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A B S T R A C T   

Trinuclear ruthenium(II) polypyridyl complexes anchored to benzimidazole-triazine / trisamine scaffolds were 
investigated as photosensitizers for photodynamic therapy. The trinuclear complexes were noted to produce a 
significant amount of singlet oxygen in both DMF and aqueous media, are photostable and show appreciable 
emission quantum yields (ɸem). In our experimental setting, despite the moderate phototoxic activity in the HeLa 
cervical cancer cell line, the phototoxic indices (PI) of the trinuclear complexes are superior relative to the PIs of 
a clinically approved photosensitizer, Photofrin®, and the pro-drug 5-aminolevulinic acid (PI: >7 relative to PI: 
>1 and PI: 4.4 for 5-aminolevulinic acid and Photofrin®, respectively). Furthermore, the ruthenium complexes 
were noted to show appreciable long-term cytotoxicity upon light irradiation in HeLa cells in a concentration- 
dependent manner. Consequently, this long-term activity of the ruthenium(II) polypyridyl complexes em
bodies their ability to reduce the probability of the recurrence of cervical cancer. Taken together, this presents a 
strong motivation for the development of polymetallic complexes as anticancer agents.   

1. Introduction 

The development of new chemotherapeutic treatments to circum
vent drug resistance for long-term use, has become one of the important 
research thrusts in the battle against cancer. Since the discovery of 
cisplatin, several platinum-based metallodrugs have been developed, 
including the clinically used carboplatin and oxaliplatin [1,2]. However, 
the use of these metallodrugs is hindered by the same hurdles that limit 
the application of cisplatin, including off-target effects, the development 
of tumour drug resistance and a limited range of activity [3,4]. These 
limitations have resulted in a redirection in metallodrug discovery to 
other platinum-group metals, with ruthenium-based complexes repre
senting the vanguard of research into the development of metallodrugs 
based on alternative platinum-group metals. This is exemplified by 
several ruthenium-based complexes including NAMI-A, NKP-1339 and 
TLD1433 having been clinically investigated for the treatment of various 
cancers [5–7]. 

In recent years, photodynamic therapy (PDT) has evolved as a suc
cessful alternative or adjuvant treatment modality for cancer. This is due 

to the non-invasive characteristics of PDT agents which provide spatial 
and temporal control over cell death [8–12]. PDT is a form of local light- 
based therapy in which Reactive Oxygen Species (ROS), generated 
photochemically by nontoxic photosensitizers (PS), induce oxidative 
damage to the essential cell and tissue components, bringing about cell 
and tissue death [13–15]. PDT is a two-step procedure, consisting of the 
administration of the PS, followed by exposure to light. This two-step 
procedure significantly reduces side effects, as the nontoxic PS is 
solely activated by light [16]. 

Ruthenium(II) polypyridyl complexes have remained amongst the 
most studied transition metal complexes in light-driven applications, 
including PDT, photocatalysis and luminescent sensing [7,17–20]. The 
interest in ruthenium(II) complexes stems from their favourable and 
conferrable characteristics, which can be fine-tuned to yield excited 
states that are accessible to visible light [21,22]. Indeed, ruthenium(II) 
polypyridyl complexes have garnered a considerable amount of interest 
in their development as photoactive agents, in the treatment of cancer, 
and continue to yield prolific results [21,23–27]. 

Combining photosensitizers with suitable pharmacophoric ligands is 
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of paramount importance to metallodrug design in an effort to improve 
the photophysical properties of photosensitizers. The broad biological 
properties conferred by the benzimidazole scaffold and the benefit of 
incorporating this scaffold onto organometallic complexes is now well 
documented in the literature [28–31]. However, reports on the use of 
the benzimidazole scaffold as an ancillary ligand in the design of PSs for 
PDT are sparse [32–34]. 

The advantages of the incorporation of more than one metal center as 
part of a potential photosensitizer are well documented in the literature, 
as ruthenium(II)-based homo- and hetero-polynuclear complexes 
generally show enhanced phototoxicity relative to their mononuclear 
counterparts [35–40]. Furthermore, a similar trend can be observed 
when comparing the antiproliferative activity of cisplatin to that of its 
trinuclear conjugate, BBR3464, where the activity of trinuclear complex 
is superior relative to the analogous mononuclear counterpart [41,42]. 
Despite this, the development of polymetallic metallodrugs and metal- 
organic PSs for PDT remains in its infancy and relatively unexplored. 

Herein, we report the synthesis of a series of trinuclear 2-pyridyl- and 
2-quinolylbenzimidazole-based ruthenium(II) complexes and discuss 
their phototoxic activity as PDT agents in the HeLa cervical cancer cell 
line. 

2. Results and discussion 

2.1. Synthesis and characterization of the ruthenium complexes 

The synthesis of the key s-triazine-anchored 2-pyridylbenzimidazole 
ligand (6) was carried out via a six-step procedure (Scheme 1) involving 
the i) tert-butyloxycarbonyl (Boc) protection of 1,3-diaminopropane, 
yielding 1; ii) nucleophilic aromatic substitution reaction of 1 with 1-flu
oro-2-nitrobenzene, to yield the aryl nitro precursor (2); iii) reduction of 
the aryl nitro precursor (2), with zinc in the presence of ammonium 
chloride, to produce the aryl 1,2-diamine (3); iv) the cyclocondensation 
of 3 with 2-pyridinecarboxaldehyde in the presence of a catalytic 
amount of trifluoracetic acid (TFA), yielding the 2-pyridylbenzimida
zole (4); v) Boc-deprotection of 4 using an excess of TFA to yield 5; 
vi) reaction of 5 with cyanuric chloride in N,N-dimethylformamide to 
yield the s-triazine anchored 2-pyridylbenzimidazole ligand (6). 

In support of this study, the analogous trimeric and monomeric 2- 
pyridylbenzimidazole (9 and 13) and 2-quinolylbenzimidazole (10) li
gands (based on a trisamine core) were synthesized in parallel, as 
described in the literature (Fig. 1) [28,41,43]. 

The synthesis of the polymetallic ruthenium(II) polypyridyl com
plexes (Ru-1, Ru-2, Ru-3) and mononuclear complex (Mono) was 
achieved in two steps: i) firstly, by the reaction of the appropriate 
benzimidazole-based ligand with dichloridobis(bipyridine)ruthenium 

(II) in ethanol at 78 ◦C overnight; ii) secondly, a salt metathesis reaction 
using ammonium hexafluorophosphate to yield the desired complexes as 
hexafluorophosphate salts (Fig. 2). The ruthenium(II) complexes were 
characterized by nuclear magnetic resonance (NMR) spectroscopy 
(Fig. S5-S7 in the ESI), high-resolution electrospray ionization mass 
spectrometry (HR-ESI) and purity confirmed by liquid chromatography. 

