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G-quadruplex DNA, especially the cellular-myelocytomatosis viral 
oncogene (c-myc) is closely related to the proliferation of tumour cells. 
In this report, the interaction between the c-myc Pu27/Pu22 DNA and 
an oxadiazole moiety-containing ruthenium(II) complex, and the further 
antitumor effect of the complex have been investigated. Results of 
polymerase chain reaction (PCR)-stop assay and color reaction studies 
proved that the complex can induce the formation of c-myc  
G-quadruplex DNA from Pu27 and Pu22 oligonucleotides. As verified 
by fluorescence resonance energy transfer (FRET) assay and 
luminescence titrations, the complex can selectively bind to and 
stabilize c-myc G-quadruplex DNA in high binding affinity with the 
binding constants and ΔTm values of 6.60 × 105 M-1 and 9.5 °C for 
Pu27, and 1.75 × 106 M-1 and 7.0 °C for Pu22, respectively. The 
complex interacted with c-myc G-quadruplex DNA with 1:1 (Pu27) and 
2:1 (Pu22) [complex]/ [quadruplex] binding stoichiometry as determined by continuous variation analysis. The experiments on 
cytotoxicity of the complex revealed that it moderately inhibits the proliferation of MCF-7 and HepG-2 cancer cells through 
apoptosis pathway and exhibits selectivity between tumor cells and normal cells.  
 

 
 

INTRODUCTION* 

Guanosine-rich (G-rich) regions that are 
capable of forming G-quadruplex structures have 
been identified as appealing therapeutic targets  
in recent studies.1-4 It was found that the  
G-quadruplex forming regions are present in many 
regions of the human genome, such as telomeres 
and promoter regions of c-myc, c-kit, and bcl-2.5-7 
Particularly, the promoter of oncogene c-myc – 
which is over-expressed in up to 80% of solid 
tumors and closely associated with several 
essential intracellular processes of tumor cells, 
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such as proliferation, apoptosis, cell-cycle arrest, 
invasion and metastasis of tumor cells – can also 
form a G-quadruplex conformation via a Hoogsten 
hydrogen bond in the presence of potassium or 
sodium ion.8-10 Therefore, c-myc has been 
investigated as an effective target for antitumor 
drugs: it was found that compounds which can 
stabilize the conformation of c-myc G-quadruplex 
DNA can down-regulate the expression of c-myc, 
finally resulting in the apoptosis of tumor cells.11,12  

Recent evidence showed that luminescent 
ruthenium(II) polypyridyl complexes can act as 
potential stabilizers of c-myc G-quadruplex DNA 
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and usually exhibit high inhibitory activity against 
tumor cells.13-21 For example, [Ru(phen)2(BEPIP)] 
(ClO4)2 {BEPIP = 2-(2-phenethylphenyl) imidazole 
[4,5f][1,10]phenan throline} exhibited stronger 
binding affinity to c-myc G-quadruplex DNA than 
to double stranded DNA in groove mode and 
behaved as a potential luminescent switch-on 
probe through selectively recognizing and 
promoting self-assembly of c-myc G-quadruplex 
DNA.14 [Ru(bpy)2(p-BEPIP)](ClO4)2 {p-BEPIP = 
2-(4-phenyacetylenephenyl)-1H-imidazo[4,5f] [1,10] 
phenanthroline} acted as an efficient inhibitor 
against the growth of MDA-MB-231 breast cancer 
cells by selectively binding to and stabilizing the c-
myc G-quadruplex DNA;15 [(phen)2Ru(bpibp)Ru 
(phen)2](ClO4)4 can stabilize the structure of G-
quadruplex in the c-myc promoter and target the G-
quadruplex 2:1:1 loop isomers, and due to its 
interaction with c-myc and down regulation of c-
myc gene, it displayed antitumour activity for 
tumour cell HepG2;16 [Ru(phen)2(p-tFMPIP)] 
(ClO4)2 {p-tFMPIP = 2-(4-(trifluoromethyphenyl)-
1H-imidazo[4,5f][1,10]phenan throline} can 
stabilize the c-myc G-quadruplex conformation via 
groove binding mode and exhibited excellent 
inhibitory activity against MDA-MB-231 cells 
through apoptosis pathway;17 [Ru(phen)2(dhipH3)] 
(ClO4)2 was a promising c-myc G-quadruplex 
stabilizer and was able to effectively inhibit tumor 
cell growth by triggering G0/G1 phase arrest and 
inducing apoptosis through a ROS-mediated 
mitochondrial dysfunction pathway;18 chiral 
complexes Λ/Δ-[Ru(bpy)2(H2iip)](ClO4)2 {H2iip = 
2-(indol-3-yl)imidazo[4,5f][1,10]phenanthroline} 
can bind and stabilize c-myc G-quadruplex DNA 
with excellent binding affinity and thus inhibited 
the activity of Taq polymerase and the growth of 
MDA-MB-231 tumor cells.19 

