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Hypoxia efficient and glutathione-resistant
cytoselective ruthenium(II)-p-cymene-
arylimidazophenanthroline complexes:
biomolecular interaction and live cell imaging†

Ashaparna Mondal and Priyankar Paira *

Due to the side effects of marketed cancer drugs, we designed a series of ruthenium-based fluorescent

anticancer drugs, which was demonstrated to be target specific, highly cytoselective, lipophilic, water

soluble, hypoxia efficient and glutathione resistant. Herein, we developed novel ruthenium(II)-p-cymene-

2-aryl-imidazophenanthroline scaffolds as effective DNA-targeting agents. Specifically, the 2-aryl substi-

tuted imidazophenanthroline ligands make the Ru(II) complex a decent DNA intercalator by affording pla-

narity. Among the four Ru(II) complexes (RuL1–RuL4), [(η6-p-cymene)RuIICl{Κ2-N,N-(2-(naphthalene-1-

yl)-1H-imidazo[4,5-f ][1,10]phenanthroline)}]PF6 (RuL4) exhibited the best cytoselectivity in two cancer

cell lines (Caco-2 and HeLa), and [(η6-p-Cymene)RuIICl{Κ2-N,N-(2-(anthracen-9-yl)-1H-imidazo[4,5-

f ][1,10]phenanthroline)}]PF6 (RuL1) was established as a potent HeLa cell imaging probe.

Introduction

Cancer is defined as the uncontrolled proliferation of abnor-
mal cells in the body.1 Metallotherapeutics can play a vital role
in inhibiting the division of cancer cells, and consequently
trigger cancer cell apoptosis, inducing DNA damage and dis-
rupting DNA repair progression.2–4 The extensively used struc-
turally similar platinum-based drugs, i.e., cisplatin, carbopla-
tin and oxaliplatin, have achieved pronounced success for
cancer therapy worldwide.5 However, the emergence of plati-
num resistance and considerable side effects have strongly
restricted their therapeutic importance in clinical use, and
thus led researchers to explore non-platinum metal complexes
for anti-cancer drug discovery.6–13 In our current drug discov-
ery research, a ruthenium(II) complex has been highlighted as
a cytoselective and cost-effective drug with respect to platinum,
and its mechanism of action has already been discussed.14 In
the past few decades, ruthenium complexes have effectively
been used in clinical research and their mechanisms of antitu-
mor action have been clearly described.15,16 Moreover, ruthe-
nium can display variable oxidation states (II, III and IV) under
different physiologically relevant conditions. This allows the
rearrangement of ligands in various ways, which has wide
applications in the biological field. In addition, ruthenium

complexes are stable, highly water soluble, and exhibit relatively
slow ligand exchange rates in water. Furthermore, they are active
against some cisplatin-resistant cell lines with low side effects due
to their higher selectivity to cancer cells compared with normal
cells, and thereby selectively taken up by tumours compared to
healthy tissue, which is another important aspect when consider-
ing biological applications.4,17 Ruthenium can also mimic iron in
binding to certain biological molecules such as albumin and trans-
ferrin in the blood stream, which is beneficial for its delivery to
cells with minimal side effects, making ruthenium complexes a
suitable choice as efficient anticancer drugs.4,17b,18,19 Accordingly,
various anti-neoplastic ruthenium scaffolds have entered clinical
trials, including Ru(III) species, imidazolium(imidazole)-(dimethyl-
sulfoxide)tetrachlororuthenate(III) (NAMI-A),19–21 indazolium trans-
[tetrachlorobis(1H-indazole)ruthenate-(III)] (KP1019)22,23 and
KP133924 and Ru(II)-based therapeutic TLD1433.25 However, the
low therapeutic index of NAMI-A and poor solubility of KP1019
prevent their entry in phase II clinical trials.26,27 In addition to
KP1339, some other examples of clinically approved ruthenium(II)–
arene complexes include AH54 and AH63, which are employed in
the radio sensitization of human colorectal cancer cells and
RAPTA-C in human ovarian carcinoma cells (A2780).28

Additionally, the bioactivity of the ligands attached to the central
metal ion in coordination complexes is also an important factor in
drug synthesis.29 The presence of a reducing agent, such as gluta-
thione (GSH) and ascorbic acid in pancreas,17c,30 results in the
reduction of RuIII to RuII and increases the rate of aquation and
binding with biomolecules, and thus Ru in the +2 oxidation state
is the active form of the drug.31 However, a high concentration of
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glutathione can reduce the efficiency of Ru(II) complexes by
binding to the metal center,32 which leads to failure in
chemotherapy.32b,33 In addition, many anticancer agents show a
decrease in activity in hypoxia.34 Therefore, we focused our atten-
tion on designing a Ru(II)–arene complex that is (i) cytoselective,
(ii) GSH resistant, (iii) hypoxia efficient and (iv) a cellular imaging
agent. It is well-known that the activity of Ru(II)–arene complexes
can be tuned by changing the their arene group35 or auxiliary
ligands with good leaving halide groups.36

Arylimidazophenanthroline compounds have been proven
to be quite good for binding with metals as ligands.37 These
compounds are widely used for in vitro DNA synthesis, as
probes of DNA structure, and new therapeutic agents due to
their capacity to bind and interact with DNA. Thus, they are
good cytotoxic agents in the HeLa cell line.38–40 Gök et al. in
2013 and Grgurić-Šipka et al. in 2016 devised a series of half-
sandwich η6-arene-ruthenium(II) complexes with imidazophe-
nanthroline moieties serving as ligands and investigated their
anticancer and antibacterial activities.41,42 In 2013, Wu et al.
demonstrated the high anti-proliferative effect of η6-arene-
ruthenium(II) complexes with the imidazophenanthroline
moiety as a ligand.43,44 These complexes exhibited powerful
inhibitory effect on various cancer cell lines with a remarkable
potency towards human osteosarcoma (MG-63) cells. The inter-
calative binding mode of the arylimidazophenanthroline
moiety helps in unwinding the double stranded DNA, thereby
allowing the drug to insert into DNA and exert its function.
They also predicted that the mode of action of these complexes
is DNA damage-mediated p53 phosphorylation via S-phase cell
cycle arrest. In 2012, Gan et al. synthesized an imidazophenan-
throline moiety attached to a ruthenium complex with the
formula [Ru(bpy)2(mbpibH2)]

2+, where bpy represents 2,2′-
bipyridine and mbpibH2 is 1,3-bis([1,10]phenanthroline[5,6-d]
imidazol-2-yl)benzene, having a free coordination site, which
could bind via intercalation or groove binding.45 In our pre-
vious work, we achieved some breakthroughs in Ru(II)–arene-
based N^N complexes for diagnosis and cancer therapy.46

Encouraged by the excellent photophysical properties, DNA
binding abilities and steric bulkiness of the π-rich arylimidazo-
phenanthroline ligands together with their various other
advantages such as enhancement of lipophilicity, triggering
cellular accumulation, and good aqueous solubility of Ru(II)–
arene complexes enticed us to design a few Ru(II)-p-cymene
N^N complexes (N^N = 2-aryl-imidazophenanthroline). The
complexes were synthesized via ultra-sonication, characterized
spectroscopically and evaluated for their biological activities.

Results and discussion
Synthesis and characterization

A series of imidazo[4,5-f ][1,10]phenanthroline ligands (L1–L4)
was prepared by treating an equimolar mixture of 1,10-phenan-
throline-5,6-dione and different aromatic carboxaldehydes
(1–4) in the presence of ammonium acetate and glacial acetic
acid, as shown in Scheme 1. The products (L1–L4) were fully

characterised via nuclear magnetic resonance (NMR), Fourier
transform infrared (FT-IR) and electrospray ionization mass
spectrometry (ESI-MS). The structure of compound L4 was elu-
cidated via 1H NMR spectroscopy as follows. All the aromatic
protons of the ligand appeared in the range of 7.63–9.15 ppm.
The most deshielded proton present in the naphthalene ring
exhibited as doublet at δ 9.15 ppm. The other two deshielded
protons, which are in close proximity to the N-atom in the phe-
nanthroline ring, showed a doublet integrated at δ 9.06 ppm.
The characteristic peak at 1391 cm−1 in the IR spectra can be
attributed to the formation of a C–N bond. The ESI-MS peak at
m/z: 347.3 [M + H]+ confirms the formation of the product
since it matches exactly with the theoretical value. Further to
prepare Ru(II)-p-cymene-imidazophenanthroline complexes
(RuL1–RuL4), [RuCl(μ-Cl)(η6-p-cymene)]2 was added to the pre-
pared ligands (L1–L4) in a 1 : 2 ratio in methanol under ultra-
sonication for 2 h. After a change in colour from dark yellow to
reddish brown, 2.5 equivalents of NH4PF6 was added and soni-
cated for 90 min (Scheme 1). The complexes [(η6-p-cymene)-
RuII(L1)Cl]PF6 (RuL1), [(η6-p-cymene)-RuII(L2)Cl]PF6 (RuL2),
[(η6-p-cymene)-RuII(L3)Cl]PF6 (RuL3), and [(η6-p-cymene)-
RuII(L4)Cl]PF6 (RuL4) were obtained in good yield (92–95%)
(Scheme 1).

