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A B S T R A C T

We synthesized two ruthenium(II) complexes: trans,trans-[Ru(im)2(tfa)2] (1) and trans,trans‑[Ru(in)2(tfa)2] (2)
where im = 1H‑imidazole, in = 1H‑indazole and tfa = tolfenamic acid, a potential nonsteroidal anti-in-
flammatory drug (NSAID). The NSAID was opted as bioactive ligand to understand its synergistic therapeutic
effect in structurally analogous Ru(II)-compounds with KP418 (imidazolium trans‑[tetrachloridobis
(1H‑imidazole)ruthenate(III)]) and KP1019 (indazolium trans‑[tetrachloridobis(1H‑indazole)ruthenate(III)]).
The complexes were studied using various analytical methods and structure was determined by X-ray crystal-
lography. Both the complexes display discrete mononuclear Ru(II) center in {RuN4O2} distorted octahedral
geometry. The reactivity of the complexes was tested with potentially important biomolecules involved in
metabolism of cancer cells, viz. L‑arginine, DL‑methionine, glutathione and L(+)ascorbate. Such studies intended
to provide deeper insights on intracellular speciation and kinetic substitution encountered by Ru-drugs to
target alternative cell death pathways. The complexes demonstrate a preferential binding affinity with calf
thymus DNA (Kb ~ 104 M−1) and human serum albumin (KHSA = 105 M−1). Both the complexes showed potent
inhibition of wild type yeast cell growth in a dose-dependent manner. Yeast cells were used as a powerful model
system to study the molecular mechanism of pathobiology which shares a high degree of conservation of both
cellular and molecular processes with human cells for assessing toxicity potential of the complexes. Fluorescence
imaging studies reveal the localization of both complexes to yeast mitochondria despite its rigid cell wall and
induce mitochondrial damage and formation of reactive oxygen species (ROS). The Micrococcal nuclease assay
revealed complexes do not alter global nucleosome occupancy and probably target specific regions of the
genome.

1. Introduction

Cancer is a global burden and leading cause of millions of deaths per
year and combating it is an uphill task with high mortality and narrow
range of possible clinical use [1]. Although ~200 anticancer drugs are
presently available in the clinic, many of them are either ineffective or
develop drug-resistance at advanced stages with severe side effects. The
limitation in understanding the complex carcinogenesis pathways at the
molecular level is a big challenge towards personalized or precision
anticancer medicine. In chemotherapy, the platins (cisplatin, carbo-
platin, oxaliplatin) have reached a milestone for treating various types
of cancers as the first line of defense. However, all these Pt(II) drugs
ultimately showed dose-dependent limitations and off-target side ef-
fects due to their significant toxicities and acquired drug resistance [2].

Current efforts are towards designing kinetically stable octahedral
platinum(IV) prodrugs, where additional axial ligands can be utilized
further for targeted delivery utilizing site-specific cancer cell bio-
markers compared to healthy cells. However, till now, no significant
alternative of platins that can circumvent limitations of drug resistance,
associated toxic side effects, and applicability towards a wide range of
tumor types was discovered [3–5]. In light of discovery on cell-death
pathways and relevant hallmarks of cancers in the post-genomic era,
the direction should shift in search of new biological targets and tar-
geting alternative hallmarks of cancer.

Ruthenium complexes have attracted increasing interest in the last
two decades as a new generation of metallodrugs. Ruthenium
antimetastatic drug NAMI-A (imidazolium trans‑[tetrachlorido
(1H‑imidazole)(S‑dimethyl sulfoxide)ruthenate(III)]), developed by G.
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Sava and E. Alessio and a series of anticancer drugs, viz. KP418 (imi-
dazolium trans‑[tetrachloridobis(1H‑imidazole)ruthenate(III)]) and
KP1019 (indazolium trans‑[tetrachloridobis(1H‑indazole)ruthenate
(III)]), or NKP1339 (sodium trans‑[tetrachloridobis(1H‑indazole)ru-
thenate(III)]) introduced by B. K. Keppler and co-workers, are already
reported to have excellent therapeutic activity (Fig. 1) [6–13]. Inter-
estingly, NAMI-A, KP1019, and NKP1019 have reached for clinical
trials, and their success in initial phases is promising. Although, clinical
investigation of NAMI-A remained disappointing and it is no longer in
clinical trials, however lesson obtained were provoking chemists to
develop new generation ruthenium drugs with enhanced efficacy and
selectivity towards specific hallmarks of cancers [14,15]. The under-
lying mechanisms of drug action facilitate its tumor cell selectivity and
less toxicity over platinum drugs [12,16]. The NAMI-A primarily in-
hibits lung metastasis and show synergism in combination
with cisplatin (cis‑diamminedichloridoplatinum(II)), gemcitabine
(2′‑deoxy‑2′,2′‑difluorocytidine), taxanes (paclitaxel, docetaxel), and
doxorubicin. The precise metastatic inhibition by NAMI-A is attributed
to its ability to cause cell cycle arrest at G2/M phase (growth/mitotic
phases), actin dependent adhesion, inhibition of erk1/2 (extracellular-
signal regulated kinase), activation of c-myc (an oncogene protein
which code for transcription facotors), which promotes the fibrotic
reaction and collagen binding [17–20].

KP418, a structurally similar drug of NAMI-A, showed significant
activity against colorectal cancer [21]. Anticancer activity and apop-
tosis-related to the KP1019 and NKP-1339 arise from an array of bio-
logical targets, like DNA, strong binding affinity to serum and trans-
ferrin or generation of reactive oxygen species (ROS) which
consequently lead to mitochondrial damage, G2/M cell cycle arrest and
activation of mitogen-activated protein kinase (MAPK) p38 [12,22,23].

Apart from classical Ru(III) antimetastatic NAMI-A and anticancer
KPs, several organometallic arene Ru(II) complexes are gaining in-
creasing interests for their remarkable therapeutic activity in recent
years. For example, [(η6‑biphenyl)Ru(en)Cl]+ (en = ethylenediamine)
(RM175) and an extensive series of RAPTA complexes [η6‑arene)Ru
(PTA)Cl2]+ (PTA = 1,3,5‑triaza‑7‑phosphaadamentane) (RAPTA-A/B/
C/T) and [Ru(phenanthroline)(κ‑C,N‑(2‑phenyl‑pyridine)(NCMe)2]PF6

(RDC11) are well-known Ru(II) complexes that do not follow conven-
tional activation by reduction mechanism and shows promising antic-
ancer activities with reduced side effects. Although several Ru(II) drugs
target DNA in a fashion different from cisplatin, they also target many
other hallmarks of cancer and show non-cross resistance with the platin

drugs. The distinct pharmacological properties and reactivity of RuII vs
RuIII complexes intrigued us to develop new generation of Ru(II) me-
tallodrugs using synergistic bioactive non-steroidal anti-inflammatory
drugs (NSAID) ligands [24–30].

NSAIDs are currently gaining more interest in cancer chemopre-
vention for various aggressive solid tumors [31–33]. NSAIDs are em-
ployed in the development of combinatory anticancer agents in syner-
gism with platinum-based drugs [34,35]. Metal-bound NSAID drugs are
proven more potent than their free form [36,37]. Synergism in com-
bination with antitumor drugs arises by inhibition of cyclooxygenase
(COX) mediated prostaglandins production. The COX inhibition is
capable of inducing apoptotic cell death by NSAIDs activated gene-1
overexpression and via transforming growth factor-β (TGF-β) expres-
sion [38,39]. Anthranilic acid based NSAIDs (e.g. tolfenamic acid) are
also known to affect the mitochondrial permeability [40].

