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Selective chemotherapeutic strategies necessitate the emergence of a photosensitive scaffold to abate

the nuisance of cancer. In the current context, photo-activated chemotherapy (PACT) has, therefore,

appeared to be very effective to vanquish the vehemence of triple-negative breast cancer (TNBC). Metal

complexes have been identified to act well against cancer cell microenvironment (high GSH content, low

pH, and hypoxia), and thus they have been employed in the treatment of various types of cancer. As

TNBC is very challenging to treat owing to its poor prognosis, lack of a specific target, high chance of

relapse, and strong metastatic ability, herein we have aspired to design GSH-resistant phototoxic Ru(II)/

Ir(III)/Re(I) based pyrene imidazophenathroline complexes to selectively avert the triple-negative breast

cancer. The application of complexes, [RuL], [IrL], and [ReL] in the absence and in the presence of GSH

against MDA-MB-231TNBC cells, has revealed that they are very active upon irradiation of visible light

compared to dark due to the creation of copious singlet oxygen (1O2) as reactive oxygen species (ROS).

Among three synthesized complexes, [IrL] has shown outstanding potency (IC50 = 3.70 in the absence of

GSH and IC50 = 3.90 in the presence of GSH). Also, the complex, [IrL] is capable of interacting with DNA

with the highest binding constant (Kb = 0.023 × 106 M−1) along with higher protein binding affinity (KBSA =

0.0321 × 106 M−1). Here, it has been unveiled that all the complexes have been entitled to involve DNA

covalent interaction through the available sites of both adenine and guanine bases.

1. Introduction

In clinical terminology, triple-negative breast cancer (TNBC)
can be characterized as a very obnoxious phenotype of breast
cancer, which lacks the expression of estrogen receptor (ER),
progesterone receptor (PgR), and human epidermal growth
factor receptor 2 (HER2).1 The American Society of Clinical
Oncology (ASCO) has estimated that the cellular expression of
ER and PgR in TNBC is ≤1% and the expression of HER2 is in
the range of 0 to +1 based on immunohistochemistry (IHC).2 It
has been documented that mutations occurring in BRCA1 and
BRCA2 genes can be regarded as one of the prime causes of
TNBC (Shiovitz and Korde, 2015).3 In addition to this,
mutations in CDH1, TP53, STK11, and PTEN have been proven
to be allied with the occurrence of different kinds of breast
cancers (BCs) as well as of TNBCs.4 Statistical report has
unveiled that mostly females are more prone for TNBC in com-

parison to males due to the stimulation of different sex hor-
mones, and approximately 170 000 are victims of TNBC in
1 million cases of breast cancer annually.5,6 Several physiologi-
cal modifications occur in endogenous sex hormones, plun-
ging the premenopausal and postmenopausal women into a
higher risk of breast cancer (BC).7 On the other hand, the
basal metabolic index (BMI) can also impart an important
reason for causing breast cancer (BC).8 It has been noticed
that women above 50 years old having greater BMI, become a
prey of breast cancer (BC) at a higher risk compared to those
with lower BMI.9 The heterogeneity of TNBC with poor progno-
sis and high rate of metastasis in the brain, bone, lungs, etc.,
cause high rate of recurrence, and the absence of prominent
therapeutic targets (ER−/PgR−/HER2−) has made TNBC very
perilous to the living world.10 Therefore, to abate the aggres-
sive prevalence of TNBC, the development of proper thera-
peutic routes has become an urgent issue for both researchers
and clinicians in recent anticancer research. Among the
various treatment modalities (radiotherapy, surgery, hormonal
therapy, etc.), chemotherapy has been seen as an effective
method to treat TNBC, wherein, the treatment strategy may be
the impairing of DNA and suppression of overexpressed onco-
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genes, targeting some specific organelle in order to cease
cancer cell proliferation.11 Metal complexes have proven to be
very proficient anticancer chemotherapeutic agents after the
discovery of cisplatin in 1965.12 Although cisplatin showed
promising anticancer activity for the treatment of TNBC,
various side effects associated with it, compelled the research-
ers to develop some other metal complexes with minimal side
effects.13 On the way of ongoing research, ruthenium, iridium,
and rhenium based metal complexes came out as pertinent
alternatives to overcome the drawbacks of cisplatin due to
their astounding photophysical properties and stability under
cancer cell microenvironment along with a higher degree of
cytoselectivity.14 However, in order to achieve the utmost selec-
tive treatment strategy, photo-activated chemotherapy (PACT)
is now being efficaciously employed in oxygen-deficient
(hypoxia) conditions.15 Consequently, in 2017, TLD1433 was
developed by the McFarland group as the first Ru(II)-based
photosensitizer, applicable for photodynamic therapy (PDT),
and has undergone clinical trials.16 The anticancer ruthenium
complexes have been fascinating the interest of researchers for
a long period as a result of their capability to be active against
cisplatin-resistant tumors and to target specifically metasta-
sized solid tumors.17 The proficiency of Ru(II)-based PACT
agents mostly depends on their photoinduced ligand dis-
sociation ability.18 S. Bonnet et al. synthesized a few bisquino-
line chelating ruthenium complexes as PACT agents. Then,
they studied their photochemistry and phototoxic behaviour in
order to evaluate their applicability in photo-activated chemo-
therapy (PACT).19 C. F. Daher et al. reported a series of photo-
activable strained Ru(II)-polypyridyl complexes and showed
that these complexes were highly potent against MDA-MB-231
triple-negative breast cancer cells.20 In connection with the
ruthenium complexes, iridium complexes are also very
adept in exhibiting photo-induced chemotherapeutic
potential. H. Chao and co-workers prepared some photosensi-
tive phosphorescent Ir(III) complexes, which were capable of
causing mitochondrial dysfunction by generating ROS.21

