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/Abstract: Hypoxia is the critical feature of the tumor micro-
environment that is known to lead to resistance to many
chemotherapeutic drugs. Six novel ruthenium(ll) anthraqui-
none complexes were designed and synthesized; they exhib-
it similar or superior cytotoxicity compared to cisplatin in hy-
poxic Hela, A549, and multidrug-resistant (A549R) tumor
cell lines. Their anticancer activities are related to their lipo-
philicity and cellular uptake; therefore, these physicochemi-
cal properties of the complexes can be changed by modify-
ing the ligands to obtain better anticancer candidates. Com-
plex 1, the most potent member of the series, is highly

active against hypoxic HelLa cancer cells (IC5,=0.53 pm). This
complex likely has 46-fold better activity than cisplatin
(IC5o=24.62 pum) in Hela cells. This complex tends to accu-
mulate in the mitochondria and the nucleus of hypoxic Hela
cells. Further mechanistic studies show that complex 1 in-
duced cell apoptosis during hypoxia through multiple path-
ways, including those of DNA damage, mitochondrial dys-
function, and the inhibition of DNA replication and HIF-1a
expression, making it an outstanding candidate for further in
vivo studies.

/

Introduction

Hypoxia is related to the resistance of cancer cells to radiother-
apy and chemotherapy." In particular, the low oxygen levels
(hypoxia), which are one of the critical features of the solid
tumor environment, have received more attention.” As we
know, oxygen is a key metabolite and oxygen homeostasis is
important to human cancer cell survival. However, the avail-
able oxygen is consumed by the rapid and uncontrolled
cancer cell proliferation; therefore, only a limited amount of
oxygen is available to diffuse deep into the tumor tissue.”’ In
addition, a low vessel density is considered as a marker of hy-
poxia. These vessels are abnormal and have impaired func-
tions, which handicap the delivery of sufficient oxygen and
materials to the hypoxic tumor cells. Therefore, the drug
cannot be effectively delivered to kill these hypoxic tumor
cells.”’ On the other hand, reports on tumor hypoxia suggest
that hypoxic adaptation should be considered in the manage-
ment of solid tumors by adjusting the physiological activities
of the tumor cells.”) Hypoxia has a significant influence on in-
tracellular physiological activities, such as cell proliferation, cell
cycle progression, apoptosis, cell uptake, and others.”” More
than eighty genes associated with these tumor physiological
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activities are up-regulated in hypoxia through the transcrip-
tional activity of the heterodimeric transcription factor, that is,
the hypoxia inducible factor (HIF-1).®' Currently, HIF-1 inhibition
is an important strategy for cancer therapy.”’ Research on the
efficacy of cancer drugs is usually performed in normoxia,
which may not be a true indicator of cancer treatment effec-
tiveness. Therefore, it is important to test anticancer drugs in
hypoxic tumor cells.

Tumor tissues are hypoxic and show an overexpression of
quinone oxidoreductase compared to normal tissues,"® which
is known to activate quinone-bearing anticancer drugs. Anthra-
quinone complexes,'" such as ametantrone (AT), doxorubicin,
emodin, and mitoxantrone (MX), demonstrate potent antitu-
mor activity and have been extensively used in the clinic since
the 1980s." Anthraquinone compounds have been reported
to be good candidates with multiple target molecules, and
they generally act as intercalators or inhibit telomerase, DNA
topoisomerase, HIF-10, and some biomarkers."® The design of
next-generation drugs with multiple targets and moieties with
synergistic potency improves the activities and efficacy of the
drugs."” However, most of these complexes are organic mole-
cules, and their low solubility in water limits their further appli-
cation. Currently, organometallic complexes with properties
that are somewhat intermediate between the classical inorgan-
ic and organic molecules have recently been considered as
promising alternatives."® Moreover, our group has designed
polypyridyl ruthenium(ll) complexes, containing anthraquinone
ligands as anticancer drugs, and they exhibited some anticanc-
er activity."” We have continued the research to improve the
anticancer activity and selectivity of these complexes. Notably,
Pfeffer et al. and our group have recently found that cyclome-
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talation can greatly increase the anticancer activity of the com-
plexes,"” which inspired us to integrate anthraquinones with
cyclometalation to develop a novel series of tridentate ruthe-
nium(ll) anticancer drugs. These complexes enjoy a wide range
of advantages:

1) These bistridentate Ru" complexes could avoid geometrical
isomers that may have different activity and selectivity
against cancer cells.

2) Cyclometalation greatly increased the cellular uptake and
toxicity of the Ru" complexes.

3) The use of the anthracene-9,10-dione groups as a functional
ligand could increase the interaction and activity of the Ru"
complexes with biomolecules.

Here, we synthesized and characterized six novel bistriden-
tate ruthenium(ll) complexes with anthraquinone substituents
as functional ligands (Scheme 1, Figures S1-S15 in the Sup-
porting Information). They were grouped into C,N,N-cyclome-
talated and N,N,N-non-cyclometalated Ru" complexes. In this
work, we studied the changes in the biological activity and
physicochemical properties due to the modifications of the
structure of the Ru" complexes. The anticancer activity of the
complexes was investigated in both 2D monolayer cells (nor-
moxia/hypoxia) and 3D multicellular tumor spheroids."® Com-
plex 1 can successfully exhibit potent in vitro cytotoxicity that
is higher than cisplatin and the other five Ru' complexes
against all of the cancer cells screened. Further mechanistic
studies in hypoxia show that complex 1 can efficiently induce
apoptosis in Hela cells through DNA damage, mitochondrial
dysfunction, and the inhibition of DNA replication and HIF-1a
expression.

Scheme 1. Chemical structures of the Ru" complexes 1-6.
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Results and Discussion

Synthesis and characterization

The ligands 2-([2,2":6',2"-terpyridin]-4"-yl)anthracene-9,10-dione
(adtpy) and 2-(2,6-di(thiazol-2-yl)pyridin-4-yl)anthracene-9,10-
dione (addpy) were prepared according to previously de-
scribed procedures,'” as illustrated in Figure S1 in the Support-
ing Information. The complexes [Ru(pbpy)(adtpy)l(CIO,) (1)
(pbpy =6-phenyl-2,2'-bipyridine) and [Ru(pbpy)(addtpy)](ClO,)
(2) were synthesized by heating Ru(adtpy)Cls;/Ru(addpy)Cl; and
AgOTf (Tf=triflate) to reflux in an acetone solution for 3 h.
Then, 6-phenyl-2,2"-bipyridine was added to the residue and
the mixture was heated to reflux in DMF under an argon at-
mosphere for 24 h. After adding a saturated aqueous solution
of NaClO,, a dark purple precipitate was collected and purified
by alumina column chromatography with acetonitrile/toluene
(1:1 to 10:1, v/v) as the eluent”” The complexes [Ru(tpy)(adt-
pyI(CIO,), (3) (tpy=2,2"62"-terpyridine), [Ru(tpy)(addpy)l-
(ClO,), (4), [Ru(bbp)(adtpy)](CIO,), (5) (bbp =2,6-bis(benzimida-
zol-2-yl)pyridine), and [Ru(bbp)(addpy)](ClO,), (6) were synthe-
sized by heating Ru(adtpy)Cl;/Ru(addpy)Cl; and one equivalent
of 2,2":6',2"-terpyridine or 2,6-bis(benzimidazol-2-yl)pyridine, re-
spectively, to reflux in 70% aqueous ethanol for 12 h, followed
by anion exchange with NaClO,, purification by alumina flash
column chromatography, and elution with acetonitrile/toluene
(5:1, v/v). Complexes 1-6 were characterized by IR and 'H NMR
spectroscopy as well as ESI mass spectrometry and elemental
analysis. In the infrared spectra, these complexes show charac-
teristic absorption peaks at approximately #=1680cm™,
which suggests that they contain the C=0 substituent.*? In
addition, only a monocationic signal of [M—ClO,]" was detect-
ed in the ESI spectra of complexes 1 and 2 (Figures S2 and S3
in the Supporting Information); however, in the non-cyclome-
talated complexes 3, 4, 5 and 6, the signals for
[M—2ClO,—H]" and [M—2ClO,]*" were observed (Figures S4-
S7 in the Supporting Information). Importantly, in 'H NMR
spectroscopy, the cyclometalated and non-cyclometalated
complexes have an intrinsic variation on the proton in ortho or
para position to the C,, atom bound to the Ru center.”" For
example, the chemical shift of the proton in ortho position to
the G, atom, which bounds to the Ru center, in complex 1 at
0=5.66 ppm is shifted upfield by 1.6 ppm compared to the
similar proton in complex 3, which was found at 6 =7.26 ppm
(Figures S10 and S12 in the Supporting Information).”” Such
shifts are primarily ascribed to the binding of the anionic cyclo-
metalating ligand with the Ru metal, which causes an increase
in the electron density at the Ru metal center and a decrease
in the positive charge of the Ru metal center compared to the
neutral non-cyclometalated ligands. These shifts are the origin
of the differences in the biological activity for these Ru" com-
plexes.

