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Abstract A new ligand 3-(1H -imidazo[4,5-f ][1,10]
phenanthrolin-2yl)phenylboronic acid and its (IPPBA) three
ruthenium(II) complexes [Ru(phen)2(IPPBA)](ClO4)2 (1),
[Ru(bpy)2(IPPBA)](ClO4)2 (2) and [Ru(dmb)2(IPPBA)]
(ClO4)2 (3) have been synthesized and characterized by ele-
mental analysis, UV/VIS, IR, 1H-NMR,13C-NMR and mass
spectra. The binding behaviors of the three complexes to calf
thymus DNA were investigated by absorption spectra, emis-
sion spectroscopy, viscosity measurements, thermal denatur-
ation and photoactivated cleavage. TheDNA-binding constants
for complexes 1, 2 and 3 have been determined to be 7.9×
105 M−1, 6.7×105 M−1 and 2.9×105 M−1. The results suggest
that these complexes bound to double-stranded DNA in an
intercalation mode. Upon irradiation at 365 nm, three rutheni-
um complexes were found to promote the cleavage of plasmid
pBR322 DNA from super coiled form І to nicked form ІІ.
Further in the presence of Co2+, the emission of DNA–Ru(ΙΙ)
complexes can be quenched. And when EDTAwas added, the
emission was recovered. The experimental results show that all
three complexes exhibited the “on–off–on” properties of mo-
lecular “light switch”. The highest Cytotoxicity potential of the
complex1 was observed on the Human alveolar adenocarcino-
ma (A549) cell line. Good agreement was generally found

between the spectroscopic techniques and molecular docked
model which provides further evidence of groove binding.
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Introduction

The design and development of new anticancer drugs is an
active area of research in chemical science. After the discov-
ery of cisplatin by Rosenberg [1] as an effective anticancer
drug having various side effects, the search for alternative
metal based drugs has been an important area of interest for
researchers. Among the several metals that are currently being
investigated for their anticancer activity, ruthenium occupies a
prominent position. Due to their rich photochemistry
polypyridyl complexes of ruthenium(II)-have received con-
siderable attention as DNA binding substrates. They are pho-
tochemical stable in their ground and excited state, and have
long lived triplet states, rich redox/spectral properties and
good water solubility [2]. Furthermore, judicious selection of
coordinated ligands can be used to tune the photochemistry
and DNA binding properties of these systems. The rich
optical properties of these complexes also facilitate as-
sessments of their DNA binding capabilities as binding to
DNA can be probed through changes in absorption and emis-
sion spectra.

Polypyridyl transitional metal complexes can bind to DNA
by non-covalent interactions such as external surface binding
for cations, groove binding for large molecules and intercala-
tion for planar molecules or compounds containing a ring
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system. Among the factors governing the binding modes, it
appears that the most significant is the molecular shape. Those
complexes that best fit against the DNA helical structure dis-
play the highest binding affinity [3]. Many useful applications
of these complexes require that the complex bind to DNA
through an intercalative mode with the ligand intercalating into
the adjacent base pairs of DNA. By changing the metal ions the
geometry of the complex (square planar, tetrahedral, octahedral,
etc.) may be modified and consequently its photophysical
properties, and may affect its interaction with nucleic acids.
By varying the ligands, it is possible to modify the mode of
interaction of the complex with nucleic acids [4–8]. In fact,
some of these complexes also exhibit interesting properties
upon binding to DNA [9–12]. In this paper, we synthesized
three complexes of Ru(I I ) 3- (1H - imidazo[4 ,5-
f ][1,10]phenanthrolin-2yl)phenylboronic acid, and studied
their binding properties to calf thymus DNA using absorp-
tion spectroscopy, fluorescence spectroscopy, viscosity
measurements and molecular docking analysis of Ru(II)
complexes to duplex DNA of sequence (GCTGCAAAC
GTCG/CGACGNTGCAGC) (PDB ID: 2L8I). Their
photocleavage behavior toward pBR 322. Recently Sun
Dongdong et al. [13] studied the effects of luminescent
ruthenium(II) polypyridyl (phenyl boronic acid) function-
alized selenium nanoparticles on bFGF-induced angiogen-
esis and AKT/ERK signaling. The results should be of
value in understanding the binding mode of the complex
to DNA, as well as laying the foundation for the rational
design of a DNA molecular light switch and DNA cleaving
agents [14].

Experimental

Chemicals

All reagents and solvents were purchased commercially and
used without further purification unless otherwise noted.
RuCl3, 1,10-Phenanthroline monohydrate and pyridines were
purchased fromMerck, calf thymus (CT) DNAwas purchased
from Aldrich and supercoiled pBR 322 DNA was obtained
from Fermentas life sciences. All experiments involving the
interaction of the complexes with DNA were carried out in
double distilled buffer (5 mM Tris–HCl, 50 mM NaCl,
pH 7.2). A solution of calf thymus DNA in the buffer gave a
ratio of UVabsorbance at 260 and 280 nm of about 1.8–1.9:1,
indicating that the DNAwas sufficiently free of protein [15].
The DNA concentration per nucleotide was determined by
absorption spectroscopy using the molar absorption coeffi-
cient 6600 M−1 cm−1 at 260 nm [16].

