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Two new ligands APIP, HAPIP and their relative ruthenium(II) complexes [Ru(bpy),(APIP)](ClO4), 1 and
[Ru(bpy)2(HAPIP)](ClO4), 2 have been synthesized and characterized. The DNA binding constants for
complexes 1 and 2 have been determined to be 6.08 (+0.29) x 10*M~! and 1.78 (£0.30) x 10° M.
The results suggest that these complexes intercalate between the base pairs of DNA. The cytotoxicity
of complexes has been evaluated by MTT assay. The apoptosis assay was carried out with AO/EB staining
methods. The cellular uptake was observed under fluorescence microscopy. The studies on the mecha-
nism of photocleavage demonstrate that superoxide anion radical (0,~) and singlet oxygen (0,) may
play an important role. The antioxidant activity against hydroxyl radical (‘OH) was also studied.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, many researchers have focused on the studies of
interaction of small molecules with DNA [1-7]. DNA is generally
the primary intracellular target of anticancer drugs, so the interac-
tion between small molecules and DNA can cause DNA damage in
cancer cells, blocking the division of cancer cells, and resulting in
cell death [8,9]. The studies on the interaction of transition metal
complexes with DNA continue to attract the attention of researcher
due to their importance in design and development of synthetic
restriction enzymes, chemotherapeutic drugs and DNA foot print-
ing agents, DNA cleavage agents and DNA “molecular light switch”
[10-14]. Generally, small molecule can interact with DNA through
the three non-covalent modes: groove binding, intercalation, and

Abbreviations:  APIP, 2-(2-aminophenyl)imidazo[4,5-f][1,10]phenanthroline;
HAPIP, 2-(2-hydroxyl-5-aminophenyl)imidazo[4,5-f][1,10]phenanthroline; CT DNA,
calf thymus DNA; bpy, 2,2'-bipyridine; AO, acridine orange; EB, ethidium bromide;
DMSO, dimethylsulfoxide; RPMI, Roswell Park Memorial Institute; MLCT, metal to
ligand charge transfer; Tris, tris(hydroxymethyl)aminomethane; ES-MS, electrospray
mass spectroscopy; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide.
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external static electronic effects. The studies on the DNA-binding
behaviors of ruthenium complexes have attracted great attention,
and some of them exhibit interesting properties. However, little
is known about their in vitro behaviors. Only a few studies have
focused on their intracellular accumulation and antiproliferative
properties [15-19]. These studies found some complexes to
possess excellent antitumor activity and might be as potential
candidate for drugs. In fact, the activity of many anticancer, anti-
malarial and antibacterical agents finds its origin in intercalative
interactions with DNA [20]. In this study, we report the synthesis,
characterization, DNA-binding, cytotoxicity, apoptosis, cellular up-
take and antioxidant activity of two new ruthenium(II) polypyridyl
complexes [Ru(bpy),(APIP)](ClO4); 1 (bpy = 2,2’-bipyridine, APIP =
2-(2-aminophenyl)imidazo[4,5-f][1,10]phenanthroline) and [Ru-
(bpy )2(HAPIP)](CIO4), 2 (HAPIP = 2-(2-hydroxyl-5-aminophenyl)-
imidazo[4,5-f][1,10]phenanthroline, Scheme 1). The DNA-binding
behaviors were studied by spectroscopic titration, viscosity mea-
surements, thermal denaturation and photocleavage. The spectro-
scopic titration and viscosity changes of calf thymus DNA (CT DNA)
show these complexes interact with DNA through intercalative
mode. The cytotoxicity of complexes has been evaluated by MTT
(3-(4,5-dimethylthiazol-2-yl1)2,5-diphenyltetrazolium bromide) as-
say. The apoptosis of BEL-7402 cells induced by Ru(Il) complexes
was investigated. The retardation assay of pGL 3 plasmid DNA by
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Scheme 1. The structure of complexes.

complexes 1 and 2 was also explored. The cellular uptake shows
that complexes can easily enter into the cytoplasm and accumulate
in the nuclei. The antioxidant activity of ligands and complexes was
performed by hydroxyl radical scavenging method. The studies on
the mechanism of photocleavage reveal that singlet oxygen (10,)
and superoxide anion radical (O,"~) may play an important role.

