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Abstract

Emergence of resistance in cancer cells and dose-limiting side effects severely limit the 

widespread use of platinum (Pt) anticancer drugs. Multi-action hybrid anticancer agents that 

are constructed by merging two or more pharmacophores offer the prospect of circumventing 

issues of Pt drugs. Herein, we report the design, synthesis, and in-depth biological evaluation 

of a ruthenium−ferrocene (Ru-Fc) bimetallic agent [(η6-p-cymene)Ru(1,1,1-trifluoro-4-oxo-4-

ferrocenyl-but-2-en-2-olate)Cl] and its five analogues. Along with aquation/anation chemistry, we 

evaluated the in vitro antitumor potency, Pt cross-resistance profile, and in vivo antiangiogenic 

properties. A structure activity analysis was performed to understand the impact of Fc, CF3, and 

p-cymene groups on the anticancer potency of the Ru-Fc hybrid. Finally, in addition to assessing 

cellular uptake and intracellular distribution, we demonstrated that the Ru-Fc hybrid binds to 
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nucleophilic biomolecules and produces reactive oxygen species, which causes mitochondrial 

dysfunction and induces ER stress, leading to poly(ADP−ribose) polymerase-mediated necroptotic 

cell death.

Introduction

Platinum (Pt) anticancer drugs cisplatin, carboplatin, and oxaliplatin are the frontline 

treatment options for a variety of localized and metastatic cancers.1,2 These drugs enter 

cells either by passive diffusion or transporter-mediated uptake, undergo activation by ligand 

exchange, and form covalent Pt-DNA adducts, resulting in the inhibition of transcription and 

induction of apoptotic cancer cell death. These Pt drugs make up approximately 50% of total 

chemotherapeutic regimens and are therefore incorporated in the list of essential medicines 

by the World Health Organization (WHO).3,4 Despite phenomenal success of platinum drugs 

in the clinic, a few major drawbacks such as inherent and emergence of acquired resistance 

in cancer cells and dose-limiting toxic side effects severely limit the actual therapeutic 

benefits of Pt-based chemotherapy.1 To tackle these issues, a great deal of effort has been 

devoted to the development of anticancer compounds with the mechanism of action different 

from that of Pt drugs.1,2,5−9

In the recent past, growing research in the area of non-platinum anticancer agents has 

led to the discovery of several promising ruthenium (Ru) drug candidates as potential 

alternatives to Pt drugs.7−11 The Ru(III) coordination compounds NAMI-A and KP1019, 
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developed by Allesio and Keppler, respectively, entered clinical trials, which are believed to 

undergo activation by a reduction in a tumor microenvironment.7,10 Dyson’s and Sadler’s 

group developed piano-stool Ru(II)−arene organometallic complexes, such as RM175 

and RAPTA-C (Figure 1), with promising antimetastatic, anti-angiogenic, and anticancer 

activities.8,11 In particular, these classes of compounds exert activity through a novel 

mechanism of action and are capable of overcoming Pt resistance.8,11,12

As an alternative strategy, we and others have explored the possibility of employing multi-

targeted hybrid drugs as a solution to the chemoresistance issue of Pt drugs.2,13,14 Our 

recently reported bimetallic hybrids Pt-Fc-1 and Pt-Fc-2 (Figure 1, Fc = ferrocene) were 

constructed by merging two bioactive pharmacophores, namely, a DNA binder [(NH3)2Pt-

(II)] or [(DACH)Pt(II)] (where DACH = 1R,2R-diaminocyclohexane) and a reactive oxygen 

species (ROS) inducer (ferrocenyl-β-diketonate, L1-H).13 Both candidates showed excellent 

in vitro antitumor activity, and Pt-Fc-2 exerted in vivo anticancer activity in an A2780 

mice xenograft model.13 We demonstrated that the Pt-Fc derivatives platinate nuclear and 

mitochondrial DNA, generate ROS, cause mitochondrial dysfunction, and induce severe 

endoplasmic reticulum (ER) stress. This multi-pronged mechanism of action of these Pt-Fc 

hybrids triggered non-apoptotic cell death which enables circumventing apoptosis resistance 

caused by down regulation of pro-apoptotic proteins Bax and Bak. We note that in contrast 

to apoptosis resistance which is caused by a specific mechanism (dysfunctional apoptosis 

signaling), Pt resistance is caused by multiple simultaneously operating mechanisms such as 

reduced uptake, enhanced efflux, enhanced DNA repair, and down-regulation of apoptotic 

proteins.15 Comparing the potency of our cisplatin-like Pt-Fc-1 in wild-type A2780 and 

its cisplatin resistant mutant A2780Cis human ovarian cancer cells revealed that the Pt-Fc 

hybrid has significantly lower Pt cross-resistance (resistance factor, RF = 2.8) compared 

to its monometallic parent drug cisplatin (RF = 9.7).13 The purpose of this study is 

to design the next generation of multi-targeted hybrid anticancer agents with improved 

antitumor activity and, importantly, no Pt cross-resistance (expected RF ~ 1). As discussed 

above, encouraged by the lack of Pt cross-resistance of Ru(II)−arene compounds,8,11,12 we 

envisaged substituting the [(N−N)Pt(II)] moiety in the Pt-Fc hybrids with a Ru(II)−arene 

moiety and constructing a bimetallic Ru-Fc hybrid 1 (Figure 1b) that is expected to have 

no Pt cross-resistance in cancer cells. In addition to this, the presence of the Ru(II)−arene 

moiety may endow 1 with antiangiogenic activity which is a key factor in tumor growth and 

metastasis.16,17

Even though synthesis and in vitro antitumor studies of a few Ru-Fc (Ru1−Ru5, Figure 1) 

derivatives were reported earlier, there is much room for improvement.18−22 For instance, 

majority of these Ru-Fc derivatives showed moderate to low in vitro antitumor activity 

(discussed later). Moreover, these Ru-Fc hybrids were never evaluated for toxicity and 

antiangiogenic activity using any in vivo model. In addition to this, these previous reports 

did not thoroughly investigate the mechanistic aspects of Ru-Fc derivatives, such as the 

intracellular targets, precise mode of action, the role of individual metal centers, and the 

mechanism of cell death.

To this end, herein, we report the design, synthesis, and biological activity of a potent 

bimetallic Ru-Fc anticancer antiangiogenic agent 1 (Figure 1) and its five analogues (2−6, 
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Scheme 1). Along with investigating the solution stability and aquation/anation chemistry, 

we showed that 1 has excellent antitumor activity against a panel of cancer cell lines and has 

an improved Pt cross-resistance profile as compared to that of cisplatin and analogous Pt-Fc 

bimetallics (Pt-Fc-1 and Pt-Fc-2). The potency of 1 is significantly higher as compared to 

that of previously reported Ru-Fc bimetallics Ru1, Ru3, and Ru4 in Pt-resistant A2780Cis 

cells. Moreover, we analyzed the structure−activity relation (SAR) that provided insights 

into the impact of various functional groups on the anticancer properties of 1. Importantly, 

using a zebrafish in vivo model we found that 1 has strong antiangiogenic properties, and 

it is non-toxic to zebrafish embryos at its pharmacologically effective antiangiogenic dose. 

Compound 1, in particular, is the first Ru(II)−arene-containing Ru-Fc bimetallic complex 

identified till date which possesses both potent antitumor and antiangiogenic properties. We 

confirmed that while the Ru(II) center in 1 binds covalently to nucleophilic biomolecules, 

the Fc center catalyzes the formation of ROS from H2O2. Finally, in addition to assessing 

cellular uptake, intracellular localization, and DNA metalation, we demonstrated that 1 
causes mitochondrial dysfunction and induces ER-stress through unfolded protein response 

(UPR), leading to poly(ADP−ribose) polymerase (PARP)-mediated necroptotic cell death.

Results and Discussion

Design, Synthesis, and Characterization of 1−6

The synthetic route to the target Ru-Fc hybrid 1 and its bimetallic (2 and 4) and 

monometallic (3, 5, and 6) analogues is presented in Scheme 1. First, the β-diketone ligands 

4,4,4-trifluoro-1-ferrocenylbutane-1,3-dione (L1),13 1-ferrocenylbutane-1,3-dione (L2),13,23 

and 1-[3-(trifluoromethyl)phenyl]-butane-1,3-dione (L4)24 were synthesized by following 

earlier reported procedures. 4,4,4-trifluoro-1-phenylbutane-1,3-dione (L3) was obtained 

from a commercial supplier. Reaction of the [(η6-arene)RuCl2]2 dimer with the appropriate 

1,3-diketone derivative in a MeOH/dichloromethane (DCM) mixture in the presence of 

NaOMe provided 1−6 in 80−90% yield.12,25 All complexes were characterized by 1H and 
13C NMR spectroscopies (Figures S1−S12) and matrix-assisted laser desorption/ionization 

(MALDI) mass spectrometry (Figure S13). The purity of 1−6 was confirmed to be ≥95% 

by elemental microanalysis (Experimental Section) and analytical high-performance liquid 

chromatography HPLC (Figure S14).

Our several attempts to grow X-ray-quality crystals of compounds 1−5 using a variety of 

solvents and methods were unsuccessful. In the case of compound 6, the slow evaporation 

of methanolic solution yielded dark-red block-shaped tiny single crystals (suitable for X-ray 

diffraction) in a week. The X-ray structural solutions revealed that compound 6 crystallized 

in the monoclinic, P21/c space group (Table S1), and its asymmetric unit (ASU) consists of 

a full molecule with the molecular formula [RuII(η6-C6Me6)(CF3-Ar-acac)Cl] (CF3-Ar-acac 

= L3-H). As shown in Figure 2, the structure of 6 confirmed the piano-stool arrangement 

of η6-C6Me6, β-diketonate (CF3-Ar-acac), and Cl− ligands around the Ru(II) center. The 

selected bond angle and bond distance parameters are listed in Table S2. A bond distance 

of 2.078 Å for the Ru−O1 bond was found to be slightly shorter than a distance of 2.091 

Å for the Ru−O2 bond. This observation is not surprising as the resonating condition of 

CF3-Ar-acac was affected by the electron-withdrawing CF3-Ar group. The bond distance 

Manikandan et al. Page 4

J Med Chem. Author manuscript; available in PMC 2024 May 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



for the Ru−Cl bond found to be 2.420 Å and the average Ru−C distance of 2.180 Å (for 

the η6-C6Me6 bonds) are consistent with the literature report on the analogous complex 

[Ru(η6-p-cymene) (acetylacetonate)Cl].26 From the packing structure of 6 (Figure S15, 

Table S2), the closest Ru… Ru distance was found to be 7.284 Å.

Solution Stability, Aquation, and Anation Chemistry

Having complexes 1−6 in hand, we first studied the solution stability in water and in cell 

culture medium (DMEM) using 1 as a representative candidate of all six complexes. The 

compound is very stable in dimethylsulfoxide (DMSO) as no change was detected in the 1H 

NMR spectrum up to 48 h (Figure S16). Then, 1 was dissolved in a mixture of DMSO-d6/ 

D2O containing no NaCl or 100 mM NaCl, and 1H NMR spectra were recorded at different 

time points. It is worth noting that 100 mM NaCl was used to mimic the extracellular 

physiological Cl− concentration. As shown in Figure 3a, no significant spectral changes 

were observed up to 48 h in the presence of NaCl, suggesting robust aqueous stability of this 

class of compounds in the presence of the physiologically relevant Cl− concentration.