The structures of all the complexes (RuL1–RuL4) were ana-
lysed via 1H, 13C, 19F and 31P NMR, FT-IR and ESI-MS spec-
troscopy. The complex RuL4 displayed a characteristic doublet
peak at 0.92 ppm, corresponding to the two methyl groups of
para cymene and one singlet methyl peak at 2.22 ppm. The
aromatic protons of para cymene exhibited two distinct
doublet peaks in the range of 6.13–6.37 ppm. The protons of
ligand L4 experienced a considerable downfield effect upon
attachment to the ruthenium para cymene precursor. In the
13C NMR spectrum, the ligand carbons appeared at around δ

107.0–154.3 ppm. However, the new signals in the aromatic
region (δ 84.2–103.9 ppm), confirmed the presence of the
p-cymene group in complex RuL4. Similarly, the aliphatic CH3

and CH carbons peaks were observed in the range of δ

18.3–30.9 ppm. In the 19F NMR spectrum, characteristic peaks
of six fluorines appeared at δ −69.2 and −71.08 ppm. The
characteristic septate of phosphorous was observed in the
range of δ −135.41 to −157.37 ppm in the 31P NMR spectrum.
In the FT-IR spectra, the characteristic peaks of the sp3 C–H

Scheme 1 Synthesis of (η6-p-cymene)ruthenium(II)-imidazophenan-
throline complexes.
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stretching were observed at 3051 cm−1, sp3 C–H bending at
1408 cm−1 and PF stretching at 835 cm−1, which indicate the
formation of the Ru(II) complex. The ESI-MS peak at m/z: 619.4
[M]+ and isotopic pattern of ruthenium confirmed the for-
mation of complex RuL4. Similarly, a clear difference in peak
values in the NMR, FT-IR and ESI-MS spectra between the
other ligands (L1–L3) and their corresponding complexes
(RuL1–RuL3) were observed (ESI†).

Photophysical study

The absorption and emission spectra of all the complexes
(RuL1–RuL4) at 298 K were recorded in a DMSO–water (1 : 1)
solvent system, as shown in Fig. S1.† The photophysical data is
summarized in Table 1. The characteristic intraligand (π–π*)
transitions (N^N ligands) appeared at 250–350 nm and metal-
to-ligand charge transfer (1MLCT) at 360–480 nm.47,48 Among
the complexes, we observed the maximum absorption in the
1MLCT region for the anthracene derivative (RuL1). The MLCT
peak underwent a blue shift together with an increase in ε

value for RuL1. In the emission spectra, we observed the
MLCT emission of all the complexes in the range of
400–600 nm (Fig. S1†). Similar to the absorption spectra, the
emission for the anthracene derivative is the most intense
because of its strong π conjugation. Using the emission spec-
tral data, the quantum yield of the complexes was calculated
using eqn (ii). Among the four complexes, complex RuL1
showed the highest quantum yield (0.128) for the MLCT tran-
sition (Table 1).

Solubility, lipophilicity and conductivity

Both hydrophilicity and lipophilicity studies were performed
to determine the tumour-inhibiting potential of the metal
complexes. These complexes were highly soluble in DMSO and
moderately soluble in H2O, MeOH, EtOH and CH3CN.
Furthermore, they were soluble in the range of 5–10 mg per
mL of DMSO–10% DMEM medium (1% DMSO in DMEM,
1 : 99 v/v, comparable to cell media) at 25 °C (Table 1). The
lipophilicity of these complexes was determined by performing
an n-octanol/water partition coefficient (log Po/w, where Po/w =
the octanol/water partition coefficient) study using the shake
flask method (Table 1).49 The experimental log Po/w values of
these complexes were determined to be in the range of
0.42–1.01 (Table 1). Complex RuL1 exhibited the highest

log Po/w due to the hydrophobic nature of its anthracene group.
The lowest log Po/w value was observed for compound RuL3
because its hydrophilic indole –NH group. The ruthenium
complexes RuL1–RuL4 exhibited molar conductance values in
the range of ∼20–23 S m2 M−1 in pure DMSO. Furthermore,
their molar conductance increased in 10% DMSO (∼109–128 S
m2 M−1, Table 1), suggesting their 1 : 1 and 1 : 2 electrolytic
nature in pure DMSO and 10% DMSO, respectively.50

This change in the electrolytic behaviour of the complexes
from 1 : 1 to 1 : 2 can be attributed to the dissociation of the
Ru–Cl bond and subsequent aquation of the complexes. The
ionic strength (I) of these complexes was calculated to be I = 9
× 10−5 M (I = 1

2 × Æ©CiZi2). Furthermore, the gradual increase
in the conductivity of the complexes with incubation time in
10% DMSO suggests the ease of departure of the labile –Cl
group from the complexes, easily justifying the 1 : 2 electrolytic
nature of the complexes. Together with this, the increase in
conductivity with an increase in the concentration of CT-DNA
and GSH also depicts the aquation of the complexes due to the
breaking of the Ru–Cl bond. Additionally, the increase in con-
ductivity at the low pH of cancer cells confirmed the aqua
complex formation exposing the 1 : 2 electrolytic nature of the
complexes (Fig. S2–S5†). Thus, all these results afford satisfac-
torily support for the DNA covalent interaction via aqua
complex formation in the cancer environment (low pH and
high GSH).

Stability study

The stability studies of two complexes, e.g. RuL1 and RuL4,
were conducted in two different solvents, i.e. aqueous DMSO
(H2O : DMSO = 9 : 1) and aqueous GSH medium (Fig. S6 and
S7†), respectively. It is essential that the complexes remain
stable in the biological environments of cells, and thus the
stability studies were performed. The obvious change in absor-
bance (∼15–30% decrease after 24 h) for both complexes with
time in aqueous DMSO clearly revealed the moderate dis-
sociation of the –Cl ligand from the Ru(II) complexes followed
by aqua complex formation, which was also quantitatively
determined based on the observed molar conductivity of the
complexes (RuL1–RuL4) in aqueous DMSO. However, the steric
bulkiness of the arylimidazophenanthroline ligand may slow
down the hydrolysis of the Ru(II) complex.51 Glutathione is a
key detoxifying agent in the presence of glutathione

Table 1 Photophysical characterization, solubility, lipophilicity and conductivity study of the complexes (RuL1–RuL4)

Sample λmax
a (nm) λf

b (nm) Stokes shift ε c (M−1 cm−1) (φf)
d Solubilitye (M) Log P f

ΛM
g (µs)

DMSO 10% DMSO

RuL1 390 425, 450 35, 60 13 333 0.128 0.024 1.01 ± 0.12 21 109
RuL2 390 420 30 6666 0.119 0.021 0.72 ± 0.08 20 112
RuL3 390 440 50 10 000 0.027 0.014 0.42 ± 0.08 21 110
RuL4 390 440 50 3333 0.029 0.019 0.99 ± 0.20 23 128
Quinine sulphate 350 452 102 — 0.546 — — —

a Absorption maxima. bMaximum emission wavelength. c Extinction coefficient. dQuantum yield. eDMSO–10% DMEM medium (1 : 99 v/v, com-
parable to cell media). f n-Octanol/water partition coefficients. gConductance in DMSO and 10% aqueous DMSO (RuL1–RuL4; 3 × 10−5 M).
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S-transferase (GST) in cells.52 It has been reported that many
cancer cells become resistant to various drugs by increasing
their cellular glutathione level.53 Hence, to determine the
effect of GSH on the reported complexes, a stability study was
performed in the presence of excess (10 eq.) glutathione (GSH)
via time-dependent UV spectroscopy. However, we observed
the similar results to that in aqueous DMSO.

These results revealed the following two mechanisms: (i)
the aqua complex facilitates the transportation of these com-
pounds into the cytoplasm through serum albumin and they
bind with DNA via covalent bonding and (ii) deactivation of
these complexes is expedited through the GSH–drug
covalent interaction. Therefore the tendency for aqua
complex formation due to the dissociation of the Ru–Cl bond
promotes the drug to be GSH resistant in the cancer cell
environment.

DNA binding study

UV absorption method. To design effective chemotherapeu-
tic drugs, it is essential to explore the interactions of metal
complexes with DNA. The most commonly used methods to
determine the type of interaction involved between metal com-
plexes and DNA is electronic absorption titration. There are
three different modes of non-covalent interaction between
small molecules and DNA: (i) intercalation, (ii) partially inter-
calation, and (iii) groove binding, which can be stabilized by
hydrogen, electrostatic, and hydrophobic bonding interactions.
These interactions display the mechanism of action and effec-
tiveness of metallodrugs. Both complexes displayed two strong
absorption bands at 250 nm and 300 nm, corresponding to
the intraligand π–π* transition. The weak absorption peaks of
the Ru(dπ)–imidazophen(dπ*) charge transfer (MLCT) tran-
sitions were observed in the range of 360–480 nm (Fig. S8†).
DNA base pairs such as purine (adenine and guanine) and pyr-
imidine (cytosine and thymine) analogues are responsible for
electronic transitions. Upon the addition of CT-DNA in
increasing concentration from 5 µM to 60 µM, we observed a
hypochromic shift in both π–π* and the MLCT region in case
of complex RuL1. In contrast, for RuL4, there was a hyperchro-
mic shift in absorbance at 250 nm and hypochromic shift in
absorbance at 300 nm, resulting in the appearance of an iso-
sbestic point, which indicates the prevalence of covalent inter-
action of the complex with DNA together with the intercalative
mode of interaction.

