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Abstract: The objective of this study was to synthesize Ruthenium(II) complexes and investigate their anti-prolifera-
tive mechanism against osteosarcoma cells. Three ruthenium(II) polypyridyl complexes [Ru(dmb)2(taptp)](ClO4)2 (1), 
[Ru(bpy)2(taptp)](ClO4)2 (2) and [Ru(phen)2(taptp)](ClO4)2 (3) were synthesized and characterized. The IC50 values of 
1, 2 and 3 towards MG-63 cells were 7.1 ± 0.6, 6.4 ± 0.4 and 8.4 ± 0.6 μM. These cytotoxic activities of the com-
plexes against MG-63 cells were comparable with cisplatin under the same conditions. The complexes could effec-
tively inhibit cell migration, induce cell cycle arrest and induce apoptosis of MG-63 cells. The complexes could enter 
into the cytoplasm, accumulate in the cell nuclei and induce DNA fragmentation. ROS and mitochondrial membrane 
potential assays demonstrated that complexes 1, 2 and 3 could increase the levels of ROS and induce the decrease 
of mitochondrial membrane potential. Additionally, the complexes downregulated the expression of antiapoptotic 
protein Bcl-x and upregulated the expression of proapoptotic protein Bid. These data indicate that the Ruthenium(II) 
complexes induce apoptosis of MG-63 cells through a ROS-mediated mitochondrial dysfunction pathway, which is 
accompanied to regulate the expression of Bcl-2 family proteins.

Keywords: Ru(II) complexes, cytotoxicity in vitro, apoptosis, mitochondrial membrane potential, western blot 
analysis

Introduction

Cancer is one of the most widespread serious 
diseases. It is characterized by uncontrolled 
growth of abnormal cells. The growth and 
metastasis of cancer cells are dependent on 
angiogenesis; therefore, affecting angiogene-
sis will be of great importance in inhibition of 
tumor growth, invasion, and metastasis [1]. At 
present, cisplatin and its analogues are ex- 
tensively used as anticancer drugs, but the  
side effects of cisplatin such as neurotoxicity 
and nephrotoxicity have limited its clinical 
application [2]. These limitations stimulate the 
research of other metal complexes as new anti-
cancer reagents. Two Ru(II) complexes have 
successfully entered clinical trials, namely, 

NAMI-A ([ImH][trans-RuCl4(DMSO)(Im)], where 
Im = imidazole and DMSO = dimethylsulfoxi- 
de) [3] and KP1019 ([IndH][trans-RuCl4(Ind)2], 
where Ind = indazole [4]. In recent years, a  
number of ruthenium complexes show intrigu-
ing bioactivity [5-25]. Complex [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, and it is 
able to disrupt the mitochondria membrane 
potential [26]. [Ru (bpy)2(2,9-dimethyl-dpq)]2+ 
has no cytotoxicity toward A549 cells in the 
dark with an IC50 value of 250 (± 5) µM, but on 
irradiation with > 450 nm light for 3 min, the 
complex shows a high cytotoxic effect with  
an low IC50 value of 1.2 (± 0.1) µM [27]. Com- 
plex [Ru(dmp)2(adppz)]2+ (dmp = 2,9-dimethyl-
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1,10-phenanthroline, adppz = 7-aminodipyri- 
do [3,2-a:2’,3’-c] phenanzine) can effectively 
inhibit the cell growth with very low IC50 valu- 
es of 2.4 (± 0.4) and 2.2 (± 0.3) μM against 
A549 and SK-BR-3 cells [28]. Heterodinuclear 
Ru(II)-Co(III) polypyridyl complex [(phen)2Ru 
(bpibH2)Co(phen)2]

5+ (phen = 1,10-phenanthro-
line, bpibH2 = 1,4-bis ([1, 10] phebanthroline-[5, 
6-d]imidazol-2-yl)-benzene) demonstrates dif-
ferent antitumor activity against selected tu- 
mor cell lines in vitro, and can make the cell 
apoptosis [29]. In this report, we synthesize a 
large planarity ligand taptp (taptp = 4, 5, 9, 
18-tetraazaphenanthreno[9,10-b]triphenylene) 
[30] and its three ruthenium(II) polypyridyl  
complexes [Ru(dmb)2(taptp)](ClO4)2 (1) (dmb = 
4,4’-dimethyl-2,2’-bipyridine), [Ru(bpy)2(taptp)]
(ClO4)2 (2) (bpy = 2,2’-bipyridine) and [Ru(ph- 
en)2(taptp)](ClO4)2 (3) (phen = 1,10-phenanthro-
line). We evaluated their cytotoxicity in vitro 
against BEL-7402, HeLa, A549 and MG-63 cells 
and focused on MG-63 cells. We investigated 
their influence on cell migration, cell cycle 
arrest and apoptosis of MG-63 cells. Fur- 
thermore, we located the complexes and inves-
tigated the changes related to apoptosis in 
MG-63 cells to explore their anti-proliferative 
mechanism.