However, in the absence of NaCl, addition of D2O to a DMSO solution of 1 resulted in 

formation of the corresponding aqua complex as evidenced from appearance of a new singlet 

at 2.14 ppm (arene-CH3, Figure 3b). The aquation was rapid, with ~95% of 1 found to be 

aquated within 10 min. These results are consistent with previous reports on activation of 

the [Ru(η6-arene)(O−O)Cl] class of complexes through hydrolysis of the Ru−Cl bond.12,26 

Addition of 100 mM NaCl to the hydrolyzed 1 lead to rapid anation and formation of 

1 in <10 min (Figure 3b), demonstrating reversible nature of the aquation and anation in 

the absence of and the presence of Cl−, respectively. Then, we tested the stability of 1 in 

Roswell Park Memorial Institute (RPMI-1640) supplemented with 10% fetal bovine serum 

(FBS), a routinely used cell culture medium, using ultra-performance liquid chromatography 

(UPLC). Carbamazepine was used as an internal standard. As shown in Figure 3c, the peak 

corresponding to 1 decreased slowly with time. The decomposition was <20% upto 8 h, and 

approximately, 45 and 7% of 1 remained intact after 24 and 72 h, respectively, suggesting 

that the compound possesses good stability in cell culture media. The decomposition of 1 is 

most likely due to its reaction with nucleophiles such as amino acids, sugars, proteins, and 

so forth, present in RPMI/FBS medium.12,27

In Vitro Antitumor Activity, Platinum Cross-Resistance Profile, and SAR

The in vitro antitumor potencies of 1−6 were evaluated in human cervical (HeLa) and 

ovarian (A2780 and its cisplatin-resistant phenotype A2780Cis) cancer cells. Cells were 

seeded in 96-well plates and dosed with increasing concentrations of the compound, and 

finally, viability was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. The half inhibitory concentrations (IC50 values) obtained from a 

72 h incubation assay are listed in Table 1, and representative dose−response curves are 

provided in the Supporting Information (Figures S17−S19). The bimetallic 1 turned out to 

be the most potent among all as evidenced by its lowest IC50 values (1.3−3.1 μM) against 

all tested cancer cell lines. In HeLa cells, the antitumor potency of 1 (IC50 = 1.3 ± 0.3 μM) 

is relatively higher as compared to that of the free ligand L1 (IC50 = 23 ± 0.0 μM) and the 

Pt-Fc hybrids Pt-Fc-1 (IC50 = 4.9 ± 2 μM) and Pt-Fc-2 (2.8 ± 0.3).13 Moreover, potency of 
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1 is 2.7- and 1.6-fold higher as compared to that of cisplatin (3.0 ± 0.1 μM) and oxaliplatin 

(2.1 ± 0.3 μM) in HeLa cells, respectively. Importantly, comparison of potency of 1 with that 

of a few previously reported Ru-Fc bimetallic derivatives revealed that 1 is 3−18-fold more 

potent compared to Ru1,18 Ru3,19 and Ru420 in A2780 cells. IC50 values of Ru2 and Ru5 
for any of the tested cell lines are not available for comparison purposes. Nevertheless, low 

or moderate potency was reported for Ru2 in DL cells and Ru5 in HT29 cells.21,22

To test whether 1 exerted antitumor activity through inhibition of proliferation or induction 

of cell death, we performed trypan blue dye exclusion assay. HeLa cells were treated with 

the increasing concentration of 1, and the number of viable cells present at different time 

points was counted after staining with trypan blue. As shown in Figure S20, 1 showed 

a time-dependent antiproliferative effect at 5 and 10 μM concentrations. However, at 20 

and 40 μM concentrations, 1 exerted antitumor activity by killing cells, as evidenced from 

time-dependent reduction in the number of viable cells as compared to that of the initial day.

Comparison of IC50 values of 1 in HeLa and A2780 cells with those of its various analogues 

aids in better understanding of how various functional groups in 1 contribute to its excellent 

antitumor activity. For example, replacing the CF3 group with CH3 in the β-diketonate part 

(compound 2) reduces the potency of 1 by several folds. In order to evaluate the importance 

of the Fc moiety in 1, we prepared 3 where ferrocene is substituted by a phenyl group. 

Compound 3 was found to be much less potent compared to 1, implying that Fc is essential 

for high potency of the later compound. The observed moderate antitumor activity of 3 
(e.g., IC50 = 20.7 μM in A2780 cells) compares well with reported antitumor activities 

of Ru(η6-arene) compounds bearing purely organic β-diketonato ligands such as [Ru(η6-

arene)Cl(curcuminato)] (IC50 = 23.4 μM in A2780 cells) and [Ru(η6-arene)(PTA)-(4,4,4-

trifluoro-1-(4-chlorophenyl)-1,3-butanedionato)] (IC50 = 34.8 μM in A2780 cells, PTA = 

1,3,5-triaza-7-phosphaadamantane).12,25 These results confirmed that Fc plays a key role in 

the potency of 1. Afterward, we assessed the dependency of the potency on the arene ligand. 

Replacement of p-cymene in 1 with a more hydrophobic hexamethyl benzene afforded 4 
which again turned out to be less potent compared to 1. Substituting the Fc unit in 4 with 

a phenyl group further reduces the antitumor activity (compound 5), confirming once again 

the importance of the Fc unit in the activity of this class of compounds. Furthermore, we 

observed that activity of 5 can be improved slightly by installing an m-CF3 group at the 

phenyl ring of the β-diketonate ligand (compound 6).

Pt drugs cisplatin and carboplatin are commonly used for treatment of ovarian cancers in the 

clinic.28 However, the efficacy of Pt therapy is compromised due to inherent and acquired 

resistance.15 Therefore, we tested whether our best compound 1 and its analogues 2−5 can 

overcome Pt resistance in ovarian cancer cells. For this purpose, the RF was calculated as 

the ratio of IC50 values of a compound in cisplatin-resistant A2780Cis cells and in parental 

cisplatin-sensitive A2780 cells. As noted in Table 1 and presented in Figure 4 (Figures 

S18 and S19, for dose−response plots), an RF of 8.7 was obtained for cisplatin which is 

consistent with the previous literature.13,29 In sharp contrast, all Ru−arene compounds 1−6 
presented much lower RF values (RF ≤ 1.5, Figure 4). Intriguingly, along with negligible 

Pt cross-resistance (RF = 1.2), our best candidate 1 exerted significantly higher potency as 
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compared to previously reported bimetallics Ru1, Ru-3, and Ru-4 in A2780Cis cells (Table 

1).18−20 Moreover, the lower RF of 1 as compared to that of its parent Pt-Fc derivatives 

Pt-Fc-1 and Pt-Fc-2 (RF = 2.1−2.4) confirmed our hypothesis of passing from Pt to Ru 

to achieve a bimetallic anticancer hybrid with negligible Pt cross-resistance. Owing to its 

excellent in vitro antitumor potency, compound 1 was selected for in vivo evaluation in 

zebrafish and for in-depth mechanistic studies.

Relative Lipophilicity and Whole Cell Uptake of 1−6

Lipophilicity is one of the very important physicochemical properties of a drug, which plays 

a crucial role in cellular uptake and antitumor activity.30 We determined the octanol−water 

partition coefficients (log P) using the traditional shake-flask method, and results are 

presented in Table 2. The log P values of 1−6 range from 0.90 ± 0.01 to 1.19 ± 0.04. 

The hexamethyl benzene derivatives (4−6) are slightly more (0.1 to 0.2 log P unit) lipophilic 

compared to p-cymene derivatives (1−3). Nevertheless, the positive log P values indicated 

that these compounds will be able to efficiently enter the cells.

Subsequently, to understand whether the differential IC50 values of 1−6 arose from varying 

degrees of cellular accumulation, the whole cell uptake of 1−6 was measured by quantifying 

the total intracellular Ru content using inductively coupled plasma mass spectrometry 

(ICP−MS). The cellular uptake and intracellular distribution of various Ru compounds were 

studied previously using confocal microscopy.9 However, as 1−6 are non-luminescent, the 

cellular uptake and intracellular distribution (vide infra) of these classes of compounds 

were assessed using ICP−MS.9,13 The accumulation of 1−6 in HeLa cells (10 μM, 4 h) is 

summarized in Table 2. The uptake follows the order 4 > 1 > 2 ~ 6 > 5 > 3. No linear 

relation between log P and compound accumulation was observed. For instance, despite 

1−3 having comparable log P values, their cellular accumulation varied drastically; 1 was 

accumulated 3.5-fold higher than 3. Comparison of the uptake of bimetallics 1 and 4 (57 ± 

9.7 and 89.5 ± 5.3 pmol/106 cells, respectively) with that of their respective monometallic 

phenyl analogues 3 and 5 (16.5 ± 3.2 and 36.4 ± 4.8 pmol/106 cells, respectively) suggested 

that Fc significantly enhances the uptake. Additionally, no direct relationship between the 

IC50 values (Table 1) and cellular uptake (Table 2) of 1−6 in HeLa cells was observed. For 

example, despite cellular accumulation of 1 being 1.6 times lower compared to that of its 

hexamethyl analogue 4, the former has a 7 times lower IC50 value compared to the latter in 

HeLa cells.

Ru-Fc Hybrid 1 Is a Non-Toxic Antiangiogenic Small Molecule in Zebrafish Embryos

Our preceding in vitro tissue culture data showed that Ru-Fc hybrid 1 is a promising 

antitumor agent (Figure 5). Angiogenesis is a crucial factor in solid tumor growth and 

metastasis. Solid tumors induce formation of new blood vessels which are essential for 

nutrient and oxygen supply to the growing primary solid tumor.16 In addition to this, tumor 

cells enter systemic circulation via these intra-tumoral blood vessels and metastasize to other 

organs.17 Therefore, inhibition of angiogenesis is an attractive approach to control cancer 

growth and progression. Indeed, several FDA-approved antiangiogenic agents are routinely 

used in the clinic as a single agent or in combination with other cytotoxic drugs for treatment 

of solid tumors.31 Thus, we intended to explore the role of 1 in angiogenesis and evaluate 
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the toxicity of 1 in vivo. High genetic and physiological similarity between humans and 

zebrafish32 and excellent regenerative capacity33 made zebrafish a preferred model organism 

in many areas of biomedical research including development of anticancer agents.34−36 

Moreover, high fecundity, optical transparency, and availability of tissue-specific fluorescent 

reporter lines enable the identification of the effect of candidate drug/small molecules on 

animal development and organogenesis. Thus, in this study, we used zebrafish embryos to 

explore the effect of 1 on angiogenesis and its toxicity. A zebrafish sub-intestinal venous 

plexus (SIVP) development model was used to identify the effect of 1 on angiogenesis.

In zebrafish, the vessels of the SIVP absorb nutrients from the yolk and supply them to 

the embryo body. Later, in larval and adult zebrafish, the SIVP provides blood supply to 

the developing digestive system.37 SIVP formation is initiated from the posterior cardinal 

vein (PCV) on either side of the yolk sac at around 28 h post-fertilization (hpf) (Figure 

5A).38 A few angiogenic sprouts originate from the PCV at 28 hpf, which grows anteriorly 

over time, and form the SIVP at 72 hpf (Figure 5a).38 To explore the effect of 1 on SIVP 

angiogenesis, zebrafish embryos were treated with DMSO (control) or 20/30/40 μM 1 at 26 

hpf, the time before the initiation of SIVP formation, and SIVPs were imaged at 72 hpf with 

a confocal microscope (Figure 5b). Maximum projections of optical sections of the SIVP 

revealed a decreased SIVP in 1-treated embryos as compared to that in the DMSO-treated 

control at 72 hpf (Figure 5c). Further quantitative analysis of the area covered by the SIVP 

and the number of compartments in the SIVP found the antiangiogenic activity on embryos 

treated with 20 μM 1, and an increased degree of antiangiogenic activity was observed 

with the increment of the drug concentration (Figure 5d,e), indicating its dose-dependent 

antiangiogenic effects.