However, there was no significant change in the absorbance
of complex RuL4 in the MLCT region with the gradual addition
of DNA. Also, there was a slight increase in wavelength (batho-
chromism) for both complexes during the course of the study.
The extent of hypochromism and bathochromism commonly
specify the intercalative binding strength.54,55 Significant
hyperchromism may be attributed to external contact (electro-
static binding), covalent binding, groove binding or partial
uncoiling of the helix structure of DNA, exposing more bases
of DNA.54,55 The planarity of the anthracene moiety in the
RuL1 complex can result in the remarkable intercalative mode
of interaction with DNA, as suggested by the hypochromism in
the absorbance intensity during the DNA binding study.
Simultaneously, the slight obstruction in the release of the –Cl
group from the complex due to the steric bulkiness of anthra-
cene moiety can subdue the covalent binding mode of the
drug with DNA.51 Therefore, in the case of RuL1, hypochro-
mism alone was observed. On the other hand, the appearance
of an isosbestic point as a result of both hypo- and hyperchro-
mism in the absorbance spectrum of complex RuL4 provides
information about the prevalence of the covalent binding
mode together with intercalation since the planarity and steric
bulkiness are diminished in the case of naphthalene moiety
compared to the anthracene moiety. The intrinsic binding con-
stant (Kb) for both complexes (RuL1 and RuL4) were deter-
mined using eqn (i) (see ESI†) and from the [DNA]/(εa − εf ) vs.
[DNA] linear plots (Table 2 and Fig. S9†). Compound RuL1
exhibited a significant (105) Kbπ–π*(2.0 × 105 M−1, λmax =
250 nm), Kbπ–π* (0.6 × 105 M−1, λmax = 300 nm) and KbMLCT

(0.35 × 105 M−1, λmax = 380 nm) values, which were slightly
lower than that of the classical DNA intercalator ethidium
bromide (EthB) (KEthB = 7 × 105 M−1).56 Furthermore, complex
RuL4 also displayed a similar order of intrinsic binding con-
stant Kbπ–π* = 0.75 × 105 M−1 at λmax = 300 nm only (Table 2).

EtBr quenching study

The competitive binding of compounds RuL1 and RuL4 to
CT-DNA was studied via fluorescence spectroscopy using ethi-
dium bromide (EtBr) as the fluorophore. We clearly observed a
gradual decrease in the fluorescence intensity of the EtBr-
bound DNA in the presence of the complexes since they dis-
placed EtBr from DNA, and consequently got bound between
the base pairs of the DNA, suggesting the intercalative binding
mode of action, as observed in Fig. S10.†

Table 2 DNA binding parameters for complexes RuL1 and RuL4 with CT-DNA

Complex λmax [nm] Change in absorbance Δεa (%) Kb
b (×105 M−1) Ksv

c (×106 M−1) Kapp
d (×106 M−1)

RuL1 250 Hypochromism 60 2.00 0.01 2.67
300 Hypochromism 62 0.60
380 Hypochromism 66 0.35

RuL4 250 Hyperchromism 35 — 0.03 2.67
300 Hypochromsim 50 0.75

a% Change in hypochromism or hyperchromism. b Kb, intrinsic DNA binding constant from UV–visible absorption titration. c Ksv, Stern–Volmer
quenching constant. d Kapp, apparent DNA binding constant from competitive displacement.
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The compound was excited in presence of EtBr-bound DNA
at 485 nm and its fluorescence emission was recorded at
598 nm. The concentrations of the other reagents involved are
as follows: [DNA] = 120 μM, [EtBr] = 8 μM, [RuL1]50 = 30 μM,
and [RuL4]50 = 30 μM. The calculated Kapp according to eqn
(iii) for both complexes RuL1 and RuL4 was observed to be
Kapp = 2.67 × 106 M−1. The Stern–Volmer quenching constant,
KSV, was calculated in accordance with eqn (iv), and was found
to be 0.01 × 106 M−1 for complex RuL1 and 0.03 × 106 M−1 for
complex RuL4 (Fig. S11†). The significant change in the spec-
tral band position (hypochromism and hyperchromism, Δε =
50–66%), high intrinsic binding constant (Kb ∼ 105) and high
apparent binding constant (Kapp ∼ 106) suggested the strong
binding of these complexes with DNA. The mode of DNA inter-
action of these complexes was further confirmed by viscosity
measurement. In addition, the high value of hypochromism
(Δε = 50–66%), high Kb (∼0.35–2.0 × 105 M−1) and high Kapp

(2.67 × 106 M−1) of both complexes suggest intercalation with
CT-DNA.47 The observed Kb values of RuL1 and RuL4 were
higher than that reported for Ru(II)–arene complexes57 and
lower than that of Ru–polypyridyl complexes such as [Ru(pdto)
(dppz)]2+ (Kb, 3.0 × 106 M−1),58 [Ru(phen)2(dppz)]

2+ (Kb, 5.1 ×
106 M−1)58 and [Ru(bpy)2(dppz)]

2+ (Kb, 1.3 × 106 M−1).58b

Viscosity method

To determine the binding mode of drugs with DNA, a hydro-
dynamic method such as a viscosity experiment is usually con-
ducted. The viscosity study of complex RuL4 demonstrated its
intercalative nature with an increase in its concentration and
its covalent binding ability to DNA with a decrease in its con-
centration. This complex exhibited significant intercalation in
the range of 50 µM to 80 µM, which was clear from the steep-
ness of the line in the viscosity graph (Fig. S12†).
Subsequently, the slow increase in the steepness of line from
80 µM and higher indicates its moderate intercalative power
with DNA base pairs. On the other hand, with a decrease in
concentration of the complex from a higher concentration as a
function of DNA concentration, a steady decrease in viscosity
was observed. This suggests that DNA will induce the complex
molecule to bind in a covalent manner by replacing its labile
chlorine coordinated to the metal in the complex moiety.
These results were also compared with the viscosity plot of
EtBr with DNA (Fig. S12†). Hence, both types of interactions
may prevail to destroy the nucleus of cancerous cells depend-
ing on the concentration of the drug.

BSA binding study

Upon excitation at 295 nm, the emission intensity of BSA at
λem = 350 nm decreased gradually on increasing the complex
concentration, which confirmed that the interaction between
complexes RuL1 and RuL4 with BSA had occurred, as observed
in Fig. S13.† The Stern–Volmer quenching constant of these
complexes with BSA (KBSA) was calculated using the Stern–
Volmer eqn (v) and the corresponding Stern–Volmer plots
(Fig. S14†). The binding affinity (K) of the complexes was calcu-
lated from Scatchard plot analysis and using eqn (vi)

(Fig. S15†). The complexes showed strong binding propensity
with BSA, which is required for the transport of protein-bound
complexes in biological systems. As depicted in Table 3, the
KBSA for complex RuL1 was found to be 0.38 × 106 M−1 and
that for complex RuL4 was 0.01 × 106 M−1, whereas, the K
value for RuL1 was 1.25 × 104 M−1 and 1.51 × 104 M−1 for
RuL4. The value of bimolecular quenching constant (kq) calcu-
lated from KSV and τ0 (1 × 10−8 s) was observed to be 3.8 × 1013

M−1 S−1 for complex RuL1 and 0.99 × 1012 for complex RuL4.
These values are higher than the maximum possible value for
dynamic quenching (2.0 × 1010 L mol−1 s−1),59,60 suggesting
the involvement of static quenching mechanism by the
present Ru(II) arene complexes. It is well known that in many
cases, fluorophores can be quenched by both collision
(dynamic quenching) and complex formation with the same
quencher (static quenching).59,60 Herein, the high value of the
quenching rate constant, kq (1012–1013 M−1 S−1), indicates
effective bimolecular quenching together with binding.59,60

The Stern–Volmer plot shown in Fig. S14b† exhibits an upward
curvature, concave toward the Y-axis at a high quencher con-
centration. This nonlinear Stern–Volmer plot of complex RuL1
indicates that both static and dynamic quenching processes
contributed to the overall quenching of BSA. The non-linearity
of the Stern–Volmer plot of RuL1 is due to the formation of a
ground state complex between the Ru(II) complex and BSA.

