake levels of metal complexes were
consistent with their relative lipophilicity. The log P values determined for Rul-Ru3 were from
0.7 to 3.3 (Table 2). To test the log P of the chloride complexes, NaCl (50 mM) was used for
hydrolysis inhibition. The anticancer potential and hydrophobicity of the complexes were
correlated in this study. Ru2 displayed higher hydrophobicity and the most antiproliferative
activity than Rul and Ru3. Similarly, the same trend that the cytotoxicity of the respective
complexes tend to correlate with the observed lipophilicity that they provide reported by Dyson.?
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Table 2. Log P Values for Rul-Ru3®

log P
Complex mean D
Rul 0.36 0.01
Ru2 1.41 0.19
Ru3 0.32 0.09

% Results are the means of three independent experiments and areexpressed as means 2SDs.

Catalytic oxidation of NADH.

The coupled nicotinamide adenine dinucleotide (NADH) and its oxidized form NAD" play
crucial roles as the cofactors in a wide range of biological and biocatalyzed processes, such as
energy metabolism and cell death.®® Sadler and co-workers reported that the aqua Ir'"
cyclopentadienyl complexes can accept a hydride from the coenzyme NADH to catalytically
convert NADH to NAD™ and can be linked to ROS production that can induce severe or sustained
ROS stress and directly induces cell death.*” ® Therefore, reactions between metal complexes
Rul, Ru2, and Ru3 and NADH were investigated. NADH (100 M) in a solution of 10%
MeOH/90% H,0 (v/v) was used as the control to evaluate the catalytic activity of the complexes.
Moreover, the catalytic ability of complexes Rul, Ru2, and Ru3 with NADH was monitored
under the same test conditions by UV-Vis at 298 K (Figure 1, Figure S4). The detection principle
was based on the UV absorption difference at 339 nm when the conversion of NADH to NAD" the
absorption at 339 nm decreased. The turnover numbers (TONs) of Rul, Ru2, and Ru3 were
calculated, and the results showed that Rul and Ru2 had similar TONs (Rul:7.1, Ru2:7.4) and
approximately 2-fold larger than Ru3.
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Figure 1. (A) UV-Vis spectra of the reaction of NADH (100 pM) with Ru2 (1 pM) in 10%
MeOH/90 % H,0 (V:V) at 298 K for 8 h; (B) The TONs of as-synthesized complexes. The arrows
show changes in absorbance spectra over time.

Cellular Uptake.

Through the above experiments, Ru2 has high inhibitory activity, hydrophobicity, and catalytic
activity. Thus, Ru2 was selected to carry out further investigations to describe their mechanism of
action. Then, we studied the cellular uptake mechanisms of Ru2. The cellular uptake mechanisms
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include energy-dependent or energy-independent pathways. Energy-dependent pathways can also
be divided into active transport and endocytosis. Active transport and endocytosis can be mediated
by metabolic inhibitor CCCP and chloroquine (an endocytosis modulator) respectively. Confocal
microscopy observations indicated that Ru2 incubation with A549 cells upon treatment with
CCCP or at 4 <C can lead to reduced cellular uptake efficiency (Figure 2). However, chloroquine
showed no effect on the Ru?2 ability to cross the plasma membrane. The results indicated that Ru2
entering A549 cells do not rely on the endocytic pathways but possibly through an
energy-dependent pathway, e.g., via active transport.

Br“ht field Ru2
()
4°C

(@)

Control

©

CCCp

(CY)
Chloroquine

Figure 2. Cellular uptake mechanisms of Ru2. Confocal images of A549 cells after incubation
with Ru2 (10 uM) under different conditions. (a) Cells were incubated with Ru2 (10 uM) at 37 °C
for 1h. This served as a control. (b) Cells were incubated with Ru2 (10 uM) at 4 <C for 1h. (c)
Cells were preincubated with metabolic inhibitors CCCP (50 uM) for 1 h at 37 <C and then
incubated with Ru2 (10 uM) at 37 °C for 1h. (d) Cells were preincubated with chloroquine (50
uM) for 1 h at 37 °C and then incubated with Ru2 (10 uM) at 37 T for 1h. Emission was

collected at 550 + 20 nm upon excitation at 488 nm. Scale bars: 10 pm

Cellular Localization.

