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Abstract 

Several complexes of general formula [Ru(halide)(η6-p-cymene)(α-diimine)]+, in the form of nitrate, 

triflate and hexafluorophosphate salts, including a newly synthesized iodide compound, were 

investigated as potential anticancer drugs and bactericides. NMR and UV-Vis studies evidenced 

remarkable stability of the complexes in water and cell culture medium. In general, the complexes 

displayed strong cytotoxicity against A2780 and A549 cancer cell lines with IC50 values in the low 

micromolar range, and one complex (RUCYN) emerged as the most promising one, with a significant 

selectivity compared to the non-cancerous HEK293 cell line. A variable affinity of the complexes for 

BSA and DNA binding was ascertained by spectrophotometry/fluorimetry, circular dichroism, 

electrophoresis and viscometry. The performance of RUCYN appears associated to enhanced cell 

internalization, favored by two cyclohexyl substituents, rather than to specific interaction with the 

evaluated biomolecules. The chloride/iodide replacement, in one case, led to increased cellular uptake 

and cytotoxicity at the expense of selectivity, and tuned DNA binding towards intercalation. 

Complexes with iodide or a valproate bioactive fragment exhibited the best antimicrobial profiles.   

 

Keywords: ruthenium(II) arene complexes, -diimine ligand, cytotoxicity, ruthenium cellular uptake, 

DNA binding, BSA interaction 

 

Introduction 

The research on prospective ruthenium-based drugs has been intensively carried out over the last 30 

years, and some promising Ru+III and Ru+II complexes (NAMI-A, KP1019, NKP1339/IT-139 and 

TLD14331) have been investigated in clinical trials for cancer treatment.2 In this setting, ruthenium(II) 

arene complexes have been widely studied,3 and the leading compound of this family, i.e. RAPTA-C 

(Scheme 1a), is currently undergoing a pre-clinical evaluation due to its notable antimetastatic, 
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antiangiogenic and antitumoral activity.4 A wide array of complexes has been screened for the 

anticancer activity in vitro and in vivo, and the attachment of a bidentate N,N-donor ligand to the RuII-

arene skeleton has emerged as an advantageous structural feature.4,5 1,2-Diamine complexes were 

among the first ones to be studied and especially RM175 [RuCl(ethylenediamine)(η6-biphenyl)]+ (PF6
− 

salt; Scheme 1b) exhibited a potent activity against various cancer cell lines and also primary tumors.6  

Within this framework, our interest has been focused on ruthenium(II) p-cymene complexes with α-

diimines (Scheme 1c), which have been assessed for their cytotoxicity on 2D and 3D cancerous cell 

models.7,8 

 

 

Figure 1. Ru+II(η6-arene) complexes with anticancer activity: structures of RAPTA-C (a), RM-175 (b) and α-

diimine complexes (c, R = aryl or alkyl). 

 

Most of ruthenium(II)-arene complexes are viewed as pro-drugs, and it has been proposed that the 

dissociation of the chloride ligand in the physiological environment is key to activation, enabling the 

complex to interact with biosubstrates.4,5,9 The anticancer activity usually involves multiple 

intracellular targets, therefore elucidating the interaction of the complexes with biomolecules is of 

paramount importance.10 

Albumins constitute the 60% of the total protein content of plasma11 and are involved in the transport 

of many endogenous and exogenous compounds (drugs) through the blood.12 Specifically, bovine 

serum albumin (BSA) is often employed as a model for experimental studies due to its cheapness, wide 

availability and similarity to human serum albumin (HSA).13  
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Besides serum proteins, DNA-drug interactions may be responsible for conformational changes of the 

polynucleotide, affecting its major functions.14 Over the past few years, an important amount of work 

has been published on the DNA binding ability of Ru+II arene complexes.15 For instance, both RM-175 

and RAPTA-C were shown by X-ray crystallography to form adducts by N-coordination of specific 

nucleobases of double-helical DNA, following chloride dissociation.16 On the other hand, complexes 

with extended aromatic ligands may establish non-covalent hydrophobic interactions with DNA, such 

as intercalation or groove binding.3a,17 

At variance to RM-175 and RAPTA-C, α-diimine complexes do not hydrolyze to a significant extent in 

aqueous solution,7a the stability of the Ru-Cl bond being (in part) ascribable to the π-acceptor character 

of the α-diimine ligand.3a,7 In the light of the promising results from previous cytotoxicity studies and 

other favorable features (e.g., water solubility and stability, synthetic availability), we deemed 

worthwhile to expand the biological investigation on Ru+II arene α-diimine complexes. Thus, a series of 

these compounds was selected to test the antiproliferative activity towards cancer and non-cancer cell 

lines, to determine the intracellular ruthenium uptake and to elucidate the interactions with potential 

biological targets such as DNA and BSA. An unprecedented complex with an iodide ligand (instead of 

chloride) is included in the present work, since this simple structural modification is expected to 

provide a significant effect. Actually, Ru+II-arene iodido compounds show higher lipophilicity with 

respect to the chlorido analogues, resulting in better cell accumulation 18 and possible enhanced 

cytotoxicity and selectivity.19 These features have been often associated to the higher inertness of the 

ruthenium-iodide bond compared to ruthenium-chloride.20  

Furthermore, the antibacterial potential of the compounds was evaluated. Note that studies on the 

antibacterial activity of ruthenium(II) arene complexes are still scarce despite an increasing interest in 

the last few years.21,22  
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Results and discussion 

1. Synthesis and characterization of compounds. 

Complexes [RuCl(η6-p-cymene){κ2N-(HCN(4-C6H10OH))2}][PF6] (1[PF6]) and [RuCl(η6-p-

cymene){κ2N-(HCNR)2}][NO3] (R = C6H11, 2+; 4-C6H4OH, 3+; 4-C6H4CH3, 4+) were prepared from 

[RuCl2(η6-p-cymene)]2 and the respective α-diimine ligand (Scheme 1a), according to previously 

published procedures.7 Subsequent esterification of 3[NO3] with valproic acid afforded the bioactive-

functionalized complex 5[NO3] (Scheme 1b).7a Valproic acid is a histone deacetylase (HDAC) 

inhibitor23 and its inclusion within metal-based scaffolds has been reported to be beneficial to the 

anticancer activity.7a,24 Moreover, valproic acid is capable of altering the biosynthesis of fatty acids and 

polyketides in microorganisms,25 and its antimicrobial activity against Mycobacterium tuberculosis has 

been documented.26   

Next, aiming to introduce iodide as ligand, reactions of 2[NO3] and 4[NO3] with Ag(CF3SO3) in 

refluxing chloroform were carried out. Nevertheless, the chloride ligands were not removed under these 

conditions and only the anion-exchange products 2[CF3SO3] and 4[CF3SO3] were obtained (50% yield; 

Scheme 1c). The identity of the latter compounds was confirmed by direct synthesis from [RuCl(η6-p-

cymene)]2/Ag(CF3SO3) and the α-diimine (98% yield; Scheme 1a), as well as by single crystal X-ray 

diffraction in the case of 4[CF3SO3] (Figure 2). The molecular structure of the cation 4+ was previously 

reported as NO3
– salt,7b showing almost identical geometry and bonding parameters. Subsequent 

treatment of 4[CF3SO3] with potassium iodide or tetramethylammonium iodide afforded the desired 

[RuI(η6-p-cymene){κ2N-(HCN(4-C6H4CH3))2}]CF3SO3, 6[CF3SO3] (82-88% yield; Scheme 1d). All 

new compounds 2[CF3SO3], 4[CF3SO3] and 6[CF3SO3] were characterized by spectroscopic (IR, 

NMR) and analytical (CNH analysis, molar conductivity) techniques (see Experimental and Figures 

S1-S9).  
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Scheme 1. Preparation of ruthenium(II) arene α-diimine complexes: (a) α-diimine addition to [RuCl2(η6-p-

cymene)]2; (b) esterification of α-diimine ligand; (c) nitrate/triflate anion metathesis; (d) chloride/iodide ligand 

exchange. RUCYN = 2[NO3]. 