Synthesis of Ligand and Complexes

1,10-Phenanthroline-5,6-dione [17], 1H-imidazo[4,5-
f][1,10]phenanthrolin-2yl) phenylboronic acid [18] and
[Ru(L)2Cl2]

2+ [19] was synthesized by the reported proce-
dure. Figure 1 shows Synthetic scheme of the complexes

Synthesis of [Ru(phen)2IPPBA](ClO4)2. 2H2O (1)

A mixture of cis-[Ru(phen)2(Cl)2] · 2H2O (0.10 g,0.16 mM)
and (IPPBA) (0.054 g,0.16 mM) in ethanol (30 mL) was
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Fig. 1 Synthesis and structure of
the Ru(II)complexes
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refluxed under nitrogen 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 solid was
collected washed with small amounts of water, ethanol, and
diethyl ether, then dried under vacuum, Yield (72 %),
Analytical data for Ru C43H33BN8Cl2O12, Calcd (%) C:
64.43; H: 3.65; N: 13.98 found: C: 65.13, H: 3.91, N: 14.22
LCMS in DMSO M/Z: 1031.

Synthesis of [Ru(bpy)2IPPBA](ClO4)2.2H2O (2)

This complex was synthesized as described above complex
(1).yield (69 %). Analytical data for RuC39H33BN8Cl2O12:
Calcd: C: 62.16; H: 3.88; N: 14.87; found C:62.51; H :4.10; N
: 14.90; LCMS in DMSO M/Z: 1040. Figures 2 and 3 shows
1H and 13C NMR spectrum of [Ru(bpy)2IPPBA]

2+

Synthesis of [Ru(dmb)2IPPBA](ClO4)2.2H2O (3)

This complex was synthesized as described above complex
(1).yield (69 %). Analytical data for RuC39 H33B N8Cl2O12:
Calcd: C: 62.16; H: 3.88; N: 14.87; found C:62.51; H :4.10; N :
14.90; LCMS in DMSO M/Z: 1040. found:1042 For all the
complexes IR, 1H- 13 C [1H]-NMR, data are given in (Tables 1
and 2).

Physical Measurements

Microanalyses (C, H and N) were carried out with Perkin-
Elmer 240 elemental analyser. UV–vis spectra were recorded
on an Elico Bio-spectrophotometer model BL198, Emission

spectra recorded with Elico Bio-spectro fluorimeter model S L
174. and NMR spectra was recorded on Bruker 400 MHz
spectrometer with DMSO-d6 as a solvent at room temperature
and TMS as the internal standard. IR spectra were obtained in
KBr phase on a Perkin–Elmer FTIR 1605. NMR spectra were
measured with Bruker 400 MHz spectrometer with DMSO-d6
as a solvent at room temperature and TMS as the internal
standard. LC-MS 2010 A Shimadzu Japan.. Viscosity exper-
iments were carried on Ostwald viscometer, immersed in
thermostatted water-bath maintained at 30±0.1 °C. CT-DNA
samples approximately 200 base pairs in average length were
prepared by sonication in order to minimize complexities
arising from DNA flexibility [20]. Data were presented as
(η/η0)1/3 versus binding ratio [21], where η is the viscosity
of CT-DNA in the presence of complex, and ηο is the viscosity
of CT-DNA alone. Viscosity values were calculated from the
observed flow time of DNA-containing solutions (t>100 s )
corrected for that of buffer alone (t0),η=(t′- t0)/t0.

For the gel electrophoresis experiments, supercoiled pBR
322 DNA (0.1 mg) was treated with Co(III) complexes in
50 mM Tris–acetate, 18 mM NaCl buffer, pH 7.2, and the
solutions were then irradiated at room temperature with a UV
lamp (302 nm, 10 W). The samples were analyzed by elec-
trophoresis for 3 h at 25 Von a 1 % agarose gel in Tris–acetate
buffer. The gel was stained with ethidium bromide and
photographed under UV light.