2. Experimental
2.1. Materials and methods

Calf thymus DNA (CT DNA) was obtained from the Sino-
American Biotechnology Company. pBR 322 DNA was obtained
from Shanghai Sangon Biological Engineering & Services Co., Ltd.
Dimethyl sulfoxide (DMSO) and RPMI 1640 were purchased from
Sigma. Cell lines of BEL-7402 (hepatocellular), HepG-2 (hepatocel-
lular) and MCF-7 (breast cancer) were purchased from American
Type Culture Collection, agarose and ethidium bromide were ob-
tained from Aldrich. RuCl;-xH,O was purchased from Kunming
Institution of Precious Metals. 1,10-Phenanthroline was obtained
from Guangzhou Chemical Reagent Factory. Doubly distilled water
was used to prepare buffers (5 mM tris(hydroxymethylaminome-
thane)-HCI, 50 mM NacCl, pH 7.2). A solution of calf thymus DNA
in the buffer gave a ratio of UV absorbance at 260 and 280 nm of
ca. 1.8-1.9:1, indicating that the DNA was sufficiently free of pro-
tein [21]. The DNA concentration per nucleotide was determined
by absorption spectroscopy using the molar absorption coefficient
(6600 M~! cm™!) at 260 nm [22].

Microanalysis (C, H, and N) was carried out with a Perkin-Elmer
240Q elemental analyzer. Fast atom bombardment (FAB) mass
spectra were recorded on a VG ZAB-HS spectrometer in a
3-nitrobenzyl alcohol matrix. Electrospray mass spectra (ES-MS)
were recorded on a LCQ system (Finnigan MAT, USA) using meth-
anol as mobile phase. The spray voltage, tube lens offset, capillary
voltage and capillary temperature were set at 4.50 kV, 30.00V,
23.00V and 200 °C, respectively, and the quoted m/z values are
for the major peaks in the isotope distribution. '"H 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. Luminescence spectra were recorded on a
Shimadzu RF-2000 spectrophotometer at room temperature.

2.2. Synthesis of ligands and complexes

2.2.1. 2-(2-Aminophenyl)imidazo[4,5-f][1,10]phenanthroline (APIP)
A mixture of 2-(2-nitrophenyl)imidazo[4,5-f][1,10]phenanthro-
line (0.171 g, 0.5 mmol) (NPIP) [23] was completely dissolved in
ethanol (50 cm?®) with stirring for 1 h. Then the Pd/C (0.20 g, 10%
Pd) and NH,NH,-H,0 (8 cm®) were added in the above solution
and refluxed for 6 h. The hot solution was filtered and evaporated
to remove the solvent under reduced pressure. The red compound

obtained was washed with cold ethanol and dried at 50 °C in vac-
cuo. Yield: 73%. Anal. Calc. for C;gH;3Ns: C, 73.30; H, 4.21; N, 22.49.
Found: C, 73.16; H, 4.13; N, 22.38%. FAB-MS: m/z =312 [M+1]". 'H
NMR (500 MHz, DMSO-dg): 9.05 (d, 2H, H, J = 8.0 Hz), 8.98 (d, 2H,
H,, J=8.2 Hz), 8.02-8.05 (m, 2H, H;), 7.83 (d, 1H, Hg, J=8.0 Hz),
7.18-7.35 (m, 1H, H.), 6.92 (d, 1H, H¢, J=8.0 Hz), 6.74 (t, 1H, Hg,
J=7.6Hz), 3.36 (s, 2H, Hyna).

2.2.2. 2-(2-Hydroxyl-5-aminophenyl)imidazo[4,5-f][1,10]phenan-
throline (HAPIP)

This compound was prepared with the similar method de-
scribed for APIP, with 2-(2-hydroxyl-5-nitrophenyl)imidazo[4,5-
f][1,10]phenanthroline (0.179 g, 0.5 mmol) [24] in place of APIP.
Yield: 72%. Anal. Calc. for C;gH13Ns0O: C, 69.72; H, 4.00; N, 21.39.
Found: C, 69.60; H, 4.13; N, 21.52%. FAB-MS: m/z=328 [M+1]".
'H NMR (500 MHz, DMSO-dg): 9.06 (d, 2H, H, ] = 8.2 Hz), 8.98 (d,
2H, H,, J=7.5Hz), 7.87 (dd, 2H, Hy, J=8.0Hz), 7.43 (d, 1H, Hg,
J=8.0Hz), 6.84 (d, 1H, Hy, ] = 8.6 Hz), 6.73-6.75 (m, 1H, H.), 4.78
(S, 1H, HOH)s 3.39 (S, 2H, HNHZ)-

