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Ruthenium complexes, and especially ruthenium(II) polypyridyl complexes, have attracted a lot of attention as
potential photosensitizers for photodynamic therapy. However, some are unsuitable due to their low cellular
uptake, potentially due to their relatively low degree of lipophilicity, which prevents them from penetrating
tumor cells. Here, we report the conjugation of a non-cell-penetrating ruthenium polypyridyl complex,
[Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2 (bipy = 2,2’-bipyridine, dppz = dipyrido[3,2-a:2;2’,3’-c]phenazine)
(RuOH), to a highly hydrophobic biodegradable and biocompatible polylactide to enhance its cellular uptake.
The ruthenium-polylactide conjugates were prepared by drug-initiated ring-opening polymerization of lactide
through the formation of a zinc alkoxide initiator and formulated into nanoparticles by nanoprecipitation. They
were characterized by means of nuclear magnetic resonance spectroscopy (NMR), matrix-assisted laser
desorption/ionization – time of flight mass spectrometry (MALDI-TOF MS) and dynamic light scattering (DLS).
Finally, their photo-therapeutic activity (λexc = 480 nm, 3.21 J cm-2) in cancerous human cervical carcinoma
(HeLa) and non-cancerous retinal pigment epithelium (RPE-1) cells was tested alongside that of RuOH and
their cellular uptake in HeLa cells was assessed by confocal microscopy and inductively coupled plasma -
mass spectrometry (ICP-MS). All nanoparticles showed improved photophysical properties including
luminescence and singlet oxygen generation, enhanced cellular uptake and, capitalizing on this, an improved
photo-toxicity.
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Abstract 

Ruthenium complexes, and especially ruthenium(II) polypyridyl complexes, have attracted a 

lot of attention as potential photosensitizers for photodynamic therapy. However, some are 

unsuitable due to their low cellular uptake, potentially due to their relatively low degree of 

lipophilicity, which prevents them from penetrating tumor cells. Here, we report the conjugation 

of a non-cell-penetrating ruthenium polypyridyl complex, [Ru(bipy)2-dppz-7-

hydroxymethyl][PF6]2 (bipy = 2,2’-bipyridine, dppz = dipyrido[3,2-a:2;2’,3’-c]phenazine) 

(RuOH), to a highly hydrophobic biodegradable and biocompatible polylactide to enhance its 

cellular uptake. The ruthenium-polylactide conjugates were prepared by drug-initiated ring-

opening polymerization of lactide through the formation of a zinc alkoxide initiator and 

formulated into nanoparticles by nanoprecipitation. They were characterized by means of 

nuclear magnetic resonance spectroscopy (NMR), matrix-assisted laser desorption/ionization 

– time of flight mass spectrometry (MALDI-TOF MS) and dynamic light scattering (DLS). 

Finally, their photo-therapeutic activity (λexc = 480 nm, 3.21 J cm-2) in cancerous human cervical 

carcinoma (HeLa) and non-cancerous retinal pigment epithelium (RPE-1) cells was tested 

alongside that of RuOH and their cellular uptake in HeLa cells was assessed by confocal 

microscopy and inductively coupled plasma - mass spectrometry (ICP-MS). All nanoparticles 

showed improved photophysical properties including luminescence and singlet oxygen 

generation, enhanced cellular uptake and, capitalizing on this, an improved photo-toxicity. 
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INTRODUCTION 

In recent years, photodynamic therapy (PDT) has gained considerable attention as a 

complementary/alternative tool in cancer treatment. It consists of a two-stage procedure 

involving the local or systemic administration of a photosensitizer (PS) followed by local 

irradiation with light at a specific wavelength. Irradiation leads to the formation of the activated 

photosensitizer (PS*), which subsequently interacts with surrounding cellular molecular 

oxygen 3O2 to generate cytotoxic reactive oxygen species (ROS) including singlet oxygen 

1O2.[1,2] 

Most clinically approved PSs are based on cyclic tetrapyrrole structures such as porphyrins, 

chlorins or phthalocyanines. However, most of these PSs suffer from several drawbacks 

including (i) poor water solubility, (ii) lack of cancer selectivity and (iii) slow clearance from the 

body leading to prolonged photosensitivity.[3] Numerous efforts have therefore been made to 

develop new non-tetrapyrrole-based PSs. Among them, transition metal complexes and in 

particular ruthenium(II) polypyridyl complexes were found to be extremely promising,[4-10] with 

one example starting phase II clinical trials in Canada for the treatment of bladder cancer.[11,12]  