2.2. Photophysicochemical properties 

The emission and singlet oxygen quantum yields (ɸem and ɸΔ 
respectively) of the ruthenium(II) compounds were determined using 
reported comparative methods [44,45]. Tris(bipyridine)ruthenium(II) 
chloride ([Ru(bpy)3Cl2]) served as a benchmark with ɸΔ and ɸem values 
of 0.57 and 0.018 obtained in aerated DMF and acetonitrile, respectively 
[46–48]. 

2.2.1. Emission spectra and Emission Quantum Yield (ɸem) 
All the experiments were conducted in acetonitrile and the absor

bance of the complexes at the excitation wavelength was maintained at 
0.05 a.u. The 2-pyridylbenzimidazole-based complexes (Ru-1, Ru-2 and 
Mono) were noted to show emission maxima in the range 650–665 nm, 
however, the emission maximum of the 2-quinolylbenzimidazole-based 
complex (Ru-3) was noted to be significantly red-shifted (759 nm). This 
is attributed to the extended aromatic ring inherent in complex Ru-3, 
which results in an emission maximum at a longer wavelength. The 
calculated emission quantum yields for the complexes are as follows: 
8.6%, 2.6%, 5.1% and 0.95% for Mono, Ru-1, Ru-2 and Ru-3, respec
tively (Table 1). The significantly lower emission quantum yields for the 
trinuclear complexes (Ru-1, Ru-2, Ru-3) may be ascribed to non- 
radiative dissipation of the excited state of these trinuclear complexes, 
and transient electron transfer between the excited ruthenium trisbi
pyridyl metal centers and either the triazine or trisalkylamine cores of 
the respective trinuclear complexes [49–53]. 

2.2.2. Singlet oxygen quantum yield (ɸΔ) 
Singlet oxygen is formed via an energy transfer process between the 

triplet excited state and molecular oxygen, widely referred to as the 
Type II reaction [54]. The ɸΔ values were determined using an indirect 
method, in which the photobleaching of 9,10-dimethylanthracene 
(DMA) was monitored in DMF after irradiation with blue light at 455 
nm (330mW.cm− 2). Solutions of the ruthenium(II) complexes, the [Ru 
(bpy)3Cl2] standard (at 15 μM, respectively) and DMA (at 25 μM) were 
prepared in DMF. The photodegradation of DMA was evidenced by the 
decrease in absorbance at 402 nm, as illustrated in Fig. 3, in which DMA 
is degraded in the presence of the mononuclear complex (Mono) 
(Fig. 3a) and the trinuclear complex (Ru-1) (Fig. 3b). 

Scheme 1. Reagents and conditions: i) Diaminopropane/ Boc2(O)/ CHCl3/ RT/ 3 h; ii) 1-Fluoro-2-nitrobenzene/ DMF/ 100 ◦C/ 24 h; iii) Zn/ NH4Cl/ MeOH/ RT/ 1 
h; iv) 2-pyridinecarboxaldehyde/ TFA/ EtOH/ MgSO4/ RT/ 24 h; v) TFA/ DCM/ 30 ◦C/ 24 h; vi) DMF/ K2CO3 /120 ◦C/ 48 h. 
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As previously observed for the emission quantum yields, the trinu
clear complexes (Ru-1, Ru-2, 

Ru-3) have significantly less singlet oxygen quantum yields relative 
to the mononuclear complex (Mono). This may in part be attributed to 
the increased flexibility of the trinuclear complexes, thus increasing the 
probability of non-radiative dissipation of the excited state via vibra
tional relaxation and/or kinetic energy [49–51]. The trend in the 
calculated ɸΔ values is, as for the emission quantum yields, of the 
following order: Mono > Ru-2 > Ru-1 > Ru-3 (Table 1). 

Fig. 1. The structures of the trisamine anchored trimeric 2-pyridyl (9) and 2-quinolylbenzimidazole-based (10) ligands and the corresponding monomeric 2-pyri
dylbenzimidazole congener (13). 

Fig. 2. The structures of the mononuclear 2-pyridylbenzimidazole-based ruthenium(II) polypyridyl complex (Mono) and the corresponding triazine-anchored (Ru- 
1) and trisamine anchored trinuclear complexes (Ru-2 and Ru-3). 

Table 1 
Photophysical parameters of the ruthenium(II) polypyridyl complexes.  

Compound λex
a λem

a φΔ
a Φem

b 

Mono 469 664 0.79 0.09 
Ru-1 472 674 0.26 0.03 
Ru-2 465 653 0.31 0.05 
Ru-3 503 759 0.13 0.01 

a: Parameter determined in acetonitrile; b: parameter determined in DMF. 
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With this in mind, the ability of the ruthenium(II) complexes to 
generate 1O2 in aqueous media (~1% DMSO in deionized H2O) was 
investigated using 9,10-anthracenediyl-bis(methylene)dimalonic acid 
(ADMA) as a singlet oxygen quencher. All the complexes were noted to 
produce singlet oxygen species (Fig. S20), indicated by the time- 
dependent reduction of the absorbance of ADMA at 400 nm (Fig. 4, in 
which ADMA is being degraded in the presence of complex Ru-2). 

However, the singlet oxygen quantum yields of the ruthenium(II) 
polypyridyl complexes were not calculated in aqueous media. This is 
due to the interaction of the endoperoxide (formed upon the irreversible 
reaction of ADMA with singlet oxygen) with the respective complexes, 
resulting in precipitation of the complexes out of solution (see 
Fig. S21a). Despite this, all the complexes have demonstrated the ability 
to generate singlet oxygen in aqueous media and dichlorodihydro
fluorescein diacetate (DCFDA) assays confirm the ability of the com
plexes to produce ROS in vitro upon irradiation (Fig. S25). 

2.3. Phototoxicity studies 

To evaluate the potential of the trinuclear ruthenium complexes as 
PDT agents, their toxicity in the dark as well as upon light irradiation in 
the human cervical cancer cell line (HeLa) was evaluated using the WST- 
1 assay. The dark toxicity of the complexes was performed at gradient 
concentrations of 5–300 μM. Of note, none of the compounds inhibited 
HeLa cell survival to ≤50% in the absence of light with IC50 > 300 μM 
(Fig. S22). These results bode extremely well for the potential applica
tion of these complexes as PSs for PDT and are comparable with that of 
Prajith and co-workers who reported two trinuclear complexes of a 
similar structural motif with IC50 values of 287 μM and 280 μM [55]. 