W. Gao et al. synthesized a few lysosome-targeted phosphores-
cent Ir(III) complexes, which showed profound phototoxicity.22

P. J. Sadler et al. reported a group of photosensitive organoiri-
dium-albumin conjugates, which targeted nuclear DNA and
were applicable for photodynamic therapy (PDT).23 Y. Zhao
et al. developed some cyclometalated Ir(III) based micelles for
GSH-responsive targeted chemotherapy along with photo-
dynamic therapy (PDT).24 Again, rhenium tricarbonyl com-
plexes, (CO)3Re(I) are well-known to generate singlet oxygen
(1O2) in a lipophilic environment displaying high quantum
yield.25 The selectivity of Re-photosensitizers towards various
cancer cells, can be improved by combining the moiety with a
variety of biologically significant targeting molecules, which
includes folic acid, biotin, and cell-permeable peptides.26

G. Gasser et al. synthesized a few rhenium(I) tricarbonyl com-
plexes, which were very competent to cause DNA photo-clea-
vage via the production of singlet oxygen (1O2) and very minor
extent of superoxide under irradiation of light.27 E. Meggers
et al. developed the pyridocarbazole-based Re(I) complexes

with a pyridine ancillary ligand. These complexes were able to
induce apoptosis upon irradiation of light (λ ≥ 505 nm) produ-
cing an ample amount of 1O2, but they were less toxic in the
dark.28 J. J. Wilson and co-workers synthesized phototoxic Re(I)
tricarbonyl complexes possessing water-soluble tris(hydroxy-
methyl)phosphine (THP) ligand and 1,3,7-triaza-5- phosphabi-
cylco[3.3.1]nonane (DAPTA) ligand. This research group
showed that upon irradiation of light, these complexes were
highly toxic towards human ovarian (A2780), cervical (HeLa),
and cisplatin-resistant ovarian (A2780CP70) cancer cell lines
but they were incapable of exhibiting toxicity in the absence of
light.29

Together with the benefits of Ru(II), Ir(III), and Re(I) metals,
the construction of ligands is very influential in order to have
anticipated biological activities of the metal complexes. For a
long time since, pyrene has been recognized as a well-known
class of polycyclic aromatic hydrocarbons (PAHs), which are
convoyed with their intrinsic anticancer activities.30

F. F. Becker et al. developed some pyrene derivatives and show-
cased their anticancer activities against B16, BRO, MCF-7,
OVCAR3, P388/0, PC3, HT-29 cancer cell lines.31 G. Barone et al.
reported pyrene-imidazolium derivatives, which were observed
to be very apt in displaying excellent DNA binding affinity to
G-quadruplex (G4) DNA where G4-DNA comprises of short
tracts of guanine-augmented sequences flourished with the
capabilities to crease into tetrads in which each guanine
moiety is connected to the other by dint of Hoogsten hydrogen
bonds.32 In line with this, our research group has proved the
importance of imidazpophenanthroline moiety in anticancer
activity, several times.33,34 Therefore, in the present work, we
have intended to synthesize a new class of pyrene imidazophe-
nathroline based ruthenium(II), iridium(III), and rhenium(I)
organometallic complexes in order to embellish phototoxic
proficiency into them. Herein, we have developed three com-
plexes, [RuL], [IrL] and [ReL], which have been designed in
order to assimilate the following qualities: they will be (a)
photoactive for selective chemotherapy having the capability of
1O2 generation, (b) stable under cancer cell environment (high
GSH, low pH, hypoxic), (c) susceptible to bind with plasma
protein to be delivered to the target cells, (d) permeable
through the plasma membrane, (e) luminescent for cellular
tracking, (f ) efficient in interaction with DNA through either
covalent or non-covalent manner and (g) ultimately will be
active to annihilate the cancer cell by preventing the cancer
cell proliferation (Fig. 1).

2. Results and discussion
Synthesis and characterization

The synthesis of ligand L and its respective [RuL] [IrL] [ReL]
complexes is summarized in Scheme 1. To synthesize
2-(pyrene-1-yl)-1H-imidazo[4,5-f ] [1,10] phenanthroline (L), 1,10-
phenanthroline-5,6-dione (1 equiv.) was treated with pyrene-1-
carboxaldehyde (1 equiv.) in the presence of minimum glacial
acetic acid as solvent and excess ammonium acetate as the
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base. The characterization was performed by 1H and 13C
nuclear magnetic resonance (NMR), Fourier transform infrared
spectroscopy (FT-IR), and high-resolution mass spectrometry
(HRMS). In 1H NMR spectrum of 2-(pyrene-1-yl)-1H-imidazo
[4,5-f ] [1,10] phenanthroline, the most downfield proton
appeared in δ 9.57 ppm as a doublet. All other aromatic
protons are displayed at δ 7.91–9.09 ppm. In the 13C NMR
spectrum, all peaks were found at δ 123.90–148.42 ppm. The
IR stretching frequency of C–N was observed as 1402.88 cm−1,
which supported the formation of the C–N bond. From
ESI-MS, m/z value 443.1277 [M + Na]+ was exactly matched with
the calculated value (Scheme 2).