While a multitude of ruthenium(II) polypyridyl complexes have been reported in the literature, 

the compound [Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2 (RuOH) was previously found to have 

a low photo-toxicity, due to a lack of cellular uptake owing to its low degree of lipophilicity 

(Figure 1).[13]  

Nanoparticles including polymeric nanoparticles offer, as a drug delivery platform, the 

possibility to improve accumulation at the tumor site by taking advantage of the abnormalities 

in cancer cells through the enhanced permeability and retention (EPR) effect,[14] therefore 

improving treatment specificity and reducing side effects. So far, drug delivery systems using 

the [Ru(bipy)2(dppz)]2+ scaffold as nanobody-conjugation[15] and mesoporous silica 

nanoparticle formulation[16] showed only limited use due to a lack of ROS generation inside the 

cell and loading limitations.  

Biodegradable aliphatic polyester based nanoparticles have been widely used for 

encapsulation of drugs with an aim to harmlessly deliver them in a controlled and triggered 

fashion.[4, 17,18] Generally, therapeutic agents are incorporated into the polymer matrix through 

physical interaction. However, this type of entrapment suffers from strong limitations that 

hamper intravenous administration such as (i) significant “burst release” effect, (ii) uncontrolled 

and low encapsulation efficiency and (iii) poor drug loading (generally less than 10 %).[19] To 

overcome these constraints, Kricheldorf was the first to report the preparation of drug-polyester 

conjugates by ring-opening polymerization (ROP) of cyclic esters via the formation of reactive 

initiators by mixing triethylaluminium with hydroxyl containing bioactive molecules.[20] Inspired 



by this pioneering work, several research groups developed drug-initiated polymerizations of 

different monomers. This method consists of growing a short polymer chain from a drug in a 

controlled way to give well-defined drug-polymer conjugates that can be formulated into 

nanoparticles by nanoprecipitation.[21] In particular, Cheng has shown that polylactide (PLA), a 

well-established biodegradable and biocompatible aliphatic polyester for drug delivery 

applications,[22-24] can be grown from a broad range of hydroxyl-containing chemotherapeutic 

agents by ROP of  lactide (LA) using metal-based catalysts.[25-28] 

When drugs are transition metal complexes, drug-polymer conjugates can be prepared either 

by chelation of a polymeric macroligand to the metal salt or by drug-initiated polymerization, in 

which the polymer is grown from a suitable functionalized metal complex. Unlike chelation, 

drug-initiated polymerization is a simple and straightforward strategy with few synthetic and 

purification steps provided careful screening of initiator/catalyst/solvent combinations is 

performed to allow controlled polymerizations.[29] 

We hypothesized that covalent incorporation of RuOH into aforementioned nanoparticles 

would allow access to the promising photophysical properties of the molecule by improving 

cellular penetration. Herein, we report the conjugation of RuOH to PLA via the drug-initiated 

method. Polymers of different molecular weight were synthesized from D,L-lactide, L-lactide 

and D-lactide yielding respectively, atactic and isotactic polymers that could be formulated into 

nanoparticles by nanoprecipitation. The influence of molecular weight, tacticity and 

nanostructure on the photophysical properties, phototherapeutic activity, cellular uptake and 

photosensitizer release kinetics was evaluated. 

 

Figure 1. Chemical structure of RuOH 

  



RESULTS AND DISCUSSION 

ROP of lactide using metal-coordination initiators including metal alkoxides (MORs) is arguably 

the most efficient method to prepare well-controlled polylactides (PLAs).[30] The MORs – 

synthesized prior to polymerization by mixing a hydroxyl-containing compound with an active 

metal catalyst – can initiate and control the ROP of LA leading to quantitative insertion of the 

alcohol into the PLA chain-end.[31] The commercially available stannous octoate Sn(Oct)2 has 

been the most utilized ROP metal catalyst so far. However, it is difficult to be removed entirely 

from the polymer, raising concerns as the amount of residual tin in polymers for biomedical 

applications should remain low according to the Food and Drug Administration (FDA).[32] 

Therefore, in view of pharmaceutical applications, special interest has been devoted to non-

toxic metal center such as zinc.[33,34] As [Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2 (RuOH) bears 

a hydroxyl group on the dppz ligand, it can react with Zn(N(SiMe3)2)2 to form an active zinc 

alkoxide to be used for the initiation and control of LA polymerization.  

