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ABSTRACT: A series of four ruthenium (II) complexes Ru(bp)n(bps)3-n (n = 0-3; bp = 4,7-diphenyl-1,10-phenanthroline or bathophenan-

throline; and bps = disulfonated 4,7-diphenyl-1,10-phenanthroline or bathophenanthroline disulfonate) bearing different charges were syn-

thesized and characterized. In aqueous media, all complexes displayed similar photophysical properties which makes this series ideal to 

study the effect of charge on the cytotoxicity of Ru(II) complexes. Ru(bp)32+ (1) and Ru(bps)34- (4) are known photosensitizers that penetrate 

cancer cells and possess a significant light-induced cytotoxicity. The newly conceived neutral Ru(bp)2(bps)0 (2) and dianionic Ru(bp)(bps)22- 

(3)  were also found to have significant uptake as well as light-activation properties. Importantly, upon systematic modulation of complexes 

charge, the dark cytotoxicity was successfully tuned. The cationic complex 1 was potent against 5 out of 6 cell lines tested (MDA-MB-231, 

MCF-7, B16, SF and ML2) and displayed the highest cytotoxicity with IC50 values of 4.0, 3.6, 1.7, 1.0 and 2.9 µM, respectively. The two 

anionic complexes, 3 and 4, with overall charges of -2 and -4, were not potent against any of the cell lines in the dark (IC50 > 200 μM), 

whereas the neutral molecule, complex 2, was potent against 3 out of 6 cell lines in the dark (B16, SF and ML2) and exhibited an intermediate 

activity with IC50 values of 12.8, 3.0 and 10.3 µM, respectively. All complexes presented significant phototoxicity when activated at 6 h 

post-incubation, which is consistent with their fast uptake and ability to produce singlet oxygen. Localization of complexes 1-4 within the 

cells were found to be dependent on the charge and photoexcitation conditions. The charge-activity relationship elucidated in this work 

facilitates the development of new sensitizers for photodynamic therapy.  
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1. INTRODUCTION 

Cancer is a disease typically detected at a late stage leading to high mortality rates among patients.1-2 It is often correlated with the formation 

of tumors due to uncontrolled malignant cell growth in undesired areas of the body.3 To date, there is a lack of cancer-curing drugs that are 

efficient, specific and possess little to no side effects. Cisplatin and its analogues are common chemotherapeutic agents used to treat cancer 

patients.2, 4-5 These Pt(II) transition metal complexes are highly potent and are commonly associated with severe side effects and/or drug 

resistance which compromise their effectiveness in therapy.6 The mechanism of action of cisplatin was extensively investigated and summa-

rized in detailed review articles.7-8 It was found that the active species leading to cross-reactivity of cisplatin with DNA is the Pt(II)-aqua 

complexes that results from chloride substitution by water.9-10 In order for the drug to have minimal side effects, the most intuitive strategy 

is to specifically target cancer cells through a distinct mechanism, which is often expensive and exclusive to the type of cancer targeted. 

Photodynamic therapy (PDT), a process that utilizes light to drive therapeutic processes, is known for several decades and is clinically applied 

to treat certain types of diseases such as psoriasis, vitiligo and skin cancer.11-13 The commonly investigated mechanisms of PDT focus on 

formation of singlet oxygen (1O2) and subsequently reactive oxygen species (ROS) as well as photobinding and cleavage of DNA.12 In 

addition, the photochemical transformation of prodrugs to active potent molecules has been shown to be another effective mechanism that is 

worth investigating.14 Based on these proposed mechanisms, several transition-metal complexes bearing varied ligand frameworks were 

designed and tested for their potency against human cancer cell lines.14-24 Octahedral Ru(II) polypyridyl complexes are typically luminescent 

which facilitates the visualization of tumors through fluorescence imaging.12 In addition, their absorption can be readily tuned through ligand 

modification to match the therapeutic window.25-26 Importantly, Ru(II) octahedral complexes are active even in the presence of large quantity 

of glutathione, a molecule known to deactivate square planar Pt(II) complexes such as cisplatin.7, 14, 27 The utilization of Ru(II) for photody-

namic therapy of cancer was recently reviewed by Gasser and coworkers.26 Different mechanisms of cancer cells death are plausible depend-

ing on the physical and chemical properties of the therapeutic agent. The production of reactive oxygen species (ROS) via quenching of 

triplet metal-to-ligand charge transfer (3*MLCT) excited state is of prime importance in PDT.28-31 A large amount of phenanthroline-based 

ligands32 and ruthenium complexes25-26, 33-36 coordinated to nitrogen and carbon based ligands were tested for their ability to kill cancer cells. 

