
Journal of Coordination Chemistry

ISSN: 0095-8972 (Print) 1029-0389 (Online) Journal homepage: www.tandfonline.com/journals/gcoo20

Heteroleptic bis(benzazole) ruthenium complexes:
structural characterization, DNA/BSA binding, and
anticancer studies

Nokwanda Tsaulwayo , Koena L. Moabelo , Mervin Meyer & Stephen O.
Ojwach

To cite this article: Nokwanda Tsaulwayo , Koena L. Moabelo , Mervin Meyer & Stephen O.
Ojwach (2026) Heteroleptic bis(benzazole) ruthenium complexes: structural characterization,
DNA/BSA binding, and anticancer studies, Journal of Coordination Chemistry, 79:12,
1528-1545, DOI: 10.1080/00958972.2026.2690433

To link to this article:  https://doi.org/10.1080/00958972.2026.2690433

View supplementary material 

Published online: 03 Jul 2026.

Submit your article to this journal 

Article views: 32

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=gcoo20

https://www.tandfonline.com/journals/gcoo20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00958972.2026.2690433
https://doi.org/10.1080/00958972.2026.2690433
https://www.tandfonline.com/doi/suppl/10.1080/00958972.2026.2690433
https://www.tandfonline.com/doi/suppl/10.1080/00958972.2026.2690433
https://www.tandfonline.com/action/authorSubmission?journalCode=gcoo20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=gcoo20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00958972.2026.2690433?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00958972.2026.2690433?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/00958972.2026.2690433&domain=pdf&date_stamp=03%20Jul%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/00958972.2026.2690433&domain=pdf&date_stamp=03%20Jul%202026
https://www.tandfonline.com/action/journalInformation?journalCode=gcoo20


Heteroleptic bis(benzazole) ruthenium complexes: 
structural characterization, DNA/BSA binding, and 
anticancer studies
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aDiscipline of Chemistry, School of Agriculture & Science, University of KwaZulu-Natal, Scottsville, 
Pietermaritzburg, South Africa; bDepartment of Science and Innovation/Technology Innovation 
Agency Nanotechnology Platform, Department of Biotechnology, University of the Western Cape, 
Cape Town, South Africa 

ABSTRACT 
The reactions of 2,6-bis(benzimidazol-2-yl)pyridine (HL1) and 2,6- 
bis (benzothiazol-2-yl)pyridine (HL2) with RuCl3.3H2O afforded 
complexes [Ru(L1)Cl3] (Ru1) and [Ru(L2)Cl3] (Ru2), respectively. 
Subsequent treatment of complex Ru1 with DMSO led to the 
generation of the cationic heteroleptic Ru(II) complex 
[Ru(L1)(DMSO)2(Cl)] (Ru3). Separately, reactions of complexes Ru1 
or Ru2 with 2,20-bipyridine (bpy) and 1,10-phenanthroline (phen) 
co-ligands led to the isolation of the heteroleptic Ru(II) complexes 
[Ru(L1)(bpy)(Cl)] (Ru4), [Ru(L2)(bpy)(Cl)]Cl (Ru5), and 
[Ru(L2)(phen)(Cl)]Cl (Ru6) in moderate yields. Solid structure of 
complex Ru3 established a tridentate coordination mode of L1, in 
which two DMSO and one chloro co-ligands complete the octahe
dral geometry. DNA binding studies of complexes Ru1 and Ru3– 
Ru6 indicated groove-binding interactions accompanied by partial 
intercalation, with complexes Ru4 and Ru6 showing the highest 
binding affinities. The bovine serum albumin (BSA) protein inter
action occurred via a static quenching mechanism, as evidenced 
from the quenching constants (Kq) in the order of 1011 M−1. The 
biological potency of the ruthenium complexes was studied using 
Caco-2 and MCF-7 cancer cell lines and normal cell lines HeK293 
and KMST-6. Complex Ru1 demonstrated moderate cytotoxicity 
and selectivity against MCF-7 cancer cell line (IC50 of 12.30 lM 
and SI of 4.74), while the heteroleptic ruthenium complexes Ru3 - 
Ru6 displayed very low biological activities.

ARTICLE HISTORY 
Received 31 March 2026 
Accepted 9 June 2026 

KEYWORDS 
Benzazole ligands; 
biomolecules; cytotoxicity; 
ruthenium; structures  

CONTACT Stephen O. Ojwach ojwach@ukzn.ac.za Discipline of Chemistry, School of Agriculture & Science, 
University of KwaZulu-Natal, Private Bag X01, Scottsville, Pietermaritzburg, 3209, South Africa. 

Supplemental data for this article can be accessed online at https://doi.org/10.1080/00958972.2026.2690433. 

� 2026 Informa UK Limited, trading as Taylor & Francis Group

JOURNAL OF COORDINATION CHEMISTRY 
2026, VOL. 79, NO. 12, 1528–1545 
https://doi.org/10.1080/00958972.2026.2690433 

http://crossmark.crossref.org/dialog/?doi=10.1080/00958972.2026.2690433&domain=pdf&date_stamp=2026-07-17
https://doi.org/10.1080/00958972.2026.2690433
http://www.tandfonline.com
https://doi.org/10.1080/00958972.2026.2690433


GRAPHICAL ABSTRACT

Introduction

Despite the success of platinum drugs such as cisplatin in anticancer therapy, they suf
fer from several drawbacks, such as nausea, vomiting, poor selectivity toward tumor 
cells, and drug resistance during multiple treatments [1–3]. The coordination of the 
ruthenium atom to nucleic bases is enhanced through hydrogen bonding and weak
ened by steric interactions, suggesting opportunities for designing compounds that 
target specific nucleotides [4]. Many studies have focused on intercalating molecules 
that distort the helical shape of DNA and inhibit replication enzymes. Therefore, ruthe
nium metal intercalators are crucial for studying DNA intercalation due to their redox 
and photophysical properties, enabling multiple techniques [5,6]. To better understand 
the factors influencing DNA binding, preparing complexes with various shapes and 
electronic properties is essential [7,8]. Modifying the substituent group, co-ligand, or 
position in the intercalating ligand can alter the space configuration and electron 
density distribution of Ru(II) complexes [9]. This results in differing spectral properties 
and DNA-binding behaviors, which can help understand the binding mechanism of 
Ru(II) complexes to DNA [10–12]. To date, ruthenium complexes bearing co-ligands 
such as 2,20-bipyridine, 1,10-phenanthroline monohydrate, triphenylphosphine, and 
DMSO have showed promising anticancer activities against resistant tumors and 
reduced host toxicity [13–16]. Among these complexes, ruthenium-hydrazone com
plexes bearing the DMSO co-ligand have also shown decent selectivity against solid 
tumor metastases and low toxicity in vivo [17–19]. For example, Alagesan and cow
orkers investigated the effect of ruthenium-hydrazone complexes with triphenylphos
phine and DMSO as the co-ligands, examining their structure, binding characteristics, 
and anticancer properties. It was observed that ruthenium-hydrazine complexes with 
DMSO showed higher binding affinities (Kb ¼ 9.90 ± 0.7 M−1) and anticancer activity 
(HeLa, IC50 ¼ 3.68 lM) compared to the ruthenium complex with PPh3 (Kb ¼