 

Scheme 1. Schematic representation of the ROP of LA using RuOH as an initiator 

RuOH, as a PF6 salt, was only readily soluble in acetonitrile limiting reactions in this solvent 

system. Anion exchange from PF6
- to OTf-, BF4

- or BPh4
- did not improve its solubility in non-

polar solvents such as toluene or in polar organic solvents such as THF or CH2Cl2. The reaction 

between equimolar amounts of RuOH and Zn(N(SiMe3)2)2 resulted in a Schlenk equilibrium 

that strongly favors the formation of zinc bis(alkoxide) over time, characterized by 1H NMR 

(Figure S1). As zinc bis(alkoxide) is the most thermodynamically stable species, it was used 

in the ROP of LA by directly adding two equivalents of RuOH to a solution of Zn(N(SiMe3)2)2 

in acetonitrile. Polymerizations of racemic or enantiopure lactide were performed using the 

formed zinc alkoxide initiator with a monomer concentration of 3.0 M at 60 °C for 1 h. 

Conversion was measured by 1H NMR in CDCl3 using the signals from the methine protons of 

the unreacted monomer (q, 5.04 ppm) and the ones of the polymer (5.18 ppm). After 1 h of 

polymerization, the resulting ruthenium-polylactide (Ru-PLA) conjugates were simply isolated 

by precipitation to remove unreacted monomer (Table 1). The quantitative conjugation of 

RuOH to PLA through an ester linkage was shown by 1H and 13C NMR spectroscopy as the 

peak integrating for the -CH2O- on the dppz ligand of RuOH has shifted from 4.98 to 5.54 ppm 



in the 1H NMR spectrum and from 64.11 to 66.89 ppm in the 13C NMR spectrum after 

polymerization (Figures S2-S4). In addition, experimental number-average molecular weights 

(Mn, calculated by NMR end-group analysis) were close to the theoretical ones, which indicates 

that the polymerization proceeded in a controlled fashion (i.e., without any significant side 

reactions), as confirmed by MALDI-TOF mass spectrometry (Figure S5). The MALDI-TOF MS 

analysis reveals two distribution of peaks, one spaced by Δm/z = 144.03 corresponding to one 

lactide unit and the second spaced by Δm/z = 72.02 attributed to the presence of 

transesterification reactions which is not surprising with this type of catalyst. Besides, the 

isotopic pattern of each peak clearly shows the presence of ruthenium. Of note, these polymers 

could not be analyzed by size exclusion chromatography (SEC) with refractive index detector 

(RID) and THF or DMF as eluent since the characterization of bipyridine ruthenium complex-

containing polymers by SEC is rather difficult. As already reported by Schubert and co-

workers,[35] this can be explained by the interaction of the metal ions and nitrogen atoms with 

the SEC column material, which is a highly cross-linked polystyrene-divinylbenzene (PS-DVB) 

gel.  

Table 1. Macromolecular and colloidal characterization of Ru-PLA nanoconjugatesa 

a All reactions were performed at 60°C for 1 h with an initial concentration of lactide of 3 M unless 

otherwise stated. b Conversion of monomers, degree of polymerization (DP) and Mn,NMR were calculated 

by 1H NMR spectroscopy in CD3CN. cCalculated according to Mn,theo = ((LA/Zn)·conv.·144.13)/2 + 

MW(RuOH) with MW(RuOH) = 1015.7 g.mol-1. dCalculated according to (MW(RuOH)/Mn,NMR)*100 

eDetermined by dynamic light scattering (DLS) as an average of three measurements, values given with 

standard deviation (SD). fThis reaction was performed with an initial concentration of lactide of 2 M. 

Entry LA/Zn LA 
Conv.b 

(%) 

Mn,NMR
b 

(g/mol) 
DP 

Mn,theo
c 

(g/mol) 

%RuOHd 

(wt%) 

Nanoparticles 

NPs 

Dz ± SDe 

(nm) 

PdI ± 

SDe 

P1f 11 D,L-lactide 75 1 900 5 1 700 53 NPs-1 
309.7 ± 

1.815 

0.198 ± 

0.022 

P2 20 D,L-lactide 91 3 200 15 2 300 32 - - - 

P3 41 D,L-lactide 92 4 000 20 3 700 25 NPs-3 
119.6 ± 

0.406 

0.236 ± 

0.003 

P4 41 D-lactide 91 4 000 20 3 700 25 
NPs-4 

“stereocomplex” 

174.1 ± 

1.429 

0.192 ± 

0.006 P5 41 L-lactide 91 3 700 18 3 700 27 

P6 70 D,L-lactide 95 7 000 41 5 800 15 NPs-5 
248.8 ± 

1.601 

0.100 ± 

0.011 



Once these Ru-PLA conjugates were synthesized and fully characterized, they were 

formulated into nanoparticles NPs by a nanoprecipitation method.[36] Ru-PLA was dissolved in 

THF, a water-miscible organic solvent and the resulting solution was added dropwise to water, 

a non-solvent containing 0.3 % w/v of poly(vinyl alcohol) (PVA). The instantaneous diffusion 

of the organic solvent into the aqueous solution resulted, after solvent removal under reduced 

pressure, in the formation of narrowly dispersed polymeric NPs as characterized by their 

intensity-average diameter Dz with a polydispersity index (PdI) lower than 0.3 (Table 1). 

