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Butterfly-like photo-responsive cyclometalated
Ir(n) complex: emergence of a future cancer
therapeutic agent
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Herein, we report photoinduced 2,2'-bipyrimidine-based mono- and binuclear cyclometalated iridium(in)
complexes as a future promising anticancer agent, exhibiting the best efficiency as type | and type Il PDT
agents, respectively. The bimetallic complex Llr, exhibits superior efficacy in normoxic (type Il) and
hypoxic (type 1) tumour conditions, while the monometallic complex Llr is mainly active under normoxic
conditions. This enhanced versatility makes Llr, a highly promising candidate for photodynamic therapy.
The complexes exhibited high serum albumin binding affinity (Kuysa = 0.57 x 10° M~ for LIr and 0.59 X
10> M~ for Llr,), highlighting their significant potential for biomolecular interactions. Under specific light
irradiation, these complexes deplete glutathione levels, proving their efficacy as photodynamic thera-
peutic agents in future. Among the two synthesized complexes, Llr, showed significant phototoxicity
against the TNBC cell line (MDA-MB-231), exhibiting an ICsq value of 13.6 + 0.06 uM (Pl = 9.9), highlight-
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1. Introduction

Cancer is considered the second most fatal disease worldwide.
It is worth noting that the cancer spectrum is expanding due
to the rise in cancer cases. Triple negative breast cancer
(TNBC) is associated with the worst prognosis, primarily
because it lacks the estrogen receptor (ER), progesterone recep-
tor (PR), and human epidermal growth factor receptor 2
(HER2), resulting in limited options for targeted therapies.
Despite the significant results achieved by common platinum-
based drugs, which are one of the important cornerstones of
the cancer treatment process, the development of new drugs is
a thrust area of research due to their adverse side effects and
significant acquired drug resistance. Their specificity towards
targeted cancer cells and limited effectiveness are also matters
of concern. Photodynamic therapy is a crucial treatment option
that is more targeted and specialised than traditional cancer
therapeutic modalities. Upon photoexcitation, a photosensitizer
generates reactive oxygen species (ROS) through two mecha-
nisms: type I PDT, involving electron transfer, and type II PDT,
involving energy transfer; while the former can function effec-

“Department of Chemistry, School of Advanced Sciences, Vellore Institute of
Technology, Vellore-632014, Tamil Nadu, India. E-mail: priyankar.paira@vit.ac.in
bDepartment of Chemistry, Alipurduar University, Alipurduar-736122, West Bengal,
India. E-mail: rinkuapduchem@gmail.com

tThese authors contributed equally to this work.

14728 | Dalton Trans., 2025, 54,14728-14739

ing its potential as an effective PDT agent.

tively in hypoxic and normoxic situations, the latter is most
effective in normoxic conditions. Recently, there has been
growing interest in the synthesis of iridium(m) complexes owing
to their remarkable photoluminescent properties, high photo-
stability, and large Stokes shift, which collectively make them
promising candidates for phototherapeutic applications."”” In
iridium(m) complexes, the long-lived triplet excited state resulting
from fast intersystem crossing, attributed to the strong spin-orbit
coupling (SOC) ({soc = 3909 cm™) arising from the heavy atom
effect of the iridium center, plays a crucial role in facilitating elec-
tron transfer (type I PDT) and energy transfer (type II PDT) pro-
cesses.” Cyclometalated Ir(m) complexes are one of the best poss-
ible alternatives to combat this perilous disease, which may
quench researchers’ thirst for developing effective and specific
cancer preventive drugs in the future. Cyclometalated Ir(m) com-
plexes are mitochondria-specific and can target cisplatin-resistant
cancer cells.*” Ligand selection is a key factor in the design of
photoactivated chemotherapeutic agents, with 2,2-bipyrimidine
emerging as a particularly suitable candidate for anticancer appli-
cations. Its ability to bind in bidentate or bridging bis-bidentate
modes has made 2,2"-bipyrimidine a useful bridging ligand for
the creation of homo-dinuclear and hetero-dinuclear complexes
for cancer therapy.® Incorporation of 2,2"-bipyrimidine, func-
tioning as an N”N bidentate ligand, with its planar structure
facilitates DNA intercalation and enables targeted delivery.
Additionally, it promotes efficient ROS (particularly '0,) gene-
ration by extending the lifetime of the triplet state,”'®

This journal is © The Royal Society of Chemistry 2025
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A significant enhancement in the anti-cancer activity of the
targeted complex with a binuclear metal core is anticipated,
due to the combination of the biological activities of both the
ligand and the metal centre.'* The use of this method will
result in high energy efficiency, minimal waste, high atom
economy, and an environmentally friendly process.'?
Additionally, the synthesized complexes will undergo charac-
terization and analysis using spectroscopic techniques and
biochemical assays to evaluate their potential applications in
biology."

2. Results and discussion
Design and synthesis

Over the last few decades, several research groups have shown
keen interest in iridium complexes, which act as chemothera-
peutic agents through the PDT mechanism.'*™"” Herein, we
have designed and synthesized photo-active cyclometalated
iridium(m) binuclear complex (Fig. 1).

