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A new ligand TCPI and its three ruthenium(II) polypyridyl complexes [Ru(N-N)2(TCPI)](PF6)2 (N-N= bpy: 2,2′-
bipyridine 1; phen: phenanthroline 2; dmp: 2,9-dimethyl-1,10-phenanthroline 3) were synthesized and charac-
terized by elemental analysis, ESI-MS, 1HNMR, IR, absorption and emission spectra. The cytotoxic activity in vitro
of the ligand and complexes against cancer cells SGC-7901, PC-12, HepG-2, SiHa, Eca-109, HeLa and normal cell
LO2was evaluated byMTTmethod. Complex 3 shows the highest cytotoxic activity toward SGC-7901 cell among
the complexes. Interestingly, the complexes show low or no cytotoxic activity against normal cell LO2. The apo-
ptosis in SGC-7901 cell was investigated with AO/EB staining method. The ROS levels and the changes of mito-
chondrial membrane potential were studied under fluorescent microscope and flow cytometry. The cell
invasion, cell cycle arrest and the expression of Bcl-2 family proteins were studied in detail. The results demon-
strate that the complexes induce apoptosis in SGC-7901 cell through a ROS-mediatedmitochondrial dysfunction
pathway, which was accompanied by the regulation of Bcl-2 family proteins.
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Keywords:
Ruthenium(II) polypyridyl complex
Apoptosis
Cell invasion
ROS
Western blot analysis
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
2. Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

2.1. Materials and method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
2.2. Synthesis of ligand and complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

2.2.1. Synthesis of ligand TCPI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
2.2.2. Synthesis of [Ru(bpy)2(TCPI)](PF6)2 (1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
2.2.3. Synthesis of [Ru(phen)2(TCPI)](PF6)2 (2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
2.2.4. Synthesis of [Ru(dmp)2(TCPI)](PF6)2 (3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

2.3. Cytotoxicity in vitro. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
2.4. Apoptosis assay by AO/EB staining method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
2.5. The percentage of apoptotic cells determination by flow cytometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
2.6. Reactive oxygen species (ROS) detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
2.7. Mitochondrial membrane potential assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
2.8. Cell cycle arrest by flow cytometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
2.9. Anti-metastasis study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
2.10. Western blot analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
3.1. Synthesis and characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
3.2. Cytotoxic activity in vitro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
3.3. Apoptosis assay by AO/EB staining method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
3.4. Reactive oxygen species (ROS) detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
3.5. Mitochondrial membrane potential assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
3.6. Cell cycle arrest by flow cytometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
3.7. Anti-metastasis studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
e@163.com (Y.-J. Liu).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.inoche.2016.06.020&domain=pdf
http://dx.doi.org/10.1016/j.inoche.2016.06.020
mailto:lyjche@163.com
Journal logo
http://dx.doi.org/10.1016/j.inoche.2016.06.020
http://www.sciencedirect.com/science/journal/13877003
www.elsevier.com/locate/inoche


211C.-C. Zeng et al. / Inorganic Chemistry Communications 70 (2016) 210–218
3.8. Western blot analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
Appendix A. Supplementary material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
1. Introduction

Cisplatin was the first metal-based complex, and has been widely
used to the treatment of ovarian and testicular cancers [1,2]. The
major drawbacks including severe side effects and drug resistance
have limited the clinical applications of cisplatin [3–5]. In order to over-
come the side effects in platinum-based anticancer drugs, drugs based
on other transition metals have been paid more attention [6]. In the
search for more effective and selective potential anticancer
metallodrugs [7], rutheniumcomplexes have been considered as poten-
tial candidates [8–12]. So far, three typical Ru(III) complexes have
succeeded in entering the human clinical trial: NAMI-A (trans-
[tetrachlorido(1H-imidazole)(dimethyl sulfoxide)] ruthenate(III)),
KP1019 (indazolium trans-[tetrachloridobis(1H-indazole)
ruthenate(III)]), and KP1339 (sodium trans-[tetrachloridobis(1H-
indazole) ruthenate(III)]) [13–18]. NAMI-A and KP1339 have entered
into the phase II clinical trial [19]. In recent years, the anticancer activity
of ruthenium(II) polypyridyl complexes has attracted great interest, and
a number of ruthenium(II) polypyridyl complexes show unique bioac-
tivity. [Ru(dmp)2(pddppn)]2+ (pddppn = phenantheno[1,2-b]-1,4-
diazabenzo[i]dipyrido[3,2-a:2′,3′-c]phenazine) shows high effect on
the inhibition of the cell growth against BEL-7402, HeLa, MG-63 and
A549 cells with low IC50 values of 1.6 ± 0.4, 9.0 ± 0.8, 1.5 ± 0.2 and
1.5 ± 0.3 μM, respectively [20]. [Ru(phpy)(bpy)(dppn)]+ (bpy = 2,2′-
bipyridine, dppn = benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine) is 6
times more active than the platinum drug against HeLa cells, and it is
able to disrupt themitochondriamembrane potential [21]. The complex
[Ru(bpy)(phpy)(dppz)]+ (phpy = 2-phenylpyridine, dppz =
dipyrido[3,2-a:2′,3′-c]phenazine) was found to be rapidly taken up by
cancer cells, and nearly 90% of the complex accumulated in the nuclei
of cancer cells after a 2 h incubation [22]. The Ru(II) polypyridyl com-
plex [Ru(bpy)2(dppn)]Cl2 (dppn = benzo[i]dipyrido[3,2-a:2′,3′-
c]phenazine) exhibits high cytotoxicity against two cancer cell lines at
low micromolar IC50 values [23].