In vitro cytotoxicity study

The in vitro cytotoxicity of complexes RuL1–RuL4 and cisplatin
were investigated using the typical 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay protocol and a
panel of cancer cell lines, i.e. human epithelioid cervix carci-
noma (HeLa), colorectal adenocarcinoma cells (Caco-2), and
one normal cell line, i.e. human embryonic kidney cells
(HEK-293), in triplicate. Complex RuL4, with IC50 values
ranging from 2–4 µM, showed much higher cytotoxicity than
complexes RuL1, RuL2, and RuL3 and both positive controls
(cisplatin and RAPTA-C) against all the human cancer cell
lines tested (Table 4). Interestingly, the synthesized complexes
exhibited much higher potency than RAPTA-C in both cancer
cell lines. In terms of selectivity, all the compounds were 2–40-
fold more selective for cancer cells than the positive controls.
Notably, complex RuL4 exhibited 24- and 40-fold higher
selectivity against HeLa and Caco-2 cells over non-cancerous
HEK-293 cells, respectively. A compound having a good in vitro
cytotoxicity profile under normoxia may be a good sign, but its
cytotoxicity may deteriorate under hypoxic environments due

Table 3 Binding parameters of complexes RuL1 and RuL4 with BSA

Complex KBSA
a [M−1] kq

b [M−1s−1] Kc [M−1] nd

RuL1 0.38 × 106 3.8 × 1013 1.25 × 104 1.7
RuL4 0.01 × 106 0.99 × 1012 1.51 × 104 0.7

a KBSA, Stern Volmer quenching constant. b Kq, quenching rate con-
stant. c K, binding constant with BSA. d n, number of binding sites.
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to hypoxia-induced resistance.34 Hence, we explored the
activity of these complexes under hypoxic (O2, 1%) conditions
in HeLa and CaCo-2 cells. We found an insignificant change
in the IC50 values of these complexes under hypoxia compared
to normoxia, suggesting their efficiency in extreme hypoxic cel-
lular conditions (Table 4 and Fig. 1). For example, complex
RuL4 showed IC50 values of 4.1 ± 1.2 μM (p < 0.05) and 2.5 ±
0.9 μM (p < 0.001) under normoxia against HeLa and CaCo-2
cells, respectively (Table 4 and Fig. 1). Similarly, we found that
the IC50 values of this complex were 5.2 ± 1.1 μM (p < 0.05)
and 2.8 ± 0.7 μM (p < 0.0001) against hypoxic HeLa and CaCo-
2 cells, respectively (Table 4 and Fig. 1). In contrast, cisplatin
displayed a massive decrease in activity (∼50%) under identical
hypoxic conditions (Table 4 and Fig. 1).34b These results
suggest that complex RuL4 are equally potent under normoxia
and hypoxia with high selectivity, which is a significant quality
for an anticancer agent.34a Since the synthesized complexes
RuL1 and RuL4 showed moderate interaction with
L-glutathione in the UV-Vis study, these compounds are
expected to be deactivated by GSH.33d,e To confirm this suspi-
cion, we probed the activity of all the synthesized complexes
under normoxic conditions in the presence of 1 mM of
reduced L-glutathione against HeLa and CaCo-2 cells. All the
complexes displayed a slight loss in activity under the nor-
moxic condition in the presence of externally added GSH in
the culture media; however, the deactivation was very low.

This may be described in two ways as follows: (i) the Ru(II)
complexes exhibited a higher order of affinity (∼1012–1013) to
serum albumin, which protected them from deactivation by
GSH and assisted their delivery to the target site51,61,62 and (ii)
the GSH reacted competitively with oxygen; hence, the de-
activation of the Ru(II) complexes was low. It is well known that
cancer cells in hypoxic regions are usually resistant to both
radiotherapy and chemotherapy.63 Thus, to determine the
exact reason behind the significant potency of these complexes
in the presence of a high GSH concentration we evaluated
their in vitro toxicity towards hypoxic (O2, 1%) cancer cells in

the presence of excess reduced glutathione (Table 4 and
Fig. 1).64 However, there were no significant differences in
activity observed for all the complexes under the normoxia and
hypoxia condition. These results reveal the significance of
serum albumin rather than a normoxic cellular O2 level for
combating GSH, stopping the deactivation process. All four
complexes exhibited much higher cytotoxicity in normoxic,
normoxic GSH, hypoxic and hypoxic GSH media towards the
cancer cell lines compared to cisplatin.

Cellular uptake and imaging study

We quantified the cellular uptake levels of the Ru(II) complexes
(RuL1–RuL4) using inductively coupled plasma mass spec-
trometry (ICP-MS). After incubation with the Ru(II) complexes
(5 μM) for 24 h, as can be seen in Fig. 2, the ICP-MS results
revealed that high levels of complexes RuL1–RuL4 were accu-
mulated in the HeLa cells. The cellular Ru accumulation was
observed to follow the trend of RuL4 > RuL1 > RuL2 > RuL3
(Fig. 2). However, the difference in Ru accumulation between
RuL1 and RuL2 was very small. The cellular accumulation data
was correlated with the lipophilic nature (log Po/w values) of
the complexes. Due to the hydrophilic –NH in indole, complex
RuL3 was less accumulated inside the cells. The trend of this
accumulation was also in agreement with the cytotoxicity pro-
files (Table 4 and Fig. 1). RAPTA-C exhibited much lower
accumulation in the HeLa cells compared to all the syn-
thesized Ru(II)-p-cymene complexes (RuL1–RuL4).

We performed the cellular imaging experiment using the
HeLa cell line. HeLa cells were incubated with fresh
Dulbecco’s modified Eagle’s medium (DMEM, with 1% pen/
strep and 10% FBS) containing 20 µM of the most fluorescent
complex RuL1 (in DMSO/culture medium, 1/99, v/v) for 4 h at
37 °C, and then washed them gently with PBS. The images
were taken using an Olympus fluorescence microscope under
480 nm excitation. Live cells were traced by the red fluo-
rescence of compound RuL1 under the fluorescence micro-
scope (Fig. 3). This result clearly indicated the strong cellular

Table 4 MTT cytotoxicity screening of Ru(II)–arene complexes (RuL1–RuL4) and control

Complex

Normoxia SFb Normoxia + GSHe

IC50 (µM) ± S.D.a

Hypoxia f Hypoxia + GSH

HeLac CaCo-2d HEK-293 HeLa CaCo-2 HeLa CaCo-2 HeLa CaCo-2 HeLa CaCo-2

RuL1 22.9 ± 1.3 SFb >100 >4.6 >4.9 27.0 ± 1.4 23.7 ± 1.2 23.0 ± 1.6 21.4 ± 1.2 28.1 ± 1.2 23.6 ± 1.5
RuL1 27.5 ± 1.9 14.2 ± 1.4 >100 >3.6 >7.0 29.4 ± 1.1 17.8 ± 1.1 28.8 ± 1.2 14.6 ± 1.4 30.0 ± 1.4 18.7 ± 1.2
RuL3 47.1 ± 1.4 34.5 ± 2.7 >100 >2.1 >2.6 51.0 ± 1.3 38.9 ± 1.8 47.8 ± 1.4 38.0 ± 1.2 48.2 ± 1.6 40.8 ± 1.5
RuL4 4.1 ± 1.2 2.5 ± 0.9 >100 >24.4 >40.0 5.9 ± 1.0 2.6 ± 1.2 5.2 ± 1.1 2.8 ± 0.7 5.3 ± 1.0 2.7 ± 1.1
Cisplatin 21.8 ± 0.8 14.2 ± 1.4 24.4 ± 1.5 1.1 1.7 34.7 ± 1.2 21.5 ± 0.8 29.3 ± 1.4 35.4 ± 1.4 42.6 ± 1.8 36.3 ± 1.5
RAPTA-C 246.9 ± 1.2 >300 >300 >1.2 1 NDg ND ND ND ND ND

a IC50 is the concentration at which 50% of cells undergo cytotoxic cell death due to organoruthenium, cisplatin and RAPTA-C treatment in tripli-
cate. It was calculated by non-linear sigmoidal curve fitting of the dose–response model using Origin 8.5. Each value represents the mean ± SD
(standard deviation) of three independent experiments. b SF (selectivity factor) = ratio of IC50 for HEK-293 and IC50 for all the cancer cell lines.
HEK-293 fibroblasts are generally selected as the model for healthy cells in the evaluation of chemotherapeutic drug selectivity. c 48 h incubation
time for HeLa. d 72 h incubation time Caco-2 cell line. eGSH = reduced glutathione (1 mM). fHypoxia (1% O2). Statistical significance is indicated
as P < 0.05 based on the Student’s t-test using the Origin 8.5 software (the statistical significance (p) of the data is <0.05 or better). gND = not
determined.
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Fig. 1 Comparison of the cytotoxicity of complexes RuL1–RuL4, cisplatin and RAPTA-C in (a) normoxic condition against HeLa cells, (b) normoxic
condition against CaCo-2 cells, (c) hypoxic condition against HeLa cells, (d) hypoxic condition against CaCo-2 cells, (e) both conditions in the pres-
ence of GSH against HeLa cells and (f ) both conditions in the presence of GSH against CaCo-2 cells. Cytotoxicity of RAPTA-C was not evaluated in
hypoxia and GSH media.
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uptake of complex RuL1 upon 4 h incubation with the HeLa
cell line. Co-localization of the complex with DAPI showed that
the intracellular distribution of this complex is mainly in the
nucleus compared to the other organelles (Fig. 3).