Octanol/water partition coefficients

Octanol/water partition coefficients (logP,,) provide a measure
of the drug lipophilicity, which indicates the ability of the mol-
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Table 1. ICy, values of the complexes towards different cell lines® in normoxia (20% O,), hypoxia (1% O,), and MCTSs."!
Complexes Hela A549 A549R L02

normoxia hypoxia MCTSs normoxia hypoxia normoxia hypoxia normoxia
1 (0.51+0.05) (0.53+0.03) (1.05+0.13) (0.55+0.10) (0.61+£0.85) (0.57+£1.23) (0.60+0.68) (4.50+£0.35)
2 (1.05+£0.21) (1.68+£0.15) (3.26+£0.31) (1.39+£0.21) (1.86£0.10) (2.31+£0.76) (2.54+0.33) (5.01£0.41)
3 (96.61 £5.6) (110.4£10.1) >200 (106.52+4.7) (110.5 £ 8.05) (105.75+6.22) (115.6+10.37)  (118.7£6.07)
4 (105.65+537) (122.6+8.63) >200 (112.5+6.72) (121.4+4.57) (113.65+4.33) (123.8+8.62) (129.5+10.8)
5 (18.354+2.0) (22.214+2.43) (52.25+3.30) (25.90 4 2.40) (27.56 4-3.06) (21.67 +1.46) (25.5041.65) (27.11+£2.30)
6 (22.46 £3.45) (26.56 £ 1.65) (60.45+1.64) (24.76 £2.31) (30.70£2.53) (27.52+£2.04) (29.64 £1.57) (30.22£1.63)
cisplatin (21.50+1.60) (24.62+1.24) (64.63 +2.70) (22.35+3.18) (26.314+2.23)  (13536+11.36)  (150.0410.64) (18.76 +1.07)
[a] Cells were treated with various concentrations of the tested complexes for 48 h. [b] MCTSs (/400 um in diameter) were treated with various concentra-
tions of the tested complexes for 48 h. Each value represents the mean +SD of three independent experiments.

ecule to pass through cell membranes. The cyclometalated Ru"
complexes 1 and 2 are more hydrophobic than the non-cyclo-
metalated Ru" complexes 3-6 (Figure S16 in the Supporting In-
formation). Complexes 3 and 4 gave negative logP,,, values,
suggesting that they are hydrophilic in nature. In contrast,
complex 1 exhibited the highest logP,,, value, indicating that
this complex is the most hydrophobic. Complexes 2, 5, and 6
were proven to be moderately hydrophobic due to their posi-
tive logP,,, values.

Cytotoxicity in normoxic and hypoxic 2D cancer cell cultures

The six new complexes were evaluated against three tumor
cell lines derived from different tissues, including the cervix
(HeLa), lung (A549), and cisplatin-resistant A549 cells (A549R).
For comparison, the cisplatin cytotoxicity was also evaluated.
As a control, the toxicity of the complexes was also tested
against the normal L02 human cell line. Table 1 shows the ICg,
values of the six complexes after a 48 h incubation as deter-
mined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Based on the ICy, values, the in vitro anti-
proliferative efficacies of the complexes are in the following
order: 1>2>cisplatin~5>6>3>4. Remarkable differences
were observed that exceeded our expectations, with the cyclo-
metalated complexes 1 and 2 exhibiting much higher cytotox-
icity (ICs, values ranged from 0.51 to 2.54 um) toward the
entire cancer cell lines tested than the non-cyclometalated
complexes 3 and 4, which were almost non-toxic (ICs, values
were all above 100 um). In addition, complexes 5 and 6 exhib-
ited a moderate cytotoxicity against the cancer cell lines. Com-
plex 1 displayed an ICs, value (0.51 pum) that was over 200-fold
lower than that of complex 4 (105.65 um) against the Hela
human cervical cancer cell line. Complex 1 exhibited 1Cs,
values approximately one order of magnitude lower than the
ones of cisplatin under the same conditions. Complex 1 was
also active against the cisplatin-resistant A549R cell line, with
an 1C, value of 0.57 um compared to 135.36 pum for cisplatin (a
264-fold difference). Most importantly, complex 1 was less cy-
totoxic to the normal LO2 cell line (4.5 um) than the cancer cell
lines, thereby indicating improved selectivity for cancer cells.

A hypoxic region will occur when cells obtain an insufficient
supply of oxygen. Tumors can increase their resistance to radi-
otherapy and many chemotherapies in hypoxia.?? In addition,
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tumor hypoxia can profoundly affect the malignant progres-
sion of cancerous cells.”®) We further discussed the sensitivity
of the cancer cell lines to the six complexes during hypoxia
(1% O,). Excitingly, the cytotoxicity of the six complexes for
the cancer cell lines in hypoxia is similar to that in normoxia
(Table 1). For instance, the IC;, value of complex 1 was approxi-
mately 0.53 um for Hela cells, 0.61 um for A549 cells, and
0.60 um for A549R cells in hypoxia, indicating that complex
1 is also active in the hypoxic tumor cells. In addition, the con-
centration-dependent cell-killing kinetics of complex 1 are de-
picted through a real-time cell growth assay.”” As shown in
Figure S17 in the Supporting Information, untreated Hela cells
grow normally and no distinct difference was observed be-
tween normoxia and hypoxia. However, with the doses of com-
plex 1 (1.0 um) experience rapidly abolished cellular prolifera-
tion in both normoxia and hypoxia, which indicated that Hela
cells undergo non-reversible senescence. The observation in
real-time monitoring agrees with the cytotoxicity data de-
scribed above.

Toxicity in 3D multicellular tumor spheroids (MCTSs)

Compared to 2D cultures, tumor cells in spheroids show an in-
creased and more reproducible concentric arrangement of dif-
ferent cell populations. Moreover, the extracellular matrix is an
inherent property of solid tumors,” which contributes to the
increased multidrug resistance (MDR) in solid tumors.”® Hence,
a 3D model, or MCTS, is introduced to mimic the solid tumor
in vitro and to study the viability of tumors treated with the
Ru" complexes.”” The physiological state of the spheroids
clearly depends on the spheroid size, and a hypoxic environ-
ment is generated in the center of the tumor. Spheroids with
diameters up to 400 um are frequently cultured for drug test-
ing.”® The MCTSs (400 um) were treated with the Ru" com-
plexes and cisplatin. Similar to the 2D cell models, complexes
3 and 4 show slight toxicity to the MCTSs at a concentration
of 100 um with a 48 h incubation, and complexes 5 and 6
show moderate inhibition of the MCTSs at a concentration of
30.0 um. However, the cyclometalated complexes 1 and 2 can
exhibit a cytotoxic effect on the MCTSs at a concentration of
1.0 um (Figures Ta and b). As shown in Table 1, the ICs, value
of complex 1 on 400 pm MCTSs is 1.05 pm, which was 61-fold
and 3.1-fold lower than cisplatin and complex 2, respectively,
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and far less than that of the four non-cyclometalated com-
plexes. The size of the MCTSs treated with various concentra-
tions of the complexes is exhibited in Figures Ta and b. The
MCTSs treated with complex 1 are the smallest compared to
the MCTSs treated with the other complexes under the same
condition, indicating that complex 1 has the best anti-prolifera-
tive activity against Hela cell spheroids.