Interestingly, the two polymers synthesized from the enantiopure lactide could not be 

formulated into NPs using these conditions. However, NPs could be obtained by mixing these 

two at equi-mass ratio giving stereocomplex nanoparticles. The stereocomplex formation was 

confirmed by differential scanning calorimetry (DSC) showing, for the stereocomplex, a melting 

temperature (Tm) 60 °C higher than the one of the enantiopure parent polymers. This result is 

in accordance with what has already been reported. It is, indeed, well documented in the 

literature that stereocomplexation between poly(D-lactide) and poly(L-lactide) can take place 

in solution.[37,38]   

After formulation into NPs, their photophysical properties were investigated to determine 

whether the attachment of a polymer chain or the nanoparticle formulation changed these 

properties. As expected, the absorption (Figure S6) and emission spectra (Figure S7) did not 

show a significant difference. Strikingly, NPs showed a highly improved luminescence in H2O 

(Table S1) in comparison to RuOH which was only measurable on the detection limit of our 

apparatus (emission quantum yield Φem, NPs-3,4,5 = 1.3 – 1.4 %, Φem, RuOH < 0.1 %). Following 

this, the excited state lifetimes in a degassed and air saturated aqueous solution were 

investigated. The obtained values were found in the nanosecond range (Table S1, Figures S8-

S11) as for other published ruthenium(II) polypyridyl complexes.[42,43] Importantly, the lifetime 

drastically decreases in the presence of air indicating that the excited triplet state of the 

ruthenium(II) polypyridyl complex can interact with 3O2 in the air to produce 1O2. To validate 

this and quantify the amount of 1O2 generated upon irradiation at 450 nm, singlet oxygen 

quantum yields Φ1O2 were determined by two complementary techniques: 1) direct by 

measuring the phosphorescence of 1O2 at 1270 nm, 2) indirect by measuring the change in 

absorbance of a 1O2 scavenger.[44] Interestingly, NPs showed a highly improved singlet oxygen 

production in H2O (Table S2) in comparison to RuOH (Φ1O2, NPs-3,4,5 = 11 – 12 %, Φ1O2, RuOH = 

3 %). These results are a direct consequence of the prevention of quenching effects in water 

attributed to hydrogen bonding of water to the nitrogen atoms of the phenazine moiety,[39-41] 

which lead to a drastic improvement of the photophysical properties of NPs in comparison to 

RuOH. 



As RuOH is linked to PLA by an ester bond, its release from the resulting nanoconjugates is 

mainly governed by hydrolysis. The longer the polymer chain is, the slower the release is 

(Figure S13). It is difficult to establish a rational correlation between the release kinetics of 

RuOH and the nanoparticles’ cytotoxicities as the RuPLA nanoconjugates does not act as a 

prodrug which becomes active when the linkage between the drug and the polymer gets 

cleaved. However, as shown by the photophysical studies, the nanoconjugate formulation 

improves the overall photophysical properties of RuOH. 

The dark and light cytotoxicities of NPs-1,3,4,5 were tested in cancerous human cervical 

carcinoma (HeLa) and non-cancerous retinal pigment epithelium (RPE-1) cells alongside 

RuOH following a 4, 24 and 48 h incubations (Table 3 and S3). All compounds were non-

cytotoxic following a 4 h incubation in the dark (IC50 >100 μM for NPs-1,3,4,5; >500 μM for 

RuOH). Low dose light irradiation (λexc = 480 nm, 10 min, 3.21 J cm-2) yielded 

photosensitization with NPs-1,3,4,5 in HeLa cells with a phototoxicity index (PI) ranging from 

>2.5 to >6, while no photosensitization was observed for NPs-3 and NPs-4 in RPE-1 cells (IC50 

>100 μM). RuOH remained non-cytotoxic following irradiation (IC50 > 500 μM). Following a 24 

h incubation, the compounds remained non-cytotoxic in the dark (IC50s 81.3 μM, >100 μM and 

>500 μM for NPs-5, NPs-1,3,4 and RuOH, respectively) while an increase in 

photosensitization was observed for NPs-1,3,4,5 (PI range >5.9 to >11.25) and modest 

photosensitization was observed with RuOH in HeLa cells (IC50 274.4 μM). Following a 48 h 

incubation, all compounds were somewhat cytotoxic in the dark in HeLa cells (IC50s 31.8 – 62.8 

μM and 99.1 μM for NPs-1,3,4,5 and RuOH, respectively) while their light cytotoxicities 

remained relatively stable. 