Experimental
Materials and methods

In all the experiments, the reagents and solvents used were of
the highest grade and best commercial quality. All organic sol-
vents used throughout the chemical synthesis and chromato-
graphy procedures were of analytical grade and used without
further purification as-received from E. Merck (India).
Dichloro-p-cymene ruthenium(II) chloride dimer, 1,10-phenan-
throline-5,6-dione, α-naphthaldehyde, 9-anthraldehyde, chro-
mone-3-carboxaldehyde, and indole-3-carboxaldehyde were
procured from Sigma Aldrich Chemical Ltd, Merck and
Spectrochem. Thin layer chromatography was performed on
pre-coated silica gel 60 F254 aluminium sheets (E. Merck,
Germany) and the solvent system was an ethyl–acetate–metha-
nol mixture. Bovine serum albumin (BSA) was purchased from
Sigma Aldrich Chemical Limited. The HeLa and HEK-293 cell
lines were purchased from NCCS, Pune. The caco-2 cell line
was procured from ATCC, Sigma Aldrich. 1H NMR, 13C NMR,
19F NMR and 31P NMR spectra were recorded on a 400 MHz
Advance Bruker DPX spectrometer with tetramethylsilane
(TMS) as the internal standard. The chemical shifts were

reported in ppm units. Abbreviations are as follows: s, singlet;
d, doublet; dd, double doublet; t, triplet; and m, multiplet.
The melting points of the complexes were measured on an
Elchem Microprocessor-based DT apparatus using an open
capillary tube. FT-IR spectra were recorded on a Shimadzu
Affinity FT-IR spectrometer in the range of 4000–400 cm−1.
The mass spectra of the synthesized compounds were recorded
on a Shimadzu ESI-mass spectrometer having a 4000 triple
quadrupole MS, using methanol as the solvent. UV-Visible
spectra were recorded on a JASCO V-730 spectrometer using a
1 cm quartz cell and fluorescence spectra on Hitachi F7000
fluorescence spectrophotometer equipped with a xenon lamp.
A PerkinElmer instrument was used for the elemental analysis.
The conductivity and viscosity study were performed using a
conductivity-TDS meter-307 and Ostwald viscometer, respect-
ively. For the cytotoxicity (MTT) assay and imaging study, an
Elisa reader, 96-well plate, Olympus CX41 fluorescence micro-
scope were used.

Synthetic procedures

Synthesis of arylimidazophenanthroline ligands [L1–L4].
Briefly, 50 mg (0.238 mmol, 1 equiv.) of 1,10-phenanthroline-
5,6-dione and an equimolar amount of different aromatic car-
boxaldehydes (1 equiv.) (1–4) were dissolved in 5 mL of glacial
acetic acid in a 50 mL round-bottom flask. Subsequently,
10 molar equivalent of ammonium acetate (183.6 mg,
2.379 mmol) was added to the reaction mixture. Then the reac-
tion was refluxed for 30 h at 120 °C under an inert atmosphere.
The completion of the reaction was monitored by TLC using
100% ethyl acetate. The contents of the reaction mixture were
then transferred to a beaker and cold water was added to it.
Ammonia solution was added dropwise to neutralize the
highly acidic environment. The appearance of precipitate con-
firmed the formation of the product. The beaker was kept in
the fridge overnight to allow the precipitate to settle. The con-
tents of the beaker were then filtered, and the precipitate was
dried and then subjected to repeated washing with hexane to
obtain the purified product. The pure product obtained from
ethyl acetate appeared to be various shades of brown and
yellow with 92%–95% yield. The formation of the product was
confirmed by 1H NMR, 13CNMR, FT-IR and ESI-MS.

[2-(Anthracen-9-yl)-1H-imidazo[4,5-f][1,10]phenanthroline](L-1). Yield:
92%; Mp: >300 °C; Rf (pure ethyl acetate): 0.65; IR (cm−1): ν Ar
C–H stretching (3046), C–N stretching (1348), C–H bending
(729); 1H NMR (DMSO-d6, 400 MHz): δ 7. 04 (t, 2H, J = 7.6 Hz,
ArH), 7.24 (d, 2H, J = 8.8 Hz, ArH); 7.76 (m, 2H, J = 6.4 Hz,
ArH); 7.93 (d, 2H, J = 9.2 Hz, ArH), 8.13 (d, 2H, J = 8.4 Hz,
ArH), 8.31 (s, 1H, ArH), 8.66 (d, 2H, J = 8.0 Hz, ArH), 8.89 (d,
2H, J = 8.4 Hz, ArH); 13C NMR (DMSO-d6, 100 MHz): δ 123.9,
124.8, 125.7, 126.0, 126.2, 126.3, 126.7, 127.2, 128.8, 129.0,
129.4, 129.8, 131.1, 131.8, 135.1, 135.8, 146.1, 148.8, 151.9,
153.5; ESI-MS (MeOH): m/z = 397.1.

[3-(1H-Imidazo[4,5-f][1,10]phenanthrolin-2-yl)-4H-chromen-4-one](L-2).
Yield: 95%; Mp: 250–252 °C; Rf (pure ethyl acetate): 0.55;
IR (cm−1): ν Ar C–H stretching (3248), Ar CvC stretching
(1647), C–N stretching (1462), C–H bending (758); 1H NMR

Fig. 2 Ruthenium content inside HeLa cells treated with complex
RuL1–RuL4 and RAPTA (5 μM) for 24 h. Data obtained from ICP-MS ana-
lysis. Error bar shows the standard error of the data.

Fig. 3 Co-localization images of RuL1 complex (20 µM) in live HeLa
cells after 4 h of incubation with nucleus dye DAPI. Excitation wave-
length was 480 nm. Scale bar 20 µm.

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 1
0 

Se
pt

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 C
or

ne
ll 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
9/

10
/2

02
0 

12
:1

1:
01

 P
M

. 
View Article Online

https://doi.org/10.1039/d0dt02069a


(DMSO-d6, 400 MHz): δ 7.63–7.67 (m, 1H, ArH); 7.81–7.85 (m,
4H, ArH); 7.92–7.96 (m, 2H, ArH); 8.30 (d, 1H, J = 8.0 Hz, ArH);
9.04 (d, 2H, J = 3.2 Hz, ArH), 9.33 (s, 1H, ArH); 13C NMR
(DMSO-d6, 100 MHz): δ 113.8, 118.2, 120.1, 122.7, 124.7, 125.8,
126.0, 132.1, 132.7, 134.6, 135.7, 142.6, 146.0, 153.3, 155.0,
157.9, 173.8; ESI-MS (MeOH): m/z = 365.3.

[2-(1H-Indol-3-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline](L-3).
Yield: 92%; Mp: 262–264 °C; Rf (pure ethyl acetate): 0.56;
IR (cm−1): ν Ar C–H stretching (3132), Ar CvC stretching
(1574), C–N stretching (1358), C–H bending (735); 1H NMR
(DMSO-d6, 400 MHz): δ 7.39–7.43 (m, 2H, ArH), 7.78–7.82 (m,
2H, ArH), 7.96 (d, 1H, J = 7.6 Hz, ArH); 8.04 (d, 1H, J = 7.6 Hz,
ArH); 8.22 (s, 1H, ArH); 8.91 (d, 2H, J = 8.0 Hz, ArH); 9.01 (d,
1H, J = 4.0 Hz, ArH); 13C NMR (DMSO-d6, 100 MHz): δ 107.0,
112.4, 120.8, 122.0, 122.8, 123.8, 124.8, 125.6, 126.3, 130.3,
132.9, 136.2, 136.9, 138.3, 143.3, 147.8, 149.5, 156.5; ESI-MS
(MeOH): m/z = 336.5.

[2-(Naphthalene-1-yl)-1H-imidazo[4,5-f][1,10]phenanthroline](L-4).
Yield: 95%; Mp: 260–262 °C; Rf (pure ethyl acetate): 0.62;
IR (cm−1): ν Ar C–H stretching (3163), Ar CvC stretching
(1537), C–N stretching (1391), C–H bending (737); 1H NMR
(DMSO-d6, 400 MHz): δ 7.63–7.70 (m, 2H, ArH); 7.72–7.77 (m,
1H, ArH), 7.85 (dd, 2H, J1 = 8.0 Hz, J2 = 4.4 Hz, ArH); 8.09 (d,
1H, J = 8.8 Hz, ArH); 8.13–8.17 (m, 2H, ArH); 8.99 (d, 2H, J =
9.2 Hz, ArH); 9.06 (d, 2H, J = 4.4 Hz, ArH); 9.15 (d, 1H, J = 8.4
Hz, ArH); 13C NMR (DMSO-d6, 100 MHz): δ 124.1, 124.5, 125.8,
125.9, 126.6, 126.9, 127.4, 127.7, 128.5, 128.9, 129.2, 129.6,
130.2, 130.6, 130.7, 130.9, 131.3, 133.7, 134.1, 135.8, 137.4,
143.5, 148.3, 151.1; ESI-MS (MeOH): m/z = 347.3.