4.1 ± 0.5 M−1, HeLa, IC50 ¼ 31.22 lM) [4]. The different binding and anticancer activities 
of these complexes were attributed to the properties of the PPh3 and DMSO co-li
gands, with the Ru-hydrazine complex anchored by the DMSO co-ligand demonstrat
ing greater planarity and lipophilicity.
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Several studies have highlighted the dependence of cytotoxic potency and bio
logical mechanisms of action of ruthenium complexes on the ligand design and coord
ination chemistry of the complexes. For example, Chen and coworkers reported the 
cytotoxicity of isoquinoline- and phenanthroline-based cylometalated ruthenium(II) 
complexes against A549 lung cancer cells and normal human bronchial epithelial 
(HBE) cells. These complexes exhibited enhanced activity toward A549 cells, with IC50 

values ranging from 3.2 to 79.3 lM, while showing comparatively lower toxicity toward 
HBE cells (IC50 ¼ 22.0–97.6 lM), indicating a higher degree of selectivity indices [20]. 
To further probe the structure–activity relationships, the same group introduced 
methoxy substituents onto the quinoline ligand and isolated the respective cyclometa
lated ruthenium(II) complexes. These modified systems displayed significantly 
improved cytotoxicity toward A549 cells (IC50 ¼ 2.1–3.3 lM), while maintaining 
reduced toxicity toward HBE cells (IC50 ¼ 15.6–23 lM). The higher cytotoxicity of the 
complexes bearing the methoxy groups was attributed to their improved lipophilicity 
and cellular uptake [21].

Previous studies on heteroleptic ruthenium(II) polypyridyl complexes have demon
strated that systematic ligand modifications strongly influence the coordination chem
istry, electronic, and steric properties and the biological activities of the resultant 
complexes [22–26]. For instance, Lai et al. investigated the effect of ligand aromaticity 
on DNA/BSA interactions and cytotoxicity in Ru(II) polypyridyl complexes [Ru(N- 
N)2(AQTP)](ClO4)2 (N-N¼dmb: 4,40-dimethyl-2,20-bipyridine; bpy: 2,20-bipyridine; phen: 
1,10-phenanthroline and dmp: 2,9-dimethyl-1,10-phenanthroline). Among these, 
[Ru(dmp)2(AQTP)]2þ exhibited significant cytotoxicity toward BEL-7402 and A549 can
cer cell lines, with IC50 values of 6.4 ± 0.5 lM and 3.8 ± 0.8 lM, respectively, while show
ing no cytotoxicity activity against HeLa and HepG2 cell lines (IC50 > 100 lM) [27]. 
Similarly, Omondi et al. demonstrated that increased steric crowding enhances DNA 
interactions and cytotoxicity, which was attributed to higher hydrophobicity facilitating 
cellular membrane permeation and improved intracellular uptake [28]. Therefore, in 
this current work, our intention was to improve the cytotoxicity by introducing co- 
ligands to Ru(II) complexes. To investigate this, we utilize co-ligands such as 1,10-phe
nanthroline, 2,20-bipyridine, and DMSO to assess the impact of steric bulk on the 
coordination behavior and biological activities of these complexes. We thus report the 
synthesis and structural characterization of heteroleptic ruthenium complexes sup
ported by tridentate nitrogen donor ligands, specifically 2,6-bis(benzazole)pyridine. We 
also investigate the interactions of these complexes with DNA/BSA and the cytotoxic 
effects on two cancer cell lines: human colorectal adenocarcinoma (Caco-2) and breast 
cancer (MCF-7) cells, and two normal cell lines, HeK-293 and KMST-6.

Results and discussion

Synthesis and characterization of heteroleptic ruthenium complexes Ru1 and 
Ru3-Ru6

Ligands (L1) 2,6-bis(benzimidazol-2-yl)pyridine and (L2) 2,6-bis(benzothiazole-2-yl)pyri
dine were synthesized in moderate-to-excellent yields by condensation reactions of 
pyridine-2,6-dicarboxylic acid with the corresponding aniline derivatives following the 
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literature protocols [29]. The ruthenium(III) complexes Ru1 and Ru2 were synthesized 
by refluxing the respective ligands L1 and L2 with RuCl3.3H2O in a equimolar amounts 
in absolute ethanol for 4 h and were obtained as a brown solids in high yields 
(Scheme 1). On the other hand, in the presence of LiCl and Et3N in absolute ethanol, 
the reaction of complex Ru1 with DMSO produced the respective DMSO adduct com
plex Ru3 in a moderate yield of 58% (Scheme 1). Treatments of the neutral complexes 
Ru1 and Ru2 with the co-ligands 2,20-bipyridine and 1,10-phenanthroline in absolute 
ethanol at 78 �C in the presence of LiCl and Et3N resulted in the formation of the cat
ionic heteroleptic ruthenium(II) complexes [Ru(L1)(bpy)Cl] (Ru4), [Ru(L2)(bpy)Cl]Cl 
(Ru5), and [Ru(L2)(phen)Cl]Cl (Ru6) respectively (Scheme 1). In this reaction, Et3N was 
employed as a reducing agent, and the excess LiCl limits Cl- dissociation from the 
Ru(II) complexes.

The 2,6-bis(benzazole)pyridines ligands and their ruthenium complexes Ru3-Ru6 
were characterized using 1H (Figs. S1-S6) f13Cg NMR (Figs. S7 - S11), FT-IR (Figs. S12- 
S16) spectroscopies, mass spectrometry (Figs. S17-S21), and elemental analyses. 
However, NMR spectroscopy was not used to characterize the Ru(III) complex Ru1 due 
to its paramagnetic nature.1H NMR spectrum of DMSO complex Ru3 showed a dis
appearance of one signal assigned to the NH proton at d 9.60 ppm compared to two 
NH protons at d 13.21 ppm of the respective ligand L1 (Fig. S1). The appearance of a 
singlet of CH3 groups of the coordinated DMSO was noted at d 2.54 ppm (Fig. S3). The 
formation of the ligands and their corresponding ruthenium(II) complexes was also 
confirmed from their 13Cf1Hg NMR spectra as shown in Figs. S7 - S11. For instance, 
upon the metalation, the benzimidazole carbon signals in the spectra of DMSO com
plex Ru3 shifted upfield compared to the respective ligand L1 (Fig. S7), and an add
itional signal at 19.01 ppm assigned to the methyl from the coordinated DMSO was 
observed (Fig. S9). Furthermore, three singlet peaks were observed between d 45 and 
55 ppm corresponding to the ethanol solvent, supported by the crystal structure 
(Figure 1).