The viability of the complex-treated MCTSs was also con-
firmed by using fluorescence microscopy and the live/dead cell
assay,”” a calcein AM and EthD-1 dual staining assay. Live cells
stained with calcein AM yield a green fluorescence signal,
whereas dead cells exhibit a red signal due to the EthD-1. As
shown in Figure 1c¢, untreated living MCTSs and MCTSs treated
with the Ru" complexes (3, 4, 5, and 6, 15.0 um) and cisplatin
(15.0 um) emitted strong green fluorescence, which indicated
that most of the cancer cells in the MCTSs were alive. However,
the MCTSs treated with 2.0 um of the cyclometalated com-
plexes 1 and 2 and cisplatin (60.0 um) showed weak green
fluorescence and emitted strong red fluorescence, which sug-
gested that complexes 1 and 2 induced cell death. The obser-
vation in the live/dead cell assay agrees with the cytotoxicity
data described above.

Stability in plasma

To obtain preliminary insights into the behavior of the active
cyclometalated complexes 1 and 2 under physiological condi-
tions, we assessed their stability in plasma.*” As shown from
the LC-UV traces in Figure S18 in the Supporting Information,
complexes 1 and 2 exhibited no distinct decomposition
plasma after 48 h, which suggested that they are stable under
physiological conditions. These results also indicate that the
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intact complexes 1 and 2 were responsible for the anticancer
activity.

Cellular uptake and localization

The extent of the cellular uptake was investigated by treating
normoxic Hela cancer cells with the Ru" complexes (2.0 um)
and cisplatin (2.0 um) for 8 h by using inductively coupled
plasma mass spectrometry (ICP-MS). As expected, the results in
Figure 2a indicate that the cyclometalation of the Ru" com-
plexes significantly enhances the cellular uptake. The cyclome-
talated complex 1 is taken up by the Hela cells 1.2-, 23-, 32,
2.7-,4.8-, and 2.6-fold more effectively than complexes 2, 3, 4,
5, 6, and cisplatin, respectively. Significantly, the 28-fold in-
crease in cellular uptake between complexes 6 and 1 is accom-
panied by a 207-fold increase in cytotoxicity, indicating that
the increase in the cytotoxicity is primarily attributed to an in-
crease in uptake. These results were in agreement with studies
in which complex 1, which is the most lipophilic complex, ex-
hibited the highest uptake. Additionally, the difference in the
uptake of complex 1 in Hela, A549, A549R, and L02 cells be-
tween normoxia and hypoxia is also investigated. As revealed
in Figure 2b, complex 1 exhibited equally matched accumula-
tion in the three cancer lines cells and there were no obvious
differences between normoxia and hypoxia, indicating that
complex 1 exhibits high levels of accumulation in hypoxic
cancer cells and positive anticancer activity against different
types of cancer. However, the amount of Ru in L02 cells is far
less than that in the three cancer lines, which implied im-
proved selectivity for cancer therapy.

In addition, the subcellular distribution of complex 1 and cis-
platin were studied in normoxic and hypoxic Hela cells. The
cellular ruthenium or platinum concentration was determined
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Figure 1. a,b) Growth inhibition of drug-treated HeLa MCTSs of 400 um diameter by using complexes 1 and 2 (1.0 um), 3 and 4 (100 pum), 5 and 6 (30 um),

and Pt (60 um). Scale bar=300 um. c) Calcein AM (4., =488, A

=(550+20) nm) and EthD-1 (1.,=488, 1.,=

(630+20) nm) dual staining of drug-treated

HelLa MCTSs: A) complexes 1 and 2 (0.5 um), 3-6, or Pt (15.0 pum); B) complexes 1 and 2 (1.0 um), 3-6, or Pt (30.0 um); and C) complexes 1 and 2 (2.0 pum), 3—

6, or Pt (60.0 um) were incubated with the MCTSs for 48 h.
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Figure 2. a) Ruthenium uptake in normoxic Hela cells after exposure to the complexes (2.0 pm) for 8 h. b) Ruthenium uptake in four different normoxic and
hypoxic cell lines after exposure to complex 1 (2.0 um) for 8 h. c) Subcellular distribution of ruthenium and platinum in normoxic and hypoxic Hela cells after
exposure to complex 1 (2.0 um) and Pt (2.0 um) for 8 h. d) ICP-MS data for Hela cells incubated with 2.0 um of complex 1 in the presence of cell uptake inhib-
itors: 1) control cells at 37°C, II) cells at 4°C, Ill) metabolic inhibitors, IV) 50 um chloroquine, V) 50 mm NH,CI, VI) high K*-HBSS buffer (170 mm K*), VII) 50 pm
valinomycin (containing 6.0 mm K™). e) The antiproliferative effects of 12 h drug exposures in hypoxic Hela cells were verified with an EdU assay: A) bright

field, B) Hoechst, C) EdU, and D) overlap. Scale bar=50 um.

after 8h of exposure to complex 1 (2.0 um) and cisplatin
(2.0 pum). Interestingly, there is a visible diversity in the subcel-
lular distribution of complex 1 and cisplatin between the nor-
moxic and hypoxic cells. As shown in Figure 2¢, approximately
60.0% of the cellular ruthenium was found in the nuclei and
28% in the mitochondria after 8 h exposure for normoxia;
however, the amount of ruthenium accumulated in mitochon-
dria exceeded that in the nuclei (mitochondria 50.0, nuclei
32%) after 8 h exposure for hypoxia. For cisplatin, most of the
platinum accumulated in the cytoplasm and 8% of the plati-
num were found in the nuclei in normoxia, which is similar to
the distribution of cisplatin in hypoxia. Therefore, these results
suggested that the tumor microenvironment can affect the
subcellular distribution of complex 1, and the nuclei and mito-
chondria are the main targets of complex 1 both in normoxia
and hypoxia, which could provide more insight into the mode
of action of complex 1.

The cellular uptake mechanism of complex 1 in normoxia
was further investigated by using ICP-MS. To determine wheth-
er complex 1 entered the cell through an energy-dependent
or energy-independent transport pathway, Hela cells were
either incubated with this complex at 4°C or pretreated with
the metabolic inhibitors 2-deoxy-b-glucose and oligomycin.
Endocytosis is a common, well-known energy-dependent path-
way in eukaryotic cells. Therefore, the endocytic inhibitors
chloroquine and NH,Cl were used to examine the role of this
pathway in the uptake of complex 1.2" Additionally, the cell
membrane potential is linked to the cellular uptake. To investi-
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gate the effects of the cell membrane potential on the cellular
uptake, we reduced the membrane potential by using a high
potassium environment (=170 mm) and increased the mem-
brane potential by using valinomycin. As shown in Figure 2d,
there were no significant variations of the uptake in the chlor-
oquine and NH,CI groups after treatment with the endocytic
inhibitors, suggesting that endocytosis was not responsible for
the uptake of complex 1. The amount of Ru in the groups
treated at 4°C and with the metabolic inhibitors was moder-
ately reduced and significantly decreased in the high K* con-
centration group compared to the control group, which indi-
cated that an energy-dependent pathway and the cell mem-
brane potential are involved in the uptake of complex 1. This
is perhaps not surprising, as cellular uptake is generally com-
plex and diverse.