The specific cellular target of the complexes determines the initial interactions between cells and
complexes and can be observed by confocal microscopy. Considering that lysosomes are involved
in various aspects of cancer cell immortalization and cell death, they are emerging as attractive
pharmacological targets for selective killing of cancer cells.* “° The subcellular localization of the
complexes was confirmed by confocal microscopy and an inductively coupled plasma mass
spectrometry (ICP-MS) assay (Figure 3). We probed the specificity of Ru2 localization with
commercial mitochondria staining dye MitoTracker Deep Red (MTDR) and lysosomes staining
dye Lyso Tracker Deep Red (LTDR). As shown in Figures 3A and B, the LTDR signal correlated
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well with Ru2, providing high Pearson’s colocalization coefficient (PCC) at different times (1 h:
PCC=0.88, 3 h: PCC=0.90, 8 h: PCC=0.86, and 15h: PCC=0.84). However, minimal overlap is
observed for Ru2 (1 h: PCC=0.06, 3 h: PCC=0.04, and 15 h: PCC=0.07) with MTDR. In the
ICP-MS assay, a majority of the Ru2 localized in the cell membrane after 15 h of co-incubation
(Figure 3C). In general, lysosomes are a semimembrane vesicular structure of organelles. The
results were consistent to the observations of confocal microscopy images. Both of the assays
confirmed that Ru2 can specifically accumulate in the lysosomes for a long-term.

Mito-Tracker
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(B) Ru2 so-Tracker  Merge
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(C B Nuclear Chromatin I
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B 15h
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Figure 3. Determination of intercellular localization of Ru2 by laser confocal microscope. (A)
Selective imaging of A549 cells incubated with Ru2 (10 uM) for 1 h, 5 h and 8 h; then incubated
with MTDR (MitoTracker Deep Red) (75 nM) for 30 min at 37<C. The green and red fluorescence
represent Ru2 and mitochondria, respectively. (B) Selective imaging of A549 cells incubated with
Ru2 (10 uM) for 1 h, 5 h, 8 h and 15 h; then incubated with LTDR (Lyso Tracker Deep Red) (100
nM) for 30 min at 37<C. The green and red fluorescence represent Ru2 and the lysosome,
respectively. Ru2: A¢ =488 nm; Aey, = 550 £20 nm. MTDR: Aex = 644 nm; Aey = 660 £20 nm.
LTDR: Aex = 594 nm; Agm = 650 + 20 nm. Scale bar: 10 um. (C) Ruthenium content of the Nuclear
Chromatin, Nucleus, Cytoskeleton, Cytosol and Membrane fractions of A549 cells after 24 h of
exposure to 10 uM Ru2. Results are the means of two independent experiments in triplicate and
are expressed as means +=SDs.

Apoptosis Assay and Cell Cycle Analysis.

Apoptosis is a common cell death pathway and reported to be the primary pathway for cell
death.? To determine the relationship between cytotoxic activity and apoptosis, we treated the lung
cancer cells with Ru2 at 1, 2, and 3 equipotent concentrations of 1Cs, for 24 h and tested by flow
cytometry (Figure 4 and Table S1 in the Supporting Information). As shown in Figure 4, only a
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small portion of complex-treated cells (10.89%) are in late apoptosis at 1 x 1Csy compared with
control (5.22%), and as increased complex concentration the percentage of cells in the apoptotic
phase dramatically added. A high apoptotic rate (75.76%) at late apoptotic phase can be achieved
for 3 x1Cs of Ru?2 after 24 h co-incubation