Scheme 1 delineates the synthetic scheme of the ligand and
complexes. The cyclometalated bimetallic Ir(m) precursor (L)
was synthesized from 2-phenylpyridine as the starting
material, following the previously reported literature.'® The
precursor L was further reacted with bipyrimidine (1:2) to
form the monometallic complex LIr, whereas the desired bi-
metallic Ir(m) complex (LIr,) was obtained in an excellent yield
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by changing the ratio of the starting materials (1:1). These
two complexes were fully characterized by different spectro-
scopic techniques such as 'H NMR, C NMR, FT-IR and
HRMS (Fig. S1-511).

Characterization

In the complex LIr, the peak corresponding to the most down-
field proton adjacent to the nitrogen in the bipyrimidine ring
is observed in the "H NMR spectrum (5 9.31-9.33); however, its
disappearance in the spectrum of LIr, indicates coordination
at this site, confirming the formation of LIr,. The peaks in the
HRMS spectrum at m/z 659.1521 [M]* and 580.1329 [M]** con-
firmed the formation of the complexes LIr and LIr,, respect-
ively. Purity of both the complexes was verified using high-per-
formance liquid chromatography (HPLC), in which a single
peak was observed with purity >95% (Fig. S12 and S13).
Crystals suitable for single-crystal X-ray crystallographic ana-
lysis were grown from the slow evaporation of a hexane-diethyl
ether mixture (Fig. 2). The compound LlIr, crystallizes in the
tetragonal space group /41/a with one-half of the molecule in
the asymmetric unit. The crystal lattice contains solvent-acces-
sible voids of about 3400 A%, These voids are occupied by dis-
ordered diethyl ether and water molecules (Tables T1-T3).
Charge from the two Ir** centers is balanced by the ligand and
two chloride ions. The asymmetric unit contains one chloride
ion, which was identified and labelled from the difference
map.

Remarkable photostability,
large Stokes shift

offers a balance
between hydrophilic
and lipophilic propertie:

Induce photoactivity,
igh luminescent prope
thus makes the scaffold
highly selective and good
for diagnosis

ositive charge
increases
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Fig. 1 Design of the bipyrimidine-based cyclometalated iridium(i) complex.
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Fig. 2 ORTEP diagram of the butterfly-like X-ray crystal structure of the Ir() complex Llr, (CCDC 2446109), with thermal ellipsoids drawn at the

50% probability level.

X-ray crystallography

Photophysical studies

UV-Vis and fluorescence studies. Photophysical properties play
an important role in designing phototherapeutic agents or
metallodrugs for cancer therapy applications. Photo-responsive
properties of the synthesized complexes were verified using

14730 | Dalton Trans., 2025, 54,14728-14739

UV-Vis spectroscopy. In the UV-Vis spectra, spin-allowed m—m*
transition bands appear below 350 nm for both the Ir(u) com-
plexes, LIr and LIr,,"”*° whereas the moderately intense band
from 350 to 450 nm could be assigned to LL'CT (CN — NN)
transition (Fig. S14). The less intense absorption at 470 nm for
both complexes could be due to the spin-forbidden, mixed
singlet and triplet metal-to-ligand and ligand-to-ligand tran-
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sitions (*ML'CT/’LL'CT). The emission spectra of complexes
LIr and LIr, displayed emission in the range of 485 nm to
750 nm upon excitation at 470 nm, with a large Stokes shift
(>100 nm) attributed to their extended conjugated structure
(Fig. S15). Using Rhodamine B in water (¢ = 0.31) as a refer-
ence standard, the fluorescence quantum yields of complexes
LIr and LIr, were determined to be 0.46 (in acetonitrile) and
0.33 (in acetonitrile), respectively. The LIr exhibited a fluo-
rescence lifetime of 5.3 ns, and the corresponding radiative
and non-radiative rate constants were calculated as 8.67 x 107
s (k) and 1.02 x 10® s7' (K,), respectively. Similarly,
complex LIr, exhibited a fluorescence lifetime of 6.5 ns, and
its radiative and non-radiative rate constants were determined
to be 5.05 x 107 s~ and 1.02 x 10® s7', respectively (Fig. 3).
Higher k,, value favours fast and efficient intersystem crossing
(ISC) to an excited triplet state (a non-radiative transition), fol-
lowed by enhanced ROS generation.

Solubility and stability study

Envisioning solubility and stability of the metallopharmaceuti-
cals in dark and light irradiated conditions is very crucial as it
provides insight into the stability of the metallodrugs in
various cellular environments and durability under light irra-
diated conditions within the cells under consideration. To
determine the potency of the synthesized metal complexes as
therapeutic agents, we evaluated their stability in 10% DMSO
and in 1 mM GSH medium over a period of 24 h at 37 °C using
the UV-Vis spectroscopic technique (Fig. S16). The complexes
LIr and LIr, demonstrated good photostability when exposed
to light for 4 hours in 1 mM GSH and PBS medium, as con-
firmed by UV-Vis spectroscopy (Fig. S17). Additionally, both
complexes remained photostable in a DMSO-methanol
mixture, as evidenced by high-resolution mass spectrometry
(HRMS) analysis (Fig. 4).

