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Abstract  

Five osmium(II) polypyridyl complexes of the general formula [Os(4,7-diphenyl-1,10-

phenanthroline)2L]2+ were synthesized as photosensitizers for photodynamic therapy by 

varying the nature of the ligand L. Thanks to the pronounced π-extended structure of the ligands 

and the heavy atom effect provided by the osmium center, these complexes exhibit a high 

absorption in the near-infrared (NIR) region (up to 740 nm), unlike related ruthenium 

complexes. This led to promising phototoxicity in vitro against cancer cells cultured as 2D cell 

layers but also in multicellular tumor spheroids upon irradiation at 740 nm. The complex 

[Os(4,7-diphenyl-1,10-phenanthroline)2(2,2’-bipyridine)]2+ was found to be the most efficient 

against various cancer cell lines, with high phototoxicity indexes. Experiments on CT26 tumor-

bearing BALB/c mice also indicate that the Os(II) complexes could significantly reduce tumor 

growth under 740 nm laser irradiation. The high phototoxicity in the biological window of this 

structurally simple complex makes it a promising photosensitizer for cancer treatment.

https://orcid.org/0000-0001-9857-4042


3 
 

Introduction 
Cancer is a multifactorial global issue, assumed to be the second leading cause of death in the 

world. According to World Health Organization, it was responsible for 9.6 million deaths in 

2018.[1] Different treatments, including radiotherapy and chemotherapy, can be used to treat 

this disease, quite often in combination with surgery.[2,3] However, these adjuvant treatments 

usually lead to severe side effects due to their lack of selectivity for diseased tissues. For this 

reason, many studies were conducted to develop more efficient and selective alternative 

treatments, as evidenced by the fact that over 60% of all current experimental trials worldwide 

are focusing on cancer treatment.[3] 

Photodynamic therapy (PDT) was discovered as a promising alternative/complementary 

technique to treat several types of cancer as well as infectious and skin diseases.[4] It relies on 

the simultaneous action of a photosensitizer (PS), light and oxygen. Once administrated to the 

patient, the PS accumulated in the target tissues is exposed to light at a specific wavelength. 

The PS then reaches a relatively unstable excited singlet state, followed by an intersystem 

crossing from the PS singlet state to its longer-lived triplet state.[4–7] From the excited triplet 

state, the chromophore can then decay to the ground state by a vibronic radiation-less relaxation, 

producing phosphorescence, or interact with the biological environment by two different 

mechanisms referred to as type I or type II.  In a type I mechanism, the exchange of a proton or 

electron occurs between the triplet excited state of the PS and the surrounding molecular oxygen 

to generate reactive oxygen species (ROS), such as the superoxide anion radical (O2
•−), the 

hydroxyl radical and other free radicals. These ROS are powerful oxidant agents capable of 

causing oxidative damage and hence cellular death. Alternatively, the type II mechanism is 

favored in oxygenated environments where the PS as a triplet state transfers its energy to 

ground-state molecular oxygen (3O2) to produce singlet oxygen (1O2), known for its high 

reactivity leading to the formation of adducts with organic substrates.[6] With its low lifetime (τ 

< 3 µs), singlet oxygen exhibits a low intracellular diffusion distance estimated by 2–4.10-6 

cm2.s-1 leading to a low distance of action (~0.01−0.155 μm).[7],[8] The characteristics of 1O2 

impart PDT with a localized effect, making it a highly selective cancer treatment.  

Porphyrin-based compounds were the first developed and the most investigated PSs. However, 

these first-generation PSs are often insoluble in water, have poor light absorption and induce 

prolonged skin photosensitivity following treatment.[7] To tackle these problems, in addition to 

a second generation of organic PSs, metal-based PSs were developed, using different metals 

such as Ru(II), Pt(II), Pt(IV), Os(II), Re(I) or Ir(III). Among these, Ru(II) remains undoubtedly 
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the most studied metal in PDT, especially Ru(II) polypyridyl complexes, thanks to their tunable 

photophysical and biological properties.[9–13] Ru(II) polypyridyl complexes have also emerged 

as promising agents in Photo-Activated ChemoTherapy (PACT) thanks to their photolabile 

properties.[12,14] Many Ru-based PSs were evaluated in our group and others, especially 

coordinated with substituted 1,10-phenanthroline and 2,2’-bipyridine ligands, unveiling 

compounds with promising photodynamic properties.[4,9,15–18] Ru(II) based complexes using 

4,7-diphenyl-1,10-phenanthroline (DIP) ligand were efficient as PDT agents upon irradiation 

at 595 nm.[19]  To ensure optimal light penetration in the tissues to treat deep-seated or large 

tumors, the excitation wavelength of the PS should ideally lie in the range of 630-850 nm. 