Antiproliferation assay

Because the cell nuclei are the main targets of complex 1 in
hypoxia, we tested the effect of complex 1 on DNA replication.
5-Ethynyl-2'-deoxyuridine (EdU) is a thymidine analogue that
can be metabolized by mammalian cells and incorporated into
DNA replication, serving as a red fluorescence marker of active-
ly proliferating cells.®*” As shown in Figure 2e, a mass of newly
replicated DNA was detected in the nuclei of cells in the con-
trol group. Low concentrations of cisplatin (4 um) induced
a very small inhibitory effect on Hela cells; however, remark-
able suppression of the DNA replication could be observed in
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the presence of 40 um cisplatin. For complex 1, the DNA repli-
cation process was distinctly reduced at a concentration of
0.25 pm. At a concentration of 1.0 um, nearly all DNA synthesis
in hypoxic Hela cells was suppressed. The EdU assay suggest-
ed that complex 1 more effectively impeded cellular DNA am-
plification than cisplatin.

DNA damage

DNA damage is a common physiological phenomenon in cells,
and it inhibits DNA replication and induces apoptosis.*® More-
over, this damage can be detected. The single cell gel is
a simple and sensitive method for the detection of DNA
damage in an individual eukaryotic cell.®¥ ICP-MS analysis
proved that the nuclei are the targets of complex 1 in Hela
cancer cells; therefore, the hypoxic Hela cells were treated
with 0.25 mm of complex 1 for 24 h. As shown in Figure 33,
some chromosomal DNA strand breakage was observed, along
with the appearance of an obscure “halo” around the nucleus
of the Hela cells. When we expanded to concentrations of 0.5,
1.0, and 2.0 mm of complex 1, the number of halos were great-
ly increased. The results demonstrated that the cyclometalated
complex 1 could induce DNA damage in Hela cells at very low
concentrations.

Mitochondrial dysfunction

Cancer cells exhibit many adaptive responses to hypoxia, in-
cluding the optimization of the mitochondrial function.®”’ Mi-
tochondrial dysfunction is involved in apoptotic cell death, and
the loss of mitochondrial membrane potential (MMP, AY,,) is
a hallmark of mitochondrial dysfunction.*® We have found that
the mitochondria are the main target of complex 1 in hypoxic
Hela cells, and, consequently, confocal microscopy and flow
cytometry were used to confirm whether complex 1 induced

(@) Control (0.25uM)  1(0.5uM) 1(1.0 M) 1(2.0 pM)
1 (uM)
Control 10 50
© 1(uM)
Control 0.5 1.0 2.0

Count

Green Fluorescence

Figure 3. a) Complex 1 induced chromosomal DNA strand breaks in Hela
cells, as detected by the comet assay. b,c) The hypoxic HelLa cells were treat-
ed with complex 1 for 24 h and stained with JC-1 to measure the changes
in the mitochondrial membrane potential, which were observed under

a fluorescence microscope and analyzed by using a flow cytometer.
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apoptosis in hypoxia through mitochondrial damage by using
the cationic dye JC-1 as the MMP-sensitive probe.®” As shown
in Figure 3b, the Hela cells display a significant red-to-green
color shift in the presence of complex 1, indicating the loss of
MMP compared with the untreated cells. A concentration-de-
pendent decrease in the red/green fluorescence intensity
ratios can be detected, and the representative JC-1 green sig-
nals recorded by flow cytometry are shown in Figure 3c. These
results indicate that complex 1 induced mitochondrial dysfunc-
tion contributes to cellular apoptosis in hypoxia.

HIF-1a inhibition

HIF-Ta is overexpressed in many cancer cells during hypoxia,
and it is connected with HIF-1 activation, oncogene activation,
and the loss of tumor suppressor function.®® The cellular ex-
pression of HIF-1a determines the ultimate activation of HIF-
1.9 The cyclometalated complexes exhibit strong toxicity to
Hela cells during hypoxia, which may correlate to HIF-1a in-
hibition, particularly by complex 1, the most potent member
of the series. Therefore, we determined the effects of this com-
plex on HIF-1a expression in Hela cells. The Western blot re-
sults showed that the complex obviously decreased HIF-1a ex-
pression during 24 h of hypoxia (Figure 4). Complex 1 caused
a concentration-dependent decrease of HIF-1a expression in
Hela cells, which was also confirmed by immunofluorescence
detection (Figure S19 in the Supporting Information). There-
fore, this result demonstrates that complex 1 can attenuate
HIF-10. expression in Hela cells, which may contribute to the
excellent toxicity of this complex in hypoxic Hela cells.

Cellular apoptosis

The process of apoptosis is very complex and is regulated by
a cascade of proteins, called caspases. Caspase expression is
closely related to the hypoxic environment.*® Therefore, it is
important to study the influence of drug-induced cellular
apoptosis in hypoxia. Apoptosis is a naturally occurring pro-
grammed and targeted cellular death mechanism. Apoptotic
cells, however, are transformed into small membrane-bound
vesicles (apoptotic bodies) that are engulfed by macrophages
in vivo, without an inflammatory response. The harmless re-
moval of cells (e.g., cancer cells) is one consideration in che-

1, Hypoxia (HMM)

Normoxia

0 0.25 0.5 1.0 2.0

-

HIF-1a

Figure 4. Expression of HIF-1a in Hela cells after incubation with complex
1 for 24 h.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
e Europe

motherapy.”” Complex 1 was used to determine whether the

inhibitory growth activity of this complex was related to the in-
duction of apoptosis in hypoxia. Therefore, the type of cell
death induced by this complex was investigated by apoptosis
assays by using (AO/EB) staining.*? AO is a vital dye that can
stain both live and dead cells and shows green fluorescence.
EB only stains cells that have lost their membrane integrity
and exhibits red fluorescence. Under the fluorescence micro-
scope, the necrotic cells are stained in red but have a nuclear
morphology resembling that of viable cells. Apoptotic cells
appear green and exhibit morphological changes, such as cell
blebbing and the formation of apoptotic bodies. As shown in
Figure 53, the control group shows consistent, live green cells
with normal morphology; however, orange apoptotic cells
with fragmented chromatin and apoptotic bodies were ob-
served in the cyclometalated complex 1-treated groups at con-
centrations of 0.25-1.0 mm after 48 h of incubation, which sug-
gested that low concentrations of complex 1 predominantly
induced apoptosis in hypoxic Hela cells.

Soon after initiating apoptosis, the cells translocate the
membrane phosphatidylserine (PS) from the inner face of the
plasma membrane to the surface. Once on the cell surface, PS
can be easily detected by staining with fluorescently conjugat-
ed annexin V, a protein that has a high affinity for PS."**! Cells
that have bound annexin V-FITC will show green staining in
the plasma membrane. Cells that have lost their membrane in-
tegrity will show red staining (Pl) throughout the nuclei and
a halo of green staining (FITC) on the cell surface (plasma
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membrane). Therefore, we can use a flow cytometer to distin-
guish between at least three different cell types during apop-
tosis: viable cells (annexin V™ and PI™ negative), early apoptotic
cells (annexin V-positive but Pl-negative), and necrotic or late
apoptotic cells (annexin V- and Pl-positive). An annexin V/PI
apoptosis kit was used to study the nature of the ruthenium(ll)
complex 1 induced cell death by using flow cytometry. Hypox-
ic HelLa cells were treated with complex 1 at concentrations of
0.25, 0.5, and 1.0 mm for 48 h. As shown in Figure 5b, annex-
inV"™ cells were detected at a concentration as low as
0.25 mM, and the amount of annexin V' cells increased with
increasing concentrations of complex 1. A total of 75.5% cells
were undergoing early and late apoptosis when the cells were
treated with 1.0 mm cyclometalated complex 1. This pathway
suggests that induced cell death occurs mainly through apop-
tosis.

