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A new ligand and two ruthenium(II) complexes [Ru(bpy)2(DNPIP)](ClO4)2 1 and [Ru(bpy)2(DAPIP)](ClO4)2
2 were synthesized and characterized. The DNA-binding constants for complexes 1 and 2 were deter-
mined to be 2.24 (�0.30) � 105 M�1 (s ¼ 1.29) and 6.34 (�0.32) � 104 M�1 (s ¼ 2.84). The photocleavage
of pBR322 DNA by Ru(II) complexes was investigated. The cytotoxicity of complexes 1 and 2 were
assessed against three tumor cell lines. The apoptosis and cellular uptake were studied. The retardation
assay of pGL 3 plasmid DNA was explored. The cell cycle arrest was analysized by flow cytometry. The
antioxidant activities of the ligand and complexes were also investigated.

Crown Copyright � 2011 Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Cisplatin (cis-diamminedichloroplatinum) and its analogs are
a class of widely used antitumor drug. The antitumor activity of
them derives from its binding to DNA and formation of covalent
cross-links [1e4]. Due to significant side effect, including nep-
throtoxicity, gastrointestinal toxicity, neurotoxicity, and totoxicity,
low water solubility, and drug resistance have limited the clinical
applications of cisplatin. These limitations of cisplatin have moti-
vated extensive investigations into alternative metal-based cancer
therapies. Ruthenium complexes, as the substituents of cisplatin,
possess several favorable properties suited to rational anticancer
drug design and biological applications. A number of ruthenium
o[4,5-f][1,10]phenanthroline;
nanthroline; Bpy, 2,20-bipyr-
yltetrazolium bromide; AO,
thyl sulfoxide; RPMI, Roswell
e; CT-DNA, calf thymus DNA;
ymethyl)aminomethane; ES-
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complexes have been shown to display high anticancer activities.
NAMI-A and KP109 have entered clinical trials [5,6]. Complex
[Ru(bpy)2(dppn)]2þ exhibits high cytotoxicity against human MCF-
7 cancer cell lines comparable to that of cisplatin [7]. [Ru(phen)2(p-
MOPIP)]2þ can effectively inhibit the proliferation of HepG-2 cell
line with low IC50 value (7.2 � 1.3 mM) [8], and [Ru(phen)2-
(DBHIP)]2þ can effectively induce apoptosis of BEL-7402 cell line
[9]. In this report, we report the synthesis, characterization of a new
ligand DNPIP and two ruthenium(II) polypyridyl complexes:
[Ru(bpy)2(DNPIP)]2þ 1 (bpy ¼ 2,20-bipyridine, DNPIP ¼ 2-(2,4-
dinitrophenyl)imidazo [4,5-f][1,10]phenanthroline) and [Ru(bpy)2-
(DAPIP)]2þ 2 (DAPIP ¼ 2-(2,4-diaminophenyl)imidazo [4,5-f][1,10]
phenanthroline, Scheme 1). Their DNA-binding behaviors were
studied by electronic absorption titration, viscosity measurements,
thermal denaturation, and photoactivated cleavage. The results
indicated that complexes 1 and 2 can intercalate between the base
pairs of DNA. The cytotoxicity of complexes 1 and 2 has been
evaluated by MTT (MTT ¼ (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide)) assay. The apoptosis of BEL-7402
cells induced by Ru(II) complexes was also studied. The cellular
uptake with Human hepatocellular carcinoma cell line (BEL-7402)
was carried out and the results were observed under fluorescence
microscopy. The cell cycle arrest was analyzed by flow cytometry.
SAS. All rights reserved.
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Scheme 1. The structure of complexes.
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The antioxidant activity of the ligand and relative complexes was
explored by hydroxyl radical (�OH) scavenging method in vitro.