To investigate whether the inhibition of cancer cell proliferation is associated with cell cycle
arrest, the cell cycle arrest in A549 cells exposed to Ru2 was observed using flow cytometry
(Figure 4, Table S2 in the Supporting Information). The cell cycle progression was analyzed at
0.25, 0.5, and 1 equipotent concentrations of ICsy of Ru2 for 24 h. The results showed that
compared with vehicle treatment, upon exposure of the cells to Ru2, a dose-dependent increase in
the proportion of Gy/G; phase was observed (from 59.63% to 80.02%). The percentages of cells in
the Go/G; phase of the cell cycle increased 20.39%. This result demonstrated the complex
disturbance of the cell cycle at the Go/G; phase.
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Figure 4. (A) Apoptotic population in A549 cells treated with Ru2 (1, 2, and 3 < ICsg) for 24 h.
FACS analysis using AnnexinV-FITC/Pl. The experiment is repeated three times and
representative photographs are displayed. And Columns, mean values of three independent
experiments. Data are presented as mean £S.D. (B) Effect of Ru2 (0.25, 0.5, and 1 < ICsg) on cell
cycle of A549 cells by FACS analysis exposed for 24 h. left: FACS analysis. A representative
experiment of these three independent experiments is demonstrated. Right: percentage of A549
cells in every phase of cell cycle upon different concentration treatment. The data are expressed as
the mean =SD from three independent experiments.

Mitochondrial Membrane Potential (Ay,,) Changes and Induction of Intracellular Reactive
Oxygen Species (ROS).

The mitochondrion is an essential component of the intrinsic apoptotic signaling pathway. Thus,
we further investigated whether complexes induce apoptosis through the mitochondrial damage by

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry 10.1002/ejic.201801339

measuring the MMP changes.** The MMP loss and the ROS overload are the main pathways in
the mitochondria to carry out cell death.™® *? We investigated the intracellular MMP loss and ROS
production in Ru2-treated A549 cells by using fluorescent probe JC-1 and 2,7-dichlorofluorescein
diacetate (DCF-DA) by flow cytometry respectively. Fluorescence change from red to green
indicated a decrease in MMP. Ru2 (at concentrations of 0.25, 0.5, 1, and 2 < ICx, for 24 h) affects
the lost MMP in a dose-dependent manner, as shown in Figure 5A. In addition, the percentage of
cells with mitochondrial membrane depolarization increased from 6.91% to 73.81% after 24 h
treatment. The cause of ROS production was tested using DCF-DA, as shown in Figure 5B. A
significant increase in a dose-dependent manner was also observed. This finding was consistent
with the lost MMP results.

____Negative Control Positive Control . 2.8 (&) R 100 -
[ 03.00% | “[775% | “[r7.74% ‘ [ JC-1 Monomers
3 1‘ ' L 1 } 1 ’ [ JC-1 Aggreates
| [ | e 80
o I S
= | | i s
g L | ® S
s | | | = 60
g | 6.91% | 92.24% s &
Y S . ¢ I - S = ) PO T
e 12X 1Cq 1X1Cqy 2X ICq -
= [707% Te983% [26.19% S 40
2 | | . (=W
2 ' ‘ P
g 4 ! ‘ ! ’ 20
)
oL |
< x| i {
O | 89% 30.15% 73.80% 04
™ I . O > W S B e~ Negative Positive 05x IC 1x IC. 2x IC
JC-1 Monomers ( green flurescence ) Control  Control 025 x le 0 S0 s
(B) B Negative 904
g1 174 X ICq,
E12 X ICq
B Positive
- B A -
: A = w-
p A
s X
£ s x
Z s
®
= o/ S
3 = = 304
=R
° T T T T T 0 3 =
100 10 10 1% 107 108 1092 Negative  g25x 1C, 05x IC,  Positive
DCF_DA Control ; N Control

Figure 5. (A) The effect of Ru2 (0.25, 0.5, 1, and 2 %< ICs) for 24 h on mitochondrial membrane
potentials were determined with JC-1 staining by flow cytometry. left: FACS analysis. One
representative profile out of three replicates. Right: The bar graph shows the percentage of JC-1
red fluorescence and JC-1 green fluorescence in A549 cells. Each point represents the mean £SD
of three replicates. (B) Left: Effects of Ru2 (0.25 and 0.5 < ICx) for 24 h on ROS levels in A549
cells by flow cytometry. A representative experiment of these three independent experiments was
demonstrated. Right: The bar graph shows the mean fluorescence intensity of the generated ROS
in A549 cells. Data are presented as mean £S.D.