Herein, our strategy is based on designing targeted Ru(II)-based
anticancer drugs via conjugating a secondary biologically active ligand
tolfenamic acid (tfa) as structural analogs of Ru(III)-drugs like KP-
1019/418. We synthesized two Ru(II) complexes: trans,trans‑[Ru
(im)2(tfa)2] (1) and trans,trans‑[Ru(in)2(tfa)2] (2) where im =
1H‑imidazole, in = 1H‑indazole (Fig. 1). This design strategy may
render resulting compounds with different pharmacological targets in
cell-death pathways or alteration in multi-drug resistance. We report
here synthesis, structures, encounters with metabolically relevant bio-
molecules and biological targets, DNA and human serum albumin
(HSA). We used rather unconventional yeast cells as a model system to
access the toxicity and mechanistic aspects, considering that it shares a
great extent of conservation of cellular and molecular mechanism with
human cells and could be extrapolated to the cancer cell lines [41–45].
The cytotoxicity was studied by yeast cell growth inhibition. The sub-
cellular localization studied by fluorescence imaging, and mitochon-
drial function impairment through reactive oxygen species (ROS) gen-
eration. The micrococcal nuclease assay (MNase) used to evaluate al-
teration in global chromatin architecture in yeast cells.

2. Result and discussion

2.1. General physicochemical aspects

[Ru(im/in)2(tfa)2] (1, 2) were synthesized in good yield by re-
fluxing imidazole or indazole with [Ru(DMSO)4Cl2] in ethanol followed
by further ligation with neutralized tolfenamic acid (tfa). The identity

Fig. 1. Schematic representation of current ruthenium(III) NAMI-A and KP/NKP drugs (left) and our designed complexes trans,trans‑[Ru(im)2(tfa)2] (1) and
trans,trans‑[Ru(in)2(tfa)2] (2) (right) where, tfa is tolfenamic acid (NSAID), im = 1H‑imidazole, in = 1H‑indazole. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
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and purity of the compounds were confirmed by elemental analysis,
ESI-MS, 1H NMR, FT-IR, UV–vis, electrochemistry and fluorescence
spectroscopy. Both the complexes were structurally characterized using
single crystal X-ray crystallography. Physicochemical data for both the
complexes is shown in Table 1. ESI-MS analyses for 1 and 2 shows re-
spective molecular ion peaks, [M-H]+ at m/z= 757.07 and [M + H]+

at m/z= 859.10 (Fig. S1). Upon binding with Ru(II), FT-IR bands
corresponding to 3355 cm−1 (νO-H) disappears and shifting of νas and νs
for free carboxylic (eCOOH) group is observed. The complexes show
νas(COO

−
) at ~1580 cm−1 and νs(COO

−
) at 1377 cm−1 (1) and 1372 cm−1

(2) (Table 1 and Fig. S2). The difference of asymmetric and symmetric
mode of stretching for complexes 1 and 2 (Δν/cm−1) are 202 and
209 cm−1, which confirms monodentate carboxylate binding to Ru(II)
centers [46]. 1H NMR of complexes 1 and 2 showed no signal corre-
sponding to eCOOH group indicating complexation of tfa ligand to Ru
(II) after deprotonation (Figs. S3 and S4). The characteristic NH proton
of imidazole and indazole showed upfield shift compared with the free
ligand, while NH proton of tolfenamic group shifted downfield in 1H
NMR spectra. The downfield shift of NH proton signal of tfa is attrib-
uted to coordination to the Ru(II) [47–49]. Interestingly, the signal
corresponding to CH3 was observed at 2.29 (1) and 2.26 ppm (2).
Complexes show strong absorption maxima band in DMF at 300 nm
(23,770 M−1 cm−1) and 290 nm (28,410 M−1 cm−1) for complex 1 and
complex 2 respectively, which corresponds to π-π* transitions of tol-
fenamic acid (Fig. 2(a)) [50]. A broad absorption band in electronic
spectrum around 400–575 nm and 400–600 nm arises from Ru(dπ) →
(1MLCT) for complex 1 and 2 respectively. A distinct low energy band
in electronic spectra centered ~740 nm was also observed.

Time-dependent 1H NMR spectra showed no apparent spectral
changes in 1H peak position in DMSO‑d6 (Figs. S5 and S6). Similarly,
absorption spectral analyses for both the complexes in DMF and DMSO
showed no significant changes in absorptions spectral traces at 298 K
with time (Figs. S7 and S8). The time-dependent 1H NMR, absorption
spectra, and ESI-MS analysis strongly suggest the stability of the octa-
hedral Ru(II) complexes in solution. The 1H NMR of compounds 1 and 2
recorded at 333 K showed only peak broadening for im/in eNH proton
(proton ‘b’ for 1 and proton ‘a’ for 2) and seem thermodynamically
stable in solution (Figs. S9 and S10). Both the complexes show metal-
based broad emission centered at 510 nm (1) and at 410 nm (2)
(λexc = 325 nm) (Fig. 2(c)). Excitation spectra for complexes recorded
in DMF at 298 K with emission at 550 nm show a broad band at
~312 nm (Fig. S11) due to π-π* transitions of the bound tfa− ligand.
Upon excitation with low energy absorption band of 480 nm, complex 1
displays two emission bands at 515 nm and 555 nm, whereas complex 2
at λex = 505 nm, exhibit similar emissions at λem = 530 nm and
553 nm (Fig. S12). The average lifetime measured for decay at 510 nm
and 410 nm for complexes 1 and 2 are 2.70 ns and 5.93 ns respectively
(using Eq. (1)) with λex = 340 nm in DMF at 298 K (Fig. 2(d) [51,52].
Both the complexes were redox-active and showed an irreversible oxi-
dative RuII/III couple at 1.21 V and 1.20 V vs Ag/AgCl for 1 and 2 re-
spectively (Figs. 2(b), S13). Oxidative (RuII/RuIII) redox values are in
agreement with values reported for similar RuII complexes [53].

2.2. Crystal structure

The complexes trans,trans‑[Ru(im)2(tfa)2] (1) and trans,trans‑[Ru
(in)2(tfa)2] (2)·2CHCl3 crystallizes in triclinic P-1 space group. The
structure of the complexes was distorted octahedral with {RuN4O2}
core two oxygens and two nitrogens from two tolfenamic acid and two
nitrogens from two imidazoles/indazoles in trans orientation. The
asymmetric unit of both complex structures contains one half of the
molecule with Ru-centre at a special position with site occupancy factor
(SOF) of 0.5 (i.e. 50% occupancy). An ORTEP view of the structures of
complexes is shown in Fig. 3 and the details of crystallographic re-
finement parameters are shown in Table S1. The unit cell packing
diagrams and the bond lengths and bond angles are given in Fig. S14
and Table S2. The unit cell of 1 contains a single molecule of complex
whereas 2 crystallizes with two CHCl3 solvent molecules.