2. Results and discussion

2.1. Electronic absorption titration

Absorption spectra titrations were performed to determine the
DNA-bindingaffinityof complexes1and2. DNAsamplewas added in
aliquots sequentially to complex solutions, with absorbance spectra
recorded after each addition. The absorption spectra of complexes 1
and 2 in the absence and presence of CT-DNA are given in Fig. 1. As
increasing concentration of DNA, the MLCT (metal-to-ligand charge
transfer) transition bands of complexes 1 at 461 and 2 at 459 nm
exhibit hypochromism of about 24.81 and 25.34%, and bath-
ochromismof2 and3nm, respectively. TheDNA-bindingaffinitywas
derived bymonitoring the change in absorbance of complexes 1 and
2 at the MLCT bands upon addition of CT DNA. The values of K for 1
and2 aredetermined tobe2.24 (�0.30)�105M�1 (s¼1.29) and6.34
(�0.32) � 104 M�1 (s ¼ 2.84), respectively. These values are compa-
rable to that of complexes [Ru(bpy)2(pip)]2þ (4.70� 0.20� 105M�1)
[10], [Ru(bpy)2(m-npip)]2þ (2.40� 0.30� 105M�1) [11], but smaller
than that of [Ru(bpy)2(HBT)]2þ (5.71 � 0.20 � 107 M�1) [12].

2.2. Luminescence studies

Complexes 1 and 2 can luminesce in Tris buffer at room temper-
ature with a maximum appearing at 599 and 600 nm, respectively.
Fig. 2 showed the luminescence spectra of the complexes in the
absence and presence of increasing concentration of DNA in buffer
Fig. 1. Absorption spectra of complexes 1 (a) and 2 (b) in TriseHCl buffer upon addition of
concentration. Plots of (3a�3f)/(3b�3f) versus [DNA] for the titration of DNA with Ru(II) com
solution. The emission intensities of complexes 1 and 2 increase to
5.73 and 1.53 times of the original intensities, respectively. The
enhancement of emission intensity is an indication of binding of the
complexes to the hydrophobic pocket of DNA, and complexes can be
protected efficiently by the hydrophobic environment inside the
DNA helix.

2.3. Viscosity measurements

To investigate further the DNA-bindingmode of complexes 1 and
2, viscositymeasurements onsolutionsof CTDNA incubatedwith the
complexes were performed. It is popularly accepted that a partial
and/or nonclassical intercalation of ligand could bend (or kink) the
DNA helix, reduces its effective length and, concomitantly, its
viscosity; A classical intercalation of a ligand into DNA is known to
cause a significant increase in the viscosity of a DNA solution due to
an increase in the separation of the base pairs at the intercalation site
and, hence, an increase in the overall DNA molecular length [13].
When complexes 1 and 2 are treatedwith CTDNA (0.25mM) and the
concentrations of ruthenium complexes are increased from a ratio of
R ¼ 0e0.16 (R ¼ [Ru]/[DNA]), the relative viscosity of DNA increases
steadily (Fig. 3) in the order 1 > 2. These results showed that
complexes 1 and 2 interact with DNA through intercalative mode.

2.4. Thermal denaturation

The thermal denaturation was studied by monitoring the
change in absorbance spectrum of the DNA solution (l ¼ 260 nm).
The effect of complexes 1 and 2 on the melting temperature of CT
DNA in buffer is shown in Fig. 4. In the absence of any added
CT-DNA. [Ru] ¼ 20 mM. Arrow shows the absorbance change upon the increase of DNA
plexes.



Fig. 2. Emission spectra of complexes (a) 1 and (b) 2 in TriseHCl buffer in the absence and presence of CT-DNA. Arrow shows the intensity change upon increasing DNA
concentrations.
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complexes, the thermal denaturation carried out for DNA gave a Tm
of 59.99 � 0.3 �C under our experimental conditions. The observed
melting temperature in the presence of complexes 1 and 2 were
67.99 � 0.3 �C and 66.85 � 0.3 �C, respectively. Thus, it could be
rationally concluded that the complexes 1 and 2 are a typical DNA
intercalator, and the pep stacking between inserting ligand DNPIP
or DAPIP and base pairs may effectively stabilize the DNA double
helix configuration. The large increases in Tm of the two Ru(II)
complexes (the DTm is 8.00 and 6.86 �C) are comparable to those
observed for Ru(II) complexes [14e17].