Upon irradiation of the compounds with a blue LED light at 455 nm 
(330mW.cm− 2), a general concentration-dependent reduction in HeLa 
cell survival was noted (Fig. S22), and the IC50 values of the complexes 
are summarized in Table 2. Generally, there was no discernible corre
lation between the singlet oxygen quantum yields of the trinuclear 
complexes and their phototoxicity. This is particularly self-evident for 
complex Ru-3, which has the lowest singlet oxygen quantum yield (ϕΔ 
= 0.13) but was one of the most active complexes (IC50 = 34.63 μM). 
This may be attributed to the fact that ruthenium complexes have been 
reported to indiscriminately exploit both type I and type II PDT mech
anisms, and this may lead to the observation of no correlation between 
the singlet oxygen quantum yields and the observed phototoxicity 
[56–58]. 

The phototoxicity of the complexes follows the general trend: Ru-2 
≈ Ru-3 > Ru-1 > Mono. Structurally, complex Ru-1 consists of the 

Fig. 3. The degradation of 9,10-dimethylanthracene (DMA) in the presence of either Mono (a) or Ru-1 (b) in DMF over 60 s.  

Fig. 4. The degradation of 9,10-anthracenediyl-bis(methylene)dimalonic acid (ADMA) in the presence of Ru-2 in aqueous media over 1200 s.  

Table 2 
The in vitro cytotoxicity (dark) and phototoxicity of the ruthenium(II) poly
pyridyl complexes on human cervical cancer cells (HeLa).  

Compound Light IC50 (μM)b Dark IC50 (μM) P.I.a 

Mono >45 >300 N/A 
Ru-1 42.53 ± 1.16 >300 >7.05 
Ru-2 34.05 ± 1.09 >300 >8.81 
Ru-3 34.63 ± 1.11 >300 >8.66 
Cisplatin [59] – 7.6 – 

a: Phototoxicity Index: IC50 Dark/ IC50 Light; b: 24h incubation in HeLa cells in 
the dark followed by exposure to a 455 nm Thorlabs M455L3 blue LED (330mW. 
cm− 2 or 1188 J/cm2) for 60min. 
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pharmacologically privileged s-triazine core, which is contained in 
several FDA-approved drugs [60]. Additionally, s-triazine derivatives 
have been noted to have several protein targets, ranging from cyclin- 
dependent kinase (CDK) to dihydrofolate reductase, depending on the 
chemical structure [61]. However, the data generated shows that 
changing the trisamine core (in complexes Ru-2 and Ru-3) to the s- 
triazine core (in complex Ru-1) does not significantly improve the 
phototoxicity, as we had initially envisaged, as the s-triazine-based 
complex (Ru-1) is the least active trinuclear complex (IC50 = 42.53 μM). 

To explore the effect of the 2-aryl functionality of the benzimidazole 
scaffold, the trinuclear trisamine anchored 2-pyridyl (Ru-2) and 2-qui
nolinyl (Ru-3) benzimidazole-based complexes were evaluated for 
their phototoxicity. The positive effects that an extended pi-system ex
erts on the photophysical properties and the phototoxicity of ruthenium 
complexes are well documented in the literature [62–64]. From the data 
generated, there was no statistically significant difference in the 
phototoxicity of complexes Ru-2 and Ru-3 in the HeLa cell line (with 
comparable IC50 values of 34.05 ± 1.09 μM and 34.63 ± 1.11 μM, 
respectively). This observation was counter-intuitive, as with previous 
studies the extension of the pi-system on the 2-position of the benz
imidazole scaffold resulted in the enhancement of the antiproliferative 
activity of structurally similar ruthenium(II)-p-cymene complexes [43]. 

A comparison of the phototoxicity of the mononuclear complex 
(Mono) to that of the trinuclear complexes reveals that the trinuclear 
complexes generally show enhanced phototoxicity in the tested cell line. 
This may be attributed in part to two factors: increased nuclearity and 
overall charge density. Prajith and co-workers recently reported a direct 
proportionality of the nuclearity of structurally similar ruthenium(II) 
polypyridyl complexes to the cellular uptake [55]. Additionally, Mat
shitse and co-workers reported the direct correlation between the 
overall charge of metal complexes and their cellular uptake [65]. Thus, 
we attribute the low activity of the mononuclear complex (Mono) to its 

low nuclearity (one metal center vs. three) and relatively lower charge 
(dicationic vs hexacationic). As such, these factors merit opportunities 
for the further development and study of trinuclear, highly charged 
metallodrugs as potential PDT agents. 

2.4. Clonogenic assays 

The treatment of cervical cancer patients with advanced stage or 
recurrent tumours remains a major hurdle, and this is reflected in the 
very low five-year survival rates of <5%, despite intensive therapy 
[66–68]. Moreover, the development of drug resistance by recurrent 
cervical cancer highlights the need for the identification of potential 
therapeutic agents which exhibit long-term cytotoxicity [69]. To this 
end, we investigated the long-term cytotoxic activity of the ruthenium 
(II) polypyridyl complexes (Ru-2 and Ru-3), which showed the most 
promising activity in the short-term viability assay (WST-1 assay), using 
clonogenic assays. Furthermore, the mononuclear congener (Mono) was 
included in these experiments to corroborate the benefit of having more 
than one ruthenium(II) metal center on the long-term cytotoxicity of the 
tested trinuclear complexes. The clonogenic assay entails treating cells 
with the selected complexes (Mono, Ru-2 and Ru-3) at various con
centrations (½ IC50, IC50 and 2× IC50) for 24 h. Thereafter, a set of cells 
were irradiated with a blue LED light at 455 nm (330mW.cm− 2) for 60 
min, and another set of cells was maintained in the dark. This was fol
lowed by the replating of the cells at lower densities in drug-free media 
and the cells were allowed to grow over 12–15 days (with drug free 
growth media being replenished every 2 to 3 days). 

When the HeLa cells were treated and maintained in the absence of 
light (Fig. 5a and c), all the tested complexes showed a concentration- 
dependent reduction of their long-term survival. However, it is worth 
noting that the dark activity of the Ru-2 and Ru-3 trimetallic ruthenium 
(II) complexes surpassed that of the mononuclear congener (Mono). 

Fig. 5. Representative images and quantification of clonogenic assays of HeLa cells treated with ½ IC50, IC50 and 2× IC50 concentrations of the trinuclear complexes 
(Ru-2 and Ru-3) and the mononuclear complex (Mono) for 24 h, and either maintained in the dark (A and C) or irradiated with blue light (455 nm) for 60 min (B and 
D). Cells were replated at lower densities and maintained in drug-free media for 12–15 days and crystal violet-stained colonies were imaged and quantified using 
ImageJ. The graphs represent the mean colony area ± SEM for each treatment condition as a percentage of the vehicle control (untreated). Cisplatin was included as 
a positive control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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More noteworthy, complex Ru-3 nearly eradicated HeLa colonies at the 
highest treated concentration (2× IC50). 