Synthesis of [(η6-p-cymene)-RuII(arylimidazophenanthroline)
Cl]PF6 complexes [RuL1–RuL4]. 20 mg (0.033 mmol, 1 equiv.)
of dichloro(p-cymene)ruthenium(II) dimer ([RuCl(μ-Cl)(η6-p-
cymene)]2) was dissolved in about 10 mL of methanol in a
50 mL round-bottomed flask and stirred continuously for
5–10 min to dissolve the reactant. To the completely dissolve
the solution, 2.1 equivalents of the previously synthesized
ligands (L1–L4) was added and kept for 90 min under ultra-
sonication at room temperature. After 90 min, 2.5 equivalents
of ammonium hexafluorophosphate (NH4PF6) (13.3 mg,
0.082 mmol) was added as the ligand exchange salt to increase
the crystallinity, and hence, purity of the product, and again
the reaction mixture was subjected to ultra-sonication for
90 min at room temperature. The progress of the reaction was
confirmed by TLC. After complete conversion of the starting
materials to the desired product, the solvent was evaporated
under reduced pressure. The crude product was washed
with hexane and further recrystallized from diethyl ether/
methanol (1 : 1) solvent system. Finally, the complexes (RuL1–
RuL4) were obtained as light brown crystals with a high yield
(92–95%).

[(η6-p-Cymene)RuIICl{Κ2-N,N-(2-(anthracen-9-yl)-1H-imidazo[4,5-
f ][1,10]phenanthroline)}]PF6 (RuL1). 50.4 mg (0.062 mmol, 95%);
Mr (C37H30N4ClF6PRu) = 812.15 g mol−1; anal. calcd for
C37H30N4ClF6PRu: C 54.72, H 3.72, N 6.90; found: C 54.44; H
3.41; N 6.51; Mp: 172–174 °C; Rf (100% methanol): 0.81; Mp:
>300 °C; Rf (pure methanol): 0.85; IR (cm−1): ν sp3 C–H

stretching (3048), Ar CvC stretching (1618), C–N stretching
(1433), sp3 C–H bending (1414), P–F stretching (831), C–H
bending (556); 1H NMR (DMSO-d6, 400 MHz): δ 0.96 (d, 6H, J =
6.8 Hz, H-i, H-j, cymene isopropyl–CH3); 2.23 (s, 3H, H-a,
cymene CH3); 2.63–2.70 (m, 1H, H-h, cymene C–H); 6.14 (d,
2H, J = 6.0 Hz, H-e, H-f, cymene ArH); 6.39 (d, 2H, J = 6.0 Hz,
H-c, H-d, cymene ArH); 7.53 (d, 2H, H-23, J = 6.4 Hz, H-19,
ArH); 7.62 (t, 3H, J = 7.4 Hz, H-17, H-18, H-24, ArH); 7.77 (d,
2H, J = 8.4 Hz, H-16, H-26, ArH); 8.22 (t, 2H, J = 6.4 Hz, H-2,
H-9, ArH); 8.27 (d, 3H, J = 8.8 Hz, H-3, H-8, H-25, ArH); 8.95 (s,
1H, H-21, ArH); 9.91 (d, 2H, J = 5.2 Hz, H-1, H-10, ArH); 13C
NMR (DMSO-d6, 100 MHz): δ 18.8 (Me, C-a, p-cymene), 21.9
(Me, C-i, p-cymene), 22.1 (Me, C-j, p-cymene), 30.9 (CH, C-h,
p-cymene), 84.4 (ArCH, C-f, p-cymene), 85.9 (ArCH, C-e,
p-cymene), 86.7 (ArCH, C-d, p-cymene), 86.8 (ArCH, C-c,
p-cymene), 103.7 (ArC, C-g, p-cymene), 104.7 (ArC, C-b,
p-cymene), 124.8 (2C, C-2, C-9), 125.9 (1C, C-12), 126.3 (2C,
C-16, C-26), 126.9 (2C, C-20, C-22), 129.1 (3C, C-11, C-15, C-27),
130.1 (6C, C-4, C-7, C-17, C-18, C-24, C-25), 131.1 (2C, C-19,
C-23), 131.3 (3C, C-3, C-8, C-21), 132.9 (1C, C-14), 139.8 (1C,
C-5), 143.9 (2C, C-1, C-10), 151.2 (1C, C-13), 154.4 (1C, C-6); 19F
NMR (DMSO-d6, 376 MHz): δ −71.07 to −69.18 (6F, PF6);

31P
NMR (DMSO-d6, 162 MHz): δ −157.4 to −131.04 (PF6); ESI-MS
(MeOH): m/z = 667.0 [M]+.

[(η6-p-Cymene)RuIICl{Κ2-N,N-(3-(1H-imidazo[4,5-f][1,10]phenanthro-
lin-2-yl)-4H-chromen-4-one)}]PF6 (RuL2). 45 mg (0.060 mmol, 92%);
Mr (C32H26N4O2ClF6PRu) = 780.06 g mol−1; anal. calcd for
C32H26N4ClF6PRu: C 49.27, H 3.36, N 7.18; found: C 49.56; H
3.14; N 7.48; Mp: >300 °C; Rf (pure methanol): 0.78; IR (cm−1):
ν sp3 C–H stretching (3050), Ar CvC stretching (1641), C–N
stretching (1464), sp3 C–H bending (1408), P–F stretching
(833), C–H bending (556); 1H NMR (DMSO-d6, 400 MHz): δ

0.91(d, 6H, J = 7.2 Hz, H-i, H-j, cymene isopropyl–CH3); 2.21 (s,
3H, H-a, cymene CH3); 2.57–2.64 (m, 1H, H-h, cymene C–H);
6.13 (d, 2H, J = 6.0 Hz, H-e, H-f, cymene ArH); 6.34 (d, 2H, J =
6.4 Hz, H-c, H-d, cymene ArH); 7.66 (t, 2H, J = 7.6 Hz, H-2, H-9,
ArH); 7.84 (d, 1H, J = 8.4 Hz, H-3, ArH); 7.94 (t, 1H, J = 8 Hz,
H-8, ArH); 8.19–8.23 (m, 3H, H-18, H-19, H-20, ArH); 8.30 (d,
1H, J = 7.6 Hz, H-17, ArH); 9.39 (s, 1H, H-15, ArH); 9.88 (d, 2H,
J = 5.2 Hz, H-1, H-10, ArH); 13C NMR (DMSO-d6, 100 MHz): δ
18.8 (Me, C-a, p-cymene), 21.9 (Me, C-i, p-cymene), 22.0 (Me,
C-j, p-cymene), 30.9 (CH, C-h, p-cymene), 84.3 (ArCH, C-f,
p-cymene), 85.9 (ArCH, C-e, p-cymene), 86.7 (ArCH, C-d,
p-cymene), 86.8 (ArCH, C-c, p-cymene), 100.6 (ArC, C-b,
p-cymene), 103.7 (ArC, C-g, p-cymene), 104.3 (1C, C-15), 114.8
(1C, C-20), 119.2 (2C, C-2, C-9), 123.7 (2C, C-11, C-18), 125.7
(2C, C-12, C-21), 126.8 (2C, C-4, C-17), 127.0 (1C, C-7), 133.1
(1C, C-8), 135.6 (1C, C-8), 143.6 (1C, C-13), 147.0 (2C, C-1,
C-10), 154.3 (2C, C-5, C-19), 156.0 (2C, C-6, C-22), 159.0 (1C,
C-14), 174.8 (1C, C-16); 19F NMR (DMSO-d6, 376 MHz): δ

−71.08 to −69.19 (6F, PF6);
31P NMR (DMSO-d6, 162 MHz): δ

−157.36 (PF6), δ −152.97 to −131.03 (PF6); ESI-MS (MeOH): m/z
= 635.9 [M]+.

[(η6-p-Cymene)RuIICl{Κ2-N,N-(2-(1H-indol-3-yl)-1H-imidazo[4,5-
f ][1,10]phenanthroline)}]PF6 (RuL3). 46.1 mg (0.0614 mmol,
94%); Mr (C31H27N5ClF6PRu) = 751.07 g mol−1; anal. calcd for

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2020 Dalton Trans.

