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Abstract 

In vivo data are very rare for ruthenium-based photoactivated chemotherapy (PACT) compounds, a new 

family of phototherapeutic drugs that are activated via ligand photosubstitution. Here a novel 

trisheteroleptic ruthenium complex ([2](PF6)2) was generated and its light-activated anticancer 

properties were validated in vitro and in embryonic zebrafish cancer models. The dark toxicity of 

[2](PF6)2 was optimized by combining three different ligands with different hydrophobicities, each 

bound in a bidentate fashion to the metal centre. Upon green light irradiation, one of these ligands, 2-

methylthiomethylpyridine (mtmp), was selectively photosubstituted by solvent molecules, thereby 

releasing the phototoxicity of the heavy metal photoproduct. Fifteen minutes of green light irradiation 

(21 mW.cm-2, 19 J.cm-2, 520 nm) led to high phototherapeutic indexes (PI) for this compound, in 

particular in prostate cancer cells (PC3Pro4) and conjunctival melanoma cells (CRMM1 and CRMM2). 

The therapeutic potential of [2](PF6)2 was further evaluated in zebrafish ectopic and orthotopic tumour 

models of these cell lines. The ectopic model consisted of fluorescent PC3Pro4-, CRMM1-, or CRMM2-

mCherry cells, injected intravenously (IV) into zebrafish, that formed perivascular metastatic lesions 

within four days at the posterior ventral end of caudal hematopoietic tissue (CHT). By contrast, in the 

orthotopic model, CRMM1- and CRMM2-mCherry cells were injected behind the eye where they 

developed metastatic lesions. After 24 hours, the engrafted embryos were treated at the maximally-

tolerated dose of [2](PF6)2, which was determined for three different modes of administration: i) 

incubating the fish in drug-containing water (WA); ii) injecting the compound intravenously (IV) into the 

fish; or iii) injecting the compound retro-orbitally (RO) into the fish. Optimally, four consecutive PACT 

treatments were performed on engrafted embryos using 60 min drug-to-light intervals and 90 min 

green light irradiation (21 mW.cm-2, 114 J.cm-2, 520 nm). Most importantly, this PACT protocol was not 

toxic to the zebrafish. In all three ectopic tumour models, [2](PF6)2 did not significantly diminish the 

formation of metastatic lesions. However, in both conjunctival melanoma orthotopic tumour models, 

retro-orbitally administered [2](PF6)2 significantly inhibited growth of the engrafted cells. Overall, this 

study represents the first demonstration in zebrafish cancer models of the clinical potential of 

ruthenium-based photoactivated chemotherapy against conjunctival melanoma. 

 

Introduction 

Cisplatin was the first metal-based chemotherapy drug approved by the Food & Drug Administration 

for the treatment of testicular tumours and ovarian adenocarcinoma, and with the development of 

carboplatin and oxaliplatin (two derivatives of cisplatin) the use of platinum-based drugs has expanded 

to the treatment of many different malignancies [1-3]. Although the exact mechanism of action of 

platinum(II) (Pt) complexes is still debated, it is generally accepted that the ultimate event that induces 

apoptosis in cancer cells is the binding of the heavy metal centre to DNA after hydrolysis of one or two 

labile ligand(s) of the metal complex [4]. DNA binding to Pt inhibits DNA replication and transcription, 

ultimately leading to cell death [5-7]. Spontaneous activation of the drug before it reaches the tumour, 
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leads to severe side effects  in patients treated with platinum drugs, for example hepato- and 

nephrotoxicity, which limits the clinical efficacy of these compounds and the patients’ quality of life [8-

10]. Therefore, other metal-based compounds have been considered as anticancer chemotherapy 

candidates, including those based on ruthenium(II) (Ru) [11]. Although several of these compounds 

have reached the stage of clinical trials, the general toxicity of metal-based compounds, due to 

spontaneous activation of a metal-ligand bond before the drug reaches the tumour, remains an issue.  

Ruthenium-based PhotoActivated ChemoTherapy (PACT) is a new anticancer phototherapy modality 

that uses visible light irradiation as an external trigger [12,13]. PACT primarily aims at limiting the 

biological action of the anticancer drug to the location of the tumour by localized, light-induced 

activation at the tumour site [14]. Unlike photodynamic therapy (PDT), a clinically-approved 

anticancer phototherapy method based on the photochemical activation of dioxygen by an excited 

photosensitizer, PACT relies on an oxygen-independent photochemical bond cleavage reaction. This 

process generates a molecular species that is more cytotoxic than the (non-activated) prodrug kept in 

the dark [15-17]. Many examples of PACT agents have been reported in the literature, among which 

are molecules based on ruthenium [18-20]. Ru-based PACT compounds make use of the versatile and 

well-understood photochemistry of polypyridyl ruthenium compounds, which, next to energy transfer 

and electron transfer, comprises light-induced photosubstitution reactions [21]. When 

photosubstitution occurs, one of the organic ligands bound to the metal is replaced by loosely-bound 

solvent molecules. In the dark, the ligand to be photosubstituted serves as a protecting group towards 

the coordination of biomolecules present in cells. After light irradiation, photosubstitution produces 

an “uncaged” metal compound that, by analogy with cisplatin, acts as an activated drug, as it can bind 

to biomolecules and induce cell death (Figure 1) [22-24]. For example, blue light-induced 

photosubstitution of the non-toxic ligand 2-methylthiomethylpyridine (mtmp) in compounds 

[Ru(dpp)2(mtmp)]2+ ([1]2+, dpp = 4,7-diphenyl-1,10-phenanthroline) and [Ru(bpy)2(mtmp)]2+ ([3]2+, bpy 

= 2,2’-bipyridine), has recently been demonstrated [25]. These two compounds belong to a wide 

family of complexes [Ru(N-N)2(L-L)]2+, where N-N are non-photocleavable “spectator” polypyridyl 

ligands, and L-L is a photocleavable chelate [25-29]. Although the photochemistry of this type of 

complexes is relatively well-understood, two major challenges in their development are on the one 

hand minimizing the difference between dark and light toxicity, and on the other hand, understanding 

how the molecular structure relates to the dark toxicity in vivo, i.e. the toxicity before 

photosubstitution takes place. In [1]2+ and [3]2+, both challenges are not met: [1]2+ bears two very 

hydrophobic dpp chelates that make the complex taken up by cells in large amounts and generate high 

cytotoxicity before light activation, while [3]2+ bears the much less hydrophobic bpy spectator ligands, 

as a result of which this compound is too hydrophilic to penetrate significantly into cancer cells, which 

prevents this compound to show any toxicity even after light activation [24].   

We set out to resolve both challenges. First, we designed a new ruthenium complex, 

[Ru(dpp)(bpy)(mtmp)]2+ ([2]2+, Fig. 1), as a compromise between [1]2+ and [3]2+. A single dpp chelate is 
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expected to alleviate the excessive hydrophobicity and dark toxicity of [1]2+, while it should increase 

the cellular uptake and photoinduced anticancer activity of [3]2+. Second, after demonstration of the 

excellent phototherapeutic properties of [2]2+ in vitro, this compound was subjected for the first time 

to in vivo efficacy testing and determination of the maximum tolerated dose using zebrafish ectopic 

and orthotopic tumour models. Zebrafish tumour models are advantageous for anticancer compound 

development as they allow for fast compound screening in vivo with low amounts of compound, 

compared to rodents, and with better statistics [30-33]. As zebrafish are transparent it is especially easy 

to activate a phototherapeutic compound by light in the whole body of the animal by simply shining 

light onto the aqueous solution containing the embryos [34-40]. The transparency of the embryo makes 

it easy to quantify the relative tumour burden, using engraftment of human cancer cells which stably 

express red fluorescent protein (RFP). This property has been used for studying PDT [41], as well as 

photoswitchable inhibitors, allowing analysis before and after light activation [37]. Zebrafish provide a 

particularly useful animal model for assessing drug toxicity: acute and chronic toxic effects of metal 

nanoparticles have been measured, with special focus on immunotoxicity, developmental toxicity, 

neurotoxicity, reproductive toxicity, cardiovascular toxicity, or hepatoxicity [42,43]. Systemic drug 

toxicity to zebrafish embryos has been well described [44-46]. Th zebrafish model allowed us to 

investigate for the first time the toxicity of photosubstitutionally active ruthenium compounds in 

different in vivo models of cancer while respecting the 3Rs principles (Reduction, Refinement, 

Replacement). As zebrafish embryo had not been used for PACT yet, we tested different protocols of 

compound administration, to find a mode of administration to test anti-cancer efficacy and toxicity. 

Critically, this work highlights that similarly high efficacies of a PACT compound in vitro do not 

necessarily translate into similarly high efficacies in vivo, where the mode of administration of the 

compound must be carefully optimized for each particular disease model.  