Relative to the HeLa cells that were maintained in the dark, upon 
light irradiation for 60 min (455 nm, 330mW.cm− 2), a striking reduc
tion in the colony forming ability of HeLa cells was observed when 
treated with all three tested compounds individually at all tested con
centrations (Fig. 5b and d). Indeed, the images show that following light 
irradiation, there was an almost complete absence of colonies of HeLa 
cells treated with complexes Ru-2 and Ru-3 (Fig. 5b). These data are 
important as they further validate the phototoxic effects of the tested 
ruthenium(II) polypyridyl complexes against cervical cancer cells with 
the trinuclear complexes Ru-2 and Ru-3 being highly effective relative 
to the Mono complex, lending impetus to the use of polymetallic 
complexes. 

3. Conclusions 

A series of trinuclear hexacationic ruthenium(II) benzimidazole- 
based complexes (Ru-1, Ru-2, Ru-3) and a corresponding mono
nuclear congener (Mono) were synthesized and fully characterized. 
Investigation of the photophysical properties of the complexes revealed 
their ability to produce singlet oxygen upon irradiation in DMF (ɸΔ =

0.13–0.79) and aqueous media. When evaluated for their dark toxicity in 
the human cervical cancer cell line (HeLa), the compounds did not show 
a reduction in cell survival of 50% or below. Upon light irradiation, all 
the trinuclear complexes (Ru-1, Ru-2 and Ru-3) show concentration- 
dependent antiproliferative activity, with IC50 values ranging between 
34.05 μM and 42.53 μM. Despite the mild activity of the complexes, it is 
worth noting that all the complexes exhibit enhanced phototoxicity 
indices (PI in the range: 7.05–8.81) relative to those reported for clini
cally administered Photofrin® (PI: 4.4) [70] and 5-aminolevulinic acid 
(PI: >1) in the HeLa cell line [71]. Furthermore, the investigation of the 
long-term activity of selected complexes (Mono, Ru-2 and Ru-3) 
revealed that all the tested complexes show mild dark cytotoxicity. 
However, upon light irradiation, the long-term cytotoxicity of com
plexes Mono, Ru-2 and Ru-3 is significantly enhanced, in a dose- 
dependent manner. The superior cytotoxicity of the trinuclear com
plexes (Ru-2 and Ru-3) relative to the mononuclear congener (Mono) is 
evident once more, as complexes Ru-2 and Ru-3 show enhanced long- 
term phototoxicity in HeLa cells in comparison with the mononuclear 
complex (Mono). 

Overall, the short- and long-term photocytotoxicity of the trinuclear 
complexes (Ru-1, Ru-2, Ru-3), surpasses that of the corresponding 
mononuclear complex (Mono). Although we are currently investigating 
strategies to enhance the generally modest biological activity of the 
complexes reported in this study, this study lends impetus to the 
development of polynuclear metallodrugs as potential PDT agents. 

4. Experimental 

4.1. General remarks 

All reactions were carried out in an inert argon atmosphere unless 
stated otherwise. All reagents were purchased from commercial sources 
(Sigma-Aldrich, Combi-blocks) and used without further purification. 
Solvents were reduced at 40 ◦C in reduced pressure using a Büchi 
Rotavapor. The heat to reactions conducted above room temperature 
was supplied by a hot plate and silicone oil. All aqueous solutions were 
prepared using deionized water. Reactions were monitored by TLC using 
aluminium-backed Merck silica-gel F254 plates, and compounds were 
visualized under a UV lamp. All column chromatography was carried 
out using Fulka Silica Gel 60, 40–63 μm. Nuclear Magnetic Resonance 
spectra were recorded on either a Bruker X400 MHz spectrometer (1H at 
399.95 MHz and 13C at 100.65 MHz) or a Varian Mercury XR300 MHz 
(1H at 299.95 MHz, 13C at 75.46 MHz) with tetramethylsilane (TMS) as 
the internal standard for chemical shifts. Chemical shifts and J-coupling 

values were reported in ppm and Hz, respectively. Infrared spectroscopy 
was conducted on a Perkin-Elmer Spectrum 100 FT-IR spectrometer 
using Attenuated Total Reflectance (ATR) with bond vibrations 
measured in reciprocal centimetres (cm− 1). Mass Spectrometry (MS) 
determinations were carried out using Electron Impact (EI) on JEOL 
GCmatell instrument or Electrospray Ionization (ESI) on a Waters API 
Quattro Micro triple quadrupole mass spectrometer with data recorded 
using the positive mode. A Büchi Melting Point Apparatus B-540 ma
chine was used to obtain the uncorrected melting points of each com
pound. UV/ Vis electronic spectra were recorded on a Shimadzu UV- 
2550 spectrophotometer. Ambient temperature fluorescence spectra 
were measured on a Cary Eclipse Fluorescence Spectrophotometer 
(G9800A). The purity of the complexes was determined using an Agilent 
HPLC 1260 equipped with an Agilent DAD 1260 UV/ Vis detector and an 
Agilent Pursuit 5 C18 column (5 μM, 150 mm × 4.6 mm). The com
pounds were eluted using a mixture of solvent A (0.1% trifluoroacetic 
acid in deionized water) and solvent B (methanol) at a flow rate of 0.5 
mL/ min. The gradient elution conditions were as follows: 90% solvent A 
between 0 and 2 min, 90–10% solvent A from 2 to 8 min, 10% solvent A 
from 8 to 20 min. The compounds, cis-dichlorobis(bipyridine)ruthenium 
(II), tert-butyl (3-aminopropyl)carbamate (1), 3-(2-(pyridin-2-yl)-1H- 
benzo[d]imidazol-1-yl)propan-1-amine (5), N1-(2-nitrophenyl)-N2,N2- 
bis(2-((2-nitrophenyl)amino)ethyl)ethane-1,2-diamine (7), N1-(2-(bis 
(2-((2-aminophenyl)amino)ethyl)amino)ethyl)benzene-1,2-diamine 
(8), tris(2-(2-(pyridin-2-yl)-1H-benzo[d]imidazol-1-yl)ethyl)amine (9) 
and tris(2-(2-(quinolin-2-yl)-1H-benzo[d]imidazol-1-yl)ethyl)amine 
(10) [43], 2-nitro-N-propylaniline (11), N1-propylbenzene-1,2-diamine 
(12) and 1-propyl-2-(pyridin-2-yl)-1H-benzo[d]imidazole (13), were 
synthesized following published literature methods [28,41,72,73]. 