Our research effort was focused on the synthesis and characterization of series of Ru(II) complexes bearing varied ligand frameworks. In 

previous studies, the dicationic Ru(II) tris-(bathophenanthroline) [Ru(bp)32+ (1)] was found to intercalate with DNA37-39 and was significantly 

toxic towards cancer cell lines30. However, the sulfonated tetraanionic counter-part, Ru(II) tris-(bathophenantholine disulfonate) [Ru(bps)34- 

(4)], was found to bind to proteins40-41 and lacked any cytotoxicity in the dark30. Interestingly, even anionic Ru(II) and Pt(II) complexes 

bearing bps ligands possessed significant cellular uptake.30, 42 Here, we sought the synthesis and characterization of two new complexes, 

Ru(bp)2(bps)0 (2) and Ru(bp)(bps)22- (3), that together with 1 and 4 elucidate the effect of charge on the different chemical, physical and 

biological properties of these complexes.  
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2. EXPERIMENTAL SECTION 

2.1 Instrumentation. Absorption data were acquired on a Shimadzu UV-1650PC spectrophotometer. Photoluminescence were measured on 

a FL/FS920 spectrofluorimeter from Edinburgh Instruments equipped with a 450 W Xe arc lamp and a Peltier cooled, red sensitive PMT 

(R2658P, Hamamatsu). Lifetimes and transient absorption data were collected on an LP920 laser flash photolysis system from Edinburgh 

Instruments.  The excitation pump source was a Vibrant LD 355 II Nd:YAG/OPO system (OPOTEK), kinetic traces were collected with a 

PMT (R928 Hamamatsu) and transient absorption difference spectra using an iStar ICCD camera (Andor Technology). Origin 8.1 was used 

for fitting kinetic traces. Real-time absorbance was measured using an ocean optic spectrometer (HR2000+) coupled to a deuterium/halogen 

light sources (DT-MINI-2-GS, Ocean Optics). Transmittance was acquired at a right angle of an incident He/Cd laser excitation (λexc = 442 

nm and Pincident  = 30 mW). 1H spectra were recorded on an AC500 Bruker spectrometer operating at 500 MHz. Chemical shifts are reported 

in delta (δ) units, expressed in parts per million (ppm) using the residual protonated solvent as an internal standard DMSO-d6 2.50 ppm. The 

multiplicity of signals is designated by the following abbreviations: s, singlet; d, doublet; dd, doublet of doublets; m, multiplet. HPLC data 

were acquired on a Shimadzu quaternary pump coupled with a PDA detector and equipped with C18 column (Column Technologies Inc.) 

and fitted with a Phenomenex guard column using a published method.14 High-resolution ESI-MS measurements were performed at MSU 

Mass Spectrometry Core Facility; MALDI-TOF MS at LAU proteomics facility (4800 PLUS MALDI TOF/TOF Analyzer from AB Sciex); 

and elemental analyses at Atlantic Microlab facilities, USA.  

 

2.2 Materials. LiCl, RuCl3.3H2O, bathophenanthrolinedisulfonic acid disodium salt trihydrate (Na2bps.3H2O), bathophenanthroline (bp), 

tetrabutyl ammonium chloride (TBACl), 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI nucleic acid stain), and all solvents were 

obtained from Aldrich and used without any further purification.  

2.3 Syntheses.  

2.3.1 Ru(bps)2Cl2 and Ru(bp)2Cl2 were prepared in near quantitative yields by literature methods.43-44 According to NMR studies,45 the 

predominate isomer for sulfonate is the meta substituted as depicted by Figure 1.  

2.3.1 Ru(bp)3Cl2 (1): This complex was prepared by modified literature methods.44, 46  RuCl3.3H2O (0.191 mmol) and bp (0.75 mmol) 

were added to 10 ml of N2 degassed ethylene glycol. The mixture was refluxed for 4 h under nitrogen. After cooling to room temperature, a 

saturated aq. KPF6 solution was added produced a dark orange precipitate that was collected by vacuum filtration. The product was dissolved 

in the minimum amount of acetone and saturated aq. TBACl solution was then added to produce an orange precipitate that was collected by 

vacuum filtration and purified by column chromatography (Sephadex column; eluent: EtOH). The orange band was collected and evaporated 

to afford the desired product as orange solid (yield 67%). 1H NMR (dmso-d6, 500 MHz): δ 8.37 (d, J=5.5 Hz, 6H), 8.29 (s, 6H), 8.85 (d, 

J=5.5 Hz, 6H), 7.72-7.61 (m, 30H). MALDI-TOF MS (m/z, amu): 1098.08 [M]+.  
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2.3.2 Ru(dp)2(bps) (2): Ru(bp)2Cl2 (0.090 mmol) and bps ligand (0.099 mmol) were added to 10 mL of N2-degassed 1:1 ethanol/water 

mixture. The mixture was heated at 90◦C for 4h under nitrogen. The solvents were removed by rotavapor and the residue was dissolved in 2 

mL of methanol and added dropwise to 300 mL of rapidly stirred diethyl ether. The orange precipitate was filtered, washed with diethyl 

ether, and dried under reduced pressure. The crude product was dissolved in the minimum amount of methanol and purified by column 

chromatography (LH-20 Sephadex column; eluent: methanol). The orange band was collected and evaporated to afford the desired product 

as orange solid (yield 67%). 1H NMR (dmso-d6, 500 MHz): δ 8.52-8.50 (m, 6H), 8.42 (s, 4H), 8.37 (s, 2H), 8.03 (s, 2H), 7.919-7.98 (m, 

4H), 7.95-7.93 (m, 4H), 7.84-7.75 (m, 24H). MALDI-TOF MS (m/z, amu): 1257.12 [M+H]+.  