The bond lengths of Ru-N/O vary from 1.957(2) to 2.081(2) Å (1)
and 1.968(3) to 2.063(3) Å (2) and are in the range of literature re-
ported values for analogous complexes [54–56]. The bond angles con-
stituting octahedral core varies from 86.39(9)° to 93.61(9)° (1) and
86.50(9)° to 93.50(9)° (2). The bite angles of two tolfenamic acids are
different: ∠N(3)-Ru(1)-O(1) = 86.39(9)° (for 1) and 86.50(9)° (for 2)
respectively. The [im-Ru-im] or [in-Ru-in] planes are perfectly axially
coplanar and these planes are nearly perpendicular to [tfa-Ru-tfa]
planes with dihedral angle of 88.89° and 88.51° respectively for 1 and 2
(Fig. S15). In 3D crystal lattice, they exhibit weak intermolecular π-π
interactions at a distance 3.948 Å (1) and 3.987 Å (2) between two
aromatic rings of tfa ligands of neighboring molecules (Fig. S16). The
complexes also exhibit possible intermolecular hydrogen bonding be-
tween NH(im)…O(tfa) at1.837 Å (1) atoms and NH(in)…O(tfa) at
1.993 Å (2) (Fig. S17).

2.3. Interaction with L‑arginine, DL‑methionine, GSH and L(+) ascorbate

Administration of any drug in cell encounters numerous interactions
and possible reactions with several molecules before reaching its in-
tended biological target; therefore, it is very important aspect to un-
derstand their fate or mechanism of action in situ. A tumor cell always
in demand of high-energy programming processes for its survival, rapid
proliferation and viability. The metabolic alteration makes them vul-
nerable on exogenous nutrient sources like amino acids. This patholo-
gical condition provides several biomarkers and opportunities for
therapeutic intervention, selective targeting, and prognosis, and meta-
bolic imbalance thus considered as one of the principal hallmarks of
cancer [57,58]. Therefore, it is very important to understand these
underlying reactions to realize the full potential of a new therapeutic
drug with possibly lower drug-resistance. In this context, here we have
tested compounds 1 and 2 with few potentially interacting biochem-
icals.

The L‑arginine auxotrophy (depletion of L‑arg), is a characteristic of
several cancer types, has been elegantly utilized, and arginine depri-
vation was investigated as novel metabolic anticancer therapeutic
strategy induced by prolonged endoplasmic reticulum (ER) stress
[59–61]. Methionine is involved in protein synthesis, DNA methylation,
and as a glutathione (GSH) precursor and methionine restriction to
cancer cells regarded as a chemotherapeutic intervention for cancer
[62,63]. GSH functions as an antioxidant and protects cells from da-
mage caused by free radicals, peroxide and toxic agents including cy-
totoxic drugs. GSH forms adduct with drugs and effluxes out from the
cell leading to drug deactivation, therefore, modulation of cellular GSH
level proven to overcome drug-resistance and enhanced chemo-sensi-
tization [64–66]. The combination of vitamin C with NSAIDs (Sulindac)
is found to be potent in human colon cancer with p-53 (a tumor sup-
pressor protein), and ROS mediated apoptosis, and synergism with a
chemotherapeutic drug like doxorubicin, cisplatin and paclitaxel is
well-established [67,68].

Table 1
Selected physicochemical data complexes 1 and 2.

Complex IRa/cm−1

νas(COO
−
)

νs(COO
−
) Δν/cm−1 λmax

b/nm, (ε/M−1 cm−1) τc(ns)

1 1579 1377 202 300(23770), 480(2970),
738(4690)

2.70

2 1581 1372 209 290(28410), 509(1660),
741(1220)

5.93

a In KBr phase.
b UV-visible spectra in DMF.
c Decay lifetime in DMF.
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Herein, the complexes were incubated with excess of L‑arginine
(0–1100 μM for 1 and 0–1261 μM for complex 2), DL‑methionine
(0–930 μM for 1 and 0–909 μM for 2), GSH (0–296 μM for 1 and
0–470 μM for 2) and sodium ascorbate (0–935 μM for 1 and 0–1091 μM
for 2). The reactions were monitored spectroscopically from a change in

emission profile of complexes in mixture of DMF and tris-HCl-NaCl
buffer under physiological pH and further analyzed by ESI-MS. A con-
tinuous decrease in emission intensity at 510 nm was observed upon
encounter of an excess of L‑arginine, DL‑methionine and GSH, however,
with L(+) ascorbate, it shows non-significant changes at

Fig. 2. Photophysical and electrochemical properties of complexes 1 and 2: (a) UV–vis electronic absorption spectra for complex 1 and 2 (48 μM) in DMF at 298 K.
(b) Cyclic voltammograms of complexes 1 and 2 (1 mM) at 298 K with 0.1 M TBAP (tetrabutylammonium perchlorate) as supporting electrolyte in DMF at a scan
speed of 100 mVs−1 representing RuII/RuIII redox couple. (c) Emission spectra of complex 1 (29 μM) and 2 (10 μM) in DMF at 298 K, λexc = 325 nm and excitation
and emission slit width 10 nm. (d) Fluorescence lifetime decay curve and fit for complexes 1 (510 nm) and 2 (410 nm) in DMF using λexc = 340 nm. (For inter-
pretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 3. ORTEP views with 50% probability thermal ellipsoids and numbering scheme for metal and heteroatoms: (a) trans,trans‑[Ru(im)2(tfa)2] (1). Selected bond
distances: Ru(1)-N(1), 2.081(2) Å; Ru(1)-N(3), 1.957(2)Å; Ru(1)-O(1), 2.038(2) Å. (b) trans,trans‑[Ru(in)2(tfa)2] (2)·2CHCl3. Selected bond distances: Ru(1)-N(1),
2.063(3) Å; Ru(1)-N(3), 1.968(3) Å; Ru(1)-O(1), 2.028(2) Å. The solvent molecules and hydrogen atoms were removed for clarity.
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λem = 510 nm. The decrease in intensity at 510 nm upon addition of
biomolecules also show a simultaneous increase in intensity at 364 nm
for L‑arginine and DL‑methionine and at 430 nm for both GSH and as-
corbate for complex 1 (Fig. 4). The complex 2 also showed a simulta-
neous increase in intensity at 364 nm, 415 nm, and 430 nm upon the
respective addition of these compounds (Fig. S18). The abrupt spectral
changes and formation of new emission bands indicate the formation of
a new Ru-species, possibly via ligand substitution reactions. Further,
the time-dependent emission spectral traces of titrated samples do not
show appearance of any new bands up to 4 h, indicating kinetic stability
of the product in the solution and irreversible mode of binding with
these biomolecules (Figs. S19 and S20). ESI-MS analysis of the reaction
mixtures shows the formation of covalent adducts with complex 1
(Fig. 5, Fig. S22). The results suggest that complexes are more sus-
ceptible to substitution reaction with GSH compared to L‑arginine,
DL‑methionine, and L(+) ascorbate. Such reactivity studies may provide
an insight into the possible exact intracellular speciation, the identity of
active species, ligand substitution kinetics, and mechanism of cell
death. The covalent adducts with L‑arginine, DL‑methionine corresponds
to possible arginine deprivation and methionine restriction, which
could be utilized as a new modality of treatment of threatening tumor
types that rely on these biomolecules for its proliferation.