4.2. Synthesis of the 2-pyridylbenzimidazole s-triazine ligand (6) 

4.2.1. Synthesis of tert-butyl (3-((2-nitrophenyl)amino)propyl)carbamate 
(2) 

Tert-butyl (3-aminopropyl)carbamate (1) (1.25 g, 7.28 mmol) was 
added to DMF (10 mL) at room temperature. Thereafter, 1-fluoro-2- 
nitrobenzene (1.15 mL, 10.9 mmol) was added and the reaction 
mixture was allowed to stir at 100 ◦C for 24 h. Upon complete reaction of 
the starting material, the reaction mixture was diluted with toluene 
(250 mL) and the solvent was removed using rotary evaporation. The 
resultant crude residue was re-dissolved in 100 mL of dichloromethane 
(DCM) and washed with a saturated brine solution (80 mL) and 
extracted with two more aliquots of DCM (2 × 100 mL). The organic 
extracts were collected and dried over anhydrous sodium sulfate, and 
excess solvent was reduced in vacuo. The desired product (2) was iso
lated by column chromatography as a yellow powder (1.59 g, 5.45 
mmol). Rf (3:1 petroleum ether: ethyl acetate): 0.50. Yield: 75%. 1H 
NMR (300 MHz, CDCl3) δ (ppm): 8.17 (ddd, J = 8.6, 4.2, 1.4 Hz, 1H, 
ArH), 8.06 (s, 1H, ArH), 7.50–7.37 (m, 1H, ArH), 6.85 (dd, J = 8.6, 5.3 
Hz, 1H, ArH), 6.72–6.58 (m, 1H, ArH), 4.62 (s, 1H, NH), 3.50 (t, J = 6.3 
Hz, 1H, CH2), 3.37 (t, J = 7.0 Hz, 2H, CH2), 3.32–3.20 (m, 2H, CH2), 
2.26–2.07 (m, 1H, CH2), 2.00–1.82 (m, 2H, CH2), 1.45 (s, 9H, CH3). 13C 
NMR (101 MHz, CDCl3) δ (ppm): 156.09, 145.40, 136.28, 131.95, 
126.95, 115.34, 113.67, 79.49, 40.50, 38.25, 29.62, 28.39. EI-MS (m/ 
z): Observed: 296.2 (25% [M + H]+, Calculated: 296.2. FT-IR (ATR) ν 
(cm− 1): 1510 (N–O stretch). MP (◦C): 89.7–91.2 ◦C. 

4.2.2. Synthesis of tert-butyl (3-((2-aminophenyl)amino)propyl)carbamate 
(3) 

Tert-butyl (3-((2-nitrophenyl)amino)propyl)carbamate (2) (1.59 g, 
5.38 mmol) was dissolved in anhydrous methanol (10 mL) and allowed 
to stir for 5 min. Ammonium chloride (2.92 g, 54.5 mmol) and zinc 
powder (7.13 g, 107 mmol) were added, and the resultant mixture was 
allowed to stir at room temperature for 1 h. The reaction mixture was 
filtered through Celite® and rinsed with copious methanol. The filtrate 
was subsequently collected, and the excess solvent was reduced by 
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rotary evaporation. The resultant residue was redissolved in DCM (100 
mL) and washed with two aliquots of a saturated brine solution (2 × 100 
mL) and deionized water (100 mL). The organic extract was collected, 
dried over anhydrous sodium sulfate and excess solvent was reduced in 
vacuo and the resultant crude product was purified using column chro
matography (100% ethyl acetate). The desired compound (3) was iso
lated as a dark brown oil (0.813 g, 3.07 mmol). Rf (ethyl acetate): 0.82. 
Yield: 57%. 1H NMR (300 MHz, CDCl3) δ (ppm): 6.87–6.74 (m, 1H, 
ArH), 6.76–6.57 (m, 3H, ArH), 4.71 (s, 1H, NH), 3.37–3.13 (m, 6H, H-g, 
CH2), 1.93–1.74 (m, 2H, CH2), 1.45 (s, J = 17.8 Hz, 9H, CH3). 13C NMR 
(151 MHz, CDCl3) δ (ppm): 156.19, 137.15, 134.50, 120.52, 118.88, 
116.55, 112.15, 79.24, 41.57, 38.35, 29.70, 28.40. EI-MS (m/z): 
Observed: 266.2 (100% [M + H]+, Calculated: 266.2. FT-IR (ATR) ν 
(cm− 1): 1691 cm− 1 (C––O stretch), 3378 cm− 1 (1֯ NH2 stretch). 

4.2.3. Synthesis of tert-butyl (3-(2-(pyridin-2-yl)-1H-benzo[d]imidazol-1- 
yl)propyl)carbamate (4) 

Tert-butyl (3-((2-aminophenyl)amino)propyl)carbamate (3) (0.100 
g, 0.383 mmol) was dissolved in anhydrous ethanol (10 mL) and allowed 
to stir under argon for 5 min. Thereafter, 2-pyridinecarboxaldehyde 
(0.0550 mL, 0.575 mmol), trifluoracetic acid (TFA) (0.00293 mL, 
0.0383 mmol) and magnesium sulfate (0.276 g, 2.29 mmol) were 
sequentially added to the reaction vessel. The reaction mixture was 
allowed to stir at 45 ◦C overnight. The reaction mixture was subse
quently filtered, and the filtrate collected. The excess solvent was 
removed by rotary evaporation, and the resultant crude mixture was 
redissolved in dichloromethane (30 mL) and washed with a saturated 
sodium bicarbonate solution (30 mL) and a saturated brine solution (30 
mL). The organic extracts were collected and dried over anhydrous so
dium sulfate, and the excess solvent was removed in vacuo. Silica gel 
column chromatography was used to isolate compound 4 as a dark 
yellow oil (0.0898 g, 0.255 mmol). Rf (Ethyl Acetate: Petroleum Ether 
2:1): 0.40. Yield: 68%. 1H NMR (300 MHz, CDCl3) δ (ppm): 8.69 (dd, 
J = 2.3, 1.5 Hz, 1H, ArH), 8.39 (d, J = 8.0 Hz, 1H, ArH), 7.87–7.69 (m, 
2H, ArH), 7.45–7.35 (m, 1H, ArH), 7.35–7.21 (m, 3H, ArH), 5.87 (s, 1H, 
NH), 4.79 (t, J = 7.0 Hz, 2H, CH2), 3.12 (dd, J = 11.8, 5.8 Hz, 2H, CH2), 
2.18–2.04 (m, 2H, CH2), 1.40 (s, 9H, CH3). 13C NMR (151 MHz, CDCl3) 
δ (ppm): 156.05, 149.54, 149.07, 148.51, 141.47, 137.27, 135.87, 
125.64, 124.28, 123.94, 123.31, 119.90, 110.44, 78.97, 43.07, 37.17, 
29.84, 28.45. EI-MS (m/z): Observed: 353.2 (100% [M + H]+, Calcu
lated: 353.2. FT-IR (ATR) ν (cm− 1): 1678 cm− 1 (C––O stretch), 1580 
(pyridyl C––N). 