Photobleaching.
The cell variability of Ru2 at 1 > ICs, (the working concentration) remains to be 87.81% after
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being exposed to A549 cells for 24 h (Table S1) and can specifically target lysosomes for a long
time (Figure 3B). Thus, we explored its potential as a dual-functional theranostic agent. In general,
a major shortcoming of a large amount of fluorescent organic bioprobes is its sensitivity to
photobleaching. As shown in Figure 6, the signal loss percentages after 20 scans were measured
to be 56.4% and 75.8% for Ru2 and LysoTracker Green, respectively. The results indicated that
Ruz2 has relatively high cell variability and photostability. This condition is suitable for long-term
tracking.

10 scans 15 scans 20 scans

() scan 5 scans
(A)

Ru2

LysoTracker
Green

(B) 100 ~Ru?2

Q -#-LysoTracker Green
x 80

Z 60

s

E=

£ 40

é 20

0
0 5 10 15 20
No. of scan

Figure 6. Comparison of photostability between Ru2 (22.2 M) and LysoTracker Green (100 nM).
(A) Confocal fluorescence images of live A549 cells stained with Ru2 (Aex = 488 nm) or
LysoTracker Green (Aex = 488 nm) under serial excitation. (B) Luminescence decay curves of Ru2
and LysoTracker Green after the same serial scans. The signals of Ru2 and MitoTracker Green
were collected at 520 #20 nm.

Conclusion

In summary, three half-sandwich Ru" complexes [(n°-p-cym)Ru(N~N)CI]PFs, namely, Rul, Ru2,
and Ru3 as theranostic and specifically lysosomes target agents, were synthesized. Ru2 is the
most potential complex that has high inhibitory activity, higher hydrophobicity and catalytic
activity compared with the other two complexes, along with a high apoptotic rate (75.76%), cell
cycle arrest, the loss of MMP and the overload of ROS can be achieved for Ru2 at higher
concentration after 24 h However, cell variability of Ru2 at 1x ICsy (22.2 uM, the working
concentration) remains to be 87.81% after exposed to A549 cells for 24 h and is suitable for
long-term tracking of specific target lysosomes. Meanwhile, Ru2 had relatively high
photostability. The results suggested that these Ru' complexes are potential candidates for
development as a dual-functional theranostic agent.
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Experimental section

Materials and Instrumentation. Unless otherwise noted, all manipulations were performed using
standard Schlenk tube techniques under nitrogen atmosphere. hydrated RuCl; hH,O (>99%
purity), octan-1-ol (>99%), and Nitric acid (72%), glyoxal, 40 wt.% solution in H,O, p-toluidine,
p-anisidine, 4-fluoroaniline, 4-chloroaniline, ~4-methoxyaniline, were purchased from
Sigma-Aldrich. Dimer and ligand were prepared as described. For the biological experiments,
BSA, carbonyl cyanide m-chlorophenylhydrazone (CCCP), DMEM medium, fetal bovine serum,
penicillin/streptomycin mixture, trypsin/EDTA, and phosphate-buffered saline (PBS) were
purchased from Sangon Biotech. MTDR (Life Technologies), LTDR (Life Technologies), MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-Aldrich), Annexin V-FITC
Apoptosis Detection Kit (Sigma-Aldrich), JC-1 (Sigma-Aldrich), PBS (Sangon Biotech), PI
(Sigma-Aldrich) are all used as received. Testing compounds was dissolved in DMSO and diluted
with the tissue culture medium before use.