The DNA-binding behaviors show that ruthenium(II) polypyridyl
complexes display large DNA-binding affinities and DNA is considered
as a main interaction target in the past decades. However, many recent
studies revealed that mitochondria act as another vital target [24–30].
To obtain more insight into anticancer activity and further understand
Scheme 1. The synthetic route
the apoptotic mechanism of ruthenium(II) complexes, in this paper,
we synthesized and characterized a new ligand TCPI (TCPI = 2-(3-
(1H-1,3,7,8-tetraazacyclopenta[l]phenanthren-2-yl)phenyl)benzo[de]
isoquinoline-1,3-dione) and its three ruthenium(II) polypyridyl com-
plexes [Ru(N-N)2(TCPI)](PF6)2 (N-N = bpy: 2,2′-bipyridine 1; phen:
phenanthroline 2; dmp: 2,9-dimethyl-1,10-phenanthroline 3, Scheme
1) by elemental analysis, 1H NMR and ESI-MS, IR, absorption and emis-
sion spectra. The cytotoxicity in vitro of the ligand and complexes
against SGC-7901, PC-12, HepG-2, SiHa, Eca-109, HeLa, and normal
cell LO2 was evaluated by MTT method. The apoptosis of SGC-7901
cells induced by the complexes was studied under fluorescence micro-
scope and flow cytometry with AO/EB and Annexin V/PI stainingmeth-
od, respectively. The cell cycle arrest of SGC-7901 cells was analyzed by
flow cytometry. The reactive oxygen species and mitochondrial mem-
brane potential were also investigated under fluorescence microscope.
Additionally, the Matrigel invasion assay was used to determine the ef-
fect of the complexes on inhibiting the invasion of SGC-7901 cells. To
further explore the apoptotic-inducing mechanism, the expression of
the related apoptotic proteins including caspase-3, procaspase-7, Bcl-
x, Bcl-2, Bid and Bak was assayed by Western blot.
2. Experimental

2.1. Materials and method

The reagents and solvents we used in the experiments were pur-
chased commercially and used without further purification unless spe-
cial explanation. Ultrapure Milli-Q water was used in all experiments.
DMSO and RPMI 1640 (Roswell Park Memorial Institute) were pur-
chased from GIBCO. RuCl3·3H2O was purchased from the Kunming In-
stitution of Precious Metals. 1,10-Phenanthroline was obtained from
the Guangzhou Chemical Reagent Factory. Cell lines of SGC-7901
(human gastric carcinoma cell), PC-12 (Sewer rat adrenal pheochromo-
cytoma), HepG-2 (Human hepatocellular carcinoma), SiHa (human cer-
vical squamous cell carcinoma), Eca-109 (esophageal cancer cell line),
HeLa (human cervical cancer cell line) and normal cell LO2 were pur-
chased from the American Type Culture Collection. All the cells were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum
of ligand and complexes.
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(FBS), penicillin (100 U/mL), and streptomycin (100 μg/mL) and incu-
bated at 37 °C in a 5% CO2 incubator.

Microanalyses (C, H, and N) were investigated with a Perkin-Elmer
240Q elemental analyzer. Electrospray ionization mass spectra (ESI-
MS) were recorded on a LCQ system (Finnigan MAT, USA) using aceto-
nitrile asmobile phase. The spray voltage, tube lens offset, capillary volt-
age, and capillary temperaturewere set at 4.50 kV, 30.00 V, 23.00 V, and
200 °C, respectively, and the quoted m/z values are for the major peaks
in the isotope distribution. 1H NMR spectra were recorded on a Varian-
500 spectrometer with DMSO-d6 as solvent and tetramethylsilane as an
internal standard at 500 MHz at room temperature.