4.2.4. Synthesis of the s-triazine ligand N2,N4,N6-tris(3-(2-(pyridin-2-yl)- 
1H-benzo[d]imidazol-1-yl)propyl)-1,3,5-triazine-2,4,6-triamine (6) 

To a stirring solution of 3-(2-(pyridin-2-yl)-1H-benzo[d]imidazol-1- 
yl)propan-1-amine (5) (0.501 g, 1.98 mmol) in DMF (10 mL), cyanuric 
chloride (0.0978 g, 0.528 mmol) and potassium carbonate (0.274 g, 
1.982 mmol) were sequentially added. The reaction mixture was stirred 
at 120 ◦C for 72 h. The reaction vessel was allowed to cool to room 
temperature and toluene (300 mL) was added. Excess solvent was 
removed in vacuo and the residue was re-dissolved in DCM (20 mL) and 
washed with two aliquots of a saturated brine solution (2 × 20 mL). The 
organic extracts were collected and dried over sodium sulfate. The 
excess solvent was removed via rotary evaporation and the crude residue 
was purified using column chromatography. Compound 6 was isolated 
as an off-white solid (0.539 g, 0.648 mmol). Rf (2: 1 petroleum ether: 
ethyl acetate): 0.48. Yield: 33%. 1H NMR (400 MHz, DMSO) δ(ppm): 
8.74 (d, J = 4.4 Hz, 3H, ArH), 8.33 (d, J = 7.9 Hz, 3H, ArH), 8.01 (t, J =
7.8 Hz, 3H, ArH), 7.68 (ddd, J = 22.7, 15.5, 7.8 Hz, 7H, ArH), 7.52 (dd, 
J = 7.9, 4.6 Hz, 4H, ArH), 7.37–7.17 (m, 7H, ArH), 6.91 (br s, 2H, NH), 
5.75 (s, 1H, NH), 4.82 (t, J = 7.2 Hz, 6H, CH2), 2.97 (dd, J = 12.5, 7.3 
Hz, 6H, CH2), 1.98–1.85 (m, 6H, CH2). 13C NMR (151 MHz, CDCl3) δ 
(ppm): 156.03, 151.17, 149.66, 142.57, 137.89, 136.84, 
124.69,123.69, 122.81, 122.32, 121.94, 120.02, 112.51, 111.23, 43.32, 
38.13, 30.65. FT-IR (ATR) ν (cm− 1): 1680 (triazine C––N, and 

benzimidazole imine C––N), 1586 (pyridyl C––N). EI-MS (m/z): 
Observed: 358.3 (100%, [C18H15N9 + H]+), Calculated: 358.3. MP (◦C): 
100.2–102.8. 

4.3. The general synthesis of the ruthenium(II) polypyridyl complexes 
(Mono, Ru-1, Ru-2, Ru-3) 

The appropriate trimeric 2-pyridylbenzimidazole ligand (1 eq.) 
(either N2,N4,N6-tris(3-(2-(pyridin-2-yl)-1H-benzo[d]imidazol-1-yl)pro
pyl)-1,3,5-triazine-2,4,6-triamine, tris(2-(2-(pyridin-2-yl)-1H-benzo[d] 
imidazol-1-yl)ethyl)amine or tris(2-(2-(quinolin-2-yl)-1H-benzo[d]imi
dazol-1-yl)ethyl)amine) was dissolved in anhydrous ethanol (5 mL). To 
this stirring solution, cis-dichlorobis(bipyridine)ruthenium(II) (3 eq.) 
was added and the reaction mixture was refluxed at 78 ◦C overnight. 
After 24 h, the reaction mixture was cooled to room temperature and a 
solution of ammonium hexafluorophosphate (6 eq.) in anhydrous 
ethanol (2 mL) was added, and the reaction mixture was stirred for an 
additional 30 min at room temperature. The contents of the reaction 
flask were subsequently filtered through Celite®. The solvent was 
removed under reduced pressure, which resulted in a solid precipitate. 
The desired complexes were isolated by suction filtration and washed 
with cold ethanol (10 mL). 

4.3.1. The synthesis of the triazine-based ruthenium(II) polypyridyl 
complex (Ru-1) 

The s-triazine ligand N2,N4,N6-tris(3-(2-(pyridin-2-yl)-1H-benzo[d] 
imidazol-1-yl)propyl)-1,3,5-triazine-2,4,6-triamine, compound (6) 
(0.0301 g, 0.0361 mmol), was reacted with cis-dichlorobis(bipyridine) 
ruthenium(II) (0.0557 g, 0.115 mmol) under reflux at 78 ◦C overnight. 
Thereafter, NH4PF6 (0.0353 g, 0.217 mmol) was added and this mixture 
was allowed to stir for 1 h. The desired complex (Ru-1) was isolated as a 
burgundy solid (0.06737 g, 0.0325 mmol) by suction filtration and 
washed with cold ethanol (10 mL). Yield: 90%. 1H NMR (600 MHz, 
DMSO) δ (ppm): 8.84 (d, J = 7.0 Hz, ArH), 8.75 (d, J = 8.0 Hz, 3H, 
ArH), 8.64 (d, J = 8.1 Hz, 3H, ArH), 8.24 (t, J = 7.6 Hz, 4H, ArH), 
8.22–8.11 (m, 10H, ArH), 8.08 (t, J = 7.7 Hz, 3H, ArH), 7.96 (d, J = 8.4 
Hz, 4H, ArH), 7.91 (d, J = 5.0 Hz, 3H, ArH), 7.84 (d, J = 5.0 Hz, 3H, 
ArH), 7.77 (s, 8H, ArH), 7.72 (d, J = 5.1 Hz, 4H, ArH), 7.64–7.40 (m, 
22H, ArH), 7.13–7.03 (m, 6H, ArH), 5.76–5.66 (m, 3H, NH), 4.99–4.86 
(m, 6H, CH2), 3.03 (dt, J = 18.4, 6.1 Hz, 6H, CH2), 2.08 (bs, 6H, CH2). 
13C NMR (151 MHz, DMSO) δ (ppm): 158.17, 157.95, 157.85, 157.66, 
157.61, 157.09, 156.40, 156.18, 155.64, 153.53, 153.20, 152.47, 
152.24, 151.91, 151.76, 150.72, 149.46, 148.74, 140.46, 139.07, 
138.99, 138.48, 138.21, 138.14, 138.07, 137.90, 136.76, 128.39, 
128.30, 128.23, 128.03, 127.78, 127.31, 127.28, 126.34, 125.96, 
125.49, 125.13, 124.99, 124.85, 124.77, 124.72, 124.47, 124.20, 
123.82, 115.43, 115.43, 113.35, 113.35, 78.31, 78.31, 43.79, 43.73, 
37.61, 29.78, 28.69, 28.69. FT-IR (ATR) ν (cm− 1): 1450 (C=Nimine), 834 
(P–F). MP (◦C): 224.6 (decomp.). MS (HR-ESI, m/z): Observed: 
325.0881 (60% [C35H30N7Ru]2+), Calculated: 325.0798. Purity: 
98.45%, by LC (tR = 2.034 min). 