Lipophilicity study

Cell permeability is a characteristic feature of a drug molecule
that determines the distribution of the drug after penetrating
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Fig. 3 Lifetime decay plots of 50 uM LlIr (in CHzCN) and Llr; (in DMSO).
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through the cell membrane. The drug molecules must be
capable enough to pass through the gastrointestinal tract and
being absorbed into the phospholipid layer of the cell mem-
brane. It is also worth noting that the best intracellular inter-
action has been observed for the drug molecules possessing a
balance between hydrophobicity and lipophilicity. The syn-
thesised complexes LIr and LIr, exhibited a balanced lipophi-
lic and hydrophilic character (Fig. S26 and S27), which is an
essential criterion for the metal complexes to exert anti-
tumour potency. LIr is more soluble in an aqueous medium
when compared with octanol (log P, = —1.46865), while LIr,
has succeeded in maintaining the equilibrium between both
water and octanol (log Posy = —0.25656), which may facilitate
better cellular membrane permeability, and ultimately improve
the cellular uptake.

DNA binding study

By UV-Vis method. The potential binding affinity of the Ir(m)
complexes with CT-DNA, extracted from calf thymus, was studied
using UV-Vis spectroscopic technique (Fig. S18). Hyperchromicity
in the UV-Vis spectra with the increasing concentration of
CT-DNA, while keeping the concentration of the complexes con-
stant, indicates a non-covalent electrostatic binding or groove-
binding mechanism between the CT-DNA and iridium com-
plexes. Benesi-Hildebrand method was applied for the calcu-
lation of K, values (eqn (ii)), which were found to be 6.29 x 10°
and 1.19 x 10* M~ for LIr and LlIr,, respectively (Fig. S19).

Ethidium bromide (EtBr) displacement assay

Generally, the degree of intercalation of the complexes with
DNA was examined using the fluorescence spectroscopy
through an EtBr displacement study.”’ Ethidium bromide
(EtBr) is a reagent that binds strongly with DNA and emits
strong fluorescence, which decreases after the binding of
metal complexes. CT-DNA-bound EtBr solution exhibits strong
fluorescence at 591 nm (A = 485 nm) (Fig. S20). The decrease
in fluorescence spectra after the addition of LIr and LIr,
proves the strong binding nature of the two (eqn (iii)). The

100004 [eera Experimental Decay of Llr,
[ —— ExpDecay3 Fit
8000+ b
q
60004 {
c
E |
o 4000+ d
L]
20004 .
: L
=
o o
L) A v A L)
0 50 100 150 200 250

time (ns)

Dalton Trans., 2025, 54,14728-14739 | 14731


https://doi.org/10.1039/d5dt01164g

Published on 01 September 2025. Downloaded on 4/6/2026 11:15:13 PM.

Paper

View Article Online

Dalton Transactions

26042025 LIRZ 141 (2.481) AM2 (A122000.0.566.28.0.00.LS 3); ABS: Cm (141:144) I lr 4 h
Gragass 3) r

1:TOF MS ES+
80867
fo0y 0.1276

6501542

Observed m/z =580.1276 [M/2]*
Calculated m/z = 580.1341

23012023 IRDBPYM 148 (2.599) AM2 (Ar:22000.0,556.28,0.00LS 3), Cm (145:152)
570.1315

w e LIr, 0hr

1: TOF MS US+
39807

Observed m/z = 580.1329 [M/2]*
Calculated m/z = 580.1341

s78.1209

578 6317]
581.1354

s e 87,1299 508 1308 spm 318
574 70525760865 5767009577 62 INR 021302592842 (g 10y semjass

726971

LIr 4 hr

26042025 IRDM

1:TOF MSES+
1588

es.15:
Observed m/z = 659.1536 [M]*
Calculated m/z = 659.1535

50.1556

61,1563
se24210

4018

501,094
sonom) o7 bsarens

o 2101802 498926 8 e AR e S RTSRA002027 JOS2200 PTSTS00 repompss P2
100 T 200 | 300 | 40 | 500 600 700 800 ' 900 ' 1000 1100 ' 1200 ' 1300 ' 1400 ' 1500 1600 1700 W 1800 = 1900
- 659.1521 I Ir 0 hr 16268

Observed m/z = 659.1521 [M]*
Calculated m/z = 659.1535

657,148

s01.1012 656.0437.
499.0088.

— s oo 1289 .
w5

-] i
B T A I I T O T T

1 200 300 00 500 700 800 %00 1000 1100

Fig. 4 Photostability study of LIr and LIr, in 1% DMSO : methanol by HRMS analysis.

Stern-Volmer quenching constant (Ksy) (eqn (iv)) was calcu-
lated and found to be higher for the bimetallic complex LIr,
(Fig. S21) (Table 1). The most effective intercalative mode of
binding was observed for bimetallic complexes, which may be
attributed to the cyclometalated structure. Therefore, the
complex LIr, may be considered a potential DNA intercalator
which may acquire potential anti-cancer activity.