2.3.3 Ru(bps)2(bp)Na2 (3): Ru(bps)2Cl2 (0.071 mmol) and bp ligand (0.096 mmol) were added to 10 mL 1 of N2-degassed 1:1 ethanol/water 

mixture. The mixture was heated at 90◦C for 4h under nitrogen. The solvents were removed by rotavapor and the residue was dissolved in 2 

mL of methanol and added dropwise to 300 mL of rapidly stirred diethyl ether. The orange precipitate was filtered, washed with diethyl 

ether, and dried under reduced pressure. The crude product was dissolved in the minimum amount of methanol and purified by column 

chromatography (LH-20 Sephadex column; eluent: methanol). The orange band was collected and evaporated to afford the desired product 

as orange solid (yield 82%). 1H NMR (dmso-d6, 500 MHz): δ 8.42 (d, J=5.5 Hz, 2H), 8.36 (t, 4H), 8.26 (s, 2H), 8.26-8.19 (m, 4H), 7.91 (d, 

J=9.5 Hz, 4H), 7.84 (d, J=12 Hz, 2H), 7.70-7.59 (m, 18H). EA calculated for C72H44N6Na2O12RuS4.12H2O: C 51.58%; H 4.09%; N 5.01%, 

found: C 51.73%; H 3.95%; N 5.22%. ESI-TOF HRMS ([M]2-) m/z calcd for C72H44N6O12RuS42- 707.0480, found 707.0469.  

 

2.3.4 Ru(bps)3Na4 (4): This complex was prepared by a literature method.44 1H NMR (dmso-d6, 500 MHz): δ 8.39 (d, J=5.5 Hz, 6H), 8.19 

(s, 6H), 7.91 (s, 6H), 7.81-7.79 (m, 12H), 7.65-7.59 (m, 12H). 

2.4 Proliferation Inhibition Assay (cytotoxicity). Cytotoxicity assays were carried out as described previously.47-48 Cells were plated in 

flat-bottom 96-well plates at a density of 2-3 x104 cells/well in100 μL of their respective growth medium. Four-fold serial dilutions of the 

different complexes were made directly in the cell culture medium in round-bottom, 96-well plates to yield a total of 9 concentration points, 

in triplicates, ranging from 50 to 0.003 µM. Compound dilutions were then directly transferred to the cell plates containing the cells. The 

wells at all edges were left free of cells in order to prevent edge effect. An additional row with only the complexes was added as a control 

for their effect. DMSO corresponding to the volume of DMSO contained in the compound dilutions was also tested in duplicates. In the case 

of light activation, plates were exposed to blue LED light (LED Engin, 460 nm output, 130 lm at full-power, coupled with a focusing lens 

and a home-built LED dimmer) for 30 minutes either 6, 12 or 24 hrs after cell incubation with the complexes. Plates were then incubated for 

72 hrs at 37 °C, 5% CO2. Detection of cell viability was performed using the XTT Cell Proliferation Assay – Roche, as per manufacturer’s 

instructions. Briefly, 50 uL of the XTT mixture was added to each well and the plates were incubated for 4 hrs at 37 °C. Absorbance was 

then read at 450 nm using a Varioscan Microplate Reader with linearity up to 4. All graphs were plotted and analyzed using GraphPad Prism 

5 software. 
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2.5 Measurement of complex uptake. Cells (3x105 cells/well in 250 µL) were plated in 24-well plates overnight in their respective growth 

media. The required doses of the different complexes were diluted in cell culture medium as described above, and added to the plates in 

order to reach a total volume of 500 µL/well. The plates were incubated at 37°C with 5% CO2 for 15 and 30 min, 1h, 2h and 6h, before being 

harvested and run for fluorescence detection on the FL3-H channel using BD Accuri C6 flow cytometer (BD Accuri, Ann Arbor, MI). 

2.6 Cell cycle analysis. Cell cycle effect analysis was carried out using PI staining on flow cytometry as described previously.49-50 Briefly, 

cells incubated with the different complexes (50 µM) or media alone for 6, 24 and 48 h at 37oC/5% CO2, were harvested and fixed in 70% 

ethanol for a minimum of 24 h, at -80oC. Cells were then incubated with a PI staining solution (50 µg/ml) for 40 min at 37oC. Samples were 

then read on a C6 flow cytometer (BD Accuri, Ann Arbor, MI) and total cell DNA content was measured on FL2-A with cells gated on width 

versus forward scatter. 

2.7 Analysis of cell cytotoxicity. Type of cell death was determined using an Annexin V-fluorescin Isothiocyanate (Annexin V-FITC) and 

Propidium Iodide (PI) apoptosis detection kit (Abcam, Cambridge, MA) and a FITC-conjugated active caspase inhibitor (ApoStat Apoptosis 

Detection Kit, R&D Systems, Abingdon, England) on flow cytometry, as described previously.49-50 Briefly, cells were incubated with either 

medium alone (control cells) or medium containing the different complexes at the highest concentration used in the cytotoxicity assay (50 

µM) for 24 and 48 h at 37oC/5% CO2. Cells were then harvested and incubated with a FITC-conjugated annexin V antibody (2.5 mg/ml) 

and PI (5 mg/ml) for 45 min at 37oC or incubated with 0.5 µg/ml of apostat for 30 min then harvested. Cells were then read using a C6 flow 

cytometer (BD Accuri, Ann Arbor, MI). Annexin V/PI data was analyzed on FL1-H versus FL2-H scatter plot and active caspases were 

detected on FL1-H. Cells were gated on width versus forward scatter. 