Syntheses.
Synthesis of the ligands (L;-L3).
Ligands L;-L 3 was synthesized according to the literature.

For synthesis of ligand L;, a mixture solution of 2,3-butanedione (0.0115 mol),
4-methoxyaniline (0.0235 mol), HOAc (1ml) and MeOH (20 ml) was refluxed for 12 h, after
which the resulting suspension was filtered and the solid product washed with MeOH, until the
washing phase remained bright yellow and dried in vacuum. Yield: 2.23g 65.5%. *H NMR (500
MHz, CDCl,) §6.91 (d, 4H, J = 7.6 Hz), 6.78 (d, 4H), 3.84 (s, 6H), 2.17 (s, 6H). Anal. Calcd for
C1sH20N,0,: C, 72.95; H, 6.80; N, 9.45; Found: C 72.90, H 6.85, N 9.42.

For synthesis of ligand L,, a process similar to that of L; was adopted. 2,3-butanedione
(0.023 mol), 4-chloroaniline (0.046 mol) Yield: 6.00g 85.6%. 'H NMR (500 MHz, CDCls) § 7.175
(d, 4H, J = 7.6 Hz), 6.70 (d, 4H, J = 8.0 Hz), 2.347 (s, 6H). Anal. Calcd for C15H14ClLN,: C, 62.97;
H, 4.62; N, 9.18; Found: C 62.95, H 4.65, N 9.23.

For synthesis of ligand L3, a process similar to that of L; was adopted. 2,3-butanedione (0.023
mol), 4-fluoroaniline (0.046 mol) Yield: 4.75g 75.9%. *H NMR (500 MHz, CDCls) & 7.175 (d, 4H,
J=7.6Hz),6.70 (d, 4H, J = 8.0 Hz), 2.148 (s, 6H). Anal. Calcd for C,¢H4F>N,: C, 70.58; H, 5.18;
N, 10.29; Found: C 70.60, H 5.15, N 10.26.

Synthesis of the [(°-p-cymene)Ru(N~N)CI]PFs.

General method: A solution of dimer [(7°-p-cymene)RuCl,], (0.05 mmol) and the
corresponding diimine base ligands L;-L3 (0.10mmol) in methanol (20 ml) in a Schlenk bottle was
Stirring at room temperature in an N, atmosphere for 10 h, cool to room temperature. NH4PFg
(0.42 mmol) was added after constant stirring 5h. Methanol was removed under reduced pressure,
filter and recrystallized from dichloromethaneto/diethyl ether. The *H NMR (500.13 MHz, CDClj
or DMSO-dg) peak integrals of complexes 1, 2 and 3 are shown as follows.

[(°-p-cymene)Ru(L;)CI]PFs (1), Yield: 17.3 mg, 48.6%. "H NMR (500 MHz, DMSO) & 7.40 (s,
4H), 7.18 (d, J =9.1 Hz, 4H), 5.14 (d, J = 6.5 Hz, 2H), 5.09 (d, J = 6.4 Hz, 2H), 3.87 (s, 6H), 2.46
—2.44 (m, 1H), 2.31 (s, 6H), 2.03 (s, 3H), 1.02 (d, J = 6.9 Hz, 6H). *C NMR (126 MHz, DMSO)

3 177.07 (s), 159.39 (s), 144.54 (s), 88.73 (s), 87.52 (s), 56.02 (s), 30.89 (s), 22.04 (s), 20.60 (5),
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18.66 (s). Anal. Calcd for (5°-p-cymene)Ru(L,)Cl] PFs(712.10): C, 47.23; H, 4.81; N, 3.93.Found:
C, 47.25; H, 4.86; N, 3.89. MS: m/z 567.14 [(5°-p-cymene)Ru(L,)CI]".