 

 

 

 

Fig. 1 Activation mechanism of the ruthenium-based PACT compound [2]2+. Upon green light irradiation, the 

protecting, non-toxic mtmp ligand is photosubstituted by solvent molecules, which recovers the biomolecule-

binding ability of the heavy metal centre, ultimately leading to toxicity and cell death. 
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Method and Materials 

Synthesis 

General: the ligands 2,2’-bipyridine (bpy) and 4,7-diphenyl-1,10-phenanthroline (dpp), and the 

precursor cis-[Ru(DMSO)4Cl2], were purchased from Sigma-Aldrich. Potassium hexafluorophosphate 

(KPF6) was purchased from Alfa-Aesar. All reactants and solvents were used without further 

purification. The synthesis of [1]Cl2 was described previously [47]. The ligand 2-

(methylthiomethyl)pyridine (mtmp) was prepared according to the literature [48]. Electrospray mass 

spectra (ES MS) were recorded by using a Thermoquest Finnagen AQA Spectrometer and a MSQ Plus 

Spectrometer. All 1H NMR spectra were recorded on a Bruker DPX-300 or DMX-400 spectrometers. 

Chemical shifts are indicated in ppm relative to the residual solvent peak.  

[Ru(dpp)(DMSO)2Cl2] [4]: cis-[Ru(DMSO)4Cl2] (500 mg, 1.03 mmol) and bathophenanthroline (343 mg, 

1.03 mmol) were heated at reflux in ethanol (35 mL) for 2 h. The reaction was then cooled to room 

temperature and the solvent volume reduced to ca. 10 mL in vacuo. The precipitate that formed upon 

cooling was filtered, washed with minimal cold ethanol and copious amounts of hexane/diethyl ether, 

and dried under vacuum. Yield: light-brown solid, 347 mg (0.52 mmol, 51%). 1H NMR (400 MHz, CDCl3) 

δ 10.19 (d, J = 5.4, 0.9 Hz, 1 H), 10.00 (d, J = 5.6, 0.9 Hz, 1 H), 8.03 (dd, 2 H), 7.89 (d, J = 5.5, 0.9 Hz, 1 H), 

7.72 (d, J = 5.6, 0.9 Hz, 1 H), 7.65 – 7.51 (m, 10 H), 3.67 (s, 3 H, 1), 3.62 (s, 3 H, 2), 3.27 (s, 3 H), 2.70 (s, 

3 H). 13C NMR (101 MHz, CDCl3) δ 155.72, 152.34, 149.95, 148.98, 135.93, 135.79, 129.81, 129.68, 

129.13, 128.73, 128.27, 125.49, 125.36, 125.30, 125.23, 47.15, 46.52, 45.49, 44.37. 

 

[Ru(dpp)(ox)(mtmp)] [5]: [4] (300 mg, 0.45 mmol) and sodium oxalate (84.5 mg, 0.65 mmol) were 

heated at reflux in water (15 mL) for 1 h. The reaction was then cooled to room temperature and added 

to a hot (60 °C) solution of 2-[(methylthio)methyl]pyridine (63 mg, 0.45 mmol) in ethylene glycol (15 

mL). The resulting mixture was heated at reflux for 3 h, cooled to room temperature and then added 

dropwise to 50 mL of stirring water. After 30 minutes, the precipitate was filtered through a 1 μm 

Micropore membrane. The solids were washed with copious amounts of water and minimal acetone 

before drying thoroughly under vacuum. Mixture of isomers was separated in silica column (Rf = 0.3) in 

DCM/ CH3OH (2-20% CH3OH). Only one isomer was isolated. Yield: dark red powder, 144 mg (0.21 mmol, 

71%). 1H NMR (400 MHz, CDCl3) δ 9.63 (d, J = 5.6, 0.9 Hz, 1H), 9.34 (d, J = 5.4, 0.9 Hz, 1H), 8.08 (dd, J = 

9.4, 0.9 Hz, 2H), 7.81 (d, J = 5.3 Hz, 1H), 7.64 – 7.47 (m, 11H), 7.43 – 7.36 (m, 2H), 6.81 (d, 1H), 6.59 (t, J 

= 6.1, 2.4 Hz, 1H), 4.66 (dd, 2H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 168.86, 167.83, 163.08, 153.42, 

152.04, 151.05, 149.48, 148.15, 145.53, 136.37, 136.29, 134.29, 129.96, 129.78, 129.53, 129.35, 129.21, 

129.17, 129.03, 128.39, 125.91, 125.48, 124.44, 123.14, 122.34, 45.79, 16.12. Anal. Calcd for 

C33H25N3O4RuS·3H2O: C, 55.45; H, 4.37; N, 5.88 Found: C, 56.08; H, 4.56; N, 5.46. 

[Ru(dpp)(bpy)(mtmp)](PF6)2 [2](PF6)2: [5] (140 mg, 0.211 mmol) was suspended in acetonitrile (3 mL) 

and then perchloric acid 1 M (3 mL) was added. After refluxing for 1 h, a red-brown solution of the Ru-
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solvate was obtained and after cooling it was poured on 15 mL stirring water. The solid that precipitated 

was filtered and dried to yield the crude orange [Ru(dpp)(mtmp)(CH3CN)2](ClO4)2 complex. The 

intermediate was dissolved in an ethylene glycol solution (15 mL) containing the bpy ligand (33 mg, 

0.211 mmol) and heated at 100 °C for 6 h. The deep red mixture was cooled to room temperature and 

poured on stirring aqueous potassium hexafluorophosphate to precipitate the crude complex as the 

hexafluorophosphate salt. Configurational isomers were resolved by column chromatography on silica 

DCM/CH3OH 95:5. Three fractions were obtained from a long orange band (Rf ~ 0.5), from which only 

the last fraction contained a pure isomer (3.2 mg, 1.5%) (Isomer B, [2b](PF6)2). A mixture of isomers A/B 

in a ration 0.23:1 has been used for photochemical analysis and biological testing, further referred to 

as [2](PF6)2 (60 mg, 28%). 1H NMR (400 MHz, CD3CN) δ 9.63 (d, J = 5.5 Hz, 1HB), 9.39 (d, J = 5.7 Hz, 1HA), 

8.61 (d, J = 8.2 Hz, 1HB), 8.58 – 8.51 (m, 2HA), 8.43 (d, J = 8.1 Hz, 1HB), 8.31 (dd, J = 8.0, 1.5 Hz, 1HB), 

8.29 – 8.23 (m, 1HB + 1HA), 8.22 – 8.14 (m, 2HB + 2HA), 8.14 – 8.03 (m, 3HA), 8.02 (d, J = 5.5 Hz, 1HB), 

7.99 (d, J = 5.5 Hz, 1HB), 7.93 (ddd, J = 7.8, 6.5, 1.5 Hz, 1HB), 7.86 (td, J = 7.8, 1.6 Hz, 1HA), 7.81 – 7.51 

(m, 15HB + 15HA), 7.48 (dd, J = 5.9, 1.5 Hz, 1HA), 7.32 (ddd, J = 7.1, 5.6, 1.3 Hz, 1HA), 7.24 (d, J = 5.5 Hz, 

1HB), 7.17 (td, J = 7.2, 5.6, 1.4 Hz, 1HB + 1HA), 6.98 (ddd, J = 7.7, 5.8, 1.6 Hz, 1HB), 4.82 (d, J = 16.5 Hz, 

1HB), 4.74 (d, J = 16.7 Hz, 1HA), 4.28 (dd, J = 16.6, 4.8 Hz, 1HB + 1HA), 1.59 (s, 3HB), 1.32 (s, 3HA). 13C 

NMR (101 MHz, CD3CN) δ 162.96, 162.63, 158.56, 157.73, 153.51, 153.33, 153.09, 152.90, 151.98, 

150.77, 150.61, 150.05, 149.66, 148.72, 139.46, 138.67, 138.55, 136.62, 136.53, 130.79, 130.70, 130.13, 

130.06, 129.20, 127.78, 127.26, 127.19, 127.12, 126.92, 125.86, 125.59, 125.55, 124.93, 45.36, 17.04. 

High Resolution ES MS m/z (calcd): 364.57519 (364.57446, [2]2+). Anal. Calcd for C41H33F12N5P2RuS: C, 

48.34; H, 3.26; N, 6.87 Found: C, 48.21; H, 3.41; N, 6.82.  

 

Photochemistry: determination of the photosubstitution and singlet oxygen generation quantum 

yields 

When monitoring photoreactions with UV-vis and mass spectrometry, a Cary 50 Varian spectrometer 

equipped with temperature control set to 298 K and a LED light source (λex = 521 nm, with a Full Width 

at Half Maximum of 33 nm) with a photon flux of 6.21·10−8 mol·s−1 was used. The irradiation 

experiments were performed in a quartz cuvette containing 3 mL of solution. A stock solution of the 

desired complex was prepared in CH3CN, which was then diluted in the cuvette to a working solution 

concentration (36 μM). The sample was deaerated 15 min by gentle bubbling of dinitrogen and the 

atmosphere was kept inert during the experiment by a gentle flow of dinitrogen on top of the cuvette. 