The previous studies provoke us to continuously 
aim at the interaction of ruthenium(II) complexes 
and c-myc DNA as well as their effect of antitumor 
activity. In this paper, a novel ruthenium(II) 
complex bearing oxadiazole group (Scheme 1) was 
synthesized and characterized. The binding 
behavior with c-myc G-quadruplex DNA suggested 
that the complex has the ability to promote and 
stabilize the G-quadruplex conformation of c-myc 
and exhibit G-quadruplex DNA selectivity over 
duplex DNA. Moreover, the complex moderately 
inhibits the proliferation of MCF-7 and HepG-2 
cancer cells by apoptosis action and exhibits 
selectivity between tumor cells and normal cells. 

RESULTS AND DISCUSSION 

Binding behavior of ruthenium complex  
with c-myc G-quadruplex DNA 

Fluorescence titration. Luminescence measure-
ments were used to highlight the interaction between 
the complex and G-quadruplex DNA. The relative 
fluorescence intensities for the complex in the 
presence of G-quadruplex DNA were depicted in  
Fig. 1. With the incremental concentration of c-myc 
Pu27 or Pu22 G-quadruplex DNA, the fluorescence 
intensities of the complex increased gradually and the 
fluorescence intensity enhancements (I/I0) were 1.76 
and 1.83, respectively. This result indicates that the 
complex can strongly interact with c-myc  
G-quadruplex DNA and be protected by DNA 
efficiently, and because the hydrophobic environment 
inside the DNA helix reduces the accessibility of 
solvent water molecules to the complex of which the 
mobility is restricted at the binding site, decreasing 
the vibrational modes of relaxation.22,23 Based on the 
emission enhancement, the intrinsic binding constant 
was obtained according to the Bard-Torp-
Murphyequations.24 The intrinsic binding constants 
for the complex with Pu27 and Pu22 G-quadruplex 
DNA were estimated to be 6.60 × 105 M-1and 1.75 × 
106 M-1, respectively. These values are comparable 
with those of previously reported ruthenium 
complexes, such as Λ-[Ru(bpy)2(H2iip)]2+(Kb = 1.97 
× 105 M-1),19 Δ-[Ru(bpy)2(H2iiP)]2+(Kb = 1.18 × 105 
M-1),19 [Ru(bpy)2(p-TEPIP)](ClO4)2 {p-TEPIP =  
2-(4-trimethylsilylpropargyl)-1H-imidazo[4,5f][1,10] 
phenan throline} (Kb = 5.4 ×106 M−1),15 [Ru(bpy)2(p-
BEPIP)](ClO4)2(Kb = 10.9×106 M−1),15 [(η6-
C6H6)Ru(p-HPIP)Cl]+(Kb = 4.3×104 M−1),25 [(η6-
C6H6)Ru(p-FPIP)Cl]+(Kb = 7.7 ×104 M−1),25 [(η6-
C6H6)Ru(p-IPIP)Cl]+(Kb = 4.5×105 M−1).25 The above 
results suggested that the complex exhibited 
promising affinity to c-myc G-quadruplex DNA. 