Table 3. Cytotoxicity dataa for NPs-1,3,4,5 and RuOH (μM) in HeLa cells. Light treatment at 

480 nm (10 mins, 3.21 J cm-2) 

 4 h 24 h 48 h 

 

Light Dark PIb Light Dark PIb Light Dark PIb 

NPs-1 28.0 ± 3.2 > 100 3.6 18.7 ± 3.6 > 100 5.9 12.7 ± 3.3 43.4 ± 17.8 3.4 

NPs-3 34.2 ± 17.4 > 100 2.9 14.5 ± 6.3 > 100 6.9 23.4 ± 3.8 61.4 ± 17.9 2.6 

NPs-4 41.3 ± 4.5 > 100 2.5 9.5 ± 1.1 > 100 11.25 8.4 ± 4.3 62.9 ± 13.4 7.5 

NPs-5 16.7 ± 4.3 > 100 6 7.8 ± 7.7 81.3 ± 9.1 10.9 4.4 ± 0.8 31.8 ± 7.1 7.5 

RuOH > 500 > 500  274.4 ± 70.1 > 500 1.8 99.1 ± 12.7 248.6 ± 37.7 2.5 

a IC50 values were an average of three measurements. bPI refers to the phototoxicity index, which is the 

ratio between the IC50 values in the dark and the ones upon light irradiation. 



The cytotoxicity of NPs-1,3,4,5 and RuOH in HeLa cells was correlated to their cellular uptake 

which was investigated by ICP-MS following 4, 24 and 48 h incubations (Figure 3). As 

expected, RuOH had limited cellular uptake (0.0019 – 0.0019 pg/cell) while a variation in 

cellular uptakes was observed for NPs-1,3,4,5. Relatively low cellular uptake was measured 

for NPs-1 (0.038 – 0.064 pg/cell), which is expected due to the short polymer chain length and 

lower hydrophobicity. NPs-3,4 were moderately more cell-penetrating (0.174 – 0.230 pg/cell 

and 0.101 – 0.408 pg/cell for NPs-3 and NPs-4, respectively) with a cellular uptake twice higher 

after 48 h incubation for NPs-4 compared to NPs-3 showing the interest in forming 

stereocomplex nanoparticles. As predicted from the higher chain length and hence 

hydrophobicity (hence implied lipophilicity), NPs-5 was observed to be the most cell 

accumulating (0.256 – 2.448 pg/cell) with a 9.5 x increase in cellular ruthenium content from 

the 4 h timepoint to the 48 h timepoint. The trend in cellular uptake fits with the hydrophobicity 

of the compounds and does not seem to be as dependent on nanoparticle size.  

 

Figure 3. Cellular uptake in HeLa cells as measured by ICP-MS. Values given in pg/cell. 

 

The subcellular localization of the compounds was investigated using confocal microscopy in 

HeLa cells (Figures 4 and S14). Cellular localization of NPs-1,3,4,5 can be observed by 

confocal microscopy (λexc = 480 nm, λem = 650 – 750 nm) while no luminescence was observed 

for RuOH. Similar staining patterns were observed for NPs-1,3,4,5 with punctate cytoplasmic 

signals dominating. Co staining with the anti-LAMP lysosomal antibody indicated no signal 

overlap (Figure S14). Endocytosis is implicated in the cellular uptake of nanoparticles[45] and 

may be, at least, the partial source of the punctate staining. While localization varies slightly 

between NPs, no significant change in subcellular localization is observed with increased 
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incubation time, suggesting that the increase in photosensitizing effect is not due to a change 

in localization.  

These data clearly indicate an increase in cellular uptake, and photosensitization, in cells by 

the polymer encapsulated ruthenium complex as compared to its ‘free’ counterpart, RuOH. 

This encapsulation method may be suitable for use with small metal complexes allowing 

cellular access.  

