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Abstract

:

Cisplatin-based chemotherapy is a common regimen for bladder cancer, a life-threatening cancer with more than 500,000 new cases worldwide annually. Like many other metallodrugs, cisplatin causes severe side effects for its general toxicity. Organoruthenium is known for its structural stability, good anticancer activity, and possible low general toxicity. Here, we have prepared and characterized a series of water-soluble ruthenium-arene complexes with N,N′-chelating ligands: [Ru(II)-η6-arene-(4,4′-(X)2-2,2′-bipyridine)Cl]Cl (arene = p-cymene, X = C4H9 (1), COOH (2), COOCH3 (3), COOC2H5 (4); arene = benzene, X = C4H9 (5), COOCH3 (6), COOC2H5 (7)). These complexes are carefully characterized using single-crystal X-ray diffraction, UV-vis, IR, 1H NMR, and MALDI-TOF MS spectroscopy. Their DFT-calculated structural and thermodynamic properties are consistent with the experimental observations. Biophysicochemical studies of complex interaction with CTDNA and BSA supported by molecular docking simulations reveal suitable properties of 1–7 as anticancer agents. Cytotoxicities of 1–7 are evaluated on healthy human MCF-10a-breast epithelial and African green monkey Vero cells, and carcinoma human HepG-2-hepatic, T24-bladder, and EAhy-926-endothelial cells. All complexes exhibit much higher cytotoxicity for T24 than cisplatin. Particularly, 1 and 2 are also highly selective toward T24. Fluorescence imaging and flow cytometry demonstrate that 1 and 2 penetrate T24 cell membrane and induce early apoptosis at their respective IC50 concentrations, which ultimately lead to cell death. Statistical analysis suggests that the order of importance for T24 cell antiproliferation is protein binding, Log p, Ru–Cl bond length, while DNA binding is the least important. This study is the first to report the anti-bladder cancer efficacy of Ru-arene-2,2′-bipyridine complexes, and may provide insights for rational design of organoruthenium drugs in the enduring search for new chemotherapeutic agents.
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1. Introduction


Cancer is a disease that causes abnormal cells of a body to proliferate uncontrollably and spread to surrounding healthy parts of the body, and is regrettably claiming the lives of millions annually [1]. The most common treatments for cancer are surgery, radiotherapy, and chemotherapy. Chemotherapy is a systemic treatment and is often used if the cancer has already spread or might spread in the future. Apoptosis has been considered a major mechanism of chemotherapy-induced cell death. Cisplatin as an anticancer agent has a venerable history in chemotherapy [2,3]. It kills cancer cells mainly by binding to nuclear DNA and subsequently interfering with the normal transcription and/or inhibiting DNA synthesis leading to apoptosis [4]. However, unlike target-specific surgery or radiotherapy, cisplatin in common with many other drugs can also affect some proliferating healthy cells and cause severe side effects, as they circulate throughout the body in the bloodstream. Also, cisplatin lacks activity or acquires drug resistance in several cancer cells. The balance of cytotoxicity and selectivity against cancer cells is an important indicator for evaluating new drugs. Drugs targeting specific proteins that control how cancer cells grow, divide, and spread have also been developed; however, they are undesirably prone to developing resistance over time. The advent of immune checkpoint inhibitors, which activate immune cells to recognize and destroy cancer cells, has revolutionized the way cancer is treated. Immunotherapy has the advantages of low toxicity and better treatment tolerance, and can also be used in combination with chemotherapy or targeted drugs to improve efficacy [5,6].



In the enduring search for new chemotherapeutic agents, Ru-complexes have emerged as potential candidates to replace cisplatin owing to their similar ligand exchange kinetics to those of cisplatin [7], reduced side effects in part by binding to serum transferrin and albumin, ability to adopt at least two stable oxidation states, and possibly novel mechanism of action. Both Ru(III) NAMI-A and KP1019 reached phase I clinical trials [8]. The higher solubility Na+ analogue, KP1339, of KP1019 (renamed as NKP-1339 or IT139) has entered phase II clinical trials. Both drugs are prodrugs and are activated by reduction before attacking the target cells. Both drugs were also proposed to act in a multifactorial and multitarget fashion, i.e., targeting both DNA and proteins, whereas the cytotoxicity of cisplatin is mainly associated with DNA binding.



Recently, the half-sandwich Ru(II)-arene organometallics have been shown to exhibit promising anticancer activity in vitro and in vivo [8]. These include the first reported drug candidate [RuII(ɳ6-benzene)(Cl)(NH3)2]PF6 [9] and other examples [10,11,12,13] whose structures are shown in Figure 1. Their cationic forms have been assayed and shown good preclinical results. This class of complexes share a general formula [RuII(ɳn+1-arene)(X)(Y)(Z)]n+ (XYZ = monodentate) or [RuII(ɳn+1-arene)(X)(YZ)]n+ (X = monodentate, YZ=bidentate) and are characterized by a typical piano-stool geometry, wherein Ru is at the center, arene forms the seat of the stool, and X, Y, and Z make the three legs. They also share some other characteristics that give researchers momentum to search for new drugs in this class of complexes: (1) they are highly stable; (2) the π-bonded arene stabilizes the oxidation state of Ru(II), and exerts a kinetic trans effect to dissociate the chloride to activate the complex; (3) generally soluble, and its cationic counterpart is even more soluble in biological media; (4) the hydrophobic nature of the aromatic moiety improves permeability through cell membranes; (5) the chemical framework offers several ways to fine-tune the structure of arene or chelating ligands for more pronounced lipophilicity or nucleobase selectivity. All of these could lead to enhanced cytotoxic efficacy.



2,2′-bipyridine is a vital constituent in medicinal chemistry due to its coordination flexibility and biological versatility [14,15]. Surprisingly, the anticancer activity of the complexation of Ru(II)-arene and 2,2′-bipyridine derivatives has rarely been reported. To our knowledge, only Ru(II)-arene (arene = ɳ5-methyl-cyclopentadienyl) with 2,2′-bipyridine derivatives for higher anticancer activity in ovarian cancer cells was reported [16]. On the other hand, 2,2′-bipyridine in place of the chelating ethylenediamine for [RuCl(η6-arene)(ethylenediamine)]+ rendered the subsequent complex nearly inactive against ovarian and lung cancer cells. However, the replacement of ethylenediamine with acetylacetone or bipyridyl diol resulted in enhanced cytotoxicity. Equally surprising, there have not been any reports of Ru-arene complex against bladder cancer, a common malignant tumor in the human urogenital system, for which many patients are inherently or become refractory to the conventional cisplatin-based chemotherapy and are waiting for new chemotherapeutic drugs to target and kill the bladder cancer cells. To date, the assay of Ru-arene complex against bladder cancer cells has not been reported. In this context, we report a series of novel half-sandwich Ru(II)-arene (arene = ɳ6-p-cymene or ɳ6-benzene) with 2,2′-bipyridine-4,4′-para-substituted (tert-butyl, carboxylic acid, and ester) as chelating ligands that target human urinary bladder cancer T24 cells with much higher antitumor activity and selectivity than cisplatin.




2. Results


2.1. Synthesis of Complexes


The synthetic routes of [Ru-η6-arene-(4,4′-(X)2bipy)Cl]Cl (arene = p-cymene, bipy = 2,2′-bipyridine, X = C4H9 (1), COOH (2), COOCH3 (3), COOC2H5 (4); arene = benzene, X = C4H9 (5), COOCH3 (6), COOC2H5 (7)) are summarized in Scheme 1. Complexes 1–7 are obtained as air-stable orange solids. Complexes 1 and 3–7 are readily soluble in water, whereas 2 is more soluble in high polar organic solvents.




2.2. Spectroscopic Characterizations


2.2.1. UV-Visible Spectroscopy and Stability Experiments


UV-visible spectra of 1–7 are shown in Figure 2. The absorption bands around 247–264 and 285–320 nm, observed as a continuous broad band, are assigned to the ligand-centered π→π* and n→π* transitions, respectively. In addition, all complexes show similar broad absorption bands centered at ~410 nm. This band is ascribed to metal-to-ligand transition wherein charge transfer takes place from the occupied HOMO of Ru(II) to the LUMO π*(–C=N–) of the 2,2′-bipyridine ligand.



Complexes 1–7 are also monitored for their aqueous stability in PH 7.2 Tris-buffered solution at NaCl concentration of 4 mM and 110 mM, using UV-Vis spectroscopy (Figure S1). Neither additional absorption peaks nor optical density changes were observed over a period of 20 h, confirming their stability under the respective physiological-like conditions.




2.2.2. FT-IR Spectroscopy


Figure 3 shows the FT-IR spectra of 1−7 in support of the variation in functional groups. The aromatic ʋ(C-H) stretchings are observed in between 3130 and 3030 cm−1. The ʋ(–CH3) stretchings from the p-cymene and/or the 2,2′-bipyridine rings are observed in the 3020–2850 cm−1 range. The ʋ(C=O) stretching for the carboxyl of the 2,2′-bipyridine rings is observed at 1732–1711 cm−1 for all complexes except 1 and 5 wherein carboxyl group is absent. The ʋ(C=C) and ʋ(C=N) stretchings of the 2,2′-bipyridine rings are observed at 1616 and 1554 cm−1, respectively, for all complexes. The symmetric ʋ(C-H) out of plane bending for η6-p-cymene for 1–4 is observed at ~888 cm−1 whereas that for η6-benzene is observed at ~843 cm−1 for 5–7. The symmetric ʋ(C-H) out of plane bending for 2,2′-bipyridine rings is observed at ~770 cm−1 for all complexes. The FT-IR data confirm the formation of the respective complexes.