Iridium(III)Cp*[2-(pyrene-1-yl)-1H-imidazo[4,5-f ][1,10]phen-
anthroline]chloride [IrL] was synthesized by adding the Ir pre-
cursor, [(η5-Cp*)IrCl(μ-Cl)]2 (0.5 equiv.) in a methanolic solution
of ligand L (1 equiv.) under stirring for 2 h in ambient tempera-
ture. The structure of this complex was characterized by 1H and
13C NMR, FT-IR, and HRMS. In the 1H NMR spectrum, the
proton peak of the ligand was shifted towards the more down-
field region. 15 protons of the methyl group in Cp* appeared at
δ 1.751 ppm. In the 13C NMR spectrum, carbon peaks of the
ligand were displayed in the range of δ 124.1–150.6 ppm. Methyl
carbon and aromatic carbon peaks of Cp* were found to be at δ
8.71 and 89.65 ppm, respectively. The sp3 C–H stretching fre-

Fig. 1 Design of (Ru, Ir and Re)-based 2-(pyren-1-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline complexes, [RuL], [IrL] and [ReL].

Scheme 1 Synthesis of ligand (L).
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quency at 2967 cm−1 and sp3 C–H bending at 1025 cm−1 were
noted from the IR spectrum, which also supported the existence
of the complex. From ESI-MS, the m/z value 783.1968 [M–Cl]+

exactly matched with the calculated one, and a characteristic iso-
topic pattern of Ir metal was also observed. A single peak from
the complex [IrL] in ultra-performance liquid chromatography
(UPLC) at a retention time of 2.419 min with a purity of 100%
was observed. Ruthenium(II) p-cymene [2-(pyrene-1-yl)-1H-
imidazo[4,5-f ][1,10]phenanthroline] chloride was synthesized by
the treatment of [(η6-p-cymene)RuCl(μ-Cl)]2 (0.5 equiv.) with
ligand L (1 equiv.) in methanol under stirring for 2 h at room
temperature. The structure of this complex was characterized by
1H and 13C NMR, FT-IR, and HRMS. In the 1H NMR spectrum,
the proton peaks of the ligand were shifted towards the more
downfield region. Two peaks of the aromatic proton of p-cymene
appeared at δ 6.15 ppm and δ 6.39 ppm, the three methyl
protons of p-cymene moiety were found at δ 0.93 ppm and δ

2.24 ppm, CH protons of the isopropyl groups appeared as mul-
tiplet in the region of δ 2.60–2.68 ppm. In the 13C NMR spec-
trum, ligand peaks were observed at δ 125.4 to δ 154.2 ppm,

p-cymene carbons (–CH3, –CH) showed at δ 18.8, 22.1, and
30.9 ppm, and p-cymene ring carbons were displayed as δ 84.3,
86.8, and 104.3 ppm. The sp3 C–H stretching frequency at
2962 cm−1 and sp3 C–H bending at 1201 cm−1 were noted from
the IR spectrum, which also supported the formation of this
complex. From ESI-MS, m/z value 691.1281 [M − Cl]+ exactly
matched with the calculated one. One major peak was observed
in ultra-performance liquid chromatography (UPLC) at
2.592 min with a purity of 97.34%. Rhenium(I) [2-(pyrene-1-yl)-
1H-imidazo[4,5-f ][1,10]phenanthroline] tricarbonyl chloride was
synthesized by adding [Re(CO)5Cl] (1 equiv.) into the acetonitrile
solution of ligand L (1 equiv.) followed by stirring in room temp-
erature for 12 h under reflux condition. The formation of this
complex was determined by 1H and 13C NMR, FT-IR, and
HRMS. In the 1H NMR spectrum, ligand protons shifted
towards the downfield region. In the 13C NMR spectrum, ligand
peaks were observed at δ 123.1 to 151.6 ppm. Carbonyl carbon
peaks were found to be at δ 193.9 and 206.6 ppm. In the IR spec-
trum, the characteristic peak of CO stretching frequency at
2031.09 cm−1 and 1915.93 cm−1 also confirmed the formation

Scheme 2 Synthesis of metal complexes.
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of this complex. In ESI-MS, the m/z value 732.1025 [M − Cl +
CH3CN]

+ exactly matched the calculated one. Two peaks were
observed in ultra-performance liquid chromatography (UPLC) at
retention times of 1.994 and 2.847 min with a purity of 81.20%
and 18.80%, respectively, with 100% overall purity; and in UV-
vis spectrum, the absorbance of both peaks exactly matched,
which supported the regioisomer formation (Table 1).

Photophysical properties

Photophysical properties of complex [RuL], [IrL], and [ReL]
were studied in 10% DMSO. Here, all three complexes showed
an intense π–π* absorption band at 260–325 nm region due to
the electronic transition between the lower energy π bonding
highest occupied molecular orbital (HOMO) to the higher
energy lowest unoccupied π* antibonding molecular orbital
(LUMO) of the ligand with a weak absorption band of metal to
ligand charge transfer (MLCT) at 330–490 nm region
(Fig. S1†).35 These complexes displayed emission spectra of
π–π* excitation in the range of λems 360–550 nm and MLCT
excitation at λems 375–610 nm due to the highly extended con-
jugation (Fig. S2 and S3†). Here, the quantum yield (φ) 0.187
of [IrL] was higher than that of the other two complexes and it
was calculated from eqn (i).36

Solubility, lipophilicity, and conductivity study

These [RuL], [IrL] and [ReL] complexes are highly soluble in
DMSO. Complexes [RuL] and [IrL] show good solubility in
methanol, ethanol, and water and are moderately soluble in
acetonitrile but complex [ReL] is significantly soluble in aceto-
nitrile and moderately soluble in methanol, ethanol, and
water. One of the essential aspects is the balance between lipo-
philicity and hydrophilicity to establish metal complexes as
tumor-shrinking agents. Using the shake flask method, we
determined the lipophilic character of all the complexes from
the n-octanol/water partition coefficient (log Po/w, where Po/w =
the octanol/water partition coefficient).37 The experimental
log Po/w value of complex [ReL] was observed as 0.1669, which
is comparatively higher than that for complexes [RuL] and
[IrL].38 In pure DMSO the molar conductance of complexes
[RuL], [IrL], and [ReL] were displayed at 10, 5, and 19 S cm2

mol−1, respectively.39 However, the conductance of these com-
plexes increased in 10% DMSO medium (∼21–53 S cm2 mol−1,
Table 1). These values signified that in a bulk aqueous
medium, the M–Cl bond would be weak, and hence these
could bind efficiently with proteins and DNA base pairs.40