Job plot. To independently verify the binding 
stoichiometry of the complex with G-quadruplex 
DNA, we used the method of continuous variation, 
popularly known as Job plot. In this method, the 
mole fraction of complex and G-quadruplex DNA 
were varied while their total concentration were 
held constant.26,27As shown in the plots of ΔI vs X 
(Fig. 2), the points of intersection for the complex 
with Pu27 and Pu22 DNA were 0.51 and 0.65, 
respectively. This result indicated that the complex 
could bind to Pu27by 1:1 binding stoichiometry, as 
similar to[Ru(phen)2(4idip)]2+{4idip=4-indoleimi-
dazo[4,5-f][1,10]phenanthroline},28 
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[Ru(bpy)2(4idip)]2+,28 [Ru(IP)2(PIP)]2+{IP= imida-
zole [4,5-f][1,10]phenanthroline, PIP = 2-
phenylimidazo-[4,5-f][1,10]phenanthroline}29 and 
[Ru(PIP)2(IP)]2+.29 However, the data of the 
complex with Pu22 is consistent with the 2:1 
[complex]/[quadruplex] binding stoichiometry, as 
reported previously for Λ-[Ru(phen)2 
(dppz)]2+{dppz = dipyrido[3,2-a:2′,3′-c]phenazine},30 
[Ru(phen)2(dpq-df)]2+{dpq-df = dipyrido (3,2-
a:2′,3′-c) quinoxaline-difuran},31 [Ru(bpy)2(dpq-
df)]2+,31 [Ru(bpy)2(ptpn)]2+ {ptpn = 3-(1,10-
phenanthroline-2-yl)-as-triazino[5,6-f]1,10-phe-
nanthroline}32 and [Ru(phen)2(ptpn)]2+.32 

 
Induction of the c-myc G-quadruplex structure 

by ruthenium complex 

PCR stop assay. In order to ascertain the ability 
of the complex to induce the test oligomer Pu27 
and Pu22 DNA to fold into G-quadruplex structure, 

a PCR stop assay was used. The sequence of 
Pu27/Pu22 and its corresponding complementary 
sequence can hybridize to a final double-stranded 
DNA PCR product when used with Taq DNA 
polymerase as the catalyst. However, in the 
presence of some G-quadruplex stabilizers, the 
template sequence Pu27/Pu22 was induced into a 
G-quadruplex structure that blocked the 
hybridization and the detection of the final PCR 
product.15,16,33 Fig. 3 illustrates the inhibitory 
properties of the complex to a PCR process with 
similar concentration gradients. The inhibitory 
effect of the complex was evident as its 
concentration was increased from 0 to 56 μM, with 
no PCR product being detected at 56 μM for both 
Pu27 and Pu22 DNA. Based on the PCR stop 
assay, we can conclude that the complex can 
effectively promote the formation of c-myc  
G-quadruplex DNA. 

 
 

 
Fig. 1 – Emission spectra of ruthenium complex in the presence of increasing amounts of c-myc G-quadruplex DNA, and plot of  
(I-I0)/(Ib-I0) vs. [DNA] and the non-linear fitting. (a) c-myc Pu27 DNA, [Ru] = 6.60 μM, [DNA] = 0–2.25 μM, (b) c-myc Pu22 DNA, 
  [Ru] = 6.60 μM, [DNA] = 0–8.90 μM. Arrows show spectral changes upon increasing concentrations of c-myc G-quadruplex DNA. 

 

 
Fig. 2 – Job plots resulting from the continuous variation analysis for ruthenium complex  

with Pu27 and Pu22 quadruplex DNA. 
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Fig. 3 – Effect of ruthenium complex on the hybridization of c-myc Pu27 (a) and Pu22 (b) DNA in PCR stop assay. 

 

 
Fig. 4 – Characterization of DNAzyme functions of Pu27 and Pu22 DNA in the presence of 500 nM K+ and 
500 nM ruthenium complex in the TMB-H2O2 system. Conditions: TMB, 266 mM in Tris-MES bufer  
                       (25 mM MES, pH =5.10); H2O2, 794 mM; DNA, 500 µM; hemin, 500µM. 

 
Visual detection of G-quadruplex structure. To 

further confirm the formation of c-myc  
G-quadruplexes, we utilized a facile and visual 
approach to detect the existence of G-quadruplexes 
with the naked eye. It is well known that most  
G-quadruplex DNA can be effectively formed by 
K+, and G-quadruplexes have the ability to bind 
with hemin to form peroxidase-like DNAzymes.29 
It is proven that in the presence of the DNAzymes, 
H2O2-mediated oxidation of TMB (3,3',5,5'-
tetramethylbenzidine) could be sharply accelerated 
and the color change is very sensitive and easy to 
identify.34 The design is based on this principle. As 
shown in Fig. 4, in the presence of complex, Pu27-
mer and Pu22-mer can fold into G-quadruplexes, 
and such quadruplex structures are able to bind 
with hemin to form the hemin G-quadruplex 
DNAzymes that catalyze the H2O2-mediated 
oxidation of colorless TMB to the blue product, as 
well as control K+. But for complex with double-
strands of ct-DNA, the solution remains colorless, 
suggesting that ct-DNA cannot form the  
G-quadruplex structure. 