In the case of 2,20-bipyridine complex Ru4, the 1H NMR spectrum exhibited signa
ture peaks attributed to the 2,20-bipyridine and benzimidazole ligand; one set of four 

Scheme 1. Synthetic protocol of the homoleptic and heteroleptic ruthenium Ru1-Ru6 complexes.
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protons corresponds to the 2,20-bipyridine, and the other four are attributed to the 
benzimidazole. For example, a doublet was observed at d 8.73 ppm downfield, corre
sponding to the phenyl proton from the 2,20-bipyridine co-ligand. This supports the 
coordination of the 2,20-bipyridine ligand to the Ru(II) atom, as shown in Fig. S4. 
Notably, the phenyl proton from the 2,20-bipyridine and the pyridyl proton from the 
benzimidazole overlapped downfield, forming a triplet at d 8.44 ppm. This observation 
was consistent with the 1H NMR spectroscopic data of 2,20-bipyridine complex Ru5, 
as depicted in Fig. S5. On the other hand, in the 1H NMR spectrum of 1,10-phenan
throline complex Ru6, a singlet appears at d 8.29 ppm and a doublet at d 9.25 ppm, 
assigned to the phenanthroline protons compared to the free ligand L2 (Fig. S2), thus 
confirming the coordination of the 1,10-phenanthroline to the metal center with the 
benzothiazole ligand. The phenanthroline and benzothiazole protons signals overlap, 
forming a doublet of doublets at d 7.77 ppm as shown in Fig. S6.

The successful formation of the ligands L1 and L2 and their respective metal com
plexes Ru1 and Ru3–Ru6 were further supported by FT-IR spectroscopy (Table S1). For 
example, the �(C¼N) stretching band in the ligand L1 at 1582 cm−1 shifted upfield to 
1590 cm−1 in the respective complex Ru1 (Fig. S12) and is greatly reduced in intensity, 
which indicates bonding of the imine nitrogen atom to the metal ion [30]. Although 
these frequency shifts are relatively minor, they are consistent with previous literature 
reports for ruthenium systems [31,32]. For instance, the ruthenium Schiff base com
plexes exhibited m(C¼N) stretching bands between 1613 and 1619 cm−1 in the free 
ligands, relative to values between 1602 and 1641 cm−1 in the complexes [33]. This 
observation was also consistent with the FT-IR spectroscopic data of complexes Ru3– 
Ru6 (Figs. S13–S16).

Mass spectrometry was further used to determine the ligands and the respective 
ruthenium complexes molecular compositions (Ru1 and Ru3–Ru6) as shown in Figs. 
S19-S22. For instance, the mass spectrum of trichloride complex Ru1 exhibited a base 
peak at m/z¼ 484.0348 corresponding to the fragment [M-Cl]þ, as illustrated in Fig. 
S19. In the case of Ru3–Ru6, as shown in Table S1, the complexes gave signals 

Figure 1. Molecular structure of Ru3 showing the thermal ellipsoids at 50% probability level. 
Selected bond lengths [Å]: Ru(1)-Cl(02), 2.4245(10); Ru(1)-N(3), 2.018(3); Ru(1)-N(2), 2.094(3); Ru(1)- 
N(1), 2.082(3). Bond [o]: S(2S)-Ru(1)-Cl(02), 88.74(3); S(1S)-Ru(1)-Cl(02), 89.22(3); N(3)-Ru(1)-Cl(02), 
179.04(9); N(3)-Ru(1)-N(2), 78.57(12); N(3)-Ru(1)-N(1), 78.79(12); N(2)-Ru(1)-Cl(02), 100.59(8); N(2)- 
Ru(1)-S(2S), 90.77(9); N(2)-Ru(1)-S(1S), 91.76(9); N(1)-Ru(1)-Cl(02), 102.04(9); N(1)-Ru(1)-S(2S), 
89.37(9); N(1)-Ru(1)-N(2), 157.36(12); S(2S)-Ru(1)-S(1S), 177.01(4).
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corresponding to their respective molecular ions. For example, m/z ¼ (%) ¼ 604.0775 
[MþH]þ (DMSO complex Ru3), 604.0000 [MþH]þ (2,20-bipyridine complex Ru4), 
637.9389 [M-Cl]þ (2,20-bipyridine complex Ru5), and 661.9826 [M-Cl]þ (1,10-phenan
throline complex Ru6). Significantly, the elemental analysis data and the suggested 
empirical formulae compared favorably, thus proving the purity of the complexes in 
bulk state.

Molecular structure of complex Ru3

Single crystals suitable for analysis of complex Ru3 were grown by slow diffusion of 
diethyl ether into an absolute ethanol solution and used to determine its molecular 
structure. The solid-state structure is shown in Figure 1, while the refinement data and 
selected bond parameters are presented in Table S2. The Ru(II) metal center exhibits 
an octahedral distorted coordination, with the 2,6-bis(benzimidazole-2-yl)pyridine lig
and acting in a tridentate fashion, and the other coordination sites are occupied by 
one chlorido and two trans-DMSO co-ligands. All bond distances and angles are within 
the expected values for such complexes [34]. The Ru-N(3)pyridine bond length 2.018(3) 
of the tridentate ligand is shorter than those of the other Ru(1)-N(2)bmz, 2.094(3) and 
Ru(1)-N(1) bmz, 2.082(3) bond lengths. This is likely due to the geometric requirements 
of the NNN-tridentate ligand and the central position of the pyridine N atom donor 
within the tridentate ligand [35]. Consequently, the Ru-Npyridine bond is shorter due to 
the restraints of the two chelating arms on either side of the coordinating atom. 
These bond lengths align with the average bond lengths of Ru-N found in 19 similar 
Ru(II) structures deposited in the CCDC [36]. Moreover, the bond length Ru(1)-Cl(1) 
and 2.4245(10) Å correlate well with the mean distance of 2.419 ± 0.017 Å obtained for 
27 similar structures [36]. The cis angles N(1)bmz-Ru(1)-N(3) and N(3)pyridine-Ru(1)- 
N(2)bmz measure 78.79(12)� and 78.57(12)o, respectively, which is smaller than the 
expected 90� reflects the structural constraints imposed by the tridentate bmpy lig
and, which defines the equatorial plane. The most notable distortion was observed in 
the trans angles N(1)bmz-Ru(1)-N(2)bmz, and S(2S)-Ru1-S(1S), which measures 
157.36(12)� and 177.01(4)o, respectively, indicating deviation from the ideal 180� angle. 
Thus, the geometry around the Ru(II) center can best be described as a distorted octa
hedral configuration. Additionally, the slight deviation from linearity in the N(3)pyridine- 
Ru-Cl angle of 179.04(9)� can be attributed to steric hindrance caused by the methyl 
groups of the DMSO co-ligand.