2.8 Cell culture and immunostaining assay. Human mammary adenocarcinoma cells (MDA-MB-231) were cultured in DMEM medium 

supplemented with 10% FBS and 100 U penicillin/streptomycin at 37˚C and 5% CO2. The cells were plated on cover slips 24 hours prior to 

the experiment. The cells were then treated independently with four different ruthenium(II) complexes for 6 hours. For the light activation, 

plates were exposed to blue LED light (as describe in section 2.4) after treatment with the complexes. Cells were then fixed with 4% para-

formaldehyde for 10 min, and blocked with 1% BSA, in PBS for 1 hour. Samples were then stained with DAPI for 10 min. Fluorescent 

images were taken using a 60X objective on Axio observer Z1 fluorescent microscope (from Zeiss). 

3. RESULTS 

The design of new chemotherapeutic agents necessitates the understanding of structure-activity relationships. Given the large amount of 

variables in terms of functionalization of a ligand framework, we investigated the effect of overall Ru(II) complex charge on the photophys-

ical, photochemical and biological activity of these complexes. To this end, we have successfully synthesized four octahedral complexes 

bearing a systematically varied number of bp and bps ligands. The complexes Ru(bp)32+ (1); Ru(bp)2(bps)0 (2); Ru(bp)(bps)22-  (3) and 

Ru(bps)34- (4) possess +2; 0; -2 and -4 overall charges respectively, Figure 1.  
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Figure 1. Chemical structures of a series of ruthenium complexes bearing different overall charges: Ru(bp)32+ (1); Ru(bp)2(bps)0 (2); 
Ru(bp)(bps)22-  (3) and Ru(bps)34- (4). 
 

To glean insight into the electronic configuration of these ruthenium complexes, the normalized absorption and emission spectra of 1-4 were 

acquired in water at room temperature, Figure 2. It was found that the absorption and emission profiles are similar for all complexes irre-

spective of their charges, Figure 2. Photophysical assignments were done similar to known homoleptic Ru(II) complexes.51 The lowest 

energy absorption band attributed to d  π*1 or MLCT was centered ~ 450 nm and composed of two shoulders, one ~ 433-437 nm and 

another ~ 461-464 nm. The broad and split nature of this band can be attributed to different vibronic contributors to this MLCT transition. 

The maximum extinction coefficients at that band for all four complexes were found ~ 29,300-30,000 M-1cm-1. Another MLCT band exist 

as a shoulder between 310-315 nm attributed to d  π*2 and a typical sharp π  π*1 was observed at 280 nm. The normalized absorption 

spectra in Figure 2 show that the neutral complex 2 is slightly different than the remaining 3 charged complexes which might be caused by 

partial aggregation or ion pairing in aqueous medium.52-53 Typical structureless and broad triplet MLCT emission bands emanate from 1-4 

with maximum intensity at ~ 620 nm giving rise to stokes shifts ~ 170 nm. 

 

 

 

 

 

 

 

 

Figure 2. Normalized absorption and emission spectra (corrected for the detector’s response) of complexes 1-4 in water. 
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Figure 3. Transient absorption spectra of (a) 2 and (b) 3 in dearated water following 450 nm excitation with 2 µs sampling intervals. The 

triplet metal-to-ligand charge transfer excited state (3*MLCT) shows broadband absorption features around 345, 575 and 700 nm whereas 

the ground state (GS) bleach is around 450 nm. 

 

The nature of the emissive excited states of complexes 2 and 3 was investigated using nanosecond transient absorption (TA) spectroscopy. 

Samples in dearated water were pumped with 450 nm laser excitation (~ 5 mJ/pulse) and probed using white light. The difference absorption 

spectra were acquired at 2 µs delay intervals, Figure 3. The transients for complexes 2 (Figure 3a) and 3 (Figure 3b) show similar features: 

A ground state (GS) bleach centered around ~ 450 nm and excited state (ES) absorption at ~ 345 nm, 575 nm and 700 nm. For both complexes, 

single wavelength kinetics data acquired at 460 nm and 520 nm exhibited single exponential GS bleach recovery and ES decay with compa-

rable lifetimes ~ 3.4-3.5 µs, Figure A1-A2.  

Table 1 summarizes measured physical, photophysical, and photochemical properties of complexes 1-4. The quantum yields of 1-4 increased 

from 0.051-0.061 to 0.200-0.248 upon degassing the aqueous solution, Table 1. This ~ 4 folds increase of quantum yield upon argon degas-

sing of the aqueous solvent was paralleled with a similar increase in excited state lifetime from 0.75-0.87 µs to 3.38-3.67 µs, Figure A3-A4 

and Table 1. The excited state lifetimes were acquired through photoluminescence decay data in aerated and dearated water solutions. All 

emission lifetimes fit single exponential decay functions and the values obtained for complexes 2 and 3 match the ones from TA spectroscopy, 

Figure A1-A4. 
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Table 1. Physical, photophysical and photochemical properties of complexes 1-4 in water. 