Stabilization and selectivity of c-myc  
G-quadruplex DNA by ruthenium complex 

To investigate the thermodynamic stability of  
c-myc G-quadruplex DNA under the effect of the 

ruthenium complex, a fluorescence resonance 
energy transfer (FRET) melting point assay was 
carried out to detect the melting temperature (Tm) 
of the labeled oligonucleotides, F27T and F22T 
DNA. As shown in Fig. 5, all of the Tm (the 
melting point of F27T and F22T DNA) values of 
the sample incubated with the complex increased 
by comparison with the control value. The DNA 
melting temperature point for F27T and F22T 
DNA in the absence of the complex was about 
74.5°C and 77.0°C, respectively. At the 
concentration ratio of [Ru]/[F27T] = 1:1, 2:1, 4:1, 
8:1,10:1and 15:1, the complex had an enhanced 
melting temperature (ΔTm) of 1.5, 2.5, 5.0, 7.5 and 
9.5 °C, respectively. Similarly, upon additions of 
0.5, 1.0, 2.0 and 3.0μM of complex, the Tm of 
F22T was increased to 79, 81, 84 and 84 °C, which 
implies that at the concentration ratio of 
[Ru]/[F22T] = 1:1, 2:1, 8:1 and 10:1, the complex 
had an ΔTm of 2, 4, 7 and 7°C, respectively. The 
large ΔTm values are comparable to 9.5°C for  
Λ-[Ru(bpy)2(H2iip)]2+,19 9°C for [Ru(bpy)2(p-
TEPIP)]2+,15 8.7°C for [Ru(MeIm)4(4-npip)]2+ 
{MeIm = 1-methylimidazole) 4-npip = (2-(4-
nitrophenyl)imidazo[4,5-f][1,10]phenan throline)},35 
8.3°C for Δ-[Ru(bpy)2(H2iip)]2+,19 6.4°C for 
[Ru(MeIm)4(pip)]2+,35 5.7°C for [Ru(phen)2 
(TMSEPIP)]2+  {TMSEPIP = 2-(2-trimethyl-
silylethylphenyl)imidazole[4,5f][1,10]phenan 
throline}14 and indoloquinoline analogues that have 
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been reported to be efficient G-quadurplex 
stabilizer and telomerase inhibitor in literature.36 
The results indicate that the complex can enhance 
the thermodynamic stability of the c-myc oligomer 
and can stabilize the c-myc G-quadruplex DNA. 

Moreover, competitive FRET assay was used to 
confirm the selectivity of the complex between c-myc 
G-quadruplex DNA and double stranded DNA. 
According to the results of FRET competitive 
experiments, the complex exhibited excellent 
selectivity to c-myc G-quadruplex DNA compared to 
ct-DNA. As shown in Fig. 6, the melting point of 
F27T and F22T DNA under goal most little obvious 
change in the presence of excess duplex ct-DNA. 
When 50 μM of ct-DNA was added, the ΔTm for 
F27T and F22T DNA still was 9.5 °C and 7°C, 
respectively. The results implied that the selectivity of 
the complex in binding c-myc G-quadruplex structure 
was higher than in binding the duplex, and the title 
complex can be considered as a new class of highly 
selective c-myc G-quadruplex binding ligand. Ru(II) 
complex presented in this study can be considered as 
representative for a new class of highly selective c-
myc G-quadruplex binding complexes. 