Stability studies of compounds Ru1 and Ru3-Ru6 in aqueous media

Potential anticancer agents should possess thermodynamic stability in aqueous solu
tions as it is crucial for the drugs to reach their target site in living organisms [37]. UV- 
visible absorption spectroscopy was thus used to investigate the solution stability of 
the ruthenium complexes Ru1 and Ru3–Ru6 in aqueous media. The complexes were 
first dissolved in DMSO and diluted using aqueous phosphate-buffered saline (PBS) 
solution at pH 7.2. Figure 2 shows the representative time-dependent UV-Vis spectra 
of trichloro complex Ru1 and DMSO complex Ru3. For instance, complex Ru3 
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exhibited a characteristic peak of 327 nm, which did not change significantly over the 
72-h period. The lack of significant changes in peak absorptions and spectral charac
teristics with time indicates that no structural changes occurred in aqueous solutions, 
thus pointing to the stability of this compound under these conditions. The same 
observations were made with the other ruthenium complexes Ru4–Ru6, as illustrated 
in Fig. S23. Similar results were reported by Nayek et al. using Ru(II) arene benzimida
zole system with varying co-ligands over 24 h [38].

Lipophilicity studies of the ruthenium complexes Ru1 and Ru3–Ru6

Lipophilicity and hydrophilicity are essential parameters for metal-based drugs, as they 
offer insight into the potential degree of cellular uptake through cell membranes and 
their ability to bind to proteins necessary for transport [39,40]. The n-octanol-water 
partition coefficient (log Po/w) is commonly used to assess this property in potential 
drug candidates [39]. The log Po/w values of the ruthenium complexes Ru1 and Ru3– 
Ru6 were determined using the shake-flask method, which involves partitioning a 
compound in a mixture of n-octanol and water and measuring the concentration of 
that compound in two phases using UV-vis measurements after equilibrium. It is worth 
noting that the ruthenium complexes Ru1 and Ru3–Ru6 exhibited positive log Po/w 

values ranging from 0.12 to 0.22, confirming their lipophilic nature. These findings 
suggest that the ancillary ligands’ nature influences the uptake efficiency of ruthenium 
complexes; more lipophilic ancillary ligands such as phen (1,10-phenanthroline) and 
bpy (2,20-bipyridine) may facilitate its cell uptake efficiency and enhance its anticancer 
activity [41]. For example, complex Ru6 bearing 1,10-phenanthroline (log p¼ 0.22) was 
notably more lipophilic than complex Ru5 bearing 2,20-bipyridine (log p¼ 0.19). The 
lipophilic nature of complex Ru6 is largely attributed to the extended aromatic struc
ture of the ancillary ligand 1,10-phenanthroline. Moreover, the substantial difference in 
the log P values of trichloride complex Ru1 (log p¼ 0.12) and 2,20-bipyridine complex 
Ru4 (log p¼ 0.18) could be assigned to the presence of the bipyridine ancillary ligand 
in the complex. These results are comparable to ruthenium (II) complexes reported by 
Tan et al., where the ruthenium (II) complexes bearing 2,20-bipyridine co-ligand 

Figure 2. Plots of time-dependent UV-Vis spectra of complex Ru1 and Ru3.

1534 N. TSAULWAYO ET AL.

https://doi.org/10.1080/00958972.2026.2690433


exhibited a lower Log P value of 0.56 than those bearing 1,10-phenanthroline co-lig
and (Log p¼ 1.58) [42].

CT-DNA interactions studies

Absorption spectroscopic measurements of ruthenium complexes Ru1 and 
Ru3-Ru6
UV–Vis spectroscopy was used to investigate the binding mode and extent of binding 
of the Ru-complexes to CT-DNA. Absorption spectral graphs are given in Figure 3
(Ru1 and Ru3) and Figs. S24–S26 (Ru4–Ru6) in the absence and presence of increas
ing CT-DNA concentrations. As the concentration of the CT-DNA increased, a hypo
chromic shift was observed at 278 nm, which can be ascribed to the conformational 
changes in the DNA helical structure induced by strong interactions between the com
plexes and DNA base pairs [43]. The intrinsic binding constant, which illustrates the 
binding strength of the complexes with the DNA, was computed using the Wolfe- 
Shimer equation (Eq S1). The intrinsic binding Kb values tabulated in Table 1 range 
from 1.10� 106 −9.37� 106 M−1 thus suggesting that the complexes adopt a groove- 
binding mode accompanied by partial intercalation, rather than classical full intercal
ation. Moreover, the Kb values of the heteroleptic ruthenium complexes Ru4–Ru6 
were found to bind stronger than those of their parent complexes, [Ru(bpy)3]2þ

(4.7� 103 M−1), and [Ru(phen)3]2þ (5.5� 103 M−1) [44]. This enhancement may be 

Table 1. DNA binding constants and thermodynamic parameters of the ruthenium complexes 
Ru1 and Ru3–Ru6.

UV-Vis titration EB Fluorescence emission titration

Complexes
Kb 

106 M–1
DG‡

25�C/k 
KJ mol−1

Ksv 

104 M–1
Kq 

1011 M–1s–1
Kapp 

106 M–1
KF 

103 M–1 n

Ru1 1.10 ± 0.01 −34.4 ± 0.32 1.01 ± 0.01 3.17 ± 0.06 0.64 ± 0.03 0.12 ± 0.02 0.93
Ru3 4.97 ± 0.06 −38.2 ± 0.13 1.49 ± 0.01 3.51 ± 0.15 4.31 ± 0.08 0.30 ± 0.09 0.97
Ru4 6.60 ± 0.25 −38.9 ± 0.01 1.93 ± 0.05 3.31 ± 0.15 5.07 ± 0.05 0.31 ± 0.02 0.96
Ru5 4.47 ± 0.25 −37.9 ± 0.01 1.16 ± 0.03 3.21 ± 0.06 1.21 ± 0.02 0.27 ± 0.01 0.94
Ru6 9.37 ± 0.34 −39.7 ± 0.01 2.78 ± 0.11 3.97 ± 0.01 8.38 ± 0.51 0.51 ± 0.05 0.99

Figure 3. Electronic absorption spectra of trichloride complex Ru1 and complex Ru3 in the pres
ence of increasing CT-DNA concentrations in PBS buffer (pH ¼ 7.2). Inset: plot of [CT-DNA] vs. 
[DNA]/(ea-ef). The arrow depicts a hypochromic shift caused by increasing DNA concentration.