2.2. Synthesis of ligand and complexes

2.2.1. Synthesis of ligand TCPI
2-(3-Aminophenyl)imidazo[4,5-f] [1, 10]phenanthroline (0.467 g,

1.5 mmol) [31] and 1,8-naphthalic anhydride (0.297 g, 1.5 mmol)
were dissolved in 50 mL of DMF and refluxed at 135 °C for 24 h. The
cooled solution was filtered, and a yellow precipitate was obtained.
Yield: 58%. Anal. calcd for C31H17N5O2: C, 75.75; H, 3.49; N, 14.25%.
Found: C, 75.72; H, 3.53; N, 14.28%. IR (KBr, cm−1): 3543.5, 3066.3,
2886.1, 2822.0, 1704.9, 1662.8, 1621.3, 1585.9, 1512.4, 1434.7, 1374.2,
1353.9, 1237.2, 1190.7, 802.7, 777.4, 741.3. ESI-MS (DMSO): m/z 492
[M+ H].

2.2.2. Synthesis of [Ru(bpy)2(TCPI)](PF6)2 (1)
A mixture of cis-[Ru(bpy)2Cl2]2H2O [32] (0.26 g, 0.50 mmol) and

TCPI (0.246 g, 0.5 mmol) in ethanol (50 mL) was refluxed under argon
for 8 h to give a clear red solution. Upon cooling, a yellowish brown pre-
cipitate was obtained by dropwise addition of saturated aqueous
NH4PF6 solution. The crude productwas purified by column chromatog-
raphy on neutral aluminawith amixture of CH3CN–toluene (1:1, v/v) as
eluent. The red band was collected. The solvent was removed under re-
duced pressure and a red powder was obtained. Yield: 72%. Anal. calc.
for C51H33N9F12O2F12P2Ru: C, 51.21; H, 2.78; N, 10.55%. Found: C,
51.16; H, 2.74; N, 10.60%. 1H NMR (DMSO-d6): d 9.07 (d, 2H, J =
8.5 Hz), 8.87 (d, 2H, J = 8.5 Hz), 8.83 (d, 2H, J = 8.5 Hz), 8.57 (d, 4H,
J = 6.0 Hz), 8.42 (d, 1H, J = 8.0 Hz), 8.33 (d, 1H, J = 6.0 Hz), 8.21 (t,
2H, J = 7.0 Hz), 8.12 (t, 2H, J = 6.5 Hz), 8.06 (d, 2H, J = 5.0 Hz), 7.96
(d, 4H, J = 7.5 Hz), 7.84 (d, 3H, J = 5.0 Hz), 7.63 (d, 3H, J = 5.0 Hz),
7.57 (t, 2H, J = 6.0 Hz), 7.35 (t, 2H, J = 6.0 Hz). IR (KBr, cm−1):
3627.2, 3071.3, 2883.1, 1708.0, 1666.1, 1603.7, 1585.6, 1512.8, 1465.8,
1446.4, 1355.8, 1315.8, 1272.8, 1238.9, 1198.5, 842.5, 765.8, 557.8.
ESI-MS (CH3CN): m/z 1050.2 ([M–PF6]+), 904.4 ([M–2PF6–H]+), 452.8
([M–2PF6]2+).

2.2.3. Synthesis of [Ru(phen)2(TCPI)](PF6)2 (2)
This complex was synthesized in a manner identical to that de-

scribed for 1, with [Ru(phen)2Cl2]·2H2O [32] in place of
[Ru(bpy)2Cl2]·2H2O. Yield: 75%. Anal. calc. For C55H33N9F12O8P2Ru: C,
53.09; H, 2.62; N, 10.14%. Found: C, 53.15; H, 2.71; N, 10.19%. 1H NMR
(DMSO-d6): d 9.06 (d, 2H, J = 7.5 Hz), 8.76 (d, 4H, J = 5.5 Hz), 8.53
(d, 3H, J = 6.5 Hz), 8.48 (d, 2H, J = 8.5 Hz), 8.41 (s, 4H), 8.34 (d, 1H),
8.13 (d, 2H, J = 5.0 Hz), 8.06 (d, 2H, J = 5.0 Hz), 8.01 (d, 2H, J =
5.0 Hz), 7.95 (t, 2H, J = 7.5 Hz), 7.78–7.74 (m, 6H), 7.67 (d, 2H, J =
Table 1
The IC50 (μM) values of ligand and complexes toward selected cell lines.