Materials and methods

Experimental materials

All reagents and solvents were purchased com-
mercially and used without further purifica- 
tion unless otherwise noted. Ultrapure MilliQ 
water was used in all experiments. DMSO and 
RPMI 1640 were purchased from Sigma. Cell 
lines of BEL-7402 (Hepatocellular), HeLa (Hu- 
man cervical cancer cell line), MG-63 (Human 
osteosarcoma) and A549 (Human lung carci-
noma) were purchased from the American Ty- 
pe Culture Collection. RuCl3·3H2O was obtained 
from the Kunming Institution of Precious Me- 
tals. 1,10-phenanthroline was obtained from 
the Guangzhou Chemical Reagent Factory.

Physical measurements

Microanalyses (C, H, and N) were performed 
with a Perkin-Elmer 240Q elemental analyzer. 
Electrospray ionization mass spectra (ESI-MS) 
were recorded on a LCQ system (Finnigan MAT, 
USA) using methanol as mobile phase. The 
spray voltage, tube lens offset, capillary voltage 

and capillary temperature were 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 spec-
tra were recorded on a Varian-500 spectrome-
ter with DMSO-d6 as solvent and tetramethylsi-
lane (TMS) as an internal standard at 500 MHz 
at room temperature.

Synthesis of ligand and complexes

The ligand taptp was synthesized according to 
the method described in the literature [31].

Synthesis of [Ru(dmb)2(taptp)](ClO4)2 (1)

A mixture of cis-[Ru(dmb)2Cl2]·2H2O [32] (0.288 
g, 0.50 mmol) and taptp (0.191 g, 0.50 mmol) 
in ethylene glycol (20 mL) was heated at 150°C 
under argon for 8 h to give a clear red solution. 
Upon cooling, a red precipitate was obtained by 
dropwise addition of saturated aqueous NaClO4 
solution. The crude product was purified by col-
umn chromatography on neutral alumina with a 
mixture of CH3CN-toluene (3:1, v/v) as eluent. 
The red band was collected. The solvent was 
removed under reduced pressure and a red 
powder was obtained. Yield: 70%. Anal. Calc. 
for C50H38N8Cl2O8Ru: C, 57.15; H, 3.64; N, 
10.66%. Found: C, 57.10; H, 3.72; N, 10.55%. 
ESI -̀MS (CH3CN): m/z 850.3 [M-2ClO4-H]+, 
425.6 [M-2ClO4]

2+. 1H NMR (DMSO-d6): δ 9.78 
(d, 2H, J = 8.0 Hz), 9.43 (d, 2H, J = 6.5 Hz), 8.73 
(d, 6H, J = 8.0 Hz), 8.28 (d, 2H, J = 5.0 Hz), 8.06 
(dd, 2H, J = 8.0, J = 8.0 Hz), 8.82 (t, 4H, J = 7.0 
Hz), 7.70 (d, 2H, J = 5.5 Hz), 7.63 (d, 2H, J = 6.0 
Hz), 7.45 (d, 2H, J = 5.0 Hz), 7.23 (d, 2H, J = 5.5 
Hz), 2.58 (s, 6H), 2.48 (s, 6H).

Synthesis of [Ru(bpy)2(taptp)](ClO4)2 (2)

This complex was synthesized in an identical 
manner to that described for complex 1, with 
cis-[Ru(bpy)2Cl2]·2H2O [32] in place of cis-[Ru 
(dmb)2Cl2]·2H2O. Yield: 72%. Anal. Calc. for C46 
H30N8Cl2O8Ru: C, 55.54; H, 3.04; N, 11.26%. 
Found: C, 55.63; H, 3.11; N, 11.34%. ESI-MS 
(CH3CN): m/z 794.5 [M-2ClO4-H]+, 397.4 [M- 
2ClO4]

2+. 1H NMR (DMSO-d6): δ 9.78 (d, 2H, J = 
8.5 Hz), 9.39 (d, 2H, J = 7.5 Hz), 8.91 (dd, 4H, J 
= 8.0, J = 8.0 Hz), 8.68 (d, 2H, J = 8.5 Hz), 8.28 
(t, 4H, J = 5.5 Hz), 8.16 (t, 2H, J = 7.0 Hz), 8.07 
(t, 2H, J = 5.5 Hz), 7.90 (d, 2H, J = 5.5 Hz), 7.84 
(d, 2H, J = 5.5 Hz), 7.80 (t, 4H, J = 6.0 Hz), 7.62 
(t, 2H, J = 6.0 Hz), 7.42 (t, 2H, J = 6.5 Hz).
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Synthesis of [Ru(phen)2(taptp)](ClO4)2 (3)