Next, we sought to explore the effect of the Ru-Fc hybrid 1 on the development of zebrafish 

embryos and viability. Wild-type embryos were treated with DMSO or 1 at 26 hpf, and 

toxicity was analyzed at 72 hpf. Morphological and viability analysis at 72 hpf of treated 

embryos showed that 1-treated animals are 100% viable (Figure 5f) and morphologically 

indistinguishable from untreated control embryos (Figures 5g and S21) even at 40 μM dose. 

These results suggest that Ru-Fc hybrid 1 is a non-toxic antiangiogenic molecule.

Interaction of Ru-Fc Hybrid 1 with Biomolecules in Cell Free Settings

DNA and/or proteins are potential intracellular targets of functional Ru(η6-arene)-based 

piano-stool anticancer complexes comprising a labile chlorido ligand.8,39,40 However, a 

small structural change substantially alters the target specify, cytotoxicity profile, and 

mechanism of anticancer activity of this class of molecules. For example, DNA is the 

primary target for RM175 (Figure 1) and structurally related compounds which showed 

potent in vitro and in vivo antitumor activity.11,39 Similar to cisplatin, RM175 preferentially 

binds to the N-7 position of the guanine base in DNA. In contrast, proteins, enzymes, and 

DNA are the main targets for the RAPTA class of compounds which exert poor cytotoxicity 

in vitro but potent antimetastatic activity in vivo.8,40 In order to obtain preliminary insights 

into the possible biomolecular targets, reactivity of 1 toward 9-methylguanine (MG, a model 

for the guanine base in DNA) and N-acetyl cysteine (NAC, as a model for the thiol side 

chain in protein) was studied in cell free settings. As shown in Figure 6a, incubation of 
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a mixture (1:1 molar ratio) 1 and MG in acetonitrile/water (85/15, v/v) led to formation 

of a new species with time. As expected, electrospray ionization (ESI)-mass spectrometry 

confirmed the formation of the [1-Cl + MG]+ adduct (Figure 6b), suggesting that 1 has the 

ability to form a covalent adduct with DNA.

Then, interaction of 1 with N-acetyl cysteine was studied. For this, compound 1 was 

treated with increasing amounts of NAC (1/NAC, 1/0.05 to 1/1, mol ratio) in an acetonitrile/

water mixture, and UPLC was recorded immediately (~2 min post-mixing), and results are 

presented in Figure S22. The presence of 1 equiv NAC led to immediate disappearance 

of the peak corresponding to 1 with the appearance of four new peaks in the HPLC 

chromatogram. Two of those peaks were assigned to ligand L1 by comparing the HPLC 

trace of the authentic sample of L1. Furthermore, the mass spectrum also showed the 

presence of free L1 in the reaction mixture (Figure S22). Rest of the two peaks belonged 

to the two different NAC adducts of 1 which were identified using MS (Figure S22). These 

results mirror the reactivity profile of a structurally similar organic β-diketone containing a 

Ru(η6-p-cymene) complex with cystine.27

Intracellular Distribution and Genomic DNA Binding of Ru-Fc Hybrid 1

To obtain preliminary insights on possible intracellular targets, organelle distribution of 1 
was studied. Cisplatin was included for comparison purposes. HeLa cells were incubated 

with 1 or cisplatin, cytoplasmic and nuclear fractions were separated, and the amount of 

metal in each fraction was quantified using ICP−MS. As shown in Figure 7a, cisplatin is 

equally distributed between the cytoplasm and nucleus in cells. In sharp contrast, the Ru 

content in the nuclear fraction is ~2.5 times higher compared to the Ru content in the 

cytoplasmic fraction of 1-treated cells.

Given the ability of 1 to accumulate in the nucleus and form covalent adducts with MG 

(vide supra), we speculated that nuclear DNA could be one of the potential targets for 1. 

To confirm this, nuclear DNA was isolated from HeLa cells treated with 1 or cisplatin and 

thoroughly washed to remove any unbound metals, and the amount of metal bound to DNA 

was quantified using ICP−MS. As shown in Figure 7b, the ability of 1 to metalate DNA is 

comparable with that of the classical DNA-targeted Pt drug cisplatin. These data strongly 

suggest that covalent interaction with DNA is one of the possible mechanisms of 1.

Electrochemical Potential and Generation of ROS

The oxidation potentials (vs Fc+/0) of 1 and ligand L1 were found to be 321 and 287 mV, 

respectively (Figure S23a).13 Both L1 and 1 have positive oxidation potentials compared 

to bare Fc signifying that the 1,3-diketo functionality pulls electrons from the Fc center. 

Higher oxidation potential of 1 as compared to that of L1 suggests that coordination with 

the Ru(II) center makes the Fc moiety even more electron-deficient and subsequently makes 

its oxidation to the Fc+ ion even more difficult. Nevertheless, oxidation potential of 1 
is below the suggested threshold (i.e., 520 mV vs Fc+/0) for Fc to Fc+ oxidation inside 

cells.41 Therefore, we expected the Fc moiety in 1 to catalyze the production of highly 

reactive HOO• (or O2
•−) and HO• from endogenously produced H2O2 through Haber−Weiss-

like cycle ending with the Fenton reaction.21,42,43 To note here, cancer cells produce 
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high concentrations of H2O2 compared to normal cells,44,45 which has been exploited 

for selective killing of cancer cells.14,45−47 Therefore, the ability of 1 to produce ROS in 

cells was first tested using a broad ROS pro H2DCF-DA following a previously reported 

protocol.13,48 As shown in Figure 8a, significant increase in ROS in 1-treated HeLa cells 

was observed only after 1 h incubation with the compound. The amount of intracellular 

ROS was increased by increasing the incubation time to 4 or 8 h. Interestingly, despite 

having lower oxidation potential as compared to 1, L1 was unable to elevate the level of 

intracellular ROS (Figure S23b). This could be attributed to poor cellular uptake of L1 (pKa 

= 6.5) resulting from its ionization and subsequent formation of negatively changed enolate 

at physiological pH 7.4.49 Importantly, the monometallic analogue 3 that lacks the Fc moiety 

was found to produce a significantly lower amount of intracellular ROS as compared to 1, 

highlighting the importance of the Fc moiety in production of intracellular ROS (Figure 8a). 

We note that despite its widespread use for ROS measurement in cells, H2DCF-DA based 

ROS assay has several limitations.50 Therefore, we reassessed the ROS generation ability 

of 1 using dihydroethidium (DHE) and hydroxyphenyl fluorescein (HPF) as alternative and 

more selective ROS probes.51 DHE and HPF are known for their ability to selectively detect 

intracellular O2
•− and HO• radicals, respectively. Following a previously reported protocol, 

HeLa cells were treated with 10 μM 1 for 4 h, stained with the ROS probes, and analyzed 

using flow cytometry52−54 As shown in Figure 8b,c, the level of O2 •− and HO• radicals 

in 1-treated HeLa cells is ~19-fold and ~7-fold higher as compared to that in respective 

untreated control cells. Both O2
•− and HO• radicals are extraordinarily reactive and expected 

to execute significant oxidative damage to proteins and DNA in the cells. These results 

suggest that 1 has the ability to induce oxidative stress in cells, and the same could be a key 

component in the mechanism of action of compound 1.

Effect of Ru-Fc Hybrid 1 on Mitochondria and ER

Previous studies from us and others showed that Fc-containing bimetallic compounds have 

the tendency to accumulate in mitochondria.13,14 Therefore, to investigate whether a fraction 

of 1 could potentially accumulate in mitochondria, HeLa cells were treated with 20 μM 

1 or 20 μM cisplatin (for comparison), mitochondria were isolated, and metal contents in 

the mitochondrial fractions were measured. As shown in Figure 9a, ~ 4-fold higher Ru 

was found in the mitochondria of 1-treated cells as compared to Pt in the mitochondria of 

cisplatin-treated cells.

Along with significant mitochondrial accumulation, the ability of 1 to induce oxidative stress 

prompted us to investigate the effect of 1 on mitochondrial functioning. Mitochondrial 

damage and/or dysfunction leads to impairment of mitochondrial membrane potential 

(ΔΨm).55,56 To this end, a fluorescent ΔΨm indicator, namely, 5,5,6,6′-tetrachloro-1,1′,3,3′-

tetraethyl-imidacarbocyanine iodide (JC-1) dye, in combination with flow cytometry was 

used to measure ΔΨm in 1-treated HeLa cells. In the case of healthy and functional 

mitochondria with intact ΔΨm, the JC-1 dye accumulates in mitochondria as aggregates 

and is emitted in the red channel, whereas in case of unhealthy mitochondria with depleted 

ΔΨm, the JC-1 dye accumulates as monomers inside mitochondria and is emitted in the 

green channel.13 It should be noted that since all mechanistic studies were performed in 

HeLa cells using 24 h incubation assays, the concentrations of 1 for the assays were chosen 
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to be 1/4 × IC50/24h (10 μM) or 1/2 × IC50/24h (20 μM) or IC50/24h (40 μM) based on the 

IC50/24h value (38 ± 3 μM) obtained using a 24 h MTT assay (Figure S24). As shown 

in Figure 9b (Figure S25 for the dot plot), similar to positive control carbonyl cyanide 

m-chlorophenyl hydrazone (CCCP), treatment with 1 led to dramatic decrease in ΔΨm of 

HeLa cells even at the ¼ × IC50/24h concentration. Then, we investigated the effect of 1 
on the mitochondrial morphology using confocal microscopy. HeLa cells were transiently 

transfected to label mitochondria with green fluorescent protein (GFP) and treated with 1. 

As shown in Figure 9c, mitochondria appeared to be rounded and punctate in cells treated 

with 1/2 × IC50/24h of 1, which is in sharp contrast to filamentous and elongated nature 

of mitochondria in untreated cells. These results indicated that 1 has the ability to target 

mitochondria and perturb its natural function.

Given the potential inter-connection between ROS production, mitochondrial dysfunction, 

and ER stress,6 we studied the effect of 1 on the ER. The ER plays a key role in 

maintaining calcium storage/homeostasis, lipid biosynthesis, and protein folding/trafficking 

in cells. Disruptions to any of these functions result in ER stress, leading to accumulation 

of unfolded proteins which are gradually ubiquitinated for proteasomal degradation.6 In 

fact, western blot analysis revealed that similar to a known ER-stress-inducer celastrol,57 

treatment with 1 caused dose-dependent upregulation of unfolded proteins in HeLa cells 

(Figure 10a). Accumulation of unfolded proteins in ER triggers activation of an adaptive 

mechanism known as UPR.6 UPR is initiated mainly through activation of three ER 

transmembrane proteins, namely, IRE1α, ATF6, and PERK. HeLa cells treated with 1 
caused significant upregulation of both IRE1α and ATF6, re-affirming induction of ER 

stress by 1. However, upregulation of the PERK arm was not observed as treatment with 

1 did not increase the level of the downstream protein p-elF2α of the PERK arm. Similar 

results were observed for cells treated with the positive control celastrol.57 Cumulatively, 

the above-mentioned data strongly suggest that mitochondria and ER are two of the key 

intracellular targets of compound 1.