2.2.3. NMR Spectroscopy


The coordination of 4,4′-substituted 2,2′-bipyridine ligands to Ru(II)-arene complexes are monitored using 400 MHz 1H NMR (Figure 4). The two aromatic protons adjacent to the nitrogens of 2,2′-bipyridine (L1-L4) labeled “o” are observed at 8.96–8.59 ppm, whereas the same protons in 1–7 appear at 10.36–9.64 ppm. The deshielding effect evidences the coordination of 2,2′-bipyridine to Ru(II) forming Ru-N bonds. The presence of tert-butyl groups of L1, 1 and 5 is observed “Δ”at ∼1.40 ppm. No peak for the carboxylic acid groups of L2 and 2, expected at ~11 ppm, was detected. However, the ʋ(C=O) stretching observed by FT-IR confirms the presence of carboxyl group of 2 (Figure 3). The methoxy groups in L3, 3, and 6 are observed “◊” at ~4.10 ppm. The ethyl groups of L4, 4, and 7 produce a quartet “♠” at ~4.5 ppm and a triplet “♥” at ~1.45 ppm. The p-cymene moiety of 1–4 are characterized by the two doublets “∞” in between 6.47 and 5.94 ppm (see inserts, Figure 4), whereas the singlet peak “θ” at 6.34, 6.24, and 6.55 ppm confirm the presence of benzene of 5, 6, and 7, respectively. The targeted complex 8 was not obtained under standard reaction condition; the benzene group was displaced from the metal center during the reaction and characterized by the free benzene sharp singlet “∗” at 7.34 ppm.




2.2.4. MALDI MS Spectroscopy


MALDI-TOF spectra of this series of neutral [RuCl(η6-arene)(bipy)(X)2]Cl (1–7) were collected in positive-ion mode and detected as singly charged cations (Figure 5). The cluster of peaks exhibits an isotopic pattern from one ruthenium, and one chlorine as well. Simulated isotopic patterns for the corresponding cations of 1–7 generated via the dissociation of the chloride counterion exactly matched the experimental mass spectra. Combined with the complex stability studies in Section 2.2.1, it is shown that the Ru–Cl bond may not be inherently labile in this series of complexes.





2.3. Structure Analysis


The orange color crystals for X-ray crystal structure analysis are obtained by slow evaporation of dichloromethane or hexane solutions of the complexes. Thermal ellipsoid plots of 1–7, along with the crystallographic numbering schemes, are shown in Figure 6. The central Ru(II) is coordinated by the six carbon atoms of the arene ring, the N(1), N(2) of the bidentate 2,2′-bipyridine ligands, and one terminal chlorido to give a pseudo-octahedral geometry about the metal center. The shape of the complexes resembles a half-sandwich “piano-stool” geometry, wherein the π-bonded η6-C6H6 serves as the seat and the Ru-N(1), Ru-N(2), and Ru-Cl1 serve as the three legs [17]. The Ru to the ɳ6-carbons have similar bond distances. The 2,2′-bipyridine is arranged in a cis-conformation about the C–C bond of 2,2′-bipyridine. The sp2-hybridized pyridyl N-donors coordinate to the Ru and form a five-membered chelate ring, which is commonly found in 2,2′-bipyridine complexes [18]. The average Ru–N and N1–N2 bond distances are 2.09 Å and 2.59 Å, respectively. The average N1–Ru–Cl1, N2–Ru–Cl1, and N1–Ru–N2 bond angles are 85.6°, 84.3°, and 76.8°, respectively. Selected crystallographic data are given in Tables S1 and S2. The crystallographical parameters are similar to the reported values for comparable complexes [19,20].




2.4. DFT Studies of Structure and Log p


DFT computations at B3LYP, M06-L, and ωB97XD levels of theory are performed to study the structural and thermodynamic properties of 1–7. The optimized structures differ slightly between the different functionals; however, they all agree with corresponding crystallographic structures to within ~±0.05 Å and ±2° precision. The absence of imaginary vibrational frequency for each optimized structure ensures that they correspond to equilibrium stationary minima.



We are particularly interested in the Ru–Cl bond length (Table 1), as elongated Ru–Cl bond length may lead to higher chemical reactivity by facilitating the departure of chloride ion required for drug activation [14]. Complex 1 exhibits the longest Ru–Cl bond length. As will be shown later, 1 indeed exhibits the highest cytotoxicity against T24 cancer cells among all seven complexes. Figure 7 (top) maps the electrostatic potential (ESP) of 1–7 onto their respective electron density surfaces, which describe the shape and size of the complexes. The ESP energy value at a point on the surface is color-coded, which describes the richness or poorness of electron density. Complex 1 exhibits the highest electron density around Ru(II) as indicated by its lightest blue color, while 5–7 exhibit relatively deeper blue around Ru(II) implying lower electron densities. This observation is qualitatively consistent with changes of Ru–Cl bond length. Complex 1 differs from the structure of 5 only in the para-substitutions of benzene ring with a methyl and an isopropyl, but do lengthen the Ru–Cl bond length by 0.02 Å (Table 1, XRD). Thus, 1 and 5 form an ideal pair that serves as an example for extracting the percent contribution of each moiety to the molecular orbital and its bonding characteristics that may quantitatively highlight the potential influence of the arene group on the Ru–Cl bond length.



The projected density of states (PDOS) spectra [21] of 1 and 5 (Figure 7a,c) show that the highest occupied molecular orbital (HOMO) and HOMO-1 are largely Ru–Cl-based (HOMO: 37% Ru, 45% Cl for 1 at −8.68 eV; 32% Ru, 50% Cl for 5 at −9.02 eV; HOMO-1: 44% Ru, 55% Cl for 1 at −8.95 eV; 46% Ru, 53% Cl for 5 at −9.23eV). The bipyridine ligands contribute little to the HOMO and HOMO-1, whereas the lowest unoccupied molecular orbital (LUMO) is bipyridine dominated (94% for 1 at −5.13 eV, 92% for 5 at −5.31 eV). The peaks for the Ru-Cl in the frontier region of the occupied molecular orbitals locate at 0.34 eV (HOMO) and 0.28 eV (HOMO-1) higher in energy for 1 than for 5. This evidences greater electron donation from p-cymene of 1 to the Ru center as compared to benzene of 5, in support of the ESP-mapped electron density surface plot (Figure 7 top). This is also evidenced by the crystal orbital overlap population (COOP) plot (Figure 7b), as a complement to the PDOS plot, which partitions the overlaps into bonding and antibonding regions and shows a bonding interaction between Ru and p-cymene with respect to the HOMO-1 orbital. In addition, the COOP curves (Figure 7b,d) show that Ru–Cl bonds corresponding to the HOMO-2 orbital are bonding interactions and the bonding strength of 5 is 1.636 times stronger than that of 1, thus is responsible for the shorter Ru–Cl bond length of 5. Apparently, para-substitutions of benzene ring with a methyl and an isopropyl have measurable impacts on the electron density distribution around Ru(II) and is responsible for the lengthening of the Ru–Cl bond.



The Ru–Cl bond length is by no means the only factor responsible for the excellent cytotoxicity of 1 against T24 cancer cells; other factors, such as a key metric of a drug molecule, Log p, should also play an important role. Log p, the logarithm of the water-octanol partition coefficient, provides a measure of permeability of a complex through a lipid environment. The higher the Log p, the more likely the complex is to penetrate the lipid bilayer of a cell membrane and act as a drug for intracellular targets. The experimental Log p values of 1–7 are measured and listed in Table 1. Complexes 1 and 5, bearing mildly hydrophobic 4,4′-di-tert-butyl substituents, exhibit much higher Log p than other complexes. The p-cymene-bearing complexes are more lipophilic than their benzene-carrying counterparts.



The water-octanol Log p value of an organometallic complex can also be obtained by predictions [22,23,24]. For comparison with the Log p of 1–7 predicted by the empirical fragment-based Log p calculator miLogP of Molinspiration [25], we performed quantum mechanical calculations using B3LYP, M06-L, and ωB97XD functionals with the SMD implicit solvent model. Although miLogP and all three DFT functionals overestimate the Log p, they lie in orders reasonably parallel to the experimental trend for 1–7 (Table 1). The best performing method is ωB97XD, which yields the lowest mean signed deviation (MSD) of 1.96 Log p unit relative to the experiment, and is selected for further examination. The superiority of ωB97XD is attributed to its ability to capture both short- and long-range interactions, whereas conventional B3LYP or M06-L used in this study only capture short-range interaction. Since the Gibbs free energy used to calculate Log p depends on experimental conditions, the Log p prediction is improved by changing the dielectric constant 9.863 of n-octanol to 8.1 to account for the effect of water saturated n-octanol [26,27]. Correspondingly, the MSD is reduced to a satisfactory value of 0.46 Log p unit (Table 1). The Log p predictions could be further improved by considering other DFT functionals, improving the quality of the basis sets, or including MD conformers, but they are beyond the scope of this study [28].




2.5. Interaction of Ru(II)-Arene-4,4′-Para-Substituted-2,2′-Bipyridine with DNA


2.5.1. Determination of Complex/CTDNA Binding Constants


The ability of 1–7 to interact with calf thymus DNA (CTDNA) is assessed by titration of the complex kept at a constant concentration against the linearly increasing amount of CT-DNA and monitored spectrophotometrically. Figure S4 shows that continuous hypochromic effects on the π-π* transition of the 2,2′-bipyridine ligand centered at ~300 nm are observed during the course of titration. The hypochromism is indicative of non-covalent interaction between the aromatic chromophore of the complex and the base pairs of DNA. The intrinsic-binding constants (Kb) are derived based on the [DNA]/(εa − εf) versus [DNA] plot (Figure 8) and summarized in Table 2. The magnitude of Kb follows the order of 7 > 6 > 4 > 3 > 2 > 5 > 1.