Stability study

To understand the stability of complexes [RuL], [IrL] and [ReL]
in the biological environment, time-dependent UV-visible
spectra were recorded with the complexes in GSH (1 mM) and
10% DMSO medium.41,42 However, we observed a negligible
change of absorbance and λmax in both the conditions after
48 hours, which demonstrated that the M–Cl bond of these
complexes was extremely stable in a medium with less water
content as well as in GSH (Fig. S4 and S5†).34 1H NMR and UV
Visible spectroscopy was used to investigate the binding ability T

ab
le

1
P
h
o
to
p
h
ys
ic
al

ch
ar
ac

te
ri
za

ti
o
n
,l
ip
o
p
h
ili
ci
ty
,a

n
d
co

n
d
u
ct
iv
it
y
p
ro
fi
le
s
o
f
co

m
p
le
xe

s
[R
u
L]
,[
Ir
L]
,a

n
d
[R
e
L]

Sa
m
pl
e
co
de

λ
a
(n
m
)

λ
b
(n
m
)

St
oc
k’
s
sh

if
t

O
.D

c
ε
d
(M

−
1
cm

−
1
)

φ
e

lo
g
p o

/w
f

ʌ
g
(S
m

2
M

−
1
)

π–
π*

M
LC

T
E
xi
ti
n
g
on

π–
π*

E
xi
ti
n
g
on

M
LC

T
E
xi
ti
n
g
on

π–
π*

E
xi
ti
n
g
on

M
LC

T
π–
π*

M
LC

T
π–
π*

M
LC

T
E
xi
ti
n
g
on

π–
π*

E
xi
ti
n
g
on

M
LC

T
D
M
SO

10
%

D
M
SO

R
u
L

28
1

36
1

40
4,

46
6

46
9

12
3,

10
5

10
8

0.
87

9
0.
55

7
29

30
0

18
58

3
0.
02

0.
03

9
0.
06

29
10

25
Ir
L

28
0

35
9

40
1,

46
7

47
0

12
1,

10
8

11
1

1.
10

17
0.
53

6
33

90
0

17
86

7
0.
18

7
0.
34

5
0.
10

72
5

21
R
eL

28
0

37
7

40
3,

46
6

46
8

12
3,

89
91

0.
69

3
0.
42

7
23

10
0

14
23

3
0.
15

4
0.
22

5
0.
16

69
19

53
Q
u
in
ol
in
e

su
lp
h
at
e

35
0

45
2

10
2

0.
25

80
00

0.
54

7

a
A
bs

or
pt
io
n
m
ax
im

a.
b
E
m
is
si
on

w
av
el
en

gt
h
.
c
O
pt
ic
al

de
n
si
ty
.
d
E
xt
in
ct
io
n
co
effi

ci
en

t.
e
Q
ua

n
tu
m

yi
el
d.

f
n-
O
ct
an

ol
/w
at
er

pa
rt
it
io
n
co
effi

ci
en

t.
g
C
on

du
ct
an

ce
in

D
M
SO

an
d
10

%
aq

ue
ou

s
D
M
SO

.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2023 Dalton Trans., 2023, 52, 15365–15376 | 15369

Pu
bl

is
he

d 
on

 1
3 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 V
IT

 U
ni

ve
rs

ity
 o

n 
10

/3
/2

02
5 

9:
13

:5
6 

A
M

. 
View Article Online

https://doi.org/10.1039/d3dt01667f


of these complexes with cysteine.43 In UV Visible spectra, the
absorbance of these complexes was also significantly changed
with respect to time (Fig. S6†). Herein, 1H NMR of these com-
plexes was recorded in a particular time interval in DMSO-d6/
D2O mixture and we observed a substantial deviation in the
spectra (Fig. S7†).44,45 Guanine and adenine base pairs inter-
action with the complexes was also monitored in UV-visible
spectroscopy. The spectral change of these complexes with the
increasing concentration of the base pairs proved that these
complexes effectively bind with DNA base pairs through
covalent bonding (Fig. S8†).46

DNA binding study

UV-vis spectroscopy. Deoxyribonucleic acid (DNA) is one of
the most common targets for anticancer drugs. Covalent and
noncovalent (intercalation, groove binding, and electrostatic)
interactions are the two distinct ways that metal complexes
attach to DNA.47,48 In this study, the binding affinity of DNA
towards complexes was monitored by UV-visible spec-
troscopy.49 These complexes exhibited a hypochromic shift in
absorbance in π–π* region with increasing DNA concentration
from 0–60 μM (Tris-HCl buffer, pH 7.8, t = 25 °C) (Fig. S9†). An
isosbestic point appeared after the MLCT region, which sup-
ported the covalent interaction of DNA with complexes.50 The
intrinsic binding constant, kb was calculated from eqn (ii), and
complex [IrL] exhibited the highest kb as 0.023 × 106 M−1,
which is comparatively higher than Kb of [RuL], [ReL] (Table 2
and Fig. S10†). It can be concluded that complex [IrL] strongly
intercalates the DNA as kb of this complex is 1/10th in order of
KEtBr-DNA (7 × 105 M−1).51