Comp SGC-7901 PC-12 HepG-2

TCPI 28.8 ± 2.8 14.5 ± 2.4 N200
1 18.3 ± 2.2 33.8 ± 1.4 90.8 ± 4.5
2 22.2 ± 1.6 36.0 ± 3.1 93.4 ± 2.2
3 6.2 ± 0.5 14.0 ± 1.2 54.6 ± 3.9
Cisplatin 3.4 ± 0.4 11.4 ± 0.5 12.6 ± 1.5
7.0 Hz). IR (KBr, cm−1): 3495.5, 3064.9, 2928.8, 1708.5, 1603.1,
1584.9, 1512.2, 1461.2, 1428.4, 1355.2, 1238.4, 1199.2, 843.3, 720.8,
557.4. ESI-MS (CH3CN): m/z 1098.0 ([M–PF6]+), 952.4 ([M–2PF6–
H]+), 476.9 ([M–2PF6]2+).
2.2.4. Synthesis of [Ru(dmp)2(TCPI)](PF6)2 (3)
This complex was synthesized in a manner identical to that de-

scribed for 1, with [Ru(dmp)2Cl2]·2H2O [33] in place of
[Ru(bpy)2Cl2]·2H2O. Yield: 67%. Anal. calc. For C59H41N9F12O8P2Ru: C,
54.50; H, 3.18; N, 9.70%. Found: C, 54.44; H, 3.25; N, 9.76%. 1H NMR
(DMSO-d6): d 8.91 (d, 2H, J = 8.5 Hz), 8.85 (d, 2H, J = 8.0 Hz), 8.55
(t, 4H, J = 6.0 Hz), 8.43 (dd, 4H, J = 8.5, J = 8.0 Hz), 8.32 (d, 1H, J =
8.0 Hz), 8.24 (d, 3H, J = 9.0 Hz), 7.95 (dd, 4H, J = 8.5, J = 7.5 Hz),
7.80 (t, 1H, J = 7.5 Hz), 7.62 (d, 1H, J = 8.0 Hz), 7.50 (s, 2H), 7.38 (d,
4H, J = 5.5 Hz), 1.93 (s, 6H), 1.70 (s, 6H). IR (KBr, cm−1): 3645.8,
3066.3, 2892.9, 1708.6, 1665.8, 1625.9, 1586.2, 1510.3, 1437.0, 1373.9,
1353.6, 1238.3, 1197.5, 842.3, 780.1, 557.2. ESI-MS (CH3CN): m/z
1008.4 ([M–2PF6–H]+), 504.9 ([M–2PF6]2+).
2.3. Cytotoxicity in vitro

3-(4,5-Dimethylthiazole)-2,5-diphenyltetraazolium bromide (MTT)
assay procedures were used [34]. Cells were placed in 96-well
microassay culture plates (8 × 103 cells per well) and grown overnight
at 37 °C in a 5% CO2 incubator. Complexes testedwere then added to the
wells to achieve final concentrations ranging from 106 to 104M. Control
wells were prepared by addition of culture medium (100 mL). The
plateswere incubated at 37 °C in a 5%CO2 incubator for 48 h. Upon com-
pletion of the incubation, stockMTT dye solution (20mL, 5mg/mL)was
added to each well. After 4 h, buffer (100 mL) containing
dimethylformamide (50%) and sodium dodecyl sulfate (20%) was
added to solubilize the MTT formazan. The optical density of each well
was measured with a microplate spectrophotometer at a wavelength
of 490 nm. The IC50 values were determined by plotting the percentage
of cell viability versus concentration on a logarithmic graph and reading
off the concentration at which 50% of cells remain viable relative to the
control. Each experimentwas repeated at least three times to obtain the
mean values.
2.4. Apoptosis assay by AO/EB staining method

SGC-7901 cells were seeded onto chamber slides in six-well plates at
a density of 2 × 105 cells per well and incubated for 24 h. The cells were
cultured in RPMI 1640 supplemented with 10% of fetal bovine serum
(FBS) and incubated at 37 °C in 5% CO2. The medium was removed
and replaced with medium (final DMSO concentration, 0.05% v/v) con-
taining the complexes 1, 2, and 3 (6.25 μM) for 24 h. The medium was
removed again, and the cells were washed with ice-cold phosphate
buffer saline (PBS), and fixed with formalin (4%, w/v). Cell nuclei were
counterstained with acridine orange (AO) and ethidium bromide (EB)
(AO: 100 mg/mL, EB: 100 mg/mL) for 10 min. The cells were observed
and imaged with a fluorescence microscope (Nikon, Yokohama, Japan)
with excitation at 350 nm and emission at 460 nm.
SiHa Eca-109 HeLa LO2

N200 N200 N200 96.8 ± 3.8
39.7 ± 6.6 74.2 ± 3.6 N100 N100
46.2 ± 2.1 52.2 ± 2.7 N100 N100
21.6 ± 1.8 N100 69.1 ± 4.3 68.4 ± 3.5
13.3 ± 2.0 – 6.8 ± 1.1 9.3 ± 1.3



Fig. 1. Apoptosis in SGC-7901 cells (a), exposure to 6.25 μM of complexes 1 (b), 2 (c), and 3 (d) for 24 h and the cells were stained with AO/EB.
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2.5. The percentage of apoptotic cells determination by flow cytometry