[(°-p-cymene)Ru(L,)CI]PFs (2). Yield: 14.2. mg, 39.2%. 'H NMR (500 MHz, DMSO) & 7.73 (d,
J =8.8Hz, 4H), 7.46 (s, 4H), 5.20 (dd, J = 22.1, 6.4 Hz, 4H), 2.32 (s, 6H), 2.03 (s, 3H), 1.03 (d, J
= 6.9 Hz, 6H). *C NMR (126 MHz, DMS0) & 178.08 (s), 149.86 (s), 133.40 (s), 110.14 (s),
103.14 (s), 88.75 (s), 87.13 (s), 30.99 (s), 22.02 (S), 20.76 (s), 18.64 (S). Anal. Calcd for
[(7°-p-cymene)Ru(L)CI]PFs (722.00): C, 43.32; H, 3.91; N, 3.89. Found:C, 43.36; H, 3.93; N,
3.83. MS: m/z 575.04 [(5°-p-cymene)Ru(L,)CI]".

[(7°-p-cymene)Ru(Ls)CI]PFs (3). Yield: 14.7. mg, 42.8%. * H NMR (500 MHz, DMSO) § 7.51 (t,
J=7.4Hz, 8H),5.19 (dd, J = 17.4, 6.5 Hz, 4H), 2.32 (s, 6H), 2.02 (s, 3H), 1.02 (d, J = 6.9 Hz, 6H).
B3C NMR (126 MHz, DMSO) § 177.99 (s), 160.82 (s), 147.56 (), 110.03 (s), 102.69 (s), 88.92 (),
87.13 (), 30.92 (s), 21.97 (s), 20.71 (s), 18.56 (s). Anal. Calcd for [(5°-p-cymene)Ru(Ls)CI]PFs
(688.06): C, 45.39; H, 4.10; N, 4.07. Found:C, 45.36; H, 4.13; N, 4.10. MS: m/z 543.10
[(7°-p-cymene)Ru(L3)CI]*.

NMR Spectroscopy. 'H NMR spectra were acquired in 5 mm NMR tubes at 298 K on Bruker
DPX 500 (*H = 500.13 MHz) spectrometers. "H NMR chemical shifts were internally referenced
to (CHD,)(CD3)SO (2.50 ppm) for DMSO-dg, CDCI; (7.26 ppm) (for chloroform-d,). All data
processing was carried out using XWIN-NMR version 3.6 (Bruker UK Ltd.).

UV-Vis Spectroscopy. A TU-1901 UV-Vis recording spectrophotometer was used with 1
cm path-length quartz cuvettes (3 mL). Spectra were processed using UVWinlab software.
Experiments were carried out at 298 K unless otherwise stated.

Measurement of Lipophilicity LogPu. 10g Pos Was calculated as the logarithmic ratio of
metal concentration in n-octanol to that in aqueous phase. Octanol-saturated water (OSW) and
water-saturated octanol (WSO) were prepared using analytical grade octanol and 50 mM aqueous
NaCl solution (to suppress hydrolysis of the chloride complexes). Aliquots of stock solutions of
metal complexes in OSW were added to equal volumes of WSO and shaken in an IKA Vibrax
VXC basic shaker for 4 h at 500 g/min to allow partition at ambient temperature (~298 K). The
aqueous layer was carefully separated from the octanol layer for metal complex analysis. Metal
was quantified from aliquots taken from the octanol-saturated aqueous samples before and after
partition. Partition coefficients of metal complexes were calculated using the equation log P = log
(IM]wso /[M]osw ), where [M]wso Was obtained by subtraction of the metal content of the aqueous
layer after partition from the metal content of the aqueous layer before partition.

Reaction with NADH. The reaction of complex (ca. 1 pM) with NADH (100 M) in 50%
MeOH/50% H,0 (v/v) was monitored by UV-Vis at 298 K after various time intervals. TON was
calculated from the difference in NADH concentration after 9 h divided by the concentration of
metal complex catalyst. The concentration of NADH was obtained using the extinction coefficient
€339 = 6220 M em™.
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Cell Culture. A549 cervical carcinoma cells were obtained from Shanghai Institute of
Biochemistry and Cell Biology (SIBCB) and were grown in Dubelco's Modified Eagle Medium
(DMEM). All media were supplemented with 10% fetal bovine serum, and 1%
penicillin-streptomycin solution. All cells were grown at 310 K in a humidified incubator under a
5% CO, atmosphere.