4.3.2. The synthesis of the trisamine-2-pyridylbenzimidazole ruthenium(II) 
polypyridyl complex (Ru-2) 

The trisamine-based ligand, tris(2-(2-(pyridin-2-yl)-1H-benzo[d] 
imidazol-1-yl)ethyl)amine (9) (0.0447 g, 0.0588 mmol) was reacted 
with cis-dichlorobis(bipyridine)ruthenium(II) (0.0854 g, 0.1764 mmol) 
under reflux at 78 ◦C overnight. Thereafter, NH4PF6 (0.173 g, 1.06 
mmol) was added and was allowed to stir for a further 1 h. The desired 
complex (Ru-2) was isolated as a dark red solid (0.0688 g, 0.0241 mmol) 
by suction filtration and washed with cold ethanol (10 mL). Yield: 42%. 
1H NMR (600 MHz, DMSO) δ (ppm): 8.82–8.71 (m, 12H, ArH), 8.57 (t, 
J = 9.0 Hz, 3H, ArH), 8.48 (d, J = 9.3 Hz, 3H, ArH), 8.24–8.17 (m, 6H, 
ArH), 8.17–7.93 (m, 16H, ArH), 7.88–7.81 (m, 7H, ArH), 7.77 (t, J = 5.7 
Hz, 3H, ArH), 7.72–7.44 (m, 34H, ArH), 7.29–6.97 (m, 22H, ArH), 5.77 
(dd, J = 12.5, 8.4 Hz, 3H, ArH), 5.11–4.87 (m, 6H, CH2), 3.50–3.34 (m, 
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7H, CH2). 13C NMR (151 MHz, DMSO) δ (ppm): 157.76, 157.64, 
157.33, 156.96, 156.78, 156.67, 153.14, 152.05, 151.91, 151.50, 
151.45, 151.34, 150.68, 150.53, 149.17, 148.43, 148.38, 140.54, 
138.59, 138.51, 138.37, 138.28, 138.16, 138.11, 138.01, 137.13, 
137.08, 128.31, 127.96, 127.52, 127.45, 126.42, 126.36, 125.77, 
124.84, 124.74, 124.60, 124.05, 123.86, 115.79, 113.25, 112.98, 
109.20, 53.55, 8.99. FT-IR (ATR) ν (cm− 1): 1438 (C=Nimine), 832 
(P–F). MP (◦C): 229.1 (decomp.). MS (HR-ESI, m/z): Observed: 
325.0867 (20% [C34H28N8Ru]2+), Calculated: 325.0735. Purity: 
99.50%, by LC (tR = 3.724 min). 

4.3.3. The synthesis of the trisamine-2-quinolylbenzimidazole ruthenium 
(II) polypyridyl complex (Ru-3) 

A mixture of the trimeric 2-quinolylbenzimidazole ligand, tris(2-(2- 
(quinolin-2-yl)-1H-benzo[d]imidazol-1-yl)ethyl)amine (10) (0.0520 g, 
0.0602 mmol) and cis-dichlorobis(bipyridine)ruthenium(II) (0.0875 g, 
0.181 mmol) was refluxed at 78 ◦C overnight. Thereafter, NH4PF6 
(0.0588 g, 0.361 mmol) was added and allowed to stir for 1 h. The 
desired complex (Ru-3) was isolated as a red solid (0.142 g, 0.487 
mmol) by suction filtration and washed with cold ethanol (10 mL). 
Yield: 80%. 1H NMR (600 MHz, DMSO) δ (ppm): 8.91–8.78 (m, 2H, 
ArH), 8.74–8.69 (m, 1H, ArH), 8.59–8.43 (m, 8H, ArH), 8.40–8.20 (m, 
7H, ArH), 8.13–7.67 (m, 20H, ArH), 7.62–7.36 (m, 14H, ArH), 
7.28–7.18 (m, 8H, ArH), 7.17–6.97 (m, 8H, ArH), 6.87 (d, J = 8.1 Hz, 
2H, ArH), 6.82–6.61 (m, 2H, ArH), 5,53 (t, J = 8,2 Hz, 3H, 
ArH),5.33–4.02 (m, 6H, CH2), 3.13–2.93 (m, 6H, CH2). 13C NMR (151 
MHz, DMSO) δ (ppm): 158.27, 157.42, 157.07, 156.99, 151.16, 
150.13, 149.24, 146.61, 142.51, 141.08, 139.47, 139.07, 137.45, 
137.24, 136.78, 132.05, 130.14, 129.87, 128.59, 128.42, 127.71, 
127.61, 125.89, 125.03, 124.73, 124.04, 123.11, 121.73, 120.42, 
115.73, 114.01, 110.53, 55.33, 54.41, 43.66, 40.88. FT-IR (ATR) ν 
(cm− 1): 1458 (C=Nimine), 836 (P–F). MP (◦C): 234.7 (decomp.). MS 
(HR-ESI, m/z): Observed: 415.1322 (100% [C114H91N22Ru3]5+), 
Calculated: 415.0991. Purity: 98%, by LC (tR = 2.009 min). 