2.2.3. Synthesis of [Ru(bpy)>(APIP)](ClOy4), (1)

[Ru(bpy)(NPIP)](Cl04), (0.485¢g, 0.5 mmol) [23] was com-
pletely dissolved in acetonitrile. Then the ethanol of 45 cm?, Pd/C
(0.20 g, 10% Pd) and NH,NH,-H,0 (8 cm?®) were added in the above
solution and refluxed under argon for 8 h to give a clear red solu-
tion. 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 eluant. The mainly red
band was collected. The solvent was removed under reduced pres-
sure and a red powder was obtained. Yield: 71%. Anal. Calc. for
C39H29NgCl,0gRu: C, 50.71; H, 3.16; N, 13.65. Found: C, 50.48; H,
3.28; N, 13.59%. ESI-MS [CH3CN, m/z]: 723.4 ([M-2ClO4-H]"),
362.3 ([M-2Cl04]?*). '"H NMR (500 MHz, DMSO-dg): & 8.91 (dd,
4H, Hs 3, J= 8.4, ] =8.5Hz), 8.80 (d, 2H, H,, J= 8.2 Hz), 8.21-8.27
(m, 4H, Hy4), 8.14 (t, 2H, J=7.5Hz), 7.85 (d, 4H, Heg, J = 6.0 Hz),
7.58-7.66 (m, 2H, Hy), 7.36 (t, 4H, Hss, J=7.6 Hz), 7.20 (t, 1H,
Hq, J=7.5Hz), 6.98-7.03 (m, 1H, Hy), 6.92 (t, 1H, H,, J=7.8 Hz),
6.72 (t, 1H, Hy, J = 7.8 Hz), 3.37 (s, 2H, Hyuy).

2.2.4. Synthesis of [Ru(bpy)>(HAPIP)](ClO,4)> (2)

A mixture of cis-[Ru(bpy),Cl,]-2H,0 [25] (0.260 g, 0.5 mmol)
and HAPIP (0.164 g, 0.5 mmol) in ethanol (30 cm?®) 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 NaClO, solution. The crude product was purified by
column chromatography on a neutral alumina with a mixture of
CH5CN-toluene (3:1, v/v) as eluant. The mainly red band was
collected. The solvent was removed under reduced pressure
and a red powder was obtained. Yield: 70%. Anal. Calc. for
C39H29NgCl,09Ru: C, 49.85; H, 3.11; N, 13.42. Found: C, 50.28; H,
3.54; N, 13.48%. ESI-MS [CHs3CN, m/z]: 739.7 ([M-2ClO4-H]"),
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370.4 ([M-2Cl04]*"). 'TH NMR (500 MHz, DMSO-dg): & 8.88 (t, 4H,
Hs3, J=5.0Hz), 8.84 (d, 2H, H., J=8.0Hz), 8.21 (t, 2H, Hy,
J=7.0Hz), 8.11 (t, 2H, Hy, J=7.0Hz), 7.88 (d, 2H, H,, ] =8.0 Hz),
7.80 (d, 2H, Hg, J=7.8 Hz), 7.74 (d, 2H, Hg, J=7.7 Hz), 7.65 (d,
1H, Hy, J=7.5Hz), 7.59 (t, 4H, Hss, J=5.0Hz), 7.36 (t, 2H, H,
J=6.0Hz), 6.63 (d, 1H, H,, J=8.5 Hz), 6.48 (d, 1H, Hy, J=7.5 Hz),
4.52 (S, 1H, HOH)- 3.37 (S, 2H, HNHZ)-

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

2.3. DNA-binding studies

The DNA-binding and photoactivated cleavage experiments
were performed at room temperature. Buffer A (5 mM tris-
(hydroxymethyl)aminomethane (Tris) hydrochloride, 50 mM Nacl,
pH 7.0) was used for absorption titration, luminescence titration
and viscosity measurements. Buffer B (50 mM Tris-HCl, 18 mM
NacCl, pH 7.2) was used for DNA photocleavage experiments. Buffer
C (1.5 mM Na,HPO,, 0.5 mM NaH,P0,4, 0.25 mM Na,EDTA, 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 pM) 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 by monitoring the
changes of absorption in the MLCT band with increasing concen-
tration of DNA using the following equation [26]:

[DNAJ/(ea — &) = [DNA] /(e — &) + 1/[Kb (& — &)] (1)

where [DNA] is the concentration of DNA in base pairs, &, & and ¢,
correspond to the apparent absorption coefficient Aobsd/[Ru], the
extinction coefficient for the free ruthenium complex and the
extinction coefficient for the ruthenium complex in the fully bound
form, respectively. In plots of [DNA]/(&, — &) versus [DNA], K} is
given by the ratio of slope to the intercept.