Ru(II) complexes involving a tris-heteroleptic scaffold were used as immunoprotective 

photosensitizers upon irradiation at 733 nm.[20] In contrast, using two-photon instead of one-

photon irradiation enables the excitation of the complexes with less energetic radiations, and 

thus at higher wavelengths. As such, different polypyridyl complexes based on Ru(II) or Ir(II) 

as well as bimetallic Ru(II)-Pt(II) complexes were shown to be photoactive in the NIR region, 

upon two-photon irradiation at up to 830 nm.[21]  

The promising results obtained with ruthenium led us to focus on other transition metals to 

further improve their PDT potential. In this endeavor, osmium was shown to be the metal of 

choice to design new polypyridyl complexes with activation wavelengths in the NIR region.[2]  

Osmium-based complexes have been proposed as DNA-binding agents in diagnostic probes for 

oncology. Some osmium polypyridyl complexes containing a dppz (dipyridophenazine) ligand 

have shown a high luminescence response at 750 nm when bound to DNA-quadruplexes.[22] 

Due to their spectacular luminescent properties, osmium-based complexes were applied to 

cancer treatment. Wang et al. have reported new dinuclear polypyridyl osmium complexes for 

photothermal therapy using a bridging ligand pppp 

([1,10]phenanthrolino[5’’,6’’:5’,6’]pyrazino[2’,3’:5,6]pyrazino [2,3-f][1,10]phenanthroline). 

The complex [(Os(DIP))2pppp]4+ revealed a high photothermal activity upon irradiation at 808 

nm toward human melanoma cells.[23] McFarland et al. have also reported osmium-based PSs 

with exceptional photophysical properties. These complexes revealed high phototoxicity 

toward cancer cells upon irradiation at 730 nm.[24] However, this remarkable PDT activity is 

limited by the sophisticated structure of the oligothiophene-derivatized phenanthroline ligand 

used to prepare these complexes. In addition, no proof of in vivo efficacy was established for 

these complexes.[24] Lazic et al. have also developed an osmium-based PS called TLD 1829 

containing the auxiliary π-extended 2,2′-biquinoline (biq) ligand. This PS demonstrated high in 

vivo activity against murine colon cancer after irradiation at 808 nm.[2] 
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The selection of complexes bearing ligands with a simpler structure, such as the DIP, is 

therefore of high interest. We have thus decided to develop new osmium-based PSs, with the 

potential to be irradiated in the NIR, enabling potentially a higher penetration depth during PDT 

treatments. In this work, we present the synthesis and characterization of five new osmium (II) 

polypyridyl complexes 1-5 (Figure 1). These complexes were generated from a common 

osmium precursor complex bearing two DIP ligands, coordinated to different bipyridine or 

phenanthroline derivatives: 2,2'-bipyridine (bpy), 4,4'-dimethyl 2,2'-bipyridine (dmbpy), 4,4'-

diamine-2,2'-bipyridine (dnbpy), 1,10-phenanthroline (phen). The homoleptic complex 5 was 

obtained by coordination of the precursor with a third DIP ligand. The PDT potential of the 

newly synthesized complexes was then evaluated in vitro against various cancer cell lines: 

cervical cancer cells A2780, human and mouse colon cancer cells (HT29 and CT26). The 

cellular uptake and phototoxicity on 3D multicellular tumor spheroids (MCTS) were also 

investigated in CT-26 cells. Encouraged by promising in vitro results, we investigated the 

efficacy of the most promising complex (1) in a CT26 tumor-bearing mouse model. Our 

findings suggest that, with their simple structure, these new complexes have the potential to 

become clinically efficient one-photon NIR PDT PSs.  
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Figure 1. General synthesis route for the osmium complexes 1-5. 