In Vitro Cytotoxicity Assay

Human cervical cancer cells, A549 (ATCC No. CCL-185)
derived from human alveolar adenocarcinoma epithelial cells,

Fig. 2 The 1H-NMR (DMSO-d6,
TMS, δ-ppm) spectrum of
[Ru(bpy)2IPPBA]

2+
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MDA-MB-231 (ATCC No. HTB-26) and MCF7 (ATCC No.
HTB-22) derived from human breast adenocarcinoma cells
were maintained in cell-mediated reduction of tetrazolium salt
to form water insoluble formazan crystals using the standard
MTT (3-{4,5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium
bromide) cellular viability assay [13, 22] using doxorubicin
as positive control. The cells were left for 48 h to rest, and
afterwards investigated agents were added. Preparation of
tested solution was performed immediately before experi-
ment, by dissolution in DMSO to the stock concentration of
10 mM, whereas further dilutions were used. Dose–response
curves were plotted for the test compounds and controls after
correction by subtracting the background absorbance from
that of the blanks. Results are finally expressed as IC50 values
(concentration of investigated agent that declines the number
of viable cells by 50 % in treated cell population compared to
untreated control).

Docking Studies

All dockings were performed as blind dockings using
Gold 3.0.1 (Genetic Optimization for Ligand Docking)
program [23, 24] which is based on Genetic Algorithms.
This method allows partial flexibility of the hydroxyl
groups of the respective DNA molecule and full flexibil-
ity of the ligand, other parameters were default values.
The Protein Data Bank was used to download the nucleic
acid receptor (PDB ID: 2L8I) DNA duplex of sequence
(GCTGCAAACGTCG/CGACGNTGCAGC). In order to
evaluate the GOLD scoring function, all water molecules were
removed from the DNA molecules. The function fitted was
Gold Score:

Fitness ¼ S hb–extð Þ þ 1:3750� S vdw–extð Þ þ Sint

where S(hb- ext) is the DNA-ligand hydrogen bond score,
S(vdw- ext) is the DNA-ligand van derWaals score, Sint is the
score from intramolecular ligand interactions [25].

DNA-Binding Experiments

Absorption Spectroscopic Studies

Due to the strong stacking interaction between aromatic chro-
mophore of the complex and the base pairs of DNA, complex
bound to DNA through intercalation usually results in
hypochromism and red shift (bathochromism). Figure 4
shows the absorption spectra of [Ru(phen)2(IPPBA)](ClO4)2
(1), [Ru(bpy)2(IPPBA)](ClO4)2 (2) and [Ru(dmb)2(IPPBA)]
(ClO4)2 (3) in the presence of increasing concentration of
DNA. In the UV region, the intense absorption band observed
in these complexes are attributed to intraligand π–π* transi-
tion. The low energy absorption band centered at 420–
450 nm is assigned to metal-to-ligand charge transfer
(MLCT) transition. As increasing the concentration of CT-
DNA, the MLCT transition band of complexes 1,2 and 3 at
448, 445 nm and 442 nm exhibit hypochromism of 16.1, 15.2
and 10.6 %, and bathochromism of 9.2, 7.9 and 6.1 nm,
respectively. However, the high hyperchromism effects ob-
served suggest that van der Waals contacts between the OH
group of the complex and the cytosine (in DNA) are also very
important.

Based on the observations of complexes, we presume that
there are some interactions between complexes and DNA. In
order to further elucidate the binding strength of the com-
plexes, the intrinsic constants Kb were determined by moni-
toring the changes of absorbance in the MLCT band with
increasing concentration of CT-DNA. The intrinsic binding
constant Kb for the interaction of the studied complexes with
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CT-DNA was calculated by absorption spectral titration data
using the following equation

DNA½ �= Σa−Σ fð Þ ¼ DNA½ �= Σb−Σ fð Þ þ 1=Kb Σb−Σ fð Þ

where [DNA] is the concentration of CT-DNA in base pairs, the
apparent absorption coefficients εa, εf and εb correspond to
Aobsed/[Ru], the absorbance for the free ruthenium complex,
and the absorbance for the ruthenium complex in fully bound
form, respectively. In plots of [DNA]//(εa-εf) versus [DNA],Kb

is given by the ratio of slope to the intercept. Intrinsic binding
constants, Kb of complexes 1, 2 and 3 are 7.9×105 M−1, 6.7×
105 M−1and 2.9×105 M−1 . These Kb values are smaller than
those of classical intercalators, such as [Ru (bpy)2(dppz)]

2+

(K=1.6×106) [4] and [Ru(bpy)2(ppd)]2+, (K=1.3×106) [26]
and much stronger than those of their parent complexes,
[Ru(bpy)3]

2+ (4.7×103 M−1) and [Ru(phen)3]
2+ (5.5×

103 M−1), [27] which can be explained as : (1) PIP possesses
a larger planar area and extended π system than parent

complexes, which leads to interact more deeply and makes
stacking more strongly [28], (2) the intercalated ligand, IPPBA,
contains two free hydroxy groups, which may form intermo-
lecular hydrogen bonds with the base pairs. This factor is
advantageous for the binding of complexes 1, 2 and 3 with
DNA. These results also indicate that the size and shape of the
intercalated ligand has a significant effect on the strength of
DNA binding and the most suitable intercalating ligand leads to
the highest affinity of the complexes for DNA. Additionally,
from these results, we could deduce that both 1 and 2
bind to DNA by intercalation and their different DNA bind-
ing properties may be due to the ancillary ligands. Com-
paring phen and bpy, it is clear that the hydrophobicity and
the surface area decrease in bpy, resulting in a weaker DNA
binding affinity for complex 2.