JOURNAL OF COORDINATION CHEMISTRY 1535

https://doi.org/10.1080/00958972.2026.2690433


attributed to the size, shape, and extended aromatic surface of the 2,6-bis(benzazole)
pyridine ligand, which promotes stronger non-covalent interactions with DNA. The 
nature of the ancillary ligand further influences the binding strength, with complexes 
containing more extended p-conjugated ligands exhibiting higher affinity. For 
example, 1,10-phenanthroline complex Ru6 exhibited a higher binding affinity (Kb ¼

9.37� 106 M−1) than 2,20-bipyridine complex Ru4 with a binding affinity of Kb ¼

4.47� 106 M−1. The increased binding affinity of 1,10-phenanthroline complex Ru6 
could be attributed to its higher p-conjugation (aromaticity), facilitating favorable p���p 

interactions between the complex and the aromatic DNA base pairs. Furthermore, the 
lipophilicity of 1,10-phenanthroline complex Ru6 (log p¼ 0.22) also indicated a signifi
cant role in its DNA binding affinity, as more lipophilic complexes tend to interact 
more strongly with the lipophilic core of the DNA helix [45]. To determine the spon
taneity/non-spontaneity of the complex-DNA interactions, Gibbs-free energy (DG) of 
the complex-induced DNA was computed from the van’t Hoff equation (Eq S2). In all 
cases, negative DG values presented in Table 1 were obtained, indicating the spontan
eity of the interactions between these ruthenium complexes Ru1 and Ru3–Ru6 and 
CT-DNA [46].

Competitive fluorescence measurements for CT-DNA of ruthenium complexes 
Ru1 and Ru3-Ru6

Ethidium bromide (EB) is a classical intercalator that emits strong fluorescence when it 
integrates into the DNA base pairs. A reduction in fluorescence intensity can be 
observed when a second molecule is introduced and displaces EB from the EB-DNA 
complex [40,47]. In this study, we investigated the interaction of ruthenium complexes 
with CT-DNA by conducting fluorescence quenching experiments on the CT-DNA-EB in 
the presence of ruthenium complexes. The fluorescence emission spectra of EB-CT- 
DNA, in the presence of varying quantities of Ru(II/III) complexes (Ru1 and Ru3–Ru6), 
are displayed in Figures 4(a–c) and S27–S29. The intensity of the emissions at 592 nm 
showed a hypochromic shift upon the addition of increasing amounts of the 

Figure 4. (a) Fluorescence emission of EB-CT-DNA of complexes Ru1 and Ru3 with [EB]¼ 5 lM, 
[CT-DNA]¼ 5 lM, and [Ru1 and Ru3]¼ 0–50 lM. (b); Stern-Volmer plot of Io/I versus [Q]. (c) A 
Scatchard plot of log[(Io-I)/I] versus log[Q].
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ruthenium complexes, indicating the displacement of EB molecules from the EBþCT- 
DNA site by the ruthenium complexes Ru1 and Ru3–Ru6.

The quenching constants (Ksv) and bimolecular quenching rate constants (Kq) of the 
complexes with EB-bound DNA were calculated from the classical Stern-Volmer equa
tion (Eq S3) and are tabulated in Table 1. The quenching constant (Ksv) magnitude 
(104 M−1) of the ruthenium complexes Ru1 and Ru3–Ru6 were lower than the binding 
constants of classical intercalators EB (107 M−1), indicating weaker interactions of com
plexes with CT-DNA in comparison with EB [48]. To further illustrate the DNA binding 
strength of the complexes, the apparent binding constants were calculated using 
equation (Eq S4). The magnitude of the apparent binding constants (Kapp ¼ 106 M−1) 
were lower than those typically associated with classical intercalators (107 M−1), further 
emphasizing weak intercalative interactions [49]. Quenching mechanism can occur 
through either dynamic (<1010 M−1 s−1) or static (>1010 M−1 s−1) processes based on 
the magnitude of the quenching constant Kq. The quenching constant (Kq) for ruthe
nium complexes Ru1 and Ru3–Ru6, derived from the Stern-Volmer plots ranged from 
0.64 to 8.38� 1011 M−1 s−1. Based on the experimental results in Table 1, Kq exceeded 
2.0� 1010 M−1 s−1, indicating that a static mechanism prevails [50,51]. Furthermore, 
the number of binding sites, n, and the quenching binding constant (KF) were 
obtained from the Scatchard equation (Eq S5) and listed in Table 1. All the complexes 
had n values close to one, indicating that the heteroleptic ruthenium complexes have 
a single DNA binding site. The binding constant KF for the ruthenium complexes (Ru1 
and Ru3–Ru6) were found in the order of 103 M−1 and were comparable with those 
reported for Ru(II) complexes containing uracil nucleobase analogs, which exhibited KF 

values in the order of 102 − 103 M−1 [52].

BSA studies of ruthenium complexes Ru1 and Ru3–Ru6

The interactions of synthetic drugs with serum albumin, the most abundant protein in 
plasma, may improve or degrade their pharmacological properties [53]. Fluorescence 
spectroscopy was used to investigate ruthenium complexes with bovine serum albu
min. The quenching of fluorescence emission caused by adding ruthenium complexes 
Ru1 and Ru3–Ru6 to the BSA solution resulted in a significant reduction in emission 
intensity at 350 nm. Figures 5(a–c) and S30–S32 depict the emission spectral graphs 
of complexes Ru1 and Ru3–Ru6. To gain more insight into the mechanism of BSA– 
complex interaction, the quenching constant Ksv, and quenching rate constant Kq were 
calculated (Table 2) using the Stern-Volmer equation (Eq S3). On the other hand, the 
association binding constant (KF M−1) and the number of binding sites per albumin, n, 
for complexes Ru1 and Ru3 – Ru6, were obtained from the Scatchard equation (Eq 
S4) and the corresponding plots (insert Figure 5). The magnitudes of the biomolecular 
quenching rate constants Ksv of 104 M−1 of the ruthenium complexes (Ru1 and Ru3– 
Ru6) were higher than those reported in the literature for similar complexes in the 
order of 103 M−1 [52]. Moreover, the calculated Kq values of a magnitude (1012 M−1 

s−1) were two to three orders of magnitude higher than the maximum Kq value for 
dynamic quenching (1010 M−1 s−1), indicating a static quenching mechanism [54]. 
Notably, the association binding constant of the complexes Ru1 and Ru3–Ru6 ranges 
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from KF ¼ 1.41 to 4.13� 103 M−1. These values fall within the optimal range for bind
ing to BSA and are significantly lower than the association constant of one of the 
strongest known non-covalent interactions between avidin and ligands (KF � 1015 

M−1), thus, suggesting that complexes Ru1 and Ru3–Ru6 bind reversibly to BSA 
[55,56]. Furthermore, the n values for the ruthenium complexes Ru1 and Ru3–Ru6 
average one, indicating that the protein has only one binding site (Table 2) [55,57].