 

Results and Discussion  

Synthesis and characterization  

The synthesis of the dichloride osmium complex Os(DIP)2Cl2 has already been reported in 

previous works, without detailed characterization.[25,26] However, preventing the formation of 

the byproduct [Os(DIP)3]2+ [27] while repeating the described procedure appeared challenging. 

After several purification attempts by silica gel chromatography, the precursor complex was 

successfully isolated from byproducts by precipitation from acetone in an ethanol/acetone 

mixture (50:1) (v/v). All the ligands were commercially available except dnbpy, which was 

synthesized as previously reported.[28] The final compounds were obtained by heating the 

precursor complex at 90 °C with the corresponding ligand in degassed ethylene glycol. Detailed 

procedures and characterizations are provided in the supporting information. The structure of 

all complexes was confirmed by 1H and 13C NMR spectroscopy (Figure S1-S12) and high-

resolution mass spectrometry and their purity was evaluated by elemental analysis and HPLC 

(Figure S13). Complexes 4 and 5 were successfully crystallized by slow diffusion of diethyl 
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ether in acetone or acetonitrile (CH3CN), respectively. Single crystal X-ray diffraction studies 

were carried out.[29] Crystal data, structure refinement parameters and molecular structures are 

provided in the supporting information as well as in Figure 2 and Figure 3. For complex 4, the 

Os atom is coordinated to two bathophenanthroline ligands and one substituted phenanthroline 

ligand through the N atoms in a distorted octahedral geometry. For complex 5, the Os is 

coordinated to three bathophenanthroline ligands through the N atoms in a distorted octahedral 

geometry.  

 

 
Figure 2. X-ray molecular structure of complex 4, with hydrogen atoms omitted. 

 

 
Figure 3. X-ray molecular structure of complex 5, with hydrogen atoms omitted. 
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Photophysical properties   

The UV-visible spectrum of the different polypyridyl complexes was recorded to investigate 

their electronic behavior in the desired phototherapeutic window (i.e. 600–850 nm).[30] We note 

that the baseline for the precursor is not ideal potentially due to the formation of nanoparticles. 

The absorption spectrum of complexes 1-5 shows a panchromatic absorption from 240 to 840 

nm, Figure 4. All five complexes show a similar profile, suggesting that the accessible 

electronic transitions, and the ground and excited states between the compounds are 

qualitatively similar. Their spectrum is however different from that of their precursor 

Os(DIP)2Cl2. Complexes 1-5 exhibit three major absorption bands, as is usually observed for 

related complexes. They show a sharp and intense peak at 280 nm, which can be assigned to 

the IL ππ* transitions of DIP, two broad peaks (with maxima at ca. 450 and 500 nm, 

respectively) attributed to the Metal to Ligand Charge Transfer (MLCT) Os(dπ)- ligand(π*), 

and finally a weaker broadband covering the region 650-750 nm.[25–28] This latter can be 

explained by the spin-forbidden MLCT transitions due to the direct singlet-triplet transition of 

the PS.[2,31] These transitions are explained by the strong spin-orbit coupling of osmium, often 

encountered in heavy atoms.[32] A similar result recently reported on [Os(phen)3]2+ and 

[Os(DIP)3]2+ confirms our assumptions.[24],[27] Unlike their ruthenium counterparts, these 

complexes have therefore the potential to be phototoxic upon irradiation at wavelengths above 

595 nm.[19] 

  

 
 Figure 4. UV/vis/NIR spectra of complexes 1−5 and their precursor complex in CH3CN. 
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Singlet oxygen (1O2) is the main toxic species for a PS working through the type II 

mechanism.[33,34] Therefore, the production of singlet oxygen upon irradiation of the PSs was 

quantitatively evaluated in CH3CN and Phosphate Buffer Sulfate (PBS) using two 

methods.[35,36] As an indirect method, the decrease in absorbance of p-nitrosodimethylaniline in 

the presence of the photosensitizers and imidazole as 1O2 scavenger was monitored as a function 

of the irradiation time (450 nm). The results obtained by this indirect method were confirmed 

by a direct method based on the quantification of the characteristic luminescence produced by 

the relaxation of 1O2.[35,36] The singlet oxygen quantum yields were then calculated using 

[Ru(bpy)3]Cl2 and phenalenone as references in PBS and  CH3CN, respectively. 