Complex 1 2 3 4

Chargea 2 0 -2 -4

λmax (nm)b 437, 462 433, 461 437, 462 437, 464

ε (M-1cm-1) 29,300c 30,000 27,300 29,500c

λem (nm)d 629 629 632 629

ΦPL, aerated
e 0.055 0.051 0.055 0.061

ΦPL, deaerated
e 0.23 0.2 0.21 0.248

τaerated (µs)f 0.75±0.04 0.86±0.07 0.87±0.07 0.86±0.04

τdeaerated (µs)f 3.38±0.04 3.42±0.12 3.52±0.06 3.67±0.08

ΦΔ
g 0.47 0.46 0.47 0.48  

a overall charge of the ruthenium complexes.  

b maximum absorption wavelengths at the lowest energy MLCT absorption bands, see Figure 2.  

c extinction coefficient from previous study.46  

d maximum excited state emission wavelength following excitation at 450 nm, see Figure 2.  

e relative quantum yield measured with Ru(bpy)32+ [bpy = 2,2’ bipyridine] in aerated water as standard with Φ𝑃𝑃𝑃𝑃 = 0.04.54  

f excited state lifetime following excitation at 450 nm.  

g singlet oxygen quantum yield measured in D2O versus TmPYP as standard with 𝛷𝛷𝛥𝛥 = 0.74 at λexc = 436 nm.55-56  

 

The substantial deactivation of the excited states of 1-4 by oxygen is crucial for efficient photochemical formation of ROS in aqueous 

solutions. The quenching of the 3*MLCT by molecular oxygen is a traditional mechanism leading to the formation of 1O2.57-58 1O2 formation 

was probed in deuterated water since it possesses a long lifetime and detectable emission intensity in D2O.59 To gain insight into processes 

occurring in biological media upon photoexcitation, D2O was chosen as a solvent. Using an infrared detector, the emission of 1O2 was 

detected with peak at ~ 1275 nm56 for complexes 1-4, Figure 4. The quantum yield of 1O2 formation (Φ𝛥𝛥) was found to be ~ 0.46-0.48 which 

is consistent with literature values in the case of 1 and 4, Table 1.30, 58 It is worth noting that the recorded 1O2 emission spectra in all complexes 

suffered from a background noise. This noise is attributed to residual 3*MLCT emission which was previously observed on the congener 

ruthenium(II) tris(2,2’-bipyridine) Ru(bpy)32+ in D2O using a similar setup to the one used in this study.60 Time-resolved emission monitored 

at 1280 nm displayed a bi-exponential decay, with a short component attributed to the residual phosphorescence of Ru(bpy)32+ and a longer 

component (59.47 µs) corresponding to 1O2 lifetime in D2O.56 To further corroborate this hypothesis, 1 was measured in aerated D2O and 

compared to the same solution degassed with Ar or O2, Figure 4b. Increase in the background emission of 1 and disappearance of 1O2 

emission was observed in the deoxygenated solution purged with Ar, Figure 4b. However, as oxygen concentration increased in the solution, 

a significant decrease of background and a rise in the 1O2 emission intensity was observed, Figure 4b.These results exemplified the quenching 

process of 3*MLCT by dissolved O2 yielding a decrease in the intrinsic emission from the complex and an increase in the 1O2 emission in 

aerated solution. 
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Figure 4. (a) Singlet oxygen (1O2) emission (indicated by an arrow) detected in the infrared region following photoexcitation (λexc = 450 ± 

10 nm) of 1-4 in aerated D2O. The emission was corrected for the detector’s response. (b) Emission scan of a D2O solution containing 

complex 1 under Ar degassed (red), aerated (black) and O2 saturated (blue) conditions.  

 

Photochemical dissociation of a ligand from ruthenium polypyridyl complexes is a well understood mechanism that occurs even in stable 

frameworks such as the prototypical ruthenium tris-bipyridine (Ru(bpy)32+).61-63 Since some ligands32 and ruthenium aqua14, 18, 31 complexes 

are active towards cancer cell lines, we have investigated the robustness of our complexes under high-power laser irradiation. Absorption 

changes typically signals the photochemical transformation to a photoproduct.64 Absorption spectra of an aerated aqueous solution of 1-4 

were measured in real-time as a function of He/Cd laser excitation (λexc = 442 nm, P = 33 mW), Figure A5. The kinetic traces of the 

absorbance values at 450 nm were extracted as a function of time, Figure 5. Both the absorbance values and the profile didn’t change over 

time which signals a significant photostability of the complexes even under large photon flux.  
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Figure 5. Normalized absorbance value at 450 nm of complexes 1-4 as a function of irradiation time in aerated water. The light source was 

He/Cd laser operated at 442 nm excitation and 33 mW incident power. 
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Figure  6. Cytotoxicity data of complexes 1 (black), 2 (red), 3 (blue) and 4 (green) on 6 different cell lines (MDA-MB 231, MCF-7, Caco-

2, B16, SF and ML2). All complexes are measured in the dark after 72 hrs of incubation.  