Fluorescence Quenching and Competitive Binding

In the absence of DNA, complexes can emit luminescence in
Tris buffer with emission maximum appearing at 598 nm.
Upon addition of CT DNA the emission intensities of the
complexes increase when compared to the intensity of com-
plexes alone shown in Fig. 5. This implies that complexes can
strongly interact with DNA and be protected by DNA effi-
ciently, since the hydrophobic environment inside the DNA
helix reduces the accessibility of solvent water molecules to
the duplex and the complexes mobility is restricted at the
binding site, lead to decrease in the vibrational modes of
relaxation. This observation is further supported by the fluo-
rescence quenching experiments using [Fe(CN)6]

4- as quench-
er to distinguish differentially bound Ru(II) species and pos-
itively charged free complex ions which should be readily
quenched by [Fe(CN)6]

4-. The complexes bound to DNA can
be protected from the quencher, because highly negatively
charged [Fe(CN)6]

4- would be repelled by the negative DNA
phosphate backbone, hindering quenching of the emission of

Table 1 1H NMR and IR data of complexes

Complex IR data(cm−1) 1H-NMR (400 MHz, ppm DMSO-d6, TMS

C = C C = N M-N(phen/bpy/dmp) M-L

[Ru(phen)2(IPPBA)]
2+ 1427 1606 623 721 9.10 (d, 2H, Ha, Ha′), 9.03 (d, 4H, H1, H1′), 8.78 (d, 4H, H3, H3′,),

8.76 (d, 2H, Hc, Hc′), 8.39 (s, 1H, Hm), 8.15(t, 4H, H6, H6′),
8.08(d, 2H, Ho, Hk), 8.00 (d, 2H, Hb, Hb′), 7.95 (d, 4H, H2, H2′),
7.40 (d, 1H, Hm), 2.50(2H, Hp, Hq)

[Ru(bpy)2(IPPBA)]
2+ 1445 1603 625 766 9.22 (d, 2H, Ha, Ha′), 9.07 (d, 4H, H1, H1′), 8.95 (d, 2H, Hc, Hc′),

8.70 (t, 4H, H3, H3′), 8.30 (d, 2H, Ho, Hk), 8.18 (t, 2H, 2H, Hb, Hb′),
7.98 (d,1H, Hn), 7.90 (d, 1H, Hm), 7.70 (t, 4H, H2, H2′), 2.60 (2H, Hp, Hq)

[Ru(dmb)2(IPPBA)]
2+ 1445 1603 626 765 9.03 (d, 2H, Ha, a′), 8.98 (d, 4H, H1,H1′), 8.73 (d, 4H, H4, H4′), 8.39

(d, 2H, Hc, Hc′), 7.90 (d, 2H, Ho, Hk), 7.85 (d, 1H, Hn),
7.60(t, 2H, 2H, Hb, Hb′),7.41 (d, 1H, Hm), 7.16 (t, 4H, H2, H2′),
2.60 (2H, Hp, Hq), 2.45 (12H, H6, H6′)

Table 2 13C [1H] NMR data of ligand and complexes

Complex 13C NMR (100 MHz, ppm,
DMSO-d6, major peaks)

[Ru(phen)2(IPPBA)]
2+ 153.82, 153.00, 151.90, 150.64, 147.87,

146.02, 143.43, 137.29, 136.38, 135.72,
132.93, 131.00, 126.48, 123.80.

[Ru(bpy)2(IPPBA)]
2+ 157.5, 157.3, 152.50, 152.06, 138.52,

138.24, 137.23, 128.50, 128.00, 127.07,
126.00, 125.01, 124.89, 124.81, 123.57,
122.85, 121.02.

[Ru(dmb)2(IPPBA)]
2+ 156.92, 154.30, 151.22, 150.00, 144.11,

135.56, 132.67, 130.09, 129.79, 128.80,
128.41, 125.20, 124.89, 123.61, 123.30,
121.80, 21.20.
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the bound complex. The method essentially consists of titrat-
ing a given amount of DNA-metal complexes with increasing
the concentration of [Fe(CN)6]

4- and measuring the change in
fluorescence intensity Fig. 6. Steady-state fluorescence
quenching experiments with [Fe(CN)6]

4- as quencher can pro-
vide some information about binding of ruthenium(II) com-
plexes with CT-DNA. The Stern–Volmer quenching constant
(Ksv) can be determined by using Stern–Volmer equation [29]