After chemical treatment, 1 × 106 cells were harvested,washedwith
PBS, fixed with 70% ethanol, and finally maintained at 4 °C for at least
24h. The pelletswere stainedwith afluorescent probe solution contain-
ing 50 mg/mL PI and 1 mg/mL annexin in PBS on ice in the dark for
15 min. The fluorescence emission was measured at 530 nm and
575 nm (or equivalent) using 488 nm excitation with a FACS Calibur
flow cytometry (Beckman Dickinson & Co., Franklin Lakes, NJ). A mini-
mum of 10000 cells were analyzed per sample.
2.6. Reactive oxygen species (ROS) detection

SGC-7901 cells were seeded into six-well plates (Costar, Corning
Corp., New York) at a density of 2 × 105 cells per well and incubated
for 24 h. The cells were cultured in RPMI 1640 supplemented with
Fig. 2. The apoptotic percentage of SGC-7901 cell (a) was treate
10% of fetal bovine serum (FBS) and incubated at 37 °C and 5% CO2.
Themediumwas removed and replacedwithmedium (final DMSOcon-
centration, 0.05% v/v) containing complexes 1, 2 and 3 (6.25 μM) for
24 h. The medium was removed again. The fluorescent dye 2′,7′-
dichlorodihydro-fluorescein diacetate (H2DCF-DA) was added to the
mediumwith a final concentration of 10 μMto cover the cells. The treat-
ed cells were then washed with cold PBS–EDTA twice, collected by
trypsinization and centrifugation at 1500 rpm for 5min, and resuspend-
ed in PBS–EDTA. Fluorescence intensity was determined by a
FACSCalibur flow cytometry with an excitation wavelength of 488 nm
and emission at 525 nm.
2.7. Mitochondrial membrane potential assay

SGC-7901 cells were treated for 24 hwith 6.25 μMof complexes 1, 2
and 3 in 12-well plates and were then washed three times with cold
d with 6.25 μM of complexes 1 (b), 2 (c), and 3 (d) for 24 h.
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PBS. The cellswere detachedwith trypsin–EDTA solution. Collected cells
were incubated for 20 min with 1 mg/mL of JC-1 in culture medium at
37 °C in the dark. Cells were immediately centrifuged to remove the su-
pernatant. Cell pellets were suspended in PBS and imaged under fluo-
rescence microscope and the red (525 nm) and green (590 nm)
fluorescent intensity was analyzed with a FACSCalibur flow cytometry.

2.8. Cell cycle arrest by flow cytometry

SGC-7901 cells were seeded into six-well plates (Costar, Corning
Corp., New York) at a density of 1 × 106 cells per well and incubated
for 24 h. The cells were cultured in RPMI 1640 supplemented with
10% of FBS, and incubated at 37 °C and 5% CO2. The medium was re-
moved and replaced with medium (final DMSO concentration 0.05%
v/v) containing 6.25 μM complexes 1, 2 and 3. After incubation for
24 h, the cell layer was trypsinized and washed with cold phosphate
buffered saline (PBS) and fixed with 70% ethanol. Twenty μL of RNAse
(0.2 mg/mL) and 20 μL of propidium iodide (0.02 mg/mL) were added
to the cell suspensions and the mixtures were incubated at 37 °C for
30 min. The samples were then analyzed with a FACSCalibur flow cy-
tometry. The number of cells analyzed for each sample was 10,000.

2.9. Anti-metastasis study

The BDBioCoat™Matrigel™ invasion chamber (BDBiosciences)was
used according to the manufacturer's instructions. Compounds were
dissolved in cell media at the desired concentration and dissolved in
Matrigel. Twenty-five thousands of SGC-7901 cells in serum free
media were then seeded in the top chamber of the two chamber
Fig. 3. (A) Intracellular ROS was detected in SGC-7901 cells (a) exposure to Rosup (positive co
intensity in SGC-7901 cells (a) induced by 1 (b), 2 (c) and 3 (d) for 24 h was determined by fl
Matrigel system. To the lower compartment, RPMI and 5% FBS were
added as chemo-attractant. Cells were allowed to invade for 24 h.
After incubation, non-invading cells were removed from the upper sur-
face and cells on the lower surfacewerefixed and stainedwithDiff-Quik
kit (BD Biosciences). Membranes were photographed and the invading
cellswere counted under a lightmicroscope.Meanvalues from three in-
dependent assays were calculated.
2.10. Western blot analysis