Pu
bl

is
he

d 
on

 1
0 

Se
pt

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 C
or

ne
ll 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
9/

10
/2

02
0 

12
:1

1:
01

 P
M

. 
View Article Online

https://doi.org/10.1039/d0dt02069a


C31H27N5ClF6PRu: C 49.57, H 3.62, N 9.32; found: C 49.76; H
3.14; N 9.58; Mp: >300 °C; Rf (pure methanol): 0.80; IR (cm−1):
ν sp3 C–H stretching (3418), Ar CvC stretching (1587), sp3 C–
H bending (1449), C–N stretching (1368), P–F stretching (831),
C–H bending (554); 1H NMR (DMSO-d6, 400 MHz): δ 0.91 (d,
6H, H–I, H-j, J = 6.0 Hz, cymene isopropyl–CH3); 2.20 (s, 3H,
H-a, cymene CH3); 2.58–2.66 (m, 1H, H-h, cymene C–H); 6.11
(d, 2H, J = 6 Hz, H-e, H-f, cymene ArH); 6.34 (d, 2H, J = 6.0 Hz,
H-c, H-d, cymene ArH); 7.25–7.28 (m, 4H, H-3, H-8, H-16,
H-19, ArH); 7.55 (t, 1H, J = 5.6 Hz, H-17, ArH); 8.16–8.20 (m,
2H, H-2, H-9, ArH); 8.68 (t, 1H, J = 4.4 Hz, H-18, ArH); 8.55 (s,
1H, imidazole NH-proton); 9.37 (d, 1H, J = 5.6 Hz, H-14, ArH);
9.83 (d, 2H, J = 5.2 Hz, H-1, H-10, ArH); 11.8 (s, 1H, indole NH-
proton); 13C NMR (DMSO-d6, 100 MHz): δ 18.8 (Me, C-a,
p-cymene), 21.9 (Me, C-i, p-cymene), 22.1 (Me, C-j, p-cymene),
30.4 (CH, C-h, p-cymene), 84.3 (ArCH, C-c, p-cymene), 85.9
(ArCH, C-d, p-cymene), 86.7 (ArCH, C-e, p-cymene), 86.8 (ArCH,
C-f, p-cymene), 100.6 (ArC, C-b, p-cymene), 103.6 (ArC, C-g,
p-cymene), 104.2 (1C, C-15), 106.4 (1C, C-19), 106.9 (1C, C-17),
112.6 (4C, C-16, C-18, C-2, C-9), 114.0 (2C, C-11, C-12), 121.1 (2C,
C-20, C-7), 121.8 (2C, C-4, C-14), 123.1(1C, C-3), 125.6 (1C, C-8),
127.2 (1C, C-5), 132.7 (1C, C-21), 137.0 (2C, C-1, C-10), 151.6 (2C,
C-6, C-13); 19F NMR (DMSO-d6, 376 MHz): δ −71.10 to −69.21
(6F, PF6);

31P NMR (DMSO-d6, 162 MHz): δ −157.35 to −131.02
(PF6); ESI-MS (MeOH): m/z = 606.4 [M]+.

[(η6-p-Cymene)RuIICl{Κ2-N,N-(2-(naphthalene-1-yl)-1H-imidazo
[4,5-f ][1,10]phenanthroline)}]PF6 (RuL4). 47.2 mg (0.062 mmol,
95%); Mr (C33H28N4ClF6PRu) = 762.09 g mol−1; anal. calcd for
C33H28N4ClF6PRu: C 52.01, H 3.70, N 7.35; found: C 52.46; H
3.74; N 7.68; Mp: >300 °C; Rf (pure methanol): 0.82; IR (cm−1):
ν N–H stretching (3615), sp3 C–H stretching (3051), Ar CvC
stretching (1620), C–N stretching (1443), sp3 C–H bending
(1408), P–F stretching (835), C–H bending (556); 1H NMR
(DMSO-d6, 400 MHz): δ 0.90 (d, 6H, J = 6.8 Hz, H-i, H-j, cymene
isopropyl–CH3); 2.22 (s, 3H, H-a, cymene CH3); 2.77–2.84 (m,
1H, H-h, cymene C–H); 5.75 (d, 1H, J = 6.4 Hz, H-f, ArH); 5.80
(d, 1H, J = 6.4 Hz, H-e, ArH); 6.10 (d, 1H, J = 6.4 Hz, H-d,
cymene ArH); 6.34 (d, 1H, J = 6.0 Hz, H-c, cymene ArH);
7.62–7.69 (m, 2H, H-2, H-9, ArH); 7.74 (t, 1H, J = 7.6 Hz,
H-18, ArH); 8.08 (d, 1H, J = 7.2 Hz, H-17, ArH); 8.11–8.17 (m,
2H, H-15, H-21, ArH); 8.19–8.22 (m, 3H, H-16, H-19, H-20,
ArH); 8.95 (d, 1H, J = 8 Hz, NH-proton); 9.27 (d, 2H, J = 8.0
Hz, H-3, H-8, ArH); 9.85 (d, 2H, J = 4.8 Hz, H-1, H-10, ArH);
13C NMR (DMSO-d6, 100 MHz): δ 18.3 (Me, C-a, p-cymene),
21.9 (Me, C-i, p-cymene), 22.1 (Me, C-j, p-cymene), 30.9 (CH,
C-h, p-cymene), 84.2 (ArCH, C-f, p-cymene), 85.9 (ArCH, C-e,
p-cymene), 86.8 (ArCH, C-c, C-d, p-cymene), 100.7 (ArCH,
C-g, p-cymene), 103.9 (ArCH, C-b, p-cymene), 107.0 (2C, C-2,
C-9), 125.8 (1C, C-11), 126.3 (1C, C-12), 126.8 (3C, C-7, C-15,
C-16), 127.0 (3C, C-4, C-19, C-20), 127.1 (2C, C-17, C-18),
127.9 (1C, C-17, C-21), 128.9 (2C, C-22, C-23), 130.8 (1C, C-3),
131.3 (1C, C-8), 133.0 (1C, C-5), 134.0 (1C, C-14) 143.6 (2C,
C-1, C-10), 153.2 (1C, C-13), 154.3 (1C, C-6); 19F NMR
(DMSO-d6, 376 MHz): δ −71.08 to −69.21 (6F, PF6);

31P NMR
(DMSO-d6, 162 MHz): δ −157.37 to −131.02 (PF6); ESI-MS
(MeOH): m/z = 617.4 [M]+.

In vitro cytotoxic study, cellular uptake and imaging study

In vitro cytotoxicity was evaluated using the typical MTT assay
protocol.65 The synthesized complexes (RuL1–RuL4) were dis-
solved in 0.1% DMSO and then serially diluted with DMEM
medium. Two cancer cell lines, i.e. human epithelioid cervix
carcinoma (HeLa), human epithelial colorectal adeno-
carcinoma cells (Caco-2), and one normal kidney cell line
(HEK 293) were used in this assay. Approximately 1 × 104 cells
per well were cultured in 100 μL of growth medium in 96-well
plates and incubated at 37 °C under a 5% CO2 atmosphere.
The cells were then treated with different concentrations of the
drugs (2.45–300 µM for HeLa cell and 0.78–100 µM for CaCo-2
cells) in the volume of 100 µM per well. Cisplatin was used as
a standard positive control drug. The cells in the control wells
also received the same volume of medium containing 0.1%
DMSO. After 48 h (for HeLa)/72 h (for Caco-2), the medium
was superfluous and cell cultures were incubated with 100 μL
MTT reagent (1 mg mL−1) for 5 h at 37 °C. Then the suspen-
sion was placed on a micro-vibrator for 10 min followed by
recording the absorbance at λ = 570 nm using an ELISA reader.
A similar experiment was performed in excess GSH (1 mM)
and hypoxic condition (1% O2). The experiment was also per-
formed in triplicate. The data is presented as the growth inhi-
bition percentage, i.e. % growth inhibition = 100 − [(AD × 100)/
AB], where AD is the measured absorbance in the wells con-
taining the samples and AB is the measured absorbance for
the blank wells (cells with a medium and a vehicle).

Cellular localization of RuL1 using nuclear staining dye DAPI
(4′,6-diamidino-2-phenylindole dihydrochloride)

To study the cellular uptake of RuL1, briefly HeLa cells (1 × 104

cells per well) were plated on 12-well plates and allowed to
adhere for 4–8 hours. The cells were then incubated with
20 µM of complex RuL1 in complete DMEM medium for 4 h at
37 °C. Thereafter, the cells were washed 3 times with 1× PBS at
room temperature. The cells were counterstained with 5 μg
mL−1 of DAPI at room temperature in the dark for 5 min. After
gentle washing in 10× PBS 3 times, the cells were viewed under
a confocal microscope using the respective filter.

Estimation of cellular Ru content by ICP-MS analysis

Quantification of the total ruthenium uptake was performed
with HeLa cells by ICP-MS analysis. Around 106 cells were
seeded in a 10 cm tissue culture Petri dish and then grown for
48 h in DMEM media. Subsequently, the cells were treated
with fresh DMEM/DMSO media (pH 7.4, 1 : 99, v/v) containing
RuL1–RuL4 and RAPTA-C (5 μM) for another 24 h. The treated
cells were washed and pelleted by centrifugation at 10 000 rpm
for 10 min at 4 °C. The pelleted cells were then collected and
left to air dry for 5 min. Subsequently, the dry pellets were
treated with ultra-pure grade 65% HNO3 (Sigma) at 65 °C on a
water bath for 8 h. Each sample was diluted to 10 mL with
Milli-Q water containing 2% HNO3 solution. The samples were
analysed using a Thermo Scientific XSERIES-2 ICP-MS instru-
ment for ruthenium content spiked with an internal standard,

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 1
0 

Se
pt

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 C
or

ne
ll 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
9/

10
/2

02
0 

12
:1

1:
01

 P
M

. 
View Article Online

https://doi.org/10.1039/d0dt02069a


indium. Untreated HeLa cell controls were included for ana-
lysis; however, the ruthenium content in these samples was
observed to be below the detection limits of the instrument.
All data obtained were subsequently subtracted from the blank
sample data (2% HNO3 in Milli-Q water). Sample data fitting
was performed using the standard curve drawn with different
concentrations (10–200 ppb) of the standard ruthenium
sample. Ruthenium content was expressed as nmol per 106

cells. Triplicate experiments were performed to calculate the
standard deviation of the data.