 

Figure 2. View of the molecular structure of the cation within 4[CF3SO3]. Displacement ellipsoids are at the 50% 

probability level. Hydrogen atoms are omitted for clarity. Main bond distances (Å) and angles (°): Ru(1)-N(1) 

2.077(12), Ru(1)-N(2) 2.055(12), Ru(1)-Cl(1) 2.370(4), Ru(1)-(6-p-cymene)av 2.190(4), N(1)-Ru(1)-N(2) 75.8(5), 

N(1)-Ru(1)-Cl(1) 88.0(3), N(2)-Ru(1)-Cl(1) 86.9(3).  
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In view of the biological application, a detailed investigation on the behavior of ruthenium α-diimine 

complexes in aqueous media was conducted. First, water solubility and octanol-water partition 

coefficients (Log Pow) were assessed (Table 1). Compounds 1[PF6] and 2-4[NO3] possess an 

appreciable water solubility (≥ 3 mM in D2O), instead the valproate diester 5[NO3] and the iodide 

6[CF3SO3] are hardly soluble in water. Remarkably, the solubility of the most performant anticancer 

compound (vide infra), i.e. 2[NO3] (RUCYN), is higher than that of cisplatin: approximate solubility 

values of RUCYN and cisplatin are respectively 5.5 and 3 gL-1.27 Octanol-water partition coefficients 

of compounds featuring unsubstituted alkyl or aryl α-diimines (2[NO3], 3[NO3] and 6[CF3SO3]; − 0.6 < 

Log Pow < + 0.7) evidence their amphiphilic character, while those derivatives with OH groups, i.e. 

1[PF6] and 3[NO3], are more hydrophilic. Overall, the chloride/iodide exchange on going from 4+ to 6+ 

(and parallel NO3
−/CF3SO3

− exchange) led to a decrease in water solubility and dramatic increase in 

lipophilicity. 

 

Table 1. Solubility in water (D2O) and octanol/water partition coefficient (Log10 Pow) of Ru compounds. 

Compound 
D2O solubility [a]  

(21°C) / mol·L-1 

Partition coefficient 
(Log10 Pow) 

1[PF6] 9.9·10-3 – 1.38 ± 0.05 

2[NO3] 1.0·10-2 – 0.63 ± 0.04 

3[NO3] 5.6·10-3 – 0.91 ± 0.05 

4[NO3] 3.1·10-3 – 0.68 ± 0.02 

5[NO3] < 10-4 [b] > 2.5 

6[CF3SO3] < 10-4 [b] 0.71 ± 0.03 

[a] Solubility data for 1[PF6] and 2-4[NO3] were taken from the literature.7b [b] Below the lowest value of 
quantitation. 

 

Next, the stability and speciation in aqueous solution was investigated by 1H NMR spectroscopy (Table 

2; Figures S10-S15). Thus, D2O (or D2O/CD3OD) solutions of 1+-6+ were incubated at 37 °C for 72 h 

and a considerable fraction (88-98 %) of the starting material was detected at the end of the experiment 

in every case. A second set of 1H NMR signals appeared in the case of 1+ and 2+, that we attributed to 

the respective aquo-complex [Ru(D2O)(η6-p-cymene)(α-diimine)]2+ (1w2+ and 2w2+, Scheme 2a). 
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Subsequently, solutions of 1+-6+ were treated with AgNO3 (1 eq) and kept at 50 °C for a variable time 

(3-24 h). Despite no reaction occurred initially, formation of the aquo complexes was later recognized 

(1w2+-5w2+; Scheme 2b). This experiment allowed unambiguous assignment of the 1H NMR set of 

signals for halido and aquo complexes, thus confirming that [RuX(η6-p-cymene)(α-diimine)]+ 

complexes (X = Cl, I) are not easily hydrolyzed in aqueous solution.7a Interestingly, complexes bearing 

aliphatic α-diimine ligands (1+-2+) are much more inert towards Ag+-driven halide displacement than 

those bearing N-aryl groups (4+, 5+, 6+; with 3+ as a special case, vide infra), as opposed to the behavior 

in pure water.  

Furthermore, the stability of 1+-4+ and 6+ in deuterated cell culture medium (“DMEM-d”) over 24 h 

at 37 °C was assessed by 1H NMR (Table 2). All complexes showed a substantial robustness (stability 

≈ 75-90 %) and no hydrolyzed species (1w2+-4w2+) were detected. Therefore, both the chlorido (4+) and 

the iodido (6+) derivatives retain their molecular identity under such challenging conditions. No 

evidence was collected to any extent for iodido/chlorido exchange in 6+, despite the high Cl 

concentration in the cell culture medium (≈ 0.11 M). These results outline a remarkable robustness of 

the Ru(arene)(α-diimine) scaffold, which is a fundamental preliminary property in the view of 

biological applications. Otherwise, an assessment of the stability of 5+ in cell culture medium by 1H 

NMR was prevented by its low water solubility; however, the cell uptake experiments suggest the 

occurrence of ester bond cleavage to some extent (vide infra).  

 

Table 2/Scheme 2. Stability of ruthenium compounds in D2O or cell culture medium by 1H NMR. Hydrolysis after 

72 h at 37 °C (a) or following 3 h or 24 h treatment with AgNO3 at 50 °C (b). 
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Compound Solvent 

% stability [a] % hydrolysis [b] 

Solvent 

% stability [a] 

72 h, 37 °C 72 h, 37 °C 
+ AgNO3 1 eq. 

24 h, 37 °C 
3 h, 50 °C 24 h, 50 °C 

1[PF6] D2O 88 8.5 % 11 % 45 % DMEM-d 91 

2[NO3] D2O 91 6.5 % 12 % 40 % DMEM-d 94 

3[NO3] D2O:CD3OD 7:1 99 n.d. 2 % 14 % DMEM-d:CD3OD 7:1 79 

4[NO3] D2O:CD3OD 7:1 98 n.d. 55 % [c] 85 % [c] DMEM-d:CD3OD 7:1 75 

5[NO3] D2O:CD3OD 1:1 93 n.d. > 80 % [d] - DMEM-d:CD3OD 1:1 - 

6[CF3SO3] D2O:CD3OD 1:1 94 n.d. 100 % - DMEM-d:CD3OD 1:1 75 

n.d. = not detected. [a] Relative amount with respect to the initial spectrum of the starting material, Me2SO2 as 
internal standard. [b] Molar ratio vs. starting material. [c] An additional, transient complex is observed at 3 h; 
multiple species are present at 24 h. [d] Formation of a brown solid. 

 

UV-Vis spectroscopic characterization in aqueous buffer solution (NaCl 0.1 M, NaCac 2.5 mM, pH 

7.0) revealed that all complexes display metal-to-ligand charge-transfer bands in the 300-500 nm 

range,7a with lower molar extinction coefficients for 1+-2+ lacking extended π system (Figure S16, 

Table S1). Complex 3+, containing the N-phenol group, is blue-shifted compared to other N-aryl 

complexes (4+ and 6+), and it is the highest visible-absorbing species, also displaying an additional 

band at 580 nm. The profile of the UV–vis spectrum of 3+ is pH-dependent (Figure S17), due to the 

deprotonation of the OH group, for which a pKa value of 7.7 ± 0.1 (0.1 M NaCl) had been 

determined.7a Given that in the present work we used also low salt content conditions, we repeated the 

evaluation in the absence of NaCl. Spectroscopic data were analysed by the HypSpec2014® software 

(Figure S18) and confirmed the presence of a single equilibrium with pKa = 8.0 ± 0.1. The two values 

turn to be fully in agreement when one is converted into the other by means of the Davies equation for 

salt effects.28 Therefore, at physiological pH, ca. 90% of the complex is present in its original non-

dissociated form. 

 

2. Biological studies. 

Cytotoxicity. The cytotoxicity of all complexes, and of cisplatin (cPt) as a reference, was tested 

through the MTT assay after 72 h of incubation. The tested cell lines are those of human ovarian 
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carcinoma (A2780), human lung carcinoma (A549) and healthy human embryonic kidney (HEK293). 

In order to elucidate if the interaction of the studied complexes with serum proteins influences their 

availability and, consequently, their cytotoxicity,29 the activity against the cellular line A549 was tested 

using both the standard serum-supplemented medium (10% FBS) and the serum-deprived medium (1% 

FBS). Table 3 collects the obtained half maximal inhibitory concentrations (IC50
 values) from the 

survival curves (Figure S19).  