Viability assay (MTT assay). After plating 5000 A549 cells per well in 96-well plates, the
cells were preincubated in drug-free media at 310 K for 24 h or 72 h before adding different
concentrations of the compounds to be tested. In order to prepare the stock solution of the drug,
the solid complex was dissolved in DMSO. This stock was further diluted using cell culture
medium until working concentrations were achieved. The drug exposure period was 24 h or 72 h.
Subsequently, 15 pL of 5 mg mL™ MTT solution was added to form a purple formazan.
Afterwards, 100 pL of dimethyl sulfoxide (DMSO) was transferred into each well to dissolve the
purple formazan, and results were measured using a microplate reader (DNM-9606, Perlong
Medical, Beijing, China) at an absorbance of 570 nm. Each well was triplicated and each
experiment repeated at least three times. I1Cs, values quoted are mean £SEM.

Localization Experiments. Localization of complex (10 uM) with mitochondria or lysosome
were examined by means of MTDR (MitoTracker Deep Red) (Molecular Probes), a
mitochondria-specific dye and LTDR (LysoTracker Deep Red), a lysosome-specific dye. Briefly,
A549 cells were seeded into 6-well plates (Greiner, Germany) for confocal microscopy. After
cultured overnight, a I mM complex stock solution made in DMSO was diluted to 10 pM working
concentration in cell medium (DMEM, 5% FCS). Staining of mitochondria/lysosome was
accomplished by adding a 75 nM/100 nM final concentration of MTDR/LTDR to the culture
medium for the last 30 min of complex incubation. The medium was removed and washed three
times with ice-cold PBS, and then viewed immediately under a confocal microscope (Zeiss
LSM880 NLO). The excitation and emission bands of each compound were selected as follows
for complex: Agx =488 nm; ey = 550 £ 20 nm. MTDR: Agx = 644 nm; Aep, = 660 £20 nm. LTDR:
Aex = 594 nm; Aeryy = 650 £20 nm.

Inductively coupled plasma mass spectrometry (ICP-MS). A549 cells were seeded in 90 mm
dishes for 24 h (three dishes were prepared per compound tested). The media was removed and
replaced with fresh media containing the tested complex (5 uM) for 24 h. After the removal of the
culture media and rinse with 1 mL of PBS buffer (1X), the cells were treated with 500 pl of 0.25%
trypsin and centrifuged at 1000 rpm. The cells were counted, one half of the cells were centrifuged,
quickly washed with PBS, and stored at 253 K for determination of total cell accumulation of
ruthenium. Another half of the samples was used for cytosol and nucleus, using a nuclear and
cytoplasmic protein extraction kit (Shanghai Sangon Biological Engineering Technology &
Services Co. Ltd.). The samples were nitrolysis with concentrated HNO; at 95 C for 2 h, H,0O; at
95°C for 1.5 h and concentrated HCI at 37 C for 0.5 h. Finally, the solution was diluted to 2 mL
with MQ water and the Pt content was measured by the inductively coupled plasma mass
spectrometer (ICP-MS; VG Elemental).
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Cellular Uptake. A549 cells were seeded in 6-well plates for 24 h and preincubated with CCCP
(50 uM) or chloroquine (50 uM) for 1 h. The medium was removed and the cells were then
incubated with complex (10 uM) for 1 h. To investigate the impact of temperature on cellular
uptake, the cells were incubated at 4 <C or 37 <C for 1 h. In each case, the cells were washed three
times with ice-cold PBS and visualize by confocal microscopy (Zeiss LSM880NLO) immediately.
Aex= 488 nm, Aey= 550 20 nm.