2.5. Gel electrophoresis shift assay

The cleavage reaction on plasmid DNA induced by ruthenium(II)
complexes were performed and monitored by agarose gel electro-
phoresis. Fig. 5 showed gel electrophoresis separation of pBR322
DNA after incubation with different concentrations of Ru(II)
complexes and irradiation at 365 nm for 30 min. No obvious DNA
cleavage was observed for control in which complex was absent, or
incubation of the plasmid with the Ru(II) complex in darkness. As
increasing concentrations of complexes 1 and 2, the amount of
Form I (supercoiled form) of pBR 322 DNA diminishes gradually,
whereas that of Form II (circular form) increases. These results
indicate that scission occurs on one strand (nicked). Under the
same experimental conditions, complex 2 exhibits more effective
DNA cleavage activity than complex 1. The different cleaving
Fig. 3. Effect of increasing amounts of complexes 1 ( ) and 2 ( ) on the relative
viscosity of calf thymus DNA at 25 (�0.1) �C. [DNA] ¼ 0.25 mM.
efficiency is not consistent with the DNA-binding affinity of two
Ru(II) complexes.

2.6. Retardation of pGL 3 plasmid DNA

Retardation of pGL 3 DNA was carried out with saline (0.9%) as
buffer solution. DNA condensation into contact structures has been
received considerable attention to understand the mechanism of
uptake of gene vectors in living cells. Fig. 6 showed that complexes
1 and 2 cannot condense the DNAwhen the concentrations of 1 and
2 are 1 and 2mM. However, at the concentrations of 4 and 6mM for
complex 1 or 6 mM for complex 2, the effects of condensation of
DNA were obviously observed.

2.7. Cytotoxicity assay in vitro

The cytotoxicity in vitro assay for complexes was assessed using
the method of MTT reduction. Cisplatin was used as a positive
control. After treatment of BEL-7402, HepG-2 and MCF-7 cell lines
for 48 h with complexes 1 and 2 in the range of concentration
(6.25 / 400 mM). The inhibitory percentage against growth of
cancer cells was determined. The cell viability (%) obtained with
continuous exposure for 48 h are depicted in Fig. 7. The cytotoxicity
of complexes was found to be concentration-dependent. The cell
viability decreased with increasing the concentrations of complexes
1 and 2. The IC50 were calculated and listed in Table 1. The IC50
Fig. 4. Thermal denaturation of CT-DNA in the absence ( ) and presence of complexes
1 ( ) and 2 ( ). [Ru] ¼ 30 mM, [DNA] ¼ 80 mM.



Fig. 5. Photoactivated cleavage of pBR 322 DNA in the presence of different concen-
trations of Ru(II) complexes after irradiation at 365 nm for 30 min.
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values are 45.75, 97.84 and 68.80 for complex 1, 105.48, 52.87 and
77.98 for complex 2, respectively. Comparing the IC50 values of
complexes 1 and 2, complex 2 appeared to be more active against
HepG-2 and MCF-7 cell lines than complex 1. This is not consistent
with the DNA-binding affinities of complexes 1 and 2. Furthermore,
these complexes are lower in cytotoxicity than those of cisplatin
under the identical condition.

2.8. Apoptosis activity

Most of the cytotoxic drugs in current use have been shown to
induce apoptosis in susceptible cells. The fact that disparate agents,
which interact with different targets, induce cell death with some
common features (endonucleolytic cleavage of DNA, changes in
chromatin condensation) suggests that cytotoxicity is determined
by the ability of the cell to engage this so-called “programmed” cell
death [18]. To further address the death pattern, BEL-7402 cells
were stainedwith acridine orange (AO) and ethidium bromide (EB).
The AO/EB staining is sensitive to DNA and was used to access
changes in nuclear morphology. In the absence of complex 2, the
living cells were stained bright green in spots (Fig. 8A). After
treatment of BEL-7402 cells with complex 2 for 48 h, the green
apoptotic cells with apoptotic features such as nuclear shrinkage,
chromatin condensation, as well as red necrotic cells, were
observed (Fig. 8B). Similar results for complex 1were also observed.