A UV-vis spectrum was measured every 30 s for the first 10 min, every 1 min for the next 10 min, and 

eventually every 10 min until the end of the experiment. Data were analysed with Microsoft Excel and 

Glotaran as follows: Upon light irradiation, a complex RuL converts into a complex RuY by 

photosubstitution of a ligand (L) by a solvent molecule (Y). Considering that both metal complexes are 

thermally stable, the quantum yield of the photosubstition reaction ΦPR can be calculated by 

monitoring the photoreaction with UV-vis spectroscopy. As explained in detail by Bahreman and Bonnet 
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[49], when the irradiation is performed at a wavelength that is not an isosbestic point, the ΦPR can be 

obtained from the slope of a plot of the number of mol of RuL (nRuL) vs. the total number of mol of 

photons absorbed by RuL from t0 till ti (Qi). Qi is calculated according to Equation 1:  

Qi(t) = ∑ qi
i
t=0    Equation 1 

where qi is the moles of photons absorbed by RuL between two consecutive UV-vis measurements at 

ti+1 and ti (Δt = ti+1 – ti). qi is calculated according to Equation 2: 

qi = (
(ARuL)ave

(Ae)ave
)

i
∙ (1 − 10−3∙(Ae)ave) ∙ φ ∙ ∆t  Equation 1 

where (ARuL)ave is the average of the absorbance due to RuL between two consecutive UV-vis 

measurements, (Ae)ave is the average of the absorbance of the solution at the irradiation wavelength 

between two consecutive UV-vis measurements, (1 − 10−3∙(Ae)ave) is the probability of absorption of 

a photon when the irradiation comes from the top of the quartz cuvette and goes through 3 cm 

pathlength, while all absorbances are measured perpendicularly through a 1 cm pathlength, and φ is 

the photon flux of the irradiation source at the irradiation wavelength.  

The value of (ARuL)ave, and by extension nRuL, was calculated by modelling the evolution of the UV-vis 

spectra vs. time using the Glotaran software. We fitted hence the time-dependent evolution of the UV-

vis spectroscopy data to a kinetic model based on first-order laws, obtaining two output data sets that 

can be used for the calculation of ΦPR. The first dataset is a collection of globally fitted absorption 

spectra of the starting complex and the photoproduct, which makes possible the calculation of the 

molar extinction coefficient of all the species from that of the starting reagent (Fig. S1a). The second 

dataset is the modelled evolution of the relative fractions of the two ruthenium species vs. irradiation 

time, here as well according to global fitting (Fig. S1b). From the time evolution of these fractions and 

the molar absorption coefficient of all species, the time evolution of nRuL can be calculated, as well as 

Qi. The slope of the plot of nRuL vs. Qi (Fig. S1c) gives the quantum yield of the reaction. 

Singlet oxygen quantum yield measurements were performed by direct spectroscopic detection of the 

1275 nm emission, as described by Meijer et al [25]. 

 

Attached cell culture 

Human conjunctival malignant melanoma cell lines CRMM1 and CRMM2, isolated by Nareyeck et al 

[50], were cultured in F12 Kaighn’s modified medium (Hyclone, cat# SH30526.01) supplemented with 

10% fetal bovine serum (FBS; Gibco). CM2005.1 established by Keijser et al [51] was cultured in RPMI 

1640, Dutch Modified (Life Technologies, cat# 22409-015), supplemented with 10% fetal bovine serum 

(FBS; Gibco), 3 mM L-glutamine (1%, Life Technologies cat# 35050-038). Human uveal melanoma cell 

lines OMM1 (provided by Prof. Dr. G.P.M Luyten) [52], OMM2.5, and MEL270 (provided by Dr. B.R. 

Ksander) [53] were cultured in Ham’s F12 medium (Sigma-Aldrich, cat# N3790) supplemented with 10% 
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FCS. Stable fluorescent CRMM1 and CRMM2 cell lines were generated using lentivirus expressing both 

tandem dimer (td)Tomato and Blasticidin-S, as previously described [54]. PC3Pro4 (provided by Dr. 

Gabriel van der Pluijm) was cultured in DMEM (Sigma-Aldrich, cat# 32160801) supplemented with 10% 

FCS. Human lung carcinoma A549 was distributed by the European Collection of Cell Cultures (ECACC), 

and purchased from Sigma Aldrich, cultured in DMEM (Sigma-Aldrich, cat# 32160801) supplemented 

with 10% FCS. Cells were cultured in either 25 cm2 or 75 cm2 flasks and split at 70-80% confluence. The 

flasks were incubated in a normoxic incubator at 37 °C at 5.0% CO2 in a PHCbi O2/CO2 incubator, MCO-

170M). The medium was refreshed twice a week. Cells used in all biological experiments were cultured 

for not more than eight weeks. Trypsin and Opti-MEM® (without phenol red) were purchased from 

Gibco® Life Technologies. Trypan blue (0.4% in 0.81% sodium chloride and 0.06% potassium phosphate 

dibasic solution) was purchased from Bio-Rad. Plastic disposable flasks and 96-well plates were 

obtained from Sarstedt. Cells were counted using a Bio-Rad TC10 automated cell counter with Bio-Rad 

Cell Counting Slides.  

 

Spheroids cell culture and CellTiter-Glo 3D cell viability assay 

A549 (500 cells/well) within 100 µL OptiMEM (Gibco® Life Technologies, cat# 11058021) were seeded 

in the low-attachment 96 well plates (Corning Spheroid microplate 4515) and incubated in normoxia 

(21% O2). After 24 h, 100 µL/well of diluted [2](PF6)2 with six different concentrations in OptiMEM or 

OptiMEM for control was added into each well and the cells were further incubated for another 24 h 

(drug-to-light interval).  100 μL of medium was pipetted out from each well and 100 μL/well of new 

OptiMEM was added. Then, the plates for [2](PF6)2 treatment with light activation and vehicle with light 

activation groups were irradiated with green light (21 mW.cm-2, 15 min, 19 J.cm-2, 520 nm) and the 

plates for [2](PF6)2 treatment with no light activation and vehicle with no light activation groups were 

put in the dark box. After treatment, all plates were put back in the incubator for 48 h. Before the 

CellTiter-Glo 3D cell viability assay, the plates were taken out from the incubator and left out for 20 min 

to reach the room temperature. 100 μL medium was taken out from each plate and 100 μL of CellTiter 

Glo 3D was added per well. The plates were put on the shaker for 5 min and left the plates at room 

temperature without shaking for 25 min. The luminescence of the plates was read by Tecan reader.   

 

Cellular uptake 

Cell uptake studies for complexes [1]Cl2 and [2](PF6)2 were conducted on A549 lung cancer cells. 1.6·106 

cells were seeded at t = 0 h in Opti-MEM complete (10 mL) in a 75 cm2 T-flask. At t = 24 h the media 

was aspirated and cells were treated with solutions of [1]Cl2, [2](PF6)2 to give a final concentration at 

the EC50 in the dark (3.4 and 65µM, respectively) in a total volume of 10 mL. After 24 h of drug 

incubation at 37 ºC and 21% O2, the medium was aspirated and the cells were washed twice with PBS 

(5 mL). Then, the cells were trypsinized (2 mL), suspended with Opti-MEM (8 mL), and centrifuged (1200 
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rpm, 4 min). After aspiration of the supernatant, the cells were re suspended in PBS (1 mL) and counted. 

After a second centrifugation, the supernatant was discarded. For metal and protein quantification, the 

pellets were resuspended in demineralized water (250 µL) and lysed for 30 min by ultrasonication. The 

protein content of lysates was determined by the Bradford method, and the ruthenium content was 

determined by Atomic Absorption Spectroscopy.  

 

A contrAA 700 high-resolution continuum-source atomic absorption spectrometer (Analytik Jena AG) 

was used. Pure samples of the respective complex were used as standard and calibration was done in 

a matrix-matched manner (meaning all samples and standards were adjusted to the same cellular 

protein concentration of 1.0 mg/mL by dilution with distilled water if necessary). Triton-X 100 (1%, 10 

μL) as well as nitric acid (13%, 10 μL), were added to each standard sample (100 μL). Samples were 

injected (25 μL) into coated standard graphite tubes (Analytik Jena AG) and thermally processed as 

previously described by Schatzschneider et al.[55] Drying steps were adjusted and the atomization 

temperature set to 2400 °C. Ruthenium was quantified at a wavelength of 349.90 nm. The mean 

integrated absorbances of double injections were used throughout the measurements. The data from 

two independent biological replications were used to obtain the uptake values shown in Table 2. 

 

Cell irradiation setup 

The cell irradiation system consisted of a Ditabis thermostat (980923001) fitted with two flat-bottomed 

microplate thermoblocks (800010600) and a 96-LED array fitted to a standard 96-well plate. The λ=520 

nm LED (OVL3324), fans (40 mm, 24 V DC, 9714839), and power supply (EA PS 2042-06B) were obtained 

from Farnell as reported in our previous publication [56]. 