Induction of Apoptosis. Flow cytometry analysis of apoptotic populations of A549 cells
caused by exposure to metal complexes was carried out using the Annexin V-FITC Apoptosis
Detection Kit (Beyotime Institute of Biotechnology, China) according to the supplier’s
instructions. Briefly, A549 cells (1.5 x10°/2 mL per well) were seeded in a six-well plate. Cells
were preincubated in drug-free media at 310 K for 24 h, after which drugs were added at
concentrations of 1 x<ICsy 2 x1Cspand 3 < 1Cs,. After 24 h of drug exposure, cells were collected,
washed once with PBS, and resuspended in 195 pL of annexin V-FITC binding buffer which was
then added to 5 pL of annexin V-FITC and 10 pL of PI, and then incubated at room temperature in
the dark for 15 min. Subsequently, the buffer placed in an ice bath in the dark. The samples were
analyzed by a flow cytometer (ACEA NovoCyte, Hangzhou, China).

Cell Cycle Analysis. A549 cells at 1.5 = 10° per well were seeded in a six-well plate. Cells
were preincubated in drug-free media at 310 K for 24 h, after which drugs were added at
concentrations of 0.25 x<1Csy 0.5 % ICsgand 1Cs. After 24 h of drug exposure, supernatants were
removed by suction and cells were washed with PBS. Finally, cells were harvested using
trypsin-EDTA and fixed for 24 h using cold 70 % ethanol. DNA staining was achieved by
resuspending the cell pellets in PBS containing propidium iodide (PI) and RNAse. Cell pellets
were washed and resuspended in PBS before being analyzed in a flow cytometer (ACEA
NovoCyte, Hangzhou, China) using excitation of DNA-bound PI at 488 nm, with emission at 585
nm. Data were processed using NovoEXxpress™ software. The cell cycle distribution is shown as
the percentage of cells containing Go/G;, S G,/M and Sub-G; phase DNA as identified by
propidium iodide staining.

ROS Determination. Flow cytometry analysis of ROS generation in A549 cells caused by
exposure to metal complexes was carried out using the Reactive Oxygen Species Assay Kit
(Beyotime Institute of Biotechnology, Shanghai, China) according to the supplier’s instructions.
Briefly, 1.5 < 10° A549 cells per well were seeded in a six-well plate. Cells were preincubated in
drug-free media at 310 K for 24 h in a 5% CO, humidified atmosphere, and then drugs were added
at concentrations of 0.25 < [Cspand 0.5 x ICs,. After 24 h of drug exposure, cells were washed
twice with PBS and then incubated with the DCFH-DA probe (10 pM) at 37 <C for 30 min, and
then washed triple immediately with PBS. The fluorescence intensity was analyzed by flow
cytometry (ACEA NovoCyte, Hangzhou, China). Data were processed using NovoExpress™
software. At all times, samples were kept under dark conditions to avoid light-induced ROS
production.

Mitochondrial Membrane Assay. Analysis of the changes of mitochondrial potential in cells
after exposure to metal complex was carried out using the Mitochondrial membrane potential

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry 10.1002/ejic.201801339

assay kit with JC-1 (Beyotime Institute of Biotechnology, Shanghai, China) according to the
manufacturer’s instructions. Briefly, 1.5 x 10® A549 cancer cells were seeded in six-well plates left
to incubate for 24 h in drug-free medium at 310 K in a humidified atmosphere. Drug solutions, at
concentrations of 0.25 < 1Csy , 0.5 X ICs, 1% 1Csg and 2 x I1Csy of complex against A549 cancer
cells, were added in triplicate, and the cells were left to incubate for a further 24 h under similar
conditions. Supernatants were removed by suction, and each well was washed with PBS before
detaching the cells using trypsin-EDTA. Staining of the samples was done in flow cytometry tubes
protected from light, incubating for 30 min at ambient temperature. The samples were
immediately analyzed by a flow cytometer (ACEA NovoCyte, Hangzhou, China). For positive
controls, the cells were exposed to carbonyl cyanide 3-chlorophenylhydrazone, CCCP (5 uM), for
20 min. Data were processed using NovoExpress™ software.
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