In vitro cytotoxicity assays of ruthenium complexes Ru1 and Ru3–Ru6

The data from DNA/BSA binding studies suggest that the ruthenium complexes merit 
further investigation for their potential anticancer properties. The cytotoxicity of the 
ruthenium complexes Ru1 and Ru3–Ru6 and cisplatin (reference drug) was evaluated 
against the Caco-2 and MCF-7 cancer cell lines, as well as the normal HeK293 and 
KMST-6 cell lines, using a colorimetric WST-1 assay. Cell viability was assessed after 
exposing the cells to various concentrations for 24 h. As illustrated in Fig. S33, cis
platin and ruthenium complexes, Ru1 and Ru3-Ru6, reduced the cell viability against 
Caco-2 and MCF-7 cancer cell lines in a concentration-dependent manner. Based on 
the IC50 values presented in Table 3, the trichloro ruthenium complex Ru1 displayed 
moderate cytotoxic activity with an IC50 value of 12.30 lM against MCF-7 while being 
inactive toward the Caco-2 cell line (IC50 > 100 lM). In contrast, the heteroleptic ruthe
nium complexes Ru3–Ru6 were inactive against Caco-2 and MCF-7 cell lines (IC50 >

100 lM). Notably, cisplatin was more potent than all the ruthenium complexes in both 
cancer cell lines. For instance, cisplatin showed IC50 values of 16.4 lM against the 

Figure 5. Fluorescence emission of BSA (15 lM) with increasing amounts of Ru1 and complexes 
Ru1 and Ru3; [Ru]¼ 55 lM). (b); Stern-Volmer plot of Io/I versus [Q]. (c) A Scatchard plot of 
log[(Io-I)/I] versus log[Q].

Table 2. BSA binding constants (Ksv, Kq, KF, and n) of ruthenium complexes Ru1 and Ru3–Ru6.

Complexes
Ksv � 104  

M–1
Kq �1012 

M–1s–1
KF�103 

M–1 n

Ru1 3.18 ± 0.05 1.40 ± 0.02 1.41 ± 0.16 0.95
Ru3 3.31 ± 0.39 1.42 ± 0.02 1.98 ± 0.34 0.99
Ru4 4.82 ± 0.25 2.09 ± 0.02 3.86 ± 0.11 0.99
Ru5 3.28 ± 1.06 1.38 ± 0.08 1.70 ± 0.29 0.94
Ru6 6.82 ± 0.96 2.69 ± 0.51 4.13 ± 0.02
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Caco-2 cell line and 8.7 lM against MCF-7, compared to IC50 >100 lM for heteroleptic 
ruthenium complexes toward both cancer cell lines.

The primary objective in the development of chemotherapeutic agents is to design 
drugs that effectively target cancer cells while minimizing damage to healthy cells. 
Caco-2 and MCF-7 cell lines were selected as representative models of colorectal and 
breast cancers, respectively, to evaluate the cytotoxicity effects of the ruthenium com
plexes. HEK-293 and KMST-6 cells were used as non-cancerous control cell lines to 
evaluate the selectivity and safety of the treatment. In terms of selectivity toward the 
normal cell lines, trichloro ruthenium complex Ru1 displayed a higher IC50 value of 
58.3 lM against the normal HeK293 cell line compared to the value of 12.30, against 
MCF-7 cancer cell line (SI ¼ 4.74), thus suggesting selectivity toward the cancer cell line.

On the other hand, the heteroleptic complexes Ru3–Ru6 were inactive against 
both cancer and normal cell lines (HeK293 and KMST-6). Therefore, from this set of 
ruthenium complexes, only complex Ru1 appears to be promising against the MCF-7 
cancer cell line, with an IC50 of 12.30 lM and a selectivity index (SI) of 4.74. Compared 
to well-studied ruthenium anticancer agents, Ru1 demonstrates greater potency than 
KP1019/KP1339 (IC50 ¼ 50–180 mM) and considerably more active than NAMI-A, which 
shows minimal in vitro cytotoxicity (IC50 > 100 mM) and acts mainly through anti- 
metastatic and anti-angiogenic effects [58,59]. These comparisons highlight that Ru1 
moderate cytotoxicity is notable in the context of ruthenium drug development. 
However, it is still less potent than traditional platinum-based drugs like cisplatin 
when tested in the same cell lines. Furthermore, in comparison with previously 
reported ruthenium complexes, complex Ru3–Ru6 showed similar results against the 
MCF-7 cancer cell line with IC50 > 100 lM reported by Zhao et al. on ruthenium (Ru) 
polypyridyl complexes [60]. These results show that cytotoxicity is a complex phenom
enon influenced by several factors such as solubility, permeability, lability, and interac
tions with other biomolecules within the cytoplasm among others.

Conclusions

Five heteroleptic ruthenium(II/III) complexes with bis(benzazole)pyridine ligands were 
successfully synthesized and structurally characterized. Among these, the structure of 
the DMSO complex Ru3 revealed a tridentate coordination mode of the ligands, with 
two DMSO co-ligands and one chloride anion resulting in a distorted octahedral geom
etry. The complexes were assessed for their biological properties, such as DNA/BSA 
binding and cytotoxicity. The ruthenium complexes displayed positive values, suggest
ing their lipophilic nature, with the 1,10-phenanthroline complex Ru6 demonstrating 

Table 3. Cytotoxicity activity of ruthenium complexes Ru1 and Ru3–Ru6 and selective index.
IC50 (lM) KMST-6 SI HeK-293 SI

Compounds KMST-6 HeK-293 Caco-2 MCF-7 Caco-2 MCF-7 Caco-2 MCF-7

Ru1 >100 58.36 ± 26.14 >100 12.30 ± 2.89 >2 >2
Ru3 >100 >100 >100 >100
Ru4 >100 >100 >100 >100
Ru5 >100 >100 >100 >100
Ru6 >100 >100 >100 >100
Cisplatin >100 74.28 ± 19.65 16.4 ± 2.66 8.73 ± 4.71 >2 >2 >2 >2
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higher lipophilicity than the other complexes. The calculated CT-DNA/BSA binding con
stants demonstrated weak to strong binding affinity, with the ruthenium complexes 
binding to CT-DNA/BSA interactively. Furthermore, the ruthenium complexes were 
investigated for their cytotoxicity activity toward Caco-2, MCF-7, and healthy KMST-6 
and HeK293 cancer cell lines. The heteroleptic complexes Ru3–Ru6 were inactive 
toward the cancer cell line, while trichloro ruthenium complex Ru1 exhibited moderate 
activity against MCF-7. The findings further indicate the intricate balance of the proper
ties of metal complexes such as Ru1 in achieving cytotoxic effects in some cancerous 
cells while maintaining reduced toxicity toward non-cancerous cells, supporting their 
potential as selective metallo-drugs. From the current findings, it is evident that desir
able aqueous solubility and strong biomolecular interactions alone are not sufficient 
indicators of a potent metal-based anticancer drugs.