Having established that compound 1 exerts its antitumor activity through ROS generation 

and mitochondrial dysfunction, we remeasured the antitumor potential of 1 in HeLa 

and A2780 cells using the non-enzymatic crystal violet (CV) assay (Table S3, Figure 

S26). It is important to mention that results of an antitumor activity screening can vary 

dramatically depending on the assay used. For example, the commonly employed MTT 

assay that we used to determine IC50 values (discussed above) reports viability by measuring 

mitochondrial dehydrogenase activity. Therefore, the results from this assay reflect the effect 

of a compound on mitochondrial function rather than the effect of the compound on viability 

or proliferation. By contrast, CV assay is independent of any intracellular enzyme activity 

and repots the viability by measuring biomass of adherent cells that remain after treatment 

with a compound. The IC50 values determined using 72 h CV assay for 1 were 4.4 ± 

1.7 μM on HeLa and 7.2 ± 0.3 μM on A2780 cells. Notably, as presented in Table S3, 

the IC50 values of 1 obtained using CV assay are ~3-fold higher as compared to the IC50 

values obtained using MTT assay (1.3 μM for HeLa and 2.5 μM for A2780). However, IC50 

values of cisplatin obtained using CV and MTT assay are comparable (Table S3). These new 
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results are in line with our expectation as compound 1 exerts its activity by interfering with 

mitochondrial function.

Mechanism of Cell Death Triggered by Ru-Fc Hybrid

1. After confirming the multi-pronged antitumor mechanism of 1, which includes generation 

of ROS, depletion of ΔΨm, induction of ER stress, and covalent adduct formation with 

nuclear DNA, our next objective was to identify the mechanism of cell death induced by 

1. Apoptosis, necroptosis, autophagy, and paraptosis are the main categories of programed 

cell death (PCD) mechanisms triggered by DNA damage, oxidative stress, mitochondrial 

dysfunction, and ER stress.6,58 First, we performed flow cytometric analysis of HeLa cells 

using the Annexing-V-FITC (AV, apoptosis marker) and propidium iodide (PI, necrosis 

marker) dual staining method.59 While AV binds to phosphatidylserine at the outer leaflet of 

the plasma membrane of apoptotic cells, PI permeates the compromised plasma membrane 

and stains the necrotic and late apoptotic cells. Cisplatin (a known apoptosis inducer) and 

H2O2 (a necrosis inducer) were employed as controls for the gating purpose, and results are 

presented in Figure 11 (Figure S27 for the dot plot). As expected, treatment with cisplatin 

mainly induced early apoptosis (0.4% AV+/PI− in untreated vs 13.4% AV+/PI− in treated). 

In sharp contrast, treatment with 1 at a dose of 1/4 × IC50/24h (10 μM) or 1/2 × IC50/24h (20 

μM) caused a concentration-dependent increase in AV−/PI+ cells (2% in untreated vs 9% at 

10 μM and 15.4% at 20 μM treated), indicating induction of necrosis by 1. No significant 

change in the early apoptotic population was noticed at any of the doses. Increasing the 

dose of 1 to the IC50/24h concentration (40 μM) resulted in further increase in the necrotic 

population along with the late apoptotic population.

Cleavage of PARP, upregulation of p53, and upregulation of cleaved caspase 3 are important 

signaling events implicated in apoptotic cell death. As shown in Figure 12a, western blot 

analysis revealed cleavage of PARP and sharp upregulation of P53 and cleaved caspase 

3 in cells treated with the apoptosis-inducer cisplatin (10 μM). In contrast, none of 

these apoptosis markers were upregulated in the cells treated with 1 (1/4 × IC50 to IC50 

concentrations of 1, 24 h). Cumulatively, these data confirmed that apoptosis is not the 

primary mechanism of cell death induced by 1.

Autophagy is another type of programed cell death which is regulated via conversion of 

LC3-I to LC3-II protein.60 Western blot analysis showed no increase in the ratio of LC3-II/

LC3-I in cells treated with 1 (Figure 12b). Moreover, acridine orange assay revealed that 

treatment with 1 did not cause formation and promotion of acidic vesicular organelles that 

are one of the important features of autophagy (Figure S28).61,62 Based on these results, the 

possibility of autophagic cell death by 1 was ruled out.

Our recently reported Pt-Fc anticancer hybrid Pt-Fc-2 induces severe ER dilation 

accompanied with progressive cytosolic vacuolization in cells, which are important 

hallmarks of paraptosis-like cell death.13 However, although 1 caused ER stress (vide supra), 

ER dilation and/or vacuole formation were not observed in 1-treated HeLa cells (Figure 

S29); thus, induction of paraptosis-like cell death is highly unlikely.
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Induction of necrosis by 1 was evident from the flow cytometry experiments (Figure 11). 

Therefore, next, we investigated whether 1 elicits programed necrosis termed necroptosis. 

The core cellular events associated with the necroptosis pathway involve upregulation of the 

receptor interacting protein (RIP) kinases RIP1 and RIP3, leading to stimulation of mixed 

lineage kinase-like (MLKL) protein.60,63 Western blot analysis confirmed that similar to 

a known necroptosis-inducer shikonin,64 treatment with 1 increased the expression level 

of RIP1 and RIP3 in HeLa cells (Figure 12c), confirming necroptosis-mediated cell death 

evoked by 1.

Apart from ROS, mitochondrial damage, and ER stress, necroptotic cell death can also occur 

through hyper-activation of PARP. PARP is a nuclear enzyme involved in the DNA repair 

process. Severe damage to DNA results in upregulation of PARP which activates RIP1.65,66 

As shown in Figure 12a, we observed significant upregulation of PARP in HeLa cells treated 

with 1, suggesting severe DNA damage caused by 1. This is in line with our expectation 

as an appreciable amount of 1 accumulates in the nucleus, and 1 has the ability to metalate 

DNA and produce ROS (discussed earlier). This data suggests that activation of PARP is one 

of the upstream events involved in RIP1-mediated necroptosis induced by 1.

Recent reports have suggested that the downstream event of necroptosis involves formation 

and opening of the mitochondrial permeability transition pore (MPTP), which results 

in mitochondrial dysfunction, bioenergetics disbalance, and ATP depletion.67 Following 

activation of RIP1/RIP3 and MLKL, opening of the MPTP occurs via two pathways: (i) 

calcium (Ca2+) overload in mitochondria and/or (ii) Bax- and Bak (non-oligomerized form)-

mediated alteration of mitochondrial outer membrane permeability.67 In fact, HeLa cells 

treated with 1 showed ~5-fold increase in the mitochondrial Ca2+ level as compared to the 

untreated control (Figure 12d). To test whether Bax and Bak play any role in 1-mediated 

necroptosis, cytotoxicity studies were performed using a wild-type murine embryonic 

fibroblast (MEF-Bax/Bak+/+) and its corresponding Bax/Bak double knocked-out (MEF-

Bax/Bak−/−) cell lines. As show in Figure 12e, The IC50 values of 1 are statistically similar 

in MEF-Bax/Bak+/+ and MEF-Bax/Bak−/− cells, suggesting that 1-induced necroptosis is 

independent of Bax and Bak activity (see Figure S30 for dose−response plots). A summary 

of the anticancer mechanism of action of 1 is presented in Figure 12f. Interestingly, in line 

with previous reports,13,68 the IC50 values for apoptosis-inducing drug cisplatin are 2.5-fold 

higher in MEF-Bax/Bak−/− cells as compared to those in the WT MEF-Bax/Bak+/+ cells. 

This is expected as Bax and Bak are key regulators of apoptosis. Along with understanding 

the mechanism of action, these results have high clinical significance because pro-apoptotic 

proteins p53, Bax, and Bak are downregulated or inactivated in many cancers, making them 

nonresponsive to apoptotic drugs.68−70 Based on the results, we conclude that 1 is capable 

of circumventing apoptosis resistance caused by dysfunctional apoptosis machinery in many 

solid tumors.

Conclusions

In summary, this article presents design, synthesis, preliminary SAR analysis, and in-depth 

biological evaluation of a novel Ru-Fc bimetallic antitumor agent 1 with potent in vitro 
anticancer activity and in vivo antiangiogenic activity. Compound 1 possesses good stability 
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in water (with 100 mM NaCl) and in cell culture medium and exerted low micromolar 

IC50 values (1.3 to 3.1 μM) against different cancer cell lines. Notably, along with low Pt 

cross-resistance (RF = 1.2), 1 presented significantly higher antitumor potency as compared 

to previously reported bimetallic Ru-Fc compounds in cisplatin-resistant A2780Cis cells. 

The lower RF of 1 when compared to that of its parent Pt-Fc derivatives (RF = 2.1−2.4) 

confirmed our hypothesis that moving from Pt to Ru significantly improves the Pt cross-

resistance profile of Fc-appended bimetallic anticancer agents. Five analogues (2−6) of 1 
were also synthesized, fully characterized, and used for SAR analysis that aids in better 

understanding of how various functional groups, specifically Fc, CF3, and arene, contribute 

to the excellent potency of our best candidate 1. Besides the excellent antitumor activity, 

our in vivo analysis identified that 1 has potent antiangiogenic properties. Excessive blood 

vessel growth is essential for tumor growth and metastatic spread.16,17 Thus, in recent years, 

antiangiogenic molecules have received special attention in managing tumor growth and 

metastasis in solid tumors.31,71 Antitumor and antiangiogenic properties of 1 indicate that 

this molecule will be an excellent candidate to manage solid cancer. Furthermore, 1 did 

not show any visible toxic effects on embryonic development and on viability of zebrafish 

embryos at 40 μM, evidencing the excellent in vivo safety profile of this agent. To the 

best of our knowledge, this is the first report on evaluation of toxicity and antiangiogenic 

activity of a Ru(II)−arene-containing Ru-Fc bimetallic conjugate. Our in-depth mechanistic 

studies identified nuclear DNA, mitochondria, and ER as potential intracellular targets of 1. 

Along with DNA damage, 1 led to generation of intracellular ROS, depletion of ΔΨm, and 

induction of ER stress. This multi-pronged mechanism of action of 1 in cancer cells triggers 

PARP-dependent necroptosis-mediated PCD which is independent of Bax and Bak. This 

study will help pave the way to the development of a novel class of bimetallic anticancer 

antiangiogenic agents.

Experimental Section

Materials

Chemicals and solvents obtained from commercial suppliers were of reagent grade 

quality or better and used without further purification. Solvents were used as received 

or dried over molecular sieves. All preparations were carried out using standard 

Schlenk techniques. Starting materials such as the dichloro(p-cymene)ruthenium(II) dimer, 

dichloro(hexamethylbenzene)-ruthenium(II) dimer, ethyl trifluoroacetate, acetyl ferrocene, 

and L3 were purchased from Sigma-Aldrich. The ligands L1,13 L2,13,23 and L424 and Pt-Fc 

derivatives Pt-Fc-1 and Pt-Fc-213 were synthesized by following the reported procedure, 

and spectroscopic data matched with those reported previously. The purity of all compounds 

used for biological test is ≥95% determined using elemental microanalysis and UPLC.