Viscosity measurement

An increase in the specific viscosity of CT-DNA solution was
observed after the addition of the metal complex due to the
expected DNA intercalation, which separates the base pairs.
During this process, the added metal complexes accommodate
between CT-DNA base pairs and thereby increase the length of
the double helix of CT-DNA. Twisting of the DNA double helix,

Table 1 Binding constant parameters

influenced by the added metal complex, takes place in the
case of partial or non-classical binding and thereby alters the
optimum length of DNA and its viscosity (eqn (i)). In the case
of the synthesized complex LIr,, a gradual increase in viscosity
was observed, indicating strong intercalation (Fig. S25).
Similar experiments were carried out in the case of EtBr and
cisplatin using CT-DNA. From the results, it can be concluded
that LIr, behaves similarly in its interaction with DNA, which
suggests an intercalative mode of interaction.

HSA binding study

Human serum albumin (HSA) is a globular protein present in
the blood and is synthesized in the liver. This soluble mono-
meric protein facilitates the transportation of drug molecules
through the bloodstream to the cellular membrane. Therefore,

SL no. Details K, (M) Ksy (M) Kapp M1 Ksa (M) KqM™s™h KM™) n
1 LIr 0.63 x 10* 3.90 x 10° 2.6 x 10° 0.57 x 10° 0.57 x 10*3 5.48 x 10* 1.000
2 LiIr, 1.19 x 10* 4.97 x 10° 2.6 x 10° 0.59 x 10° 0.59 x 103 0.84 x 10* 1.388

“DNA binding parameters: K, = intrinsic binding constant; EtBr quenching studies parameters: Ksy = Stern-Volmer constant, K,,, = apparent

binding constant; HSA binding parameters: Kyss = binding constant, Ky

14732 | Dalton Trans., 2025, 54,14728-14739

= quenching rate constant, n = number of binding sites.
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we studied the binding of Ir(ur) complexes with HSA to ascer-
tain their facile transportation into the target cells.*”> The
changes in fluorescence intensity were recorded after the
addition of the complex, and a decreasing trend was observed
for both Ir(ur) complexes (Fig. S22). HSA binding studies con-
firmed that this unique behaviour of the complexes may be
attributed to both hydrogen bonding and hydrophobic inter-
actions, which contribute to the binding process. From the
Stern-Volmer equation (eqn (v)) Kysa of LIr and LIr, was evalu-
ated to be 0.0575 x 10° M~ and 0.0596 x 10° respectively.
From the Scatchard plot, for HSA binding, the value of
binding affinity (K) (eqn (vi)) of the complexes LIr and LIr, was
calculated to be 5.48 x 10* M, and 0.84 x 10* M™' in DMSO
(Fig. S23 and S24) (Table 1). High binding constants indicate
the presence of strong interactions between complexes LIr and
LIr, and HSA. Thus, the complexes can cross the biological
membrane system. The number of sites (rn) which HSA can
make accessible to bind the complexes LIr and LIr, was found
to be 1.000 and 1.388, respectively (Table 1).

Singlet oxygen generation study (*0,)

To rationalize the efficiency of a drug molecule to act as a
photosensitizer through the type II pathway in photodynamic
therapy, its efficiency to generate singlet oxygen ('0,) is very
crucial. Upon irradiation of light, metal complexes, which act
as photosensitizers, are excited to the triplet state through
MLCT charge transfer and transfer the energy to the triplet-
state molecular oxygen (*0,), which then relaxes and comes
back to the singlet ground state. This energy is utilized for
spin pairing, thereby resulting in the generation of highly reac-
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tive singlet oxygen ('0,). Upon exposure to light, a decline in
the absorbance peak of DPBF (30 pM) at 425 nm was observed
in the presence of the complexes (10 uM), indicating their
transformation into 1,2-dibenzoylbenzene (Fig. 5). This study
confirmed the generation of singlet oxygen ('0,), highlighting
the role of the complexes as effective photosensitizers. The
singlet oxygen quantum yields (@,) for complexes LIr and LIr,
were measured to be 0.71 and 0.84 (eqn (vii) and (viii)),
respectively, with Rose Bengal (@, = 0.76) serving as the refer-
ence standard (Fig. S28 and Table 2).

NADH oxidation study

Nicotinamide adenine dinucleotide, also known as NAD", is
considered one of the main coenzymes which regulates the
various redox reactions that occur during the cellular meta-
bolic process. The reduced form of NAD' (NADH) plays a
crucial role in the mitochondrial electron transport chain
(ETC) process.

The ETC system is affected by the oxidation of NADH to
NAD', thereby hampering the production of energy during the

Table 2 Photocatalytic oxidation study data of NADH with Lir and Llr,

Details N Conditions TON* TOF (h™)
LIr 0.71 Light 2.1 1.4
Dark 0.009 0.009
LIr, 0.84 Light 4.02 8.04
Dark 0.067 0.13

“TON = turnover number, TOF = turnover frequency.
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Fig. 5 Singlet oxygen detection study of LIr (a) in light and (b) dark conditions; Lir, (c) in light and (d) dark conditions; and Rose Bengal (10 uM) (e)

in light and (f) dark conditions by DPBF (30 pM).
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Fig. 6 Plausible mechanism of catalytic oxidation of NADH by the complex.