2.9. Flow cytometric analysis

The effect of complex 1 on cell cycle of BEL-7402 andHepG-2 cells
was investigated by flow cytometry in PI (propidium iodide) stained
cells after Ru(II) complex treatment for 24 h. Fig. 9 showed the
representativeDNAdistributionhistograms of BEL-7402 andHepG-2
cells in the absence (A for BEL-7402 and C for HepG-2) and presence
of complex 1 (B for BEL-7402 and D for HepG-2). Fig. 9 showed that
the treatment of BEL-7402 cells with complex 1 caused a obvious
increase in the percentage of cells at G2/M phase, accompanied by
corresponding reduction in the percentage of cells in G0/G1 phase,
indicating the induction of G2/M phase arrest by complex 1. While
treatment of HepG-2with complex 1, a large increase (16.27%) in the
percentage of cells at S phase and corresponding reduction at G0/G1
phase were observed, and a concomitant increase in the population
of Sub-G1 phase cells were also observed, which suggested the
antiproliferative mechanism on HepG-2 was S phase arrest. These
Fig. 6. Agarose gel electrophoresis retardation of pGL 3 plasmid DNA in the presence
different concentrations of complexes 1 and 2. Lane 0 (DNA alone); 2: (1) 1 mM; (2)
2 mM; (3) 4 mM; (4) 6 mM. 1: (5) 1 mM; (6) 2 mM; (7) 4 mM; (8) 6 mM
[DNA] ¼ 0.5 mg.
results showed complex 1 exhibited different antiproliferative
mechanism against different cancer cells.

2.10. Cellular uptake

In the functional study, the cellular uptake of complex 2 (50 mM)
by BEL-7402 cells was studied using fluorescence microscopy. After
treatment of BEL-7402 cells with complex 2 for 48 h and removing
the culture medium, the cells were observed under fluorescent
microscopy. As shown in Fig. 10, the bright red fluorescent spots in
the images were observed indicated that the complex 2 can enter
into the cytoplasm and accumulate in the nuclei, however, no any
red fluorescent spot was observed in the control (data not pre-
sented). These results showed that the cellular uptake was
successfully observed. Similar results for complex 1 were also
observed.

2.11. Antioxidant activity against hydroxyl radical (�OH)

Oxidative damage to DNA has been suggested to contribute to
aging and various diseases including cancer and chronic inflam-
mation [19]. Among all reactive oxygen species, the hydroxyl
radical (�OH) is by far the most potent and therefore the most
dangerous oxygen metabolite, elimination of this radical is one of
the major aims of antioxidant administration [20]. The hydroxyl
radical (�OH) in aqueous media was generated by the Fenton
system. The antioxidant activity of complexes 1 and 2 together with
ligand DNPIP was investigated. The inhibitory effect was depicted
in Fig. 11, and the suppression ratio was listed in Table 2. The
average suppression ratio valued from 3.08 to 31.61% for DNPIP,
0.51 to 45.24% for complex 1, 1.08 to 48.33% for complex 2. The
antioxidant activity against hydroxyl radical of complexes 1 and 2 is
comparable under the same experimental condition. It is clear that
complexes 1 and 2 have high antioxidant activity and we can
conclude that the hydroxyl radical scavenging ability can be
enhanced when ligand bonds metal center to form complexes.
Similar results were observed for other ruthenium(II) complexes
[21]. The information obtained from the present work would be
helpful to develop new potential antioxidants and some new
therapeutic reagents for some diseases.

3. Conclusion

Two new ruthenium(II) polypyridyl complexes [Ru(bpy)2-
(DNPIP)]2þ 1 and [Ru(bpy)2(DAPIP)]2þ 2 were synthesized and
characterization. The DNA-binding behaviors show that the two
complexes interact with CT DNA through intercalative mode. The
cytotoxicity assay indicates that complexes 1 and 2 can inhibit the
proliferation. The apoptotic study exhibits that complexes 1 and 2
can effectively induce the apoptosis of BEL-7402 cells. The flow
cytometric analysis shows that treatment of BEL-7402 and HepG-2
cells with complex 1 indicates the induction of G2/M and S phase
arrest, respectively. And the cellular uptake suggests that these
complexes can enter into the cytoplasm and accumulate in the
nuclei. Antioxidant activity shows that the two complexes may be
potential drugs to eliminate the hydroxyl radical.