 

Figure 4. Confocal microscopy images of HeLa cells incubated with NPs-1,3,4,5 (50 μM, 37 

oC, 4, 24, 48 h, magenta). NPs-1,3,4,5 co-stained with the nuclear stain, NucBlue (cyan), scale 

bar 50 μm. 
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CONCLUSION 

A series of ruthenium-polylactide RuPLA conjugates with different degrees of polymerization, 

tacticity and a drug loading up to 53 % has been successfully prepared by the drug-initiated 

ring-opening polymerization (ROP) of lactide using RuOH as an initiator They were then 

formulated into narrowly dispersed nanoparticles with superior photophysical properties 

including their luminescence and singlet oxygen generation due to lower amount of quenching 

effects in H2O. Capitalizing on this, the particles were biologically tested on HeLa cervical 

cancer cells, showing an enhanced cellular uptake of RuOH overtime and hence, an improved 

phototherapeutic activity overtime. This opens new avenues in PDT treatment in which patients 

could be treated over several days using a single injection. 
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Experimental 

Synthesis and characterization of Ru-PLA nanoconjugates 

Materials. All polymerizations were carried out under a purified argon atmosphere using 

Schlenk techniques or a glovebox (< 1 ppm O2, < 2 ppm H2O). Deuterated acetonitrile 

(CD3CN) from Eurisotop and acetonitrile from Carlo Erba was freshly distilled from CaH2 prior 

to use. D,L-lactide and L-lactide from Alfa Aesar and D-lactide from Fluorochem were 

recrystallized from isopropanol then toluene and sublimated before being stored in the 

glovebox. Zn(N(SiMe3)2)2 was prepared according to the literature[1] and stored in the glove 

box freezer. RuOH was synthesised as previously reported by our group and dried over CaH2 

overnight.[2] PVA (Mn = 133 000 g/mol, >99% hydrolysed) was purchased from Polysciences, 

Inc. and used as received. Trans-2-[3-(4-ter-butylphenyl)-2-propenylidene]malonitrile (DCTB) 

was purchased from Sigma-Aldrich and used without further purification. Tetrahydrofuran 

(THF), dichloromethane (DCM), pentane and diethyl ether were purchased from VWR. 

Phosphate-buffered saline (PBS) was purchased from Gibco. 

Instrumentation and Methods. 1H and 13C NMR spectra were recorded on a Bruker Avance 

400 spectrometer at room temperature. NMR spectra were calibrated using residual 1H 

resonances of deuterated solvents (δ = 1.94 ppm for CD3CN, δ = 7.26 ppm for CDCl3) and 13C 

resonances of deuterated solvents (δ = 1.32 ppm, 118.26 for CD3CN). MALDI-TOF MS 

analyses of polymers were performed at Institut de Chimie des Substances Naturelles, UPR 

CNRS 2301, Université Paris-Saclay, using an UltrafleXtreme mass spectrometer (Bruker 

Daltonics). Acquisitions were performed in reflector ion mode. The laser intensity was set just 

above the ion generation threshold to obtain peaks with the highest possible signal-to-noise 

(S/N) ratio without significant peak broadening. The mass spectrometer was externally 

calibrated using PEG3400. All data were processed using the program Flex-Analysis (Bruker 

Daltonics, Bremen). DCTB was used as the matrix for MALDI-TOF MS. Polymer sample for 

MALDI analysis was prepared at a concentration of 60 mM in THF. The matrix solution was 

prepared at a concentration of 6 mM in THF. The sample was prepared by mixing the polymer 

solution with matrix solution at a volume ratio of 1:9. The nanoparticle intensity-average 

diameters Dz and the polydispersity index (PdI) were determined by dynamic light scattering 

(DLS) using a Malvern ZetaSizer Nano ZS (scattering angle = 173°) at a temperature of 25 °C 

with an equilibrium time of 120 s. Differential scanning calorimetry (DSC) was carried out with 

Setaram DSC 131 EVO using high pressure crucibles M30. Polymer samples were analysed 

under nitrogen flow with a heating/cooling rate of 5 °C/min in the range of 40 to 230 °C. Two 

heating/cooling cycles were performed and the melting temperature (Tm) was determined using 

the second heating run. DSC data were processed with Calisto software. RP-HPLC equipped 

with an Agilent Pursuit XRs 5C18 (Analytic: 100 Å, C18 5 μm 250 × 4.6 mm, Preparative: 100 

Å, C18 5 μm 250 × 300 mm) Column was used to assess the hydrolytic release of RuOH from 
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Ru-PLA nanoconjugates. The C18 reverse phase column was used with a flow rate of 1 

mL.min-1 and UV absorption was measured at 300 nm. The runs were performed with a linear 

gradient of A (CH3CN containing 0.01 % TFA) and B (distilled water containing 0.01 % TFA): 

t=0–3 min, 20% A; t=7 min, 50 % A; t=20 min, 90 % A. 