metabolic process. Fig. 6 shows the plausible representative
mechanism for the catalytic photooxidation of NADH by LIr,.
The photocatalytic activity of the complexes (10 pM) in oxidiz-
ing NADH (50 pM) was evaluated by tracking absorbance vari-
ations (Fig. 7). NADH absorbs strongly at 340 nm, and its
absorbance declines as it is oxidised to NAD". Conversely, the
absorbance around 260 nm increases, as NAD" has higher
absorbance at 260 nm compared to NADH. Upon light

exposure, a gradual increase in absorbance at 260 nm and a
decrease at 340 nm were observed, confirming the oxidation of
NADH to NAD'. The turnover number (TON) for NADH oxi-
dation by LIr and LIr, under light conditions was 2.1 and 4.02,
respectively (Table 2), whereas in the dark, it was significantly
lower, with values of 0.009 and 0.067. The turnover frequency
(TOF) for LIr, was 8.04 h™" with light and 0.13 h™" without
light, while for LIr, it was 1.4 h™ with light and 0.009 h™ in
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Fig. 7 (a) Photocatalytic oxidation study of NADH (50 pM) with Lir (10 pM) and (b) without light irradiation; (c) photocatalytic oxidation study of

NADH (50 pM) with Llr, (10 puM) and (d) without light.
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the dark (eqn (ix)-(xi)). These results confirm that the Ir(u) com-
plexes efficiently generate NAD" upon light irradiation, especially
complex LIr,. This suggests that the high levels of ROS generated
by the complexes LIr and LIr, can disrupt the redox balance by
oxidizing NADH. During this oxidation process, the released elec-
trons play a crucial role in generating superoxide radicals (O,™),
which subsequently facilitate the formation of hydrogen peroxide
(H,0,) from molecular oxygen (O,).

Methylene blue assay and H,O, generation study

Upon light irradiation, methylene blue dye (3,7-bis(dimethyl-
amino)-phenothiazin-5-ium chloride) undergoes degradation
in the presence of hydroxyl ("OH) radicals generated by a
photosensitizer.>® The reduction in absorbance at 654 nm in
the methylene blue solution containing 10 pM complex upon
light irradiation indicated the generation of hydroxyl radicals
(Fig. 8a and b). The degradation efficiency of LIr, and LIr was
determined to be 9.59% and 8.95%, respectively. A plot of
In Co/C vs. time was analysed for the photocatalytic degra-
dation of methylene blue in the presence of LIr and LIr,,
which follows pseudo-first-order kinetics with rate constants of
0.0016 and 0.0017 min~", respectively (Fig. $29). Upon light
irradiation, these complexes (10 uM) facilitated the generation
of H,0, in the presence of NADH (100 puM), as determined
using peroxide test strips (Fig. 8c). Complex LIr, produced
H,0, at a concentration of 1 mg 1!, whereas complex LIr
showed no detectable color change, indicating the absence of
H,0, formation. These results indicate that complex LlIr, is
highly effective for the treatment of hypoxic cancers (type I
PDT) as well as under normoxic cellular conditions (type II
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PDT), whereas complex LIr is mostly effective under normoxic
cellular conditions.”

GSH depletion study

Cancer cells are generally surrounded by a cloud of antioxi-
dants. Therefore, the suppression of these antioxidants by
drug molecules is the best pathway to reach the target cancer
cells. This can be achieved through a ROS-mediated mecha-
nism. Glutathione, often nicknamed GSH, is one of the major
antioxidants present around the cancer cells. It is also proven
that cell redox homeostasis is maintained by glutathione. The
intracellular depletion method is considered the best pathway
to break redox homeostasis, allowing ROS-harvesting metallo-
drugs to easily attack the cancer cells.*” We have examined the
GSH depletion capability of the complexes LIr and LIr, to
analyze the DNA damage via a ROS-mediated pathway result-
ing in cancer cell death. GSH depletion study was carried out
using Ellman’s reagent (5,5-dithiobis-(2-nitrobenzoic acid)),
also known as DTNB, via the UV-Vis spectroscopic method.
The characteristic peak of DTNB appears at a Ayax of ~325 nm.
DTNB specifically recognizes the —-SH group in any sample.
Due to the presence of the -SH group in GSH, when it comes
into contact with DTNB, the S-S bond is cleaved and an oxi-
dized adduct (GS-TNB) is formed. As a result, TNB remains
free in the solution, and it exhibits A,.x ~412 nm. Gradual
shifting of the A, value towards 412 nm from 325 nm indi-
cates the reaction of GSH with DTNB (Fig. 8d). Again, the for-
mation of TNB at a higher rate is indicated by the sharp
increase in intensity at Anax 412 nm. A standard curve correlat-
ing GSH concentration with absorbance at 412 nm was used to
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Fig. 8 Detection of hydroxyl radicals of (a) LIr and (b) Llr, (10 uM); (c) H,O, generation results for 10 yM Lir and Llrp; (d) UV-vis spectrum of DTNB
(55 pM) and GSH (0-55 pM); (e) standard curve plot of GSH concentration vs. absorbance at 412 nm for Llr, under light conditions.
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determine the extent of GSH depletion (Fig. 8e). Upon light
irradiation, complex LIr, exhibited GSH depletion of 26.97 pM
after 10 minutes of irradiation and 40.12 pM after 20 minutes
of irradiation, while LIr showed a depletion of 2.02 pM after
20 minutes of irradiation. Under dark conditions, following a
5-hour incubation, the GSH depletion for LIr, and LIr was
measured at 7.07 uM and 11.27 pM, respectively (Fig. S30).