I0=I ¼ 1þ Ksv Q½ �

Where I0 and I are the intensities of the fluorophore in the
absence and presence of the quencher, respectively, Q is the
concentration of the quencher and Ksv is a linear Stern–
Volmer quenching constant. Figure 5 shows the Stern–

Volmer plots for the free complex in solution and in the
presence of increasing amounts of DNA. Highly negatively
charged quencher is expected to be repelled by the negatively
charged phosphate backbone, and therefore a DNA bound
cationic complex should be less quenched by anionic quench-
er, than the unbound complex [30, 31]. All the complexes
show linear Stern–Volmer plots. The Ksv values for the com-
plexes in the absence of DNA are 225, 201 and 186M−1 for 1,
2 and 3, respectively, while the Ksv values in the presence of
DNA are 49, 38 and 22, respectively. Hence, for all three
complexes in the presence of DNA, Ksv is smaller, and at a
high concentration of DNA (1:200; Ru2+: DNA), the plots
have essentially zero slope, indicating that the bound species
is inaccessible to the quencher. From the quenching studies
also it is clear that DNA binding ability of complex follow the
order 1>2>3.

Fig. 4 Absorption spectra of [Ru(phen)2(IPPBA)](ClO4)2 (1),
[Ru(bpy)2(IPPBA)](ClO4)2 (2) and [Ru(dmb)2(IPPBA)](ClO4)2 (3) in
Tris–HCl buffer upon addition of CT-DNA at room temperature in the

presence of [complex]=20 μM. Arrow shows the absorbance changes
upon increasing DNA concentrations. Insert plots of [DNA]/(Σa–Σf) vs
[DNA] for the titration of Ru(II) complex

174 J Fluoresc (2014) 24:169–181



Light Switch Effect

The most interesting property of Ru(II) complexes are DNA
molecular “light switches,”which show no photoluminescence
in aqueous solution but display intense photoluminescence in

the presence of double helical DNA. The study of themolecular
“light switch” was mainly about searching for a novel “light
switch” and then investigating the interaction mode between
the “light switch” complex and DNA. The emission of DNA-
intercalated [Ru(bpy)2IPPBA]

2+ (switch on) can be quenched

WL (Nanometer)

Fl
uo

re
sc

en
ce

Fig. 5 Emission spectra of
complex1in Tris–HCl buffer in
the presence and absence of CT
DNA, the emission intensity
increase upon addition of CT
DNA (0.5 μl, 10 μl, 15 μl—of
DNA). Arrow shows the intensity
change upon increasing DNA
concentrations. Insert: plots of
relative integrated emission
intensity versus [DNA]/[Ru]

Fig. 6 Emission quenching of [[Ru(phen)2(IPPBA)] (1), [Ru(bpy)2(IPPBA)] (2) and [Ru(dmb)2(IPPBA)] (3) with K4[Fe(CN)6] in the absence (a) and
presence (b) [Ru]=20 μm, and excess of DNA (c)
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by various transition metal ions, thus turning the light switch
off. The addition of Co2+ to complex bound to DNA quenches
its fluorescence. The addition of an equimolar concentration of
5μM Co2+ to 5μM [Ru(bpy)2IPPBA]

2+ bound to 200μM
DNA (5 mM Tris, pH 7.5, 50 mM NaCl) results in the loss of
almost 94 % of the luminescence due to the formation of
Co2+-[Ru(bpy)2IPPBA]

2+ heterometallic complex.. It should
be noted that the concentrations of Co2+ ions and EDTA
required to turn the emission off and on are not equimolar
due to the different binding constants of Co2+ for IPPBA and
EDTA. Figure 7 shows the changes in the relative emission
intensity of [Ru(bpy)2IPPBA]

2+ bound to DNA as Co2+ and
EDTA are added successively, thus flipping the DNA light
switch on and off over a series of cycles. In this system the
emission quenching and recovery is observed immediately
following the addition of Co2+ or EDTA, respectively.

Viscosity Measurements

Further clarification of the interactions between the Ru(II)
complexes 1, 2 and 3 and DNA was carried out by viscosity
measurements. The viscosity of a DNA solution is sensitive to
the addition of organic drugs and metal complexes bound by
intercalation [32] Optical and photophysical probes provide
necessary, but not sufficient, clues to support a binding model.
Hydrodynamic measurements that are sensitive to length
change (i.e. viscosity and sedimentation) are regarded as the
least ambiguous and themost critical tests of a bindingmodel in
solution in the absence of crystallographic data [33–35]. A
classical intercalation model demands that the DNA helix must
lengthen as base pairs are separated to accommodate the bind-
ing ligand, leading to the increase of DNAviscosity. In contrast,
a partial and/or non-classical intercalation of ligand bends the