 

Cytotoxicity assay  

At day 0, cells were detached using 1 mL of trypsin, resuspended in 4 mL of media and transferred to a 

15 mL corning falcon tube. Cells were counted using trypan blue and BioRad® TC20™ automated cell 

counter (Figure 11). Dilutions of 6000 (CRMM1), 6000 (CRMM2), 8000 (CM2005.1), 6000 (OMM1), 6000 

(OMM2.5), 6000 (MEL270) 6000 (A549), and 6000 (PC3Pro4) cells/well were calculated from each cell 

suspension at a final volume of 6 mL. The cell suspensions were transferred to a 50 mL reservoir and 

100 µL of each cell line was seeded at the aforementioned cell densities in triplicate in six 96-well plates. 

Boarder wells were intentionally filled with PBS media to avoid boarder effects. After 24 h, the cells 

were treated with [2](PF6)2 with six different concentrations. After 24 h of post treatment the cells were 

exposed to the green light for 15 min (21 mW/cm2, 19 J.cm-2, 520 nm). The dark control plate was kept 

under dark conditions. Then cells were incubated for another 48 h before fixing them with 

trichloroacetic acid (10% w/w) solution. The fixed cells were kept at 4℃ for 48h, when TCA was washed 
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out with distilled water before adding the sulphorhodamin B (SRB) (0.6 % SRB) dye. The SRB dye was 

washed out after 30 minutes and plates were air dried overnight. Next day, the dye was dissolved using 

Tri-base (0.25%) and absorbance of SRB at 510 nm was recorded from each well using a Tecan plate 

reader. The SRB absorbance data was used to calculate the fraction of viable cells in each well (Excel 

and GraphPad Prism software). The absorbance data were averaged from triplicate wells per 

concentration. Relative cell viabilities were calculated by dividing the average absorbance of the treated 

wells by the average absorbance of the untreated wells. Three independent biological replicates were 

completed for each cell line (three different passage numbers per cell line). The average cell viability of 

the three biological replicates was plotted versus log(concentration) [μM], with the SD error of each 

point. By using the dose–response curve for each cell line under dark- and irradiated conditions, the 

effective concentration (EC50) was calculated by fitting the curves to a non-linear regression function 

with a fixed maximum (100 %) and minimum (0 %) (relative cell viability) and a variable Hill slope [57]. 

 

Flow Cytometry 

CRMM1 (10000/well) cells were seeded into an 8-well chamber in Opti-MEMTM (Gibco, Reduced 

Serum Medium, no phenol red) with 2.5% FBS (Gibco). After 24 h incubation, 4.3 µM of [2](PF6)2 was 

added into the medium. 24h later, wells were washed and new drug-free medium was added. The cells 

were exposed to green light (21 mW/cm2, 19 J.cm-2, 520 nm) for 15 min and incubated for 48 h. Medium 

of all wells was collected and wells were washed with PBS and lysed by 500 µL trypsin for 3 min. 

Collected medium was added to the wells with lysed cells, mixed and centrifuged for 2000 rpm, 3 min. 

After washing, cells were resuspended in 200 µL of 1X binding buffer. Next, 5 µL of Annexin-V-FITC and 

5 µL of Propidium Iodide were added to each well and left for 15 min at room temperature. 200 µL of 

each sample was added to a well in a 96-well plate, and used for FACS measurement. 

 

Zebrafish maintenance, tumour cells implantation and tumour analysis  

Zebrafish lines were kept in compliance with the local animal welfare regulations and European 

directives. The study was approved by the local animal welfare committee (DEC) of Leiden University 

(Project: “Anticancer compound and target discovery in zebrafish xenograft model”. License number: 

AVD1060020172410). The Zebrafish Tg(fli1: GFP/Casper) [58] were handled in compliance with local 

animal welfare regulations and maintained according to standard protocols (www.ZFIN.org). 

For cancer cell injection, two days post-fertilization (dpf), dechorionated zebrafish embryos were 

anaesthetized with 0.003% tricaine (Sigma) and plated on a 10cm Petri dish covered with 1.5% of 

solidified agarose. PC3Pro4, CRMM1 and CRMM2 cells were suspended in PBS containing 2% 

polyvinylpyrrolidone (PVP; Sigma-Aldrich) with a concentration of 50,000 cells/µl and loaded into 

borosilicate glass capillary needles (1 mm O.D. × 0.78 mm I.D.; Harvard Apparatus). In the ectopic 

model, 200 mCherry fluorescent PC3Pro4 or (td)Tomato fluorescent CM cells were injected into the 
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Duct of Cuvier at 2 dpf, which led to dissemination through the blood circulation and outgrowth in the 

head and tail. In orthotopic tumour model, 100 (td)Tomato fluorescent CRMM1 or CRMM2 cells were 

injected retro-orbitally in 2 dpf embryos using a Pneumatic Picopump and a manipulator (WPI). After 

injection, the embryos were incubated in a 34 ˚C incubator. Images were acquired at 1-, 2-, 4- and 6-

days post injection (dpi) with a Leica M165 FC stereo fluorescence microscope. Tumour growth was 

quantified by calculating the total fluorescence intensity and area with the ZF4 pixel counting program 

(Leiden). Each experiment was performed at least 3 times with a group size of >30 embryos.  

 

Maximum tolerated dose (MTD) for wild-type zebrafish and tumour cell-injected zebrafish 

For determining the MTD of the water administration (WA) of the [2](PF6)2 solution in wild type 

zebrafish, solutions of 0.1 µM, 0.25 µM, 0.5 µM, 1 µM, 2 µM were made before the experiment. At 2.5, 

3.5, 4.5, 5.5 dpf, [2](PF6)2 was added to the fish water and maintained for 12 h. At 3, 4, 5, 6 dpf, the fish 

water was refreshed and after 1 h, embryos were exposed to green light for 90 min (21 mW.cm-2, 114 

J.cm-2, 520 nm). For the IV and RO administration, [2](PF6)2 solution (50 µM, 100 µM, 200 µM, 300 µM, 

500 µM) was made before the experiment. At 3, 4, 5, 6 dpf, 1nl of [2](PF6)2 was injected via the dorsal 

vein or the RO site and maintained for 1 h. Embryos were exposed to green light for 90 min (21 mW.cm-

2, 114 J.cm-2, 520 nm). The images of treated and wild type embryos at 6dpf were taken using a DFC420C 

camera coupled to a Leica MZ16FA fluorescence microscope. In order to determine the MTD of tumour 

cell-bearing zebrafish, 90 min green light activation (21 mW.cm-2, 114 J.cm-2, 520 nm) was performed 

according to the same procedure, after [2](PF6)2 was delivered by WA, IV and RA administration as 

described above for the wild type embryos. 

 

The antitumour efficacy of [2](PF6)2 by WA, IV and RO in zebrafish ectopic and orthotopic tumour 

models 

Fluorescent PC3Pro4 cells were injected at 2 dpf into the Duct of Cuvier (ectopic model) and [2](PF6)2 

was delivered by WA and IV administration with or without light treatment as described in 5.9. 

Fluorescent CRMM1 or CRMM2 cells were injected at 2 dpf into the Duct of Cuvier (ectopic model) and 

behind the eye (orthotopic model) and [2](PF6)2 was delivered by WA IV and RO administration with or 

without light treatment as described in 5.9. For the WA administration, the 0.5 µM [2](PF6)2 solution 

was added to the tumour cells-injected zebrafish at 2.5, 3.5, 4.5, 5.5 dpf and maintained for 12 h. At 3, 

4, 5, 6 dpf, the fish water was refreshed, and after 1 h, embryos were exposed to green light for 90 min 

(21 mW.cm-2, 114 J.cm-2, 520 nm). For the IV and RO administration, 1 nL of 200 µM [2](PF6)2 solution 

was injected via the dorsal vein or the RO site at 3, 4, 5, 6 dpf. After 1 h interval, the embryos were 

exposed to green light for 90 min (21 mW.cm-2, 114 J.cm-2, 520 nm). After treatment, the embryo 

images were acquired with a Leica M165 FC stereo fluorescence microscope. Tumour growth was 
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quantified by calculating the total fluorescence intensity and area with the ZF4 pixel counting program 

(Leiden). Each experiment was performed at least 3 times with a group size of >30 embryos. 

 

TUNEL assay 

The zebrafish larvae were fixed overnight with 4% PFA at 4 ˚C. Embryos were washed in PBST for five 

minutes and dehydrated by a graded methanol series until reaching 100% methanol. Embryos were 

stored at -20 ˚C for further use. Embryos were gradually rehydrated in PBST (25%, 50%, 75%), washed 

twice for 10 minutes with PBST and digested by proteinase K (Roche) solution in PBST (10 µg/ml) at 37 

˚C for 40 minutes. After two washes in PBST, embryos were post-fixed in 4% PFA for 20 minutes. After 

washing them again twice in PBST for 10 minutes, 50 µl of TdT reaction mix (Roche) was added to the 

embryos. Embryos were overnight incubated with the TdT at 37 ˚C (in the dark). The reaction was 

stopped by three 15 min washes with PBST at room temperature and embryos were used for high-

resolution imaging. Embryos were placed on glass-bottom petri dishes and covered with 1% low melting 

agarose containing 0.003% tricaine (Sigma). Imaging was performed using the Leica SP8 confocal 

microscope. The images were processed with ImageJ software. Each experiment was performed 3 times 

with a group size of 10 embryos.  