 

Table 3. IC50 values (μM) determined for complexes on human lung carcinoma (A549), human ovarian 

carcinoma (A2780), and healthy human embryonic kidney (HEK293) cells after 72 hours incubation for Ru 

compound and cisplatin (cPt). Values are given as the mean ± SD. 

 IC50, µM 

Compound A549 A549 (1% FBS) A2780 HEK293 

1[PF6] n.e. [a] > 50 > 50 > 50 

2[NO3] 4.3 ± 0.6 6.1 ± 0.8 2.3 ± 0.3 10.7 ± 1.0 

3[NO3] n.e. [a] > 50 > 50 n.e. [a] 

4[NO3] 15.7 ± 1.2 12.9 ± 1.8 49.2 ± 3.1 2.6 ± 0.4 

5[NO3] 5.8 ± 0.8 4.1 ± 0.6 5.3 ± 0.3 6.9 ± 0.8 

6[CF3SO3] 2.7 ± 0.2 3.5 ± 0.6 6.5 ± 0.6 0.23 ± 0.04 

cPt 3.8 ± 0.6 4.8 ± 0.3 2.6 ± 0.3 4.4 ± 0.6 

[a] n.e. = no effect was observed throughout the tested concentration range (0-50 µM). 

 

Complexes 2+, 5+ and 6+ show a comparable level of antiproliferative activity towards the two cancer 

cell lines and IC50 values close to those obtained for cisplatin. Complex 4+ is less cytotoxic, especially 

against the A2780 cells, while 1+ and 3+ are not cytotoxic, evidencing that the presence of hydroxyl 

groups on the α-diimine ligand is detrimental to the activity. In general, the activity does not seem to be 

influenced by the serum proteins concentration. The complexes are non-selective towards the cancer 

cells compared to the non-cancerous cell line, except 2+ showing some selectivity. The introduction of 

the valproate (VP) bioactive fragment in 5+ provides an increased antiproliferative activity compared to 

3+ and 4+, although it does not appear to contribute to selectivity. The results obtained for 1+-3+ and 5+ 
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against A2780 and HEK-293 cell lines are in alignment with previous findings.7a It is noteworthy that, 

moving from the chloride 4+ to the iodide analogue 6+, the cytotoxicity increased in all cell lines. This 

may be related to the strong enhancement of the lipophilicity (Table 1) and, consequently, to the 

cellular uptake (see below). However, a negative impact on the selectivity is noticed.  

The biological activity of the Ru+II complexes against the A549 cells was corroborated by microscopy 

visualization after 24 h of treatment. The A549 cells in normal conditions appear with a long fusiform 

shape, small size and clear cell boundaries30 (see 1+ and 3+ inactive compounds, Figure S20). 

Concerning the cytotoxic compounds, morphological changes appear around the IC50 concentration (5 

µM for 2+, 5+ and 6+ and 10 µM for 4+, Figure S20), being more evident when the drug concentration is 

raised. The rounding of the cell body and the formation of neurite-like projection indicate the blebbing 

of the plasma membrane and is compatible with apoptosis.31  

 

Cell uptake. The uptake of the complexes in A549 cells was determined by ICP-MS after 24 h of 

incubation at 2 μM of each complex. Cisplatin was included for comparison and RAPTA-C, which is 

known to exert its functions mainly outside the cell environment, was evaluated as a reference 

ruthenium compound. The results are shown in Figure 3. 
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Figure 3. ICP-MS results showing metal accumulation in A549 cells after 24 h of exposure to 2 μM of 

complexes. Results (mean and SD) are expressed as nanomols of metal in one million cells. 

 

In general, the results are in good agreement with the cytotoxicity data and the complexes result more 

internalized than cPt and RAPTA-C. Moreover, there is a parallelism between the increasing cellular 

internalization and the lipophilicity of the organometallic cation, ongoing along the series 1+ (N-

cyclohexanol group) < 3+ (N-phenol) to 4+ (N-tolyl) and then 6+ (N-tolyl and iodide ligand). Complex 

5+ is only limitedly internalized despite the high lipophilicity imparted by the valproate fragments (Log 

Pow > 2.5 for [5]NO3), therefore it seems plausible that esterolysis of the valproate occurs to some 

extent outside the cancer cells from 5+ (vide infra). An exceptional ruthenium internalization was 

measured following incubation with complex 2+, that was not expected looking at the partition 

coefficient (Log Pow =  – 0.63 for [2]NO3). The favorable effect on the anticancer activity provided by 

the decoration of metal complexes, including ruthenium-arene complexes, with a cyclohexyl group was 

previously recognized in the literature in a few cases. It was suggested that the compact and 

hydrophobic cyclohexyl could facilitate the crossing of cell membrane and thus the entrance of the 

metal complex into the tumor cell.32 



 
 

13 

 

 

Antimicrobial activity.  

The antibacterial activity of the complexes was evaluated by the microdilution method in four 

pathogenic bacteria of clinical interest. Two Gram-positive (vancomycin-resistant Enterococcus 

faecium and a methicillin–resistant Staphylococcus aureus) and two Gram-negative (Acinetobacter 

baumanii and Pseudomonas aeruginosa) strains were included. The minimal inhibitory concentrations 

(MIC) are collected in Table 4. Complexes 1+-3+ are completely inactive or display no significant 

activity, while 4+ shows a moderate activity against Gram+ bacteria being completely inactive against 

Gram– strains. Moreover, the hydrophobic cations (see Log Pow values in Table 1) 5+ and 6+ are highly 

active against Gram+ strains whereas only 6+ is active against Gram– bacteria. As previously observed 

for the cytotoxicity, the introduction of the iodide ligand enhances the antibacterial potential and seems 

to be the key for the antimicrobial activity against Gram– bacteria. 

Table 4. MIC values (the lowest concentration of the compound that prevents bacterial growth) of the studied 

compounds. 

 MIC, µM 

Compound E. faecium S. aureus A. baumanii P. aeruginosa 

1[PF6] > 80 > 80 > 80 > 80 

2[NO3] 80 40 > 80 > 80 

3[NO3] 80 40 > 80 > 80 

4[NO3] 20 20 > 80 > 80 

5[NO3] 1.3 0.3 80 > 80 

6[CF3SO3] 0.6 0.3 10 20 

 

Interaction with Bovine serum albumin (BSA). In order to check the possible BSA interaction of 

complexes 1+-4+, spectrofluorometric titrations at 25°C were performed, by adding increasing amounts 
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of the ruthenium complexes to the fluorescent protein. A fluorescence emission decrease upon addition 

of the tested complexes was detected (Figures 4A and S21).  
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Figure 4. (A) Spectrofluorimetric titration of BSA with 1+ (inset: binding isotherm) and (B) relevant plot according 

to Eq.(1); CBSA = 1.52×10-6 M, C1 = 0 - 3.3×10-5 M, NaCl 0.1 M, NaCac 2.5 mM, pH 7.0, DMSOmax 0.1 %, 25.2 °C.  

 

The Stern-Volmer constants (KSV) for all studied systems were determined through the modified Stern-

Volmer equation (Figure S22, Table S2). KSV do not significantly increase with temperature and its 

order of magnitude is 105 M-1 s-1: these results are in agreement with adduct formation.33 The 

equilibrium constant for the binding process (K) was determined by equation (1), (see “Methods” 

section, Figures 4B and S23, and Table S2). 

The K values for BSA interaction agree with previous data on the interaction of related complexes with 

albumins.34 The binding process was further analyzed by circular dichroism (CD) experiments, which 

enable a better enlightenment of the possible binding-induced conformational changes in the protein. 

CD spectra of BSA were recorded both in the absence and in the presence of a 5-fold excess of the 

complexes. Since none of the complexes display a CD signal in buffer, the observed changes in the 

molar ellipticity of the protein along with the (slight) blue-shifts found for 1+ and 4+ show that these 

complexes are able to induce a variation in the CD band of BSA (Figure 5). 
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Figure 5. CD spectra of BSA alone and in the presence of the complexes under study. CBSA = 0.5 µM, 

Ccomplexes/CBSA = 5, NaCl 0.1 M, NaCac 2.5 mM, pH 7.0, DMSO 0.0025 % and T = 25 °C. 