Study of the structure-activity relationship

Although these six Ru" complexes possess very similar struc-
tures, they have different anticancer activities. The lipophilicity
of these complexes containing the adtpy ligand is greater than
the complexes containing the addpy ligand because the sulfur
atom of the addpy ligand is more hydrophilic. We modified
the charge number of the complexes by replacing the tpy
ligand with the pbpy ligand, and altered the volumes of the
ancillary ligand by adding the phenyl ring, which increased the
lipophilicity and the cellular uptake of the complexes. In this

A
B
Control 1 (0.25 uM) 1(0.5 um) 1 (1.0 ym)
(b).,]
R @ 9.6%
o i 30.4%
A T T T T
FITC-A FITC-A ° FITC-A b * FITC-A
Control 1 (0.25 uM) 1 (0.5 pM) 1(1.0 pm)

Figure 5. a) Complex 1 treated Hela cells were stained with AO/EB and observed under a fluorescence microscope, A) bright, B) fluorescent (AO: A.,=502,
Aem=1525 nm; EB: A, =545, A, =590 nm). Scale bar=50 um. b) Complex 1 induced apoptotic HelLa cell death as examined by the Annexin V-FITC/PI assay.

Chem. Eur. J. 2015, 21, 15308 - 15319 www.chemeurj.org

15314

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

study, the lipophilicity, cancer cell toxicity, and cell uptake were
distinctly correlated, and followed the order of complex 1>
2>5>6>3>4. The cyclometalated complexes 1 and 2, with
the valence of +1, are the most lipophilic ones and exhibited
the most cellular uptake and the most cytotoxicity. However,
complexes 3 and 4, with a valence of 42, displayed the least
lipophilicity, are the least cytotoxic, and exhibited the least cel-
lular uptake. We found that complexes 5 and 6, with a valence
of + 2 but with more phenyl rings than complexes 3 and 4, ex-
hibited moderate lipophilicity and cytotoxicity. Therefore, the
cyclometalated complex 1 with the pbpy and adtpy ligands
showed the strongest anticancer activity against cancer cells
due to good accumulation.

Conclusion

Drug resistance in solid tumors is still a major obstacle for
cures and drug discovery; however, hypoxia in solid tumors
plays a key role in cellular adaptation and the modulation of
gene expression that leads to resistance to chemotherapy and
radiotherapy. We demonstrated that the integration of cyclo-
metalated ruthenium(ll) complexes with anthraquinone ligands
produces compounds that are highly cytotoxic to hypoxic
cancer cells. This study showed that the hydrophobicity and
cellular uptake properties of the complexes were consistent
with their cytotoxicity. The most active drug, that is, complex
1, accumulates well in Hela cancer cells, and exhibited 46-fold
and 61-fold higher cytotoxic potency than cisplatin in hypoxic
cells and 3D multicellular tumor spheroids. Further studies
demonstrated that complex 1 preferentially accumulated in
the mitochondria of hypoxic Hela cells, and both the mito-
chondria and the nuclei are the main targets of complex 1,
which induced apoptosis through multiple synergistic path-
ways. Complex 1 inhibited DNA replication, promoted DNA
damage, and mitochondrial dysfunction, and inhibited HIF-1a
in hypoxic Hela cells, indicating that complex 1 is highly toxic
to hypoxic tumor cells. Our results also demonstrated that
complex 1 may be a potential therapeutic anticancer candi-
date for overcoming the resistance to chemotherapy.

Experimental Section
Materials

All reagents were purchased from commercial sources in reagent
grade and used as received, unless stated otherwise. The 'H NMR
spectra were recorded on a Varian Mercury Plus 300 nuclear mag-
netic resonance spectrometer at 25°C. All chemical shifts are re-
ported relative to tetramethylsilane (TMS). The electrospray ioniza-
tion mass spectra (ESI-MS) were recorded on a LCQ system (Finni-
gan MAT, USA), and the reported m/z values in this work are for
the major peaks in the isotope distribution. Microanalysis (C, H,
and N) was carried out by using an Elemental Vario EL CHNS ana-
lyzer (Germany). The infrared spectra were obtained with a Bruker
IFS 113v Fourier transform spectrometer equipped with a global
light source and a liquid N,-cooled mercury cadmium telluride de-
tector. All of the tested complexes were dissolved in DMSO, and
the concentration of DMSO was 1% (v/v). The phosphate-buffered
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saline (PBS) solutions of complexes 1-6 were shown to be stable
for at least 48 h at room temperature as monitored by UV/Vis spec-
troscopy before the experiments. Cisplatin, Hoechst 33258, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, JC-1, and
propidium iodide (Pl) were obtained from Sigma-Aldrich. The an-
nexin V-FITC apoptosis assay kit (Life Technologies, Guangzhou,
China) and the 5-ethynyl-2"-deoxyuridine (EdU) labeling/detection
kit (Ribobio, Guangzhou, China) were used.

Synthesis and characterization

Synthesis of adtpy: 2-Acetylpyridine (302 mg, 2.5 mmol), KOH
(280 mg, 5.0 mmol), and a concentrated aqueous solution of
NH,OH (10 mL) were added to a solution of 2-formyl-9,10-anthrace-
nedione (300 mg, 1.25 mmol) in ethanol (100 mL). The reaction
mixture was stirred at ambient temperature for 24 h. The solution
was filtered, and a yellow—green precipitate was obtained and
washed with water and diethyl ether. Recrystallization from CHCl,/
MeOH (2:1, v/v) produced a light yellow crystalline solid. Yield:
274 mg, 50%; '"H NMR (300 MHz, CDCl,): 6=8.86 (s, 2H), 8.82 (d,
J=1.7 Hz, TH), 8.75 (d, J=4.0 Hz, 2H), 8.69 (d, J=8.0 Hz, 2H), 8.46
(d, J=8.1 Hz, 1H), 8.39-8.30 (m, 3H), 7.91 (td, J=7.8, 1.7 Hz, 2H),
7.83 (dd, J=5.8, 3.3 Hz, 2H), 7.39 ppm (dd, J=6.5, 5.7 Hz, 2H); IR
(KBr): #=1681cm ™' (C=0 free); elemental analysis calcd (%) for
CaoHysN50,: C 79.09, H 3.86, N 9.55; found: C 79.21, H 3.98, N 9.36.

Synthesis of addpy: This ligand was synthesized in a similar
manner to that described for adtpy, with 2-acetylthiazole (254 mg,
2 mmol) in place of 2-acetylpyridine. Yield: 180 mg, 40%; 'H NMR
(300 MHz, CDCl,): 6=8.76 (d, /=2.0 Hz, 1H), 8.62 (s, 2H), 8.46 (d,
J=8.1Hz, 1H), 8.35 (td, J=6.3, 3.3 Hz, 2H), 8.27 (dd, J=8.1, 1.8 Hz,
1H), 8.01 (d, J/=3.2 Hz, 2H), 7.83 (dd, J=5.8, 3.3 Hz, 2H), 7.55 ppm
(d, J=3.2Hz, 2H); IR (KBr): 7=1678 cm ' (C=0 free); elemental
analysis calcd (%) for C,sH5N;0,S,: C 66.52, H 2.88, N 9.55; found:
C 66.34, H 3.04, N 9.45.

Synthesis of [Ru(pbpy)(adtpy)]1(ClO,) (1): By using a previously de-
scribed procedure, Ru(adtpy)Cl; (97 mg, 0.15 mmol) and AgOTf
(116 mg, 0.45 mmol) were added to acetone (15 mL), and the mix-
ture was heated to reflux for 3 h. Then, the solution was cooled to
room temperature, filtered, and the filtrate was concentrated to
dryness in vacuum. A solution of pbpy (35 mg, 0.15 mmol) and
DMF (10 mL) was added to the residue, and the mixture was
heated to reflux under an argon atmosphere for 24 h. The solution
was left to cool to room temperature, the DMF was removed
under reduced pressure, and the solid was dissolved in methanol
(20 mL). After addition of a saturated aqueous solution of NaClO,,
a dark purple precipitate was collected by filtering and washing
with water and diethyl ether. The crude product was purified by
alumina column chromatography with CH;CN/toluene (1:1 to 10:1,
v/v) as the eluent to afford 100 mg of complex 1 as a purple-black
solid (77%). "H NMR (300 MHz, DMSO): 6 =9.46 (s, 2H), 9.13 (s, 1H),
9.06 (d, J=8.1Hz, 2H), 8.89 (d, /=83 Hz, 1H), 8.72 (dd, J=14.7,
8.0 Hz, 2H), 8.45 (dd, /=18.2, 8.1 Hz, TH), 8.40 (dd, J=18.2, 8.1 Hz,
1H),8.37-8.25 (m, 2H), 8.17 (t, J/=8.0 Hz, 1H), 8.04-7.96 (m, 6H),
7.56 (d, J=5.3Hz, 1H), 7.39 (d, J=5.1 Hz, 2H), 7.26-7.18 (m, 2H),
7.17-7.09 (m, 1H), 6.69 (t, J=7.3Hz, 1H), 6.46 (t, J=7.2Hz, 1H),
5.66 ppm (d, J=7.3 Hz, TH); IR (KBr): #=1673 cm™' (C=0 free); MS
(ESl): m/z: 771.8 [M—CIO,]"; elemental analysis caled (%) for
CsHasNsO,Ru: C 61.93, H 3.33, N 8.03; found: C 62.11, H 3.51, N
8.21.