4. Experimental

4.1. Materials and methods

Calf thymusDNA (CT-DNA)was obtained from the Sino-American
Biotechnology Company. pBR 322 DNAwas obtained from Shanghai
SangonBiological Engineering&Services Co., Ltd. Dimethyl sulfoxide
(DMSO) and RPMI 1640 were purchased from Sigma. Cell lines of



Fig. 7. Cell viability of complexes 1 and 2 on tumor BEL-7402 (a), HepG-2 (b) and MCF-7 (c) cell proliferation in vitro. Each data point is the mean � standard error obtained from at
least three independent experiments.
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BEL-7402 (hepatocellular), HepG-2 (hepatocellular) and MCF-7
(breast cancer) were purchased from American Type Culture
Collection, agarose and ethidium bromide were obtained from
Aldrich. RuCl3$xH2O was purchased from Kunming Institution of
PreciousMetals.1,10-phenanthrolinewas obtained fromGuangzhou
Chemical Reagent Factory. Doubly distilled water was used to
prepare buffers (5 mM Tris(hydroxymethylaminomethane)-HCl,
50 mM NaCl, pH ¼ 7.2). A solution of calf thymus DNA in the buffer
gave a ratio of UV absorbance at 260 and 280 nm of ca. 1.8e1.9:1,
indicating that the DNAwas sufficiently free of protein [22]. The DNA
concentration per nucleotide was determined by absorption spec-
troscopy using the molar absorption coefficient (6600 M�1 cm�1) at
260 nm [23].

Microanalysis (C, H, and N) was carried out with a PerkineElmer
240Q elemental analyzer. Fast atom bombardment (FAB) mass
spectra were recorded on a VG ZAB-HS spectrometer in a 3-nitro-
benzyl alcohol matrix. Electrospray mass spectra (ES-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 spectra were recorded on
a Varian-500 spectrometer. All chemical shifts were given relative
to tetramethylsilane (TMS). UV/Vis spectra were recorded on
a Shimadzu UV-3101PC spectrophotometer at room temperature.
4.2. Synthesis of ligand and complexes

4.2.1. Synthesis of ligand (DNPIP)
A mixture of 1,10-phenanthroline-5,6-dione (0.315 g, 1.5 mmol)

[24], 2,4-dinitrobenzaldehyde (0.294 g, 1.5 mmol), ammonium
acetate (2.31 g, 30 mmol) and glacial acetic acid (20 cm3) was
refluxed with stirring for 2 h. The cooled solution was diluted with
water and neutralized with concentrated aqueous ammonia. The
precipitate was collected and purified by column chromatography
on silica gel (60e100 mesh) with ethanol as eluent to give the
compound as yellow powder. Yield: 80%. Anal. Calcd. for
C19H10N6O4: C, 59.07; H, 2.61; N, 21.75; Found: C, 59.01; H, 2.54;
N, 21.53%. ES-MS:m/z¼ 387.2 [Mþ H]þ. 1H NMR (500MHz, DMSO-
Table 1
The IC50 values of complexes 1 and 2 against the selected cell lines.

Compound IC50(mM)

BEL-7402 HepG-2 MCF-7

1 45.75 � 3.04 97.82 � 3.23 68.80 � 3.15
2 105.48 � 5.13 52.87 � 3.56 77.98 � 3.41
Cisplatin 19.78 � 2.55 25.48 � 3.15 12.24 � 2.55
d6): 9.08 (d, 1H, J ¼ 8.2 Hz), 8.91 (d, 2H, J ¼ 8.0 Hz), 8.79 (d, 1H,
J ¼ 8.5 Hz), 8.75 (d, 1H, J ¼ 8.0 Hz), 8.44 (d, 2H, J ¼ 8.5 Hz), 7.87 (dd,
2H, J ¼ 5.5 Hz, J ¼ 5.0 Hz).

4.2.2. Synthesis of [Ru(bpy)2(DNPIP)](ClO4)2$2H2O (1)
A mixture of cis-[Ru(bpy)2Cl2]$2H2O (0.280 g, 0.5 mmol) [25]

and DNPIP (0.193 g, 0.5 mmol) in ethylene glycol (20 cm3) was
refluxed 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 column chromatography on a neutral alumina with a mixture of
CH3CN-toluene (3:1, v/v) as eluent. The main red band was
collected. The solvent was removed under reduced pressure and
a red powder was obtained. Yield: 71%. Anal. Calcd. for
C39H26N10Cl2O12Ru$2H2O: C, 45.46; H, 2.92; N, 13.54; Found: C,
45.27; H, 3.32; N, 13.48%. ES-MS [CH3CN, m/z]: 799.2
([M�2ClO4eH]þ), 400.3 ([M�2ClO4]2þ). 1H NMR (500 MHz, DMSO-
d6): d 9.08 (d,1H, Hd, J¼ 7.8 Hz), 9.03 (d, 2H, Hc, J¼ 8.0 Hz), 8.87 (dd,
4H, H3,3