In vitro cytotoxicity of ruthenium complex 

MTT assay. We evaluated the in vitro cytotoxic 
activity of the complex on six selected human cancer 
cell lines (A549, Huh-7, MGC-803, MCF-7, HepG-2, 
HeLa) and one normal cell line (293T) using the 
MTT (3-(4,5-dimethylthiazole)-2,5-diphenyltetrazo-
lium bromide) method to determine the potential of 
the complex as an anticancer agent. Cisplatin was 
included as a positive control. The IC50 values 
(concentration where 50% of the cell growth is 
inhibited) after 48 h of exposure to the complex and 
cisplatin (control) are presented in Table 1. 
According to the IC50 values, the complex exhibited 
moderate toxicity against MCF-7 and HepG-2 with 
IC50 =52.40 μM and 56.58 μM, respectively, 
whereover it was almost nontoxic toward A549, Huh-
7, MGC-803 and HeLa cell lines. Meanwhile the 
complex was obviously less toxic to the normal 
human cell line 293T than cisplatin, which suggests 
that the complex showed selectivity between tumor 
cells and normal cells. Since the complex in this 
work showed more potent toxicity against MCF-7 
cells, all subsequent experiments were therefore 
carried out on MCF-7 cells to further investigate the 
mechanism of action. 

 

 
Fig. 5 – FRET melting profiles of F27T and F22T with ruthenium complex. 

 

 
Fig. 6 – FRET competitive assay of F27T and F22T under different concentrations of duplex ct-DNA. 
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Table 1 

The IC50 values of the ruthenium complex toward different cell lines 

Compound IC50 values 
(µM)       

 A549 Huh-7 MGC-803 MCF-7 HepG-2 HeLa 293T 
The present 

complex 70.95 >100 >100 52.40 56.58 91.78 121.04 

cisplatin 28.76 27.56 11.56 6.83 26.72 17.09 35.72 
 

 
 

 
Fig. 7 – Cell morphological observation for cell apoptosis induction 
on the MCF-7 cells treated with different concentration of the 
complex.Cell morphological observation for cell apoptosis induction 
on different concentration of ruthenium complex treated MCF-7 cells 
                                        with DAPI staining. 
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Fig. 8 – Apoptosis analysis of MCF-7 cells after 48 h of exposure to different concentration of the complex determined by flow 
cytometry. The vertical and horizontal axises represent the fluorescence intensity of PI and FITC labeled annexin V, respectively. 
          Upper left: necrotic cells, upper right: late apoptotic cells, bottom left: viable cells, bottom right: early apoptotic cells. 
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Apoptosis Studies. Apoptosis is a common cell 
death pathway and reported to be the primary 
pathway for cell death. Many compounds exert their 
cytotoxic activity in tumor cells by inducing 
apoptosis. In order to investigate the apoptotic effect 
induced by the complex, the apoptotic assay was 
performed by DAPI staining method. Apoptosis can 
be demonstrated by DNA damage, which is generally 
characterized by some distinctive morphological 
changes such as chromatin condensation, nuclear 
fragmentation and formation of apoptotic bodies.37,38 

As shown in Fig. 7, when the MCF-7 cells were 
incubated with IC50 and 2×IC50 concentration of the 
complex for 48 h, MCF-7 cells exhibited numerous 
apoptotic cells with condensed or fragmented nuclei 
cells, and the increasing concentration of the complex 
resulted in more fragmented nuclei cells, whereas the 
MCF-7cells in control still presented round 
homogeneous nuclei. These results indicated that 
complex could effectively induce MCF-7 cell 
apoptosis. 

To further confirm the reduction in cell viability 
that arises from apoptosis, MCF-7 cells were 
treated with the complex at concentrations of IC50 
and 2×IC50 for 48 h and tested by flow cytometry 
with FITC-Annexin V and PI double staining. As 
illustrated in Fig. 8, only a small portion of 
complex-treated cells (19.62%) are in early and 
late apoptosis at IC50 concentration compared with 
control cells (9.63%); however, as the complex 
concentration increased, the percentage of cells in 
the apoptotic phase also increased, with a high 
apoptotic rate (33.73%) achieved for 2×IC50 of 
complex concentration. The results indicated the 
significant cell apoptosis induction on MCF-7 
cells, an observation that was in agreement with 
DAPI staining method. 