 

Statistical analysis 

Determination of the EC50 concentrations in vitro was based on a non-linear regression analysis 

performed using GraphPad Prism Software. Results are presented as means ± SD from three 

independent experiments. Significant differences were detected by one-way ANOVA followed by 

Dunnett’s multiple comparisons test implemented by Prism 8 (GraphPad Software, La Jolla, CA, USA). 

A p-value < 0.05 was considered statistically significant, *: p <0.05, **: p<0.01, ***: p<0.001. 

 

Results and discussion 

 

Synthesis and photoreactivity 

The synthesis of [2]2+ is more challenging than that of complexes such as [1]2+ or [3]2+ because [2]2+ is a 

tris-heteroleptic compound, i.e. it bears three different bidentate ligands that need to be coordinated 

to the metal in a controlled fashion (Fig. 2). With most generic synthetic routes, ligand scrambling 

occurred, i.e. [2]2+ was obtained with traces of [Ru(dpp)(mtmp)2]2+, [Ru(bpy)(mtmp)2]2+, [1]2+, or [3]2+, 

that were very difficult to remove. The synthesis of [2](PF6)2 was hence adapted from a novel method 

developed by Keyes et al [59] that involved the sequential coordination, in this order, of dpp, mtmp, 

and bpy. The novelty of this method relies on the use of an intermediate oxalate ligand (ox2−) during 

the coordination of the second (mtmp) chelate. This negatively-charged chelate prevents the formation 

of species where two identical ligands coordinate to the metal even when one equivalent of mtmp is 
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used. After purification of the [Ru(dpp)(mtmp)(ox)] ([5]) intermediate complex, oxalate was removed 

selectively by HClO4 treatment in acetonitrile, after which the last chelate (bpy) was reacted to afford, 

after counter anion metathesis, [2](PF6)2. Due to the dissymmetry of mtmp and the tri-heteroleptic 

nature of the final complex, two configurational isomers are expected: one having the sulfur donor 

atom trans to bpy and another having the sulfur donor atom trans to dpp. These isomers were detected 

by 1H NMR and initially separated by column chromatography. Isomer [2a](PF6)2 was slightly 

contaminated with [Ru(dpp)(bpy)2](PF6)2, while isomer [2b](PF6)2 was pure according to 1H NMR but 

obtained in a low yield (<2%). Later on, as no difference in reactivity could be observed between both 

isomers, mixtures of [2a](PF6)2 and [2b](PF6)2 deprived of any other impurities were prepared and 

further used in biological studies; it is designated below as [2](PF6)2. 

 

Figure 2 Synthesis of tris-heteroleptic compound [Ru(dpp)(bpy)(mtmp)](PF6)2 ([2](PF6)2). Conditions: i) 1.0 eq. dpp, 

EtOH, reflux 2 h, Y = 51%. ii) a) 1.5 eq. Na2C2O4; water, reflux 1 h; b) 1.0 eq. mtmp, ethylene glycol, reflux 3 h; c) 

water; Y = 71%. iii) a) 1 M HClO4(aq)/CH3CN 1:1, reflux 1 h, b) 1.0 eq. bpy, ethylene glycol, 100 °C, 6 h; 3) aqueous 

KPF6; Y = 28%. 

 

The photoreactivity of [2](PF6)2 was studied by UV-vis spectroscopy in CH3CN. The spectrum of a 

solution of [2](PF6)2 irradiated for 20 minutes with green light (521 nm, 14 mW.cm-2) showed an 

increase of the intensity of the metal-to-ligand charge-transfer (MLCT) band between 400-430 nm, and 

a decrease in the valley at 344 nm with clear isosbestic points at 363 and 440 nm (Fig. 3). After 15 

minutes, when the reaction reached the steady state, mass spectrometry showed peaks at m/z = 140.3 

and 336.3, corresponding to the free caging ligand {mtmp+H}+ (calcd m/z = 140.1) and 

[Ru(bpy)(Ph2hen)(CH3CN)2]2+ (calcd m/z = 336.1). No traces of bpy, dpp, or of any ruthenium complex 

resulting from the photosubstitution of one of the two bis-imine ligands, was observed by mass 

spectrometry. There was also no trace of the starting complex [2]2+, confirming the selective and 

complete photosubstitution of mtmp upon light irradiation in deaerated CH3CN, to produce 

[Ru(dpp)(bpy)(MeCN)2]2+ as sole photosubstitution product. The photosubstitution quantum yield, 

measured by UV-vis spectroscopy was found to be 0.111 in these conditions (Fig. S1). The excited states 

of [2]2+ do not necessarily deactivate only via photosubstitution and non-radiative decay; reaction with 

ground state oxygen to produce singlet oxygen (1O2) may happen, too, as described in PDT type II [60-

62]. Hence, the quantum yield for the generation of 1O2 (ΦΔ) was experimentally determined by direct 

detection of the 1274 nm near-infrared phosphorescence of 1O2 in an air-equilibrated CD3OD solution 



88 
 

of [2](PF6)2. Under blue light irradiation (450 nm) using [Ru(bpy)3]Cl2 as reference (ΦΔ = 0.73) [63], a ΦΔ 

value of 0.096 was found for [2]2+, which is slightly higher than for [1]2+ (ΦΔ = 0.020 in the same 

conditions), but much lower than PDT sensitizers such as Photofrin (0.90) [64], Foscan (0.43) [65], or 

TLD-1433 (1.0) [66]. Overall, the low ΦΔ value and a rather high photosubstitution quantum yield make 

of [2]2+ a promising PACT agent, provided it can enter cancer cells before light irradiation take place. 

 

Figure 3 Evolution of the UV-vis spectrum of an acetonitrile solution of [2](PF6)2 (36 μM) upon green light irradiation 

(521 nm, 14 mW.cm-2, photon flux 6.2×10-8 mol.s-1) under inert atmosphere. Insert: black and red dots represent 

the evolution of the absorbance at 460 nm and 430 nm, respectively (dashed lines in the spectrum), vs. irradiation 

time. 

 

Cellular uptake and cytotoxicity in vitro 

Considering the good photosubstitution properties of [2]2+, its cytotoxicity was first tested in the dark 

and upon green light activation in a human lung cancer cell line (A549) where the two known analogues 

[1]2+ and [3]2+ had already been evaluated [47]. The protocol is detailed in Hopkins et al. [67]. The 

effective concentrations (EC50), defined as the compound concentration (in µM) that reduces cell 

viability by 50% compared to untreated cells, are shown in Table 1. In the dark, the EC50 value was 59 

µM for [2]2+, which is intermediate between that found, in the same conditions, for [1]2+ (3.4 µM) and 

for [3]2+ (>100 µM) [14]. After 15 minutes green light irradiation (520 nm, 21 mW.cm-2, 19 J.cm-2), the 

EC50 value decreased to 6.5 µM or [2]2+, respectively, which is also intermediate between the 0.62 µM 

and >150 found for [1]2+ and [3]2+, respectively (Fig. 4). As suggested by Lameijer et al, validating a 

compound as either a PACT agent or a PDT agent requires comparing the photoindexes (PI), rather than 

the EC50 values [68]. The photoindexes (PI) value for [2]2+ (9.1) was twice higher than for [3]2+ (5.5), 

which suggested that the compound design was successful. Qualitatively, cytotoxicity is closely related 

to cellular uptake and subcellular localization, which are in turn closely related to the lipophilicity of the 
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prodrug [69]. Typically, the presence of more phenyl groups results in an increase of lipophilicity [70]. 

The intermediate lipophilicity of [2]2+ obtained by balancing the number of dpp and bpy ligands, 

significantly decreased its dark toxicity, compared to [1]2+, while keeping its cytotoxicity after light 

activation much higher than for [3]2+. To verify quantitatively that this effect was related to drug uptake, 

A549 cells were treated for 24 h with [1]Cl2 and [2](PF6)2 at their EC50 concentrations (3.4 and 65 μM, 

respectively), counted, lyzed, after which the ruthenium content was measured using ICP-MS (Table 1). 

In such conditions, the cellular uptake of [2]2+ was found almost equal to that of [1]2+, although the 

concentration used for treatment was 20 times higher. Similar experiments with [3]2+ had 

demonstrated that this compound was not taken up by A549 cells because of its too high hydrophilicity 

[14]. Thus, the intermediate lipophilicity of [2]2+, between that of [1]2+ and [3]2+, indeed allowed for 

moderating cellular uptake, which kept the dark toxicity low while not jeopardizing the toxicity after 

light activation (Table 2). Such balanced lipophilicity also allowed the compound to penetrate 3D 

multicellular tumour spheroids of the same cell line (A549). In such conditions, the activity of [2]2+ 

remained significantly improved upon light irradiation, with EC50 values in the dark and after light 

irradiation (520 nm, 21 mW.cm-2, 19 J.cm-2) of 172.9 and 70.9 µM, respectively. Most importantly, the 

viability of the tumour spheroid was almost eradicated at 300 µM upon light irradiation, which 

highlights the excellent phototoxicity of this compound also in a 3D environment.  