Ethidium bromide binding study

The extent of the intercalation of these complexes was further
monitored by ethidium bromide (EtBr) displacement assay
using fluorescence spectroscopy (Fig. S11†). In the presence of
DNA, EtBr showed fluorescence emission at 600–800 nm
region while exciting at 485 nm. In this competitive study, the
fluorescence intensity of EtBr was gradually quenched with the
increasing DNA concentration, which justified that the com-
plexes intercalated the DNA by replacing EtBr (Fig. S11†). Here,
the values of the Stern–Volmer quenching constant (Ksv),

apparent binding constant (Kapp), and the number of binding
sites (n) were calculated from eqn (iii) and (iv) (Table 2 and
Fig. S11†).51 The KSV values of complex [RuL], [IrL], and [ReL]
were found to be 0.0199 × 106 M−1, 0.0182 × 106 M−1, and
0.0079 × 106 M−1, respectively. The values of Kapp of complex
[RuL] and [IrL] were 2.5 × 106 M−1 and [ReL] 1.42 × 106 M−1,
respectively.

Viscosity study

An investigation into the viscosity of these complexes with
DNA using the hydrodynamic technique unveiled their DNA
binding mechanisms.52 This study was performed to compre-
hend the change in the relative viscosity of these complexes
with a gradual increase in the ratio of complex to ct-DNA using
an Ostwald viscometer. A steady increase of viscosity was
observed from the plot of (η/η0)

1/3 vs. [complex]/[DNA]
(Fig. S13†), which clearly signified that complexes efficiently
intercalated DNA.53 Typically, the intercalation facilitated the
separation between the DNA base pairs along with the elonga-
tion of the DNA strand, which was supported by increased
viscosity.

BSA binding study

Bovine serum albumin (BSA) is a serum albumin protein,
structurally homologous with human serum albumin (HSA).
BSA binding study was accomplished in a spectro-fluorometer
to investigate the binding ability of complexes with BSA.54

Here, fluorescence emission spectra of BSA appeared at
343 nm while exciting at 295 nm. The fluorescence intensity of
BSA gradually decreased while increasing the concentration of
these complexes (Fig. S14†).55 Kq and KBSA values were evalu-
ated from the Stern–Volmer equation (eqn (v)). The value of
[IrL] was 0.0321 × 106 M−1 relatively higher than 0.029 × 106

M−1 and 0.02 × 106 M−1 of [RuL] and [ReL], whereas the [RuL],
[IrL], and [ReL] complexes showed good binding affinity con-
stant (K) of 0.0512 × 104 M−1, 0.0231 × 104 M−1 and 0.0129 ×
104 M−1, respectively, which were evaluated from the Scatchard
plot (eqn (vi)) (Table 3 and Fig. S15†). Significant binding with
BSA not only helps for good transportation but also helps the
complexes to remain intact in high GSH content.33

Singlet oxygen generation (1O2)

Further investigation into the singlet oxygen production capa-
bility of the complexes upon photoactivation by visible light

Table 2 Binding parameters of complexes [RuL], [IrL], and [ReL] for the
interaction with ct-DNA

Complex
λ
(nm)

Change
absorbance
intensity

Kb ×
(106 M−1)a

KSV ×
(106 M−1)b

Kapp ×
(106 M−1)c

[RuL] 288 Hypochromism 0.0097 0.0199 2.5
[IrL] 300 Hypochromism 0.0232 0.0182 2.5
[ReL] 300 Hypochromism 0.0063 0.0079 1.42

a Kb, intrinsic DNA binding constant from UV-vis absorption titration.
b KSV, Stern–Volmer quenching constant. c Kapp, apparent DNA binding
constant from competitive displacement from fluorescence
spectroscopy.

Table 3 Binding parameters of complexes [RuL], [IrL], and [ReL] for the
interaction with BSA

Complex KBSA × (106 M−1)a kq × (1013 M−1)b K × (104 M−1)c nd

[RuL] 0.029 0.2903 0.05124 1.29
[IrL] 0.0321 0.3212 0.02311 1.39
[ReL] 0.0208 0.2085 0.0129 1.64

a KBSA, Stern–Volmer quenching constant. b kq, quenching rate constant
(BSA). c K, binding constant with BSA. d n number of binding sites.
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irradiation (400–700 nm) using diphenylisobenzofuran (DPBF)
as a singlet oxygen scavenger was carried out and Rose Bengal
was used as a reference for the singlet oxygen producer. The
respective quantum yields were calculated using eqn (vii) and
(viii).56,57 In UV-visible spectroscopy, the changes in absor-
bance of DPBF (100 μM) at λ = 415.5 nm in the presence of
rose Bengal and complexes (50 μM) under dark and light con-
ditions were recorded. Fig. S16† illustrates the monoexponen-
tial decrease in absorbance of DPBF seen at respective λmax

during the photosensitizing process carried out in association
with RB and other complexes when exposed to visible light.
The amount of formation of relative singlet oxygen (1O2) from
complexes was observed from the plot of A/A0 vs. photo-
exposure time (t ) (Fig. S17†).58 The quantum yield of 0.90 of
[IrL] was higher than 0.37 and 0.47 of [RuL] and [ReL],
respectively.