0, J ¼ 8.0, J ¼ 8.0 Hz), 8.67 (d, 2H, Ha, J ¼ 8.4 Hz), 8.48 (d, 1H,
He, J¼ 6.5 Hz), 8.24 (t, 2H, H4, J¼ 7.6 Hz), 8.10 (t, 2H, H4

0, J¼ 7.5 Hz),
7.88 (d, 2H, H6, J ¼ 5.5 Hz), 7.82 (d, 2H, H6

0, J ¼ 5.5 Hz), 7.74 (q, 1H,
Hf), 7.60 (dd, 2H, Hb, J ¼ 5.5, J ¼ 6.0 Hz), 7.38 (t, 2H, H5, J ¼ 7.6 Hz),
7.23 (t, 1H, H5

0, J ¼ 7.5 Hz), 7.17 (t, 1H, H5
0, J ¼ 7.8 Hz).

4.2.3. Synthesis of [Ru(bpy)2(DAPIP)](ClO4)2$1.5H2O (2)
A mixture of [Ru(bpy)2(DNPIP)](ClO4)2$2H2O (0.541 g,

0.5 mmol) was completely dissolved in minimum amount of
acetonitrile, Then the Pd/C (0.20 g, 10% Pd), NH2NH2$H2O (8 cm3)
and ethanol (20 cm3) were added in the above solution and
refluxed under argon for 8 h. The hot solution was filtered and
evaporated under reduced pressure to remove the solvent to 6 cm3.
Upon cooling, a red precipitate was obtained by dropwise addition
of saturated aqueous NaClO4 solution. The crude product was
purified by column chromatography on a neutral alumina with
a mixture of CH3CN-toluene (3:1, v/v) as eluent. The main red band
was collected. The solvent was removed under reduced pressure
and a red powder was obtained. Yield: 70%. Anal. Calcd. for
C39H30N10Cl2O8Ru$1.5H2O: C, 48.50; H, 3.45; N, 14.51; Found: C,
48.88; H, 3.89; N, 14.37%. ES-MS [CH3CN,m/z]: 887.00 ([M�ClO4]þ),
738.4 ([M�2ClO4eH]þ), 369.6 ([M�2ClO4]2þ). 1H NMR (500 MHz,
DMSO-d6): d 9.12 (d, 2H, Hc, J ¼ 8.5 Hz), 8.86 (dd, 4H, H3,3

0, J ¼ 8.5,
J ¼ 8.0 Hz), 8.22 (d, 2H, Ha, J ¼ 8.0 Hz), 8.10 (t, 2H, H4, J ¼ 7.5 Hz),
8.01(t, 2H, H4

0, J ¼ 7.0 Hz), 7.84e7.92 (m, 4H, H6,6
0), 7.70 (d, 1H, Hf,

J ¼ 8.0 Hz), 7.59 (t, 4H, H5,5
0, J ¼ 6.5 Hz), 7.34 (t, 2H, Hb, J ¼ 6.5 Hz),

6.05 (t, 2H, Hd,e, J ¼ 7.8 Hz), 5.47 (s, 4H, HNH2
).

Caution: Perchlorate salts of metal compounds with organic
ligands are potentially explosive, and only small amounts of the
material should be prepared and handled with great care.