Table 1 Cytotoxicity expressed as cell growth inhibition effective concentrations (EC50 with 95% confidence 

intervals, in μM) of [1]Cl2, [2](PF6)2 and in lung (A549) and prostate (PC3Pro4) cancer cell lines, in the dark and upon 

green light irradiation (21 mW.cm-2, 15 min, 19 J.cm-2, 520 nm). 

Cell line 
Light dose 

(J.cm−2) 

[1]Cl2 [2](PF6)2 [3]Cl2 

EC50 95%CI PI EC50 95%CI PI EC50 95%CI PI 

A549 

0 3.4 
-0.76  

59 
-13     

0.97  17  >150 - - 

19 0.62 
-0.11  

6.5 
-1.8     

0.14 5.5 2.4 9.1 >150 - - 

PC3Pro4 

0 4.7 
-0.30  

142 
-52  >150 - - 

0.32  83     

19 0.79 

-0.027  

3.2 

-0.54  >150 - - 

0.028 6.0 0.65 45    

 

Table 2 Cellular uptake of [1]Cl2 and [2](PF6)2 in A549 cells upon treatment near the dark EC50 value. 

  
[1]Cl2 [2](PF6)2 

 

 

Treatment concentration 
(μM) 

3.4 65 

 

 

Cellular uptake                (nmol 
Ru/mg of cell protein) 

2.11 ± 0.12 2.12 ± 0.33 
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Figure 4 Dose-response curves for A549 cells treated with [2](PF6)2, and irradiated with green light (520 nm, 15 

min, 21 mW.cm-2, 19 J.cm-2) 24 h after treatment (green data points) or left in the dark (black data points). a) A549 

cells were cultured in 2D cell monolayers. SRB assay was carried out at t=96 h. The absorbance of Sulforhodamine 

B in solution was measured at 520 nm. b) A549 cells were cultured as 3D multicellular tumour spheroids in ultra-

low attachment flask. The spheroids were treated with [2](PF6)2 at day 4, irradiated at day 5 (520 nm, 15 min, 21 

mW.cm-2, 19 J.cm-2), and their viability assayed at day 7 by a CellTiter-Glo 3D cell viability assay. Results are 

presented as means ± SD from three independent experiments with 95% confidence intervals. 

 

Encouraged by these results, the cytotoxicity of [2](PF6)2 was further assayed in a wider range of 2D 

cell monolayer models, i.e. using the PC3Pro4, CRMM1, CRMM2, CM2005.1, OMM1, OMM2.5 and 

MEL270 human cancer cell lines (Fig. S2). PC3Pro4 is a cancer cell line derived from a bone metastasis 

obtained after injection of PC3 human prostate cancer cells into nude mice [71], while CRMM1, 

CRMM2 and CM2005.1 are conjunctival melanoma cell lines and OMM1, OMM2.5 and MEL270 are 

uveal melanoma cell lines. The EC50 values are listed in Table 2 and 3. Interestingly, [2](PF6)2 exhibited 

higher toxicity in PC3Pro4, CRMM1 and CRMM2 cells upon light irradiation, and less toxicity in the 

dark, resulting in very high PI values of 45, >47, and >59, respectively (Table 3). In order to investigate 

the cytotoxic mechanism induced by light activated [2](PF6)2, CRMM1cells were treated with 4.3 µM 

for 24 h, stained with Annexin V and propidium iodide, and analysed by fluorescence-activated cell-

sorting (FACS). While the fraction of early apoptotic vs. necrotic cells in the cells treated with [2](PF6)2 

but not irradiated were almost identical to that of the vehicle control, almost half of the cells treated 

with [2](PF6)2 and activated by light were found to be either necrotic (PI+, Annexin–) or in the late 

apoptotic/dead cell quadrant, while the number of early apoptotic cells decreased to almost zero (Fig. 

S3). These results come in strong contrast with the almost exclusively apoptotic cell death mode 

observed with another ruthenium-based PACT compound, [Ru(bapbpy)(dmso)Cl]Cl, showing that the 

cell death mode with such compounds highly depends on the structure of the complex [72]. Overall, 

the excellent in vitro results observed in PC3Pro4, CRMM1, and CRMM2 cells, led us to selecting these 

cells for further testing of [2](PF6)2 in zebrafish tumour models. 
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Table 3 Cytotoxicity expressed as effective concentrations (EC50 with 95% confidence intervals, in μM) of [2](PF6)2 

in conjunctival melanoma (CRMM1, CRMM2, CM2005.1) and uveal melanoma (OMM1, OMM2.5, MEL270) cell 

lines, in the dark and upon green light irradiation (21 mW.cm-2, 15 min, 19 J.cm-2, 520 nm). 

Cell line Light dose (J.cm-2) 
[2](PF6)2 

EC50 95%CI PI 

CRMM1 

0 >200 
   

  

19 4.3 
-0.89 

>47 
1.1 

CRMM2 

0 >200 
   

  

19 3.4 
-0.88 

>59 
1.2 

CM2005.1 

0 >200 
   

  

19 15 
-3.2 

>13 
4.7 

OMM1 

0 150 
-20   

30  

19 24 
-4.5 

6.3 
7.6 

OMM2.5 

0 100 
-8.4   

9.2  

19 14 
-1 

7.1 
1.2 

MEL270 

0 140 
-20   

27  

19 13 
-1.3 

11 
1.5 

 

Maximum tolerated dose of [2](PF6)2 in zebrafish ectopic and orthotopic cancer models 

To investigate the in vivo anti-cancer efficacy of [2](PF6)2, we utilized prostate (cell line PC3Pro4) and 

eye (CRMM1, CRMM2, CM2005.1) zebrafish embryonic cancer models, previously established in our 

group [73,74]. For prostate, androgen-independent osteotropic red-emitting PC3Pro4-mCherry cells 

(100-400 cells) were intravenously injected into the Duct of Cuvier (DoC) of Tg(Fli:GFP) endothelial 

reporter transgenic zebrafish line with green fluorescent vasculature (GFP) at 2 days post fertilization 

(dpf) (Fig. 5). The DoC is an open blood circulation channel connecting the heart and the trunk 

vasculature of the embryo [75]. Immediately after injection, cells haematogenously disseminated 

through the whole circulation. Most of the circulating cells regressed without extravasation or initiating 

tumour growth. However, within 1 day, some cells were able to extravasate exclusively at the posterior 

ventral end of caudal hematopoietic tissue (CHT), and invade into the tail fin where they developed 

perivascular metastatic lesions within 4 dpf (Fig. 5). CHT is an intermediate site of haematopoiesis 
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during zebrafish embryogenesis and is the functional analogue of the foetal liver during mammalian 

development [76]. Metastatic tumours grew around CHT at 6dpf, as detected by red fluorescence 

(excitation: 587 nm, emission: 610 nm) that can be quantified, either in terms of emission intensity, or 

by the relative tumour area in microscopy images; both quantifications are referred below as “relative 

tumour burden”. This tumour model is called “ectopic” as the CHT site does not represent the organ of 

origin of these cancer cells. For conjunctive melanoma (CM), we used an orthotopic model recently 

developed in our group for PDT treatment [57,77]. In short, the CM tumours were generated by 

injection of 200 CRMM1-mCherry or CRMM2-mCherry cells into the retro-orbital site of the embryo at 

2 dpf (Fig. 6). From 2 to 6 dpf, the CRMM1 or CRMM2 cells formed local lesions at the injection site 

behind the eye. This tumour model is called “orthotopic” as the site for tumour growth, i.e. the eye, 

does represent the organ of origin of these cancer cells.  

 

Table 4 The maximum tolerated dose (MTD) of [2](PF6)2 in wild type zebrafish embryos and in the ectopic and 
orthotopic CM tumour models.   

[2](PF6)2 

Maximum tolerated concentration  

Wild Type 
Embryos 

Tumour cells engrafted Embryos 
Ectopic and Orthotopic Model 

Water Administration 1 µM 0.5 µM 

Intravenous Administration 300 µM 200 µM 

Retro-orbital Administration a 300 µM a 200 µM a 

a for CRMM1 and CRMM2 xenografts only.  