In vitro cytotoxicity study. The in vitro cytotoxicity tests of all
the complexes ([RuL], [IrL], and [ReL]), and control drug cispla-
tin were performed via typical 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay protocol using the
TNBC cell line (MDA-MB-231) along with an immortalized
human embryonic kidney cell line (HEK-293) under dark and
light exposure in the presence and absence of GSH in tripli-
cates.60 The cells were exposed under yellow light (0–2 J cm−2)
from a 400 W tungsten lamp fitted with a heat isolation filter
and 500 nm long pass filter at an intensity of 4 mW cm−2 for
4 hours in the presence of both complexes. However, all the
complexes demonstrated insignificant dark toxicity against
TNBC cell lines (IC50 ∼20 µM). These complexes exhibited sig-
nificant cytotoxic behaviour (IC50 ∼3–6 µM, PI > 2) in the pres-
ence of yellow light compared to dark condition.58,59 Among
the Ru(II), Ir(III), and Re(I) complexes, [Irl] exhibited highest
potency in TNBC cell line (IC50 3.70 ± 0.42 µM) (Table 2). All
these complexes exhibited higher potency and selectivity than
cisplatin in both dark and light conditions. Although these
complexes exhibited significant potency against cancer cells in
normoxia, cytotoxicity may depreciate in the presence of excess
GSH environments.59 Hence, we explored the potency of these
complexes in the presence of excess GSH against TNBC cells
under dark and light irradiation. However, an insignificant
change of potency was observed for all these complexes in the

absence and presence of excess GSH (Table 4). The higher
potency of these complexes under photo irradiation in nor-
moxia can be ascribed to (i) high log Po/w (ii) high cellular
accumulation (iii) low GSH interaction as GSH might be oxi-
dised to GSSG in the presence of 1O2 (iv) strong DNA intercala-
tion and cellular damage by singlet oxygen generation. The
insignificant change of cytotoxicity in the presence of excess
GSH can be explained in two ways: (i) these complexes dis-
played high affinity (∼1013) to serum albumin, which facilitates
the drug delivery and prevents the deactivation from GSH;34

(ii) slow rate of hydrolysis in excess GSH medium. In contrast,
cisplatin displays a huge loss in activity (∼70%) under the
excess GSH conditions (Table 4).34 Thereby, it is bringing forth
a useful drug in cancer therapy in the presence of light presid-
ing over the prevailing anticancer drug, cisplatin. Interestingly,
IC50 values for HEK-29 cells are much higher compare to
MDA-MB-231 cells, which interprets that complexes selectively,
damaged the cancer cells as well (Table S1†).

3. Conclusion

The treatment of TNBC is a challenge for both clinicians and
patients due to its worst prognosis in association with fewer
treatment strategies having a lack of specific biomarkers for
targeted therapies, which enchanted our attention to meticu-
lously synthesize the 2-(pyren-1-yl)-1H-imidazo[4,5-f ][1,10] phen-
anthroline based phototoxic Ru(II), Ir(III) and Re(I) organo-
metallic complexes, [RuL], [IrL], [ReL] to screen anticancer
potential against MDA-MB-231 TNBC cells. The precise ana-
lysis enlightened that all three complexes were highly efficient
to exhibit cytotoxicity under irradiation of visible light acquir-
ing the ability to interact with DNA bases either through a
covalent manner or through intercalation along with the gene-
ration of singlet oxygen (1O2) as ROS. All the complexes
showed resistivity towards GSH and in 10% aqueous DMSO
medium. Complex [ReL] showed the highest lipophilicity
(0.1669) compared to the other two complexes, which might
be due to the presence of three CO ligands. Moreover, all the
complexes were very avid to bind with serum albumin, proving
their ability to be transported through the bloodstream.

Table 4 Light and dark toxicity of all the synthesized complexes

Complex

IC50 (µM)a

MDA-MB-231b

(In the absence of GSH) (In the presence of GSH)

Dark In light PIc Dark In light PI

[RuL] 25.12 ± 0.69 6.41 ± 0.58 3.92 26.22 ± 0.61 6.89 ± 0.52 3.81
[IrL] 23.12 ± 0.73 3.70 ± 0.42 6.25 24.15 ± 1.42 3.90 ± 0.78 6.19
[ReL] 28.12 ± 0.12 8.12 ± 1.10 3.46 28.62 ± 0.12 8.82 ± 1.28 3.24
Cisplatin 9.46 ± 0.62 9.23 ± 0.56 1.02 56.6 ± 0.54 57.26 ± 0.48 0.99

a IC50: 50% of cells experience cell death. b Triple negative human breast cell line. c PI: phototoxicity index.
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Among the three complexes, complex [IrL] was identified as
the best phototoxic scaffold against MDA-MB-231 in the
absence and presence of GSH associated with the highest
quantum yield (0.90) for 1O2 generation. Also, the complex
[IrL] displayed a strong binding affinity with DNA and with
serum albumin (BSA) displaying the highest binding constant
values. Although all the complexes had luminescent pro-
perties, complex [IrL] was the best among them with the
highest quantum yield of fluorescence (0.187). Therefore, it
can be predicted that complex [IrL] may be successfully uti-
lized for tracking the TNBC cells in the body as well as for
selective treatment of TNBC upon irradiation of visible light in
the near future.