EXPERIMENTAL 

Materials and methods 

DNA oligomers c-myc Pu27 (5′-
TGGGGAGGGTGGGGAGGGTGGGGAAGG-3′), Pu27rev 
(5'-ATCGATCGCTTCTCGTCCTTCCCCA-3'), c-myc Pu22 
(5′-GAGGGTGGGGAGGGTGGGGAAG-3′), Pu22rev (5′-
ATCGCTTCTCGTCTTCCCCA-3′) and the fluorescent 
labeled oligonucleotides F27T (5′-FAM-
TGGGGAGGGTGGGGAGGGTGGGGAAGG-TAMRA-3′, 
FAM: carboxyfluorescein, TAMRA: 6-
carboxytetramethylrhodamine) and F22T (5′-FAM-
GAGGGTGGGGAGGGTGGGGAAG-TAMRA-3′) were 
purchased from Sangon Biotech (Shanghai) Co., Ltd. The G-
quadruplex conformation was obtained by denaturation at 90 
°C for 5 min followed by renaturation at 4 °C for 24 h. Ct-
DNA was purchased from Sigma (highly polymerized stored 
at 4 °C; long-term storage at -20 °C). Several buffers of A: 10 
mM Tris–HCl, pH =7.4; B: 10 mM Tris–HCl, 100 mM KCl, 
pH =7.4; C: 10 mM Tris–HCl, 60 mM KCl, pH =7.4 were 

applied to the experiments. The concentration of ct-DNA in 
buffer A was determined by UV absorbance at 260 nm by 
assuming Ɛ260 = 6600 M-1cm-1. Other reagents and solvents 
were purchased from commercial sources unless otherwise 
specified.  

General procedure for preparation of target complex 

A solution of 1,10-phenanthroline-5,6-dione (420 mg,  
2.0 mM), p-hydroxybenzaldehyde (244 mg, 2.0 mM) and 
NH4OAc (3.2 g, 41.5 mM) in 40 ml AcOH was refluxed with 
stirring at 117 °C for 8 h. The resulted dark yellow mixture 
was cooled to room temperature and diluted with water (100 
mL) to give a lot of solid precipitate. The precipitate was 
collected by filtration and washed with water and ethanol, then 
dried under vacuum to obtain compound 1 (421 mg). 

A mixture of compound 1 (312 mg, 1.0 mM), 3- phenyl-5-
chloromethyl-1,2,4-oxadiazol (194 mg, 1.0 mM), K2CO3 
(0.216 g, 1.6 mM) and acetonitrile (60 mL) was refluxed at 80 
°C for 12 h. After cooling to room temperature, the solution 
was evaporated to dryness. The residue was washed with 95% 
ethanol and dried in vacuum to obtain compound 2 (351 mg). 

A solution of compound 2 (47 mg, 0.1 mM) in DMF  
(4 mL) was added drop wise to a solution of 
[Ru(bpy)2Cl2]·2H2O (53mg, 0.1 mM) in ethanol (40 mL). The 
mixture was heated to reflux for 12 h under nitrogen. Upon 
cooled down to room temperature, the solution was filtered 
and the red filtrate was collected. After removement of most of 
the solvent under reduced pressure, the remaining solution was 
purified by column chromatography with acetonitrile/ 
water/saturated KNO3 (80:5:1, v/v/v) as eluent, and the mainly 
orange band was collected. The acetonitrile was evaporated 
under reduced pressure and then an orange-red solid 
precipitate formed by addition of saturated aqueous NaClO4 
solution (20 ml). The solid was collected by filtration and 
further recrystallized with acetonitrile-ether and dried in 
vacuum to give an orange-red powders product (65mg, 35%). 
IR (KBr, cm-1): 3392(s), 1602(s), 1579(s), 1481(m), 1446(m), 
1406(s), 1244(w), 1180(w), 1120(s), 1092(vs), 769(m), 
725(m), 696(m); 1H NMR (400 MHz, DMSO-d6, δ ppm): 
14.22(s, 1H, N-H), 9.07(d, J = 8.0 Hz, 2H), 8.84-8.90(d-d, J = 
8.0 Hz, 4H), 8.30(d, J = 8.8 Hz, 2H), 8.22(t, J = 8.0 Hz, 2H), 
8.11(t, J = 8.0 Hz, 2H), 8.04-8.07(m, 4H), 7.93(m, 2H), 
7.85(d, J = 5.2 Hz, 2H), 7.58-7.64(m, 7H), 7.41(d, J = 8.8 Hz, 
2H), 7.35(t, J = 6.8 Hz, 2H), 5.77(s, 2H); 13C NMR (125 
MHz, DMSO-d6, δ ppm): 176.05, 168.23, 159.37, 157.20, 
156.98, 152.95, 151.99,151.83, 150.24, 138.40, 138.24, 
132.32, 130.79, 129.85, 128.79, 128.34, 128.29, 127.53, 
126.77, 126.16, 124.89, 124.80, 123.68, 116.01, 61.49. ESI-
MS (CH3CN): m/z= 983.14 ([M-ClO4]+). 