Thermal denaturation studies were carried out with a Perkin-
Elmer Lambda 35 spectrophotometer equipped with a Peltier
temperature-controlling programmer (+0.1°C). The melting
temperature (T,,) 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 ptM) in the ab-
sence and presence of the Ru(ll) complex (30 uM) as a function
of the temperature. The temperature was scanned from 40 to
90°C at a speed of 1°Cmin~!. The data were presented as
(A — Ao)/(Af— Ap) versus temperature, where A, Ao, and Ay are the
observed, the initial, and the final absorbance at 260 nm,
respectively.

Viscosity measurements were carried out using an Ubbelodhe
viscometer maintained 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 mea-
sured three times, and an average flow time was calculated. Rela-
tive viscosities for DNA in the presence and absence of complexes
were calculated from the relation # = (t — t°)/t°, where ¢ is the ob-
served flow time of the DNA-containing solution and t° is the flow
time of buffer alone [28,29]. Data were presented as (/1)!/> versus
binding ratio [30], where # is the viscosity of DNA in the presence
of complexes and # is the viscosity of DNA alone.

For the gel electrophoresis experiment, supercoiled pBR 322
DNA (0.1 pg) was treated with the Ru(Il) 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 electro-
phoresis for 1.5h at 80V on a 1.0% agarose gel in TBE (89 mM
Tris-borate acid, 2 mM EDTA, pH 8.3). The gel was stained with
1 pg/ml ethidium bromide and photographed on an Alpha Inno-
tech IS-5500 fluorescence chemiluminescence and visible imaging
system.

2.4. Cytotoxicity assay

Cytotoxicity of APIP, HAPIP, complexes 1 and 2 was evaluated
used standard MTT (3-(4,5-dimethylthiazole)-2,5-diphenyltetra-
azolium bromide) assay [31]. Cells were placed in 96-well microas-
say culture plates (8 x 10> cells per well) and grown overnight at
37 °C in a 5% CO, incubator. Compounds tested were then added
to the wells to achieve final concentrations ranging from 6.25 to
400 pM. Control wells were prepared by addition of culture med-
ium (100 pL). Wells containing culture medium without cells were
used as blanks. The plates were incubated at 37 °C in a 5% CO,
incubator for 48 h. Upon completion of the incubation, stock MTT
dye solution (20 puL, 5mg mL~!) was added to each well. After
4 h incubation, buffer (100 pL) containing N,N-dimethylformamide
(50%) and sodium dodecyl sulfate (20%) was added to solubilize the
MTT formazan. The optical density of each well was then measured
on a microplate spectrophotometer at a wavelength of 490 nm. The
ICso values were determined by plotting the percentage viability
versus concentration on a logarithmic graph and reading off the
concentration 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 (hepatocellular), HepG-2 (hepatocellular)
and MCF-7 (breast cancer) (purchased from American Type Culture
Collection).

2.5. Apoptosis study

Apoptosis studies were performed with a staining method
utilizing acridine orange (AO) and ethidium bromide (EB) [32].
According to the difference in membrane integrity between necro-
tic and apoptosis. AO can pass through cell membrane, but EB
cannot. Under fluorescence microscope, live cells appear green.
Necrotic cells stain red but have a nuclear morphology resembling
that of viable cells. Apoptosis cells appear green, and morphologi-
cal changes such as cell blebbing and formation of apoptotic bodies
will be observed.

A monolayer of BEL-7402 cells was incubated in the absence or
presence of complex 2 at concentration of 50 uM at 37 °C and 5%
CO,, for 48 h. After 48 h, each cell culture was stained with AO/EB
solution (100 ug ml~! A0, 100 pg ml~! EB). Samples were observed
under a fluorescence microscope.

2.6. Cellular uptake

Cells were placed in 24-well microassay culture plates (4 x 10%
cells per well) and grown overnight at 37 °C in a 5% CO, incubator.
Complexes tested were then added to the wells. The plates were
incubated at 37 °C in a 5% CO, incubator for 48 h. Upon completion
of the incubation, the wells were washed three times with phos-
phate buffered saline (PBS), after removing the culture media in
the wells. The cells were visualized by fluorescent microscopy.