4. Experimental section
Materials and methods

In all experiments, the reagents and solvents used were of the
highest levels of purity and best market grades. All organic sol-
vents used in chromatography and chemical synthesis were of
analytical grade, obtained from E. Merck. (India). The required
chemicals such as 1,10-phenanthroline-5,6-dione, 1-pyrenecar-
boxaldehyde, ammonium acetate, ruthenium(II)-(dichloro)-p-
cymene dimer, iridium(III)-(dichloro)-pentamethyl cyclopenta-
dienyl dimer, and pentacarbonylchloro rhenium were obtained
from E-Merck, Sigma Aldrich and Spectrochem. Thin-layer
chromatography was accomplished on pre-coated silica gel 60
F254 aluminum sheets (E. Merck, Germany). Bovine serum
albumin (BSA) was provided by Sigma Aldrich Chemical
Limited. The triple-negative breast cancer (TNBC) cell line,
MDA-MB-231, and normal kidney cell lines, HEK-293 used in
this work were supplied by the National Center for Cell Science
(NCCS), Pune. A 400 MHz Advanced Bruker DPX spectrometer
was used to record the 1H and 13C NMR spectra, with tetra-
methylsilane (TMS) acting as the internal reference. The mole-
cular alterations were measured in ppm units. The abbreviated
terms ‘s’ stands for singlet, ‘bs’ stands for broad singlet, ‘d’
stands for doublet, ‘t’ stands for triplet, and ‘m’ stands for
multiplet. The melting points of the compounds were
measured using an open capillary tube and DT apparatus
powered by an Elchem Microprocessor. Viscosity was per-
formed with the help of the Ostwald viscometer and the TDS
Conductometer 307 was used to determine the conductivity of
the complexes. IR spectra (4000–400 cm−1) were recorded
using the Shimadzu Affinity FT-IR spectrometer. The mass
spectra of the obtained compounds were recorded on a
Shimadzu ESI-MS-4000 mass spectroscopy apparatus using a
4000 triple quadrupole MS and methanol as the solvent.
UV-Visible spectra were recorded using a JASCO V-730 and
JASCO V-670 spectrophotometer utilizing a 1 cm quartz cell. A
96-well plate and an Elisa reader were used for the cytotoxicity
(MTT) test and fluorescence spectra were recorded using a
Hitachi F7000 69 and JASCO 8500 fluorescence spectrophoto-
meter fitted with a xenon lamp. Analytical ultra-performance
liquid chromatography (UPLC) was performed on an AcquityH

uplc class containing a quaternary solvent manager coupled
with a sample manager and PDA eλ detector with a C18
column (2.5 μm, 4.6 × 150 mm) with 0.5 mL min−1 flow rate.

Synthetic procedure

Synthesis of 2-(pyren-1-yl)-1H-imidazo[4,5-f ][1,10]phenan-
throline compounds. Firstly, 50 mg of 1, 10-phenanthroline-
5,6-dione (0.238 mmol, 1 equiv.) was dissolved in a minimum
volume of glacial acetic acid in a 50 ml pear-shaped round-
bottom flask. Next, equimolar amounts (1 : 1) of 1-pyrene car-
boxaldehyde (1 equiv.) and 8 molar equivalents (excess) of
ammonium acetate (146. The reaction mixture was continu-
ously stirred at 120 °C while being held in a reflux state for
30 hours. TLC in pure methanol was used to monitor the reac-
tion and assess product generation. After the reaction was
completed, the mixture was placed into a beaker filled with
ice-cold water. Ammonia solution was then added dropwise
while the mixture was constantly stirred to neutralize the solu-
tion and cause precipitation. The precipitate was filtered and
dried overnight after being allowed to settle for 12 hours in a
refrigerator. It was then repeatedly washed in hexane to
remove impurities. Then, with a 90%–94% yield, pure crystal-
line products in a range of yellow and brown tones were pro-
duced. The confirmation of the structures was performed
using 1H NMR spectroscopy, IR spectroscopy, and HRMS.
Purity was analyzed by HRMS.

2-(Pyren-1-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline. Arylide
yellowish solid, Yield: 90% Mp: 216 °C, Rf: 0.66 (1 : 3 ethyl
acetate : hexane), 1H NMR (400 MHz, DMSO-d6): δ = 9.575 (d, J =
9.2 Hz, 1H), 9.096 (m, 4H), 8.713 (d, J = 8 Hz, 1H), 8.551 (d, J = 8
Hz, 1H), 8.415 (m, 3H), 8.325 (d, J = 1.2 Hz, 2H), 8.187 (t, 1H),
1.751 (m, 2H), 13C NMR (101 MHz, DMSO-d6): δ = 148.42,
144.12, 132.05, 131.40, 131.23, 130.82, 130.35, 129.08, 127.92,
127.82, 127.20, 126.43, 126.09, 125.38, 124.20, 123.90. Ir (cm−1):
3369 (N–H stretching), 3064 (C–H Ar stretching), 2967 (sp3 C–H
stretching), 1607 (CvN stretching), 1451 (CvC stretching),
1402 (C–N stretching), 1025 (C–H aliphatic bending), 734 (C–H
Ar bending). MS (HRMS)observed: m/z 421.1454 [M]+, 443.1277 [M
+ Na]+, MS (HRMS)calculated: m/z 443.1273 [M + Na]+ and MS
(HRMS)observed: m/z 443.1277 [M + Na]+.

(2-(Pyren-1-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline)penta
methylcyclopentadienyl iridium chloride. 1 equiv. of 2-(pyren-
1-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline and 0.5 equiv. of
[(η5-Cp*)IrCl(μ-Cl)]2 were dissolved in methanol in a round
bottom flask for 2 h at room temperature. The reaction pro-
gress was monitored using TLC and 100% methanol as a
solvent system. The reaction mixture turned yellow. After evap-
oration of the solvent, for purification, the product was
washed with hexane and recrystallized in ethanol with a high
yield (90–92%). The structure was confirmed by NMR spec-
troscopy, IR, and HRMS. Purity was analyzed by UPLC and
HRMS.