Synthesis of [Ru(pbpy)(addpy)1(CIO,) (2): This complex was syn-
thesized in a similar manner to that described for [Ru(pbpy)(adt-
py)I(CIO,), with Ru(addpy)Cl; (64 mg, 1 mmol) in place of Ru(adt-
py)Cls. Yield: 50 mg, 57 %; '"H NMR (300 MHz, DMSO): §=9.32 (s,
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2H), 9.08 (d, J=1.8 Hz, 1H), 8.87 (dd, J=8.2, 1.9 Hz, 1H), 8.68 (dd,
J=143, 8.0 Hz, 2H), 8.45 (d, J=8.2 Hz, 1H), 8.38 (d, J=8.0 Hz, TH),
8.31 (ddd, J=8.9, 5.7, 3.1 Hz, 2H), 8.17 (t, J=7.9 Hz, 1H), 8.07-7.90
(m, 5H), 7.84 (d, /=79 Hz, 1H), 747 (d, J=5.2 Hz, 1H), 7.20-7.09
(m, TH), 6.96 (d, J=3.4Hz, 2H), 6.69 (t, J=7.5Hz, 1H), 6.47 (t, J=
7.3 Hz, 1H), 5.46 ppm (d, J=7.4Hz, 1H); IR (KBr): #=1675cm™’
(C=0 free); MS (ESI): m/z: 784.0 [M—CIO,]"; elemental analysis
calcd (%) for C4H,uNsO,S,Ru: C 55.66, H 2.83, N 7.92; found: C
55.56, H 2.95, N 8.12.

Synthesis of [Ru(tpy)adtpyl(ClO,), (3): Complex 3 was synthesized
according to the previously described procedure for the complex
by using tpy (64 mg, 0.27 mmol) and Ru(adtpy)Cl; (176 mg,
0.27 mmol) giving a dark-red solid. Yield: 130 mg, 49%; 'H NMR
(300 MHz, DMSO): 6 =9.65 (s, 2H), 9.23-9.17 (m, 3H), 9.12 (dd, J=
8.4, 49 Hz, 2H), 8.87 (dd, /=11.8, 6.0 Hz, 3H), 859 (dd, /=78,
4.8 Hz, 2H), 8.40-8.34 (m, 2H), 8.11 (t, J=4.2 Hz, 2H), 8.06 (dd, J=
6.3, 39 Hz, 4H), 7.59 (d, J=3.0Hz, 2H), 749 (d, J=3.0Hz, 2H),
7.35-7.30 (m, 2H), 7.29 ppm (dd, J=4.5, 3.4 Hz, 2H); IR (KBr): 7=
1680 cm™' (C=0 free); MS (ESI): m/z: 386.9 [M—2ClO,1*"; elemental
analysis calcd (%) for C,H,gNsO,Ru: C 54.32, H 2.88, N 8.64; found:
C 56.43, H 3.15, N 8.52.

Synthesis of [Ru(tpy)addpyl(ClO,), (4): Complex 4 was synthe-
sized according to the previously described procedure for the com-
plex by using tpy (64 mg, 0.27 mmol) and Ru(addpy)Cl; (179 mg,
0.27 mmol) giving a dark-red solid. Yield: 193 mg, 72%; 'H NMR
(300 MHz, DMSO): 6 =9.57 (s, 2H), 9.14 (s, 1H), 9.10 (d, /=6.2 Hz,
2H), 8.89 (dd, J=6.2, 2.0 Hz, 1H), 8.83 (d, J=6.0 Hz, 2H), 8.57 (dt,
J=6.0, 3.0 Hz, 2H), 8.39-8.32 (m, 2H), 8.11 (d, J=2.6 Hz, 2H), 8.06
(dd, J=6.1, 3.5Hz, 4H), 7.51 (d, J=4.2 Hz, 2H), 7.32-7.27 (m, 2H),
7.22 ppm (d, J=2.5 Hz, 2H); IR (KBr): #=1680 cm' (C=0 free); MS
(ESI): m/z: 393.1 [M—2ClO,*"; elemental analysis calcd (%) for
CaoH24NgO,S,Ru: C 48.78, H 2.44, N 8.54; found: C 50.01, H 2.56, N
8.40.

Synthesis of [Ru(bbp)adtpyl(ClO,), (5): Complex 5 was synthe-
sized according to the previously described procedure for the com-
plex by using bbp (85 mg, 0.27 mmol) and Ru(adtpy)Cl; (176 mg,
0.27 mmol) giving a dark-red solid. Yield: 186 mg, 65%; 'H NMR
(300 MHz, DMSO): 6 =9.71 (s, 2H), 9.31 (s, 1H), 9.14-9.00 (m, 2H),
8.69 (d, J=7.9 Hz, 2H), 8.60-8.52 (m, 2H), 8.35 (dd, J=13.1, 5.6 Hz,
2H), 8.07-7.99 (m, 2H), 7.93 (t, J=7.3 Hz, 3H), 7.58 (d, /=8.2 Hz,
2H), 7.48 (d, J=5.5Hz, 2H), 7.28-7.20 (m, 2H), 7.12 (t, J=7.2 Hz,
2H), 6.88 (t, J=7.1 Hz, 2H), 6.00 ppm (d, J=7.7 Hz, 2H); IR (KBr):
7=1673 cm~' (C=0 free); MS (ESI): m/z: 425.8 [M—2ClO,]*", 851.3
[M—2ClO,—H]"; elemental analysis calcd (%) for CugH;oNgO,Ru: C
54.86, H 2.86, N 8.54; found: C 55.01, H 2.72, N 8.43.

Synthesis of [Ru(bbp)addpyl(ClO,), (6): Complex 6 was synthe-
sized according to the previously described procedure for the com-
plex by using bbp (85 mg, 0.27 mmol) and Ru(addpy)Cl; (179 mg,
0.27 mmol) giving a dark-red solid. Yield: 170 mg, 60%; 'H NMR
(300 MHz, DMSO): 6=9.61 (s, 2H), 9.27 (s, 1H), 9.03 (d, /=9.4 Hz,
1H), 8.70 (d, J/=7.9 Hz, 2H), 8.63-8.51 (m, 2H), 835 (dd, J=12.0,
3.5Hz, 2H), 8.08-7.99 (m, 4H), 7.62 (d, J=8.1 Hz, 2H), 7.27-7.14
(m, 4H), 6.95 (t, J=7.2Hz, 2H), 6.01 ppm (d, /=89 Hz, 2H); IR
(KBr): #=1672 cm™' (C=0 free); MS (ESI): m/z: 431.5 [M—2ClO,*",
863.2 [M—-2ClO,—H]"; elemental analysis caled (%) for
CasHsNg0,S,Ru: C 49.72, H 2.45, N 10.55; found: C 49.62, H 2.63, N
10.78.