In vitro cytotoxicity study

The cytotoxic effect of the complexes LIr and LIr, was evalu-
ated in the TNBC cell line (MDA-MB-231) under dark and light
exposure using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay. The cells treated with the
complex were irradiated with light at a dose of 0-2 ] cm™ at an
intensity of 4 mW cm™? for about 20 minutes. Complexes LIr,
and LIr demonstrated the minimal dark cytotoxicity, with half-
maximal inhibitory concentration (ICs,) values of 134.6 +
1.4 pM and 187.6 + 1.3 pM, respectively. The complexes LIr,
and LIr showed significant phototoxicity against TNBC, with
ICs, values of 13.6 + 0.06 pM (phototoxicity index, PI = 9.9)
and 19.5 + 0.8 uM (PI = 9.6), respectively (Fig. S31).

3. Experimental section
Materials and methods

Highest-grade pure reagents and solvents that were commercially
accessible for this experiment were used without further purifi-
cation. Required chemicals such as iridium(m) chloride, 2,2"-bipyr-
imidine, 1-glutathione reduced (GSH), and deoxyribonucleic acid
sodium salt (DNA) were purchased from reputed vendors of
Spectrochem, E-Merck, and Sigma-Aldrich Chemical Limited. For
recording NMR spectra, tetramethylsilane (TMS) was used as a
reference in a 400 MHz high-resolution Bruker DPX spectrometer.
For conducting viscosity experiments, an Ostwald viscometer was
used. A JASCO V-730 spectrophotometer was used to record UV-
visible spectra, with a 1 cm quartz cell. For the measurement of
fluorescence, we used a Hitachi F7000 fluorescence spectrophoto-
meter equipped with a xenon lamp. The MDA-MB-231 cell line
(TNBC, triple-negative breast cancer) was purchased from the
National Centre for Cell Sciences (NCCS), Pune, India. The chemi-
cals used for cell culture work include Dulbecco’s Modified
Eagle’s Medium (DMEM), 1% penicillin, streptomycin, fetal
bovine serum, dimethyl sulfoxide (DMSO), and trypsin, which
were purchased from Hi-Media Laboratories, Mumbai, India.
Consumables required for cell culture work were purchased from
Tarson, India. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Sigma, India.

Synthesis procedure

Synthesis of iridium precursor [(ppy)Ir(p-Cl),]. A total of
120 mg of iridium(m) chloride hydrate was thoroughly dis-
solved in a mixture of 2-methoxyethanol and water (4:1) by
stirring for 10 minutes at room temperature. The Ir(u) solution
was then added to 128 mg of 2-phenylpyridine solution and
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allowed to reflux under a nitrogen atmosphere for 24 hours at
110 °C. The progress of the reaction was monitored by TLC.

Yield: 95%; m.p.: >300 °C; R¢ (100% methanol): 0.75; 'H
NMR (DMSO-ds, 400 MHz): § 8.07 (dd, 2H, J; = 6.4 Hz, J, = 3.6
Hz, ArH), 7.79 (dd, 2H, J; = 6.4 Hz, J, = 3.6 Hz, ArH), 4.93 (s,
4H, CH,); *C NMR (100 MHz, DMSO-d): § 150.9, 143.6, 130.9,
129.7, 30.5; ESI-MS (CH;O0H): calculated m/z = 501.062 1 [M —
ClI]', observed m/z = 501.0771 2 [M — CI]".

Synthesis of LIr. The Ir(m) precursor (Ir,Cl,, 120 mg) was
added to a 50 mL R.B. flask containing a methanol: toluene
(1:4) mixture and stirred continuously for complete dis-
solution. To this 2,2-bipyramidine (44 mg, 1:1 equivalent)
was added, and the mixture was allowed to reflux for 24 hours
at 120 °C. The progress of the reaction was monitored by thin-
layer chromatography using methanol. After completion of the
reaction, the solvent was evaporated with the help of a rotary
evaporator, and the obtained product was purified with mul-
tiple washings using hexane and diethyl ether.

Yield: 97%; m.p.: 110-115 °C; R (100% methanol): 0.62; "H
NMR (DMSO-dg, 400 MHz): § 9.32 (dd, J, = 2.7 Hz, J, = 2.0 Hz,
2H), 8.27 (d, J = 8.0 Hz, 2H), 8.10 (dd, J; = 2.2 Hz, J, = 3.4 Hz,
2H), 7.93 (m, 8H), 7.15 (t, ] = 6.4 Hz, 2H), 7.04 (t, ] = 6.8 Hz,
2H), 6.91 (t, J = 6.8 Hz, 2H); *C NMR (DMSO-ds, 100 MHz): §
166.9, 161.9, 160.3, 157.4, 150.5, 148.7, 144.3, 139.6, 131.6,
130.7,126.2, 125.6, 124.5, 123.1, 120.5; IR (KBr, cm™"): v
3362.53 (Ar C-H stretching), 3066.03 (sp> C-H stretching),
2969.66 (sp® C-H stretching), 1477.24 (C-H bending), 1401.80
(CH, bending), 1245.02 (C-N stretching); ESI-MS (CH;OH):
observed m/z = 659.1521 [M]", calculated 659.1535 [M]".