2.5.2. Determination of EB/CTDNA Fluorescence Quenching Constants


To learn more about the binding properties of 1–7 with CTDNA, the fluorescence competition technique is employed. EB is an orange fluorescent dye and an intercalating agent for DNA. When EB intercalates between adjacent DNA base pairs with its planar phenanthridine moiety to form EB-CT DNA adduct, the hydrophobic environment of DNA protects EB from the strong fluorescence quencher water and thus intensifies the fluorescence of EB by a factor of ~12 (Figure S5). Titration of EB-CTDNA adduct with nonfluorescent 1–7 gradually quenches the fluorescence of EB (Figure S5). This means that 1–7 are able to compete with greater binding affinity for DNA than that of the preloaded EB. Figure 9 shows the Stern–Volmer plots of the fluorescence titration experiments, from which the derived quenching constant (Kq) and apparent DNA binding constant (Kapp) are summarized in Table 2 (see SI for details). The magnitudes of Kq and Kapp of 1–7 follow the same order of 7 > 6 > 4 > 3 > 2 > 5 > 1 as the intrinsic binding constants Kb. All seven complexes exhibit good binding affinity toward DNA when compared with literature values [29,30,31,32].




2.5.3. Viscometric Measurements and DNA Fragmentation Assay


Viscometric measurement is sensitive to DNA helix length changes, and the greater the DNA helix length is, the higher the viscosity is. Figure 10 shows that the viscosity of CTDNA in water gradually increases with the addition of the binder 1–7, and the effect of 1–7 binding on the relative viscosity of CTDNA follows the same trend observed for kb, kq, and kapp. However, the increases of relative viscosity are very limited. The common value for EB as a classical intercalator is about 1.5, whereas for 7 it is 1.057, at [EB]/[CTDNA] = 0.6. This phenomenon suggests that the mode of 1–7/CTDNA interaction is groove binding rather than the classical intercalating. The DNA fragmentation assays show that 1–7 do not cleave DNA (Figure S6).




2.5.4. Molecular Docking with DNA


We conduct molecular docking studies to gain insight into the binding fashion of 1–7 to CTDNA, modeled with a B-DNA dodecamer (PDB ID: 1BNA) (Figure 11A). The calculated binding potency trend (free energy of binding, ΔG, Table 2) of best docked structures, 7 > 6 > 4 > 3 > 2 > 5 > 1, fully agrees with the spectroscopic trend, implying that the mode of 1–7 interactions with CTDNA can be rationally described by their interactions with 1BNA.



All complexes are docked in the minor groove of 1BNA, which agrees with the viscosity measurements. Figure 11A,B show that the planar 2,2′-bipyridine moieties of 7 are tucked into the minor groove and form stacking interactions with the oxygen atoms of two adjacent deoxyriboses of the backbone. The Ru-arene moiety lies above the edge of the backbone. The terminal 4,4′-bis(ethoxycarbonyl) makes hydrogen bindings to the base pairs (as indicated by pink sticks in Figure 11B). The bulky 4,4′-di-tert-butyl of 1 and 5 prohibits full insertion of 2,2′-bipyridine into the groove (Figure 11C), and thus places 1 and 5 at the bottom two of the binding potency trend. Complex 4 overlaps with 3 (Figure 11D), but its extended alkyl makes additional van der Waals contact with the groove and results in a higher binding potency than 3. Compared with 7, the methyl group of ɳ6-p-cymene of 4 forces its 2,2′-bipyridine to tilt about 120 from the backbone (Figure 11E), lessening the stacking interactions between the two pyridyl rings and the two oxygen atoms of deoxyribose and resulting in 4 having a lower binding affinity than 7.



Overall, the docking analyses reveal that (1) the longer the substituent at the 4,4′-position of bipyridyl, the higher the affinity, and (2) the less bulky Ru-ɳ6-benzene complexes bind more strongly to the groove than the Ru-ɳ6-p-cymene complexes, which fully accounts for the spectroscopic trend.





2.6. Interaction of Complex 1–7 with Protein


2.6.1. Fluorescence Titration Studies


Bovine serum albumin (BSA) exhibits strong intrinsic tryptophan fluorescent emission at 345 nm when excited at 280 nm. To explore the mode of complex-protein interaction, we monitor the BSA fluorescence quenching at 345 nm by addition of increasing amounts of 1–7 to a fixed quantity of BSA (Figure S7). The reduced fluorescence demonstrates the formation of complex-protein adduct and perturbation to the local structure of tryptophan. The molar absorptivity of tyrosine and phenylalanine are 10- and 200-fold weaker than tryptophan, respectively, and are ignored in the modelling [33]. The observed hypochromicity offers evidence of hydrophobic interaction [34] between 1–7 and BSA. The complex binding-induced fluorescence quenching is described by the linear Stern–Volmer relationship (Figure 12A) to obtain the quenching constant Kq (see SI for details). Further, the equilibrium binding constant (Kb) of the complex to BSA and the number of binding sites (n) are obtained by casting the fluorescence intensity in the absence of quencher (F0) and quencher concentration [Q] dependent F into the Scatchard equation [35]: log [(F0− F)/F] = log Kb + n log[Q], as shown in Figure 12B. Table 3 summarizes the derived Kq, Kb and n for all complexes. The Kb and Kq follow the same order as 2 > 7 > 4 > 3 > 6 > 5 > 1. Complexes 2 and 7 stand out as particularly attractive to BSA among all complexes tested.




2.6.2. MALDI-TOF MS Study


The binding of 2 and 7 to BSA are further confirmed by using MALDI-TOF MS (Figure S8), which shows that the mass of 2- or 7-bound BSA is higher than that of BSA alone.




2.6.3. Molecular Docking Study


To gain insights into the 1-7/BSA interactions, we perform docking studies. BSA has two tryptophans (Figure 13A) [36]. Trp134 is located on the surface of sub-domain IA. Trp213 is located within a hydrophobic pocket in sub-domain IIA surrounded by sub-domains IB, IIB, and IIIA and is less accessible than Trp134. The Trp213 pocket has two binding regions, the front and back sides of the indole ring of Trp213, whereas Trp134 has only one binding region. Binding is considered as an active pose only if there exists at least one van der Waals contact between the complex and the Trp. A certain degree of binding specificity is observed. Complexes 5–7 bind to both Trp pockets, whereas 1–4, carrying a bulky η6-p-cymene moiety, could bind to only the exposed Trp134 pocket, due to steric hindrances prohibiting their entrance to the Trp213 pocket located deeper into the BSA interior. Figure 13B and 13C show the orientation and molecular surface of the primary active binding poses of 7 in the Trp213 and Trp134 pocket, respectively. The interactions between 7 and residues surrounding the tryptophan are illustrated in Figure S9. Binding to either one of these regions perturbs the local conformation of the tryptophan pocket and leads to quenching of the intrinsic fluorescence as observed in Figure 12A,B.



Table 3 lists the lowest binding energy of active poses for 1–7 bound to Trp134 or Trp213 pockets. Complexes 2 and 7 have the lowest binding energies and thus are most potent as BSA binders, which agrees with the spectrofluorometric data showing 2 and 7 are the most effective fluorescence quenchers for BSA among the seven complexes. Based on these findings, the biochemical aspects involved in the BSA-Ru-arene interaction is also better understood.





2.7. Anticancer Activity of Ru(II)-Arene Complexes


2.7.1. MTT Cell Proliferation Assay


The cytotoxicities of these Ru(II)-arene-bipyridine complexes are evaluated on five cell lines, including healthy human MCF-10a-breast epithelial and African green monkey Vero cells, and carcinoma human HepG-2-hepatic, T24-bladder, and EAhy-926-endothelial cells, under identical conditions using the MTT assay at 24 h incubation (Table 4, see SI for details). The concentration-dependent in vitro cytotoxic potency plots are given in Supporting Figure S10. Table 4 compares the derived half-inhibitory concentration IC50 values for 1–7 against five cell lines with those for the widely used anticancer agent cisplatin. Complexes 1–7 (except 4) are less cytotoxic to healthy MCF-10a and Vero cells than cisplatin, indicating that the general toxicity of this series of complexes is lower than that of cisplatin, and therefore more selective. This supports the collective hypothesis that is Ru-arene complexes usually exhibit lower general toxicity than cisplatin [37,38].



The most exciting finding is that most of the complexes in this work exhibit much higher cytotoxicity than cisplatin in T24 cancer cells. Among them, 1 exhibits the highest activity, being at least 4.2 times more potent than cisplatin. Complexes 1–4 carrying p-cymene are about twice as effective as their benzene-carrying counterparts. Remarkably, 2 is not only cytotoxically effective but also highly selective toward T24, as 2 is not toxic to other cell lines at concentrations below 50 μM. This suggests that 2 could be potentially selective toward T24 in vivo. Complex 1 is more cytotoxic than 2 in T24, but is slightly less selective than 2. This finding constitutes the first report of the efficacy of Ru-arene with 4,4′-para-substituted-2,2′-bipyridine ligands against human bladder cancer, which is promising.



Serendipitously, 6 also effectively inhibits the growth of HepG-2 with an IC50 value of 14.5 μM compared to 49.1 μM for cisplatin. The IC50 values of 6 are much higher for the other three cell lines, indicating the likely selectivity of 6 for HepG-2 in vivo.




2.7.2. Detection of Cell Death by Acridine Orange/Ethidium Bromide Staining and Quantification by Flow Cytometry


Figure 14 provides a visualization of the morphological changes of T24 cells induced by treatment of 1 and 2 at IC50 concentration. The cells are stained with green acridine orange (AO), which is membrane-permeable for both viable and non-viable cells, and with red ethidium bromide (EB) which is permeable through damaged cell-membrane (late apoptotic or non-viable cells). The viability of cells is thus determined based on membrane integrity and the differential uptake of AO and EB. For the untreated cells (row 1), no red EB stain is observed, showing all cells are viable. The cells become non-viable after treatment with 1 and 2, as evidenced by the red staining from EB (rows 2 and 3). When the AO and EB images are merged, the cells exhibit a bright orangish yellow nucleus and a red cytoplasm with typical morphologic features of apoptosis including chromatin condensation, membrane blebbing, nuclear fragmentation, and formation of apoptotic cells. In addition, the necrotic cells are observed as red fluorescence.