This complex was synthesized in an identical 
manner to that described for complex 1, with 
cis-[Ru(phen)2Cl2]·2H2O [32] in place of cis-
[Ru(dmb)2Cl2]·2H2O. Yield: 74%. Anal. Calc. for 
C50H30N8Cl2O8Ru: C, 57.59; H, 2.90; N, 10.75%. 
Found: C, 57.64; H, 2.96; N, 10.67%. ESI-MS 
(CH3CN): m/z 850.3 [M-2ClO4-H]+, 425.6 [M- 
2ClO4]

2+. 1H NMR (DMSO-d6): δ 9.78 (d, 2H, J = 
7.0 Hz), 9.42 (d, 2H, J = 7.5 Hz), 8.82 (dd, 4H, J 
= 7.5, J = 7.5 Hz), 8.72 (d, 2H, J = 7.5 Hz), 8.44 
(s, 4H), 8.35 (d, 2H, J = 5.5 Hz), 8.23 (d, 2H, J = 
5.5 Hz), 8.13 (d, 2H, J = 6.0 Hz), 7.95 (dd, 2H, J 
= 5.5, J = 5.0 Hz), 7.86-7.76 (m, 8H).

Cytotoxicity assay in vitro

MTT (3-(4,5-dimethylthiazole)-2,5-diphenyltet-
raazolium bromide) assay was used to evaluate 
the cytotoxic activity in vitro of the complexes 
[33]. 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. The 
tested compounds were then added to the 
wells to achieve final concentrations ranging 
from 10-6 to 10-4 M. Control wells were pre-
pared by addition of culture medium (100 μL). 
The plates were incubated at 37°C in a 5% CO2 
incubator for 48 h. Upon completion of the 
incubation, stock MTT dye solution (20 μL, 5 
mg/mL) was added to each well. After 4 h, buf-
fer (100 μL) containing dimethylformamide 
(50%) and sodium dodecyl sulfate (20%) was 
added to solubilize the MTT formazan. The opti-
cal density of each well was then measured 
with a microplate spectrophotometer at a wave-
length of 490 nm. The IC50 values were calcu-
lated by plotting the percentage viability versus 
concentration on a logarithmic graph and read-
ing off the concentration at which 50% of cells 
remained viable relative to the control. Each 
experiment was repeated at least three times 
to obtain the mean values.

Wound healing assay

MG-63 cells (4 × 105 cells per mL) were plated 
in six well tissue culture plates and grown to 
90-95% confluence. After aspirating the medi-
um, the centers of the cell monolayers were 
scraped with a pipette tip to create a denuded 
zone (gap) of constant width. Then cellular 
debris was washed with PBS twice and the 
RMPI 1640 (containing 1% FBS) was added, 
and MG-63 cells were exposed to 3.13 µM of 

complexes 1-3. The wound closure was moni-
tored and photographed at different time inter-
vals with an Olympus inverted microscope and 
camera. 

Cell cycle arrest studies

MG-63 cells were seeded into six-well plat- 
es (Costar, Corning Corp, New York) at a den- 
sity of 1 × 106 cells per well and incubated for 
24 h. The cells were cultured in RPMI 1640 
supplemented with fetal bovine serum (FBS, 
10%) and incubated at 37°C in 5% CO2. The 
medium was removed and replaced with me- 
dium (final DMSO concentration 0.05% v/v) 
containing complexes 1-3 (6.25 μM). After incu-
bation 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 propidi-
um 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 cytometry. 
The number of cells analyzed for each sample 
was 10000 [34].

Apoptosis assessment by AO/EB staining 
method

Apoptosis studies were performed with a stain-
ing method utilizing acridine orange (AO) and 
ethidium bromide (EB). According to the differ-
ence in membrane integrity between necrotic 
and apoptosis. AO can pass through cell mem-
brane, but EB cannot. Under fluorescence mi- 
croscope, living cells appear green. Necrotic 
cells stain red but have a nuclear morpholopy 
resembling that of viable cells. Apoptosis cells 
appear green, and morphological changes such 
as cell blebbing and formation of apoptotic bod-
ies will be observed. MG-63 cells was incubat-
ed in the absence and presence of complexes 
1-3 at concentration of 3.13 μM at 37°C in 5% 
CO2 for 48 h, then each cell culture was stained 
with AO/EB solution (100 μg/mL AO, 100 μg/
mL EB). Samples were observed under a fluo-
rescence microscope.