SGC-7901 cells were seeded in 3.5 cm dishes for 24 h and incubated
with complexes 1, 2, and 3 with the concentration of 6.25 μM in the
presence of 10% FBS. Then cells were harvested in lysis buffer. After son-
ication, the sampleswere centrifuged for 20min at 13,000 g. The protein
concentration of the supernatantwas determined by BCA assay. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis was done loading
equal amount of proteins per lane. Gels were then transferred to poly
(vinylidene difluoride) membranes (Millipore) and blocked with 5%
non-fatmilk in TBST buffer for 1 h. Then themembraneswere incubated
with primary antibodies at 1:3000 dilutions TBST overnight at 37 °C,
and washed four times with TBST for a total of 30 min. After which
the secondary antibodies conjugated with horseradish peroxidase at
1:3000 dilution for 1 h at room temperature and then washed four
times with TBST. The blots were visualized with the Amersham ECL
Plus Western blotting detection reagents according to the
manufacturer's instructions. To assess the presence of comparable
amount of proteins in each lane, the membranes were stripped finally
to detect the GAPDH.
ntrol, b) and 6.25 μM of complexes 1 (c), 2 (d) and 3 (e) for 24 h. (B) The DCF fluorescent
ow cytometry.
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3. Results and discussion

3.1. Synthesis and characterization

The ligand TCPI was prepared by 2-(3-aminophenyl)imidazo[4,5-f]
[1,10]phenanthroline and 1,8-naphthalic anhydride in DMF. The com-
plexes were synthesized by the reaction of refluxing relative precursor
with TCPI in ethanol. The synthesized complexes were characterized
by ES-MS, 1H NMR and elemental analysis. In the IR spectra assay (Fig.
S1, supporting information), the peaks of 3543.5 cm−1 for TCPI,
3627.2 cm−1 for 1, 3495.5 cm−1 for 2 and 3645.8 cm−1 for 3 are
assigned to N–H stretching vibration. The peaks of 3066.3 cm−1 for
TCPI, 3071.3 for 1, 3064.9 cm−1 for 2, 3066.3 cm−1 for 3 are attributed
to the C–H stretching vibration.Moreover, the peaks of 1704.9 cm−1 for
TCPI, 1708.0 cm−1 for 1, 1708.5 cm−1 for 2 and 1708.6 cm−1 for 3 dem-
onstrate the existence of carbonyl group. In the ES-MS spectra for the
Ru(II) complexes, all of the expected signals [M–PF6]+, [M–2PF6–H]+

and [M–2PF6]2+ were observed. The measured molecular weights
were consistent with the expected values (Fig. S2, supporting informa-
tion). As shown in Fig. S3 (supporting information), the absorption
spectra of complexes 1–3 mainly consist of two or three resolved
bands in the range of 200–600 nm. The bands below 300 nm are attrib-
uted to intraligand (IL) π→ π⁎ transitions and the lowest energy bands
at 458 nm for complex 1, 454 nm for 2 and 470 nm for 3 are assigned to
the metal-to-ligand charge transfer (MLCT) transitions. The complexes
1 and 2 can emit luminescence in PBS solution at ambient temperature,
Fig. 4. (A) Assay of SGC-7901 cells mitochondrial membrane potential with JC-1 as fluorescent p
(c), 2 (d) and 3 (e) for 24 h. (B) The ratio of red/green fluorescence was determined by flow c
with a maximum appearing at 589 nm and 586 nm, respectively. The
complex 3 emitsweak luminescence in PBS solution (Fig. S4, supporting
information). These data indicate that the ligand and its three com-
plexes have been synthesized.

3.2. Cytotoxic activity in vitro

The complexes 1–3 against SGC-7901, PC-12, HepG-2, SiHa, Eca-109,
HeLa, and normal cell line LO2 were evaluated using MTT assays, and
cisplatin was used as a reference. The selected cells were treated with
the different concentrations of the complexes 1–3 for 48 h, and then
the cell viability was detected. The IC50 values are listed in Table 1, all
the complexes can effectively inhibit the proliferation of SGC-7901
and PC-12 cells. The complexes 1–3 show relatively low cytotoxic activ-
ity against HepG-2 and SiHa cells. However, complex 3 displays the
highest cytotoxicity against SGC-7901, PC-12, HepG-2, SiHa and HeLa
cells among the complexes. This may be caused by larger hydrophobic-
ity of ancillary dmp than those of bpy and phen. Surprisingly, complexes
1–3 have no cytotoxicity or low cytotoxic activity against normal cell
LO2. This is less observed in the studies of ruthenium(II) polypyridyl
complexes on the anticancer activity. From the data, we can easily con-
clude that all the complexes demonstrate different cytotoxicities to-
ward different cell lines and the same complex exhibits different
inhibitory effects on the cell growth toward different cancer cells. Com-
paring the IC50 values, the complexes show lower cytotoxicity than cis-
platin against the selected cancer cell lines under identical conditions.
robe. SGC-7901 cells (a) exposed to cccp (positive control, b) and 6.25 μMof complexes 1
ytometry. SGC-7901 cells exposure to 6.25 μM of complexes 1–3 for 24 h.
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Comparing with other ruthenium(II) complexes, the cytotoxicity of the
complexes is lower than those of [Ru(phen)5-idip]2+ (IC50 = 34.6 ±
1.7 μM) [35] and [Ru(phen)2(DHBT)]2+ (IC50 = 30.1 ± 2.7 μM) [36]
against HepG2 cell. Because SGC-7901 cells are sensitive to the com-
plexes, this cell line was selected for further experiments.