Quantitative assessment of early and late apoptosis in T24 cells induced by 1 and 2 at IC50 concentration was attained using flow cytometry coupled with fluorescein isothiocyanate (FITC) conjugated Annexin V assay. As show in Figure 15, 1 achieves an apoptotic rate of 29.32% (7.42% late and 21.9% early apoptosis) and 2 achieves an apoptotic rate of 18.24% (7.34% late and 10.9% early apoptosis), whereas the control displays negligible cell apoptosis. Overall, fluorescence imaging and flow cytometry analysis demonstrate that 1 and 2 effectively penetrate the membrane and promote T24 cell death through the apoptotic pathway, mainly inducing early apoptosis of T24 cells at IC50 concentration [39].






3. Discussion


Table 5 summarizes the trends of the four spectroscopic factors characterizing 1–7 and compares them with the trend of T24 IC50 values, wherein the trends for Log p and Ru–Cl bond length describe how easily a complex penetrates the cell membrane and becomes activated to interact with intracellular targets, respectively, and the binding affinity of the complex to DNA or protein is described by the binding constant. DFT calculations support trends in Ru–Cl bond length and Log p, and molecular docking studies support binding potencies to CTDNA and BSA. Although biophysicochemical studies of complex interaction with CTDNA or BSA reveal suitable properties of 1–7 as anticancer agents, the antiproliferation trend in T24 cells shows little correlation with the CTDNA or BSA binding potency trends. This means that at least all four factors synergistically affect the inhibitory activity on T24 cells.



Anticancer activity depends on many factors, including Log p, Ru–Cl bond length, and DNA and protein binding abilities investigated in this study. These are commonly measured spectroscopic quantities, but the quantitative contribution of their respective antiproliferative effects remains an unexplored topic. It is possible that many factors are interdependent; however, we regard the simplest first-order approximation as the most straightforward and obvious approach, in the absence of established second-order interdependencies. A linear system of equations AX = b for regression is shown below:
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Entities in each row of A (7-by-4) are, in turn, the normalized Log p, Ru–Cl bond length, CTDNA and BSA binding constants for each complex. Entities in B (7-by-1) are the reciprocal of T24 IC50 values for each complex and normalized. The method of ordinary least squares is used to find an approximate solution X (4-by-1) to the overdetermined system of linear equations. The solutions are expressed as percentage of contributions, with Log p, Ru–Cl bond length, binding constants of CTDNA and BSA being 34.2%, 21.8%, 6.6%, and 37.3%, respectively. The solution suggests that Log p and binding to proteins are roughly equally important and collectively contribute 71.5%, while binding to nucleus DNA is the least important in the antiproliferative context of T24 cells. The solution also explains why 1 has the lowest binding affinity to both CTDNA and BSA, but is the most cytotoxic to T24 cells. Complex 1 most easily penetrates the cell membrane (highest Log p) and is most easily activated (longest Ru–Cl bond) to interact with intracellular targets with a total contribution of 56%, thereby promoting the best antiproliferation activity of 1 on T24 cells. Ru–Cl bond length may modulate the chloride-leaving ability for hydrolysis yielding the active Ru-OH2 species responsible for anticancer activity. Based on the first-order approximated statistical analysis of the experimental data, it was found that the contribution of Ru–Cl bond length to the anti-proliferation of T24 cells is 21.8%. It should also be noted that too rapid a rate of hydrolysis may not be beneficial as it may lead to adventitious side reactions.




4. Material and Methods


4.1. Material and Methods


Milli-Q Ultrapure water was used in all experiments. RuCl3.3H2O, 2,2′-bipyridine-4,4′-dicarboxlic acid (L2), CT-DNA, Bovine serum albumin (BSA), Ethidium bromide (EB) and Tris were purchased from Sigma Aldrich. All the other reagents and solvents (>96%) were received from various suppliers and used without further purification. The melting points were measured in open capillary tubes on a Lab India instrument. Electronic absorption spectra were recorded on Shimadzu UV-2550. Emission spectra were recorded on an Edinburgh FLS 1000 spectrofluorometer. FT-IR spectra of samples embedded in KBr pellets were obtained using a PerkinElmer spectrometer. NMR spectra were recorded in CDCl3/CD3OD/DMSO-d6 by using TMS as an internal standard on a Bruker 400 MHz spectrometer. MALDI-TOF spectra of complexes were recorded on a Bruker-Daltonics Omniflex spectrometer. EPR spectra were recorded on a Bruker EMX spectrometer equipped with a TE102 cavity. Further details on data fitting and analysis are provided in the supporting information (SI). Cell lines were obtained from Laboratory of Molecular Biology, Nanomedicine and Genomics, Faculty of Medicine, University of Atacama.



The shake-flask method was used to measure Log p of 1–7. n-octanol and water containing 0.45% of sodium chloride were mutual saturated by stirring at 250 rpm for 24 h. The complex was dissolved in a mixture with equal volumes of pre-saturated n-octanol and water to a final concentration of 0.5 mM. The mixture was shaken at 250 rpm for 24 h at 37 °C and then centrifuged at 3000 rpm for 10 min. The complex concentration (C) in each phase was measured by UV-Vis spectroscopy and used to calculate Log p, according to the formula Log p = log (Coctanol/Cwater).



All calculations were performed with the Gaussian 09 suite of programs [40] at the density functional theory (DFT) level of theory using the B3LYP, M06-L, and ωB97XD, functionals with mixed basis set. The Stuttgart–Dresden relativistic effective core potential and its associated basis sets (SDD) [41] was used for constructing the molecular orbitals of Ru and the 6-31+G(d,p) for all other atoms. The universal SMD implicit solvation model [42] was used to describe the n-octanol and water solvent effects. During the total-energy minimization, all atoms were allowed to relax without constraints. Frequency calculations were performed for the optimized minimum-energy structures to verify that they correspond to equilibrium stationary minima and to obtain corrections to the free energies. The corrected Gibbs energies obtained in water (    G   w a t   0    ) and in dry or wet n-octanol (    G   o c t   0    ) at 298.15 K were used to calculate Log p according to:


  L o g   P = −   ∆   G   t r a n s   0     R T l n 10   = −     G   o c t   0   −   G   w a t   0     R T l n 10    



(1)




where   ∆   G   t r a n s   0     is the Gibbs energy of transfer between the two solvents, R is the molar gas constant, and T is the temperature (298.15 K). Additionally, Log p is calculated by the methodology developed by Molinspiration as a sum of fragment-based contributions and correction factors, and trained on more than 12,000 molecular structures [25].



GaussView 5.0 was used to plot molecular properties [43]. GaussSum 3.0 was used to plot atom projected density of states and crystal orbital overlap populations [21].



The docking simulations were conducted using AutoDock version 4.2.6.1 and AutoDock Tools version 1.5.6 obtained from the Scripps Research Institute (La Jolla, CA, USA) [44]. The bond lengths and angles of 1–7 were taken from the structures optimized in gas phase at the B3LYP level using the Gaussian 09 suite of programs. All possible torsions were set free to perform flexible ligand docking. The size of the search space was large enough to accommodate the site of a fully extended Ru(II)-complex and its interacting residues. One hundred structures were generated using the Lamarckian genetic algorithm. The number of energy evaluations was set to a maximum of 25,000,000 runs. The lowest binding energy mode of the most populated conformationally similar cluster is considered as the best docking mode.




4.2. Synthesis & Characterization of Ligands (L1–L4)


4.2.1. 2,2′-Bipyridine-4,4′-di-tert-butyl Ligand (L1)


The ligand was synthesized as described previously [45]. A round-bottom flask was charged with sodium amide (4.4 g, 0.338 mmol) and 50 mL 4-tert-butylpyridine under argon. The temperature was raised to 135–140 °C and maintained for 6 h, when a metallic purple color was observed. The boiling point of 4-tert-butylpyridine is too high for the reflux reaction to be practical. Consequently, the reaction mixture was cooled to around 40 °C to afford a dark green colored solution. After this observation, the reaction mixture was extracted with 100 mL of xylene, washed with 20 mL of water to remove the unreacted, excess sodium amide. The organic layers were collected and dried over Na2SO4. Finally, the mixture was distilled under reduced pressure at 60 °C to remove the solvent (xylene) and unreacted 4-tert-butylpyridine. The obtained yellow crude product was recrystallized using hot acetone. The title compound was crystallized as white needles (3.7 g, 13.9 mmol). L1 white solid. Yield: 72%. M.p.: 160 °C. UV-Vis (CH3OH): λmax, nm (ε, dm3 mol−1 cm−1) 240 (73,950), 298 (79,670). 1H NMR (400 MHz, CDCl3): δ, ppm 8.59 (d, J = 5.2 Hz, 2H), 8.40 (d, J = 1.5 Hz, 2H), 7.30 (dd, J = 5.2, 1.9 Hz, 2H), 1.38 (s, 18H).




4.2.2. 2,2′-Bipyridine-4,4′-Dicarboxylic Acid Ligand (L2)


L2 white solid. M.p.: 316 °C. UV-Vis (DMSO): λmax, nm (ε, dm3 mol−1 cm−1) 251 (27,890), 298 (79,150). 1H NMR (400 MHz, DMSO-d6): δ, ppm 8.95 (d, J = 4.8 Hz, 2H), 8.88 (s, 1H), 7.95 (d, J = 4.3 Hz, 2H).