 

Both methods showed that all complexes but 3 efficiently sensitize oxygen with quantum yields 

of 35-50% in aerated CH3CN and 2.6-6.2% in aerated PBS, Table 1. The lower yields obtained 

with complex 3 may be explained by the presence of a diamine group, which is able to quench 

the singlet oxygen, as reported previously.[37],[38] The quenching mechanism is due to a charge 

transfer between the ground state of a nitrogen-containing compound and singlet oxygen.[38] 

The quantum yield in aqueous media appeared lower than in CH3CN. The low singlet oxygen 

production in aqueous media can be related to the strong quenching properties of water.[39] 

Unfortunately, the singlet oxygen production yield could not be determined in deuterated water 

D2O using the direct method as the luminescence signal was under the detection limit.  

 
Table 1. 1-5 singlet oxygen quantum yields (Φ(1O2)) in CH3CN and aqueous solutions determined by direct and 
indirect methods upon excitation at 450 nm. n.d.=not determinable 

Compound CH3CN CH3CN D2O PBS 

 Direct method Indirect method Direct method Indirect method 

1 35% 39.7% n.d 6.2% 

2 37% 41.5% n.d 4.3% 

3 9% 20.7% n.d 1.7% 

4 40% 39.9% n.d 5.9% 

5 50% 43.4% n.d 2.6% 

 

Despite low 1O2 production yields in polar aqueous media, our compounds could still prove to 

be efficient PSs since cells include apolar environments. Indeed, it was previously demonstrated 

that, upon interaction with hydrophobic components of the cell such as DNA, PSs that otherwise 

produce a low level of 1O2 in water can efficiently sensitize molecular oxygen.[40] 
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(Photo-)toxicity  

To evaluate the (photo-)cytotoxic effect of the synthesized complexes, a screening was 

performed on cervical cancer cells (A2780) and non-cancerous retinal pigment epithelial (RPE-

1) cells. For this purpose, cells were incubated with 0.1, 1, or 10 µM of compounds 1-5 in the 

dark for 4 hours. After washing, they were then either kept in the dark or irradiated for 1 h at 

620 nm (spectral half-width: 32 nm, 60 min, 1.88 mW cm−2, 6.7 J cm−2), 645 nm (spectral half-

width: 32 nm, 60 min, 2.50 mW cm−2, 9.0 J cm−2), 670 nm (spectral half-width: 32 nm, 60 min, 

3.75 mW cm−2, 13.5 J cm−2), 740 nm (spectral half-width: 32 nm, 60 min, 3.50 mW cm−2, 12.6 

J cm−2). The cell viability was determined 2 days later using a fluorometric assay. For 

comparative purposes, the clinically approved PDT photosensitizer Protoporphyrin IX (PpIX) 

was included in this study.  

 

This first screening showed that compounds 1-5 have no cytotoxic effect at up to >10 μM in 

the dark in A2780 and RPE-1 cells (Figure S20). In contrast, all compounds induced high 

phototoxicity upon light exposure at all tested wavelengths in the two cell lines (Figure S21). 

While complexes 1, 3 and 4 led to a potent reduction of cell viability at concentrations as low 

as 1 µM, complexes 2 and 5 only revealed their phototoxic effect at 10 µM. Of note, no 

significant selectivity towards cancer cells was observed in this preliminary assay. Importantly, 

we could demonstrate that complexes 1-4 were able to have a phototoxic effect up to 740 nm. 