Table 2. IC50 expressed in µmol/L of complexes 1-4 in the dark after 72 hrs of incubation on 6 different cell lines (MDA-MB 231, MCF-7, 

B16, SF and ML2 and Caco-2). 

Complex 1 2 3 4

MDA-MB-231 4 > 200 > 200 > 200

MCF-7 3.6 > 200 > 200 > 200

B16 1.7 13 > 200 > 200

SF 1 3 > 200 > 200

ML2 2.9 10 > 200 > 200

Caco-2 > 200 > 200 > 200 > 200
 

To determine whether charge variation of Ruthenium (II) tris-bathophenantholine complexes had an impact on their cytotoxicity, we tested 

the potency of complexes 1-4 to both hematological malignancies (the AML cell line ML2) and solid tumors (the breast cancer cell lines 

MDA-MB-231 and MCF-7, the Glioblastoma cell lines SF, the colon cancer cell line Caco-2 and the melanoma cell lines B16), both in the 

dark and following light activation (ML2 and SF). Only complex 1, possessing a +2 overall charge, was potent against the majority of cell 

lines in the dark (5 out of 6) with only Caco-2 being resistant (IC50 > 200 μM). Complex 1 was potent against MDA-MB-231, MCF-7, B16, 

SF and ML2 with IC50 values of 4.0, 3.6, 1.7, 1.0 and 2.9 µM, respectively. Complex 2, possessing a 0 overall charge, was only potent 

against 3 out of 6 cell lines in the dark (B16, SF and ML2) with IC50 values of 13, 3.0 and 10 µM, respectively. The two remaining complexes, 
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3 and 4, with overall charges of -2 and -4, were not potent against any of the cell lines in the dark (IC50 > 200 μM) (Figure 6, Table 1). This 

demonstrates the structure function relationship of these complexes since their potency correlates with their overall charge. The complex 

carrying an overall charge of +2 was the most potent, in the dark, with potency decreasing for the non-charged complex and being completely 

abolished for the negatively charges complexes. It is worth noting that the cisplatin control on ML2 cell line yielded an IC50 of 4.0 µM which 

is at the same order of magnitude than complex 1.  

Additionally, the impact of light activation was tested at different time points on the potency of all 4 complexes against two cell lines SF and 

ML2 (most sensitive to complexes 1 and 2 in the dark). Light activation led to an equal increase in potency of all 4 complexes when applied 

at 6 hours post incubation with the complexes. However, when light activation was applied at later time points (12 and 24 hours post-

incubation with the complexes) the potency of the different complexes varied significantly, reflecting potentially different cytotoxicity mech-

anisms based on the charge of each complex (Figure 7, Table 2).  

Only complex 1 (positively charged) showed the same potency when light activated at 6, 12 and 24 hours post-incubation, while complex 2 

(neutral) showed a decrease in potency when light activation was applied at 12 and 24 hours post-incubation compared to activation at 6 

hours post-incubation. Complexes 3 and 4 (negatively charged) had a significant decrease in potency when activated at 12 hours compared 

to 6 hours post-incubation and completely lost potency when light activated at 24 hours post incubation with the complexes. We then inves-

tigated the uptake of the 4 complexes by the two cell lines tested above (ML2 and SF) using flow cytometry, Figure A12.  Both cell lines 

showed significant uptake of all complexes tested starting as early as 15 min post-incubation with no differences being evident when com-

paring the uptake of the different complexes. These results, therefore, demonstrate that the uptake of these complexes by SF and ML2 cells 

occurs early, precedes the onset of cell death and is similar for all four complexes.  

Cell cycle analysis of cells treated with complexes 1 and 2 at 6, 24 and 48 hours demonstrated that, in addition to their cytotoxic effect on 

cells, these complexes induced cell cycle arrest in the surviving fraction of cells at all time points tested, Figure A13. This was illustrated by 

the increase in the percentage of cells in the G0/G1 phase of the cell cycle (M1 gate) and decrease in the percentage of cells in the G2/M and 

S phases of the cell cycle (M2 and M3 gates) in treated cells compared to controls. The above indicates that complexes 1 and 2 exert a dual 

effect on cells inducing both significant cytotoxicity and cell cycle arrest in surviving cells. On the other hand, analysis of cell death type 

was performed using annexinV/PI and caspase staining. Positive staining for annexinV/PI in both cell lines after treatment with complexes 

1 and 2 for 48 hours can be associated with either necrotic cell death or late-stage apoptotic cell death, Figure A14. Additionally, positive 

caspase staining indicated that caspases are active in both cell lines followed by treatment with 1 and 2. The strong signs of caspase activation, 

along with positive annexinV staining, suggest an apoptotic type of cell death induced by these complexes. 
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Figure 7. Cytotoxicity data of complexes 1-4 on ML2 cell lines in the dark (black) or photoactivated after 6h (red), 12h (blue) or 24 h (green). 

The reading was done after a total of 72 hrs incubation. 

Table 3. IC50 expressed in µmol/L of complexes 1-4 on ML2 and SF cell lines following photoactivation after 6h, 12h or 24 h. The reading 

was done after a total of 72 hrs incubation. 