4.2.3. Dimethyl or Diethyl 2,2′-bipyridine-4,4′-Dicarboxylate Ligand (L3) or (L4)


4,4′-dicarboxy-2,2′-bipyridine was dissolved in absolute methanol or ethanol under nitrogen atmosphere in a 100 mL round-bottom flask. The mixture was stirred at 0 °C for 20 min, while concentrated H2SO4 was added. During this addition, a pale pink color was observed. The reaction temperature was then increased to reflux and continued for several hours. Then, the mixture was poured into ice water (300 mL) to obtain a white precipitate of the L3 or L4 compound. The precipitate was filtered, washed with water, and dried under vacuum. The pure crystal of the compound was obtained from methanol and acetonitrile solvent mixture in 1:1 ratio. L3 white solid Yield: 96%. UV-Vis (CH3OH): λmax, nm (ε, dm3 mol−1 cm−1) 240 (51,690), 292 (56,290)), 1H NMR (400 MHz, CDCl3): δ, ppm 8.96 (s(broad), 2H), 8.87 (d, J = 4.9 Hz, 2H), 7.90 (d, J = 4.9, 1.5 Hz, 2H), 4.00 (s,6H). L4 white solid Yield: 95 %. UV-Vis (CH3OH): λmax, nm (ε, dm3 mol−1 cm−1) 240 (67,720), 291 (73,950), 1H NMR (400 MHz, CDCl3): δ, ppm 8.94 (broad, 2H), 8.87 (d, J = 5.0 Hz, 2H), 7.91 (dd, J = 4.9, 1.5 Hz, 2H), 4.46 (q, J = 7.1 Hz, 4H), 1.44 (t, J = 7.1 Hz, 6H).





4.3. Procedure for the Preparation of Complexes 1–7


[(η6-p-cymene)-RuIICl(µ-Cl)]2 was synthesized per the reported method [46]. [(η6-p-cymene)-RuIICl(µ-Cl)]2 dimer 0.1224 g (0.2 mmol) and ligands L1, L3, or L4 were dissolved in 25 mL of CH2Cl2 and stirred for 6−8 h at room temperature. The dark red color solution was concentrated to ∼5 mL under reduced pressure, and addition of excess hexane gave a clear orange solid. The product was collected by filtration, washed with petroleum ether, and dried in vacuo to obtain products 1, 3, and 4. Complex 2 was prepared by modification of a literature procedure [47]. A 0.2 mmol (0.1224 g)[RuCl(µ-Cl)(η6-p-cymene)]2 and 2,2′-bipyridine-4,4′-dicarboxylic was added in 10 mL of anhydrous DMF. The reaction mixture was purged with argon for 5 min and then stirred to reflux conditions at 80 °C for 4 h under argon. During the reaction course, a dark red color was observed. After cooling to RT, it was poured into ice water 200 (mL) and allowed for several hours to settle down precipitate at bottom of the solution. Then, the solvent layer was gently decanted, and the obtained product was washed with water and dried under vacuum. The obtained yellow or orange product was used without further purification. The observed 1H NMR characterization data are in good agreement with literature values [48].



[(η6-Benzene)-RuIICl(μ-Cl)]2 was synthesized per reported procedures [49]. The prepared Ru(II)-benzene dimer (0.100 g, 0.2 mmol) was added in 20 mL of CH2Cl2 and sonicated for 15 minutes in a round-bottom flask. The dissolved appropriate ligands 20 mL (L3 or L4) were added to the reaction mixture, stirred to obtain a clear solution, and sequentially refluxed for 8–10 h. The obtained clear red solution was concentrated to ∼2 mL under reduced pressure, and by addition of excess of hexane an orange colored solid compound was obtained. The solid was collected by filtration, washed with hexane several times and air dried to obtain products 6 and 7. Complex 5 was synthesized using the reported method [50].




4.4. Characterization of Complexes 1–7


2.4.1 [Ru-η6-p-cymene-(4,4′-(C4H9)2bipy)Cl]Cl (1). L1 (0.1072 g, 0.4 mmol) was used. Orange solid. Yield: 91%. M.p.: 210 °C. Anal. Calc. for C28H38Cl2N2Ru: C, 58.53; H, 6.67; N, 4.88. Found: C, 59.08; H,6.65; N, 4.76. MALDI-MS (m/z): [M−Cl]+ = 539.1823. UV-Vis (water): λmax, nm (ε, dm3 mol−1 cm−1) 263 (54766), 303 (50720), 406 (4226). FT–IR (KBr, cm−1): ʋ(C=N); 1611 (s), ʋ(Ru–Cl) 740 (w). 1H NMR (400 MHz, CDCl3): δ, ppm 9.71 (d, J = 6.0 Hz, 2H), 7.96 (broad s, 2H), 7.73 (d, J = 5.9 Hz, 2H), 6.26 (d, J = 6.0 Hz, 2H), 6.14 (d, J = 6.0 Hz, 2H), 2.76–2.69 (m, 1H), 2.26 (s, 3H), 1.41 (sharp s, 18H), 1.06 (d, J = 6.9 Hz, 6H).



2.4.2 [Ru-η6-p-cymene-(4,4′-(COOH)2bipy)Cl]Cl (2). L2 (0.0976 g, 0.4 mmol) was used. Orange solid. Yield: 75%. M.p.: 198 °C. Anal. Calc. for C22H22Cl2N2O4Ru: C, 48.01; H, 4.03; N, 5.09. Found: C, 50.08; H, 4.02; N, 5.11. MALDI-MS (m/z) [M−Cl]+ = 515.045. UV-Vis (CH3OH): λmax, nm (ε, dm3 mol−1 cm−1) 263 (51,993), 288 (53,720), 403 (5153). FT–IR (KBr, cm−1): ʋ(C=O); 1732 (s), ʋ(C=N); 1626 (s), ʋ(Ru–Cl) 742 (w). 1H NMR (400 MHz, CD3OD) δ 9.61 (d, J = 6.4 Hz, 2H), 8.98 (s, 2H), 8.21 (dd, J = 5.2, 2.9 Hz, 2H), 6.18 (d, J = 6.2 Hz, 2H), 5.94 (d, J = 5.2 Hz, 2H), 2.68 (m, 1H), 2.29 (sharp s, 3H), 1.08 (d, J = 6.9 Hz, 6H).



2.4.3 [Ru-η6-p-cymene-(4,4′-(COOCH3)2bipy)Cl]Cl (3). L3 (0.1088 g, 0.4 mmol) was used. Orange solid. Yield: 89%. M.p.: 164 °C. Anal. Calc. for C24H26Cl2N2O4Ru: C, 49.83; H, 4.53; N, 4.84. Found: C, 50.38; H, 4.51; N, 4.82. MALDI-MS (m/z) [M−Cl]+ = 543.0739. UV–Vis (water): λmax, nm (ε, dm3 mol−1 cm−1) 247 (50,720), 294 (46,820), 404 (8486). FT–IR (KBr, cm−1): ʋ(C=O); 1711 (s), ʋ(C=N); 1624 (s), ʋ(Ru–Cl) 766 (w). 1H NMR (400 MHz, CDCl3): δ, ppm 9.67 (d, J = 5.9 Hz, 2H), 8.64 (s, 2H), 8.31 (d, J = 5.7 Hz, 2H), 6.50 (d, J = 6.3 Hz, 2H), 6.32 (d, J = 6.3 Hz, 2H), 4.01 (q, J = 7.1 Hz, 6H), 2.77–2.68 (m, 1H), 2.28 (s, 3H), 1.02 (d, J = 6.9 Hz, 6H).



2.4.4 [Ru-η6-p-cymene-(4,4′-(COOC2H5)2bipy)Cl]Cl (4). L4 (0.120 g, 0.4 mmol) was used. Orange solid. Yield: 93%. M.p.: 181 °C. Anal. Calc. for C26H30Cl2N2O4Ru: C, 51.49; H, 4.99; N, 4.62. Found: C, 52.08; H, 4.97; N, 4.59. MALDI-MS (m/z): [M−Cl]+ = 571.1001. UV-Vis (water): λmax, nm (ε, dm3 mol−1 cm−1) 248 (50,493), 303, (53,146), 406 (9986). FT–IR (KBr, cm−1): ʋ(C=O); 1717 (s), ʋ(C=N); 1625 (s), ʋ(Ru–Cl) 765 (w). 1H NMR (400 MHz, CDCl3): δ, ppm 10.14 (d, J = 5.9 Hz, 2H), 8.67 (s, 2H), 8.31 (d, J = 5.7 Hz, 2H), 6.47 (d, J = 6.3 Hz, 2H), 6.29 (d, J = 6.3 Hz, 2H), 4.51 (q, J = 7.1 Hz, 4H), 2.77–2.68 (m, 1H), 2.32 (s, 3H), 1.46 (t, J = 7.1 Hz, 6H), 1.05 (d, J = 6.9 Hz, 6H).



2.4.5 [Ru-η6-benzene-(4,4′-(C4H9)2bipy)Cl]Cl (5). L1 (0.1072 g, 0.4 mmol) was used. Orange solid. Yield: 91%. M.p.: 193 °C. Anal. Calc. for C24H30Cl2N2Ru: C, 55.60; H, 5.83; N, 5.40. Found: C, 56.08; H, 5.84; N, 5.35. MALDI-MS (m/z): [M−Cl]+ = 482.7944. UV-Vis (water): λmax, nm (ε, dm3 mol−1 cm−1) 263 (55100), 304 (49813), 402 (3313). FT–IR (KBr, cm−1): ʋ(C=N); 1614 (s), ʋ(Ru–Cl) 742 (w). 1H NMR (400 MHz, CDCl3): δ, ppm 9.77 (d, J = 5.7 Hz, 2H), 7.97 (broad s, 2H), 7.70 (d, J = 5.8 Hz, 2H), 6.33 (sharp s, 6H), 1.42 (s, 18H).



2.4.6 [Ru-η6-benzene-(4,4′-(COOCH3)2bipy)Cl]Cl (6). L3 (0.1088 g, 0.4 mmol) was used. Orange solid. Yield: 90%. M.p.: 206 °C. Anal. Calc. for C20H18Cl2N2O4Ru: C, 45.99; H, 3.47; N, 5.36. Found: C, 46.37; H, 3.45; N, 5.34. MALDI-MS (m/z): [M−Cl]+ = 487.0051. UV-Vis (water): λmax, nm (ε, dm3 mol−1 cm−1) 248 (49700), 288 (47274), 403 (6533). FT–IR (KBr, cm−1): ʋ(C=O); 1731 (s), ʋ(C=N); 1623 (s), 758 (w). 1H NMR (400 MHz, CD3OD): δ, ppm 9.78 (d, 2H), 9.06 (sharp s, 2H), 8.24 (d, 2H), 6.24 (sharp s, 6H), 4.10 (s, 6H).