2.4. DNA binding studies

2.4.1. Absorption spectral studies
The DNA binding is the crucial step in action of several FDA

approved anticancer platins [69] and organic drugs such as doxor-
ubicin, gemcitabine, 5‑fluorouracil, etc. Several ruthenium-polypyridyl
complexes have been explored for their unique properties of covalent
and non-covalent binding with DNA and also as molecular light switch,
charge transporter and metallo-intercalators [70,71]. DNA binding
measurements provide mechanistic insight into mode of action of drugs.
The measurement of binding affinity of complexes to DNA was per-
formed by absorption spectral methods, which shows a significant hy-
pochromism and red-shift in their electronic absorption spectra [72].
Results obtained from DNA binding experiment is shown in Figs. 6(a)
and S23. Hypochromism of tolfenamic acid based ᴫπ–π* absorption
bands at 290 nm for complex 1 and 295 nm for complex 2 was observed
upon increasing amount of CT–DNA (0–65 μM for 1 and 0–48 μM for 2)
to the metal complex solution. The equilibrium binding constant (Kb)
determined affinity to DNA for both complexes and obtained from the
ratio of the slope to the intercept of a half-reciprocal plot using Eq. (2)
and listed in Table 2. The DNA binding constant values for the com-
plexes 1 (5.87 ± 0.3) × 103 < 2 (2.10 ± 0.13) × 104, possibly due
to effective intercalation from extended conjugation of indazole (2)
than imidazole (1).

2.4.2. Ethidium bromide displacement assay
Ethidium bromide displacement assay was performed to evaluate

the competitive binding capability of complexes with duplex DNA. In
the absence of DNA, EthB does not show any significant emission in
buffer medium, while in presence of DNA, the emission intensity gets
enhanced and hence used as an emissive spectral probe for DNA

Fig. 4. Evolution of emission spectra of complex 1 upon titration with excess of biomolecules; L‑arginine, DL‑methionine, GSH and L(+) ascorbate and arrow gives the
direction of change in emission profile measured in DMF-Tris-HCl/NaCl buffer (pH = 7.2) mixture at 298 K with λexc = 325 nm. (a) 1 (29 μM) with L‑arginine
(0–1100 μM) in DMF-buffer (50:3). Inset: variation of relative changes of intensity (I/I0) with [L‑arginine]/[complex] at 510 nm and 364 nm. (b) 1 (24 μM) with
DL‑methionine (0–930 μM) in DMF-buffer (20:1). Inset: variation of relative changes of intensity (I/I0) with [DL‑methionine]/[complex] at 510 nm, 430 nm and
363 nm. (c) 1 (29 μM) with reduced glutathione (GSH) (0–296 μM) in DMF-buffer (200:3). Inset: variation of relative changes of intensity (I/I0) with [GSH]/
[complex] at 510 nm and 430 nm. (d) 1 (20 μM) with L (+) ascorbate (0–935 μM) in DMF-buffer (20:1). Inset: variation of relative changes of intensity (I/I0) with [L
(+) ascorbate]/[complex] at 510 nm and 430 nm. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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binding [73]. The gradual addition of complexes to luminescent EthB
(12 μM)-DNA (6.4 μM) adduct leads to displacement of bound EthB and
consequent quenching in emission intensity at 603 nm (λexc = 546 nm)
(Figs. 6(b) and S24). Apparent DNA binding constants were calculated
from Eq. (3) and listed in Table 2. The higher Kapp values of 106 M−1 for
both the complexes are indicative of better intercalation ability for both
the complexes [74,75].

2.5. Protein binding studies

2.5.1. Human serum albumin (HSA) binding interactions
Serum albumin is a class of multigene protein and plays a vital role

in the control of osmotic blood pressure and help in transport,

distribution, and metabolism of several endogenous and exogenous
compounds [76]. Studying the binding interaction of drugs with human
serum albumin (HSA) can determine pharmacokinetic and pharmaco-
dynamic properties. HSA is made up of non-glycosylated polypeptide
having 585 amino acids with three structurally similar domains and
each domain having two subdomains providing overall heart-shaped
structure. Subdomains IIA and IIIA are principal hydrophobic binding
regions of HSA for drug or ligand binding viz. Digitoxin, ibuprofen
while warfarin binds in IIA subdomain. Emission spectral properties of
HSA arise from the presence of tryptophan, tyrosine and phenylalanine
residues [77]. The change in emission intensity of tryptophan residue in
the presence of tested compound is therefore used as a spectral probe to
measure its binding affinities with HSA. Binding interactions of both the

Fig. 5. Reactivity profile of complex 1 after encounter with an excess of biomolecules; (a) L‑arginine, (b) DL‑methionine, (c) reduced glutathione, and (d) L(+)
ascorbate showing the formation of various adducts as determined from ESI-MS in a mixture of DMF and 5 mM Tris-HCl/NaCl, pH 7.2 buffer. (For interpretation of
the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 6. (a) Absorption spectral traces of complex 1 (70 μM) in in the presence of increasing CT-DNA (0–65 μM) concentrations measured in 5 mM Tris HCl/NaCl
buffer at pH 7.2. Arrow shows a continuous decrease in absorbance of 1 upon increasing DNA concentrations. Inset: Shows a plot of [DNA]/Δεaf vs. [DNA] from Eq.
(1). (b) Quenching of fluorescence emission intensities of EthB (12 μM) bound CT-DNA (6.4 μM) at 603 nm (λexc = 546 nm) in 5 mM Tris HCl/NaCl buffer (pH = 7.2)
as a consequence of increasing complex 2 concentrations and arrow shows a decrease in emission intensity upon gradual addition of complex 2 (0–88 μM). Ex and Em
slit width = 10 nm. Inset: plot of I/I0 vs [complex]. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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complexes with HSA (1.15 μM) is shown in Figs. 7(a) and S25(a) re-
spectively which demonstrate tryptophan fluorescence emission
quenching at 346 nm (λexc = 295 nm) and hypsochromic shift of
~15 nm with increasing complex concentrations.

The tryptophan emission quenching in HSA results in several mo-
lecular interactions that lead to energy transfer, structural or con-
formational change in protein structure [78]. The static quenching
constant (KHSA) for both the complexes were determined using the
Stern-Volmer Eq. (4) [79].

The static binding occurs at equilibrium and equilibrium binding
constant (K) and the number of site available for protein binding (n) are
determined from linear curve–fitting of Scatchard Eq. (6) and re-
presented in Figs. 7(b), S25(b) and Table 2. The calculated KHSA and K
values are in the range of 105 and 103 M−1 respectively that suggest
moderate binding affinity of the complexes with HSA at a single binding
site (n~ 1).

2.5.2. Conformational investigation of HSA binding
Synchronous fluorescence spectra can provide the information re-

lated to molecular microenvironment present in the vicinity ofthe
multichromophoric entity and the molecule and hence can be used to
characterize the various kind of interactions including hydrogen bonds,
hydrophobic, van der Waals, etc. between the protein and drug mole-
cule [80]. Scanning the excitation and emission monochromator si-
multaneously and maintaining a constant interval between them gives
the measurement of synchronous fluorescence spectra. The difference
of 15 nm and 60 nm between excitation and emission wavelength pro-
vide characteristics information about tyrosine and tryptophan moiety
respectively in HSA. Upon increasing complex concentration gradually,
synchronous fluorescence spectra of HSA (1.15 μM) with Δλ= 15 nm
showed a decrease in emission intensity at 285 nm for both complexes,
while with Δλ= 60 nm, this decrease observed at 278 nm and 279 nm
for complexes 1 and 2 respectively (Figs. 8 and S26). The considerable

decrease in intensity with Δλ= 60 nm revealed conformation of HSA
changed because of increased hydrophobicity and decreased polarity
around tryptophan-214 residue. Similarly, comparatively lower in-
tensity changes with Δλ= 15 nm suggests minor perturbation of en-
vironment at the tyrosine residue or this is a secondary effect of binding
at trp-214 residue.