Stability study

The stability of two Ru(II) complexes (RuL1 and RuL4) were
tested in aqueous DMSO (H2O : DMSO = 9 : 1) and GSH
medium.

Viscosity measurement

To determine the binding mode of the drugs, using compound
RuL4 and EtBr treated DNA, a hydrodynamic method, namely
a viscosity study, was conducted using an Ostwald Viscometer.

DNA binding study

The binding of the complexes with calf-thymus DNA (CT-DNA)
was observed by electronic spectra and competitive binding
assay using ethidium bromide (EtBr) as the quencher by fluo-
rescence spectroscopy.

UV–visible studies

The DNA binding assay was carried out using complexes RuL1
and RuL4 in Tris-HCl buffer (5 mM Tris-HCl in water, pH 7.4)
in water medium.66 The concentration of CT-DNA was calcu-
lated from its absorbance intensity at 260 nm and its known
molar absorption coefficient value of 6600 M−1 cm−1. An equal
amount of DNA was added to in the sample and reference in
cuvettes. The titration was carried out by increasing the con-
centration of CT-DNA. Before each measurement, the sample
was equilibrated with CT-DNA for about 5 min, and then the
absorbance of the complex was measured. The intrinsic DNA
binding constant (Kb) was calculated using eqn (i) as follows:

½DNA�
ðεa � εfÞ ¼

½DNA�
ðεb � εfÞ þ

1
Kbðεa � εfÞ ðiÞ

where [DNA] is the concentration of DNA in the base pairs, εa
is the apparent extinction coefficient observed for the complex,
εf corresponds to the extinction coefficient of the complex in
its free form, and εb refers to the extinction coefficient of the
complex when fully bound to DNA. The data was plotted using
Origin Lab, version 8.5 to obtain the [DNA]/(εa − εf ) vs. [DNA]
linear plot. The ratio of the slope to intercept from the linear
fit gives the value of the intrinsic binding constant (Kb).

UV-vis and fluorescence study

The UV-vis and fluorescence study of all the Ru(II)complexes
was performed in 10% DMSO solution. The fluorescence
quantum yields (Ф) were calculated using the comparative

William’s method, which involves the use of a well-character-
ized standard with a known quantum yield value using 10%
DMSO solution.67 Quinine sulphate is generally used as the
standard. The quantum yield was calculated according to eqn
(ii) as follows:

φ ¼ φR � IS
IR

� ODR

ODS
� ηS
ηR

ðiiÞ

where φ = quantum yield, I = peak area, OD = absorbance at
λmax, η = refractive index of solvent (S) and reference (R). Here,
we used quinine sulphate as the standard for calculating the
quantum yield.

Ethidium bromide displacement assay

The ethidium bromide (EtBr) displacement assay was carried
out to explain the mode of binding between the potent com-
pounds with DNA.68 The apparent binding constant (Kapp) of
complexes RuL1 and RuL4 to CT-DNA was calculated using
ethidium bromide (EtBr) as a spectral probe in 5 mM Tris-HCl
buffer (pH 7.4). The values of the apparent binding constant
(Kapp) were obtained using eqn (iii):

Kapp � ½complex�50 ¼ kEtBr � ½EtBr� ðiiiÞ
where KEtBr is the EtBr binding constant (KEtBr = 1.0 × 107

M−1), and [EtBr] = 8 × 10−6 M. The Stern–Volmer equation was
employed for the quantitative determination of the Stern–
Volmer quenching constant (KSV).

69 The Origin (8.5) software
was used to plot the fluorescence data to obtain the linear plot
of I0/I vs. [complex]. The value of KSV was calculated using the
following equation.

I0=I ¼ 1þ KSV ½Q� ðivÞ
where I0 = fluorescence intensity in the absence of the complex
and I = fluorescence intensities in the presence of the complex
of concentration [Q].

Protein binding studies

Serum albumin proteins are major components in blood
plasma proteins and play significant roles in drug transport
and metabolism.70 The interaction of the drug with bovine
serum albumin (BSA), a structural homologue with human
serum albumin (HSA), was studied using a tryptophan emis-
sion quenching experiment. The tryptophan emission quench-
ing experiment was performed to detect the interaction of the
ruthenium complex RuL1 and RuL4 with the BSA protein.
Initially, BSA solution (2 × 10−6 M) was prepared in Tris-HCl/
NaCl buffer. Aqueous solutions of the complexes with increas-
ing concentrations were subsequently added to the BSA solu-
tion. After each addition, the solutions were shaken slowly for
5 min before recording the fluorescence at a wavelength of
295 nm (λex = 295 nm). A gradual decrease in the fluorescence
intensity of BSA at λ = 340 nm was observed upon increasing
the concentration of the complex, which confirmed that the
interaction between the complex and BSA occurred. The Stern–
Volmer equation was employed to quantitatively determine the
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quenching constant (KBSA). Origin Lab, version 8.5 was used to
plot the emission spectral data to obtain the linear plot of I0/I
vs. [complex] using eqn (v) as follows:

I0=I ¼ 1þ KBSA ½Q� ¼ 1þ kqτ0 ½Q� ðvÞ
where I0 is the fluorescence intensity of BSA in the absence of
the complex and I is the fluorescence intensity of BSA in the
presence of the complex of concentration [Q], τ0 = lifetime of
the tryptophan in BSA, which was determined to be 1 × 10−8,
and kq is the quenching constant. Scatchard eqn (vi) gives the
binding properties of the complexes,71 where K = binding con-
stant and n = number of binding sites.

logðI0 � I=IÞ ¼ log K þ n log ½Q� ðviÞ

Conductivity measurement

To confirm the interaction of the complexes with water,
DMSO, GSH and CT-DNA solutions, the conductivity of the
prepared complexes were determined using a conductivity-TDS
Meter-307 (Systronics, India) and cell constant of 1.0 cm−1.72

The change in conductivity was also measured in different pH
media. Time-dependent conductivity measurements were also
performed.

n-Octanol–water partition coefficient (log P)

The log P of the ruthenium complexes were determined via the
shake flask method using the previously published pro-
cedure.49 A known amount of each complex (RuL1–RuL4) was
suspended in water (pre-saturated with n-octanol) and shaken
for 48 h on an orbital shaker. To allow phase separation, the
solution was centrifuged for 10 min at 3000 rpm. Then the
amount of ruthenium present in the saturated aqueous solu-
tion was measured by ICP-MS. To obtain the partition coeffi-
cient, different ratios (0.5 : 1, 1 : 1, and 2 : 1) of the saturated
solutions were shaken with pre-saturated n-octanol for 20 min
on an orbital shaker following the same procedure.

Statistical analysis

All the IC50 data are presented as the mean ± standard devi-
ation. The results are the mean of three independent experi-
ments carried out in each cell line, where in each experiment,
each concentration was assayed in triplicate. The statistical
analyses were performed using the Origin 8.5 software and
Student’s t-test.

Conclusions

In summary, we meticulously synthesized ruthenium(II)-p-
cymene-2-arylimidazophenanthroline scaffolds under soni-
cation and evaluated their potential as potent anticancer
agents. The quantum yield values indicated that the complexes
are moderately fluorescent, with the anthracene derivative
(RuL1) showing the best quantum yield. The stability studies
indicated that the complexes formed a Ru(II)–arene(H2O)(N^N)
bi-cationic system, which was fairly stable, and thus facilitated

covalent binding with DNA. All the DNA binding studies
revealed that the complexes bound efficiently to DNA through
intercalation, which can be attributed to the fact that the two
complexes studied were highly planar due to their enhanced
conjugation. The viscosity results also supported the intercala-
tion and covalent binding mode of these complexes with DNA,
which ensured the increased scope of their binding ability.
However, the BSA binding study demonstrated the higher
binding capacity of RuL1 in comparison to that of RuL4. In
addition, the cytotoxicity data revealed the very high potency
and selectivity of RuL4 in two cell lines compared to that of
cisplatin and RAPTA-C. The complexes also showed an insig-
nificant change in cytotoxicity in the presence of a high GSH
concentration and hypoxic conditions compared to normoxia,
which indicated the importance of serum albumin for combat-
ing GSH, stopping the deactivation process. Furthermore,
complex RuL4 exhibited more effective cytotoxicity against the
hypoxic cancer cells than cisplatin. In addition, complex RuL1
is a highly promising theranostic agent based on its MLCT
fluorescence efficiency and high cellular uptake, inducing
appreciable cytoselectivity in HeLa cells together with high cel-
lular imaging property.
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