 

This result is further confirmed by native polyacrylamide gel protein (PAGE) electrophoresis 

experiments after overnight incubation at 37.0 °C of 1+-6+/BSA mixtures (Figure 6). BSA alone and 

BSA in the presence of the maximum DMSO concentration used in the experiments were included as 

negative controls. It was found that 1+ and 4+ (at the higher concentration) are the species which seem 

to affect the protein conformation. For all the other complexes, no variation was observed in the 

electrophoretic mobility of native BSA. 

 

   

  R 2+ 2+ 1+ 1+ 4+ 4+  

CD  0 10 30 10 30 10 30  
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 BSA R 3+ 3+ 6+ 6+ 5+ 5+  

CD 0 0 10 30 10 30 10 30  

Figure 6. Native acrylamide electrophoresis of BSA incubated overnight with Ru complexes at 37 °C. CP = 1 µM, 

CD = 10 and 30 µM. (BSA = BSA alone, R = vehicle control (BSA with 0.03 % DMSO). NaCl 0.1 M, NaCac 2.5 

mM, pH 7.0. 

 

 

Interaction with DNA. The interaction of the complexes with plasmid DNA (pUC18) was studied by 

means of agarose gel electrophoresis tests for [complex]/[DNA] (CD/CP) between 0 and 5.0 and using 

cisplatin (cPt) as positive control for covalent binding (buffer NaCac 2.5 mM at pH 7.0) (Figure 7). It 

is found that 3+ and 4+ are the only species which can change the migration behavior of the SC 

conformation of the polynucleotide. For 3+ and 4+, the migration rate of the SC band decreases as the 

concentration of the complex is increased, similarly to the cPt behavior, suggesting an interaction 

which significantly alters DNA conformation. By contrast, the other complexes are not able to induce 

such conformational changes in DNA structure. 

 

 

     OC 

     SC 
 

DNA 2+ 2+ 2+ 6+ 6+ 6+ 6+ 5+ 5+ 5+ 5+ cPt cPt cPt cPt 

CD/CP 0 1.5 3.0 5.0 0.5 1.5 3.0 5.0 0.5 1.5 3.0 5.0 0.5 1.5 3.0 5.0 
 

     OC 

     SC   
 

DNA 1+ 1+ 1+ 4+ 4+ 4+ 4+ 3+ 3+ 3+ 3+ cPt cPt cPt cPt 
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CD/CP 0 1.0 3.0 5.0 1.0 2.0 3.0 4.0 0.5 1.0 1.5 2.0 0.5 1.0 2.0 4.0 
 

Figure 7. Agarose gel electrophoresis of plasmid DNA (OC = open circular conformation; SC = supercoiled 

conformation) incubated overnight at 37 °C with the different ruthenium complexes at several [complex]/[DNA] 

(CD/CP) ratios. CpDNA = 0.37 µM, NaCac 2.5 mM, DMSO 0.2 %. trun 2.30 h, 6.5V/cm, EtBr staining. 

 

Kinetic tests were then performed, where the absorbance profile evolution in time was recorded. When 

solid 3+ and 4+ were directly dissolved in water or in DMSO no spectral variation was observed, 

according to NMR experiments. When DNA was added to a mixture of 3+ dissolved in H2O, a spectral 

time-dependence was recognized (Figure 8A). The same for 4+ (Figure 8B). Overall, the presence of 

this slow kinetic effect confirms that 3+ and 4+ are able to progressively induce significant DNA 

conformational changes, suggesting the establishment of a covalent interaction.  
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Figure 8.  Absorption spectra evolution in time (5h) of a mixture of DNA with 3+ (A) or 4+ (B) in NaCac 2.5 mM at 

pH 7.0, 25.0 °C, DMSO 0.25 %. 

 

Ethidium Bromide (EtBr) displacement assays were then performed, where the tested species is added 

to DNA saturated by EtBr. No significant variations of the probe signal are observed in the case of 1+ 

and 2+. By contrast, with 3+ and 4+ (both bearing aromatic residues), some decrease of the emission 

intensity of EtBr was observed upon increasing addition of the tested complex (Figure S24). This 

suggests the presence of an interaction able to disturb EtBr from its intercalated position. Direct 

spectrophotometric titrations of 3+ and 4+ further confirmed the interaction features: successive 
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additions of DNA to the complex solutions resulted in a hypochromic effect (Figure S25). The steep 

binding isotherms of 3+ and 4+ agree with quantitative binding to DNA (no binding constant could be 

calculated); this finding agrees with covalent binding. For 5+, the spectroscopic features are not so 

favorable, still no binding reaction could be evidenced. Interestingly, also titrations of 6+ showed 

positive results (Figure S25) with strong hypochromic and bathochromic effects (Δλ = 5 nm) which 

indicated that 6+ interacts with DNA differently from 3+ and 4+. The non-quantitative binding between 

DNA and 6+ has been studied at different temperatures and the relevant binding constants were 

calculated (see “Methods” section). Figure S26 shows the relevant fitting plots and Table 5 collects the 

results.   

Table 5. Binding constant (K) and site size (n) for the DNA/6+ system at different temperatures. NaCac 2.5 mM, 

pH 7.0. 

T (°C) K (104 M-1) n 

25.0 6.1 ± 0.5 2.6 

37.0 3.6 ± 0.3 2.2 

47.0 2.5 ± 0.3 2.0 

 

The order of magnitude of the K values agree with both groove binding and intercalation. Minor 

groove binders bearing an analogous structure, such as [RuCl(κ2-N,N-2-pydaT)(η6-p-cymene)]BF4 

(2,4-diamino-6-(2-pyridyl)-1,3,5-triazine,35 [RuCl(2-pypzdpm)(η6-C6H6)] (pypzdpm = 5-(2-

pyrimidylpiperazine)phenyldipyrromethane and [(η6-C10H14)RuCl(2-pmpzdpm)], (pmpzdpm = 5-(2- 

pyridylpiperazine)phenyldipyrromethane)36 do bind DNA with K = 104 - 105. On the other hand, even 

if the values in Table 5 are tenfold lower than those found for Ru(II) intercalators with extended 

aromatic ligands,37 species such as [RuCl(N-methylhomopiperazine)(η6-C6H6)] and [RuCl(L)(η6-

arene)] (arene = C6H6, p-cymene, L = 1-(anthracen-10-ylmethyl)-4-methylhomopiperazine) yielded 

DNA intercalation constants which also lie in the 104 -105 range.38 The thermodynamic parameters may 

provide a signature which helps to fix the binding mode for the DNA/6+ system: their indicative values 
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were determined through a Van’t Hoff plot (Figure S27) which yielded ΔH = -32 kJ mol-1 and ΔS = -17 

J mol-1 K-1. These values are again consistent with both groove binding and partial intercalation.39 

Viscometric experiments were conducted on the complexes which showed DNA binding features (3+, 

4+ and 6+). The different solutions of DNA with the compounds were prepared and incubated 

overnight. The DNA viscosity does not change much in the presence of 3+ and 4+, this behavior being 

consistent with a covalent bond DNA-complex; on the contrary, increasing amounts of 6+ lead to a 

viscosity enhancement (Figure S28). The latter finding enables to conclude that partial intercalation is 

the binding mode for the DNA/6+ system. Again, the presence of iodide significantly changes the 

biological effects of the metal complex. The different DNA binding mode is often related to different 

aquation/hydrolysis processes at work,40 which is not the present case, since both 3+, 4+ and 6+ do not 

hydrolyze to a significant extent (Table 2). However, solvent effects and hydrophobicity may also tune 

the binding mode.41 Therefore, it may be speculated that the much higher lipophilicity of 6+ respect to 

the 3+ and 4+ counterparts (Table 1) plays a major role in driving the penetration of 6+ inside the 

hydrophobic DNA helix, also hindering possible covalent bonding.  