Ring opening polymerization of lactide. In a typical polymerization (P1), Zn(N(SiMe3)2)2 (7.6 

mg, 0.020 mmol, 1 equiv.) and RuOH (40 mg, 0.039 mmol, 2 equiv.) was dissolved in 0.47 mL 

of dry acetonitrile. The red solution was stirred at room temperature for a couple of minutes. 

The solvent was then removed under vacuum to give a red solid which was washed three 

times with pentane to get rid of the released HN(SiMe3)2. The resulting product was dissolved 

in 0.47 mL of dry acetonitrile and D,L-lactide (200.5 mg, 1.4 mmol, 70 equiv.) was added. The 

reaction mixture was heated at 60 °C for 1 hour. The polymerization was quenched by contact 

to air and the reaction mixture was, then, precipitated in cold diethyl ether to remove unreacted 

monomer, yielding an orange powder. 

1H NMR (400 MHz, CD3CN): δ/ppm = 9.67 – 9.65 (d, 2H), 8.56 – 8.51 (dd, 4H), 8.49 – 8.47 (d, 

1H), 8.43 (s, 1H), 8.18 – 8.08 (m, 5H), 8.04 – 8.00 (t, 2H), 7.91 – 7.88 (t, 2H), 7.86 – 7.85 (d, 

2H), 7.73 – 7.72 (d, 2H), 7.48 – 7.45 (t, 2H), 7.28 – 7.24 (t, 2H), 5.56 (s, 2H), 5.19 – 5.11 (m, 

PLA, -CH2C(O)-),1.52 – 1.49 (m, PLA, CH3) 

13C NMR (100 MHz, CD3CN): δ/ppm = 175.25, 170.49 – 170.31 (PLA), 158.14, 157.94, 154.72, 

153.04, 152.91, 151.43, 143.42, 141.62, 141.34, 141.21, 138.96, 138.96, 138.88, 134.46, 

132.80, 131.73, 130.90, 128.59, 128.43, 125.29, 125.23, 70.48 - 69.94 (PLA), 67.72, 66.89, 

20.72, 17.09 (PLA) 

NMR determination of the Mn of Ru-PLA conjugates. Mn,NMR was calculated by integrating 

the singlet at 5.54 ppm corresponding to two protons from the RuOH end-chain and the 

multiplet (in the case of atactic polymers) or quadruplet (in the case of isotactic polymers) at 

5.16 ppm assigned to the protons of the PLA methine group, that allowed determination of LA 

unit content DP. Given the LA unit content, Mn,NMR can be calculated according to: Mn,NMR = 

DP*MW(LA)+ MW(RuOH) with MW(LA) = 144.13 g mol-1 and MW(RuOH) = 1015.7 g mol-1. 

Nanoparticle preparation. Nanoparticles were prepared by nanoprecipitation. Briefly, 2 mg 

of polymer was dissolved in 0.5 mL of THF and added dropwise to 1 mL of a 0.3% w/v aqueous 

solution (Milli-Q water) of PVA under moderate stirring. THF was removed under reduced 

pressure using a rotary evaporator to give an orange nanoparticle suspension. In the case of 

P1, only 0.5 mg of polymer was dissolved in 0.5 mL of THF. For NPs-4, 1 mg of P4 and 1 mg 

of P5 were dissolved in 0.25 mL of THF, respectively. The two solutions were, then, mixed and 

added dropwise to a 0.3% w/v aqueous solution (Milli-Q water) of PVA under moderate stirring. 

Stereocomplex formation for DSC measurements. 10 mg of P4 and 10 mg of P5 were 

dissolved in 1 mL, respectively and mixed together. The resulting solution was added to an 

excess of pentane to give an orange powder which was dried under vacuum, prior to analysis. 
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Release kinetics of RuOH from nanoparticles. Briefly, 0.5 mL of nanoconjugates were 

added to 4.5 mL of PBS (1 X, pH = 7.0 - 7.2). The resulting PBS solution was divided into equal 

portions, added to five separate 1 mL Eppendorf tubes and incubated at 37 °C. At different 

time points, the corresponding Eppendorf tubes were taken out of the incubator and 

centrifuged at 10 000 g for 20 min. The supernatant was directly injected into RP-HPLC to 

quantify the released RuOH, based on the calibration curve of RuOH (figure S12). 

 

Photophysical studies: emission, luminescence quantum yield, and lifetimes 

Spectroscopic measurements. The absorbance was measure using a Lambda 30 UV/Vis 

spectrophotometer from Perkin Elmer. The emission was measured by irradiation of the 

sample in fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical 

parametric oscillator (Ekspla) at 450 nm. Luminescence was focused and collected at right 

angle to the excitation pathway and directed to a Princeton Instruments Acton SP-2300i 

monochromator. As a detector a XPI-Max 4 CCD camera (Princeton Instruments) has been 

used. 