In light of these promising results, the phototoxicity of the complexes was evaluated in more 

detail. Because of their structural similarity with 1 (for 2) and their relatively poor phototoxicity 

(for 5), respectively both complexes 2 and 5 were excluded from further investigations. The 

concentration of complexes 1, 3, and 4 needed to kill 50% of the cells (IC50) was determined 

following 4 hours of incubation and 1 hour of irradiation at 740 nm or 4 hours of incubation in 

the dark in A2780 and RPE-1 cells, Table 2.  All complexes appeared less toxic than PpIX in 

the dark (IC50 = 3 ± 2 μM), with 1 and 3 exhibiting the lowest cytotoxicity (IC50 = 58 ± 9 μM 

and 62 ± 10 μM, respectively). With the exception of PpIX, the IC50 of every compound 

significantly decreased upon light irradiation at 740 nm, confirming their potential as PDT PSs. 

Of note, 1 displayed the highest phototoxicity index (PI = 118), defined as the ratio between 

dark toxicity and phototoxicity, against A2780 cells. Similar results were obtained on healthy 

RPE-1 cells, confirming the absence of selectivity towards cancer cells. 
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Table 2. IC50 values in normoxia and hypoxia conditions, in the dark and upon irradiation at 740 nm (spectral half-
width: 32 nm, 60 min, 3.50 mW cm−2, 12.6 J cm−2) for 1, 3, and 4 compared to PpIX on non-cancerous retinal 
pigment epithelium (RPE-1), cervical cancer (A2780) cells, human colon cancer (HT29) cells and mouse colon 
adenocarcinoma (CT-26) cells. Average of three independent measurements. n.d.=not determinable.  
 

Normoxia 
conditions 

 Dark 740 nm (1 h, 12.6 J/cm²) PI 

PpIX A2780 3 ± 2 μM 2.2 ± 0.2 μM 2 
RPE-1 4 ± 2 μM 6 ± 2 μM n.d 

1 A2780 58 ± 9 μM 0.49 ± 0.09 μM 118 
RPE-1 47 ± 2 μM 0.54 ± 0.03 μM 87 

3 A2780 62 ± 10 μM 1.3 ± 0.3 μM 48 
RPE-1 76 ± 9 μM 2.9 ± 0.6 μM 27 

4 A2780 19 ± 2 μM 0.51 ± 0.07 μM 37 
 RPE-1 26.7 ± 0.5 μM 0.77 ± 0.06 μM 35 
1* HT29 14 ± 1 μM 0.33 ± 0.03 μM 42 

CT26 13.1 ± 0.3 μM 0.34 ± 0.06 μM 39 
Hypoxia 
conditions 

 Dark 740 nm (1 h, 12.6 J/cm²) PI 

PpIX CT-26 > 100 µM 35.50 ± 0.6 µM > 2.8 
1* CT-26 46.44 ± 1.0 µM 4.75 ± 0.3 µM 10 
*the counter ion was exchanged from PF6

- to chloride Cl-  
 

Since complex 1, as a PF6 salt, was revealed to be the most efficient PS at 740 nm, and in view 

of future in vivo experiments in a colon tumor mouse model, an additional phototoxicity 

evaluation was performed on human and mouse colon adenocarcinoma (HT29 and CT26) cells. 

For this purpose, the PF6
- counter ion was exchanged by chloride ions Cl-, using an Amberlite 

IRA-410, to ensure better solubility in biological fluids, mainly later for in vivo tests. The results 

presented in Table 2 show that complex 1 displays similar and high phototoxicity in the two 

cell lines (IC50 = 0.33 ± 0.03 μM and 0.34 ± 0.06 μM for HT29 and CT26, respectively). Of 

note, the same phototoxicity was observed with the structurally similar ruthenium complex 

[Ru(DIP)2dmbpy]2+ in CT26 cells upon irradiation at 540 nm using the same low light dose 

(14.2 J.cm-2) (IC50= 0.34 ± 0.005 μM).[19] In contrast, the phototoxicity of the osmium complex 

[Os(DIP)2(dpp)]2+, where dpp = 2,3-bis(2-pyridyl)pyrazine, was previously tested in the rat 

glioma cells F98, following irradiation at 625 nm and showed a significantly lower anticancer 

activity (IC50 = 86.1± 8.5 μM) than that our complex 1.[41]  

The dinuclear osmium complexes [(Os(DIP))2pppp]4+, described previously, reported a high 

photothermal activity toward human melanoma cells, using higher complex concentration (≥10 

μM) upon irradiation at 808 nm.[23] Furthermore, complex 1 with the Cl- counterion was found 

to be cytotoxic after irradiation with near-infrared light in the micromolar range in hypoxic 

conditions (IC50, 740 nm = 4.75 ± 0.30 μM, IC50, dark = 46.44 ± 1.0 μM, PI = 10) (Figure S23-
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25). Importantly, we could demonstrate that complex 1 exhibits a phototoxic effect up to 740 

nm, even under hypoxia conditions, an important requirement for a PDT agent. 