Synthesis of LIr,. Ir,Cl, (120 mg) was dissolved in a
1:4 mixture of methanol : toluene, followed by the addition of
2,2"-bipyrimidine (19 mg) under reflux condition for 24 hours
at 120 °C. Completion of the reaction was monitored by TLC
in methanol. The solvent was evaporated with the help of a
rotary evaporator, and the obtained crude product was purified
with multiple washings using hexane and diethyl ether.

Yield: 92%; m.p.: >300 °C; R¢ (methanol): 1.5; "H NMR
(DMSO-de, 400 MHz): § 8.27 (m, 8H), 8.13 (m, 6H), 7.98 (t, J =
15.6 Hz, 4H), 7.92 (d, J = 7.6 Hz, 4H), 7.29 (t, J = 8 Hz, 4H), 7.04
(t,J = 14.8 Hz, 4H), 6.94 (t, ] = 14.4 Hz, 4H), 6.13 (d, ] = 7.6 Hz,
4H); *C NMR (DMSO-dg, 100 MHz): § 160.2, 158.3, 150.5,
144.3, 139.6, 131.6, 130.7, 130.83, 124.5, 123.1, 120.5; IR
(em™): v 3069.29 (sp> C-H stretching), 1478.27 (Ar C=C
stretching), 1259.26 (C-N stretching), 756.12 (Ar C-H out-of-
plane bending); ESI-MS (MeOH): observed m/z = 580.1329
[M]*, calculated m/z = 580.1341 [M]*".

Experimental procedure

UV-Visible study. UV-Visible spectroscopic techniques were
applied in different solvents like DMSO, acetonitrile, DCM and
methanol to twig the intrinsic photophysical behaviour of the
concerned iridium complexes LIr and LIr, at a concentration
of 5x107° mol L.

Stability study. The stability of the synthesized complexes was
examined in 10% DMSO-PBS, in 1 mM GSH medium and in
DMEM medium at 25 °C with the help of UV-Visible spectroscopy.

This journal is © The Royal Society of Chemistry 2025
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Solubility and lipophilicity. The potential of metal com-
plexes to shrink tumours depends on the equilibrium between
lipophilicity and hydrophilicity. Drug-like characteristics of the
metallopharmaceuticals can be well demonstrated by their
ability to penetrate lipid bilayer of cell, which is directly related
to their lipophilicity. It was found that both Ir complexes, LIr
and LIr,, were highly soluble in DMSO, DMF and decently
soluble in water, acetonitrile, methanol, ethanol, but feebly
soluble in hydrocarbon solvents. The solubility of these com-
plexes at 25 °C was observed in the range of 6-8 mg ml~" of
DMSO-10% DMEM medium (1:99 v/v, comparable to cell
media). In order to provide insight into lipophilic profile of
complexes, we determined the magnitude of n-octanol/water
partition coefficient (log P, where P,4, = octanol/water par-
tition coefficient) following the conventional shake-flask
method. On an orbital shaker, a known quantity of each
complex was suspended in water presaturated with n-octanol
and shaken for 48 hours. The solution was then centrifuged
for 10 minutes at 3000 rpm to achieve the phase separation.
After the two layers were separated, they were examined using
UV-Vis spectroscopy, where the OD of the complexes in
octanol and water was used to calculate the partition coeffi-
cient (log P,y) values.

Viscosity study. Viscometric measurements were carried out
using an Ostwald viscometer. The concentration of CT-DNA
used for experimental studies was 150 pM in nucleotide pairs
(NPs). The flow time was recorded using an automatic timer.
Each time the sample was analyzed in triplicate and calculated
as an average flow time. Data were plotted as (i/,)"® vs.
[complex]/[DNA], where 7 is the viscosity of DNA in the pres-
ence of the complex and 7, is the viscosity of DNA itself.
Viscosity values were calculated from eqn (i):

n=(t—1t)/t (i)

where ¢ represents the experimental flow time of the DNA-con-
taining solutions and ¢, is the flow time of the buffer alone.

DNA binding study. For DNA binding assay was determined
at Amax 260 nm. The molar absorption coefficient, &,59, Was
taken as 6600 M™' cm™'. Absorption spectral titration was
recorded by keeping the complex concentration constant and
varying CT-DNA concentration. For titration, each time after
adding CT-DNA, the mixture was mixed properly and incu-
bated for 5 min at room temperature. The absorbance value of
the complex was then recorded.