Cell lines and culture conditions

The Hela human cervical carcinoma cell line, the A549 and A549R
lung carcinoma cell lines, and the L0O2 human hepatocyte cell line
were obtained from the Experimental Animal Center of Sun Yat-
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Sen University (Guangzhou, China). The cells were maintained in
DMEM (Dulbecco’s modified Eagle’s medium, Gibco BRL) or RPMI
1640 (Roswell Park Memorial Institute 1640, Gibco BRL) medium
supplemented with 10% FBS (fetal bovine serum, Gibco BRL),
streptomycin (100 mgmL™") and penicillin (100 UmL ") (Gibco BRL)
in a humidified incubator at 37°C with 5% CO,. The hypoxic cul-
ture conditions are similar to the normoxic conditions, with 1% O,
in place of 20% O,, and the concentration of oxygen is adjusted
through the ventilation with high-purity nitrogen gas in an incuba-
tor.

Cellular accumulation studies

The cells were plated at a density of 1x10°cellsmL™" in DMEM
medium (10 mL) of for 24 h at 37 °C with 5% CO, under hypoxic or
normoxic conditions. The ruthenium complexes (2.0 mm) or cispla-
tin (2.0 mm) were added to the culture medium and incubated for
8 h, and removed with a cold PBS and trypsin/ethylenediaminete-
traacetic acid (EDTA) solution into a centrifuge tube for counting.
Then, the nuclear and cytoplasm fractions of the Hela cells were
extracted by using a nuclear and cytoplasmic protein extraction
kit. The samples were digested overnight in 20% HNO; and 10%
H,O, at room temperature. Each sample was then diluted with
Milli-Q water to obtain a 2% HNO; sample solution. The ruthenium
or platinum content was determined by using an inductively cou-
pled plasma mass spectrometer (ICP-MS Thermo Elemental Co.,
Ltd.).

Distribution coefficient of Ru

The distribution coefficients (logP,,,) were determined by liquid—-
liquid extraction between n-octanol (oil) and phosphate buffer
(0.2m, pH 7.4) with the flask-shaking method. n-Octanol and the
phosphate buffer were mutually saturated with each other for at
least 12 h before use. An aliquot of the ruthenium complex stock
solution was added to the phosphate buffer at concentrations
<10 mgmL™", and the mixture was shaken at 80 rom for one day
to allow adequate partitioning at 37°C. After the sample was cen-
trifuged at 3000 rpm for 10 min, the aqueous layer was used for
the ruthenium analysis, and the Ru content in the aqueous layer
was then measured by ICP-MS and used to calculate the logP,,,
values

Stability in human plasma

The stability of complexes 1, 2, and PZQ in plasma was assessed
by using a procedure analogous to a recently reported method."’?
Aliquots (12.5 pL) of a Ru complex solution and of a diazepam so-
lution (12.5 pL) were added to the plasma (975 pL). The resulting
mixture was incubated for 48 h at 37°C with continuous and
gentle shaking (/=300 rpm). The reaction was stopped by the addi-
tion of acetonitrile (4 mL), and the mixture was centrifuged for
10 min at 2000g at 4°C. The acetonitrile was evaporated, and the
residue was suspended in CH;CN/H,O (3:1, v/v; 100 mL). The fil-
trate was analyzed by HPLC-UV spectroscopy. An aliquot of the so-
lution (100pL) was injected into an HPLC system (Thermo, USA)
connected to a UV/Vis spectrophotometer. A Hypersil Gold Dim
(100%x 2.1 mm, Thermo, USA) reversed-phase column was used at
a flow rate of 0.5 mLmin". The runs were performed with a linear
gradient of A (acetonitrile; Sigma-Aldrich, HPLC grade) in B (dis-
tilled water containing 0.02% trifluoroacetic acid (TFA) and 0.05%
HCOOH).
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Cytotoxicity test on a 2D cancer cell monolayer

The cytotoxicity of the ruthenium complexes were determined by
the MTT assay. Briefly, the cells were seeded into 96-well microtiter
plates at (1x10*cells per well), and grown overnight at 37°C in
a 5% CO, incubator under normoxic or hypoxic conditions, and
different concentrations of the complexes were added to the cul-
ture media. The plates were then incubated for 48 h under the
same conditions. The stock MTT dye solution (20 uL, 5 mgmL™")
was added to each well. After 4 h of incubation, the cultures were
removed and DMSO (150 L) was added to each well. The optical
density of each well was measured on a microplate spectropho-
tometer at a wavelength of A =595 nm.

Cytotoxicity test on MCTSs

HeLa MCTSs (diameter ~400 mm) were treated by carefully replac-
ing 50% of the medium with drug-supplemented standard
medium by using an eight-channel pipette. In parallel, 50% of the
solvent-containing medium were replaced by solvent-free medium
for the untreated MCTSs. Three MCTSs were treated per condition
and drug concentration, and the DMSO volume was less than 1%
(v/v). The MCTSs were then allowed to incubate for another 48 h.
The cytotoxicity of the ruthenium complexes toward the MCTSs
was measured by the adenosine triphosphate (ATP) concentration
with the Cell TiterGlo kit (Promega). After 30 min of incubation, the
MCTSs were carefully transferred into black-sided, flat-bottomed
96-well plates (Corning) and mixed with a pipette for luminescence
measurements on an Infinite M200 PRO equipment (TECAN).

Real-time cell growth and proliferation assay

This experiment was carried out by using an xCELLigence RTCA DP
system real-time cell analyzer (Roche Diagnostics GmbH, Germany),
which was placed in a humidified incubator maintained at 37°C
with 5% CO, and 20 or 1% O,. Growth curves were constructed by
using 16-well plates (E-plate 16, Roche Diagnostics GmbH, Germa-
ny). To quantify the cell status based on the measured cell elec-
trode impedance, the parameter cell index (Cl) is derived according
to Cl=maxi=1,...,N(Rcell(f)/Rb(f)1), where Rcell(fi and Rb(f) are
the frequency-dependent electrode resistances (a component of
impedance) in the presence or absence of cells, respectively; N is
the number of the frequency points at which the impedance is
measured. Cl is a relative value to indicate how many cells are at-
tached to the electrodes. The slope of the Cl curve reflects the
growth speed of the cells. In brief, an aliquot of the cell culture
medium (80 mL) was added into each well of E-plate 16 and then
the E-plate 16 was connected to the system and checked for
proper electrical contacts; the background impedance was also
measured after 30 s. Meanwhile, the Hela cells were re-suspended
into the cell culture medium and adjusted to 5x 10 cellsmL™". Por-
tions of each cell suspension (100 mL) were added onto the wells
of the E-plate 16. Approximately 18 h after seeding, complex
1 (0.25, 0.5, or 1.0 mm) was added and the cells were automatically
monitored over 60 h by the xCELLigence system. Data analysis was
conducted by using the RTCA software, version 1.2, supplied with
the instrument.

Live/dead viability/cytotoxicity assay in the MCTSs

The live/dead assay in the MCTSs was performed by using the
LIVE/DEAD viability/cytotoxicity kit for mammalian cells (Life Tech-
nologies). Live cells in the MCTSs were distinguished by the pres-
ence of ubiquitous intracellular esterase activity, as determined by
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the enzymatic conversion of the virtually non-fluorescent, cell-per-
meable calcein AM to the intensely fluorescent calcein (1., =495,
Aem=>515 nm). EthD-1 would enter the cells with damaged mem-
branes and undergo a 40-fold enhancement of the fluorescence
upon binding to nucleic acids, thereby producing a bright red fluo-
rescence in the dead cells (1., =495, A.,=635nm). EthD-1 is ex-
cluded by the intact plasma membrane of live cells. The determi-
nation of the cell viability depends on these physical and biochem-
ical cell properties. After treatment with the ruthenium complexes,
each MCTS was incubated with a solution (10 uL) of calcein AM
(2 mm) and EthD-1 (4 mm) for 40 min at room temperature in the
dark and imaged directly by using an inverted fluorescence micro-
scope (Zeiss Axio Observer D1, Germany).