2.6. Growth inhibition of Saccharomyces cerevisiae

Despite successful clinical trials and promising results on anticancer
activities of ruthenium drugs, their mode of action and various mod-
ulating factors are not yet convincing. Here we have used the budding
yeast model to understand the biological aspects of tested compounds.
Yeast conserves a high degree of similarity with human cells in many
cellular and molecular processes and thus a powerful model for
studying several molecular mechanisms underlying the pathobiology of
several human diseases, including cancer. Recently, we evaluated the
molecular insights for mechanism and various chemical, genetic or
epigenetic factors for KP1019 activity by using transcriptomics and
genetic screening approaches in budding yeast [81]. To investigate the
effect of [Ru(im)2(tfa)2] (1) and [Ru(in)2(tfa)2] (2) on Saccharomyces
cerevisiae cell growth, we performed yeast serial drop test assay and
growth curve assay with wild-type (WT) cells on synthetic complete
(SC) agar medium and liquid culture medium respectively. In case of
complex 2 treated SC agar plates, cell growth inhibition was observed
at a very low dose (20 μM) and the growth was completely inhibited at
30 μM concentration which is promising as compared to that of control
plates (Fig. 9(a)) [82]. In case of complex 1 treatment, a considerably
higher range of concentration (100 μM–200 μM) was required to ob-
serve the inhibitory effects on yeast cell viability (Fig. 9(a)). Similarly,
in the liquid medium, both the complexes affected the yeast cell growth
in a dose-dependent manner (Fig. 9(b)). These results reveal that the
growth rate of yeast cells was reduced upon treatment with complexes

Table 2
DNA and HSA binding parameters for complexes 1 and 2.

Complex Kb
a/M−1 Kapp

b/M−1 KHSA (M−1)c kq(M−1 s−1)d K (M−1)e nf

1 (5.87 ± 0.3) × 103 1.91 × 106 5.63 × 105 5.28 × 1013 7.88 × 105 1.02
2 (2.10 ± 0.13) × 104 1.51 × 106 3.00 × 105 3.07 × 1013 8.48 × 103 0.73

a Kb, intrinsic equilibrium DNA binding constant.
b Kapp, apparent DNA binding constant.
c KHSA, Stern-Volmer quenching constant for HSA fluorescence.
d kq, Quenching rate constant.
e K, binding constant.
f n, number of binding sites.

Fig. 7. Binding of complex 1 with HSA: (a) fluorescence emission quenching of HSA (1.15 μM) (in absence and in presence of increasing complex 1 concentration
(0–9 μM) in 5 mM Tris-HCl buffer (pH 7.2) at 298 K (λex = 295 nm, λem = 344 nm, slit width = 10/5 nm). Arrow shows a decrease in intensity upon increased
[complex]. Inset: Stern-Volmer plot for fluorescence quenching of HSA (b) Scatchard plot: variation of log([I0-I]/I) as function of log[complex]. (For interpretation of
the references to color in this figure, the reader is referred to the web version of this article.)
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1 and 2. Besides, complex 2 proves to be more toxic than complex 1 as
it shows its inhibitory effects on yeast cell growth at a lower dose as
compared to that of the complex 1. So our results indicate that these
two Ru(II) complexes 1 and 2 exhibit toxic effects on yeast cell survi-
vability and show similar kind of activity like ruthenium based anti-
cancer drug KP1019 [81,83,84] (Fig. 9(a)). The presence of more im-
porters or fewer exporters on the plasma membrane and less vacuolar
sequestration in case of complex 2 might be potentiating its genotoxic
ability by increasing the net availability at the target sites as compared
to complex 1 [85–87].

2.7. Cellular uptake and mitochondrial localization studies

The cellular uptake potential and intracellular localization efficacy
of the complexes 1 and 2 were evaluated by fluorescence imaging using
green filter (EGFP filter, λex = 450–490 nm, λem = 500–550 nm). The
microscopy images of yeast cells in response to both the complexes
revealed the presence of puncta (2–5) inside the cells, in the cytosol
(Fig. 10(a)). As the punctuate structures were present towards the
periphery of the cytosol, we hypothesised that the complexes 1 and 2
might be localized to the mitochondria. To ascertain the sub-cellular
localization, we performed fluorescence microscopic experiment with
WT 4741 strain transformed with plasmid mito-HcRed (HcRed fused to

mitochondria targeting sequence) in presence/absence of 1 and 2. The
microscopy images revealed the clear co-localization of the puncta with
that of mito-HcRed fluorescence (Fig. 10(b)). To further validate this,
we have performed staining experiment with MitoTracker deep red dye
that is known to label mitochondria utilizing its negative membrane
potential [88]. Cellular images obtained from the above experiment
confirmed the sub-cellular localization of both the complexes (1, 2) to
mitochondria (Fig. 10(c)). In addition, we ruled out the possibility of
these compounds being localized to lipid droplets (LDs) (which also
show several punctuate like structures in the cytosol) by performing
microscopy experiment using a yeast quadruple mutant (H1246) that is
devoid of LDs due to lack of lipid synthesizing enzymes. We treated this
mutant with both the compounds and checked for the presence of
puncta. The hypothesis was, if the complexes are localizing to the lipid
droplets and forming puncta, then we should not observe punctate
pattern customary to LDs in case of mutant treated with either of the
complexes. But we did observe the puncta in both the WT (Fig. S27(a))
and mutant (Fig. S27(b)), thus ruling out the possibility of the com-
pounds being localized to LDs. Overall these results indicate the effec-
tive internalization of the compounds to mitochondria by live yeast
cells, despite the presence of its highly rigid cell wall indicating possible
efficient internalization in cancer cells.

Fig. 8. Synchronous fluorescence spectral measurement of HSA (1.15 μM) in the presence of increased complex 1 concentrations (0–9 μM) with Δλ= 15 nm (a) and
Δλ= 60 nm (b) in 5 mM Tris-HCl/5 mM NaCl buffer (pH 7.2) at 298 K. Arrow shows effect of increased complex concentration on HSA fluorescence emission
intensity. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 9. (a)Yeast serial drop test assay; Wild type (BY4741, BY4743) yeast saturated cultures were ten-fold serially diluted (10−1, 10−2, 10−3, 10−4 M) in 1.0 mL of
sterile double distilled water and 3 μL of each dilution was spotted on SCA plates containing DMSO (control) or [Ru(in)2(tfa)2] (2) (5, 10, 20, 30 μM) or [Ru
(im)2(tfa)2] (1) or KP1019 (50, 100, 150, 200 μM). All plates were incubated at 30 °C for 72 h and photographed. (b) Growth curve assay; exponentially growing yeast
cultures of the wild-type strain were treated with the indicated concentrations of respective compounds and the growth was monitored by measuring OD600 at regular
intervals of 30 min for 40 h UT: untreated. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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2.8. Impairment of mitochondrial function and induction of reactive oxygen
species (ROS)

As both the complexes were found to be localized to mitochondria,
our next obvious question was to assess the mitochondrial function or
respiratory competence of yeast cells in the presence of these com-
plexes. To achieve this, wild type yeast cells were forced to rely on
oxidative phosphorylation rather than glycolysis by substituting
medium containing glucose (primary fermentable carbon source) with
either ethanol or glycerol (non-fermentable carbon source) [89].