(2-(Pyren-1-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline) penta
methylcyclopentadienyl iridium chloride. Yellowish solid, Yield:
91%, Mp: 270 °C, Rf: 0.46 (1 : 3 ethyl acetate : hexane), 1H NMR
(400 MHz, DMSO-d6): δ = 9.512 (m, 3H), 9.367 (d, J = 4.8 Hz,
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2H), 8.787 (d, J = 8 Hz, 1H), 8.556 (d, J = 8 Hz, 1H), 8.424 (m,
3H), 8.329 (m, 4H), 8.193 (t, 1H), 1.751 (s, 15H). 13C NMR
(101 MHz, DMSO-d6): δ = 150.57, 144.58, 133.59, 131.33, 130.72,
129.41, 129.20, 128.16, 128.00, 127.79, 127.32, 126.33, 125.62,
125.45, 124.76, 124.07, 89.65, Ir (cm−1): 3369 (N–H stretching)
3064 (C–H Ar stretching), 2967(sp3 C–H stretching), 1607 (CvN
stretching), 1452 (CvC stretching), 1407 (C–N stretching), 1025
(C–H aliphatic bending), 699 (C–H Ar bending), MS
(HRMS)calculated: m/z 783.1866 [M − Cl]+ and MS (HRMS)observed:
m/z 783.1968

(2-(Pyren-1-yl)-1H-imidazo[4,5-f][1,10]phenanthroline) p-cymene
ruthenium chloride. Similarly, 1 equiv. of 2-(pyren-1-yl)-1H-
imidazo[4,5-f ][1,10]phenanthroline and 0.5 equiv. of [(η6-p-
cymene)RuCl(μ-Cl)]2 were dissolved in methanol in a round
bottom flask for 2 h at room temperature and the progress was
monitored using TLC with 100% methanol as a solvent
system. The reaction mixture turned brownish-yellow. For puri-
fication, the product was washed with hexane and recrystal-
lized in ethanol with a high yield (90–92%). The structure was
confirmed with the help of NMR spectroscopy, IR, and HRMS.
Purity was analyzed by UPLC and HRMS.

(2-(Pyren-1-yl)-1H-imidazo[4,5-f][1,10]phenanthroline) p-cymene
ruthenium chloride. Brown yellowish solid, Yield: 90%Mp: 229 °C,
Rf: 0.49 (1 : 3 ethyl acetate : hexane), 1H NMR (400 MHz, DMSO-d6):
δ = 9.906 (d, J = 5.2 Hz, 2H), 9.543(d, J = 9.2 Hz, 1H), 9.441(d, J =
7.6 Hz, 2H), 8.792(d, J = 8 Hz, 1H), 8.524 (d, J = 8 Hz, 1H), 8.405
(m, 3H), 8.308 (d, J = 4 Hz, 2H), 8.276 (m, 2H), 8.176 (m, 1H), 6.387
(d, J = 6.4 Hz, 2H), 6.147 (d, J = 6.4 Hz, 2H), 2.675 (m, 1H), 2.237 (s,
3H), 0.929 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, DMSO-d6): δ =
154.23, 143.67, 133.17, 131.36, 123.26, 128.24, 127.80, 127.24,
126.71, 126.21, 125.40, 104.28, 86.79, 84.36, 30.90, 22.14, 18.81. Ir
(cm−1): 3362 (N–H stretching) 3045 (C–H Ar stretching), 2962 (sp3

C–H stretching), 1600 (CvN stretching), 1459 (CvC stretching),
1365 (C–N stretching), 1201 1086 1056 (C–H aliphatic bending),
709 (C–H Ar bending). MS (HRMS)calculated: m/z 691.1202 [M − Cl]+,
MS (HRMS)observed:m/z 691.1281 [M − Cl]+.

(2-(Pyren-1-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline) penta-
carbonyl rhenium chloride. 1 equiv. of rhenium(I) pentacarbo-
nyl chloride was dissolved in acetonitrile in a round bottom
flask and 1 equiv. of 2-(pyren-1-yl)-1H-imidazo[4,5-f ][1,10]phe-
nanthroline was added and refluxed for 12 h at 80 °C. The
reaction progress was monitored using TLC. The reaction
mixture turned yellow. Work-up was performed by evaporating
the solvent and hexane wash was given to remove the impuri-
ties. Recrystallization was performed in methanol/diethyl ether
for further purification with 89–90% yield. The compound
structure was confirmed by NMR spectroscopy, IR, and HRMS.
Purity was analyzed by UPLC and HRMS.

(2-(Pyren-1-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline) pen-
tacarbonyl rhenium chloride. Yellowish solid, Yield: 90% Mp:
301 °C, Rf: 0.53 (1 : 3 ethyl acetate : hexane), 1H NMR
(400 MHz, DMSO-d6): δ = 9.481 (d, J = 9.2 Hz, 1H), 9.424 (d, J =
9.2 Hz, 4H), 8.692 (d, J = 8 Hz, 1H), 8.556 (d, J = 8 Hz, 1H),
8.414 (m, 3H), 8.343 (m, 2H), 8.223 (m, 3H). 13C NMR
(101 MHz, DMSO-d6): δ = 206.61, 193.89, 151.62, 133.39,
132.05, 131.51, 131.28, 131.08, 131.03, 130.06, 129.23, 128.94,

127.84, 127.62, 127.23, 126.83, 126.47, 126.14, 125.67, 125.24,
124.81, 123.05. Ir (cm−1): 3360 (N–H stretching), 3091 (C–H Ar
stretching), 2927 (sp3 C–H stretching), 2031 1915 (CuO
stretching), 1600 (CvN stretching), 1459 (CvC stretching),
1365 (C–N stretching), 1201 1086 1056 (C–H aliphatic
bending), 709 (C–H Ar bending). MS (HRMS)calculated: m/z
732.1045 [M − Cl + CH3CN]

+, MS (HRMS)observed: m/z 732.1025
[M − Cl + CH3CN]

+.
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