Fig. 8. BEL-7402 cell was stained by AO/EB and observed under fluorescence microscopy. BEL-7402 cell without treatment (A) and in the presence of complex 2 (B) incubated at
37 �C and 5% CO2 for 48 h. Cells in a, b and c are living, apoptotic and necrotic cells, respectively.
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4.3. DNA binding and photoactivated cleavage

The DNA-binding and photoactivated cleavage experiments
were performed at room temperature. Buffer A [5 mM tris(hy-
droxymethyl)aminomethane (Tris) hydrochloride, 50 mM NaCl, pH
7.0] was used for absorption titration, luminescence titration and
viscosity measurements. Buffer B (50 mM TriseHCl, 18 mM NaCl,
pH 7.2) was used for DNA photocleavage experiments. Buffer C
(1.5 mM Na2HPO4, 0.5 mM NaH2PO4, 0.25 mM Na2EDTA, pH 7.0)
was used for thermal DNA denaturation experiments. Buffer D
(0.9% of physiological saline) was used for retardation assay of pGL
3 plasmid DNA.

The absorption titrations of the complex in buffer were per-
formed using a fixed concentration (20 mM) for complex to which
increments of the DNA stock solution were added. Ru-DNA solu-
tions were allowed to incubate for 5 min before the absorption
spectra were recorded. The intrinsic binding constants K, based on
the absorption titration, were measured bymonitoring the changes
of absorption in the MLCT band with increasing concentration of
DNA using the following equation [26].

�
3a�3f

�.�
3b�3f

�
¼ b�

�
b2�2K2Ct ½DNA�=s

�1=2
=2KCt (1a)

ðb ¼ 1þ KCtþK½DNA�=2sÞ (1b)

where [DNA] is the concentration of CT-DNA in base pairs, the
apparent absorption coefficients 3a, 3f and 3b correspond to Aobsed/
[Ru], the absorbance for the free ruthenium complex, and the
absorbance for the ruthenium complex in fully bound form,
respectively. K is the equilibrium binding constant, Ct is the total
metal complex concentration in nucleotides and s is the binding
site size.

Viscosity measurements were carried out using an Ubbelodhe
viscometermaintained at a constant temperature at 25.0 (�0.1) �C in
a thermostatic bath. DNA samples approximately 200 base pairs in
average length were prepared by sonicating in order to minimize
complexities arising from DNA flexibility [27]. Flow time was
measured with a digital stopwatch, and each sample was measured
three times, and an average flow time was calculated. Relative
viscosities for DNA in the presence and absence of complexes were
calculated fromthe relationh¼ (t�t0)/t0,where t is theobservedflow
time of the DNA-containing solution and t0 is the flow time of buffer
alone [13,28]. Data were presented as (h/h0)1/3 versus binding ratio
[29],whereh is theviscosityofDNA in thepresence of complexes and
h0 is the viscosity of DNA alone.

Thermal denaturation studies were carried out with a Per-
kineElmer Lambda 35 spectrophotometer equipped with a Peltier
temperature-controlling programmer (�0.1 �C). The melting
temperature (Tm) was taken as the mid-point of the hyperchromic
transition. The melting curves were obtained by measuring the
absorbance at 260 nm for solutions of CT-DNA (80 mM) in the
absence and presence of the Ru(II) complex (30 mM) as a function of
the temperature. The temperature was scanned from 50 to 90 �C at
a speed of 1 �C min�1.

For the gel electrophoresis experiment, supercoiled pBR 322
DNA (0.1 mg) was treated with the Ru(II) complexes in buffer B, and
the solution was then irradiated at room temperature with a UV
lamp (365 nm, 10 W). The samples were analyzed by electropho-
resis for 1.5 h at 80 V on a 0.8% agarose gel in TBE (89 mM Tris-
borate acid, 2 mM EDTA, pH ¼ 8.3). The gel was stained with
1 mg/ml ethidium bromide and photographed on an Alpha Innotech
ISe5500 fluorescence chemiluminescence and visible imaging
system.

4.4. Cytotoxicity assay in vitro

Standard 3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium
bromide (MTT) assay procedures were used [30]. 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. Compounds tested
were then added to the wells to achieve final concentrations
ranging from 10�6 to 10�4 M. Control wells were prepared by
addition of culture medium (100 mL). The culture medium and
cisplatin were used as negative and positive control, respectively.
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 mL,
5 mg mL�1) was added to each well. After 4 h incubation, buffer
(100 mL) containing N,N-dimethylformamide (50%) and sodium
dodecyl sulfate (20%) was added to solubilize the MTT formazan.
The optical density of each well was thenmeasured on amicroplate
spectrophotometer at a wavelength of 490 nm. The IC50 values
were determined by plotting the percentage viability versus



Fig. 9. Cell cycle status of the BEL-7402 and HepG-2 cells after treatment with complex 1 (25 mM) for 24 h. A (untreatment of BEL-7402), B (complex 1 þ BEL-7402), C (untreatment
of HepG-2) and D (complex 1 þ HepG-2).