 
 
In terms of drug treatment modalities, the embryos were subjected to three different protocols (Fig. 5 

and 6). For the ectopic model, treatment with [2](PF6)2 was performed either by water administration 

(WA) or by intravenous injection (IV), while for the orthotopic model, treatment was performed either 

by WA, IV, or retro-orbital (RO) injections. Before testing the anti-tumour efficacy, it was necessary to 

evaluate the toxicity of the phototherapy treatment. The toxicity of green light alone (520 nm) was 

recently reported [57]. At an intensity of 21 mW.cm-2, the zebrafish embryos could tolerate light 

irradiation until 6 h without any toxicity or visible developmental defects [57]. The toxicity of [2](PF6)2 

was then evaluated by measuring its maximum tolerated dose (MTD) for the different administration 

modes,  both for tumour-free embryos and tumour cell-injected embryos (Table 4 and Fig. S4). For 

treatment via water administration, different concentrations (0, 0.1 0.25, 0.5, 1, 2 µM) of [2](PF6)2 were 

added to the egg water (i.e., the water in which the zebrafish embryo were swimming) at 2.5, 3.5, 4.5 

and 5.5 dpf, and incubation was continued overnight for a drug-to-light interval of 12 h. At 3, 4, 5, 6 dpf, 

excess [2](PF6)2 was washed by drug-free water and the embryos were further irradiated with green 

light (21 mW.cm-2, 90 min, 114 J.cm-2, 520 nm). In such conditions, an MTD of 0.5 μM for embryos 

engrafted with PC-Pro4-mCherry tumours, and of 1 μM for tumour-cell free embryos, was obtained. For 

treatment via intravenous or retro-orbital administration, 1 nL with different concentrations (0, 50, 100, 

200, 300, 500 µM) of [2](PF6)2 was injected into the dorsal vein or retro-orbital site of zebrafish at 3, 4, 
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5, 6 dpf. After a shorter drug-light interval of 1 h, the zebrafish embryos were irradiated with the same 

dose of green light (21 mW.cm-2, 90 min, 114 J.cm-2, 520 nm). The lethality, aberrant morphology and 

fish length were measured at 6 dpf. Zebrafish embryos tolerated, without any effect on mortality, 

malformation and fish length, injection of [2](PF6)2, followed by light activation, at a MTD of 200 µM for 

embryos engrafted with PC-Pro4-mCherry, CRMM1, CRMM2 cells and of 300 µM for tumour-free 

embryos (see Fig. S4). These MTD values of 0.5 µM (WA) and 200 µM (IV and RO) were further used for 

assessing the anti-tumour efficacy in the zebrafish tumour models. 

 

Effect of [2](PF6)2 on PC3Pro4 tumour growth by water and intravenous administration in zebrafish 

ectopic prostate cancer model 

In the PC3Pro4-mCherry zebrafish ectopic model, both WA (0.5 µM) and IV administration (1 nL, 200 

µM) of [2](PF6)2 were tested using the previously determined MTD. At 6 dpf, images of the PC3Pro4-

mCherry tumours were taken using a stereo microscope. Quantification of the relative tumour burden 

was performed by measuring either the relative fluorescence intensity or the relative tumour area (Fig. 

5). Using a 12 h (WA) or 1 h (IV) drug-to-light interval, green light activation (21 mW.cm-2, 90 min, 114 

J.cm-2, 520 nm) did not change the tumour burden, compared to the dark groups, even when the 

treatment on each embryo was repeated 4 times (Fig. 4). Usually, WA in zebrafish is acknowledged to 

mimic the oral route in human patients. Indeed, the compound will first go into the enterohepatic 

circulation and then disseminate through the blood circulation. The fact that no anti-tumour activity 

was observed for [2](PF6)2 administered by WA in the prostate cancer zebrafish model, while it showed 

excellent activity in PC3Pro4 cell monolayers in vitro (Table 2), suggested that in the embryo, the 

compound may simply not be taken up into the blood circulation. Another possibility is that it was 

excreted within the 90 min irradiation time. In contrast, IV injection delivers the compound directly into 

the blood circulation, but this had no effect either. However, compound [2](PF6)2 may distribute 

anywhere in the embryo during the 1 h drug-to-light interval, or be excreted. To obtain anti-tumour 

efficacy upon light activation requires that the prodrug reaches the tumour in sufficiently high 

concentrations, which clearly did not happen here. Alternatively, engrafted prostate cancer cells might 

have gained chemotherapy resistance in vivo, which they did not have in vitro [78]. Overall, these results 

most probably suggest that more specific targeting strategies would be needed to achieve proper 

efficacy of this compound in ectopic prostate cancer models. 
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Fig. 5 Efficacy of [2](PF6)2 in PC3Pro4 prostate cancer zebrafish ectopic model. a) Schedule of tumour cells injection 

and treatment with [2](PF6)2 by water administration (WA). Around 300 PC3Pro4 cells were injected into Duct of 

Cuvier at 2dpf. 0.5 µM of [2](PF6)2 was added into water at 2.5, 3.5, 4.5, 5.5 dpf. At 3, 4, 5, 6 dpf, the compound 

was washed away, the embryos were irradiated with green light (21 mW.cm-2, 114 J.cm-2, 520 nm) for 1.5 h. b) 

Water administration of [2](PF6)2 into 6-well plates containing engrafted embryos. c) The images of PC3Pro4 

tumour burden at CHT site at 6 dpf. d) The relative fluorescence intensity of PC3Pro4 tumour burden at 6 dpf.  e) 

The relative tumour area of PC3Pro4 tumour burden at 6 dpf) Schedule of tumour cells injections and treatment 

with 200 µM of [2](PF6)2 by intravenous administration. g) The injection site of intravenous administration (IV). h) 

The images of PC3Pro4 tumour burden at CHT site at 6 dpf. i) The relative fluorescence intensity of PC3Pro4 tumour 

burden at 6 dpf. j) The relative tumour area of PC3Pro4 tumour burden at 6dpf. Results are presented as means ± 

SD from three independent experiments. 

 

[2](PF6)2 effect on CRMM1 and CRMM2 tumour growth by retro-orbital administration in the 

zebrafish orthotopic conjunctival melanoma model 

When both the tumour cells and the prodrug are injected into the general blood circulation of the 

embryo, it should not be taken for granted that the drug properly biodistributes to reach the inside of 

a tumour at a sufficiently high concentration. One way to address this issue is to use a model where the 

prodrug is injected near the tumour. The efficacy of [2](PF6)2 was hence examined in the orthotopic 

model of conjunctival melanoma (CM) described above and in [57]. In this model, the tumour develops 
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in the back of the eye, near the location of the cancer cell injection, and the prodrug is also injected at 

the same place. A shorter drug-to-light interval is used (1 h) to avoid prodrug diffusion away from the 

tumour prior to light activation. In a sense, this model may better mimic local PDT treatments 

performed in human cancer patients. Following our treatment strategy as developed for the PDT 

sensitizer TLD-1433 [57], the MTD of [2](PF6)2 (1 nL, 200 µM) was injected retro-orbitally at 3, 4, 5, 6 

dpf. After 1 h drug-to-light interval, the embryos in both light-irradiated groups (vehicle, [2](PF6)2) were 

irradiated with green light (520 nm, 90 min, 21 mW.cm-2, 114 J.cm-2), while the two dark groups (vehicle, 

[2](PF6)2) were kept in the dark. During the experiment, the egg water of engrafted embryos was 

refreshed before injection and after irradiation. At 6 dpf and 4 consecutive treatments, quantification 

of the CRMM1 and CRMM2 relative tumour burden was performed by measuring either the relative 

fluorescence intensity or the relative tumour area using a stereo microscope (Fig. 6). In the group 

treated with [2](PF6)2 and green light (21 mW.cm-2, 114 J.cm-2, 520 nm), the CRMM1 tumour burden 

was significantly inhibited by 57% (fluorescent intensity) and 78% (tumour area) compared with the 

dark group, while the CRMM2 tumour burden was inhibited by 52% (fluorescence intensity) and 88% 

(tumour area), compared with the dark group. When comparing these excellent results with the 

absence of efficacy of the same compound in the ectopic model for prostate cancer, we envision that 

local RO administration of [2](PF6)2 generates a higher concentration of the inactive compound in the 

proximity of the tumour, and therefore that green light activation generates sufficient amounts of the 

activated ruthenium molecules, to attenuate localized CM development in the light-irradiated group 

(Fig. 6c-h). These results represent the first experimental demonstration that ruthenium-based PACT 

treatment can inhibit CM growth in an animal tumour model. They also suggest that compound [2](PF6)2 

should be further investigated in pre-clinical rodent models. 
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Fig. 6 Efficacy of the PACT compound [2](PF6)2 in the Tg(Fli:GFP/casper) zebrafish orthotopic model of conjunctival 

melanoma (CRMM1 and CRMM2 cell lines) by retro-orbital administration (RO). a) Scheme showing the injection 

site of retro-orbital administration. b) Time flow of [2](PF6)2 treatment with RO administration. Around 200 CRMM1 

or CRMM2 cells were injected into the RO site of zebrafish embryos at 2 dpf. [2](PF6)2 was injected into RO site at 

3, 4, 5, 6 dpf, and after 1 h drug-light interval, the embryos were irradiated with green light (520 nm, 21 mW.cm-2, 

90 min, 114 J.cm-2). c) The images of CRMM1 or CRMM2 tumour burden (in red) at CHT site at 6 dpf. Green 

represents vessels in zebrafish embryos. d, g) The relative red fluorescence (excitation: 554 nm, emission: 581 nm) 

intensity of CRMM1 or CRMM2 tumour burden at 6 dpf.  e, h) The relative tumour area (pixel2) of CRMM1 or 

CRMM2 tumour burden at 6dpf. Results are presented as means ± SD from three independent experiments. ****: 

P < 0.0001. 