2.7. Scavenger measurements of hydroxyl radical (‘OH)
Scavenger measurements of hydroxyl radical (‘OH) were carried

out in aqueous media. The hydroxyl radical (‘OH) was generated by
the Fenton system [33]. The solution of the tested complexes was
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prepared with DMF (N,N-dimethylformamide). The 5 ml of assay
mixture contained following reagents: safranin (28.5 uM), EDTA-
Fe(Il) (100 uM), H,0, (44.0 uM), the tested compounds (0.5-
4.5 uM) and a phosphate buffer (67 mM, pH 7.4). The assay mix-
tures were incubated at 37 °C for 30 min in a water bath. After
which, the absorbance was measured at 520 nm. All the tests were
run in triplicate and expressed as the mean. A; was the absorbance
in the presence of the tested compound; Ay was the absorbance in
the absence of tested compounds; A; was the absorbance in the
absence of tested compound, EDTA-Fe(Il), H,0,. The suppression
ratio (77,) was calculated on the basis of (A; — Ao)/(Ac — Ao) x 100%.

3. Results and discussion
3.1. Viscosity measurements

To investigate the DNA-binding mode of complexes 1 and 2, vis-
cosity measurements on solutions of CT DNA incubated with the
complexes were carried out. It is well known that a classical inter-
calation of a ligand into DNA is known to cause a significant in-
crease in the viscosity of a DNA solution due to an increase in
the separation of the base pairs at the intercalative site and, hence,
an increase in the overall DNA molecular length [29]. Fig. 1 shows
the change in the relative viscosity of CT DNA on addition of com-
plexes 1 and 2 together with those of [Ru(bpy)s]**. It is well known
complex [Ru(bpy)s]** to bind with DNA only through electrostatic
mode. No obvious effect of [Ru(bpy)s;]>* on the relative viscosity of
the DNA solution was observed. On increasing the amounts of
complexes 1 and 2, the relative viscosity of CT DNA solution in-
crease steadily. These results suggest that complexes 1 and 2 inter-
calate between the base pairs of DNA. Similar results were also
observed for the other complexes [34-36].

3.2. Absorption spectra titration

Electronic absorption spectroscopy is one of the most useful
techniques for DNA-binding studies of metal complexes [37,38].
The absorption spectra of the complexes 1 and 2 (20 pM) in the
presence of CT DNA are shown in Fig. 2. As the DNA concentration
is increased, the MCLT (metal-to-ligand charge transfer) transition
bands of complexes 1 at 458 and 2 at 459 nm exhibit hypochro-
mism of about 30.48 and 17.87%, and bathchromism of 2 and
3 nm, respectively. These spectral characteristics may suggest a
mode of binding that involves a stacking interaction between the
aromatic chromophore and the DNA base pairs. In order to
elucidate the binding strength of the complexes, the DNA-binding
constants K were determined by monitoring the changes of

F=m=complex 1
—@— complex 2
1.20 - —a—[Ru(bpy) ]

e A Y

000 004 008 012 0.6
[Ru)/[DNA]

Fig. 1. Effect of increasing amounts of complexes [Ru(bpy)s]** (a), 1 (M) and 2 (®)
on the relative viscosity of calf thymus DNA at 25 (+0.1) °C. [DNA] = 0.25 mM.

absorbance in the MLCT band with increasing concentration of
CT DNA. The values of K are 6.08 (+0.29) x 10*M~' and 1.78
(#0.29) x 10°M ! for 1 and 2. It is obvious that the K values of
complexes 1 and 2 are comparable with those of other known
DNA-intercalative complexes: [Ru(NHs5)4(dppz)]** (1.24 x 10%)
[39], [Ru(bpy),(PPIP)]?* (4.30 x 10*M~!) [40] and [Ru(dmb),-
(DBHIP)]** (8.64 + 0.16 x 10* M~") [41], but is not as large as that
of classical DNA-intercalator [Ru(bpy),(dppz)]>* (4.90 x 10° M~ 1)
[42].