Cellular uptake studies

MG-63 cells were placed in 24-well microassay 
culture plates (4 × 104 cells per well) and grown 
overnight at 37°C in a 5% CO2 incubator. 
Complexes 1, 2 and 3 (3.13 µM) were then 
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added to the wells. The plates were incubated 
at 37°C in a 5% CO2 incubator for 24 h. Upon 
completion of the incubation, the wells were 
washed three times with phosphate buffered 
saline (PBS). After removing the culture medi-
ums in the wells, the stained cells were imaged 
with fluorescence microscope.

Comet assay

DNA damage was investigated by means of 
comet assay. MG-63 cells in culture medium 
were incubated with 3.13 μM of complexes 1-3 
for 24 h at 37°C. The control cells were also 
incubated in the same time. The cells were har-
vested by a trypsinization process at 24 h. A 
total of 100 μL of 0.5% normal agarose in PBS 
was dropped gently onto a fully frosted mi- 
croslide, covered immediately with a coverslip, 
and then placed at 4°C for 10 min. The cover-
slip was removed after the gel had set. 50 μL of 
the cell suspension (200 cells/μL) was mixed 
with 50 μL of 1% low melting agarose preserved 
at 37°C. A total of 100 μL of this mixture was 
applied quickly on top of the gel, coated over 
the microslide, covered immediately with a cov-
erslip, and then placed at 4°C for 10 min. The 
coverslip was again removed after the gel had 

tions were performed under low lighting condi-
tions to avoid additional DNA damage. The 
slides, after removal from the lysis solution, 
were placed horizontally in an electrophoresis 
chamber. The reservoirs were filled with an 
electrophoresis buffer (300 mM NaOH, 1.2 mM 
EDTA) until the slides were just immersed in it, 
and the DNA was allowed to unwind for 30 min 
in electrophoresis solution. Then the electro-
phoresis was carried out at 25 V and 300 mA 
for 20 min. After electrophoresis, the slides 
were removed, washed thrice in a neutraliza-
tion buffer (400 mM Tris, HCl, pH 7.5). Nuclear 
DNA was stained with 20 μL of EtBr (20 μg/mL) 
in the dark for 20 min. The slides were washed 
in chilled distilled water for 10 min to neutralize 
the excess alkali, air-dried and scored for com-
ets by fluorescence microscopy.

Reactive oxygen species (ROS) levels assay

MG-63 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 su- 
pplemented with 10% of FBS and incubated  
at 37°C in 5% CO2. The medium was removed 

Figure 1. The synthetic route of ligand and complexes 1, 2 and 3.

Table 1. The IC50 values of complexes 1, 2 and 3 against BEL-
7402, HeLa, A549 and MG-63 cell lines (*p < 0.05 compared 
with cisplatin). According to each complex, the differences in IC50 
values among four cell lines had statistical significance (p < 0.05)

Complex
IC50 (μM)

BEL-7402 HeLa A549 MG-63
1 23.4 ± 1.8* 18.4 ± 2.1* 11.4 ± 1.1 7.1 ± 0.6
2 18.2 ± 1.4* 26.3 ± 2.4* 13.5 ± 1.5 6.4 ± 0.4
3 12.9 ± 1.1 32.2 ± 2.7* 15.8 ± 1.3* 8.4 ± 0.6*
Cisplatin 11.3 ± 2.1 7.4 ± 0.6 11.4 ± 2.2 6.7 ± 0.3
*p < 0.05 compared with cisplatin.

set. A third coating of 50 μL of 
0.5% low melting agarose was 
placed on the gel and allowed 
to set at 4°C for 15 min. After 
solidification of the agarose, 
the coverslips were removed, 
and the slides were immersed 
in an ice-cold lysis solution 
(2.5 M NaCl, 100 mM EDTA, 10 
mM Tris, 90 mM sodium sarco-
sinate, NaOH, pH 10, 1% Triton 
X-100 and 10% DMSO) and 
placed in a refrigerator at 4°C 
for 2 h. All of the above opera-
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and replaced with medium (final DMSO con-
centration 0.05% v/v) containing complexes 
1-3 (3.13 μM) for 24 h. The medium was remov- 
ed again. The fluorescent dye (DCHF-DA) was 
added to the medium with a final concentration 

of 10 μM to cover the cells. The treated cells 
were then washed with cold PBS-EDTA twice, 
collected by trypsinization and centrifugation at 
1,500 rpm for 5 min, and resuspended in PBS-
EDTA. Fluorescence was imaged with fluores-

Figure 2. A. Temporal progress 
of the wound healing in MG-63 
cells (NC) treated with 3.13 µM 
of complexes 1, 2 and 3 at differ-
ent time intervals. B. Quantitative 
measurements of the wound clo-
sure at 6 h, 12 h and 24 h (*p < 
0.05).
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cent microscope at an excitation wavelength of 
488 nm and emission at 525 nm. Rosup (50 
mg/mL) was used as the positive control.