Fig. 7 [Ru(pby)2IPPBA]
2+ in tris

buffer(1), complex+DNA
(2)(switch on), complex+DNA+
Co2+ (3)(switch off), and
complex+DNA+Co2+ EDTA(4)

Fig. 8 Effect of increasing
amounts of ethidium bromide (a),
[Ru(phen)2(IPPBA)]
(b),[Ru(bpy)2(IPPBA)] (c) &
[Ru(dmb)2(IPPBA)] (d) on the
relative viscosity of calf thymus
DNA at 25(±0.1)°C.
[DNA]=10 mM
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DNA helix, reduce its length and, concomitantly, its viscosity
[19]. Viscosity of CTDNA (200mM) has beenmeasured in the
presence of varying amount of complexes (20–140 mM).
Effect of complexes 1 , 2 and 3 on the viscosity of rod like
DNA is depicted in Fig. 8. On increasing the concentration of
complexes 1 ,2 and 3 the relative viscosity of DNA increases
steadily, which is similar to the behavior of classical intercalator
like ethidium bromide and DPPZ . The results suggest that
complexes 1 , 2 and 3 intercalate between the base pairs of CT
DNA.

Melting Temperature

DNA melting is the process by which double-stranded DNA
unwinds and separates into two unattached strands through the
breaking of hydrogen bonding between the bases. The melting
temperature (Tm) is defined as the temperature at which half of
the DNA strands are in the double-helical state and half are in
the “random-coil” state [36]. Thermal behaviors of DNA in
presence of complex can give insight into their conformational
changes when temperature is raised, and offer information
about the interaction strength of complexes with DNA. The
binding of metal complexes to the double-stranded DNA usu-
ally stabilizes the duplex structure to some extent depending on
themode and strength of their interactionwith nucleic acid [37].
The melting curves of CT DNA in the absence and presence of
[Ru(phen)2(IPPBA)](ClO4)2, [Ru(bpy)2(IPPBA)](ClO4)2 and

[Ru(dmb)2(IPPBA)] (ClO4)2 are presented in (Table 3).
The increase in the melting temperature values of Ru(II) com-
plexes are comparable to the value observed with the classical
intercalator etBr [38] and similar to those of DNA-intercalating
Ru (II) polypyridyl complexes [39, 40]. It is clear from these
figures that the complexes 1 and 2 are intercalators because the
relative absorbance is high compared to that of the pure DNA
sample. The increase in absorbance of the complexes follows
the order 1>2>3.

Salt Independence

The binding of Ru(II) polypyridyl complexes to DNA is known
to be highly sensitive to the presence of salt cations. This is due
to the role played by electrostatic interactions in overall bind-
ing, which is reduced when salt cations interact with DNA
phosphate groups. Moreover, the small size of these cations
allows their insertion in DNA grooves and removes Ru(II)
complexes from DNA(ruthenium(II) heteroleptic). According
to the polyelectrolyte theory developed by Record et al., [41]
the observed binding constant K is a function of the charge on
the cation (Z), the fraction of counter ions associated with each
DNA phosphate, and the concentration of Na+. A plot of log K
vs log [Na+] Fig. 9 is equal to SK in the following equation :
SK=(δ log[Kb]/δ log[Na

+])=−Z=, where Z is the charge of the
metal complex and = is 0.88 for double strand DNA. Figure 9
shows the decrease of Kb of complexes 1, 2 and 3 as the

Table 3 Results of DNA binding
data of Ru(II) complexes

CT DNATM=60 °C

Complex Tm Hyopchromicity (%) Absorption λmax(nm)
free bound

Δλ(nm) Kb

[Ru(phen)2(IPPBA)] 74 16.1 448–444 4 7.9×105

[Ru(bpy)2(IPPBA)] 72 15.2 445–442 3 6.7×105

[Ru(dmb)2(IPPBA)] 69 10.6 442–437 5 2.9×105

Fig. 9 Salt dependence of the
equilibrium binding constants for
DNA binding of complexes (a)
[Ru(phen)2(IPPBA)], (b)
[Ru(bpy)2(IPPBA)] & (c)
[Ru(dmb)2(IPPBA)]. The lines
indicates the slope of the linear
square fit to the data as (a) -1.96
(b) -1.82 (c) -1.42
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concentration of Na+ is increased [42]. As expected, the plot
becomes nonlinear at ionic strengths greater than 0.1 M.
[43–45]. The slopes of the lines in Fig. 9 are being −1.96,
-1.82 and −1.42 for 1, 2 and 3 complexes respectively. The
value of complex 1&2 are more than the theoretically expected
values of Z= (2×0.88=1.76) but complex 3 shows less value.
Such lower values could arise from coupled anion release or
from change in complex or DNA hydration upon binding. The
knowledge of Z= allows for a quantitative estimation of the
non electrostatic contribution to the DNA binding constant for
these complexes.