These impressive results of complex 1 against the three tested cell lines A2780, CT-26, and 

HT29 at 740 nm, a NIR wavelength, prompted us to submit it to additional experiments before 

undergoing in vivo studies. These impressive results of complex 1 against the three tested cell 

lines A2780, CT-26, and HT29 at 740 nm, a NIR wavelength, prompted us to submit it to 

additional experiments before undergoing in vivo studies. 

Photostability  

An important parameter to assess is the (photo-)stability of a PS. For this reason, the stability 

of 1-5 was evaluated. The stability was first determined in the dark by observing changes in the 

complexes' UV-Vis spectrum over 48 hours of incubation in different media. This experiment 

suggests that all complexes are stable in CH3CN, PBS, and DMSO (Figure S15-S17). Of note, 

complexes were found to be poorly soluble in PBS, requiring supplementation with 1% DMSO. 

Since PDT requires light application, the photocytotoxicity activity of photosensitizer 

candidates is strongly influenced by their photostability upon irradiation. For this reason, we 

performed photo-stability studies of complexes 1- 5 at 37°C in biologically relevant media (i.e. 

PBS and DMEM medium (Gibco) supplemented with 10% FBS) (Figure S18 and S19) upon 

irradiation at 740 nm for 1 h. Importantly, no significant changes in the absorption spectra of 

complexes 1-5 were observed in PBS and DMEM after 1 h of irradiation.  

Cellular uptake and localization studies 

The cellular uptake of our osmium complexes 1–5 was then investigated in CT-26 cells by 

determining the amount of Os inside the cells using inductively coupled plasma mass 

spectrometry (ICP-MS) after 4 h of incubation at 10 μM, (Figure 5). The Os complex 

[Os(DIP)3] (PF6)2 (5) was found to have the highest uptake, almost three times larger compared 

to the rest of the complexes. This is probably due to the higher lipophilicity of the DIP ligand 

compared to bpy and phen. The uptake of 1 and 2 is also 2-fold higher in comparison to 

complexes 3 and 4. The lower uptake of complexes 3 and 4 might be due to the lower solubility 

of these complexes. The incorporation of NH2 into the bpy (complex 3) decreases the 

internalization of the complex. Unfortunately, we could not establish a relationship between the 

accumulation and their photo-toxicity values because all the complexes described herein 

present similar photo-toxicity activity.  
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To get further insight into the internalization mechanism of complex 1, its subcellular 

localization was determined by confocal microscopy using the intrinsic luminescence of our 

Os(II) complex (λex = 448 nm, λem = 645-730 nm). In CT26 cells incubated with 5 µM complex 

1 for 4 hours, the luminescence appeared as both a diffuse and a punctate signal suggesting the 

accumulation of the complex in both the cytosol and some vesicular compartment (Figure 5). 

However, the complex did not accumulate in the nucleus and mitochondria as shown by the 

absence of colocalization with Hoechst 33342 and MitoTracker Green respectively.  

 
Figure 5: (Left) Cellular uptake of compounds 1–5 by ICP-MS (Right) Cellular uptake of complex 1 by confocal microscopy. 
A. Mitochondria-specific dye MitoTracker Green (green, exc: 488 nm, em: 513−550 nm) B. Complex 1 (red, exc: 448 nm, em: 
645−730 nm) C. Overlay plus nucleus-specific dye Hoechst 33342 (blue, exc: 405 nm, em: 409−448 nm) D. Higher 
magnification of the boxed area in C. 

 

Phototoxicity on 3D multicellular tumor spheroids (MCTS) 

Complex 1 was found to be the most promising candidate among the series of osmium 

complexes investigated in a 2D cell model. Due to its remarkably high and promising 

photocytotoxicity, we explored its activity in a multicellular tumor spheroids (MCTS) model. 