The changes in mitochondrial membrane 
potential assay

MG-63 cells were treated with complexes 1-3 
(3.13 µM) for 24 h in 12-well plates and were 
then washed three times with cold PBS. The 
cells were then detached with trypsin-EDTA 
solution. The collected cells were incubated for 
20 min with 1 μg/mL of 5,5’,6,6’-tetrachloro-
1,1’,3,3’-tetraethylbenzimidazolcarbocyanine 
iodide (JC-1) in culture medium at 37°C in the 
dark. Cells were immediately centrifuged to 
remove the supernatant. Cell pellets were sus-
pended in PBS and then imaged under fluores-
cence microscope. CCCP (10 µM, Carbonyl cya-
nide 3-chlorophenylhydrazone) was used as 
the positive control.

Western blot analysis

MG-63 cells were seeded in 3.5 cm dishes for 
24 h and incubated with 3.13 µM of complex1, 
2 and 3 in the presence of 10% FBS. Then cells 
were harvested in lysis buffer. After sonica- 
tion, the samples were centrifuged for 20 min 
at 13,000 g. The protein concentration of the 
supernatant was determined by BCA assay. 
Sodium dodecyl sulfate-polyacrylamide gel el- 
ectrophoresis was done loading equal amount 
of proteins per lane. Gels were then transferr- 
ed to poly (vinylidene difluoride) membranes 
(Millipore) and blocked with 5% non-fat milk in 
TBST buffer for 1 h. The membranes were incu-
bated with primary antibodies at 1:5,000 dilu-

tions in 5% non-fat milk overnight at 4°C, and 
after being washed for four times with TBST for 
a total of 30 min, then the secondary antibod-
ies conjugated with horseradish peroxidase at 
1:5,000 dilution for 1 h at room temperature 
and washed for 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 pro-
teins in each lane, the membranes were 
stripped finally to detect the β-actin.

Statistical analysis

All of the data were expressed as the mean ± 
SD and analyzed by the SPSS (SPSS Inc. 
Chicago, IL). Statistical significance was det- 
ermined using one-way analysis of variance 
(ANOVA) followed by Dunnett’s test. Differenc- 
es with *P < 0.05 was considered statistically 
significant.

Results

Synthesis and characterization of Ru(II) com-
plexes

The ligand taptp was synthesized following the 
method described in the literature [31]. Com- 
plexes 1-3 were prepared by direct reaction of 
ligand with the appropriate mole ratios of the 
precursor complexes in ethylene glycol. The 
desired Ru(II) complexes were isolated as th- 
eir perchlorates and were purified by column 
chromatography. The synthesized complexes 
were characterized by 1H NMR, ESI-MS and 
elemental analysis. In the ESI-MS spectra for 
the ruthenium(II) complexes, all of the expect- 
ed signals [M-2ClO4-H]+ and [M-2ClO4]

2+ were 
observed. The measured molecular weights 
were consistent with the expected values. The 
synthetic route of ligand and complexes 1, 2 
and 3 were showed in Figure 1.

Complexes exhibited high cytotoxic activity 
towards MG-63 cells

The cytotoxic activities of the complexes 1-3 
towards BEL-7402, HeLa, A549 and MG-63  
cell lines were investigated in comparison with 
cisplatin using MTT method. The IC50 values of 
these complexes are shown in Table 1. The 
complexes 1, 2 and 3 displayed different inhibi-
tory effect on the cell growth of BEL-7402, 
HeLa, A549 and MG-63 cells (p < 0.05). These 

Figure 3. Cell cycle distribution of MG-63 cells expo-
sure to 6.25 μM of complexes 1, 2 and 3 for 24 h 
(*p < 0.05).
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data suggest that different complexes show  
different cytotoxic activity and the same com-
plex also shows different cytotoxic effect on the 
cell growth towards the above selected cell 
lines.