 

Conclusions 

Ruthenium(II) arene complexes have been extensively investigated as anticancer drug candidates, and 

recent studies evidenced the promising potential of -diimine derivatives, combined with favorable 

characteristics such as easy availability, water solubility and stability in aqueous solutions. Here, we 

report further cytotoxicity assays on a series of RuII-arene--diimine complexes, and a detailed 

investigation aimed to clarify their mode of action. The results point out that changes in the nature of 

the diimine substituent may produce significant (but not easy to rationalize) effects on the 

antiproliferative activity and on the binding with BSA (investigated as a model protein) and DNA.    

The introduction of an iodide ligand in the place of chloride determines profound consequences on the 
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activity, which seem ascribable to the increased lipophilicity and a change in the mode of interaction 

with DNA, rather than to a different hydrolytic behavior. One complex of the series (RUCYN) 

emerges as the most promising drug candidate: when compared to cisplatin, RUCYN exhibits higher 

water solubility, comparable cytotoxicity and higher selectivity with respect to a noncancerous cell 

line. This performance appears related to the presence of two cyclohexyl substituents, leading to a 

striking cell uptake, and it does not parallel to significant BSA/DNA binding, suggesting that further 

studies will be needed to unveil the possible targets and pathways for this species. Finally, the 

complexes were investigated for their antibacterial potential, the obtained results are promising and 

evidence the favorable roles of the valproate fragment and the iodide ligand. 

 

Experimental 

1. General experimental details. 

All reagents and solvents were obtained from Alfa Aesar, Sigma Aldrich or TCI Europe and were used 

without further purifications. Compounds [RuCl(η6-p-cymene)(κ2N-{HCN(4-C6H10OH))2}][PF6], 

1[PF6], [RuCl(η6-p-cymene){κ2N-(HCN(C6H11))2}][NO3], 2[NO3], [RuCl(η6-p-cymene){κ2N-(HCN(4-

C6H4OH))2}][NO3], 3[NO3], [RuCl(η6-p-cymene){κ2N-(HCN(4-C6H4CH3))2}][NO3], 4[NO3], 

[RuCl(η6-p-cymene){κ2N-(HCN(4-C6H4OCOCHnPr2))2}][NO3], 5[NO3] and N,N-bis(4-

methylphenyl)ethylenediamine were prepared according to literature methods.7,42 The synthesis of 

5[NO3] was carried out under a N2 atmosphere using standard Schlenk techniques 

and CH2Cl2 distilled from P2O5; all the other operations were conducted in air with common laboratory 

glassware. Ru complexes were isolated as air- and moisture-stable solids and were stored at room 

temperature. NMR spectra were recorded on a Bruker Avance II DRX400 instrument equipped with a 

BBFO broadband probe at 25°C, unless otherwise specified. Chemical shifts (expressed in parts per 

million) are referenced to the residual solvent peaks43 (1H, 13C) or to external standard (19F to CFCl3).44 
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Infrared spectra of solid samples were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer, 

equipped with a UATR sampling accessory. IR spectra were processed with Spectragryph software.45 

Carbon, hydrogen and nitrogen analyses were performed on a Vario MICRO cube instrument 

(Elementar). Conductivity measurements were carried out at 21 °C using an XS COND 8 instrument 

(cell constant = 1.0 cm−1).46 

 

2. Synthesis and characterization of ruthenium compounds. 

[RuCl(η6-p-cymene){κ2N-(HCN(C6H10))2}][CF3SO3], 2[CF3SO3] (Chart 1) 

Chart 1. Structure of 2[CF3SO3] (numbering refers to carbon atoms). 

 
A solution of 2[NO3] (76 mg, 0.14 mmol) in CHCl3 (8 mL) was treated with Ag(CF3SO3) (37 mg, 0.14 

mmol) and stirred at reflux temperature under protection from the light. After 3 h, an orange-brown 

solution and colorless solid (AgNO3) were obtained. The mixture was filtered over a celite pad and the 

filtrate was dried under vacuum. The residue was triturated with Et2O and the suspension was filtered. 

The resulting orange-brown solid was thoroughly washed with Et2O and dried under vacuum (40 °C). 

Yield: 44 mg, 50 %. Compound 2[CF3SO3] is soluble in MeOH, CH2Cl2, CHCl3, insoluble in Et2O. 

Anal. Calcd. For C25H38ClF3N2O3RuS: C, 46.90; H, 5.98; N 4.38. Found: 46.70; H, 6.05; N, 4.33. IR 

(solid state): ῦ/cm─1 = 3069w, 3013w, 2935m, 2859w, 1628br, 1538w (νC=N), 1471w, 1453w, 1106w, 

1391-1349w, 1271s-sh (νS=O), 1257s (νS=O), 1223s-sh, 1154s, 1091w, 1075w, 1054w, 1028s (νS-O), 

913w, 871w, 749s, 666m. Λm (MeOH, c = 1.0·10-3 M) = 98 S∙cm2∙mol-1. 1H NMR (CDCl3): δ/ppm = 

8.25 (s, 2H, C8-H), 5.78 (d, 3JHH = 6.2 Hz, 2H, C4-H), 5.66 (d, 3JHH = 6.2 Hz, 2H, C3-H), 4.31 (t, 3JHH 

= 11.4 Hz, 2H, C9-H), 2.83 (hept, 3JHH = 6.9 Hz, 1H, C6-H); 2.51, 2.37 (d, 3JHH = 12.0 Hz, 2H/2H, 
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CH2); 2.29 (s, 3H, C1-H); 2.01 (d, J = 13.3 Hz, 2H), 1.91 (d, J = 13.4 Hz, 2H), 1.81–1.69 (m, 4H), 

1.58–1.38 (m, 4H) (CH2); 1.22 (d + m, 3JHH = 6.6 Hz, 10H, C7-H + CH2). 13C{1H} NMR (CDCl3): 

δ/ppm = 163.6 (C8), 109.2 (C5), 104.1 (C2), 87.2 (C4), 86.8 (C3), 76.1 (C9); 35.3, 33.3 (C10 + C10’); 

31.7 (C6); 26.0, 25.6 (C11 + C11’); 25.4 (C12), 22.4 (C7), 19.0 (C1). 

 

[RuCl(η6-p-cymene){κ2N-(HCN(4-C6H4CH3))2}][CF3SO3], 4[CF3SO3] (Chart 2) 

Chart 2. Structure of 4[CF3SO3] (numbering refers to carbon atoms). 

 
A suspension of [RuCl2(η6-p-cymene)]2 (142 mg, 0.232 mmol) in MeCN was treated with Ag(CF3SO3) 

(120 mg, 0.467 mmol) and stirred at room temperature for 1 h under protection from the light. The 

resulting suspension (yellow solution + colorless AgCl precipitate) was filtered over a celite pad then 

N,N-bis(4-methylphenyl)ethylenediamine (110 mg, 0.464 mmol) was added to the filtrate. The orange 

suspension was heated at reflux for 4 h, affording a dark red solution. Next, volatiles were removed 

under vacuum; the residue was triturated in Et2O:hexane 1:1 v/v and filtered. The resulting dark red-

brown solid was washed with Et2O:hexane 1:1 v/v and dried under vacuum (40 °C). Yield: 299 mg, 98 

%. Compound 4[CF3SO3] was also obtained by the reaction of 4[NO3] (82 mg, 0.14 mmol) with 

Ag(CF3SO3) (37 mg, 0.15 mmol) in refluxing CHCl3 (8 mL), as previously described for 2[CF3SO3]. 