Our results (Fig. 11(a)) revealed that the replacement of media
glucose with non-fermentable carbon sources increased the suscept-
ibility of yeast cells to the complexes. This growth defect on non-fer-
mentable carbon sources is attributed to impaired mitochondrial oxi-
dative phosphorylation. Moreover, mitochondria are the major sites of
ROS production which occurs via electron leakage through oxidative
phosphorylation in electron transport chain [90]. Also, higher levels of
ROS are produced through excessive electron leakage from impaired
mitochondrial oxidative phosphorylation [91]. Therefore, we checked
for the accumulation of ROS via staining the compound-treated cells
with dihydroethidium (DHE). As shown (Fig. 11(b)), treatment with the
compounds triggered a significant increase in the number of DHE po-
sitive cells as compared to the control. Above findings suggest the po-
tential role of these Ru(II) complexes as mitochondrial toxicants. These
results confirm that the 1 and 2 are likely candidates to introduce the
intracellular damage via the formation of ROS. We hypothesize that
these Ru(II) active drugs could possibly serve as next-generation an-
ticancer agents.

2.9. Micrococcal nuclease (MNase) assay

To understand whether these compounds alter the global nucleo-
some occupancy profile or not, we performed Micrococcal nuclease
(MNase) assay. However, we could not find any significant alteration in
the digestion pattern of treated and untreated samples in response to
both the compounds (Fig. 12(a) and (b)). These results suggest that
these two complexes are not effective in altering the global chromatin
architecture and probably targets specific regions within the genome.
[Ru(im)2(tfa)2] (1) and [Ru(in)2(tfa)2] (2) hence does not alter the
global nucleosome occupancy profile in yeast cells.

3. Conclusions

We strategically designed two Ru(II) complexes comprised of

imidazole, indazole and potential NSAID tolfenamic acid to modulate
anticancer properties of corresponding KP1019/KP418 drugs.
Complexes have been synthesized and characterized using various
spectroscopy techniques and structures of complexes have been de-
termined by single crystal X-ray structure determination. Interactions of
complexes 1 and 2 with excess of biomolecules L‑Arginine,
DL‑Methionine, GSH, and L(+) ascorbate provide information of ligand
substitution and reactivity. The binding of L‑arginine and DL‑methionine
corresponds to arginine deprivation and methionine restriction, re-
spectively as a way of threatening tumor cells. Further, GSH binding
may alter cellular GSH level and vitamin-C in combination can suppress
the tumor growth. The complexes are moderate binders of DNA and
HSA. Complexes exhibit cytotoxicity profile in a dose dependent
manner where 1 is comparable with KP1019 and 2 exhibits markedly
enhanced growth inhibitory potential than KP1019 in yeast cells. The
fluorescence imaging confirmed efficient localization of complexes in
mitochondria of yeast cell WT 4741 despite its rigid cell wall and ex-
hibited ROS induced mitochondrial damage. However, the complexes
did not show any alteration in nucleosome global occupancy profile in
yeast cells. Overall, the designed compounds exhibit high cytotoxicity,
mitochondrial targeting, and damaging ability along with sufficient
binding ability with several biomolecules. These systems potentially
could be explored in terms of COX inhibition, anti-inflammation, and
selectivity towards specific cancer cells both in vitro and in vivo as
supportive for next-generation anticancer agents.

4. Experimental section

4.1. Materials and methods

RuCl3·xH2O was purchased from Arora Matthey Pvt. Ltd., India,
imidazole, and AgNO3 from Merck (Mumbai, India), indazole from Alfa
Aesar, N‑(3‑Chloro‑2 methylphenyl)anthranilic acid from TCI (India)
Pvt. Ltd. and solvents were purified before use by following standard
procedures [92]. Biochemsitry grade glutathione reduced (GSH), L‑ar-
ginine, DL‑methionine and was purchased from SRL (Mumbai) and L(+)
sodium ascorbate from SDFCL (Mumbai). Calf thymus (CT) DNA,
human serum albumin (HSA) and ethidium bromide (EthB) were pur-
chased from Sigma Chemicals (USA). Stock buffer solutions were pre-
pared using Milli-Q water (18.2 MΩ). [(Ru(DMSO)4Cl2] was prepared
following a standard procedure [93]. The presence of C, H, and N were
analyzed with Perkin-Elmer 2400 series-II and Perkin-Elmer model
1320 was used to record Fourier transform infrared (FTIR) spectra in
KBr pellets within range 4000–400 cm−1. Waters Q-TOF electrospray

Fig. 10. (a) Fluorescence microscopic visualization and intracellular localization of compounds after treating WT cells for 5 h using EGFP green filter -
λex = 450–490 nm, λem = 500–550 nm. DMSO treated cells were taken as control. (b) Pictures of WT cells expressing a mitochondrial red fluorescent marker protein
(Mito-hc red) after treatment with 1 and 2 for 5 h using ds-RED filter λex = 538–562 nm, λem = 570–640 nm. (c) Fluorescence microscopic images of WT cells treated
with indicated doses of 1 and 2 for 5 h followed by staining with mitotracker red to visualize the mitochondria. Scale bars = 2 μm. Red filter was used with
λex = 538–562 nm, λem = 570–640 nm.
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ionization (ESI-MS) spectrometer was used to determine the molecular
masses. The 1H NMR spectra were recorded on JEOL instrument with
model JNM-ESC400 MHz spectrometer. Chemical shifts values were
referenced to the deuterated solvent used. Absorption and fluorescence
emission spectra were recorded on Varian V670 and Perkin-Elmer
Lambda 25 and Agilent Cary Eclipse spectrophotometer respectively at
298 K. Fluorescence decay were measured using nanosecond time-cor-
related single photon counting (TCSPC) and steady state fluorescence
setup by excitation of samples by laser light of 340 nm. Data was ana-
lyzed with DAS6 software of TCSPC instrument and were fitted with
multi-exponential function

=I(t) a exp (t/ )i i

and average lifetime was calculated from following Eq. (1)

=
a

a
i

i i

i
i i

2

(1)

where ai and τi are amplitude and decay time respectively of ith com-
ponent of multi-exponential decay curve [94].

Cyclic voltametric measurements were carried out in DMF using CH
Instrument Model CHI 610E potentiostat and TBAP (0.1 M) as sup-
porting electrolyte containing 1 mM complex concentration. Platinum,
Ag/AgCl and glassy carbon was used as auxiliary, reference, and
working electrode respectively.

4.2. Strains, chemicals, growth media, and growth conditions

The Saccharomyces cerevisiae strains used in this study are WT-
BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0; Axel Mogk [95]), WT-
BY4743 (MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0
met15Δ0/MET15 ura3Δ0/ura3Δ0; Yeast Knockout Collection-Open
Biosystems), WT SCY62 (MATa his3-11,15 leu2-3, 112 ura3-1 trp1-1
can1-100 ADE2; StenStymne [96]) and mutant H1246 (MATα
are1∆::HIS3 are2∆::LEU2 dga1∆::KanMX4 lro1∆::TRP1 ADE2; are1∆a-
re2∆dga1∆lro1∆; StenStymne [96]). All yeast strains used in this study
were grown in synthetic complete (SC) liquid media containing 2%
glucose at 30 °C. SC liquid media was prepared by mixing all the
components like-amino acids, yeast nitrogen base (YNB) and ammo-
nium sulphate (AS) by following a standard protocol (Yeast Protocols
Handbook, Clontech laboratories, Inc.). The wild-type BY4741 strain
was transformed with a plasmid MitoHcRed (URA3) (gifted by Dr. Rong
Li Lab) using the standard lithium acetate procedure [97] and the re-
sultant transformants were propagated in Uracil drop-out liquid media.
For solid agar media, 2% Bacto-agar was used in addition to SC media
components. Media components and all other reagents used in this
study were of molecular biology grade, purchased from Sigma–Aldrich,
Merck, Himedia, GE Healthcare, Invitrogen, New England BioLabs and
Thermo Fisher Scientific.