Complexes inhibited MG-63 cell migration

The cell monolayer was scratched and the cells 
migrating to the wound area were investigated 
at different time intervals. It can be inferred 
from the results shown in Figure 2 that com-
plexes 1, 2 and 3 at 24 h can strongly suppress 
MG-63 cells migration to the wounded area 
compared to the control. Moreover, the inhibi-
tion of cell migration was more in the cells 
treated with complexes 1 and 2.

Complexes induced cell cycle arrest

The distribution of MG-63 cells in various com-
partments during the cell cycle was analyzed by 
flow cytometry in cells stained with propidium 
iodide. As shown in Figure 3, after the treat-
ment of MG-63 cells with 6.25 µM complexes 1 
and 3, an increase of 3.38 and 3.82% of cells 
at S phase was observed, accompanied by a 

MG63 cells were stained with uniform green 
fluorescence. After the treatment of MG-63 
cells with the complexes 1, 2 and 3, the clear 
morphological changes in the nucleolus and 
green apoptotic cells containing apoptotic bod-
ies, as well as red necrotic cells, were observed. 

Complexes entered into the cytoplasm and ac-
cumulated in the nuclei

The cellular uptake of complexes 1, 2 and 3 
(3.13 µM) by MG-63 cells was investigated 
using fluorescent microscopy. After the treat-
ment of MG-63 cells with the complexes for 24 
h and removing the culture medium, the cells 
were observed under fluorescent microscope. 
As shown in Figure 5, the left channels stand 
for bright field images, the red channels show 
the luminescence of complexes 1, 2 and 3 with 
an excitation wavelength of about 460 nm, and 
the overlay (right channels) represents cellular 
association of complexes 1, 2 and 3. 

Complexes induced DNA fragmentation

Single cell gel electrophoresis (comet assay) in 
an agarose gel matrix was used to study DNA 

Figure 4. MG-63 cells were stained by AO/EB and observed under fluores-
cence microscopy. Control (A) and in the presence of 3.13 μM of complexes 
1 (B), 2 (C) and 3 (D) incubated at 37°C in 5% CO2 for 24 h. Cells in L, A and 
N were living, apoptotic and necrotic cells, respectively.

corresponding reduction of 
3.79 and 3.15% in the per-
centage of cells in the G0/G1 
phase, respectively. However, 
MG-63 cells were exposed to 
6.25 µM of complex 2, a large 
increase of 11.69% in the per-
centage of cells at the G2/M 
phase was found, accompa-
nied by a corresponding re- 
duction of 10.07% in the per-
centage of cells at the G0/G1 
phase. 

Complexes effectively 
induced the apoptosis of MG-
63 cells

Apoptotic morphology was 
investigated by double stain-
ing with acridine orange (AO) 
and ethidium bromide (EB). 
Figure 4 shows the inverted-
phase microscopic images of 
the morphological changes  
in MG-63 cells exposed to 
3.13 µM of complexes 1, 2 
and 3 for 24 h. The untreated 
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fragmentation. As shown in Figure 6, in the con-
trol, MG-63 cells were undamaged showing 
only comet heads without comet tails. After 
MG-63 cells exposed to 3.13 µM of complex- 
es 1, 2 and 3 for 24 h, MG-63 cells were seri-
ously damaged showing huge tails following 
comet heads (DNA trails), and the length of the 
comet tail represents the extent of DNA dam-
age. Longer tails indicate more genomic DNA 
damage.

Complexes enhanced the levels of reactive 
oxygen species (ROS)

The ROS levels were studied with fluorescent 
microscope using a 2’,7’-dichlorodihydrofluo-
rescein diacetate (DCHF-DA) probe [35]. This 
probe is cell-permeant and cleaved by intracel-
lular esterases into its non-fluorescent form 
(DCFH). Then DCFH is oxidized by intracellu- 
lar reactive oxygen species to produce a fluo-
rescent product, namely, dichlorofluorescein 

(DCF). The fluorescent images are shown in 
Figure 7A. In the control (a), no obvious fluores-
cent spots were observed. After the treatment 
of MG-63 cells with Rosup (positive control, b) 
and 3.13 µM of complexes 1 (c), 2 (d) and 3 (e) 
for 24 h, the bright fluorescent image spots 
were found. In order to quantitatively determine 
the effect of complexes 1, 2 and 3 on the ROS 
levels, the DCF fluorescent intensity is deter-
mined using microplate analyzer and shown in 
Figure 7B. 