Instrumentation and Methods

NMR spectroscopic measurements were done using Bruker 800 MHz and Varian 600 MHz 

spectrometers at 22 °C in the NMR facility, TIFR Mumbai. All the measurements were 

carried out using deuterated solvents, and chemical shifts δ are reported in ppm (parts 

per million), and coupling constants J are given as absolute values in hertz. The residual 

solvent peaks were used as an internal reference for 1H and 13C NMR spectra, and chemical 
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shifts are expressed relative to tetramethylsilane (SiMe4, δ = 0 ppm). Abbreviations for 

the peak multiplicities are as follows: s (singlet), d (doublet), dd (doublet of doublets), t 

(triplet), q (quartet), m (multiplet), and br (broad). Mass spectra were recorded on a Bruker 

ultrafleXtreme MALDI-TOF mass spectrometer. Simulated mass spectra were obtained from 

SISweb (https://www.sisweb.com/mstools.htm). Elemental microanalyses were performed 

on a Thermo Fisher FLASH2000 CHNS/O analyzer. ICP−MS measurements were carried 

out using an Agilent 7900 ICP−MS. Analytical HPLC was performed using a Shimadzu-

Nexera X2 UPLC system fitted with a C18 reverse-phase column (Waters C18, 2.1 mm × 

50 mm, 1.7 μm). The flow rate was 0.4 mL min−1, and UV absorption was measured at 220 

and/or 254 nm.

Synthesis and Characterization: General Procedure for Synthesis of 1−6

In a 100 mL round bottom flask, dimer [(η6-arene)RuCl2]2 (l equiv), β-diketone (2 equiv), 

and sodium methoxide (2.2 equiv) as the base were dissolved in 20 mL of a 10% 

methanol/DCM mixture. The reaction mixture was refluxed for 4 h, and later, the solvent 

was removed. DCM was added to precipitate the byproduct NaCl and filtered through 

Celite. The solution was concentrated to 1−2 mL, and this concentrated solution was added 

dropwise to 50 mL of n-hexane, which started to give a precipitate. The precipitate was 

filtered and dried in high vacuum. Precipitation in n-hexane was repeated a few times for 

removing excess β-diketone ligands, if any. Products were characterized by 1H NMR, 13C 

NMR, and MS analysis. Purity of compounds 1−6 is ≥95% determined using elemental 

microanalysis and UPLC (UPLC traces presented in the Supporting Information).

Compound 1—Reagents used: [(η6-p-cymene)RuCl2]2 (190.9 mg, 0.31 mmol), 4,4,4-

trifluoro-1-ferrocenylbutane-1,3-dione (L1, 202.5 mg, 0.63 mmol), and NaOMe (1.4 mL, 

0.5 M, 0.69 mmol). Compound 1 was obtained as a brownish-red powder (yield: 323 mg, 

85%). 1H NMR (600 MHz, CDCl3): δ 5.71 (s, 1H), 5.61 (d, J = 5.2 Hz, 1H), 5.53 (d, J = 

5.2 Hz, 1H), 5.26 (t, J = 4.7 Hz, 2H), 4.86 (s, 1H), 4.62 (s, 1H), 4.52 (s, 1H), 4.45 (s, 1H), 

4.23 (s, 5H), 2.97 (sept, 1H), 2.26 (s, 3H), 1.41 (dd, J = 6.9, 4.5 Hz, 6H). 13C{1H} NMR 

(201 MHz, CDCl3): δ (ppm) 191.0, 165.8, 122.2, 119.1, 117.7, 99.4, 97.6, 92.0, 83.96, 83.2, 

79.3, 78.9, 77.3, 77.1, 77.0, 72.5, 72.3, 70.9, 69.2, 68.8, 31.1, 22.5, 22.4, 17.8. ESI-MS (pos. 

detection mode, MeOH): m/z (%) 559.01 (100) [M − Cl]+, calcd m/z for [M − Cl]+ 559.01. 

tR (RP-HPLC) = 3.64 min. Anal. Calcd for C24H24ClF3FeO2Ru· (C6H14)0.2: C, 49.53; H, 

4.42; Found: C, 49.52; H, 4.39.

Compound 2—Reagents used: [(η6-p-cymene)RuCl2]2 (190.9 mg, 0.31 mmol), 1-

ferrocenylbutane-1,3-dione (L2, 168.8 mg, 0.63 mmol), and NaOMe (1.4 mL, 0.5 M, 0.69 

mmol). Compound 2 was obtained as a brown powder (yield: 280.5 mg, 81%). 1H NMR 

(600 MHz, CDCl3): δ 5.52 (d, J = 5.2 Hz, 1H), 5.46 (d, J = 5.2 Hz, 1H), 5.40 (s, 1H), 5.20 

(d, J = 4.7 Hz, 1H), 5.16 (d, J = 4.7 Hz, 1H), 4.80 (s, 1H), 4.58 (s, 1H), 4.35 (s, 1H), 4.32 

(s, 1H), 4.20 (s, 5H), 2.99 (sept, 1H), 2.26 (s, 3H), 2.04 (s, 3H), 1.41 (t, J = 5.7 Hz, 6H). 
13C{1H} NMR (201 MHz, CDCl3): δ (ppm) 183.63, 183.05, 97.66, 96.93, 95.04, 83.45, 

83.01, 80.34, 78.04, 77.90, 70.53, 69.77, 68.63, 67.55, 39.73, 39.62, 39.52, 39.42, 39.31, 

30.36, 27.17, 22.05, 21.99, 17.15. ESI-MS (pos. detection mode, MeOH): m/z (%) 505.04 
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(100) [M − Cl]+, calcd m/z for [M − Cl]+ 504.04. tR (RP-HPLC) = 3.15 min. Anal. Calcd for 

C24H27ClFeO2Ru·(H2O)0.8: C, 52.01; H, 5.20. Found: C, 52.06; H, 5.02.

Compound 3—Reagents used: [(η6-p-cymene)RuCl2]2 (190.9 mg, 0.31 mmol), 4,4,4-

trifluoro-1-phenylbutane-1,3-dione (L3, 135.0 mg, 0.63 mmol), and NaOMe (1.4 mL, 0.5 

M, 0.69 mmol). Compound 3 was obtained as a brown powder (271.9 mg, yield: 87%). 1H 

NMR (600 MHz, CDCl3): δ 7.86 (d, J = 7.4 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.41 (t, J = 

7.8 Hz, 2H), 6.19 (s, 1H), 5.63 (d, J = 5.2 Hz, 1H), 5.60 (d, J = 5.2 Hz, 1H), 5.35 (d, J = 

4.7 Hz, 1H), 5.33 (d, J = 4.7 Hz, 1H), 2.98 (sept, 1H), 2.30 (s, 3H), 1.39 (t, J = 5.7 Hz, 6H). 
13C{1H} NMR (201 MHz, DMSO-d6): δ (ppm) 185.21, 167.76, 167.60, 136.51, 132.91, 

128.85, 127.46, 98.80, 97.91, 90.55, 83.44, 82.92, 78.64, 78.32, 39.83, 39.73, 39.62, 39.52, 

39.42, 39.31, 39.21, 30.42, 21.88, 21.84, 17.48. ESI-MS (pos. detection mode, MeOH): m/z 
(%) 451.04 (100) [M − Cl]+, calcd m/z for [M − Cl]+ 451.04. tR (RP-HPLC) = 3.10 min. 

Anal. Calcd for C20H20ClF3FeO2Ru·(H2O)1.2: C, 47.33; H, 4.45. Found: C, 47.14; H, 4.28.

Compound 4—Reagents used: [(hexamethylbenzene)RuCl2]2 (208.4 mg, 0.31 mmol), L1 
(202.5 mg, 0.63 mmol), and NaOMe (1.4 mL, 0.5 M, 0.69 mmol). Compound 4 was 

obtained as a brown powder (353.8 mg, yield: 91%). 1H NMR (600 MHz, CD2Cl2): δ 5.68 

(s, 1H), 4.84 (s, 1H), 4.72 (s, 1H), 4.52 (s, 1H), 4.49 (s, 1H), 4.20 (s, 5H), 2.09 (s, 18H). 
13C{1H} NMR (201 MHz, DMSO-d6): δ (ppm) 190.17, 91.11, 90.03, 79.21, 72.43, 72.18, 

70.25, 69.47, 68.02, 39.72, 39.62, 39.52, 39.42, 39.32, 14.69 ESI-MS (pos. detection mode, 

MeOH): m/z (%) 587.04 (100) [M − Cl]+, calcd m/z for [M − Cl]+ 587.04. tR (RP-HPLC) 

= 3.78 min: 302.13, 509.91. Anal. Calcd for C26H28ClF3FeO2Ru·(H2O): C, 48.80; H, 4.73. 

Found: C, 48.66; H, 4.44.

Compound 5—Reagents used: [(hexamethylbenzene)RuCl2]2 (208.4 mg, 0.31 mmol), L3 
(134.4 mg, 0.63 mmol), and NaOMe (1.4 mL, 0.5 M, 0.69 mmol). Compound 5 was 

obtained as a brown powder (186.3 mg, yield: 85%). 1H NMR (600 MHz, CD2Cl2): δ 7.91 

(d, J = 7.4 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 6.16 (s, 1H), 2.10 

(s, 18H). 13C{1H} NMR (201 MHz, DMSO-d6): δ (ppm) 184.71, 167.36, 136.64, 132.72, 

128.90, 127.07, 90.37, 39.72, 39.62, 39.52, 39.42, 39.32, 14.78. ESI-MS (pos. detection 

mode, MeOH): m/z (%) 479.07 (100) [M − Cl]+, calculated m/z for [M − Cl]+ 479.07. tR 

(RP-HPLC) = 3.35 min. Anal. Calcd for C22H24ClF3O2Ru·(H2O)0.25: C, 50.97; H, 4.76. 

Found: C, 50.90; H, 4.66.

Compound 6—Reagents used: [(hexamethylbenzene)RuCl2]2 (208.4 mg, 0.31 mmol), 

1-[3-(trifluoromethyl)phenyl]butane-1,3-dione (L4, 143.8 mg, 0.63 mmol), and NaOMe (1.4 

mL, 0.5 M, 0.69 mmol). Compound 6 was obtained as a brown powder (297 mg, yield: 

90%). 1H NMR (600 MHz, CD2Cl2): δ 8.14 (s, 1H), 8.05 (d, J = 7.9 Hz, 1H), 7.70 (d, J 
= 7.8 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 5.79 (s, 1H), 2.14 (s, 3H), 2.08 (s, 18H). 13C{1H} 

NMR (201 MHz, DMSO-d6): δ (ppm) 188.84, 174.97, 139.06, 130.39, 129.75, 129.12, 

127.24, 122.83, 95.18, 89.85, 39.83, 39.73, 39.62, 39.52, 39.42, 39.31, 39.21, 28.31, 14.68. 

ESI-MS (pos. detection mode, MeOH): m/z (%) 493.09 (100) [M − Cl]+, calcd m/z for [M 

− Cl]+ 493.09. tR (RP-HPLC) = 3.41 min. Anal. Calcd for C23H26ClF3O2Ru·(H2O)0.5: C, 

51.45; H, 5.07. Found: C, 51.30; H, 4.82.
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X-ray Crystallography

The X-ray diffraction data for compound 6 were collected at 293 K temperature using 

a Rigaku Xtal LAB X-ray diffractometer system equipped with a charge-coupled device 

(CCD) area detector (Cu Kα; radiation λ = 0.710 73 Å). The data images were reintegrated 

and reduced using CrysAlisPro (Rigaku Oxford Diffraction) with a narrow frame algorithm. 

The crystal structure was solved by the direct methods in SHELXTL72 and refined by the 

full matrix least-squares method on F2 (SHELXL-2014)73 using Olex2 software.74

Stability in DMSO and Aqueous Media

Stability of 1 in DMSO and in aqueous media in the presence of the physiologically relevant 

Cl− ion was determined using 1H NMR. To a ~2 mM solution of 1 in DMSO-d6 was added 

a 666 mM NaCl solution in D2O in order to get a final concentration of 100 mM NaCl 

solution in DMSO/D2O (85/15, v/v), and 1H NMR was recorded at regular intervals up to 48 

h. Further increasing the D2O content led to precipitation of the compound.