2.4.7 [Ru-η6-benzene-(4,4′-(COOC2H5)2bipy)Cl]Cl (7). L4 (0.120 g, 0.4 mmol) was used. Orange solid. Yield: 92%. M.p.: 210 °C. Anal. Calc. for C22H22Cl2N2O4Ru: C, 48.01; H, 4.03; N, 5.09. Found: C, 50.01; H, 3.99; N, 5.02. MALDI-MS (m/z): [M−Cl]+ = 514.7866. UV-Vis (water): λmax, nm (ε, dm3 mol−1 cm−1) 247 (47730), 285 (42326), 403 (5720). FT–IR (KBr, cm−1): ʋ(C=O); 1724 (s), ʋ(C=N); 1620 (s), 764 (w). 1H NMR (400 MHz, CDCl3): δ, ppm 10.36 (broad s, 2H), 8.62 (sharp s, 2H), 8.27 (broad s, 2H), 6.56 (sharp s, 6H), 4.48 (q, J = 7.0 Hz, 4H), 1.44 (t, J = 7.1 Hz, 6H).





5. Conclusions


The main value of this work lies in the synthesis of a series of novel Ru(II)-ɳ6-arene complexes with 4,4′-para-substituted 2,2′-bipyridine ligands that exhibit in vitro antiproliferative activity against human bladder cancer T24 cells more than three times higher than cisplatin. Of particular interest is that the characteristics of 1 and 2 as anticancer candidates for T24 have excellent practical values in both cytotoxicity and specific selectivity, which is significant as the common limitation of most metal complexes as anticancer drugs in clinical use is their general toxicity. DFT computations, PDOS and COOP analyses reveal structural (Ru–Cl bond length) and thermodynamic (Log p) properties of 1–7 that are fully consistent with the experimental observations. Spectroscopic and molecular docking results are consistent with each other and collectively show that subtle structural changes of the 2,2′-bipyridine ligand alter their binding poses and affinities to CTDNA or BSA. Fluorescence imaging and flow cytometry analysis demonstrate that 1 and 2 effectively penetrate the membrane and promote T24 cell death through the apoptotic pathway, mainly inducing early apoptosis of T24 cells at IC50 concentration. Statistical analysis suggests that Log p and binding to proteins are roughly equally important and collectively contribute more than 70%, while binding to nucleus DNA is the least important in the antiproliferative context of T24 cells.



Although we have shown that the ability (Log p) of these complexes to penetrate the lipid bilayer of the cell membrane contributes most significantly (34.2%) to the T24 anticancer activity, the specific mechanism by which these complexes operate at the cellular level to induce early apoptosis in T24 cells has not been resolved yet; however, this study initiated and explored the in vitro anticancer activity of Ru-arene complexes against human bladder cancer cells for the first time, and achieved promising results. Future pharmacodynamical studies may shed light on the specific intracellular mechanism and lead to the rational design of novel Ru-arene complexes with in vivo selective cytotoxicity for practical clinical evaluation.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241511896/s1, Experimental details; data fitting and analysis; NMR spectra, crystal data and refinements; MTT assay; CTDNA and BSA binding and docking data; DNA fragmentation; literature data.





Author Contributions


All authors have equal contributions. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Science and Technology, Taiwan, grant number MOST111-2123-M-259-002.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We thank Cheng-Kang Chiang for recording the mass spectra. We thank Amarendra Maity for assistance with recording the NMR spectra. J.H. thanks the Fondo Nacional de Ciencia y Tecnologia (FONDECYT, project no. 3200391) for the postdoctoral fellowship.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Hannah, E. Fuchs and Ahmedin Jemal. Cancer Stat. CA Cancer J. Clin. 2021, 71, 7–33. [Google Scholar] [CrossRef]

	



Feldman, D.R.; Bosl, G.J.; Sheinfeld, J.; Motzer, R.J. Medical treatment of advanced testicular cancer. JAMA 2008, 299, 672–684. [Google Scholar] [CrossRef] [PubMed]

	



Sadler, P. In remembrance of Barnett Rosenberg. Dalton Trans. 2009, 48, 10648–10650. [Google Scholar]

	



Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol. 2014, 740, 364–378. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, P.; Jhawat, V.; Mathur, P.; Dutt, R. Innovation in cancer therapeutics and regulatory perspectives. Med. Oncol. 2022, 39, 76. [Google Scholar] [CrossRef]

	



Waldman, A.D.; Fritz, J.M.; Lenardo, M.J. A guide to cancer immunotherapy: From T cell basic science to clinical practice. Nat. Rev. Immunol. 2020, 20, 651–668. [Google Scholar] [CrossRef] [PubMed]

	



Steel, T.R.; Walsh, F.; Wieczorek-Błauz, A.; Hanif, M.; Hartinger, C.G. Monodentately-coordinated bioactive moieties in multimodal half-sandwich organoruthenium anticancer agents. Coord. Chem. Rev. 2021, 439, 213890. [Google Scholar] [CrossRef]

	



Qin, Q.P.; Wang, Z.F.; Huang, X.L.; Tan, M.X.; Shi, B.B.; Liang, H. High in Vitro and in Vivo tumor-selective novel ruthenium(II) complexes with 3-(2′-benzimidazolyl)-7-fluoro-coumarin. ACS Med. Chem. Lett. 2019, 10, 936–940. [Google Scholar] [CrossRef]

	



Hung, Y.; Kung, W.-J.; Taube, H. Aquo chemistry of monoarene complexes of osmiun(II) and ruthenium(II). Inorg. Chem. 1981, 20, 457–463. [Google Scholar] [CrossRef]

	



Dyson, P.J. Systematic design of a targeted organometallic antitumour drug in pre-clinical development. Chimia 2007, 61, 698–703. [Google Scholar] [CrossRef]

	



Vock, C.A.; Scolaro, C.; Phillips, A.D.; Scopelliti, R.; Sava, G.; Dyson, P.J. Synthesis, characterization, and in Vitro evaluation of novel ruthenium(II) ɳ6-arene imidazole complexes. J. Med. Chem. 2006, 49, 5552–5561. [Google Scholar] [CrossRef]

	



Scolaro, C.; Bergamo, A.; Brescacin, L.; Delfino, R.; Cocchietto, M.; Laurenczy, G.; Geldbach, T.J.; Sava, G.; Dyson, P.J. In Vitro and In Vivo evaluation of ruthenium(II)-arene PTA complexes. J. Med. Chem. 2005, 48, 4161–4171. [Google Scholar] [CrossRef]

	



Gopal, Y.N.; Jayaraju, D.; Kondapi, A.K. Inhibition of Topoisomerase II catalytic activity by two ruthenium compounds: A ligand-dependent mode of action. Biochemistry 1999, 38, 4382–4388. [Google Scholar] [CrossRef]

	



Pizarro, A.M.; Habtemariam, A.; Sadler, P.J. Activation mechanism for organometallic anticancer complexes. In Medicinal Organometallic Chemistry; Springer: Berlin, Germany, 2010; Volume 32, pp. 21–56. [Google Scholar]

	



Tomaz, A.I.; Jakusch, T.; Morais, T.S.; Marques, F.; de Almeida, R.F.M.; Mendes, F.; Enyedy, E.A.; Santos, I.; Pessoa, J.C.; Kiss, T.; et al. [RuII(ɳ5-C5H5)(bipy)(PPh3), a promising large spectrum antitumoragent: Cytotoxic activity and intraction with human serum albumin. J. Inorg. Biochem. 2012, 117, 261–269. [Google Scholar] [CrossRef] [PubMed]

	



Corte-Real, L.; Teixeira, G.R.; Girio, P.; Comsa, E.; Moreno, A.; Nasr, R.; Baubichon-Cortay, H.; Avecilla, F.; Marques, F.; Robalo, M.P.; et al. Methyl-cyclopentadienyl ruthenium compounds with 2,2′-bipyridine derivatives displays strong anticancer activity and multidrug resistance potential. Inorg. Chem. 2018, 57, 4629–4639. [Google Scholar] [CrossRef] [PubMed]

	



Bruijnincx, P.C.A.; Sadler, P.J. Controlling platinum, ruthenium and osmium reactivity for anticancer drug design. Adv. Inorg. Chem. 2009, 61, 1–62. [Google Scholar] [PubMed]

	



Nazeeruddin, M.K.; Zakeeruddin, S.M.; Humphry-Baker, R.; Jirousek, M.; Liska, P.; Vlachopoulos, N.; Shklover, V.; Fischer, C.-H.; Gra, M. Acid-Base Equilibria of (2,2′-Bipyridyl-4,4′-dicarboxylic acid) ruthenium(II) complexes and the effect of protonation on charge-transfer sensitization of nanocrystalline titania. Inorg. Chem. 1999, 38, 6298–6305. [Google Scholar] [CrossRef]

	



Habtemariam, A.; Melchart, M.; Fernandez, R.; Parsons, S.; Oswald, D.H.; Parkin, A.; Fabbiain, F.P.A.; Davidson, J.E.; Dawson, A.; Aird, R.E.; et al. Structure-activity relationships for cytotoxic ruthenium(II) arene complexes containing N,N-, N,O- and O,O-chelating ligands. J. Med. Chem. 2006, 49, 6858–6868. [Google Scholar] [CrossRef]

	