Complexes induced the decrease of mitochon-
drial membrane potential

JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetrethylbe- 
nzimidalylcarbocyanine iodide) as fluorescent 
probe was used to assay the changes of mito-
chondrial membrane potential. To confirm wh- 
ether treatment with complexes resulted in  
the changes of mitochondrial membrane poten-
tial. As shown in Figure 8, JC-1 aggregate sh- 

Figure 5. The cellular uptake of complexes 1, 2 and 3 by MG-63 cells was investigated using fluorescent microscopy. 
Bright field (left), fluorescence (middle) and overlay (right) microscopy images of MG-63 cells incubated with 3.13 
µM of complexes 1 (A), 2 (B) and 3 (C) at 37°C for 24 h.
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ows red fluorescence signals corresponding to 
high mitochondrial membrane potential; JC-1 
monomer emits green fluorescence signals cor-
responding to low membrane potential.

Complexes activated caspase 7 and ROS-me-
diated mitochondrial dysfunction pathways

Caspase 3 and 7 are executioners of apop- 
tosis as processing of their substrates lead to 
morphological changes associated with apop-
tosis, including DNA degradation, chromatin 
condensation and membrane blebbing [36]. 
The expression of caspase 3, procaspase 7 
and caspase 7 were investigated by western 
blot analysis after MG-63 cells was exposed  
to 3.13 µM of complexes 1, 2 and 3 for 24 h.  
As shown in Figure 9, the levels of the expres-
sion of caspase and Bcl-2 family protein have 
changed. 

Discussion

In this study, we synthesized three Ruthenium 
(II) polypyridyl complexes and investigated their 
anti-proliferative mechanism against osteosar-
coma cells. We employed cell migration, cell 
cycle arrest and apoptosis studies to confirm 
the complexes had vital effect on MG-63 cells. 

against MG-63 cells were comparable with cis-
platin under the same conditions.

Metastatic cancers have several important 
characteristics, including the migratory and 
invasive activities of tumor cells [37]. As migra-
tion of cancer cells is a key step of tumor 
metastasis, the in vitro wound healing assay 
[38] was used to investigate the effects of com-
plexes 1, 2 and 3 on the migration of MG-63 
cell line. The results demonstrated that the 
complexes were capable enough to inhibit 
MG-63 cell migration. Moreover, the inhibition 
of cell migration was more in the cells treated 
with complexes 1 and 2.

Cell cycle arrest assay was used to investigate 
the anti-proliferative mechanism induced by 
complexes. Cell cycle arrest studies showed 
that in MG-63 cells complexes 1 and 3 induced 
cell cycle arrest at S phase and complex 2 
induced cell cycle arrest at G2/M phase. This 
indicates that different complex may show dif-
ferent anti-proliferative mechanism.

Morphological changes in cells are one of the 
most important characteristics of apoptosis 
[39]. According to the difference in membrane 

Figure 6. Comet assay of EB-stained MG-63 cells (A) exposure to 3.13 μM of 
complexes 1 (B), 2 (C) and 3 (D) for 24 h.

Further studies described the 
mechanism of apoptosis fr- 
om the research of Bcl-2 fam-
ily proteins expression, ROS 
and mitochondrial membrane 
potential assays.

Interestingly, complexes 1, 2 
and 3 were sensitive to 
MG-63 cells and exhibited 
high cytotoxic activity with  
low IC50 values of 7.1 ± 0.6, 
6.4 ± 0.4 and 8.4 ± 0.6 µM.  
At the same time, we found 
that different complexes sh- 
owed different cytotoxic ac- 
tivity and the same complex 
also showed different cyto-
toxic effect on the cell grow- 
th towards the above select- 
ed cell lines. The different 
complexes show different in- 
hibitory effect on the cell 
growth may be caused by the 
different ancillary ligand dmb, 
bpy and phen. These cytotoxic 
activities of the complexes 
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Figure 7. A. Intracellu-
lar ROS was detected 
in MG-63 cells (a) expo-
sure to 3.13 µM of Ro-
sup (b) and complexes 
1 (c), 2 (d) and 3 (e) for 
24 h. Rosup was used 
as positive control. B. 
Quantitative measure-
ments of the DCF fluo-
rescent intensity (*p < 
0.05).

integrity between necrosis 
and apoptosis, AO can pass 
through cell membrane, but 
EB cannot. Under fluores-
cence microscope, live cells 
appear green. Necrotic cells 
stain red but have a nuclear 
morphology resembling that 
of viable cells. Apoptosis cells 
appear green, and morpho-
logical changes such as cell 
blebbing and formation of 
apoptotic bodies will be 
observed. We observed that 
complexes 1, 2 and 3 could 
effectively induce the apopto-
sis of MG-63 cells.

After investigating the effect 
of the complexes on the  
relevant cellular function, we  
further observed the celluar 
uptake. The cellular uptake 
characteristics of a small  
molecule are critical to its 
application as a therapeutic 
or diagnostic agent [40]. We 
have found that that complex-
es 1, 2 and 3 can be success-
fully endocytosed by MG-63 
cells and the complexes can 
enter into the cytoplasm and 
accumulate in the nuclei.