In 3D spheroids, MCTS simulates the conditions in clinically treated tumors, including hypoxia 

environment, and extracellular matrix deposition. Additionally, the growth pattern, metabolism, 

and gene expression mimic the complexity of the initial stages of solid tumors. These features 

allow for a reasonable estimation of in vivo antitumor activity, qualifying MCTS as a more 

reliable model than monolayer cell cultures for advanced cancer research.[42,43] 

An experiment was therefore performed to evaluate the time-dependent effect on the growth of 

MCTS treated with complex 1. CT26 MCTSs (ca. 550 μm in diameter) were treated with 

increasing concentrations of 1 (0,1, 1, 10, 30, and 100 μM). After 36 h of incubation, a 
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luminescence signal is observed in the spheroids (Figure S22). The medium was then 

exchanged with fresh medium, and cells were kept in the dark or irradiated for 1 h at 740 nm. 

Following this treatment, half of the medium in the wells was exchanged every two days, and 

pictures of the spheroids were taken (Figure 6). Importantly, CT26 MCTSs treated with the 

highest concentrations of 30 μM and 100 μM of complex 1 had a reduced diameter. In contrast, 

no effect was seen in MCTSs treated with the complex and kept in the dark (100 μM) in 

comparison to untreated MCTS. In addition, complex 1 was tested via a luminescent cell 

viability assay in CT-26 MCTS (single graphs are available in Figure S23). Complex 1 

displayed high cytotoxicity toward CT-26 MCTS with IC50 ≈ 31± 6 μM. This result is 

comparable to the IC50 obtained with [Ru(DIP)2 dmbpy]2+ toward HeLa MCTS.[19]  

 
Figure 6: (Left) Changes in the growth kinetics of MCTSs treated with complex 1 at different concentrations (0,1, 1, 10, 30, 
and 100 μM). Images were collected on days 0, 2, 4, 7, 9, and 12. (Right) MCTS diameter was measured at different time 
points. Average of three independent measurements. 

 

Overall, the outstanding activities shown by complex 1 in the monolayer cell model were 

confirmed in an MCTS model. This is of high interest since the center of spheroids is considered 

hypoxic (i.e., with a low concentration of oxygen) and it could have been anticipated that our 

complex would not be efficient. These findings are a powerful motivation for further 

investigation of complex 1 as a novel potential photosensitizer agent in photodynamic therapy. 

 

Dynamic Light Scattering (DLS) 

We previously observed that Ru(II) complexes incorporating two DIP ligands could form 

aggregates in isotonic aqueous solutions.[44] While they form large aggregates in PBS, we 

recently showed that they can form smaller nanoparticles in the presence of plasmatic proteins. 

As it is the case with positively charged gold nanoparticles, we postulated that the presence of 
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salt decreases the repulsive electrostatic interaction between the Ru(II) complexes, resulting in 

their aggregation.[45] This aggregation was prevented in culture medium by the coating effect 

provided by plasmatic proteins, leading to the formation of sub-micron nanoparticles.[46] As this 

aggregation behavior could affect the biodistribution of the complexes in vivo, we performed a 

Dynamic Light Scattering (DLS) analysis to investigate the aggregation behaviour of complex 

1 with the Cl- counterion in 10% FBS in PBS. The DLS analysis of 10% FBS in PBS without 

the complex revealed the existence of nanometric objects with a mean diameter of 8.87 nm, 

which could correspond to serum albumin.[47] In the presence of complex 1 with Cl counterion, 

a subtle shift in the mean diameter of the objects from 8.87 to 12.68 could be observed (Figure 

S14). This small shift could be explained by the binding of the complex to albumin, as observed 

previously with other drugs.[48] In 100% PBS, complex 1 with the Cl- counterion tends to form 

larger particles that sediment, which can be observed with the naked eye and is confirmed by 

the high polydispersity index obtained by DLS. Therefore, in contrast to our previously 

described Ru(II) complexes, for which nanoparticles of up to 350 nm were observed in the 

presence of plasmatic proteins, complex 1 appears to be soluble in this medium, probably thanks 

to its binding to plasmatic proteins. 