3.3. Luminescence spectra

The luminescence spectra have been confirmed to be effective
for characterizing the binding mode of the metal complexes to
DNA [43,44]. Complexes 1 and 2 can emit luminescence in Tris—
HCI buffer at ambient temperature with a maximum appearing
at 599 and 600 nm. The enhancements in the emission intensity
of complexes 1 and 2 with increasing CT DNA concentrations are
given in Fig. 3. Upon addition of DNA, the emission intensities of
complexes 1 and 2 increase about 1.63 and 1.88 times larger than
the original and saturate at a ration of [DNA]/[Ru] = 15.4 and 14.6,
respectively. The phenomenon was related to the extent to which
the complexes penetrate into the hydrophobic environment inside
the DNA, thereby avoiding the quenching effect of solvent water
molecules. The binding constants of the complexes interacting
with DNA from the emission spectra can be derived using the lumi-
nescence titration method. The binding data obtained from the
emission spectra were fitted using the McGhee and von Hippel
equation [45] to acquire the binding parameters. The intrinsic
binding constants K, of 2.91 (#0.22) x 10* (s=1.01) and 3.19
(#0.18) x 10°M~! (s=1.05) for complexes 1 and 2 were deter-
mined. Comparing with that obtained from absorption spectra,
the binding constants obtained from luminescence titration with
McGhee-von Hippel method are the same magnitude with that ob-
tained from absorption titration method.

3.4. Thermal denaturation study

Generally, the melting temperature of DNA increases when me-
tal complexes bind to DNA by intercalation, as intercalation of
complexes between DNA base pairs can cause stabilization of base
stacking and hence raises the melting temperature of double-
strand DNA. As is shown in Fig. 4, in the absence of any added com-
plexes, the thermal denaturation carried out for DNA gave a T, of
61.59 + 0.5 °C under our experimental conditions. In the presence
of complexes 1 and 2, the T,, is 66.66 +0.5 and 68.23 £ 0.5 °C.
The melting point increased by +5.07 for complex 1 and +6.64 °C
for complex 2. The increase in T,, of DNA with the two Ru(Il) com-
plexes are comparable to those observed for classical intercalators
[46,47].

3.5. Photocleavage by Ru(Il) complexes

It is well known that DNA cleavage is controlled by relaxation of
supercoiled circular conformation of pBR 322 DNA to nicked circu-
lar and/or linear conformations. When electrophoresis is applied to
circular plasmid DNA, the fastest migration will be observed for
DNA of closed circular conformation (Form I). If one strand is
cleaved, the supercoil will relax to product a slower moving nicked
conformation (Form II). If both strands are cleaved, a linear confor-
mation (Form III) will be generated that migrates in between. As
shown in Fig. 5, no obvious cleavage was observed for the control
in which metal complexes was absent (DNA alone), or incubation
of the plasmid with the Ru(II) complexes in the dark. With increas-
ing concentration of complexes, the Form I decrease and Form II
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Fig. 2. Absorption spectra of complex 1 (a) and 2 (b) in Tris—HCl buffer upon addition of CT-DNA. [Ru] = 20 pM. Arrow shows the absorbance change upon the increase of DNA
concentration. Plots of [DNA]/(e, — &) versus [DNA] for the titration of DNA with Ru(Il) complexes.
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Fig. 3. Luminescence spectra of complexes 1 (a) and 2 (b) in Tris-HCl buffer upon addition of CT DNA. [Ru] = 5 pM. Arrow shows the intensity change upon the increase of

DNA concentration. Inset: Scatchard plot of each complex.
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Fig. 4. Thermal denaturation of CT DNA in the absence (M) and presence of
complexes 1 (@) and 2 (a). [Ru] =30 puM, [DNA] = 80 pM.

increase gradually. At the concentration of 16 M, both complexes
can completely cleave the plasmid DNA.

To investigate the role of radicals in the DNA cleavage by the
complexes, reactions were carried out by incubating the complexes
1 and 2 with DNA in presence of hydroxyl radical scavengers
(p-mannitol and DMSO), singlet oxygen scavenger (L-histidine),
and a superoxide scavenger (superoxide dismutase, SOD). Fig. 6
shows that the DNA cleavage of the plasmid by complexes 1 and
2 was not inhibited in the presence of hydroxyl radical (‘OH) scav-
engers such as mannitol and DMSO, which indicated that hydroxyl
radical was not likely to be the cleaving agent. In the presence of
SOD, a facile superoxide anion radical (O, ™) quencher, the cleavage

of DNA was improved. Partial inhibition of DNA cleavage was ob-
served in presence of histidine, suggesting that 10, is likely to be
the reactive species responsible for the cleavage reaction. These re-
sults demonstrate that superoxide anion radical (Oy"~) and singlet
oxygen ('0,) may play important role in the cleavage of the plas-
mid DNA.