Complex
Activation 
time point

6h 12h 24h 6h 12h 24h 6h 12h 24h 6h 12h 24h

SF 0.1 0.1 0.2 0.8 2 12 0.4 0.2 >200 0.2 0.1 >200

ML2 0.2 0.2 0.3 0.1 0.5 5 0.3 1.5 >200 0.1 0.3 >200
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Given the intrinsic photoluminescence of complexes 1-4 (Figure 2), fluorescence microscopy experiments were performed to glean insights 

on uptake and potential localization of these complexes in the nucleus versus the cytosol of MDA-MB231 cells, Figure 8. Cells were co-

stained with DAPI, a known DNA staining agent. The cationic complexes 1 was clearly localized to the nucleus prior to light activation. 

However after light activation, complex 1 seemed to be excluded from the nucleus and cells looked apoptotic. The neutral complex 2 localized 

in a perinuclear fashion in the dark and likely became vesicular upon photoactivation. The dianionic complex 3 possessed poor uptake into 

cells in the dark as obviated by the small emission signal from within the cells versus the background. However, upon photoexcitation the 

uptake of 3 was elevated and this complex assumed a diffuse cytosolic pattern. The tetraanionic complex 4 was predominantly localized to 

the nucleus with slight diffuse cytosolic distribution in the dark. The latter stayed localized to the nucleus even after photoexcitation.  

 

Figure 8. Localization of complexes 1-4 (Rhodamine filter/RH) in MDA-MB231 cells before and after light activation. Cells were treated 

independently with 1-4 for 6 hours. For the light activation (lower panel), plates were exposed to blue LED light after treatment with the 

complexes. Then the cells were fixed with 4% paraformaldehyde for 10 min, and blocked with 1% BSA, in PBS for 1 hour. Samples were 

stained with DAPI for 10 min before taking fluorescent images using a 60X objective on Axio observer Z1 fluorescent microscope (from 

Zeiss). Scale bar is 10 µm. 

 

4. DISCUSSION 

Ruthenium (II) polypyridyl complexes are gaining widespread popularity in the field of photodynamic therapy of cancer due to their rich 

and tunable photophysical and photochemical properties. Complexes 1-4, possessing +2, 0, -2 and -4 overall charges respectively, were 

successfully synthesized and characterized. All these complexes were found to have similar photophysical properties irrespective of the 

degree of sulfonation and the overall charge. The significant quenching of excited state in aerated water and the large stokes shift indicate 
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that emission is phosphorescence emanating from a triplet metal-to-ligand charge transfer state (3*MLCT), Scheme 1. The triplet nature of 

the excited state was further verified using transient absorption spectroscopy of complexes 2 and 3. This *3MLCT is efficiently quenched by 

ground state 3O2 to form 1O2, Scheme 1. These results are consistent with typical ruthenium diimine complexes that exhibit near unity 

intersystem crossing efficiency.65 

Importantly, it was found that the photophysical and photochemical properties of 1-4 are comparable, paving the way for studying the effect 

of charges on cytotoxicity with minimal change of other variables. The formation of 1O2 following visible light absorption of 1-4 was 

detected owing to its infrared emission with peak around 1275 nm. 1-4 displayed the same quantum yield of singlet oxygen production within 

margin of error (Δ1O2 ~ 47 % in D2O). Since all complexes yielded 1O2, a well-known cell-damaging agent, light-activation of these com-

plexes in cytotoxicity essays against cancer cell lines was deemed possible.  

 

Scheme 1. Jablonski diagram of the photophysical and photochemical processes of complexes 1-4. Following visible light absorption, (Abs.), 

molecules go from the ground state to the singlet metal-to-ligand charge transfer state (1*MLCT) which undergo intersystem crossing (ISC) 

to yield triplet metal-to-ligand charge transfer state (3*MLCT). The latter can return to the ground state via emission of light (Em.) termed 

phosphorescence or through non-radiative decay (dashed lines). Alternatively, the 3*MLCT can be quenched by 3O2 to form 1O2 which is 

likely responsible of the photocytotoxicity of these complexes against cancer cell lines.  

 

 

The photochemical stability of all complexes was investigated in the presence of high photon flux. This control was imperative to rule out 

any potential photochemical speciation of 1-4 in aqueous media.66 Previous report have shown dual activity of complexes via the generation 

of 1O2 and photochemical dissociation of caged transition metal complexes.29, 67  However, we found that 1-4 are very stable for prolonged 

irradiation time with no sign of degradation or ligand loss over a period similar to the one utilized in photobiological experiments. These 

results strongly suggest that photosensitizers 1-4 operate by type II mechanism which leads to reactive oxygen species (1O2) that damage 

cancer cells by inducing oxidative stress.12 



15 

 