Fig. 10. BEL-7402 cells incubated with complex 2 (50 mM) for 48 h. A imaged by fluorescence microscopy. B imaged under fluorescence and visible light. Note that the cytoplasm is
stained with the Ru(II) complex.
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Fig. 11. Scavenging effect of the ligand DNPIP and complexes 1 and 2 on hydroxyl
radicals. Experiments were performed in triplicate.
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concentration on a logarithmic graph and reading off the concen-
tration at which 50% of cells remain viable relative to the control.
Each experiment was repeated at least three times to get the mean
values. Three different tumor cell lines were the subjects of this
study: BEL-7402, HepG-2 and MCF-7.

4.5. Apoptosis assessment by AO/EB staining

Apoptosis studies were performed with a staining method
utilizing acridine orange (AO) and ethidium bromide (EB) [31].
According to the difference in membrane integrity between
necrotic and apoptosis. AO can pass through cell membrane, but EB
cannot. Under fluorescence microscope, living cells appear green.
Necrotic cells stain red but have a nuclear morphology resembling
that of viable cells. Apoptosis cells appear green, andmorphological
changes such as cell blebbing and formation of apoptotic bodies
will be observed.

Amonolayer of BEL-7402 cells was incubated in the absence and
presence of complex 2 at concentration of 25 mM at 37 �C and 5%
CO2 for 48 h. Then each cell culture was stained with AO/EB solu-
tion (100 mg ml�1 AO, 100 mg ml�1 EB). Samples were observed
under a fluorescence microscope.

4.6. Flow cytometric analysis

BEL-7402 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
10% FBS and incubated at 37 �C and 5% CO2. The medium was
removed and replaced with medium (final DMSO concentration, 1%
v/v) containing complex 1 (25 mM). After incubation for 24 h or
48 h, the cell layer was trypsinized and washed with cold PBS
(phosphate buffered saline) and fixed with 70% ethanol. 20 mL of
RNAse (0.2 mg/ml) and 20 mL of propidium iodide (0.02 mg/ml)
Table 2
The scavenging ratios (%) of ligand and complexes against �OH.

Comp Average inhibition (%) for �OH

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 (mM)

DNPIP 3.08 3.34 3.86 11.57 12.34 15.94 22.11 24.94 31.61
1 0.51 2.06 4.88 12.08 20.57 26.48 31.88 43.44 45.24
2 1.80 3.08 6.43 7.71 15.17 22.62 25.71 34.19 48.33
were added to the cell suspensions and incubated at 37 �C for
30 min. Then the samples were analyzed by a FACS Calibur flow
cytometer (Becton Dickinson & Co., Franklin Lakes, NJ). The number
of cells analyzed for each sample was 10,000 [32].

4.7. Celluar uptake study

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.
Compounds tested (50 mM) were then 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 PBS, after removing the culture medium, the cells were
visualized under fluorescent microscopy.

4.8. Scavenger measurements of hydroxyl radical (�OH)

The hydroxyl radical (�OH) in aqueous media was generated by
the Fenton system [18]. The solution of the tested complexes was
prepared with DMF (N,N-dimethylformamide). The 5 ml of assay
mixture contained following reagents: safranin (28.5 mM), EDTA-
Fe(II) (100 mM), H2O2 (44.0 mM), the tested compounds
(0.5e4.5 mM) and a phosphate buffer (67 mM, pH ¼ 7.4). The assay
mixtures were incubated at 37 �C for 30 min in a water bath. Then
the absorbance was measured at 520 nm. All the tests were run in
triplicate and expressed as the mean. Ai was the absorbance in the
presence of the tested compound; A0 was the absorbance in
the absence of tested compounds; Ac was the absorbance in the
absence of tested compound, EDTA-Fe(II), H2O2. The suppression
ratio (ha) was calculated on the basis of (Ai�A0)/(Ac�A0) � 100%.
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