Reversible Aquation and Anation

To a ~2 mM solution of 1 in DMSO-d6 was added D2O to make a solution of 1 in the 

DMSO/D2O mixture (90/10, v/v). 1H NMR spectra was recorded at 2 and 10 min thereafter, 

until full conversion of chloro species to aqua species was obtained. Immediately after 10 

min, 666 mM NaCl solution in D2O was added to the NMR tube to get resulting 100 mM 

NaCl in DMSO/D2O (85:15 v/v), and the 1H NMR spectrum was recorded thereafter at 

regular intervals up to 60 min.

Stability in RPMI-1640 Cell Culture Medium

Stability of 1 in cell culture medium RPMI was studied using UPLC. Carbamazepine was 

added as an internal standard. Freshly prepared stock solutions of carbamazepine (10 μL, 2 

mM stock solution in DMSO) and 1 (20 μL, 5 mM stock solution in DMSO) were added to 

480 μL of RPMI in a 1.5 mL tube. The resulting mixture was incubated at 37 °C in a rotor at 

20 rpm, and 1 μL from that mixture was injected into the UPLC column at regular intervals 

up to 24 h. The ratio of the peak intensity (1/carbamazepine) observed at 254 nm was plotted 

as a percentage of the ratio at t = 0 with time to obtain the stability plot of 1 in RPMI. UPLC 

method: a linear gradient of Millipore water with 0.1% trifluoroacetic acid (TFA) (A) and 

acetonitrile (B, Sigma-Aldrich HPLC-grade) was used. t = 0.01 min, 0% B; t = 2 min, 0% B; 

t = 2.13 min, 25% B; t = 2.25 min, 40% B; t = 2.5 min, 54% B; t = 3 min, 71% B; t = 3.7 

min, 85% B; t = 4.71 min, 92% B; t = 4.81 min, 100% B. The flow rates were 0.4 mL min−1, 

and UV absorption was measured at 254 nm. The experiment was repeated two times with 

three replicates each time.

Cell Culture

Cell lines were purchased from ATCC and ECAAC. HeLa (human cervical carcinoma) 

cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS and 

1% penicillin/streptomycin. A2780 (human ovarian carcinoma) and A2780Cis (cisplatin-

resistant A2780) were cultured in RPMI medium with 10% FBS and 1% penicillin/

streptomycin. The A2780Cis cell line was treated for 3 days every week with 2 μM cisplatin. 
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Bax-Bak-DKO mouse embryonic fibroblasts (MEFs) and Bax-Bak-WT MEFs were cultured 

in Iscove’s modified Dulbecco’s medium with 10% FBS and 1% penicillin/streptomycin. 

The cells were maintained in an incubator at 37 °C with 5% CO2.

Cell Viability Assays

The effect of compounds on cell viability was determined using a colorimetric MTT and 

non-enzymatic CV assay. Cells (3 × 103 cells/well in 100 μL of medium) were seeded 

in a 96-well plate and allowed to grow overnight. The following day, stock solutions of 

the desired concentration of compounds 1−6 in DMSO were freshly prepared by weighing 

the compounds using a microbalance (Mettler Toledo XP6). The concentration of stock 

solutions was reconfirmed by measuring the Ru content using ICP−MS. Then, the fresh 

stock solutions were serially diluted using cell culture medium, and 100 μL of medium 

containing a known concentration of compounds was added to each well. Cisplatin stock 

solution was prepared freshly in phosphate buffered saline (PBS). The concentration of 

the stock solution was chosen in such a way that the final DMSO concentration never 

exceeded 0.1%. After the required incubation time, the medium was aspirated, and 200 μL 

of fresh medium containing MTT (0.5 mg mL−1) was added to each well, and the plate 

was incubated for 3 h. The medium was then removed, and the resulting purple formazan 

crystals were dissolved in DMSO (180 μL/well). The absorbance of the solution in each 

well was read at 570 nm using a BioTek Cytation 5 microplate reader. Absorbance values 

were normalized with respect to untreated control wells and plotted as a concentration of 

test compound versus % cell viability. IC50 values were obtained from the resulting dose-

dependence curves. The reported IC50 values are the average from at least three independent 

experiments, each of which consisted of either three or six replicates.

For CV assay, cells were seeded and treated with test compounds as described for MTT 

assay. After incubation, wells were washed with 200 μL of PBS per well, and then, cells 

were fixed with 50 μL of 4% paraformaldehyde (w/v, in PBS) for 15 min followed by 

washing with 200 μL of PBS/well. Cells were then permeabilized with 50 μL/well of 0.01% 

Triton X (v/v, in PBS) for 5 min. Then, Triton X was washed again washed with PBS (2 × 

200 μL). Plates were then incubated with 50 μL/well of 0.04% (w/v, in PBS) CV solution 

for 60 min. Then, plates were thoroughly washed with normal tap water (four times) with 

proper care and kept overnight to dry. After drying, the CV was dissolved with 96% ethanol 

(200 μL/well), and then, absorption was measured at 570 nm using a BioTek Cytation 5 

microplate reader.

Cell Proliferation Using Trypan Blue Assay

HeLa cells were seeded in 24-well plates. Next day, some of the wells were trypsinized, 

and cells were collected and stained with trypan blue, and live cells were counted using a 

hemocytometer to obtain the number of cells at 0 h. On the same day, some wells were 

left untreated, and other wells were treated with different concentrations of 1. The number 

of viable cells in each well was counted at 24, 48, 72, 96, and 120 h post-incubation. 

The number of viable cells was plotted against incubation time using Origin to obtain the 

proliferation plot in the absence and presence of different concentrations of 1.
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Measurement of the Water/Octanol Partition Coefficient (log P)

The log P values for compounds 1−6 were determined using the shake-flask method. 

Octanol-saturated water (OSW) and water-saturated octanol (WSO) were prepared by 

shaking a 1:1 mixture of 1-octanol and water for 24 h, followed by separation of each 

layer using a separating funnel. Stock solutions of 1−6 (ca. 2 mM) were made in DMSO, 

and 25 μL was added to 2 mL of WSO containing 100 mM NaCl. 600 μL of this solution 

was added to 600 μL of OSW in a 2 mL tube and shaken for 2 h at 37 °C using an automated 

shaker (800 rpm). 600 μL of this solution was added to 600 μL of OSW and stirred for 2 h at 

37 °C at 800 rpm. The aqueous layer was carefully separated from the octanol layer. The Ru 

content, [Ru], was quantified in aqueous layers before and after partition using ICP−MS. log 

P was calculated using the following equation.

logP

= log [Ru]in water layer before partition − [Ru]in water layer after partition
[Ru]in water layer after partition

Whole Cell Uptake

Cells (2 × 106 cells) were seeded in a 60 mm culture plate and allowed to grow overnight. 

Medium was aspirated, and 3 mL of fresh medium containing the test compound (10 μM) 

was added and incubated for 4 h. Then, medium was aspirated and washed with PBS (3 × 

3 mL), and cells were detached using trypsin and counted. Cells were then pelleted using 

centrifugation (1200 rpm, 6 min) and digested with HNO3 (70%, 400 μL) and H2O2 (30%. 

400 μL) at room temperature for 4 days. The amount of the Ru content in each sample 

was measured using ICP−MS. The Ru content was normalized with respect to the total 

number of cells in each sample. The experiment was performed three times each having 

three replicates.

In Vivo Assays Using Zebrafish

Zebrafish Maintenance—Wild-type AB and transgenic Tg(etv2:EGFP) zebrafish75 

(Danio rerio) were maintained in a state-of-the-art fish aquarium. Water temperature, pH, 

and conductivity were maintained as described.76

Ethics Statement—Less than 5 days post-fertilization (dpf), zebrafish embryos were 

used in this study. Zebrafish maintenance and experimentation on zebrafish embryos 

were performed following the Committee for the Purpose of Control and Supervision of 

Experiments on Animals (CPCSEA), Government of India, and the Institutional Animal 

Ethics Committee (IAEC), ARI guidelines.

Drug Treatment to Zebrafish Embryos—Compound 1 was dissolved in DMSO at the 

5 mM concentration (stock). For the treatment, 5 mM stock solution in DMSO was diluted 

in embryo water (E3) to avail a 20, 30, or 40 μM final concentration of RuFc1. To explore 

the effect of 1 on zebrafish SIVP angiogenesis, four 26 hpf Tg(etv2: EGFP) transgenic 

embryos were placed in 1 mL of E3 medium supplemented with 20, 30, or 40 μM RuFc1 
or DMSO (vehicle control, 10 μL DMSO/mL E3 medium) and raised to 72 hpf in a 28 °C 

incubator.

Manikandan et al. Page 19

J Med Chem. Author manuscript; available in PMC 2024 May 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



For toxicity and viability analysis, 10 no background 26 hpf wild-type embryos were placed 

in 5 mL of E3 medium supplemented with 20, 30, or 40 μM RuFc1 or DMSO (vehicle 

control, 10 μL DMSO/ mL E3 medium) and raised to 72 hpf in a 28 °C incubator.

Confocal Microscopy and Morphological Analysis of Zebrafish Embryos—For 

whole-mount SIVP imaging, 72 hpf drug- or DMSO-treated Tg(etv2: EGFP) transgenic 

anesthetized embryos [with 0.04% tricaine (w/v)] were mounted on a glass-bottom plate 

in 0.5% low-melting-point agarose in E3 medium. Optical sections of SIVPs were imaged 

with a Leica SP8 confocal microscope. Images were processed with the help of Leica LAS 

AF Lite and Gimp software. The area covered by the SIVP and the presence of vessel 

compartments in each SIVP were analyzed using ImageJ software. For each treatment 

condition, 20 animals at least from 4 independent experiments were considered for the SIVP 

development analysis.

Brightfield Imaging and Analysis of Zebrafish Embryos—For viability study, 

drug- or DMSO-treated live animals were counted at 72 hpf. For morphological analysis, 

brightfield images of drug- or DMSO-treated live embryos were captured at 72 hpf using a 

Leica M205 FA stereoscope. For each treatment condition, 40 animals from 4 independent 

experiments were considered for the viability and morphological analysis.

Statistical Analysis of Data Derived from the Experiments on Zebrafish 
Embryos—Embryo viability and SIVP complexity were analyzed by a two-tailed Student’s 

t-test. Prism7 software was used for data processing. Data are represented in the mean 

± s.e.m. format, and P values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) were calculated 

accordingly.

Reaction of 1 with 9-Methylguanine—Compound 1 (100 μM) and 9-methylguanine 

(100 μM) were mixed in an acetonitrile/water mixture (85:15, v/v) and incubated at 37 °C in 

a rotor at 30 rpm, and 3 μL from that mixture was injected into the UPLC column at regular 

time intervals up to 48 h. UPLC method: a linear gradient of Millipore water with 0.1% TFA 

(A) and acetonitrile (B, Sigma-Aldrich HPLC-grade) was used. t = 0.01 min, 0% B; t = 1.15 

min, 0% B; t = 1.25 min, 28% B; t = 1.3 min, 36% B; t = 1.7 min, 40% B; t = 2 min, 56% 

B; t = 2.5 min, 64% B; t = 3.2 min, 70% B; t = 4.55 min, 70% B; t = 4.6 min, 100% B. The 

flow rates were 0.4 mL min−1, and UV absorption was measured at 254 nm. The mixture 

obtained after 36 h of incubation was used for LC−MS analysis (ESI positive mode), and the 

molecular ion peaks of the Ru−guanine adduct were assigned.