Photoactivated Cleavage of pBR 322 DNA by Ru(II)
Complex

The irradiation of pBR322 plasmid DNA in the presence of the
complexes was studied so as to determine the efficiency with
which it sensitizes DNA cleavage. This can be achieved by
monitoring the transition from the naturally occurring, cova-
lently closed circular form (Form I) to the open circular relaxed
form (Form II). This occurs when one of the strands of the
plasmid is nicked, and can be determined by gel electrophoresis
of the plasmid. Extended irradiation results in a build up of
nicks on both strands of the plasmid, which eventually results in
its opening to the linear form (Form III). When circular plasmid
DNA is subjected to gel electrophoresis, relatively fast migra-
tion will be observed for the supercoiled form (Form I). Form
(II) will migrate slowly and Form III will migrate between
Form II and Form I [14, 46–49]. Figure 10 shows gel electro-
phoresis separation of pBR322 DNA after incubation with the
complexes 1, 2 and 3 and irradiation at 365 nm. No DNA
cleavage was observed for controls in which the complex was
absent (lane 1). With increasing concentration of complexes 1,
2 and 3 Fig. 10 the amount of Form I of pBR 322 DNA
diminish gradually, whereas Form II increases. At the concen-
tration of 80 mM, complexes 1 and 2 can almost promote the
complete conversion of DNA from Form I to Form II.

Antibacterial Activities

Antitumor, anticancer and antimicrobial activity has been re-
ported for some Ru(II) complexes substituted with imidazoles
and Pyridines. The experimental results of the compounds were
compared against DMSO as the control and are expressed as
inhibition zone diameter (in mm) vs control Zone of inhibition
was measured for three complexes as well as standard antibi-
otics and the results are given in (Table 4). The complexes 1 and
2 are very promising in exhibiting their ability to inhibit/destroy
both Gram positive and Gram negative pathogenic bacteria.
Complexation reduces the polarity of the metal ion because of
the partial sharing of its positive charge with the donor groups.
Chelation makes the chelating ligand more potent bactereostatic
agents thus inhibiting the growth of bacteria more than the
chelating ligands. Such complexation could enhance the lipo-
philic character of the central metal ion, which subsequently
favours permeation through the lipid layers of cell membrane
[50]. The antimicrobial activity of three complexes is in the
order of 1>2>3.

Cytotoxicity

Cytotoxicity is a common limitation in terms of the introduc-
tion of new compounds into the pharmaceutical industry. In
order to understand the in vitro cytotoxicities of the complexes
1, 2 and 3, experiments were carried out using four human
tumor cell lines, like human cervical cancer (HeLa), Human
breast adenocarcinoma cell line (MDA-MB-231 MCF-7) and
(Human alveolar adenocarcinoma (A549). Complexes 1, 2 and
3 were dissolved in DMSO and blank samples containing same

Fig. 10 Photocleavage studies of pBR322 DNA, in the absence and
presence of complexes [Ru(phen)2(IPPBA)] (1), [Ru(bpy)2(IPPBA)] (2)
and [Ru(dmb)2(IPPBA)] (3) light after 30min irradiation at 365 nm. Lane
0 control plasmid DNA (untreated pBR322), lane 1–6 addition of com-
plexes in amounts of 10, 20, 30, 40, 50, 60 μL

Table 4 Antibacterial activity of Ru(II) complexes

Complex Bacterial species
E.Coli S. aureus

DMSO Nil Nil

[Ru(phen)2IPPBA]
2+ 19 12

[Ru(bpy)2IPPBA]
2+ 16 11

[Ru(dmb)2IPPBA]
2+ 13 15

Septomycine 20–22 12–14

Zone of inhibition of diameter in (mm)

Table 5 Percentage cell viability of different cell lines with ruthenium
complexes

Complex A549 MCF-7 HELA MDA-MB-231

[Ru(phen)2IPPBA]
2+(1) 0.798 2.582 18.185 7.952

[Ru(bpy)2IPPBA]
2+ (2) 5.312 5.678 39.845 18.192

[Ru(dmb)2IPPBA]
2+ (3) 28.29114 20.8069 30.517 25.973

Doxorubicin 1.21 1.05 0.451 0.501
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volume of DMSO are taken as controls to identify the activity
of solvent in this cytotoxicity experiment [51, 52]. The capa-
bilities of complexes 1, 2 and 3 to arrest the proliferation of
tumor cells without causing any damage to normal cells were
evaluated after 48 h of incubation. The results were analyzed by
means of cell viability curves and expressed as IC50 values.
Table 5 displays the effect of complexes 1, 2 and 3 on cell
growth at different concentrations. The biological assays of the
metal complexes revealed that complex 1 exhibits enhanced
activity against A549 cell lines when compared with complex 2
and 3 (IC50 0.798 mM) . On the other hand, complex 2 was
found to be inactive against Hela cell lines in the dosage range
39 mM. Both the complexes 1 and 2 exhibited lesser in vitro
cytotoxicity against tumor cell lines than Doxorubicin.