Yield: 50 mg, 50 %. Compound 4[CF3SO3] is soluble in MeOH, CH2Cl2, CHCl3, MeCN, poorly 

soluble in Et2O and insoluble in hexane. X-ray quality crystals of 4[CF3SO3] were collected from a 

CH2Cl2 solution layered with Et2O and settled aside at – 20 °C. Anal. Calcd. For C27H30ClF3N2O3RuS: 

C, 49.43; H, 4.61; N, 4.27. Found: 48.75; H, 4.52; N, 4.17. IR (solid state): ῦ/cm─1 = 3063w, 2984w, 

2965w, 2933w, 2911w, 2871w, 1605w (νC=N), 1535w, 1501m, 1473w, 1461w, 1390w, 1388w, 1272s-
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sh (νS=O), 1259s (νS=O), 1223m, 1177m-sh, 1164m-sh, 1146s, 1115w, 1093w, 1068w, 1051w, 1029s (νS-

O), 966w, 955w, 888w, 843w, 817s, 771w, 754w, 711w. Λm (MeOH, c = 1.0·10-3 M) = 136 S∙cm2∙mol-

1. 1H NMR (CD3OD): δ/ppm =  8.47 (s, 2H, C8-H), 7.69 (d, 3JHH = 8.2 Hz, 4H, C10-H), 7.46 (d, 3JHH = 

8.1 Hz, 4H, C11-H), 5.48 (d, 3JHH = 6.4 Hz, 2H, C4-H), 5.42 (d, 3JHH = 6.4 Hz, 2H, C3-H), 2.50 (s, 6H, 

C13-H), 2.41 (m, 1H, C6-H), 2.28 (s, 3H, C1-H), 1.05 (d, 3JHH = 6.9 Hz, 6H, C7-H). 1H NMR (CDCl3): 

δ/ppm = 8.33 (s, 2H, C8-H), 7.79 (d, 3JHH = 8.3 Hz, 4H, C10-H), 7.33 (d, 3JHH = 8.1 Hz, 4H, C11-H), 

5.24 (d, 3JHH = 6.4 Hz, 2H, C4-H), 5.19 (d, 3JHH = 6.4 Hz, 2H, C3-H), 2.69 (hept, 3JHH = 7.0 Hz, 1H, 

C6-H), 2.46 (s, 6H, C13-H), 2.13 (s, 3H, C1-H), 1.17 (d, 3JHH = 6.9 Hz, 6H, C7-H). 13C{1H} NMR 

(CDCl3): δ/ppm = 164.8 (C8), 150.4 (C9), 141.4 (C12), 130.3 (C11), 124.2 (1JCF = 310.4 Hz, CF3), 

122.4 (C10), 110.4 (C5), 103.7 (C2), 88.2 (C3), 87.4 (C4), 30.9 (C6), 22.3 (C7), 21.5 (C13), 18.4 (C1). 

19F NMR (CDCl3): δ/ppm = − 78.2 ppm. 

 

[RuI(η6-p-cymene){κ2N-(HCN(4-C6H4CH3))2}][CF3SO3], 6[CF3SO3] (Chart 3) 

Chart 3. Structure of 6[CF3SO3] (numbering refers to carbon atoms). 

 

A solution of KI (26 mg, 0.16 mmol) in MeOH (1 mL) was added dropwise to hot (ca. 50°C) solution 

of 4[CF3SO3] (96 mg, 0.15 mmol) in CHCl3 (10 mL) under stirring. The mixture was heated for 3 h 

under protection from the light, then volatiles were removed under vacuum. The residue was suspended 

in CH2Cl2 and filtered over a celite pad. Volatiles were removed under vacuum from the filtrate 

solution and the resulting dark red-purple solid was washed with Et2O and dried under vacuum (40 °C). 

Yield: 96 mg, 88 %. Alternatively, a solution of 4[CF3SO3] (28 mg, 0.042 mmol) and [Me4N]I (9.0 mg, 

0.045 mmol) in CH2Cl2 (5 mL) was stirred at room temperature for 24 h. Next, the mixture was 
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extracted with H2O (3 x 10 mL) and the organic phase was dried under vacuum. Yield: 25 mg, 82 %. 

Compound 6[CF3SO3] is soluble in MeOH, CH2Cl2, CHCl3; insoluble in Et2O and hexane. Anal. Calcd. 

for C27H30F3IN2O3RuS: C, 43.38; H, 4.05; N, 3.75. Found: C, 43.2; H, 3.99; N, 3.70. IR (solid state): 

ῦ/cm─1 = 3063w, 3040w, 2964w, 2924w, 2871w, 1602w (νC=N), 1558w, 1540w, 1501m, 1470m, 

1381w, 1366w-sh, 1272s-sh (νS=O), 1257s (νS=O), 1223s-sh, 1177m-sh, 1150s, 1112m-sh, 1088w, 

1054w, 1029s (νS-O), 1018m-sh, 961w, 877w, 864w, 816s, 773w, 754w, 710w. Λm (MeOH, c = 1.0·10-3 

M) = 127 S∙cm2∙mol-1. 1H NMR (CD3OD): δ/ppm = 8.43 (s, 2H, C8-H), 7.78 (d, 3JHH = 8.3 Hz, 4H, 

C10-H), 7.43 (d, 3JHH = 8.1 Hz, 4H, C11-H), 5.44 (s, 4H, C3-H + C4-H), 2.56 (s, 3H, C1-H), 2.50 (s, 

6H, C13-H), 2.48–2.39 (m, 1H, C6-H), 1.03 (d, 3JHH = 6.9 Hz, 6H, C7-H). 19F NMR (CD3OD): δ/ppm 

= − 80.1 ppm. 1H NMR (CDCl3): δ/ppm = 8.33 (s, 2H, C8-H), 7.95 (d, 3JHH = 7.2 Hz, 4H, C10-H), 7.30 

(d, 3JHH = 7.9 Hz, 4H, C11-H), 5.20 (s, 4H, C3-H + C4-H), 2.92 (hept, 3JHH = 6.8 Hz, 1H, C6-H), 2.45 

(s, 6H, C13-H), 2.22 (s, 3H, C1-H), 1.14 (d, 3JHH = 6.8 Hz, 6H, C7-H). 13C{1H} NMR (CDCl3): δ/ppm 

= 163.2 (C8), 151.2 (C9), 141.1 (C12), 130.1 (C11), 123.1 (C10), 111.2 (C5), 103.5 (C2); 88.6, 86.7 

(C3 + C4); 31.7 (C6), 22.5 (C7), 21.5 (C13), 19.8 (C1). 

 

3. X-Ray crystallography. 

Crystal data and collection details for 4[CF3SO3] are reported in Table 6. Data were recorded on a 

Bruker APEX II diffractometer equipped with a PHOTON2 detector using Mo–K radiation. Data 

were corrected for Lorentz polarization and absorption effects (empirical absorption correction 

SADABS).47 The structures were solved by direct methods and refined by full-matrix least-squares 

based on all data using F2.48 Hydrogen atoms were fixed at calculated positions and refined by a riding 

model. All non-hydrogen atoms were refined with anisotropic displacement parameters.  

 

Table 6. Crystal data and measurement details for 4[CF3SO3]. 

Formula C27H30ClF3N2O3RuS 
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FW 656.11 

T, K 100(2) 

 Å 0.71073 

Crystal system Orthorhombic 

Space group Pbca 

a, Å 11.0016(10) 

b, Å 16.7631(15) 

c, Å 29.518(3) 

Cell Volume, Å3 5443.7(9) 

Z 8 

Dc, g∙cm-3 1.601 

mm 0.804 

F(000) 2672 

Crystal size, mm 0.16 x 0.13 x 0.12 

 limits  2.309 – 25.049 

Reflections collected 51787 

Independent reflections 4753 (Rint = 0.0841) 

Data / restraints /parameters 4753 / 234 / 348 

Goodness of fit on F2 1.373 

R1 (I > 2σ(I)) 0.1475 

wR2 (all data) 0.3023 

Largest diff. peak and hole, e Å-3 1.701 and –4.237  

 

4. Speciation and stability in aqueous media. 

Solubility in water (D2O). The selected Ru compound was suspended in a D2O solution (0.8 mL) 

containing dimethyl sulfone (Me2SO2; c = 3.28·10-3 M) and stirred at 21 °C for 3 h. The resulting 

saturated solution was filtered over celite, transferred into an NMR tube and analyzed by 1H NMR 

spectroscopy (delay time = 3 s; number of scans = 20). The concentration ( = solubility) was calculated 

by the relative integral with respect to Me2SO2 as internal standard49 [δ/ppm = 3.14 (s, 6H)] (Table 1). 