Matveevskaya, V.V.; Pavlov, D.I.; Sukhikh, T.S.; Gushchin, A.L.; Yu, A.; Tennikova, T.B.; Sharoyko, V.V.; Baykov, S.V.; Benassi, E.; Potapov, A.S. Arene-ruthenium(II) complexes containing 11H-Indeno [1,2-b] quinoxalin-11-one derivaties and tryptanthrin-6-oxmine: Synthesis, characterization, cytotoxicity and catalytic transfer hydrogenation of aryl ketones. ACS Omega 2020, 5, 11167–11179. [Google Scholar] [CrossRef]

	



O’Boyle, N.M.; Tenderholt, A.L.; Langner, K.M. Cclib: A library for package-independent computational chemistry algorithms. J. Compt. Chem. 2008, 29, 839–845. [Google Scholar] [CrossRef]

	



Kundi, V.; Ho, J. Predicting Octanol-Water Partition Coefficients: Are Quantum Mechanical Implicit Solvent Models Better than Empirical Fragment-Based Methods? J. Phys. Chem. B 2019, 123, 6810–6822. [Google Scholar] [CrossRef]

	



Tielker, N.; Tomazic, D.; Eberlein, L.; Güssregen, S.; Kast, S.M. The SAMPL6 challenge on predicting octanol—Water partition coefficients from EC-RISM theory. J. Comput. Aided Mol. Des. 2020, 34, 453–461. [Google Scholar] [CrossRef] [PubMed]

	



Srividya, S.; Haribabu, J.; Dharmasivam, M.; Maroli, N.; Jayadharini, J.P.P.; Balakrishnan, N.; Bhuvanesh, N.S.P.; Echeverria, C.; Karvembu, R. Hinged bipodal furoylthiourea-based Ru(II)-arene complexes: Effect of (ortho, meta, or para)-substitution on coordination and anticancer activity. Inorg. Chem. 2023, 62, 3679–3691. [Google Scholar]

	



Molinspiration Cheminformatics Free Web Services. Slovensky Grob, Slovakia. Available online: https://www.molinspiration.com (accessed on 22 July 2023).

	



Grunwald, E.; Pan, K.C.; Effio, A. Hydrogen bonding in polar liquid solutions. 4. Effect of hydrogen-bonding solutes on dielectric constant and solvent structure in 1-octanol. J. Phys. Chem. 1976, 80, 2937–2940. [Google Scholar] [CrossRef]

	



Lippold, B.C.; Adel, M.S. Molekülassoziation in n-Octanol und n-Octanol-Wassergemischen. Arch. Pharm. Pharm. Med. Chem. 1972, 305, 417–426. [Google Scholar] [CrossRef]

	



Jones, M.R.; Brooks, B.R. Quantum chemical predictions of water–octanol partition coefficients applied to the SAMPL6 logP blind challenge. J. Comput. Aided Mol. Des. 2020, 34, 485–493. [Google Scholar] [CrossRef]

	



Colina-Vegasa, L.; Luna-Dulceyb, L.; Plutinc, A.M.; Castellanod, E.E.; Cominettib, M.R.; Batistaa, A.A. Half-sandwich Ru(II)-acylthiourea complexes: DNA/HAS-binding, anti-migaration and cell death in a human breast tumor cell line. Dalton Trans. 2017, 46, 12865–12875. [Google Scholar] [CrossRef]

	



Ganeshpandian, M.; Loganathan, R.; Suresh, E.; Riyasdeen, A.; Akbarsha, M.A.; Palaniandavar, M. New ruthenium(II) arene complexes of anthracenyl-appended diazacycloalkanes: Effect of ligand intercalation and hydrophobicity on DNA and protein binding and cleavage and cytotoxity. Dalton Trans. 2014, 43, 1203–1219. [Google Scholar] [CrossRef]

	



Zahirovic, A.; Roca, S.; Kahrovic, E.; Visnjevac, A. Low DNA and high BSA binding affinity of cationic ruthenium(II) organometallic featuring pyridine and 2′-hydroxychalcone ligands. J. Mol. Struct. 2021, 1236, 130326. [Google Scholar] [CrossRef]

	



Chen, Y.; Lei, W.; Zhou, G.J.Q.; Hou, Y.; Li, C.; Zhang, B.; Wang, X. A ruthenium(II) arene complexes showing emission enhancement and photocleavage activity towards DNA singlet and triplet excited states respectively. Dalton Trans. 2013, 42, 5924–5931. [Google Scholar] [CrossRef]

	



Stearns, J.A.; Mercier, S.; Seaiby, C.; Guidi, M.; Boyarkin, O.V.; Rizzo, T.R. Conformation-specific spectroscopy and photo dissociation of cold, Protonated tyrosine and phenylalanine. Am. Chem. Soc. 2007, 129, 11814–11820. [Google Scholar] [CrossRef] [PubMed]

	



Domotor, O.; Enyedy, E.A. Binding mechanisms of half-sanwich Rh(III) and Ru(II) arene complexes on human serum albumin: A comparative study. J. Biol. Inorg. Chem. 2019, 24, 703–719. [Google Scholar] [CrossRef] [PubMed]

	



Jeyalakshmi, K.; Haribabu, J.; Balachandran, C.; Swaminathan, S.; Bhuvanesh, N.S.P.; Karvembu, R. Coordination behaviour of N,N′,N″-trisubstituted guanidine ligands in their Ru-Arene complexes: Synthetic, DNA/Protein binding, and cytotoxic studies. Organometallics 2019, 38, 753–770. [Google Scholar] [CrossRef]

	



He, X.M.; Carter, D.C. Atomic structure and chemistry of human serum albumin. Nature 1992, 358, 209–215. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Kim, C.Y.; Nam, T.-G. Ruthenium complexes as anticancer agents: A brief history and perspectives. Drug Des. Devel. Ther. 2020, 14, 5375–5392. [Google Scholar] [CrossRef]

	



Bashir, M.; Mantoo, I.A.; Arimand, F.; Tabassum, S.; Yousuf, I. An Overview of advancement of organoruthenium(II) complexes as prospective anticancer agents. Coord. Chem. Rev. 2023, 487, 215169. [Google Scholar] [CrossRef]

	



Haribabu, J.; Sabapathi, G.; Tamizh, M.M.; Balachandran, C.; Bhuvanesh, N.S.P.; Venuvanalingam, P.; Karvembu, R. Water-soluble mono-and binuclear Ru(ɳ6-p-cymene) complexes containing indole thiosemicarbazone: Synthesis, DFT modeling, biomolecular intractions, and in vitro anticancer activity through apoptosis. Organometallics 2018, 37, 1242–1257. [Google Scholar] [CrossRef]

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Foresman, J.B.; Ortiz, J.V.; Cioslowski, J.; Fox, D.J.; et al. Gaussian 09; Rev. D.01; Gaussian: Wallingford, CT, USA, 2009. [Google Scholar]

	



Andrae, D.; Häußermann, U.; Dolg, M.; Stoll, H.; Preuß, H. Energy-adjusted ab initio pseudopotentials for the second and third row transition elements. Theor. Chim. Acta 1990, 77, 123. [Google Scholar] [CrossRef]

	



Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal Solvation Model Based on Solute Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378–6396. [Google Scholar] [CrossRef]

	



Dennington, R.; Keith, T.; Millam, J. GaussView; Version 5.0; SemiChem. Inc.: Shawnee Mission, KS, USA, 2009. [Google Scholar]

	



Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J.J. Autodock4 and Autodocktools4: Automated docking with selective receptor flexibility. Comput. Chem. 2009, 16, 2785–2791. [Google Scholar] [CrossRef]

	



Awad, D.J.; Schilde, U.; Strauch, P. 4,4′-Bis(tert-butyl)-2,2′-bipyridinechlorometal(II)-synthesis, structure and EPR spectroscopy. Inorg. Chim. Acta 2011, 365, 127–132. [Google Scholar] [CrossRef]

	



Jensen, S.B.; Rodger, S.J.; Spicer, M.D. Facile preparation of ɳ6-p-cymene)Ru(dppf)Cl]PF6. J. Organomet. Chem. 1998, 556, 151–158. [Google Scholar] [CrossRef]

	



Klein, C.; Nazeeruddin, M.K.; Di Censo, D.; Liska, P.; Gra, M. Amphiphilic ruthenium sensitizers and their applications in dye-sensitized solar cells. Inorg. Chem. 2004, 43, 4216–4226. [Google Scholar] [CrossRef] [PubMed]

	



Nazeeruddin, M.K.; Zakeeruddin, S.M.; Lagref, J.J.; Liska, P.; Comte, P.; Barolo, C.; Viscardi, G.; Schenk, K.; Graetzel, M. Stepwise assembly pf amphiphilic ruthenium sensitizers and their applicartions in dye-sensitized solar cell. Coord. Chem. Rev. 2004, 248, 1317–1328. [Google Scholar] [CrossRef]

	



Zelonka, R.A.; Baird, M.C. Benzene complexes of ruthenium(II). Can. J. Chem. 1972, 50, 3063–3072. [Google Scholar] [CrossRef]

	



Myahkostupov, M.; Castellano, F.N. Synthesis and characterization of tris(Heteroleptic) Ru(II) complexes bearing styryl subunits. Inorg. Chem. 2011, 50, 9714–9727. [Google Scholar] [CrossRef]








[image: Ijms 24 11896 g001 550] 