Docking Studies

To get further evidence for the binding model of metal complex
with DNA, molecular docking studies were carried out. This is
a computational procedure that attempts to predict non-
covalent binding of a macromolecule (receptor) and a small
molecule (ligand) efficiently. The goal is to predict the bound
conformations and the binding affinity [21]. The prediction of
the binding of small molecules to proteins/DNA is important
because it is used to screen virtual libraries of drug-like mole-
cules to obtain leads for further drug development. Docking can
also be used to predict the bound conformation of known
binders, when the experimental structures are unavailable. To
obtain preliminary information regarding the structure of this
synthesized complex and its interaction with DNA, docking
was performed to find the most favorable orientation of the
ligand/metal complex in DNA.Molecular docking studies have
been successfully employed in rational drug design, but they
have not been widely applied to study metal complexes.
Although several docking programs, such as Gold, can tackle

metal centers, it usually corresponds to part of a cofactor or an
enzyme active site. Only a limited number of docking studies
have been performed so far where the metal center is incorpo-
rated into the ligand being docked [23, 53].

In our experiment, molecular docking studies of complexes
1,2 and 3 with DNA duplex of sequence (GCTGCAAACGT
CG/CGACGNTGCAGC) (PDB ID: 2L8I) were performed in
order to predict the chosen binding site along with preferred
orientation of the molecules inside the DNA groove (Table 6)
show a preferential binding of complexes 1,2 and 3 between C-
G base pairs, and bends the DNA slightly in such a way that a
part of the molecule comes between the two base pairs of the
DNA helix which makes favorable stacking interactions be-
tween the ring systems of the DNA bases and the IPPBA ring
of complexes. In complex1, (Fig. 11) there are H-bonds be-
tween the OH groups of IPPBA and HO3/O4 of Cytosine at a
distance of (1.723–2.036 Å) in addition to two bonds via N2/
H21 of Guanine (2.647–1.855 Å) which conformminor groove
interaction . The resulting binding energy of docked metal
complexes 1, 2 and 3 were found to be −64.75, −55.85 and
−50.423 Kcal/mol, respectively, correlating well with the

Table 6 The H –Bond Vander Waals interactions and scores for binding of Ru(II) complexes to (2L8I) DNA containing CG bases using docking
calculations

Complex H –Bond donor- acceptor Bond length (Å) Vander Waals interactions (Complex – DNA) Bond length (Å) E (kcal/mol)

[Ru(phen)2(IPPBA)]
2+ O51-DC25:HO3 1.723 C16-DC25:O3 2.579 50.423

O51-DG24:H21 1.855 C54-DC25:O3 2.173

H79-DG24: N2 2.647 C10-DG4:H3 1.715

H80-DC25: O4 2.036 H59-DG4:H4 1.418

[Ru(bpy)2(IPPBA)]
2+ O50-DG1: H22 2.660 O50-DC25:O2 2.484 64.7574

H79-DG1: N2 2.729 C22-DC5:OP1 2.558

H79-DC25: O2 1.482

[Ru(dmb)2(IPPBA)]
2+ H79-DG1: OP1 2.718 H75-DT3:H1 1.866 55.85

O51-DC25: HO3 2.414 H75-DG24:H21 1.704

C40-DC25:HO3 2.004

H60-DC5:H5 1.773

C20-DG24:OP1 2.510

Fig. 11 Hydrogen bonds in DNA (PDB:2L8I) -docking models of com-
plexes [Ru(phen)2(IPPBA)]
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experimental DNA binding values. The more negative the
relative binding, the more potent the binding as between
DNA and target molecules [54]. Thus, we can conclude that
there is a mutual complement between spectroscopic tech-
niques and molecular docked model, which can prove our
spectroscopic results and at the same time provides further
evidence of groove binding.

Conclusions

In summary, a new series of Ru(II) complexes have been
synthesized and characterized. DNA-binding behaviors were
investigated by absorption titration, viscosity measurements
and thermal denaturation. The viscosity measurements show
complexes 1 and 2 intercalate between the base pairs of DNA.
Also, the complexes are efficient DNA-photocleavers upon
irradiation at 365 nm, and complex 2 exhibits a stronger
DNA-photocleavage efficiency than complex 1. In addition, in
the presence of Co2+, the emission of DNA-[Ru(bpy)2IPPBA]

2+

can be quenched. The experimental results show that
[Ru(bpy)2IPPBA]

2+ exhibited the DNA “light switch” proper-
ties. The cytotoxicity assays suggest that complex 1 is more
potent than complex 2. Groove binding of the DNA helix by
Ru(II) complexes further validated by molecular docking
studies.
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