Reaction of 1 with N-Acetyl Cysteine—A 100 μM solution of compound 1 was made 

in acetonitrile (total volume = 500 μL) in a 1.5 mL tube. To this tube, incremental amounts 

(5, 15, 20, 20, 40 μL) from a stock solution of N-acetyl cysteine in water (500 μM) were 

added sequentially. After each addition and subsequent mixing for 2 min, 1 μL from the 

mixture were injected in to the UPLC column, and all the UPLC traces were stacked plotted 

together. The resultant stoichiometric equivalents of NAC/1 during the experiment increased 

from 0, 0.05, 0.2, 0.4, 0.6 and finally to an equimolar mixture, respectively. In order to 

confirm the cleavage of L1 from compound 1 as a result of reaction with NAC, the UPLC 
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trace of ligand L1 was also co-stacked. UPLC method: a linear gradient of Millipore water 

with 0.1% TFA (A) and acetonitrile (B, Sigma-Aldrich HPLC-grade) was used. t = 0.01 min, 

0% B; t = 2 min, 0% B; t = 2.13 min, 25% B; t = 2.25 min, 40% B; t = 2.5 min, 54% B; 

t = 3 min, 71% B; t = 3.7 min, 85% B; t = 4.71 min, 92% B; t = 4.81 min, 100% B. The 

flow rates were 0.4 mL min−1, and UV absorption was measured at 254 nm. The formation 

of Ru−NAC adducts was confirmed by analyzing the 1:1 mixture of NAC/1 using MALDI 

mass spectrometry.

Intracellular Organelle Distribution of 1—HeLa cells (5 × 106) were seeded in a 

100 mm culture plate and allowed to grow overnight. Then, the cells were treated with 

10 μM compound 1 or 10 μM cisplatin (as control) for 24 h. Medium was aspirated, 

plates were washed with 3 × 5 mL of PBS, and cells were collected by trypsinization and 

pelleted. Cells were then resuspended in 1 mL of PBS, counted, and re-pelleted. The nuclear 

and cytoplasmic fractions were isolated using a NEPER kit (Thermo Fisher) following 

the manufacturer protocol. The protein content and metal content in each fraction were 

measured using bicinchoninic acid assay and ICP−MS, respectively.

For quantifying accumulation of compounds in mitochondria, a similar protocol was 

followed after isolating and purifying the mitochondria using a mitochondrial isolation kit 

(Thermo Fisher) as per manufacturer’s instructions. The metal content was normalized with 

the protein content from the respective samples. Each of the experiments was conducted 

three times with three or more replicates.

DNA Metalation—HeLa cells (5 × 106) were seeded in a 100 mm culture plate and 

allowed to grow overnight. The cells were treated with 20 μM compound 1 or cisplatin for 

24 h. Then, medium was aspirated, and cells were washed with PBS (3 × 5 mL), and then, 

DNAzol (1 mL, genomic DNA isolation reagent, Thermo Fisher) was added to the Petri 

dish, and the lysate was transferred into a 1.5 mL tube. The DNA was precipitated with 

pure ethanol (0.5 mL), washed with 75% ethanol (0.75 mL × 3), and re-dissolved in 500 μL 

of 8 mM NaOH. The DNA concentration was determined using a SpectraMax QuickDrop 

Micro-Volume Spectrophotometer, and the respective metal content was measured using 

ICP-MS. The experiment was performed in triplicate.

Cyclic Voltammetry of Compound 1—Compound 1 was dissolved in acetonitrile (final 

conc. ~1.25 mM), and NEt4BF4 (0.1 M) was added as the electrolyte; scan rate, 50 mV/s; 

reference electrode, Ag/ AgCl (1 M KCl); working electrode, Pt; auxiliary electrode, a 

Pt wire was used. Reduction potential with reference to Fc (Fc+/0) was calculated by 

subtracting 390 mV from all potential values. The arrow indicates the initial direction of the 

scan. All measurements were done at 298 K and under atmospheric conditions.

Intracellular ROS Quantification—HeLa cells (10 × 103/wells in 100 μL) were seeded 

in black glass-bottom 96-well plate and allowed to grow overnight. The cells were treated 

with 10 μM test compounds for required periods. After the incubation time, the medium 

was aspirated, and the cells were washed with PBS (100 μL × 2) and stained with 10 μM 

H2DCF-DA for 30 min. The cells were washed again with PBS (100 μL × 2), and 100 μL of 

phenol red-free DMEM was added. Fluorescence intensity was quantified immediately using 
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a BioTek Cytation 5 analyzer. Each of the experiments was conducted in three biological 

replicates.

Measurement of Intracellular Superoxide and Hydroxyl Radi-cals—HeLa cells 

were seeded at a density of 0.75 × 106 cells in a six-well plate and allowed to grow 

overnight. Cells were then treated with 10 μM compound 1 for 4 h. The cells were harvested 

by trypsinization, washed with ice-cold PBS, and centrifuged at 1200 rpm for 5 min at 4 

°C, and the supernatants were discarded. Cells were then incubated with DHE (final conc. 

10 μM) or HPF (final conc. 10 μM) in 100 μL of PBS for 30 min at 37 °C in an incubator. 

Then, 400 μL of PBS was added to the cell suspension and centrifuged, and the supernatant 

was discarded. The cell pellet was resuspended in 300 μL and analyzed immediately using 

fluorescence-activated cell sorting (FACS) on a BD FACS ARIA system (488 nm and 561 

nm for HPF and DHE dyes, respectively). Approximately 20,000 cells were analyzed. The 

data were analyzed using FlowJo Software V10.

JC-1 Assay—HeLa cells (0.75 million) were seeded in 35 mm tissue culture plates (2 

mL of medium) and allowed to grow for ~24 h. Then, the medium was replaced with 

fresh medium containing different concentrations of 1 (10 μM, 20 μM, or 40 μM) and 

incubated for 24 h. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP, Sigma) was used 

as a positive control (50 μM, 5 min incubation). Then, the medium was aspirated, and the 

cells were washed with PBS (2 × 2 mL), harvested by trypsinization, pelleted, and washed 

with ice-cold PBS (0.5 mL). The cell pellet was resuspended in 0.5 mL of pre-warmed PBS, 

and to the tube was added JC-1 dye (2 μM) and incubated for 25 min in the dark at 37 °C in 

5% CO2. Subsequently, the cells were analyzed using a flow cytometer (BD LSRFortessa). 

The data were analyzed using FlowJo Software V10.

Imaging of 1-Treated ER-RFP and Mito-GFP-Labeled HeLa Cells—HeLa cells 

were plated (0.5 × 106 cells) in a 35 mm Petri dish and allowed to grow overnight. 

Following the manufacturer’s protocol (Thermo Fisher), the cells were transfected either 

using CellLight ER-RFP BacMam 2.0 (catalog no. C10591) or CellLight Mitochondria-GFP 

BacMam 2.0 (catalog no. C1600) to label ER with RFP (ER-RFP cells) or mitochondria 

with GFP (mito-GFP cells), respectively. These cells were platted on a glass-bottom 

confocal Petri dish and allowed to grow overnight. The ER-RFP or mito-GFP cells were 

treated with compound 1 (20 μM or 40 μM) for 8 h or 24 h. Pt-Fc-2 (40 μM) was used 

as the positive control for ER-RFP cells. Medium was then removed and washed with 

PBS (2 × 1 mL), and phenol red-free medium was added, and the images were acquired 

immediately using a Zeiss LSM 880 confocal microscope. The mito-GFP cells were excited 

at 488 nm, and emission was recorded at 500−576 nm. The ER-RFP was excited at 543 

nm, and emission was recorded at 584−655 nm. The exposure time for the acquisition of 

fluorescence images was kept constant for the entire experiment. The images were analyzed 

using ImageJ software.

Analysis of Annexin-V-APC/PI Double-Stained HeLa Cells by Flow Cytometry
—HeLa cells were seeded at a density of 0.75 × 106 cells in a 35 mm Petri dish and 

allowed to grow overnight. Cells were then treated with the compound 1 (10 μM, 20 μM, 
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or 40 μM, 24 h) or cisplatin (10 μM) or H2O2 (10 mM, 15 min) and incubated at 37 °C 

with 5% CO2. The cells were harvested by trypsinization, washed with ice-cold PBS, and 

centrifuged at 1200 rpm for 5 min at 4 °C, and the supernatants were discarded. The cell 

pellet was resuspended in 500 μL of Annexin-V binding buffer (1× buffer) and collected by 

centrifugation at 1200 rpm for 5 min at 4 °C. The cells were then resuspended in 350 μL 

of 1× Annexin-V binding buffer. 5 μL of Annexin-V-APC and 2 μL of propidium iodide 

(1 mg mL−1) were added, and cells were incubated at 37 °C for 15 min. Then, 150 μL of 

1× Annexin-V binding buffer was added and centrifuged at 1200 rpm for 5 min at 4 °C, 

and the supernatant was discarded. The pellet was suspended in 300 μL of 1× PBS, and 

cells were acquired immediately using the BD LSRFortessa system. The data were analyzed 

using FlowJo Software V10.

Acridine Orange Assay—HeLa cells in 35 mm tissue culture Petri dishes were treated 

with 1 (10 μM, 20 μM, and 40 μM for 24 h) or rapamycin (1 μM, 24 h). The medium was 

then replaced with FBS-free medium containing 1 μM acridine orange dye and incubated for 

25 min in the dark at 37 °C in 5% CO2. Subsequently, the medium was aspirated and washed 

with PBS (2 mL × 2), and 2 mL of phenol red-free DMEM (with 4% FBS and 1% antibiotic) 

was added. Fluorescence imaging was performed using a BioTek Cytation 5 analyzer. The 

cells were imaged using λex 377/λem 447 (green) and λex 531/λem 640 (red). The exposure 

time for the acquisition of fluorescence images was kept constant for each series of images 

at each channel.

Mitochondrial Ca2+ Concentration—Rhod-2 AM imaging HeLa cells (0.15 × 106) 

were seeded on a 35 mm confocal Petri dish. When cells reached an approximate 60−70% 

confluency, the medium was replaced with fresh medium containing 1 (20 μM) and 

incubated for 8 h. The cells were then incubated with 0.5 μM Rhod-2 AM (R1254MP) 

for 30 min at 37 °C. Medium was removed and washed with PBS (2 × 1 mL), phenol 

red-free medium was added, and the image was acquired using a Zeiss LSM 880 confocal 

microscope. The Rhod-2 AM dye was excited at 543 nm, and emission was recorded 

at 555−601 nm. The exposure time for the acquisition of fluorescence images was kept 

constant for the entire experiment. The images were analyzed using ImageJ software. The 

cellular fluorescence was quantified using ImageJ software, and the corrected total cell 

fluorescence (CTCF) was calculated using the following formula.

CTCF = integrated density − area of cell × mean fluorescence
of background reading )

Immunoblotting Analysis—Approximately two million cells were seeded in a 60 

mm Petri dish. When the confluency reached 80−90%, cells were treated with desired 

concentrations of test compounds for a required period. Medium was then aspirated, and 

cells were washed with ice-cold PBS and scrapped into 150 μL of RIPA lysis buffer 

containing 1× protease inhibitors. The lysate was then centrifuged, and the supernatant 

was mixed with 4× Laemmli buffer (final concentration 1.25×) and incubated at 90 °C 

for 10 min. The cell lysates were then resolved by 10 and 12% sodium dodecylsulfate 

polyacrylamide gel electrophoresis (SDS-PAGE; 120−150 V for 60 min) followed by 
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electro-transfer to a polyvinylidene difluoride membrane, PVDF (300 mA for 2.5 h). 