4.3.4. The synthesis of the ruthenium(II) polypyridyl complex (Mono) 
The 1-propyl-2-(pyridin-2-yl)-1H-benzo[d]imidazole ligand (13) 

(0.0289 g, 0.122 mmol) was dissolved in anhydrous ethanol (5 mL) 
under argon. To this stirring solution, cis-dichlorobis(bipyridine)ruthe
nium(II) (0.0651 g, 0.134 mmol) was added and the reaction mixture 
was refluxed at 78 ◦C overnight. After 24 h, the reaction mixture was 
cooled to room temperature and a solution of ammonium hexa
fluorophosphate (0.0397 g, 0.244 mmol) in anhydrous ethanol (2 mL) 
was added, and the reaction mixture was stirred for an additional 30 min 
at room temperature. The contents of the reaction flask were subse
quently filtered through Celite®. Excess DCM was removed under 
reduced pressure, which resulted in a burgundy solid precipitate. The 
desired complexes were isolated by suction filtration and washed with 
cold ethanol (10 mL). Yield: 97.1% 1H NMR (600 MHz, DMSO) δ 
(ppm): 8.84 (dd, J = 12.7, 5.7 Hz, 3H, ArH), 8.73 (d, J = 8.1 Hz, 1H, 
ArH), 8.64 (d, J = 8.3 Hz, 1H, ArH), 8.23 (dd, J = 14.9, 7.3 Hz, 2H, ArH), 
8.16 (dt, J = 15.9, 7.9 Hz, 2H, ArH), 8.07 (t, J = 7.9 Hz, 1H, ArH), 8.00 
(d, J = 8.5 Hz, 1H, ArH), 7.92 (d, J = 5.5 Hz, 1H, ArH), 7.92 (d, J = 5.5 
Hz, 1H, ArH), 7.78 (ddd, J = 17.9, 15.9, 5.5 Hz, 4H, ArH), 7.59 (t, J =
6.6 Hz, 1H, ArH), 7.57–7.51 (m, 2H, ArH), 7.51–7.43 (m, 3H, ArH), 7.08 
(t, J = 7.8 Hz, 1H, ArH), 5.71 (d, J = 8.3 Hz, 1H, ArH), 4.98–4.80 (m, 2H, 
CH2), 2.00–1.85 (m, 2H, CH2), 0.89 (t, J = 7.4 Hz, 3H, CH3). 13C NMR 
(151 MHz, DMSO) δ (ppm): 157.96, 157.61, 157.08, 153.09, 152.26, 
151.83, 150.73, 148.78, 140.38, 138.69, 138.47, 138.20, 138.10, 
137.93, 137.00, 128.37, 128.28, 128.21, 128.01, 126.32, 126.03, 125.4, 
124.99, 124.87, 124.70, 124.43, 115.36, 113.60, 46.99, 23.02, 11.06. 
FT-IR (ATR) ν (cm− 1): 1446 (C=Nimine), 830 (P–F). MP (◦C): 297.8 
(decomp.). MS (HR-ESI, m/z): Observed: 325.5878 (100% [M-2PF6]2+), 
Calculated: 325.5843. Purity: 97%, by LC (tR = 2.799 min). 

4.4. Photophysical and photochemical properties 

Singlet oxygen quantum yields (ɸΔ) and emission quantum yields 
(ɸem) were determined using the comparative method, reported in the 
literature [44,45] with the necessary equations provided in the Sup
plementary Information. Tris(bipyridine)ruthenium(II) chloride ([Ru 
(bpy)3Cl2]) served as a benchmark with, ɸΔ and ɸem values of 0.57 and 
0.018 in DMF and acetonitrile, respectively [46–48]. When calculating 
the singlet oxygen quantum yields (ɸΔ) the absorbance of the sample 
was not corrected for. 

4.5. Cell culture 

The HeLa cervical cancer cell line was cultured and maintained in 
Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma Aldrich, 
USA). The growth medium was supplemented with 10% heat- 
inactivated foetal bovine serum, 100 μg/mL streptomycin, and 100 U/ 
mL penicillin (Gibco, Life Technologies, USA). The cells were main
tained in an environment with 5% CO2 at 37 ◦C to maintain physio
logical pH and temperature respectively. The culture medium was 
replaced every 48–72 h. 

4.5.1. Cytotoxicity studies 
Briefly, HeLa cells were seeded at a density of 4500 cells/ well and 

consequently incubated at 37 ◦C for 48 h to enable adhesion. Thereafter, 
the cells were incubated for 48 h with either the vehicle control (0.1% 
DMSO) or various concentrations (5–35 μM) of the tested ruthenium(II) 
complexes. The original medium was removed after 48 h and replaced 
with fresh RPMI 1640 without phenol red. The cells were photo
irradiated with a 455 nm Thorlabs M455L3 LED for 60 min (330 mW. 
cm− 2). Fresh RPMI was subsequently added, and the cells were incu
bated for an additional 24 h. A separate set of cells were incubated with 
the tested complexes at concentrations ranging from 5 to 300 μM in the 
absence of light. Cell proliferation and viability were quantified by 
treating the cells with 4-(3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-tetra
zol-3-ium-5-yl)benzene-1,3-disulfonate (WST-1) according to a proced
ure described by Ishiyama et al. [74] The absorbance at 420 nm was 
measured with a Molecular Devices Spectra Max M5 plate reader. The 
absorbances recorded were appropriately adjusted for the growth media 
(RPMI 1640) and the respective complexes. 

4.5.2. Intracellular ROS (DCFDA Assay) 
The 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) assay was 

used to quantify the production of intracellular reactive oxygen species 
(ROS) by the ruthenium(II) complexes [75]. HeLa cells were plated at a 
density of 2 × 104 cells/ well and allowed to adhere overnight. After 
adhesion, the cells were incubated with 35 μM of each of the ruthenium 
(II) complexes for 4 h in the dark. Thereafter, DCFDA (at a concentration 
of 10 μM) was added and the cells were incubated in the dark for 30 min. 
The DCFDA solution was removed and the cells were washed three times 
with PBS to remove any extracellular DCFDA and ruthenium(II) com
plexes. The cells were subjected to irradiation with a ThorLabs 455 L3 
LED for 15 min. Similarly, another 96-well plate was maintained in the 
dark. Fluorescence was measured using a multi-plate reader with exci
tation and emission wavelengths of 485 nm and 353 nm, respectively. 
H2O2 was used as a positive control and vehicle-treated (0.1% DMSO) 
cells were used as a negative control. 

4.5.3. Clonogenic assays 
HeLa cells were seeded at a density of 1.5 × 105 in 35 mm dishes and 

were incubated for 24 h at 37 ◦C to allow adhesion. Thereafter, the cells 
were treated with various concentrations (1/2 IC50, IC50 and 2× IC50) of 
selected ruthenium(II) polypyridyl complexes (Ru-2, Ru-3 and Mono) 
or 0.1% DMSO (vehicle) for 24 h and were either maintained in the 
absence of light or photoirradiated with a 455 nm Thorlabs M455L3 LED 
for 60 min (330 mW.cm− 2). The cells were then subjected to clonogenic 
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assays in drug free media and surviving cells were determined after 
12–15 days, as previously described by Kimani and co-workers [76]. 
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