3.3. Apoptosis assay by AO/EB staining method

According to the features of cell morphology and cell membrane in-
tegrity, necrotic and apoptotic cells can be distinguished under fluores-
cence microscope. In order to assess whether complexes 1–3 can cause
apoptosis in SGC-7901 cells, the apoptosis was investigated with acri-
dine orange (AO) and ethidium bromide (EB) staining method. As
shown in Fig. 1, in control (a), the living cells exhibited brightly green
fluorescence. However, SGC-7901 cells were treated with 6.25 μM of
complexes 1 (b), 2 (c) and 3 (d) for 24 h, the cells had the typical apo-
ptotic features including cell blebbing, nuclear shrinkage and chromatin
condensation. These characteristics suggest that the complexes can in-
duce apoptosis in SGC-7901 cells. To quantitatively compare the effect
of the complexes on apoptosis, the apoptosis was also assayed with
flow cytometry. As shown in Fig. 2, in control (a), the percentage in ap-
optotic cells is 1.63%. After the treatment of SGC-7901 cell with 6.25 μM
of complexes 1 (b), 2 (c) and 3 (d) for 24 h, the percentages in the apo-
ptotic cells are 7.79%, 7.31% and 4.14%, respectively. The apoptotic effect
follows the order of 1 N 2 N 3, which is not consistent with that of cyto-
toxicity of the complexes against SGC-7901 cell. In otherwords, it is pos-
sible that the complex with high cytotoxic activity shows low apoptotic
effect.
Fig. 5. Cell cycle arrest of SGC-7901 cells (a) exposure to
3.4. Reactive oxygen species (ROS) detection

ROS plays a crucial role in mediating apoptosis of cells [37]. In order
to elucidate whether the complexes can increase the ROS levels, ROS
levels were detected with H2DCF-DA (2′,7′-dichlorodihydrofluorescein
diacetate) as fluorescent probe. H2DCF-DA is a cell permeant dye that
can cross the cell membrane freely and can be hydrolyzed by intracellu-
lar esterases into DCFH. Then DCFH is oxidized by intracellular free rad-
icals to DCF (dichlorofluorescein), DCF can emit fluorescence [38,39]. As
shown in Fig. 3A, in control (a), no fluorescent spots are found. After the
treatment of SGC-7901 cell with Rosup (b, positive control) and 6.25 μM
of complexes 1 (c), 2 (d) and 3 (e) for 24 h, a number of bright green
fluorescent spots are observed. The results indicate that the complexes
can enhance the ROS levels. To quantitatively compare the effect of
the complexes on ROS levels, the DCF fluorescent intensity was deter-
mined by flow cytometry. In the control (Fig. 3B (b)), the DCF fluores-
cent intensity is 110, SGC-7901 cells were exposed to 6.25 μM of
complexes 1 (b), 2 (c) and 3 (d) for 24 h, the DCF fluorescent intensity
is 179, 164 and 283, respectively. Obviously, the fluorescent intensity
of DCF increases 1.63, 1.49 and 2.57 times than that of the original. Com-
plex 3 shows greater effect on the ROS levels than complexes 1 and 2
under the same conditions.

3.5. Mitochondrial membrane potential assay

Apoptosis or programmed cell death can be activated through two
main pathways, namely, death receptor-mediated apoptosis (extrinsic
pathway) and mitochondria-mediated apoptosis (intrinsic pathway)
6.25 μM of complexes 1 (b), 2 (c) and 3 (d) for 24 h.



Fig. 7. SGC-7901 cells were treated with 6.25 μM of the complexes for 24 h and the
expression levels of the apoptosis-related proteins were examined by Western blot.