Membranes were blocked using 2% (w/v) skim milk in 0.1% Tween 20 in PBS (TBST) for 

30 min, and the solution was decanted, and the membrane was incubated with the primary 

antibody in a ratio of 1:1000 primary antibodies in TBS overnight at 4 °C. On the following 

day, after washing with TBST (3 × 2 mL), the membrane was incubated with horseradish 

peroxidase-conjugated secondary antibodies (Cell Signaling Technology) in TBS in a ratio 

of 0.75:1000. Immune complexes were detected with the ECL detection reagent (Thermo 

Fisher) and analyzed using the Bio-Rad ChemiDoc system. List of primary antibodies 

used from Cell Signaling Technology: Parp antibody (9542L), cleaved caspase-3 (9664L), 

γ-H2AX (2577L), RIP1 antibody (4926S), RIP3 (95702S), Phospho-eIF2α (3398S), IRE1α 
(3294S), ATF-6 (65880S), ubiquitin (43124S), LC3B antibody (2775S), GAPDH (2118L), 

and β-actin (4967L). Secondary antibody: HRP-linked antibody-7074S (Cell Signaling 

Technology).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Prof. Ankona Datta and Shubhangi Das for providing access to the elemental analyzer and collecting the 
elemental analysis data. We also gratefully acknowledge the financial support under the project no. RTI4003 from 
the Department of Atomic Energy (DAE) and Tata Institute of Fundamental Research (TIFR), India. Zebrafish work 
was supported by the DBT/Wellcome Trust India Alliance Intermediate Fellowship (Ref# IA/I/18/2/504016) to C.P.

Abbreviations

DNA deoxyribonucleic acid

dpf days post-fertilization

ER endoplasmic reticulum

FBS fetal bovine serum

Fc ferrocene

hpf hours post-fertilization

MLKL mixed lineage kinase like

MPTP mitochondrial permeability transition pore

MEF murine epithelial fibroblast

PCV posterior cardinal vein

Pt platinum

Pt-Fc platinum−ferrocene bimetallic hybrid

PARP poly(ADP−ribose) polymerase
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Ru ruthenium

ROS reactive oxygen species

RF resistance factor

Ru-Fc ruthenium−ferrocene bimetallic hybrid

RIP receptor interacting protein

SAR structure−activity relationship

SIVP sub-intestinal venous plexus

UPR unfolded protein response

WHO World Health Organization

WT wild type
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Figure 1. 
(a) Structures of previously reported archetypical Ru(η6-arene) complexes (RM175 

and RAPTA-C) and selected examples of Ru(η6-arene)-Fc (Fc = ferrocene) bimetallic 

derivatives (Ru1−Ru5) with anticancer properties. (b) Schematic presentation of the design 

of Ru(η6-arene)-Fc compound 1 employed in this study. The [Pt(N−N)] moiety in Pt-Fc 

(Pt-Fc-1 and -2) bimetallic anticancer compounds was replaced with a [Ru(η6-arene)Cl] 

moiety. DACH = 1R,2R-diaminocyclohexane.
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Figure 2. 
Crystal structure of [Ru(η6-C6Me6)(CF3-Ar-acac)Cl] (6). Hydrogen atoms are omitted 

for clarity, and the dotted Ru−C bonds show Ru-(η6-arene) binding of C6Me6. CCDC 

deposition number 2190222 that contains the supplementary crystallographic data for this 

paper.
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Figure 3. 
(a) Stability of 1 in DMSO-d6/D2O containing 100 mM NaCl. (b) Reversible aquation 

and anation of 1. 1H NMR spectra of 1 in DMSO-d6/D2O are measured till aquation 

is completed. Then, concentrated NaCl solution in D2O was added, and 1H NMR was 

recorded at different time points. (c) Top: stacked UPLC chromatograms of a mixture of 1 
and carbamazepine (internal standard) in RPMI (with 10% FBS) at different time points. 

Bottom: percent of intact 1 remaining in RPMI at different time points calculated from the 

ratio of 1 and carbamazepine.
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Figure 4. Comparison of the RF of 1−6, Pt-Fc-1, Pt-Fc-2, and cisplatin. RF ≤ 1 implies no 
resistance.
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Figure 5. Small-molecule Ru-Fc hybrid 1 is non-toxic and inhibits angiogenesis in zebrafish 
embryos in a dose-dependent manner.
(a) Schematic representation of SIVP formation in a wild-type embryo. Red arrows indicate 

angiogenic sprouts from the PCV (black arrow) around 28 hpf (hours post-fertilization). Red 

arrowheads indicate vascular compartments in SIVPs, and black arrows indicate the PCV 

at 55 and 72 hpf. (b) Schematic depiction of the experimental procedures. (c) Maximum 

intensity projections of confocal optical sections of the SIVP of 72 hpf Tg(etv2:EGFP) 
embryos, which express EGFP in the blood vessel endothelial cells. The SIVP area is 

encircled with a dotted line, and arrowheads denote compartments in the SIVP. (d) Dot 
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plot depicting the area covered by the SIVP (n = 20). (e) Quantification of the number of 

compartments in SIVPs (n = 20). (f) Histogram depicting the animal viability at 72 hpf (n = 

4, 10 embryos in each experiment). (g) Bright-field images of the representative embryos at 

3 dpf (days post-fertilization). See Figure S21 for the extended image.
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Figure 6. Reactivity of 1 with 9-methylguanine (MG).
(a) Time-dependent UPLC traces (254 nm) of a 1:1 mixture of 1 and MG incubated at 37 °C. 

(b) ESI mass spectrum of a 1:1 mixture of 1 and MG incubated at 37 °C for 36 h.
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Figure 7. 
(a) Intracellular distribution of compound 1 and cisplatin between the nucleus and cytoplasm 

in Hela cells (10 μM, 24 h exposure). (b) Metalation of genomic DNA of HeLa cells by 

compound 1 and cisplatin (20 μM, 24 h exposure). Data represents the mean ± SD of three 

or more replicates (*p < 0.05).
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Figure 8. 
(a) H2DCF-DA assay for monitoring the ROS level in HeLa cells treated with 1 or 3 for 1, 

2, 4, and 8 h. (b) Flow cytometric quantification of O2 •− radicals in untreated and 1-treated 

HeLa cells using the DHE probe (4 h exposure). (c) Flow cytometric quantification of HO• 

radicals in untreated and 1-treated HeLa cells using the HPF probe (4 h exposure).
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Figure 9. 
(a) Quantification of metals in isolated mitochondria of HeLa cells treated with 1 or cisplatin 

(20 μM, 24 h). (b) Effect of 1 on ΔΨm (as a ratio of JC-1 red/green) from flow cytometric 

analysis (exposure 24 h). CCCP was used as a positive control (50 μM, 5 min incubation). 

(c) Comparison of the mitochondrial morphology of untreated and 1-treated HeLa cells with 

that of the mitochondria labeled with GFP (20 μM, exposure 24 h). Note: concentrations of 

1 for the JC-1 assays (b) and mitochondrial morphology analysis (c) were chosen to be 1/4 × 
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IC50/24h (10 μM) or 1/2 × IC50/24h (20 μM) or IC50/24h (40 μM) based on the IC50/24h value 

(38 ± 3 μM) obtained using a 24 h MTT assay.
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Figure 10. 
Western blot analysis of polyubiquitinated proteins (a) and ER-stress marker proteins (b) in 

HeLa cells treated with increasing concentrations of 1 (1/4 × IC50/24h, 1/2 × IC50/24h, and 

IC50/24h) or celastrol (positive control) for 24 h.
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Figure 11. 
(a) Flow cytometry analysis of the apoptotic and necrotic population in HeLa cells treated 

with increasing doses of compound 1 (1/4 × IC50/24h, 1/2 × IC50/24h, and IC50/24h, 24 

h exposure), cisplatin (Cispt, 0.7 × IC50/24h, 24 h exposure), or H2O2 (10 mM, 15 min 

exposure).
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Figure 12. 
(a) Western blot analysis of apoptosis-related marker proteins in HeLa cells treated with 

1/4 × IC50/24h (10 μM), 1/2 × IC50/24h (20 μM), and IC50/24h (40 μM) concentrations of 

1 (24 h compound exposure). (b) Western blot analysis of autophagy marker proteins in 

HeLa cells treated with concentrations of 1 (24 h compound exposure). (c) Western blot 

analysis of necroptosis marker proteins in HeLa cells treated with concentrations of 1 (24 

h compound exposure). (d) Comparison of the mitochondrial Ca2+ level in untreated or 

1-treated (20 μM, 24 h) HeLa cells. (e) Fold change in IC50 of 1 and cisplatin in the 

wild-type murine embryonic fibroblast (MEF-Bax/Bak+/+) as compared to that in the Bax/ 

Bak double knocked-out (MEF-Bax/Bak−/−) cell lines. (f) Proposed cellular mechanism of 

action of 1. * denotes statistical significance (p < 0.05).
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Scheme 1. Synthesis of Ru(II)−Arene-Based Bimetallic (1, 2, and 4) and Monometallic (3, 5, and 
6) Complexes

Manikandan et al. Page 44

J Med Chem. Author manuscript; available in PMC 2024 May 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Manikandan et al. Page 45

Table 1

Comparison of IC50 Values (μM) of 1−6, L1, Pt-Fc-1, Pt-Fc-2, Ru1, Ru3, Ru4, Cisplatin, and Oxaliplatin (72 

h Continuous Exposure, MTT Assay)a

compound HeLa A2780 A2780cis RF (A2780)

1   1.3 ± 0.3      2.5 ± 0.3      3.1 ± 0.1 1.2

2 12.7 ± 0.6 48.2 ± 2 51.1 ± 2 1.1

3 30.2 ± 10 20.7 ± 6 26.3 ± 3 1.3

4   8.2 ± 0.6      4.3 ± 0.1      4.6 ± 0.6 1.1

5 13.8 ± 0.6 10.5 ± 2 15.9 ± 0.1 1.5

6   6.1 ± 1      5.1 ± 0.1      6.7 ± 2 1.3

L1         23 ± 0.0a 11.4 ± 2a

Pt-Fc-1   4.9 ± 2a      2.2 ± 0.1      5.3 ± 1 2.4

Pt-Fc-2         2.8 ± 0.3a      1.3 ± 0.1      2.8 ± 0.2 2.1

Ru1 44.4 ± 5b 43.4 ± 3b 0.9

Ru3      7.8 ± 0.1c 14.5 ± 0.0c 1.8

Ru4 29.2 ± 2d 33.0 ± 2d 1.1

cisplatin         3.0 ± 0.1      0.8 ± 0.1      6.7 ± 0.1 8.7

oxaliplatin         2.1 ± 0.3

a
Values presented as mean ± standard deviations obtained from three independent experiments each performed in triplicate. Note: a = values taken 

from ref 13, b = values taken from ref 18, c = values taken from ref 19, d = values taken from ref 20, RF = IC50 in A2780Cis/IC50 in A2780.
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Table 2

Lipophilicity (log P) and Whole Cell Uptake of 1−6 in HeLa Cells (10 μM, 4 h Exposure)a

compound log P picomole Ru/106 cells

1 1.1 ± 0.1 57.0 ± 9.7

2 0.9 ± 0.0 47.8 ± 1.2

3 1.0 ± 0.1 16.5 ± 3.2

4 1.2 ± 0.1 89.5 ± 5.3

5 1.1 ± 0.1 36.4 ± 4.8

6 1.2 ± 0.0 44.2 ± 2.6

a
Results are presented as mean ± SD from three independent experiments each performed in triplicate.
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