Western blot analysis

The Hela cells were seeded into 100 mm tissue culture dishes
(Corning), incubated for 24 h, and then treated with complex 1 for
24 h. The cells were washed with ice-cold PBS and lysed by incuba-
tion in radio immune precipitation assay buffer (RIPA) and a pro-
tease inhibitor cocktail (Sigma) for 30 min on ice. The lysates were
centrifuged at 15000 rpm for 15 min at 4°C, and the protein con-
centrations were quantified by a BCA protein assay reagent kit (No-
vagen Inc, USA). The proteins were separated on precast NUPAGE 4
to 12% polyacrylamide gradient Bis-Tris gels (Invitrogen) under de-
naturing conditions, transferred to PVDF membranes (Invitrogen),
and subjected to Western blot analysis. Mouse monoclonal anti-
HIF-1a. (Proteintech USA) and rabbit anti-p-actin (Cell Signaling
Technology, USA) antibodies were diluted (1:300 and 1:2000, re-
spectively) in PBS containing 5% nonfat powdered milk and 0.1%
Tween-20 and then incubated with the membrane overnight at
4°C. Horseradish peroxidase conjugated secondary antibodies (Cell
Signaling) were used. The bound immune complexes were detect-
ed by using an ECL prime Western blot detection reagent (Amer-
sham Inc., USA). The images were captured on FluorChem M (Pro-
teinSimple, Santa Clara, CA).

Fluorescent antibody technique

The cells were seeded into 96-well microtiter plates, grown over-
night at 37°Cin a 5% CO, and 1% O, and different concentrations
of complex 1 were added to the culture media. The plates were in-
cubated for 24 h, and then the cultures were removed. Afterwards,
the cultured Hela cells were fixed with 4% paraformaldehyde
(pH 7.4) for 30 min. Next, the cells were washed with PBS three
times and blocked with 1x PBS-1% BSA-4% goat serum (50 mL)
for 1 h. Then, the samples were washed thrice with PBS (100 mL)
for 5 min each and stained with primary antibody overnight. After
washing five times with 1xPBS-0.2% BSA for 5 min each, the
sample was stained with the fluorescently conjugated secondary
antibody for 60 min at RT in PBS-1% BSA (40 mL). Following
washes with 0.5% TritonX-100 in PBS, PBS (100 mL) was added
into each well for observation under an inverted fluorescence mi-
croscope (Zeiss Axio Observer D1).

Alexa Fluors488 annexin V/PI double staining

Hela cells were plated at 5x10° cells per well in a 6-well plate
with various concentrations (0.25, 0.5, or 1.0 mm) of complex 1 and
were incubated in for 48 h under hypoxic conditions. The cells
were centrifuged, washed twice with cold PBS, and re-suspended
in the binding buffer (0.5 mL) from the Annexin V/PI apoptosis Kit
(MultiSciences (Lianke) Biotech Co., Ltd.). Then, Annexin V-FITC
(5 mL) and PI (10 mL) were added into the sample solution. After
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incubation for 5 min in the dark, the specimens were quantified by
flow cytometry on a FACS Canto Il (BD Biosciences, USA).

EdU assay

EdU is a type of thymine nucleoside analogue, which is a new type
of nucleoside markers that can replace thymine (T) during DNA
replication in synthetic DNA molecules. After a cell cycle of EdU in-
cubation, EdU will enter all the cells, to achieve the aim of EdU-la-
beled cells by using the 5-ethynyl-2'-deoxyuridine (EdU)-labeling/
detection kit (Ribobio, Guangzhou, China). Briefly, HeLa cells were
seeded into 96-well microtiter plates at 1x10*cells per well and
grown overnight at 37°C under hypoxic conditions. Different con-
centrations of complex 1 or cisplatin were added to the culture
media and incubated for 12 h. The EdU (100 pL, 10 um EdU) solu-
tion was then added to each well, incubated for 24 h at 37°C, and
the cultures were then removed. Afterwards, the cultured cells
were fixed with 4% paraformaldehyde (pH 7.4) for 30 min and in-
cubated with glycine (50 mL 2 mgmL™") for 5 min. After washing
with PBS twice, each well was stained with the anti-EdU working
solution (100 mL) at room temperature for 30 min on the table
concentrator. Following washes with 0.5% TritonX-100 in PBS, the
cells were incubated with the Hoechst 33342 dye at room temper-
ature on the table concentrator. After incubation for 0.5 h, the
staining reaction liquid was abandoned and PBS (100 mL) was
added into each well for observation under a confocal laser scan-
ning microscope (TCS SP2, Leica Microsystems, Germany).

Cell uptake mechanism

The cells treated with the inhibitors and complex 1 were washed,
and the extent of uptake was analyzed by ICP-MS. The cells were
incubated with complex 1 (2.0 um) for 1 h at 37°C as the control.
For metabolic inhibition, the cells were incubated with complex
1 (2.0 um) for 1T h at 4°C for ICP-MS analysis or treated with 2-
deoxy-p-glucose (50 mm) and oligomycin (5 um) in PBS for 1 h at
37°C. The cells were then rinsed and suspended in PBS and the
cells were incubated with complex 1 (2.0 um) for 1 h at 37°C. For
endocytic inhibition, the Hela cells were detached from the culture
and pre-incubated with NH,Cl (50 mm) or chloroquine (100 um) in
PBS for 1 h at 37°C. The cells were then washed with PBS and in-
cubated with complex 1 (2.0 um) for 1 h at 37°C for ICP-MS analy-
sis. For modulation of the membrane potential, the Hela cells
were detached from the culture and washed with either high K*
-HBSS (containing 170 mm K*) or HBSS (containing 5.8 mm K™).
The cells in HBSS were pretreated with valinomycin (50 um) for
30 min at 37°C. The cells were incubated with complex 1 (2.0 um)
for 1 h at 37°C in either high K*-HBSS (to depolarize the cells) or
valinomycin (to hyperpolarize the cells) for ICP-MS analysis.

Fragmentation of nuclear DNA by the comet assay

An alkaline single-cell gel electrophoresis (comet assay) was per-
formed to investigate the extent of DNA damage induced by vari-
ous concentrations of complex 1 (0.25, 0.5, 1.0, or 2.0 mm) in hy-
poxic Hela cells. Briefly, 10000 cells per mL of the untreated con-
trols or the treated Hela cells were mixed with 0.8% low-melting-
point agarose at a ratio of 1:10 (v/v), and then the mixtures were
spread on slides precoated with 1% normal-melting agarose. The
slides were placed in the dark at 0°C for 15 min and then lysed in
a precooled lytic solution (2.5m NaCl, 10 mm Tris base, 100 mm
EDTA, 1% TritonX-100, and 10% DMSO, pH 10) at 4°C for 2 h in
the dark. Next, the slides were washed and equilibrated by using
a precooled alkaline electrophoresis buffer (0.3m NaOH and 1T mm
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EDTA, pH 13). The slides were electrophoresed at 20 V and 300 mA
in the precooled alkaline electrophoresis buffer for 20 min, and
then washed and neutralized with 0.4m Tris-HCl (pH 7.5). The
slides were fixed in a 70% ethanol solution for 5 min, stained with
ethidium bromide (EB) solution (2 mgmL™") for 10 min in the dark,
and analyzed by an inverted fluorescence microscope (Zeiss Axio
Observer D1).

Induction of mitochondrial dysfunction

Hela cells were cultured in 6-well tissue culture plates for 24 h and
then treated with complex 1 (0.5, 1.0, or 2.0 mm) for 24 h under
hypoxic conditions. After the treatment, the cells were collected
and re-suspended to a final concentration of 1x10°cellsmL™" in
the pre-warmed staining working solution containing JC-
1 (5 pgmL™"), and then incubated for 15 min at 37 °C. Subsequent-
ly, the cells were washed twice with pre-warmed PBS and analyzed
immediately on a FACS Canto Il flow cytometer (BD Biosciences,
USA). The mean red and green fluorescence intensities were ana-
lyzed by using Tree Star (OR, USA); 10000 events were acquired
for each sample.
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