4.3. Synthesis of [Ru(im)2(tfa)2] (1) and [Ru(in)2(tfa)2] (2)

The complexes 1 and 2 were synthesized by adding ethanolic

Fig. 11. (a) Growth of wild-type yeast cells in medium containing either 2% glucose or 2% ethanol or 2% glycerol as the carbon source with or without compound
treatment. Cells from overnight grown cultures were serially diluted and 3 μL of each dilution spotted onto each plate. Growth was assessed after 5 days incubation at
30 °C. (b) Fluorescence microscopic visualization of wild type yeast cells after giving indicated doses of compound treatment and stained with dihydroethidium
(DHE) to visualize ROS producing cells after 3 h of growth. Scale bars = 2 μm. Red filter was used with λex = 538–562 nm, λem = 570–640 nm.
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solutions (3 mL) of imidazole (im) (31 mg, 0.4554 mmol for 1) and
indazole (in) (54 mg, 0.4571 mmol for 2) to a boiling solution of [(Ru
(DMSO)4Cl2] (100 mg, 0.2064 mmol) in ethanol (15 mL) to obtain a
clear yellowish and greenish solution respectively. The reaction was
stirred under reflux for 6 h, followed by addition of AgNO3 (77 mg,
0.4532 mmol) and stirring was continued at RT for next 3 h. The col-
orless AgCl precipitate was filtered off through a sintered glass crucible
(G-4) and neutralized tolfenamic acid (119 mg, 0.4547 mmol) with
KOH (26 mg, 0.4635 mmol) in ethanol (2 mL) was added and refluxed
overnight. The resulting dark green (1) and brown (2) solution obtained
was evaporated to yield microcrystalline solids. The solids were washed
thoroughly with DCM (1), and cold water followed by Et2O (2) and
dried in vacuum over silica. Crystals of 1 was obtained from ethanolic
solution layered with benzene while complex 2 was crystallized as
2·2CHCl3 by vapour diffusion of pentane to a chloroform solution of
complex.

4.3.1. [Ru(im)2(tfa)2] (1)
Yield:110 mg (70%). Anal. calcd for C34H30Cl2N6O4Ru: C, 53.83; H,

3.99; N, 11.08. Found: C, 53.72; H, 3.89; N, 10.98. ESI-MS (DMF): m/z
757.07 [M-H]+ (calc. for C34H29N6O4Cl2Ru: m/z 757.07). FT-IR (KBr,
ν/cm−1): 3432 (w), 3238 (w), 2930 (w), 2396 (w), 1763 (w), 1609 (s,

sh), 1579 (vs, sh,νasCOO−), 1555 (s, sh), 1494 (vs, sh), 1460 (s) 1377
(vs, νs COO−), 1287 (s, sh), 1149 (m), 1074 (w), 1041 (w), 1014 (m),
906 (w), 882 (w), 865 (w), 825 (w), 785 (w), 755 (s, sh), 705 (w), 667
(w), 602 (w), 523 (w) [vs, very strong; s, strong; m, medium, w, weak;
br, broad; sh; sharp]. 1H NMR (400 MHz, DMSO‑d6) δ 11.93 (s, 2H),
7.93 (d, 2H), 7.29 (d, 3H), 7.16–7.08 (m, 6H), 7.02 (d, 3H), 6.96 (d,
3H), 6.69–6.65 (m, 3H), 2.29 (s, 6H). UV–visible in DMF [λmax, nm (ε,
M−1 cm−1)]: 300 (23770), 480 (2970) and 738 (4690).

4.3.2. [Ru(in)2(tfa)2] (2)
Yield:121 mg (68%). Anal. calcd for C42H34Cl2N6O4Ru: C, 58.74; H,

3.99; N, 9.79. Found: C, 58.72; H, 3.94; N, 9.76. ESI-MS (DMF): m/z
859.10 [M + H]+ (calc. for C42H35N6O4Cl2Ru: m/z 859.11). FT-IR
(KBr, ν/cm−1): 3425 (m), 3064 (w), 2923 (w), 1922 (w), 1609 (s, sh),
1581 (vs, sh, νasCOO−), 1499 (s, sh), 1456 (s, sh), 1372 (s, sh,νsCOO−),
1355 (s), 1284 (m), 1240 (w), 1208 (w), 1172 (w), 1147 (w), 1012 (s),
952 (w), 908 (w), 881 (w), 837 (w), 741 (s, sh), 703 (m), 670 (w), 433
(w). 1H NMR (400 MHz, DMSO‑d6) δ 13.03 (s, 2H), 9.78 (s, 2H), 8.06 (s,
1H), 7.91 (d, 2H), 7.75 (d, 2H), 7.53 (d, 2H), 7.37–7.28 (m, 6H), 7.22
(d, 4H), 7.13–7.07 (m, 3H), 6.84 (d, 2H), 6.79–6.74 (m, 2H), 2.26 (s,
6H). UV–visible in DMF [λmax, nm (ε, M−1 cm−1)]: 290 (28410), 509
(1660), 741 (1225).

Fig. 12. The wild type yeast cells were treated with DMSO or [Ru(in)2(tfa)2] (2) (10 μM, 20 μM) (a) and [Ru(im)2(tfa)2] (1) (100 μM) (b) for 3 h at 30 °C and equal
numbers of cells were processed for MNase digestion. MNase was used with increasing concentration (0, 100, 200, 300, 500 and 1000 U/mL). Samples were run on
1.5% agarose gel, together with DNA ladder, and stained with ethidium bromide.
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4.4. Solubility and stability

The complexes 1 and 2 were soluble in DMF and DMSO and were
sparingly soluble in water, acetonitrile and insoluble in EtOAc, Et2O,
THF, and hydrocarbons. The complex 2 was also soluble in DCM and
CHCl3. The solution-state stability of complexes was determined by
time-dependent 1H NMR, UV–vis absorption and from ESI-MS spectral
analyses.

4.5. Single crystal X-ray structure determinations

Crystals of suitable dimensions for complexes 1 and 2·CHCl3 were
grown at room temperature (298 K) and mounted over glass fiber.
Diffraction data were collected at 100(2) K with a Bruker D8 Quest
Microfocus X-ray CCD diffractometer attached to an Oxford Cryo sys-
tems device. X-ray beam obtained from Mo Kα radiation
(λ= 0.71073 Å) possessing ω-scanner (width of 0.5° per frame) oper-
ated with manufacturer's APEX2 v2012.4-3 software package at a scan
speed of 5 s/frame [98]. Intensity data collected in ω-2θ scan mode
were corrected for Lorentz-polarization effects, processed and in-
tegrated with Bruker's SAINT software [99]. SADABS programme [100]
used for multiscan absorption corrections; XPREP for space group de-
termination and structure was solved using SHELXS-97 [101]. Structure
refinement processed using WinGX 1.70 inbuilt SHELXL-97 [102] using
full matrix least square technique with SHELXTL 6.14 software package
[103]. Non-hydrogen atoms were refined anisotropically and all hy-
drogen atoms were included in their calculated position and refined
using a riding model. Structural representations were generated using
ORTEP [104]. Crystallographic data and refinement parameter are
listed in Table S1, selected bond distances and angles are given in Table
S2 in SI. The CCDC deposition number for complexes 1 and 2 are
1872898 and 1872899 respectively.