Octanol-water partition coefficient (log Pow). Partition coefficients (Pow; IUPAC: KD partition 

constant50), defined as Pow = corg/caq, where corg and caq are molar concentrations of the selected 

compound in the organic and aqueous phase, respectively, were determined by the shake-flask method 

and UV-Vis measurements.51 Deionized water and 1-octanol were vigorously stirred for 24 h, to allow 
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saturation of both phases, then separated by centrifugation. A stock solution of the selected Ru 

compound (ca. 2 mg; 4[NO3], 5[NO3], 6[CF3SO3]) was prepared by first adding acetone (50 μL, to help 

solubilization), followed by water-saturated octanol (2.5 mL). The solution was diluted with water-

saturated octanol (ca. 1:3 v/v ratio, cRu ≈ 10-4 M, so that 1.5 ≤ A ≤ 2.0 at λmax) and its UV-Vis spectrum 

was recorded (A0
org). An aliquot of the solution (Vorg = 1.2 mL) was transferred into a test tube and 

octanol-saturated water (Vorg = Vaq = 1.2 mL) was added. The mixture was vigorously stirred for 15 

min at 21 °C then centrifuged (5000 rpm, 5 min). The UV-Vis spectrum of the organic phase was 

recorded (Af
org) and the partition coefficient was calculated as Pow = Af

org/(A0
org - Af

org) where A0
org and 

Af
org are the absorbance in the organic phase before and after partition with the aqueous phase, 

respectively.51c The partition coefficient was calculated as Pow = (A0
aq - Af

aq)/Af
aq where A0

aq and Af
aq 

are the absorbance in the aqueous phase before and after partition with the organic phase, respectively. 

The wavelength of the maximum absorption of each compound (360 - 420 nm range) was used for UV-

Vis quantitation. An inverse procedure was adopted for 1[PF6], 2[NO3] and 3[NO3], starting from a 

stock aqueous solution. The procedure was repeated three times for each sample (from the same stock 

solution); results are given as mean ± standard deviation (Table 1).  

Stability and hydrolysis in D2O or D2O/CD3OD mixtures. The selected Ru compound (ca. 4 mg) 

was dissolved with a D2O solution containing Me2SO2 (3.28·10−3 M, 0.8 mL) or a CD3OD/D2O 

mixture (tot 0.80 mL), according to the water solubility. The orange-yellow (1+-2+) or dark red-brown 

(3+-6+) solution (cRu ≈ 7.810-3 M) was stirred for 30 minutes then filtered over celite and analyzed by 

1H NMR (delay time = 3 s; number of scans = 20). Next, the solution was heated at 37 °C for 72 h and 

1H NMR analysis was repeated. The residual amount of starting material in solution (% with respect to 

the initial spectrum) was calculated by the relative integral with respect to Me2SO2 as internal 

standard49 (Table 2). Subsequently, the AgNO3 (0.11 M in D2O, 50 μL, 1.0 eq) was added to each 

solution: no change was observed (i.e. AgCl opalescence or precipitate). The solution was heated at 50 

°C in the dark for 3 h, then filtered over celite and analyzed by 1H NMR. Finally, the solution was kept 
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at 50 °C for additional 24 h, and the above procedure was repeated. The % hydrolyzed compound was 

calculated as a molar ratio with respect to the starting material (Table 2). 1H NMR spectra and data for 

the tested compounds are reported in the Supporting Information (Figures S10-S15); 1H NMR signals 

are referenced to Me2SO2 peak as in pure D2O [δ/ppm = 3.14 (s, 6H)]. 

Stability in cell culture medium.  Powdered Dulbecco's Modified Eagle Medium (DMEM; 1000 

mg/L glucose and L-glutamine, without sodium bicarbonate and phenol red; D2902 - Sigma Aldrich) 

was dissolved in D2O (10 mg/mL), according to the manufacturer’s instructions. The solution of 

deuterated cell culture medium (“DMEM-d”) was treated with Me2SO2 (6.6·10-3 M) and NaH2PO4 / 

Na2HPO4 (0.15 M, pD = 7.552), then stored at 4 °C under N2. The selected Ru compound (3-4 mg) was 

dissolved in DMEM-d or in a DMEM-d/CD3OD solution (0.80 mL total volume), according to the 

water solubility. The orange-yellow (1+-2+), dark green (3+) or dark red-brown (4+-6+) solution (cRu ≈ 

7.7·10-3 M) was stirred for 30 minutes then filtered over celite and analyzed by 1H NMR (delay time = 

3 s; number of scans = 20). The solution was heated at 37 °C for 24 h, then 1H NMR analysis was 

repeated. In each case, no new {Ru(η6-p-cymene)} species was identified. The residual amount of 

starting material in solution (% with respect to the initial spectrum) was calculated by the relative 

integral with respect to Me2SO2 as internal standard49 (Table 2). 

UV-spectra in H2O; pKa determination for 3[NO3]. Spectrophotometric measurements were 

conducted on a double beam Shimadzu 2450 apparatus or a Hewlett-Packard 8453A (Agilent 

Technologies, Palo Alto, CA) photodiode array spectrophotometer (both temperature-controlled to 

within ± 0.1 °C). Data treatment was conducted by means of OriginLab and HypSpec softwares. In the 

determination of the pKa of 3+, a solution of the metal complex (3.89 × 10-4 M) in water was left to 

stabilize overnight and then the pH of the solution was lowered to 2.0. Small amounts of NaOH or 

HClO4 were used to vary the pH solution.    

 

5. Biological studies. 
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Materials Bovine serum albumin (BSA) was supplied by Sigma-Aldrich as crystallized and 

lyophilized powder (≥ 98%, agarose gel electrophoresis and ≤ 0.005% fatty acids); its concentration 

was spectrophotometrically determined (ε278 nm = 45000 M−1 cm−1).53 Calf thymus DNA (lyophilized 

sodium salt, highly polymerized) from Sigma-Aldrich was dissolved in water and sonicated, producing 

short polynucleotide fragments (ca. 300 base pairs). The molar DNA concentration was 

spectrophotometrically determined (ε260 nm = 13200 M−1 cm−1) and is expressed in base pairs.54 Plasmid 

pUC18 (2686 bp) was extracted from Escherichia coli DH5α and purified by a HP Plasmid Midi kit 

(Omega Biotek, VWR). The solutions of ethidium bromide solution (EtBr, purity > 99%, Sigma) were 

obtained by dissolving the appropriate amount of the solid in the buffer; their molar concentration was 

evaluated spectrophotometrically (ε480 nm = 5600 M-1 cm-1).55 Chemicals not expressly cited are of 

analytical grade and were used without further purification. Appropriate amounts of 1[PF6], 2-5[NO3], 

6[CF3SO3] were accurately weighted and dissolved in dimethyl sulfoxide (DMSO) to get ca. 10-3-10-2 

M stock solutions. Solutions of BSA, DNA and EtBr in buffer, were freshly prepared and kept at 4 °C 

in the dark. The buffer is an aqueous solution of 0.1 M NaCl and 2.5 mM NaCac (sodium cacodylate) 

for BSA, and aqueous solution 2.5 mM NaCac for DNA. The water used to prepare the solutions and as 

a reaction medium was ultrapure 18.2 MΩ water from a Sartorius purification system. Measurements of 

pH were made by a Metrohm 713 pH- metre equipped with a combined glass electrode. 

Cytotoxic activity. A549 (lung adenocarcinoma) cells were cultured Dulbecco’s Modified Eagle’s 

Medium (DMEM), A2780 (ovarian carcinoma) were cultured in RPMI 1640 medium supplemented 

with 2 mM ʟ‐glutamine and HEK293 (embryonic kidney) cells were cultured in Eagle's Minimum 

Essential Medium (EMEM) supplemented with 1% of non-essential amino acids. All culture media 

were supplemented with 10% fetal bovine serum (FBS) and 1% amphotericin-penicillin-streptomycin 

solution. To conduct cytotoxicity tests, approximately 3 × 103 A549 and A2780  and 1 × 104  HEK293 

cells were cultured in 200 μL culture medium per well in 96-well plates and incubated in a humid 

atmosphere at 37ºC under 5% CO2 atmosphere for 24h. Cells were then incubated for 72 h with 100 μL 
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of culture medium with different concentrations of the metal complexes (0, 1.25, 5, 12.5, 25 and 50 

µM) in culture medium. Cisplatin (cPt) was also included as the control. Metal complexes were first 

dissolved in DMSO whereas cisplatin was dissolved in water, then they were diluted in the culture 

medium. The DMSO concentration was kept under 0.5% DMSO. A control experiment containing the 

same amount of DMSO was included. Then, after removing the medium, 100 μL of 500 μg mL-1 of 

MTT (thiazolyl blue tetrazolium bromide) was added to each well and incubated for 4 h. Lastly, the 

formazan product was dissolved by adding 100 μL of solubilizing solution (10% sodium dodecyl 

sulfate (SDS) in 0.01 M HCl) and allowing the solution to solubilize overnight. Absorbance was read at 

590 nm in a microplate reader (Biotek Instruments). Four replicates per dose were included in each 

experiment, and half-maximal inhibitory concentration (IC50) values were calculated using the 

GraphPad Prism 6.01 analysis software (GraphPad Software Inc.) from three independent experiments.  