In the dark, the dicationic complex 1 was the most potent against an array of cell lines whereas the anionic complexes 3 and 4 were not 

cytotoxic at any concentration utilized with the neutral complex 2 possessing intermediate cytotoxicity. Our finding on this series are con-

sistent with a previous report where complexes 1 and 4 were investigated.30 In that study, complex 1 was found to localize to the mitochondria 

despite its high binding affinity to DNA, whereas complex 4 was localized to the cytosol.30 All those findings support the argument that as 

the charge of the complex varies from +2 (complex 1) to 0 (complex 2) then -2 (complex 3) and -4 (complex 4), ability to bind negatively 

charged DNA and/or to localize to the mitochondria first decreases significantly leading to a decreased availability of the complex in the cell 

by 24 hours post-incubation. This led to a decrease in potency yielding a complete lack of activity for complexes 3 and 4 upon light activation 

at the late time points. The fast uptake of 1-4 into the cells observed in flow cytometry along with the photochemical formation of singlet 

oxygen was paralleled by the successful photoactivation of all complexes at early incubation time (6 h). However, the complete loss of light 

induced cytotoxicity of the anionic complexes at 24 h post-incubation indicate a possible efflux of 3 and 4 outside the cells as a function of 

time. Complex 2 also exhibits a gradual decline of photoactivation as the incubation time increases from 6 h to 24 h which might be also due 

to the efflux of this neutral complex outside the cell but at a slower rate than 3 and 4. The cationic complex 1 didn’t display significant time-

dependent photoactivation which supports its binding or localization to organelles inside the cell. Cell cycle and cytotoxicity analyses per-

formed on complexes 1 and 2 indicated dual effect on cells inducing both significant cytotoxicity likely through apoptotic pathways and cell 

cycle arrest in surviving cells. Fluorescence microscopy was then utilized to probe for nuclear localization of these complexes on MDA-

MB231 cells incubated in the dark versus light. Complex 1 was found to co-localize with the nucleus in the dark and to be excluded from it 

upon photoexcitation. However, we can’t rule out any specific localization to the mitochondria or lysosomes that was previously observed 

for complex 1 on A549 cells.30 Complexes 2 and 3 displayed a perinuclear or cytosolic localization in the dark as well as upon photoexcita-

tion. Albeit, the uptake of complex 3 notably improved when exposed to light. Complex 4 possessed nuclear localization with slight diffuse 

cytosolic localization in the dark and light. These results suggest that the overall charge of the complex can significantly change the locali-

zation of the complexes inside the cells as well as their biological targets and mode of action. In agreement with our results on this series of 

ruthenium complexes, Pavani et al. have previously shown a correlation between the increase in lipophilicity and zinc coordination of por-

phyrin ring with uptake and membrane interaction without altering the photophysical properties of the photosensitizers.68-69 Importantly, 

exposure to light radically changed the localization of complex 1 which is consistent with results on TMPyP (5,10,15,20-tetrakis(N-methyl-

4-pyridyl)-21H,23H-porphine) that demonstrated a relocalization from the nucleus to other microenvironment in cells upon light exposure.70 

5. CONCLUSION 

A series of Ru(II) complexes Ru(bp)n(bps)3-n (where n=0-3) was investigated. A systematic change of charge was afforded by the variation 

of the degree of sulfonation in complexes 1-4. The neutral (2) and dianionic (3) complexes are new molecules that were found to exhibit 

very similar photophysical and photochemical properties to their prototypical dicationic (1) and tetraanionic (4) counterparts. Upon photo-

excitation of the complexes in aerated aqueous solutions, 1O2 was formed via 3*MLCT quenching and was verified by time-resolved and 

steady-state experiments. 1-4 were found to emit light from a triplet state (phosphorescence) with a quantum yield ~ 0.055 and lifetime ~ 0.8 

µs in aerated water as well as Δ1O2 ~ 0.47 in aerated D2O. In addition, after irradiation with light in aqueous solutions, no photochemical 
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dissociation of 1-4 was detected, demonstrating the robustness of these complexes even under high laser irradiance. The demonstrated pho-

tophysical and photochemical properties make complexes 1-4 attractive for fluorescence imaging and PDT. In-vitro cell culture assays using 

6 different cell lines illustrated a correlation between the cytotoxicity of these complexes and their overall charge. In the dark, the positively 

charged complex (1) was the most potent with IC50 values ranging from 1 to 4 µM depending on the cell line. The negatively charged 

complexes, (3 and 4), had negligible cytotoxicity against all cell lines (IC50 > 200 μM). Finally, the neutral complex (2) had intermediate 

potency with IC50 values between 3 and 12.8 µM on three cell lines and IC50 > 200 μM on the remaining ones. All complexes showed 

enhancement of cytotoxicity when photoactivated at 6 h post-incubation which is consistent with their fast uptake and ability to produce 

singlet oxygen. However, the cytotoxicity of complexes 2-4 decreased when photoactivated at 24 h post-incubation indicating the possibility 

of efflux of these complexes out of the cells as a function of time. The positively charged complex 1 exhibited similar phototoxicity when 

activated at different time points, which is likely due to binding to biological targets or localization within organelles of the cells. Cell cycle 

and cytotoxicity analyses revealed apoptotic mechanism for cancer cell death in 1 and 2 whereas fluorescence microscopy experiments 

demonstrated a significant variation in the localization of complexes 1-4 in the nucleus and/or cytosol of cells as a function of complex 

charge and exposure to light. The structure-activity relationship established in this contribution can be of significance for the development 

of new molecular photosensitizer in the field of cancer therapeutics.  
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