Experimental section

General methods, materials, and instrumentation

All synthetic manipulations were conducted under an inert atmosphere using standard 
Schlenk techniques unless otherwise stated. The starting materials used were 
Ruthenium (III) chloride hydrate RuCl3.3H2O (99.98%), LiCl, triethylamine, 2-aminobenzi
midazole, o-phenylenediamine (99.5%), 2-aminothiophenol (99.0%), 2, 20-bipyridine, 1, 
10-phenanthroline monohydrate, absolute ethanol (99%), methanol (99%), DMSO, eth
idium bromide (EB) (95.0%), calf thymus DNA (CT-DNA), bovine serum albumin (BSA) 
(98%), and deuterated solvents. All of these were obtained from Sigma-Aldrich and 
were used as received. Cisplatin was sourced from St. Louis, MO, USA. Dulbecco’s 
Modified Eagle Medium (DMEM), penicillin-streptomycin (pen-strep), Roswell Park 
Memorial Institute (RPMI) 1640, and fetal bovine serum (FBS) were purchased from 
Gibco (Mannheim, Germany). 1H NMR and 13 Cf1Hg NMR (100 MHz) spectra were 
recorded on a 400 MHz Bruker Ultra shield NMR spectrometer in DMSO-d6 at room tem
perature, and chemical shifts were reported in ppm with reference to tetramethyl silane 
(CH3)4Si. Coupling constants (J) are reported in Hertz (Hz), and splitting patterns are 
indicated as s (singlet), d (doublet), dd (doublet of doublet), t (triplet), and m (multiplet). 
Mass spectrometry measurements were conducted on an LC Premier micro-mass spec
trometer. FT-IR spectra were recorded on an Agilent Cary 630 spectrometer in the 
3800–600 cm−1 range using KBr pellet preparations. Elemental analyses were performed 
using a Thermal Scientific Flash 2000 and a Carlo Erba Elemental Analyzer 1106. A Cary 
100 Series UV-visible spectrophotometer, maintained at ±0.05 �C by a Cary temperature 
controller, was employed to identify an appropriate wavelength for CT-DNA titrations. 
At room temperature, fluorescence emission spectra were recorded using a Perkin 
Elmer LS 45 Fluorescence Spectrometer, with 1-cm path length cuvettes.

Syntheses of heteroleptic ruthenium complexes (Ru1–Ru6)

[Ru(L1)Cl3] (Ru1)
A solution of RuCl3�3H2O (0.41 g, 1.97 mmol) and ligand L1 (0.61 g, 1.97 mmol) was 
refluxed in absolute EtOH (10 mL) for 4 h. The crude product was filtered and washed 
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with ethanol and diethyl ether three times and left to dry at room temperature. The 
brown powder was obtained. Yield 0.61 g (98%). FT-IR (cm−1): t(N-H) ¼ 3059; t(C¼N) 
¼ 1590. HRMS (ESIþ) m/z, calcd for C19H13Cl2N5Ru: 484.9748 [M -Cl]þ; Found 484.0384 
[M -Cl]þ. Anal Calcd (%) for C19H13Cl3N5Ru.2H2O: C, 41.13; H, 3.09; N; 12.62% Found: C, 
41.22; H, 3.12; N; 12.44%.

[Ru(L1)(DMSO)2Cl] (Ru3)
Complex Ru1 (0.13 g, 0.25 mmol) and LiCl (0.021 g, 0.50 mmol) were combined with 
Et3N (0.3 mL) and DMSO (0.5 mL), followed by the addition of 15 mL of absolute EtOH 
under N2, and refluxed overnight. After cooling to ambient temperature, the mixture 
was filtered, yielding a brown powder. The brown powder was then washed with 
diethyl ether (5� 10 mL). Yield 0.75 g (50%). 1H NMR (400 MHz, DMSO-d6): d 2.55 (s, 
6H, (CH3)2SO), 7.52 (m, 4H, 3JHH ¼ 7.6 Hz), 7.85 (dd, 2H, 3JHH ¼ 7.4 Hz), 8.15 (dd, 2H, 
3JHH ¼ 7.6 Hz), 8.32 (t, 1H, 3JHH ¼ 7.8 Hz), 8.56 (d, 2H, 3JHH ¼ 7.8 Hz). 13Cf1Hg NMR 
(100 MHz, DMSO-d6): d 9.00, 19.01, 46.06, 55.36, 56.49, 117.92, 121.82, 125.05, 129.37, 
137.46. FTIR: V/cm−1: 3027 (N-H); 1530 (C¼N). HRMS (ESIþ) m/z, calc for 
C23H25ClN5O2RuS2: 604.0182 [MþH]þ Found 604.0775 [MþH]þ. Anal Calcd (%) for 
C23H24ClN5O2RuS2: C, 45.80; H, 4.01; N; 11.61% Found: C, 45.94; H, 4.34; N; 11.48%.