Bioimaging experiments. A549 cells were grown for 24 h and then exposed to 5, 10, 30 and 50 μM of 

the compounds during 24 h. Then, cells were visualized in a Cytation 5 Cell Imaging Multi-Mode 

Reader (Biotek Instruments, USA) in bright field with a 20× objective.  

Ruthenium cellular uptake. A549 cells were seeded in 6-well plates (1.5·105 cells/well) and grown 

for 24 h at 37ºC and 5% CO2. Subsequently, cells were exposed to 2 μM solution of the drug for 24 h, 

washed for three times with DPBS (Dulbecco’s Phosphate Buffered Saline), trypsinized and 

centrifugated. The pellets were resuspended in 1 mL of DPBS and in each case, 10 μL were used to 

count cells in an automated cell counter (BioRad). The samples were digested with 65% HNO3 at room 

temperature during 24h. Lastly, solutions were analyzed in an 8900 ICP-MS (Agilent Technologies). 

Data are reported as the mean of three independent experiments. 

Antimicrobial activity. Antimicrobial activity was studied by means of the broth microdilution plate 

method according to CLSI criteria against ESKAPE pathogens.56 E. faecium CECT 5253 (vancomycin 

resistant, Gram positive bacteria), S. aureus CECT 5190 (methicillin resistant, Gram positive bacteria), 

A. baumannii ATCC 17978 (Gram negative bacteria) and P. aeruginosa PAO1 (Gram negative 
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bacteria) were included. Minimum Inhibitory concentration (MIC) was defined as the lowest 

concentration of the tested compound that inhibited bacterial growth. The MICs reported are the mean 

values of three replicates. At least two independent experiments were performed.  

Electrophoresis and circular dichroism. Native polyacrylamide gel electrophoresis (PAGE) of BSA 

were done after overnight incubation at 37 °C of the protein (1 μM) in the presence of different 

concentrations of complexes (CD/CBSA = 10 and 30). After that, 5 μL of sample buffer 2× (0.01% 

bromophenol blue and 20% glycerol in Tris HCl buffer (0.5 M, pH 6.8) were added to 5 μL of the 

sample solutions and loaded onto 10% polyacrylamide gels. Gels were run in native PAGE buffer (250 

mM Tris Base, 1.92 M glycine, pH = 8.3) at 6.6 V/cm for 6 h at 4ºC to avoid thermal denaturation of 

the protein. Finally, gels were stained with Coomassie brilliant blue R-250 and visualized with a Gel 

Doc XR+ Imaging System (Bio Rad). 

Circular Dichroism (CD) experiments were performed with a MOS-450 biological spectrophotometer 

(Bio-Logic SAS, Claix, France). BSA in the absence and in the presence of the Ru(II) complexes under 

study were prepared in 2.5 mM sodium cacodylate (NaCaC) buffer at pH = 7.0 and T = 25 °C.  

Agarose gel electrophoresis of plasmid DNA (pUC18) was performed after overnight incubation at 

37.0 °C of the plasmid (3.7 μM, base pairs) in the presence of different concentrations of complexes 

(CD/CDNA = 0.5, 1.5, 3.0, 5.0 for 1, 2, 5 and 7; CD/CDNA = 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0 for 3 and 4) 

or cisplatin (CD/CDNA = 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0) in buffer (NaCac 2.5 mM, pH 7.0). Samples 

were loaded onto 1% agarose gel and electrophoresis wasrun at 6.5V/cm during 150 min. After the run, 

the gel was stained with a solution of ethidium bromide 1 μg/mL in TBE 1× for 30 minutes. Finally, 

the gel was visualized by exposure to UV light (312 nm) by a Gel Doc XR+ Imaging System (Bio-

Rad). 

DNA and BSA spectrophotometric titrations. Spectrophotometric titrations were done on the already 

described UV-vis instruments; light emission measurements were done using a Perkin Elmer LS55 

instrument. The actual temperature inside the cell compartment was controlled by a mini-thermometer. 
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Any addition during spectroscopic titrations was done directly into the cell by means of a glass syringe 

connected to a micrometric screw (Mitutoyo, one complete turn of the screw equal to 8.2 μL). For both 

EtBr displacement and BSA titration, blank tests were carried out by adding DMSO to the sample cell, 

in order to quantify fluorescence changes due to dilution/solvent effects. Since solvent effects were 

observed, to reduce the maximum amount of DMSO to 0.1 %, highly concentrated stock solutions were 

prepared (of the order of 10-2 M), which were diluted in buffer to 10-4 M. This was not possible for 5+ 

and 6+ due to their low solubility in water. Ethidium Bromide displacement assays were done in a 

diluted buffered solution of NaCac 2.5 mM at pH 7.0 (no NaCl). This was needed due to the high 

extinction molar coefficients of some compounds which required to work with diluted solutions for 

both metal complex and DNA. Under these circumstances, saturation of DNA with the EtBr dye is not 

achieved if the process is not favored by lowering salt content. To avoid inner filter effects which could 

bias our results, the titrations were stopped as the maximum absorption at the excitation (Aλ
ex) and 

emission (Aλ
em) wavelengths of the system reached 0.1. Also, the equation Fcorr = Fobs × 10(Aλex+Aλem)/2 

was used to correct the observed fluorescence values Fobs at any point of the titration for the inner filter 

effect.33 For the complex/BSA fluorescence titrations, a solution the metal complexes (CD ≈ 1 × 10–4 M 

in buffer NaCl 0.1 M, NaCac 2.5 mM, pH 7.0, DMSO 1 %) was added to BSA solution (CBSA ≈ 1.5 × 

10-6 M λex = 280 nm, λem = 350 nm). During the spectrophotometric titrations, appropriate amounts of 

the titrant (DNA) were directly added to the sample cell. In EtBr/DNA exchange experiments, DNA 

was saturated with EtBr (λex = 520 nm, λem = 595 nm). Subsequently, increasing amounts of the 

complex stock solution were added to the EtBr/DNA mixture.  

As for data processing and calculations, the equilibrium constant for the binding process to BSA (K) 

was determined by equation (1). 
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Here, CBSA is the total molar concentration of BSA, [i] is the molar concentration of the free tested 
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ruthenium complex and φ = φboundBSA - φunboundBSA is the change in the optical parameters, being under 

these diluted conditions Fi = φi[i]; note that the exact calculation of [i] requires an iterative procedure.33 

The non-quantitative binding between DNA and 6+ was calculated by the combined use of equations 

(2) and (3).57 
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where CP = CDNA, CD = Ccomplex, K is the binding constant, f(r) = (1-nr)n/[1-(n-1)r]n-1, r = F/(φCP) and 

n corresponds to the site size.  

Viscosity measurements were performed using a Cannon-Ubbelohde capillary viscometer (Schott) 

immersed in a water bath at 25.0 °C. The flow time was measured with a digital stopwatch. The sample 

viscosity was evaluated as the mean value of at least four replicated measurements. The viscosity 

readings were reported as L/L0 = (η/η0)1/3 versus CD/CDNA ratio, where η and η0 stand for the 

polynucleotide viscosity in the presence and in the absence of the metal complex, respectively. Here, η 

= t – t0 whereas η0 = tr – t0 and t is the flow time the sample solution, t0 is the flow time of the solvent 

alone and tr is the time of the reference (DNA alone). 
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