 

[2](PF6)2 induces CRMM1 cell apoptosis in the zebrafish orthotopic model 

To monitor whether the observed inhibition of CM growth in the zebrafish orthotopic model by [2](PF6)2 

was occurring via apoptosis, an in situ TUNEL assay was conducted on fixed embryos bearing CRMM1 

tumours at 4 dpi (days post injection), which were either kept in the dark or irradiated with green light 

(520 nm, 90 min, 21 mW.cm-2, 114 J.cm-2), and treated by RO injection at the MTD (1 nL, 200 μM) either 

with vehicle control or [2](PF6)2 (Fig. 6 and 7). In the TUNNEL assay, the DNA strand breaks in apoptotic 

tumour cells were stained with fluorescein and visualized as a green signal in microscopy images. In the 
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dark vehicle group, light vehicle group, and group treated with [2](PF6)2 but not irradiated, no positive 

green signal was detected (Fig. 7a). Only in the group treated with [2](PF6)2 and irradiated with green 

light (520 nm, 21 mW.cm-2, 90 min, 114 J.cm-2), a significant number of cancer cells (Fig. 7b) stained 

positive for apoptotic signal and turned green, which co-localized with red signal of CRMM1 cells 

(yellow in overlay, Fig. 7a). This result indicated that the anti-tumour efficacy of [2](PF6)2 in this PACT 

regime was at least partially apoptosis-dependent, which significantly differs from the FACS analysis in 

vitro. It should also be noted that there was no apoptotic signal detected in the tissue surrounding the 

tumours, pointing out that light activated [2](PF6)2 attacked CM tumours but not healthy tissues, which 

is essential for minimizing side effects. 

 

 

 

Figure 7 TUNEL assay in the CRMM1 orthotopic tumour model after RO injection of [2](PF6)2. a) Red fluorescent 

CRMM1 cells were injected behind the eye of the embryo at 2dpf, and the embryos were divided into four groups 

for drug treatment. RO administration of vehicle control and [2](PF6)2 was performed as described in Fig. 6. After 

dark or light exposure, embryos were fixed and TUNEL staining was performed. a) Representative overlay images 

of embryos are shown. In the group treated with [2](PF6)2 and light, nuclear DNA fragmentation in nucleases is 

detected by co-localization of green (DNA fragments) and red (CM tumour cell) signal, depicted on the overlay as 

yellow signal marked by white arrows. In the dark control group, light control group, and group treated with 

[2](PF6)2 and left in the dark, there were no positive green apoptotic tumour cells. The background green signal in 

the [2](PF6)2 light groups did not co-localize with cytosolic red signal, which is diminished in degraded cells and 

TUNEL stains only the DNA breaks in these CM apoptotic cells. b) Quantification of the number of apoptotic tumour 

cells (yellow dots). Experiment was performed 3 times with a group size of 10 embryos. **: P < 0.01. 
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Conclusions 

In conclusion, we have synthesized the new tris-heteroleptic ruthenium-based PACT prodrug [2](PF6)2 

which is characterized by a well-balanced hydrophobicity in the dark. The toxicity of this chemical is 

obtained by green light activation, which triggers photosubstitution of the non-toxic mtmp ligand and 

liberates a ruthenium-based activated photoproduct. This activated photoproduct can bind to many 

biomolecules, which ultimately leads to cell death. Of course, [2](PF6)2 has not been designed for 

specific targets in tumour cells, which may be seen as a potential sources of side-effects. On the other 

hand, this lack of specificity ensures that single mutations in cancer cells would not quench the cytotoxic 

activity of the light-activated compound, as confirmed by the large range of unrelated cancer cell lines 

(lung, prostate, eye) in which [2](PF6)2 remained photoactive. Still, differences in photoindexes existed 

between cell lines, which pointed at PC3Pro4, CRMM1, and CRMM2 cell lines, for further in vivo 

evaluation. We do not know why the uveal melanoma cell lines did not show a better response to the 

treatment with [2](PF6)2, but we decided to use the conjunctival cell lines when we saw how much more 

sensitive these were. Zebrafish embryos allowed us to demonstrate the efficacy of ruthenium-based 

PACT in conjunctival melanoma xenografts in vivo [48]; this provided the first MTD values for a 

photosubstitutionally active ruthenium compound administered either via water, intravenous 

injection, or retro-orbital injection. More than this, our results also highlight the difference between 

ectopic and orthotopic in vivo models for photoactivated drugs: while the photoindexes in vitro were 

high both in prostate cancer cells (PC3Pro4) and conjunctival melanoma cells (CRMM1, CRMM2), in vivo 

there was no activity in the ectopic model of prostate cancer, while activity was excellent in the 

orthotopic model of conjunctival melanoma. Such a difference underscores the interaction between 

the type of tumour model as well as the mode of compound administration in tumour xenografts, which 

cannot be modelled in vitro but dramatically influence both (pro)drug biodistribution, drug uptake by 

the tumour, and hence the final anti-tumour efficacy of the treatment. Overall, the present validation 

of the anti-tumour efficacy of retro-orbitally administered ruthenium compound [2](PF6)2 in zebrafish 

conjunctival melanoma orthotopic models suggests that further pre-clinical development of this new 

PACT drug should be considered in larger models (rodents) for conjunctival melanoma, where light 

irradiation can be limited to the tumour. 
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QUANTUM YIELD DETERMINATION 
 

 

Figure S1 Kinetic data for the second step of the photosubstitution of [2](PF6)2 in CH3CN under N2. a) Globally 

fitted absorption spectra of the mono-aqua intermediate [Ru(dpp)(bpy)(η1-mtmp)(CH3CN)] ([2-CH3CN] , black) and 

[Ru(dpp)2(CH3CN)2]2+ (grey) according to modeling using the Glotaran software. b) Modeled evolution of the 

relative concentrations of [2- CH3CN]2+ (squares) and [Ru(dpp)2(CH3CN)2]2+ (circles) vs. irradiation time according 

to global fitting using Glotaran. c) Plot of the amount of [2-CH3CN]2+ (mol) vs. total amount of photons absorbed 

by [2-CH3CN]2+ (mol). The slope of the obtained line is the opposite of the quantum yield of the formation of the 

bis-aqua complex. Conditions: 0.036 mM solution of [2](PF6)2 in CH3CN irradiated at 298 K under N2 using a 521 

nm LED at 6.21·10-8 mol·s-1.  
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DOSE-RESPONSE CURVES IN CONJUNCTIVE MELANOMA, 

UVEAL MELANOMA AND PROSTATE CANCER CELL LINES 
 

 

Figure S2 Dose-response curves for CRMM1, CRMM2, CM2005.1, OMM1, OMM2.5, MEL270 and PC3Pro4 cells 

treated with [2](PF6)2 and irradiated with green light (520 nm, 21 mW/cm2, 19 J.cm-2) 24 h after treatment (green 

data points) or left in the dark (black data points). SRB assay was carried out at t=96 h. The absorbance of 

Sulforhodamine B in solution was measured at 520 nm. Results are presented as means ± SD from three 

independent experiments. 
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ANNEXIN V-PI ASSAY  
 

 
 

Figure S3 Green light irradiation of [2](PF6)2 induces apoptosis and necrosis in CRMM1 cells. 4.3 µM of [2](PF6)2 was 

added into the medium of CRMM1 cells. After 24 h, [2](PF6)2  was washed by new free-drug medium and 15 min of 

green light (21 mW/cm2, 19 J.cm-2, 520 nm) was performed. After treatment, the cells were incubated for another 

48 h. a) CRMM1 cells were stained with Annexin-V-FITC and Propidium Iodide. b) The percentages of live, early 

apoptotic, later apoptotic and necrotic cells in CRMM1 were counted by FACS. Results are presented as means ± 

SD from three independent experiments. 
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MAXIMUM TOLERATED DOSE DETERMINATION 
 

 

 
 

Figure S4 The maximum tolerated dose of [2](PF6)2 in wild type zebrafish embryos administered through three 

different routes. a) Schedule of [2](PF6)2 treatment in wild type zebrafish. Water administration (WA): [2](PF6)2 (0 

µM, 0.1 µM, 0.25 µM, 0.5 µM, 1 µM, 2 µM) were added to the water containing 10 embryos per well at 2.5, 3.5, 

4.5, 5.5 dpf, for 12h (yellow box). After these treatments, the drug was removed and replaced by egg water followed 

by 90 min green light irradiation (21 mW/cm2, 114 J.cm-2, 520 nm), depicted as a green lightning bolt. Intravenous 

injection (IV) or retro-orbital injection (RO): 1 nL of [2](PF6)2 (0 µM, 50 µM, 100 µM, 200 µM, 300 µM, 500 µM) 

were injected into the embryos at 3 dpf to 6 dpf every morning, followed by 60 min drug-to-light interval (yellow 

box) and 90 min green light irradiation (21 mW/cm2, 114 J.cm-2, 520 nm), depicted as a green lightning bolt. b) WA, 

c) RO, d) IV. b-d) Images were made of irradiated (light) and non-irradiated (dark) embryos (n=30) at 6dpf and the 

percentages of mortality, malformation and fish length were calculated (shown as means ± SD from three 

independent experiments). Representative images of embryos under dark and light conditions are shown.  

 