3.6. Condensation of pGL 3 plasmid DNA by Ru(Il) complexes

When the positively charged cationic metal complexes meet
the negatively charged plasmid DNA, adduct of complex-DNA is
formed by the condensation process between the metal complexes
and DNA. The abilities of cationic metal complexes to condense
plasmid DNA into particular structure is a primary prerequisite
for efficient gene transfection and cellular uptake. In order to
evaluate the abilities of complexes 1 and 2 to condense DNA, the
retardation of pGL 3 plasmid DNA was performed. Fig. 7 shows
when the concentrations of complexes 1 and 2 are 1 and 2 mM,
both complexes cannot condense the DNA, however, at high con-
centrations of 6 mM for complex 1, or 4 and 6 mM for complex
2, the effects of condensation of DNA were obviously observed.

3.7. Cytotoxicity assay in vitro

The potential antiproliferative effects of complexes 1 and 2 on
the viability of tumor cell lines (BEL-7402, HepG-2, and MCF-7)
were detected by the MTT assay. Cisplatin was used as a positive
control. The concentrations which showed 50% (ICso) inhibition
of the cell viability were calculated and the results were listed in
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Fig. 5. Photoactivated cleavage of pBR 322 DNA in the presence of different concentrations of Ru(Il) complexes after irradiation at 365 nm for 30 min.
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Fig. 6. Photoactivated cleavage of supercoiled pBR 322 DNA by complexes 1 and 2 (20 pM) in the absence and presence of different inhibitors [100 mM mannitol, 200 mM
dimethyl sulfoxide (DMSO), 1000 U ml~! superoxide dismutase (SOD), 1.2 mM distidine] after irradiation at 365 nm for 30 min.
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Fig. 7. Agarose gel electrophoresis retardation of pGL3 plasmid DNA in the presence different concentrations of complex 1 and 2. [DNA] = 0.5 pg.

Table 1
The ICsq values for complexes 1, 2 and cisplatin against selected cell lines.
Complex IC50 (MM)
BEL-7402 HepG-2 MCF-7
1 0.492 0.313 0.215
2 0.197 0.097 0.118
Cisplatin 0.019 0.025 0.012

Table 1. The ICsq values for complex 2 (0.197, 0.097 and 0.118 mM
on BEL-7402, HepG-2 and MCF-7, respectively) are far lower than
that of complex 1 (0.492, 0.313 and 0.215 mM) under the identical
condition. It is clear that complex 2 is more sensitive against the
selected tumor cell lines than complex 1, but these complexes all
exhibit relatively lower in vitro cytotoxicity against the selected
cell lines than cisplatin. The results showed that the cytotoxicity
of complexes 1 and 2 was found to be concentration dependent,
and the cell viability decreased with increasing the concentrations

of ruthenium(Il) complexes.

3.8. Apoptotic activity

Apoptosis plays a major role during the development and
homeostasis. Apoptosis is a form of programmed cell death which
occurs through the activation of the cell-intrinsic suicide machin-
ery. And apoptosis is primarily a physiological process necessary

to remove individual cells that are no longer needed or that func-
tion abnormally [48]. Apoptosis assays were performed with a
staining method utilizing acridine orange (AO) and ethidium bro-
mide (EB). The AO/EB staining is sensitive to DNA and was used
to assess changes in nuclear morphology. Apoptotic cells will show
apoptotic features such as nuclear shrinkage, chromatin condensa-
tion. In the absence of complex 2 (50 uM), the living cells were
stained bright green in spots (Fig. 8A). However, apoptotic and ne-
crotic cells can be distinguished from one another using fluores-
cence microscope after being stained with AO/EB solution. After
treatment of BEL-7402 cell line with complex 2, green apoptotic
cells containing apoptotic bodies, as well as red necrotic cells, were
observed (Fig. 8B). Similar result for complex 1 was also observed.
The percentage (%) of necrotic and apoptotic cell of BEL-7402 cells
in the presence of different concentration of complexes 1 and 2.
The results were depicted in Fig. 9. As increasing concentrations
of complexes 1 and 2, the ratios of apoptotic versus necrotic cells
are 0.13, and 0.14 for 1, 1.59 and 4.07 for 2. The results showed
the number of apoptotic cells increased obviously with increasing

concentration of complex 2.