 
Fluorescence spectra 

Emission spectra were measured on a Shimadzu RF-
5301PC spectrofluorophotometer at room temperature. The 
excitation wavelength was 460 nm, and the emission spectra 
were collected from 500 to 800 nm. Excitation and emission 
slits were set at 10 nm. The emission spectra were recorded 
through a constant concentration of ruthenium complex (3 
mL) in buffer B, to which increments of DNA stock solutions 
were added sequentially. Ruthenium complex-DNA solutions 
in a 1.0 cm path length quartz cuvette were loaded into the 
fluorimeter sample block, which were incubated for 5 min 
before the emission spectra were recorded. The titration 
processes were repeated several times until no further change 
was observed in the spectra, indicating that the binding 
saturation had been achieved. The changes in the ruthenium 
complex concentration due to dilution at the end of each 
titration were negligible. 
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Scheme 1 – The synthetic route of ruthenium complex. 

 
Continuous variation analysis  

and binding stoichiometric ratio 

For continuous variation analysis that was conducted with 
the Shimadzu RF-5301PC spectrofluorophotometer, two series 
of solutions prepared with buffer B were used: one with 
varying mole fractions of [Ru]/[DNA], and another one with 
varying concentrations of the complex. The concentration of 
the Ru-DNA solutions was always 10 µM. The emission 
spectra were collected from 500 to 750 nm using a quartz cell 
with a 0.1 cm path length at room temperature. The ΔI values 
were calculated by subtracting the fluorescence intensity of 
ruthenium complex solution without Pu27/Pu22 from the 
fluorescence intensity of the complex solution with Pu27/Pu22 
at λmax. This value was plotted versus the complex mole 
fraction to generate a Job plot. 

Polymerase chain reaction (PCR) stop assay 

The oligonucleotide Pu27/Pu22 and the corresponding 
complementary sequence Pu27rev/Pu22rev were used in the 
PCR stop assay. The reaction was performed in 1×PCR buffer, 
containing 20 pmol of each oligonucleotide, 0.16 mM dNTPs, 
2.5 U Taq polymerase, and different concentrations of ruthenium 
complex. The reaction mixtures were incubated in a 
thermocycler with the following cycling conditions: 94 °C for 
3 min, followed by 30 cycles of 94 °C for 30 s, 58 °C for 30 s, 
and 72 °C for 30 s, then 72 °C for 10 min. 

Visual detection of G-quadruplex structure measurement 

An equal volume of ruthenium complex solution was 
added to DNA solutions (20 mM DNA, 10 mM Tris-HCl, 100 
μM EDTA, pH = 8.00), allowing the DNA-strands to form G-
quadruplex structure in 40 min. Then an equal volume of 
hemin (in DMSO) was dissolved in the above G-quadruplex 
solutions and kept for 2 h at room temperature to form 
DNAzymes. Subsequently, 180 μL of 296 μM TMB (3,3',5,5'-

tetramethylbenzidine)-1.76 mM H2O2 solution was added as 
the substrate of above 20 μL peroxidatic DNAzyme system. 
The mixture was kept for 1.5 h at room temperature, different 
colors were observed with the naked eye and the photograph 
of the mixture was taken with a digital camera. 

Fluorescence resonance energy transfer (FRET)  
melting assay 

Fluorescence resonance energy transfer (FRET) melting 
point assay was carried out on a Roche real time PCR cycler. 
The fluorescent labeled oligonucleotide F27T/F22T used as 
the FRET probe was diluted in buffer C and then annealed by 
heating to 92 °C for 5 min, followed by overnight cooling to 
room temperature. Duplex ct-DNA was a competitive binder 
to evaluate the selective binding ability of ruthenium complex 
with G-quadruplex DNA. Fluorescence melting curves were 
monitored by using a total reaction volume of 25 μL, with 
labeled oligonucleotide (1 mM) and different concentrations 
of ruthenium complex in buffer C. Fluorescence readings with 
excitation at 470 nm and detection at 513 nm were taken at 
intervals of 1 °C from 37 to 95 °C. 