The comet assay is a highly 
sensitive technique for analy-
sis of DNA damage induced 
by a drug [41]. Our comet 
assay results clearly indicate 
that the three complexes 
indeed induce DNA fragmen-
tation, which is further evi-
dence of apoptosis. Similar 
results are found in other Ru- 
thenium(II) complexes [14].

ROS, such as superoxide 
anion, radicals, hydrogen and 
organic peroxides, are gener-
ated by all aerobic cells as  
by-products of a number of 
metabolite reactions and in 
response to various stimuli 
[42]. The ROS levels were 
studied with DCHF-DA probe. 

Figure 8. Assay of MG-63 cells mitochondrial membrane potential with JC-1 
as fluorescent probe. MG-63 cells (A) exposed to CCCP (B) and 3.13 μM of 
complexes 1 (C), 2 (D) and 3 (E) for 24 h. CCCP was used as positive control.
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of complexes 1 (Figure 8C), 2 
(Figure 8D) and 3 (Figure 8E) 
for 24 h, JC-1 displayed a 
green fluorescence signals 
(JC-1 monomers). The chan- 
ge from red fluorescence to 
green fluorescence signals 
indicates that the complex- 
es can induce the decrease  
of mitochondrial membrane 
potential. 

Western blot analysis inve- 
stigated the expression of 
caspase and Bcl-2 family pro-
teins after treatment with 
complexes. It indicated that 
the expression of caspase 3 
were down-regulated, where-
as that of procaspase 7 and 
caspase 7 increased, the sli- 
ght increase in the expres- 
sion of Bcl-2 was found, the 
down-regulation in levels of 
Bcl-x and Bad was observed, 
and the expression of Bid  
was up-regulated. These re- 
sults indicate that the com-
plexes induce MG-63 cell 
death through activation of 
caspase 7 and ROS-mediat- 
ed mitochondrial dysfunction 
pathways.

Conclusions

Three Ruthenium(II) polypyri-
dyl complexes [Ru(dmb)2(ta- 
ptp)](ClO4)2 (1), [Ru(bpy)2(tap- 
tp)](ClO4)2 (2) and [Ru(phen)2 
(taptp)](ClO4)2 (3) were synthe-

Figure 9. A. Western blot analysis of Caspase 3, Procaspase 7, Caspase 7, 
Bcl-2, Bcl-x, Bad and Bid in MG-63 cells treated with 3.13 µM of complexes 
1, 2 and 3 for 24 h. β-actin was used as internal control. B. Quantitative 
measurements of the relative protein expression (*p < 0.05).

We found that the DCF fluorescent intensity 
increased significantly when the MG-63 cells 
were exposed to different concentrations of 
complexes 1, 2 or 3. Comparing the DCF fluo-
rescent intensity, complex 1 caused the largest 
increase in the ROS levels among the three 
complexes. These results suggest that these 
complexes can enhance the levels of ROS.

In mitochondrial membrane potential assays in 
MG-63 cells (Figure 8A), JC-1 emitted red fluo-
rescence (JC-1 aggregate). After the treatment 
of MG-63 cells with CCCP (Figure 8B), 3.13 µM 

sized and characterized by elemental analysis, 
ESI-MS and 1H NMR. These complexes show- 
ed high cytotoxic activity and could effective- 
ly inhibit the cell growth of MG-63 cells. The 
wound healing assay showed the complexes 
could effectively inhibit the cell migration. 
Complexes 1 and 3 induced the cell cycle ar- 
rest at S phase and complex 2 induced the cell 
cycle arrest at G2/M phase in MG-63 cells. 
Morphological studies suggested that the  
complexes could induce apoptosis of MG-63 
cells. The cellular uptake and colocation stud-
ies showed the complexes could enter into the 
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cytoplasm and accumulated in the cell nuclei. 
Comet assay showed the complexes induced 
DNA fragmentation. ROS and mitochondrial 
membrane potential assays demonstrated that 
complexes 1, 2 and 3 could increase the levels 
of ROS and induced the decrease of mitochon-
drial membrane potential. Additionally, the 
complexes downregulated the expression of 
antiapoptotic protein Bcl-x and upregulate the 
expression of proapoptotic protein Bid. These 
results suggest that complexes 1, 2 and 3 
induce apoptosis of MG-63 cells through ROS-
mediated mitochondrial dysfunction pathway, 
which is accompanied by regulating the expres-
sion of Bcl-2 family proteins.
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