3.9. Cellular uptake studies

The uptake of the complexes 1 and 2 by cells was studied with
Human hepatocellular carcinoma cell line (BEL-7402). Complex 2
(50 uM) was added to the wells (4 x 10% cells per well). The plates
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Fig. 8. BEL-7402 cells were stained by AO/EB and observed under fluorescence microscopy. BEL-7402 cells without treatment (A) and in the presence of complex 2 (B)
incubated at 37 °C and 5% CO, for 48 h. cells in a, b and c are living, apoptotic and necrotic cells, respectively.
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Fig. 9. The percentage (%) of necrotic (N) and apoptotic (A) cell of BEL-7402 cells
incubated with different concentrations of complexes 1 and 2 for 24 h by flow
cytometry.

were incubated at 37 °C in a 5% CO, incubator for 48 h. Upon com-
pletion of the incubation, the wells were washed three times with
phosphate buffered saline (PBS), after removing the culture media,
the cells were observed under fluorescent microscope. As shown
in Fig. 10A and B, the bright red fluorescent spots in the images
were observed. The results show that complexes 2 can be uptaken
by cells, and they can enter into the cytoplasm and accumulate in
the nuclei. Similar result for complex 1 (25uM) was also
observed.
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Fig. 11. Scavenging effect of the ligands and complexes on hydroxyl radicals.
Experiments were performed in triplicate.

3.10. Antioxidant activity against hydroxyl radical (‘OH)

Various oxygen species occur during the metabolizable process
of biological systems. Superoxide anion radical (O, ) and hydroxyl
radical (‘OH) are presumed to play an important role in a number
of biological phenomena such as aging, coronary heart disease,
rheumatoid arthritis, cancer and other pathological conditions.
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 [49]. The

Fig. 10. BEL-7402 cells incubated with complex 2 (50 uM) for 48 h imaged by fluorescence microscopy. (A) Imaged under fluorescence, (
visible light. Note that the cytoplasm is extensively stained with the Ru(Il) complexes.

B) imaged under fluorescence and
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Table 2
Scavenging ratio (%) of ligands and complexes against "OH.
Comp Average inhibition (%) for "OH
0.5 (uM) 1.0 (uM) 1.5 (UM) 2.0 (LM) 2.5 (uM) 3.0 (uM) 3.5 (UM) 4.0 (LM) 45 (uM)
APIP 6.59 10.85 19.76 25.19 33.72 47.28 52.92 60.46 68.99
HAPIP 4.96 14.54 36.52 47.52 61.35 66.67 68.76 73.05 76.60
1 1.13 1.88 6.04 17.36 23.39 3547 41.88 67.17 80.38
2 3.56 3.59 14.70 22.88 24.50 29.74 36.27 48.74 73.85

hydroxyl radical (‘OH) in aqueous media was generated by the Fen-
ton system. The antioxidant activity of ligands, APIP and HAPIP and
their complexes 1 and 2 were investigated. Fig. 11 depicts the
inhibitory effect of ligands and complexes on ‘OH. The average sup-
pression ratio against ‘OH (Table 2) valued from 6.59% to 72.86% for
APIP, 4.96% to 82.27% for HAPIP, 1.13% to 93.96% for complex 1, and
3.59% to 77.45% for complex 2. The antioxidant activity against hy-
droxyl radical of complex 1 appeared higher than that of complex 2
at the concentration range (from 3.0 to 4.5 uM) under the same
experimental condition. For complex 1, the hydroxyl radical scav-
enging ability can be enhanced when ligand (APIP) bonds metal
center to form complex at high concentrations. However, the anti-
oxidant activity of ligand (HAPIP) is weakened when it bonds metal
center to form complex 2. These results suggest that ligands and
their complexes may be potential drugs to eliminate the hydroxyl
radical.

4. Conclusion

Two new ligands APIP, HAPIP and relative two ruthenium(ll)
complexes [Ru(bpy)»(APIP)]** and [Ru(bpy),(HAPIP)]** were syn-
thesized and characterized. The DNA-binding behaviors show
these complexes interact with CT DNA by intercalation. Complexes
1 and 2 can inhibit the proliferation of the selected cell lines in dif-
ferent degree. Apoptotic assay suggests that complexes 1 and 2 can
induce apoptosis. The cellular uptake shows these complexes can
enter into the cytoplasm and accumulate in the nuclei. Upon irra-
diation at 365 nm, complexes 1 and 2 can cleave the plasmid DNA.
The studies on the mechanism of photocleavage demonstrate that
superoxide anion radical (O,"") and singlet oxygen ('0,) may play
an important role. At high concentration, complexes 1 and 2 can
effectively condense the pGL 3 DNA. The antioxidant experiments
against hydroxyl radical show the ligands and complexes possess
excellent antioxidant abilities.
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