In vivo Studies 

Encouraged by the promising results obtained in vitro with complex 1 in 2D and 3D models, 

its PDT efficacy was further investigated in a CT26 tumor-bearing BALB/c mouse model. One 

hour following intratumoral injection, the mice were either kept in the dark or exposed to one-

photon irradiation using a 740 nm laser (50 mW, 12.6 J. cm-2, 300 s). The tumor volume and 

body weight of each mouse was measured and recorded every two days for two weeks. 

According to the tumor growth inhibition curve (Figure 7A), the tumors treated with complex 

1 and light were found to be nearly eradicated within a single procedure. On day 14, the 

normalized tumor volume in the complex 1 + Light group was 4.67, 4.56 and 4.36-fold smaller 

than the control group, the group treated with light only and the group treated with complex 1 

without irradiation, respectively (Figure 7A, C and D). Importantly, the animals treated with 

complex 1 behaved normally, without signs of pain, stress or discomfort and did not lose 

weight, suggestive of the high biocompatibility of the compound (Figure 7B). After the 

treatment, all major organs (i.e., heart, liver, spleen, lung, kidney, brain, intestine) as well as 

the tumor tissues were histologically examined by the hematoxylin-eosin stain. While no 

pathological alterations or injuries were observed for all organs (Figure S24), significant 

damages including karyopyknosis and widespread areas of apoptotic nuclei were noticed in the 
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tumor tissue (Figure 7E). Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) stain was employed to analyze tumor tissues. The green fluorescence signals, 

indicative of DNA strand breaks during apoptosis, for the treatment with Complex 1 + Light 

were observed, indicative of the strong therapeutic effect. As discussed in the introduction, the 

Os-based complex TLD 1829 showed high survival in murine population bearing colon cancer 

as well, after irradiation at 808 nm (600 J.cm-2, 4 h).[2]  TLD 1829 and complex 1 showed 

comparable in vivo activity with the advantage of lower light exposure of complex 1 (740 nm, 

12.6 J.cm-2, 1h) compared to TLD1829 (808 nm, 600 J.cm-2, 4 h). Overall, this study 

demonstrated the important potential of complex 1 for photodynamic therapy in the biological 

window. 

 

Figure 7 : (A) Average tumor growth curves after the respective treatment (n = 5) Dose: 5.0 mg/kg; Irradiation (740 nm; 50 
mW, 12.6 J. cm-2, 300 s). (B) Time-dependent change in body weight after various treatments on mice. (C) Representative 
pictures of the tumor after the respective treatments. (D) Individual tumor growth curves after the respective treatments. (E) 
Haematoxylin−eosin (H&E) stain (scale bar: 200 μm) and TUNEL stain (scale bar: 100 μm) of the tumor tissues after the 
respective treatments. ***P < 0.001. Average of five independent measurements. 
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Conclusion  

In summary, we were able to prepare and characterize structurally simple Os(II) polypyridyl 

complexes bearing two bathophenanthroline ligands. These complexes showed excellent 

photophysical properties, including high 1O2 production quantum yields. Importantly, they 

displayed a panchromatic absorption which enables the irradiation of the PS at wavelengths up 

to 740 nm. This wavelength is much higher in comparison to the maximum wavelength at which 

the ruthenium analog [Ru(DIP)2dmbpy]2+ can be excited. Cell experiments on all complexes in 

non-cancerous retinal pigment epithelium (RPE-1) and cervical cancer cells A2780 showed no 

cytotoxicity in the dark and intense toxicity following light irradiation. Importantly, complex 

1, with its simple structure, was found to have a promising PI value at 740 nm with low dark 

toxicity and an IC50 in the nanomolar range following irradiation. It also proved to be extremely 

stable and highly phototoxic against human and mouse colon cancer cells (HT29 and CT26). 

The high 1O2 production quantum yield and absorption properties of complex 1 endow it with 

excellent PDT efficacy in vivo. Such simple Os(II) polypyridyl complexes may indeed become 

a promising antitumor therapeutic agent for future clinical applications. Overall, the results 

presented in this article confirm that osmium polypyridyl complexes might be the next 

generation of highly efficient photosensitizers for PDT. 
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