Figure 1. Chemical structures of (a) [Ru(η6-p-cymene)Cl2(pta)]; pta = 1,3,5-triaza-7-phosphaadamantane, (b) [Ru(η6-p-cymene)Cl2L] (L = sugar phosphite analogue), (c) [Ru(η6-benzene)Cl2 (metronidazole)], and (d) [RuII(η6-benzene)Cl2(pta)]. 
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Scheme 1. Synthetic route for the preparation of complexes 1–7. 
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Figure 2. UV-Vis spectra of 1−7 at 15 × 10−6 M. 
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Figure 3. FT-IR spectra of 1–7. Dotted box mark from left to right: purple, ʋ (C-H); blue, ʋ (–CH3); dark green, ʋ (C=O); orange, ʋ (C=C) and ʋ (C=N); light green, arene ʋ (C-H) out of plane bending; purple, 2,2′-bipyridine ʋ (C-H) out of plane bending. 
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Figure 4. Coordination of 4,4′-substituted 2,2′ bipyridine ligands to Ru(II)-arene complexes: 1H-NMR of the aromatic (10.5–7.0 ppm), the arene (7.0–5.8 ppm), and the aliphatic region (5.65–1.0 ppm) followed through each individual compound preparations (see the text for details). Full spectra for the ligands and complexes are given in Figures S2 and S3. 
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Figure 5. MALDI-TOF mass spectrometry: experimental data (blue dotted peaks) and isotopic pattern simulation (red sticks). Simulated: [1-Cl]+: C28H38ClN2Ru (539.17615); [2-Cl]+: C22H22ClN2O4Ru (515.0306); [3-Cl]+: C24H26ClN2O4Ru (543.0619); [4-Cl]+: C26H30ClN2O4Ru (571.0932); [5-Cl]+: C24H30ClN2Ru (483.1136); [6-Cl]+: C20H18ClN2O4Ru (486.9993); and [7-Cl]+: C22H22ClN2O4Ru(515.0306). 
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Figure 6. ORTEP drawing of 1–7 with thermal ellipsoids scaled at different probabilities, and with the chloride counterion removed for clarity. 
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Figure 7. Top: ESP-mapped electron density surface (isovalue = 0.004 au) of 1–7 (left to right). The red color represents the most negative regions of the ESP (−0.0192 au), and the deep blue color indicates the least electron density of the ESP (0.192 au). Bottom: (a) PDOS of 1, (b) COOP diagram corresponding to the PDOS of 1, (c) PDOS of 5, (d) COOP diagram corresponding to the PDOS of 5. DFT method: B3LYP with SDD on Ru and 6-31+g(d,p) for other atoms in gas phase. 






Figure 7. Top: ESP-mapped electron density surface (isovalue = 0.004 au) of 1–7 (left to right). The red color represents the most negative regions of the ESP (−0.0192 au), and the deep blue color indicates the least electron density of the ESP (0.192 au). Bottom: (a) PDOS of 1, (b) COOP diagram corresponding to the PDOS of 1, (c) PDOS of 5, (d) COOP diagram corresponding to the PDOS of 5. DFT method: B3LYP with SDD on Ru and 6-31+g(d,p) for other atoms in gas phase.



[image: Ijms 24 11896 g007]







[image: Ijms 24 11896 g008 550] 





Figure 8. Plots of [DNA]/(εa − εf) versus [DNA] for the titration of 1–7 with CT-DNA. 
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Figure 9. Stern–Volmer plots of fluorescence titrations of EB-CTDNA with 1–7. 
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Figure 10. Effect of increasing amounts of 1–7 on the relative viscosity of CTDNA. 
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Figure 11. (A) Overall view of the best docked pose of 7 in dodecamer 1BNA. (B) Close-up view of (A) showing oxygen atoms, red sphere in VDW radius, of deoxyribose stacking over the bipyridine rings. H-bonds colored in pink stick. (C) Best docked poses of 1 (cyan) and 5 (pink) showing partial insertion of the bipyridine ring. Comparison of best docked poses of (D) 4 (green) and 3 (light purple), and (E) 7 (orange) and 4 (green). See text for details. 
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Figure 12. (A) Stern–Volmer (B) Scatchard plots of fluorescence titrations of 1–7 with BSA. 
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Figure 13. (A) BSA consists of I, II, and III homologous domains, each of which is divided into A and B subdomains (PDB ID: 4f5s). Molecular docking calculations center on Trp134 and Trp213 with a grid box of 18 Å × 18 Å × 18 Å and 22.5 Å × 22.5 Å × 22.5 Å, respectively. The grid size of each search space is large enough to accommodate the site of a flexible complex and its interacting residues. (B) Binding pose of 7 at the back (blue) and in front (orange) of Trp213 (ball and stick). (C) Binding pose of 7 in the Trp134 pocket. 
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Figure 14. Fluorescence microscopy images of control (row 1) and T24 cells treated with 1 (row 2) and 2 (row 3) at IC50 concentration after 24 h incubation. Arrows: Cell and chromatin condensation (green), membrane blebbing and folding (yellow), nuclear fragmentation (blue) and formation of apoptotic bodies (purple). 
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Figure 15. Flow cytometric analysis of control (a) live T24 cells; cells undergoing apoptosis: (b) cells treated with 1 and (c) cells treated with 2 at their respective IC50 concentrations. Quadrants: Q1, dead cells; Q2, late apoptotic cells; Q3, early apoptotic cells; Q4 live cells. 
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Table 1. Calculated gas phase Ru–Cl bond length and water-octanol Log p values using different DFT functionals, and comparison with experimental values.
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Ru–Cl Bond Length (Å)

	
Log p




	

	
Exp.

	
DFT Theory (Gas Phase)

	
Exp.

	
Fragment-Based

	
DFT Theory (SMD Implicit Solvation Model)




	

	

	

	

	

	

	
Calculator

	
n-Octanol

	
Water-Saturated n-Octanol




	
Complex

	
XRD

	
B3LYP

	
M06-L

	
ωB97XD

	
Shake Flask

	
miLogP

	
B3LYP

	
M06-L

	
ωB97XD

	
ωB97XD






	
1

	
2.423

	
2.403

	
2.411

	
2.389

	
2.75

	
6.68

	
6.060

	
5.868

	
5.698

	
4.506




	
2

	
2.406

	
2.400

	
2.404

	
2.385

	
−1.65

	
3.09

	
−0.872

	
−0.207

	
−0.849

	
−2.677




	
3

	
2.407

	
2.401

	
2.411

	
2.388

	
0

	
3.61

	
2.775

	
1.662

	
1.671

	
−0.248




	
4

	
2.388

	
2.402

	
2.412

	
2.388

	
0.88

	
4.36

	
3.492

	
3.528

	
3.441

	
1.956




	
5

	
2.399

	
2.395

	
2.401

	
2.380

	
2.45

	
5.04

	
4.073

	
5.137

	
4.671

	
3.385




	
6

	
2.381

	
2.392

	
2.396

	
2.377

	
−1.12

	
1.97

	
0.083

	
0.575

	
0.336

	
−1.137




	
7

	
2.402

	
2.391

	
2.392

	
2.376

	
−0.14

	
2.73

	
1.642

	
2.027

	
1.972

	
0.582




	

	
MAD a

	
0.010

	
0.010

	
0.018

	
MSD b

	
3.47

	
2.01

	
2.20

	
1.96

	
0.46








a MAD: mean absolute deviation; b MSD: mean signed deviation.
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Table 2. Experimental CTDNA binding (Kb), Stern–Volmer (Kq), apparent binding (Kapp) constants and calculated free energy of binding (ΔG) through molecular docking analysis.
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Experiments

	
Docking




	
Comp.

	
Kb (104 M−1)

	
Kq (104 M−1)

	
Kapp (106 M−1)

	
ΔG (kcal/mol)






	
1

	
1.12

	
3.65

	
1.83

	
−6.10




	
2

	
1.40

	
4.89

	
3.00

	
−6.46




	
3

	
1.50

	
6.05

	
3.02

	
−6.94




	
4

	
1.56

	
6.36

	
3.18

	
−7.23




	
5

	
1.20

	
3.84

	
1.92

	
−6.19




	
6

	
1.67

	
6.69

	
3.34

	
−7.87




	
7

	
1.71

	
7.21

	
3.61

	
−8.36
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Table 3. Experimental BSA binding (Kb), quenching (Kq) constants, number of binding sites (n), and calculated free energy of binding (ΔG) for 1–7.
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Experiments

	
Docking




	
Complex

	
Kb (104 M−1)

	
Kq (104 M−1)

	
n

	
ΔG (kcal/mol)






	
1

	
9.335 × 103

	
2.145 × 104

	
0.9

	
−6.91




	
2

	
5.757 × 105

	
6.446 × 104

	
1.2

	
−8.12




	
3

	
5.071 × 104

	
3.622 × 104

	
1.0

	
−7.36




	
4

	
6.354 × 104

	
3.777 × 104

	
1.0

	
−7.39




	
5

	
1.132 × 104

	
2.587 × 104

	
0.9

	
−7.41




	
6

	
2.204 × 104

	
3.103 × 104

	
1.0

	
−7.11




	
7

	
1.341 × 105

	
4.779 × 104

	
1.1

	
−7.49
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Table 4. IC50 values of 1–7 and cisplatin against MCF-10a, Vero, EA.hy926, HepG-2, and T24 cells.
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	Comp.
	MCF-10a
	Vero
	EA.hy926
	HepG-2
	T24





	1
	48.5
	>50
	>50
	30.1
	11.7



	2
	>50
	>50
	>50
	>50
	14.5



	3
	>50
	45.6
	30.8
	>50
	21.2



	4
	40.1
	31.2
	32.3
	21.1
	12.3



	5
	>50
	>50
	>50
	>50
	30.5



	6
	>50
	49.2
	49.3
	14.5
	41.2



	7
	>50
	33.9
	23.8
	41.6
	19.8



	Cisplatin
	29.1
	33.7
	22.9
	49.1
	>50
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Table 5. Comparison of spectroscopic trends with the T24 antiproliferation trend.
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	Observations
	Order
	Origin





	IC50 values against T24 cells
	1 < 4 < 2 < 7 < 3 < 5 < 6
	Table 4



	Log p
	1 > 5 > 4 > 3 > 7 > 6 > 2
	Table 1



	Ru–Cl bond length
	1 > 3 ≥ 2 > 7 > 5 > 4 > 6
	Table 1



	CT DNA binding constant
	7 > 6 > 4 > 3 > 2 > 5 > 1
	Table 2



	BSA binding constant
	2 >> 7 > 4 > 3 > 6 > 5 > 1
	Table 3
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