[Ru(L1)(bpy)]Cl][Cl (Ru4)
Ligand L1 (0.070 g, 0.24 mmol) was added to 10 mL of absolute EtOH. Absolute EtOH 
solution of RuCl3�3H2O (0.050 g, 0.24 mmol) was added to the ligand and refluxed for 
4 h. 2,20-bipyridine (0.07 g, 0.48 mmol) was added to the solution with 3 eq of Et3N, 
and an excess of LiCl as a reducing agent was further stirred for 2 h. The solvent was 
removed with a rotary evaporator. The brown-red powder was collected and washed 
three times with diethyl ether to remove unreacted 2,20-bipyridine. A brownish-red 
powder was obtained. Yield 0.06 g (44%). 1H NMR (400 MHz, DMSO-d6): dH (ppm): 7.42 
(dd, 2H); 7.56 (t, 3JHH ¼ 8.1, 2H); 7.84 (dd, 3JHH ¼ 8.1, 2H); 8.07 (t, 3JHH ¼ 8.0, 2H); 8.32 
(t, 1H, 3JHH ¼ 7.9, H); 8.48(t, 3JHH ¼ 8.1, 1H); 8.75(d, 3JHH ¼ 8.0, 1H). 13Cf1Hg NMR 
(100 MHz, DMSO-d6): d 112.26; 113.05; 119.41; 120.11; 121.89; 122.75; 123.03; 124.26; 
126.46; 127.25; 134.82; 137.34; 137.82; 138.80; 139.72; 144.49; 145.81; 148.16; 149.74; 
150.91; 154.79; 155.68. FTIR: V/cm−1: 3070 (N-H); 1572 (C¼N). HRMS (ESIþ) m/z, calc 
for C29H20ClN7Ru: 604.0590 [MþH]þ Found 604.0000 [MþH]þ. Anal Calcd (%) for 
C29H20ClN7Ru: C, 57.76; H, 3.34; N; 16.26% Found: C, 57.64; H, 3.16; N; 16.47%.

[Ru(L2)(bpy)]Cl]Cl (Ru5)
This complex was synthesized following the synthetic procedure described for Ru4 
using Ligand L2 (0.080 g, 0.24 mmol), RuCl3�3H2O (0.050 g, 0.24 mmol), and 2,20-bipyri
dine. The marron powder was obtained. Yield 0.19 g (66%). 1H NMR (400 MHz, 
DMSOd6): dH (ppm): 7.42 (dd, 2H); 7.56 (t, 3JHH ¼ 8.1, 2H); 7.84 (dd, 3JHH ¼ 8.1, 2H); 
8.07 (t, 3JHH ¼ 8.0, 2H); 8.32 (t, 1H, 3JHH ¼ 7.9, H); 8.48(t, 3JHH ¼ 8.1, 1H); 8.75(d, 
3JHH ¼ 8.0, 1H). 13Cf1Hg NMR (100 MHz, DMSO-d6) d 122.75, 123.24, 126.79, 127.34, 
136.01, 140.30, 151.02, 154.24, 168.19. FTIR: V/cm−1: 1541 (C¼N). HRMS(ESIþ) m/z, 
calc for C29H19ClN5RuS2:637.9814 [M -Cl]þ Found 637.9789 [M -Cl]þ. Anal Calcd (%) for 
C29H19Cl2N5RuS2: C, 51.71; H, 2.84; N; 10.40% Found: C, 51.39; H, 2.95; N; 10.25%.
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[Ru(L2)(phen)]Cl[Cl (Ru6)
This complex was synthesized following the synthetic procedure described for Ru4 
using Ligand L2 (0.83 g, 0.24 mmol), RuCl3�3H2O (0.05 g, 0.24 mmol), and 1, 10- 
Phenanthroline monohydrate (0.08 g, 0.48 mmol). The brown-red powder was 
obtained. Yield 0.10 g (64%). 1H NMR (400 MHz, DMSO-d6): dH (ppm): 7.53–7.63 (m, 
2H); 8.15 (m, 3JHH ¼ 4.0, 1H); 8.23 (d, 1H); 8.29(s, 3JHH ¼ 8.4, 1H); 8.45 (t, 3JHH ¼ 8.1, 
2H,); 8.97 (d, 3JHH ¼ 8.0, 2H); 9.24 (d, 3JHH ¼ 4.0, 1H). 13Cf1Hg NMR (100 MHz, DMSO- 
d6) d 111.76, 112.02, 115.32, 19.97, 121.01, 122.11, 123.47, 124.60, 125.86, 126.30, 
127.24, 141.59, 146.26, 151.07, 161.10. FTIR: V/cm−1: 1587 (C¼N). HRMS (ESIþ) m/z, 
calc for C31H19ClN5RuS2: 661.9814 [M -Cl]þ; Found 661.9826 [M -Cl]þ. Anal Calcd (%) 
for C31H19Cl2N5RuS2: C, 53.37; H, 2.75; N; 10.04% Found: C, 53.19; H, 2.96; N; 10.34%.

Cell culture and in vitro cytotoxicity
Malignant cancer cells, including Caco-2 (colorectal adenocarcinoma cells; RRID: CVCL_ 
0025) and MCF-7 (breast adenocarcinoma cells; RRID: CVCL_0031), along with normal 
HeK-293 (embryonic kidney cells; RRID: CVCL_0045) and KMTS-6 (fibroblast cells; RRID: 
CVCL_2989), were obtained from the American Type Culture Collection (Manassas, 
USA). The frozen stocks were stored at −80 �C in 1–2 ml cryovials with 5% DMSO. They 
were thawed and transferred to a 15-mL tube containing 5 mL of complete media 
(DMEM with 10% FBS and 1% Pen-strep) to culture the cells. After centrifugation for 
5 min at 3000 rpm, the supernatant was discarded, and the pellet was resuspended in 
1 mL of media, which was transferred into T25 cell culture flasks. The flasks were 
labeled and incubated at 37 �C in a CO2 incubator. The cells were monitored for 
growth and contamination using an Evos XL Core inverted microscope, and the media 
were changed every 2 to 3 days. Once the cells reached 70–80% confluence, trypsin- 
EDTA was used to detach them. The media were removed, and the flasks were washed 
with 5 mL of PBS. After adding 1 mL of trypsin-EDTA, the flasks were incubated and 
checked for cell detachment. Following detachment, 4 mL of complete media was 
added, and the contents were transferred to 15-mL tubes, which were then centri
fuged for 5 min at 3000 rpm. The pellets were re-suspended in 1 mL of complete 
media. After resuspending the cells in 1 mL of complete media, 20 mL of the suspen
sion was mixed with 20 mL of trypan blue dye. An aliquot (20 mL) was placed on a 
Countess cell-counting chamber slide for manual counting under an inverted micro
scope. The cells were then diluted in complete media to the desired concentration for 
further analysis. The effect of treatments on cell viability was examined using tetrazo
lium compound WST-1. Cells were seeded in 96-well plates at a density of 1 x 105 

cells/mL, with 100 mL of cell suspension per well. After incubating at 37 �C for 24 h, 
they were treated with the various concentrations of the complexes, cisplatin as a 
positive control and untreated cells as a negative control [61,62]. The media was then 
removed from the 96-well plate, and 50 mL of new media containing WST-1 (1:10) was 
added into each well. The plate was then covered with foil and incubated at 37 �C for 
4 h. Treatments were performed in triplicate, and experiments were repeated three 
times. IC50 values for the metal complexes were analyzed using GraphPad Prism 4.0 
(GraphPad Software, La Jolla, CA, USA).
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