MTT assay 

The cytotoxicity of the ruthenium complex was 
investigated against A549 (human lung cancer cell), Huh-7 
(human hepatocarcinoma cell), MGC-803(human gastric 
cancer cell), MCF-7 (human breast cancer cell), HepG-2 
(hepatocarcinoma), HeLa (cervical carcinoma) and 293T 
(anormal human cell, human embryonic kidney cell) cell lines 
on the basis of MTT (3-(4,5-dimethylthiazole)-2,5-
diphenyltetrazolium bromide) assay. These cell lines were 
provided by the Type Culture Collection of the Chinese 
Academy of Sciences, Shanghai, China. Cisplatin was used as 
a reference chemotherapeutic drug. Cells were seeded into a 
96-well plate and incubated under 5% CO2 at 37 °C for 24 h in 
100 μL of cell suspension at a density of 5 × 103 cells per well. 
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The cells were then treated with various concentrations of the 
tested complex for 48 h. Upon completion of the incubation, 
stock MTT dye solution (20 μL) was added to each well. The 
microplate was incubated at 37 °C for another 4 h in the 
incubator, and finally sodium dodecyl sulfate (SDS, 100 μL) 
was added to dissolve the formed formazan crystals. The 
absorbance of formazan solution was read on a microplate 
reader at a wavelength of 570 nm. 

Apoptosis assessment by DAPI staining 

MCF-7 cells were seeded in 96-well plates at 5 × 103 
cells/well and incubated under 5% CO2 at 37 °C for 24 h. 
After cells were treated with IC50 and 2 × IC50 concentration 
of the complex for 48 h and were fixed with 4% 
paraformaldehyde followed by permeabilization with 0.1% 
Triton X-100. Finally cells were stained with 1 µg/mL of 4′,6-
diamino-2-phenylindole (DAPI) for 15 min at room 
temperature. Cell apoptosis was examined under an inverted 
fluorescence microscope, and data were collected from three 
independent experiments. 

Apoptosis analysis by flow cytometry 

Flow cytometry analysis of apoptotic populations of MCF-
7 cells caused by exposure to ruthenium complex was carried 
out using the Annexin V-FITC/PI Apoptosis Detection kit. 
MCF-7 cells were grown in a six-well plate at a density of 4 × 
104 cells/well for 24 h, after which the complex were added at 
concentrations of IC50 and 2 × IC50. After 48 h of the complex 
exposure, cells were collected, washed once with PBS, and 
resuspended in 100 μL of annexin V-FITC binding buffer 
which was then added to 5 μL of annexin V-FITC and 5 μL of 
PI, and then incubated at room temperature in the dark for 10 
min. Subsequently, the buffer was placed in an ice bath in the 
dark. The samples were analyzed by a flow cytometer. 

CONCLUSIONS 

A ruthenium(II) complex modified by oxadiazole 
group has been successfully synthesized and 
characterized in this study. Compelling evidence 
confirmed that the complex possesses the ability to 
promote Pu27 and Pu22 oligomers to fold into  
G-quadruplex structures and to stabilize the  
G-quadruplex structures with ΔTm values of 9.5 
and 7.0 °C. The complex displays high binding 
affinity to c-myc G-quadruplex DNA with the 
binding constants of 6.60× 105 M-1 for Pu27 and 
1.75 × 106 M-1 for Pu22, and excellent binding 
selectivity to c-myc G-quadruplex DNA in 
comparison with ct-DNA. The 1:1 and 
2:1[complex]/[quadruplex] binding ratios were 
determined for Pu27 and Pu22, respectively. 
Cytotoxicity results showed that the complex 
exhibits moderate inhibitory activity against the 
proliferation of MCF-7 and HepG-2 cancer cells 
by apoptosis action and selectivity between tumor 
cells and normal cells. It can be speculated that the 

complex can be developed as potential cancel 
therapeutic agents that targeted to c-myc  
G-quadruplex DNA. 
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