4.6. Interactions with L‑arginine, DL‑methionine, L(+) ascorbate

A stock solution of these bioactive ligands was prepared in 5 mM
Tris-HCl/NaCl (pH 7.2) buffer and emission spectral traces were re-
corded after addition to complexes 1 and 2 under similar conditions at
298 K in DMF.

4.7. Binding interaction with DNA

4.7.1. UV–visible spectral experiments
A fresh solution of CT-DNA in 5 mM tris-HCl/NaCl, pH 7.2 buffer

were prepared and stored at 4 °C. The purity of CT-DNA from RNA and
protein was confirmed by its absorbance ratio value at A260/A280 as
1.9:1 [105]. Concentration of DNA (stock = 220 μM) was obtained
from ε260 = 6600 M−1 cm−1 and respective absorbance values (A260)
[106]. The solution of metal complex in DMF was prepared and ab-
sorption spectra were measured by a gradual increase of CT-DNA
concentration to the fixed concentrations of metal complexes solution.
Intrinsic equilibrium DNA binding constant (Kb) value for complexes
was determined by following half-reciprocal Eq. (2)

= + K[DNA]/( ) [DNA]/( ) 1/ ( )a f b f b b f (2)

where [DNA] signifies the concentration of DNA, εa the apparent molar
extinction coefficient, εf, and εb are molar extinction in free from DNA
and in fully bound state, respectively [107]. DNA binding constant were
calculated from slope to intercept ratio of linear fit of [DNA] / (εa − εf)
vs. [DNA] plots.

4.7.2. Competitive binding by emission spectral experiments
Ethidium bromide displacement assay was performed for complexes

in 5 mM tris-HCl/NaCl, pH 7.2 by monitoring fluorescence emission
traces of ethidium bromide bound DNA at 603 nm (λex = 546 nm) by
gradual increase of metal complex concentrations at 298 K. Addition of

complexes was continued till 50% decrease in emission intensity and
apparent binding constants (Kapp) obtained by Eq. (3)

× = ×K C K [EthB]app 50 EthB (3)

where, KEthB = 1 × 107 M−1 is binding constant for ethidium with
DNA, [EthB] = concentration of ethidium bromide, C50 = complex
concentration at 50% decrease of emission intensity [108].

4.8. Protein binding experiments

4.8.1. Human serum albumin binding emission experiments
Binding of complexes to human serum albumin (HSA) protein was

determined in 5 mM tris HCl-NaCl, pH 7.2 buffer by tryptophan fluor-
escence emission quenching measurement. Initially, 1 μM solution of
HSA in buffer medium was excited with 295 nm and resulting emission
spectra were measured. Consequently, complex solution in DMF was
added to it and quenching of emission were recorded at 345 nm and
quenching constant was obtained from the slope of the linear fit of
Stern-Volmer Eq. (4) [109].

= +I I K/ 1 [Q]0 HSA (4)

= +I I k/ 1 [Q]0 q 0 (5)

where symbols I0 and I are tryptophan emission intensities in absence
and in presence of quencher (Complex). The terms kq represents
quenching rate constant and τ0 the average lifetime (~10−8 s) of HSA
without quencher. Assuming the binding of complexes to HSA at
equilibrium, the number of the binding sites available and equilibrium
binding constant was calculated from Scatchard Eq. (6) [110]

= +I I I K nlog( )/ log log[Q]0 (6)

where K is the binding constant of compounds at equilibrium and n is
the number of binding sites. A linear fit of log (I0-I)/I vs. log[Q] gives n
as slope and K as intercept.

4.8.2. Synchronous fluorescence emission experiments
Synchronous fluorescence spectra with two different Δλ (the dif-

ference between λexc and λem of HSA) 15 nm and 60 nm in the range
from 225 nm to 400 nm were recorded simultaneously in an identical
experimental condition of instrument sensitivity used for HSA binding
measurements [111].

4.9. Cell growth sensitivity and growth curve assays

Growth sensitivity assay was performed to examine the biological
effect of [Ru(im)2(tfa)2] (1) and [Ru(in)2(tfa)2] (2) on the growth of
yeast cells as described previously [112]. In brief, overnight grown
cultures of wild-type (WT) BY4741 and BY4743 yeast cells were ten-
fold serially diluted (10−1, 10−2, 10−3, 10−4 M) and 3 μL of each was
spotted onto solid SC (synthetic complete)-agar plates without (DMSO
control) or with the addition of respective compounds at indicated
doses. All the plates were incubated at 30 °C and growth of yeast strains
was recorded after 72 h by scanning the plates using a HP scanner.

For growth curve analysis, exponentially growing yeast cells were
treated with either DMSO (control) or indicated doses of either [Ru
(im)2(tfa)2] (1) and [Ru(in)2(tfa)2] (2) in duplicate manner and then
seeded onto a 96-well cell culture plate (SPL Life Sciences Ltd.). Growth
curves were analyzed for each treatment using representative optical
density (OD600) values measured at a regular interval of 30 min for a
time-period of 40 h using an automatic plate reader (Eon™ Microplate
Spectrophotometer).

4.10. Fluorescence imaging

To investigate the uptake of these emissive compounds in wild type
yeast cells (BY 4741), we performed fluorescence imaging experiment.
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For this, the exponentially growing wild type cells were either left
untreated (DMSO control) or treated with [Ru(im)2(tfa)2] (1) and [Ru
(in)2(tfa)2] (2) for 5 h at 30 °C. The cells were then washed with 1X PBS
buffer (pH-7.4) three times and imaged using 100× oil-immersion
objective lens of ZEISS ApoTome.2 microscope equipped with the ap-
propriate filter (EGFP filter, λex = 450–490 nm, λem = 500–550 nm).
Further, all the images were processed using ZEN-2012 (Blue edition)
software. In case of staining the cells with MitoTracker Deep Red
(Invitrogen), prior to washing, cells were incubated with this molecular
probe for 3–5 min. For dihydroethidium (DHE) staining, treated cells
were incubated with DHE for 1 h in rotamer followed by washing with
PBS and visualization.

4.11. Micrococcal nuclease (MNase) assay

To investigate the effect of the compounds on global nucleosome
occupancy profile, we performed MNase assay as described previously
[113] with slight modifications. Briefly, exponentially growing yeast
cells were treated with DMSO (control) or [Ru(in)2(tfa)2] (2) (10 μM,
20 μM) and [Ru(im)2(tfa)2] (1) (100 μM) for 3 h at 30 °C. Equal number
of cells were then processed for MNase digestion. At first, spheroplasts
were made from ~100 OD cells by lyticase (SIGMA) digestion and then
processed further for digestion with MNase as per dilution series to
make 0, 100, 200, 300, 500 and 1000 U/mL concentrations (dilution
buffer-50 mM Tris pH 7.9, 5 mM CaCl2). MNase (New England Biolabs-
NEB, M0247S) digestion was performed for 3 min at 37 °C, and the
reaction was stopped immediately by adding stop solution (0.25 M
EDTA, 5% SDS). The samples were then subjected to overnight Pro-
teinase K digestion at 37 °C. Following day, phenol-chloroform extrac-
tion was carried out to isolate DNA; pellets were washed with 70%
ethanol, air-dried, and re-suspended in 30 μL of 1X TE containing
100 mg/mL RNase. Samples were loaded on a 1.5% agarose gel and
visualized by EthB staining.
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