Fig. 6. (A)Microscope images of invading SGC-7901 cells that havemigrated through theMatrigel: The extent of inhibition of cell invasion by complexes 1 (b), 2 (c) and 3 (d) against SGC-
7901 (a) cells can be seen from the decrease in the numbers of invading cells. (B) The percentage of inhibition cell invasion induced by different concentrations of complexes 1 (blue), 2
(red) and 3 (green) for 24 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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[40]. Mitochondria have emerged as a point of integration for apoptotic
signals originating from both the extrinsic and intrinsic apoptotic path-
ways [41,42]. It is well known that themitochondria membrane poten-
tial (MMP, ΔΨm) is a major event in the early apoptosis, and JC-1 was
used as fluorescent probe to assess the changes in ΔΨm [43–45].
When the mitochondrial membrane potential is high, JC-1 accumulates
in matrix to constitute JC-1 aggregates that can emit red fluorescence.
On the contrary, JC-1 formsmonomer and emits greenfluorescence cor-
responding to lowmitochondrial membrane potential. As shown in Fig.
4A, in control (a), bright redfluorescencewas found. After the SGC-7901
cells were exposed to cccp (b, positive control) and 6.25 μM of com-
plexes 1 (c), 2 (d) and 3 (e) for 24 h, JC-1 emits green fluorescence.
The changes from red to green demonstrate that the reduction of mito-
chondrial membrane potential occurred. To quantitatively compare the
changes of MMP induced by the complexes, the ratio of the red and
green fluorescent intensity was detected using flow cytometry. As illus-
trated in Fig. 4B, in the control, the ratio of red/green is 2.08. After SGC-
7901 cells were treated with 6.25 μMof the complexes 1–3 for 24 h, the
ratios of red/green are 1.35, 1.55 and 1.67, respectively. Complex 1 re-
veals themost effective on the changes ofmitochondrialmembrane po-
tential. The results indicate that the complexes can induce a decrease in
the mitochondrial membrane potential and follows the order of
1 N 2 N 3.

3.6. Cell cycle arrest by flow cytometry

The cell cycle plays a key role in the regulation of cells. The cell cycle
distribution was investigated by flow cytometry. As shown in Fig. 5, in
control (a), the percentage in the cell at G0/G1 is 51.05%. After SGC-
7901 cells were treated with 6.25 μM of complexes 1 (b), 2 (c) and 3
(d) for 24 h, the percentages in the cell at G0/G1 are 53.75%, 68.58%
and 57.64%, respectively. An increase of 3.70%, 17.53% and 6.59% for
complexes 1–3 is observed, accompanied corresponding to reduction
in the percentage of cell at S phase. These results demonstrate that com-
plexes 1, 2 and 3 induce cell cycle arrest at G0/G1 phase in SGC-7901
cells.

3.7. Anti-metastasis studies

Cell invasion is a process which is typically associated with cancer
cell metastasis, and it refers to three dimensional migration of cells as
they penetrate an extracellular matrix (ECM) [46]. Complexes play a
role in anti-metastatic because they lead to a decrease of the amount
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of viable cells which traverse through the Matrigel compared with the
control. To determine the efficiency of complexes 1–3 inhibiting the
cell invasion, the Matrigel invasion assay was performed. The results
are shown in Fig. 6A and B. After SGC-7901 cells were exposed to
12.5 μMof complexes 1–3, the percentage of inhibiting the cell invasion
is 57.9%, 52.8% and 64.9%, respectively. Therefore, complex 3 shows
greater anti-invasive activity than complexes 1 and 2 under identical
conditions. Moreover, complexes 1–3 inhibit the invasion of SGC-7901
cells in a concentration-dependent manner.

3.8. Western blot analysis

Apoptosis is a cellular death mechanism that many different genes
are involved in its regulation. In general, caspases which are a family
of cysteine proteases have been paid particular attention as they play
essential roles in necrosis, inflammation, and apoptosis [47]. Among
them, caspase-3 and caspase-7 are considered as activators of apoptosis
in extrinsic and intrinsic apoptosis pathways [48]. Bcl-2 family proteins
and caspases play a key role in regulating apoptosis. The effects of the
complexes on the expression of caspases and Bcl-2 family proteins
were assayed by Western blot. As illustrated in Fig. 7, treatment of
SGC-7901 cells with complexes 1–3 resulted in an increase in the ex-
pression of Bak, Bid and caspase-3, whereas the expression in the levels
of Bcl-2, Bcl-x and procaspase-7 downregulated. Thus, the complexes
can regulate the expression of Bcl-2 family proteins.

4. Conclusions

We synthesized three new ruthenium(II) complexes and evaluated
their in vivo anticancer activities. The cytotoxicity in vitro assay indi-
cates that complexes 1–3 show good potential for inhibiting cell prolif-
eration in SGC-7901. Different complexes show different cytotoxicity
against the selected cell lines. The complexes can effectively induce
SGC-7901 cells apoptosis. Complexes 1–3 can lead to an enhancement
in ROS levels and induce a reduction in mitochondrial membrane po-
tential. The results from the cell cycle arrest displayed that complexes
induce cell cycle arrest in SGC-7901 cells atG0/G1 phase. The complexes
can inhibit the cell invasion; the complexes at 12.5 μM show to bemore
effective in inhibiting cell invasion than those at 6.25 μM. In addition,
the complexes can regulate the expression of Bcl-2 family proteins
and caspase 3 and procaspase 7. In conclusion, the complexes induce
apoptosis in SGC-7901 cell through a ROS-mediatedmitochondrial dys-
function pathway, which was accompanied by the regulation of the ex-
pression of Bcl-2 family proteins. This workwill be helpful for designing
and synthesizing new ruthenium complexes as potential anticancer
drugs.
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