The intrinsic DNA binding constant (K;,) was calculated
using eqn (ii):

[DNA] [DNA] 1 .
= + (ii)
(ea—€r) (en —&f) Kplea —&f)
where, [DNA] = DNA concentration in the base pairs, ¢, =
apparent extinction coefficient, &, = fully bound extinction
coefficient of the complex with DNA and & = the free-from
extinction coefficient of the complex. A plot of [DNA]/(e, — &)
vs. [DNA] was constructed. The value of the binding constant
(Kp,) was calculated from the ratio of the slope to intercept.
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Ethidium bromide displacement assay
The K,pp, value was calculated from eqn (iii):
Kapp x [complex].; = Kger X [EtBr] (iii)

where, Kg; = binding constant of EtBr, and [EtBr] = 8 x 10™° M.

Stern-Volmer equation was used for the determination of
the Stern-Volmer quenching constant (Ksy). A linear plot of I,/
I vs. [complex] was plotted. The Kgy value was calculated using

eqn (iv):
170 =1+ Ksv[Q], (iv)

where I, = fluorescence intensity in the absence of complex, I =
fluorescence intensity in the presence of complex, and [Q] =
concentration.

HSA binding study. Linear plot of I,/I vs. [complex] was
obtained using eqn (v):

170 =1+ KusalQ] = 1+ kq70[Q] v)

where I, = fluorescence intensity of HSA in the absence of the
complex, I = the fluorescence intensity of HSA in the presence
of the complex, 7, = lifetime of tryptophan in HSA and kg =
bimolecular quenching constant.

The Scatchard equation gives the binding properties of the
complexes, which are shown below (eqn (vi)):

log (10 —1
I

where K = binding constant and n = the number of binding
sites.

) — log K + 1 log[Q) (vi)

Photoinduced singlet oxygen generation

The effectiveness of LIr and LIr, in the generation of singlet
oxygen under the photosensitized conditions was measured
using the 1,3-diphenylisobenzofuran (DPBF) assay with the
help of a UV-Vis spectrophotometer. In this study, the highly
reactive diene DPBF was used as a fluorescent probe and Rose
Bengal (RB) as a standard singlet oxygen generator. The photo-
oxidation of DPBF was monitored from 0 s to 30 s. The 'O,
quantum yield was calculated by comparing the quantum
yield of photooxidation of DPBF after sensitization by Rose
Bengal (RB) (9['0,] = 0.76 in DMSO) as a reference compound
according to eqn (vii):

Drc = Dpgrp X mc/mRB X FRB/FC (Vll)

where c¢ signifies complex, and RB represents Rose Bengal. @,
is the quantum yield of 'O,, and m is the slope of the plot of
DPBF absorbance at 425 nm vs. irradiation time. F is the
absorption correction factor, which is given by eqn (viii):

F=1-10"°" (viii)

where, OD is the optical density at the irradiation wavelength.
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NADH/NADPH oxidation

The oxidation of NADH/NADPH (50 pM) in DMSO-PBS solu-
tion was monitored by UV-Vis spectroscopy following the titra-
tion method upon gradual addition of the complex at a con-
centration of 10 pM at ambient temperature under both dark
and light conditions. The turnover number of the catalytic
process was calculated using eqn (ix)—(xi):

[NAD"] = [(ADS340 nm )inigial — (AbS340 nm ) ginat] % [NADH]  (ix)
Turn over number (TON) = [NAD"]/[catalyst] (x)

Turnover frequency (TOF) = turnover number/time (h™!).

(xi)

Cell viability assay

Briefly, MDA-MB-231 (TNBC) cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), and incu-
bated at 5% CO, and 37 °C. Once MDA-MB-231 cells
reached 80-90% confluency, they were trypsinised and
seeded for further experiments. To determine the cytotoxic
effects of the compounds, MDA-MB-231 cells were seeded in
a 96-well plate for 24 hours and treated with the test com-
pounds (LIr, LIr, dissolved in 0.1% DMSO, and further
diluted in DMEM medium) at 200-6.25 pM concentrations
under both light and dark conditions, then incubated for
24 hours. After treatment, the MTT was added and incu-
bated for 4 hours, followed by adding DMSO to solubilise
formazan crystals. The cell viability was measured at an
absorbance of 570 nm using a microplate reader (Bio-Tek,
USA). The IC;, concentrations of the compounds were used
for further experiments.

4. Conclusion

Thus, it can be concluded that we successfully designed, syn-
thesized, and characterized 2,2"-bipyrimidine-based cyclometa-
lated Ir(ur) complexes, capable of depleting GSH and generat-
ing ROS. The HSA and DNA binding studies prove their
potency towards biomolecular interactions. Based on the
results obtained from various studies performed, we can
propose that although type I and type II PDT pathways are
possible for both the complexes, the bimetallic complex Llr, is
effective for both normoxic (type II) and hypoxic (type I)
tumours, whereas the monometallic complex LIr is effective
only for normoxic cells. Thus, the cancer cell death can be trig-
gered by both pathways, which enhances the efficacy of the
complex as a phototherapeutic agent. The complex LIr, exhibi-
ted enhanced phototoxicity against TNBC cell line
MDA-MB-231 (PI = 9.9) compared to LIr (PI = 9.6), making it
ideal for PDT. Collectively, these findings show that the 2,2'-
bipyrimidine-based cyclometalated Ir(m) complexes exhibit
efficacy as promising PDT agents.
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