Luminescence quantum yield measurements. For the determination of the luminescence 

quantum yield, the samples were prepared in a degassed H2O solution with an absorbance of 

0.2 at 450 nm. This solution was irradiated in fluorescence quartz cuvettes (width 1 cm) using 

a NT342B Nd-YAG pumped optical parametric oscillator (Ekspla) at 450 nm. The emission 

signal was focused and collected at right angle to the excitation pathway and directed to a 

Princeton Instruments Acton SP-2300i monochromator. As a detector a XPI-Max 4 CCD 

camera (Princeton Instruments) has been used. The luminescence quantum yields were 

determined by comparison with the reference [Ru(bipy)3]Cl2 in H2O (Φem=5.5%[3]) applying the 

following formula: 

Φem, sample = Φem, reference * (Freference / Fsample) * (Isample / Ireference) * (nsample / nreference)2 

F = 1 – 10-A 

Φem = luminescence quantum yield, F = fraction of light absorbed, I = integrated emission 

intensities, n = refractive index, A = absorbance of the sample at irradiation wavelength. 

Lifetime measurements. For the determination of the lifetimes, the samples were prepared 

in an air saturated and in a degassed H2O solution with an absorbance of 0.2 at 450 nm. This 

solution was irradiated in fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG 

pumped optical parametric oscillator (Ekspla) at 450 nm. The emission signal was focused and 

collected at right angle to the excitation pathway and directed to a Princeton Instruments Acton 

SP-2300i monochromator. As a detector a R928 photomultiplier tube (Hamamatsu) has been 

used. 

Singlet oxygen measurements  

- Direct evaluation 
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The samples were prepared in an air saturated D2O solution with an absorbance of 0.2 at 450 

nm. This solution was irradiated in fluorescence quartz cuvettes (width 1 cm) using a mounted 

M450LP1 LED (Thorlabs) whose irradiation, centred at 450 nm, has been focused with 

aspheric condenser lenses. The intensity of the irradiation has been varied using a T-Cube 

LED Driver (Thorlabs) and measured with an optical power and energy meter. The emission 

signal was focused and collected at right angle to the excitation pathway and directed to a 

Princeton Instruments Acton SP-2300i monochromator. A longpass glass filter was placed in 

front of the monochromator entrance slit to cut off light at wavelengths shorter than 850 nm. As 

a detector an EO-817L IR-sensitive liquid nitrogen cooled germanium diode detector (North 

Coast Scientific Corp.) has been used. The singlet oxygen luminesce at 1270 nm was 

measured by recording spectra from 1100 to 1400 nm. For the data analysis, the singlet 

oxygen luminescence peaks at different irradiation intensities were integrated. The resulting 

areas were plotted against the percentage of the irradiation intensity and the slope of the linear 

regression calculated. The absorbance of the sample was corrected with an absorbance 

correction factor. As reference for the measurement [Ru(bipy)3]Cl2 (ΦRu(bipy)3Cl2=0.22[4]) was 

used and the singlet oxygen quantum yields were calculated using the following formula: 

Φsample = Φreference * (Ssample / Sreference) * (Ireference / Isample) 

I = I0 * (1 – 10-A) 

Φ = singlet oxygen quantum yield, S = slope of the linear regression of the plot of the areas of 

the singlet oxygen luminescence peaks against the irradiation intensity, I = absorbance 

correction factor, I0 = light intensity of the irradiation source, A = absorbance of the sample at 

irradiation wavelength. 

- Indirect evaluation 

The samples were prepared in an air-saturated PBS solution containing the complex with an 

absorbance of 0.1 at the irradiation wavelength, N,N-dimethyl-4-nitrosoaniline aniline (RNO, 

20 µM) and histidine (10 mM). The samples were irradiated on 96 well plates with an Atlas 

Photonics LUMOS BIO irradiator for different times. The absorbance of the samples was 

measured during these time intervals with a SpectraMax M2 Microplate Reader (Molecular 

Devices). The difference in absorbance (A0-A) at 440 nm a PBS buffer solution was calculated 

and plotted against the irradiation times. From the plot the slope of the linear regression was 

calculated as well as the absorbance correction factor determined. The singlet oxygen 

quantum yields were calculated using the same formulas as used for the direct evaluation.  

 

Biological evaluation 

Cell culture experiments. Cells lines were treated in appropriate cell culture media of DMEM 

(Gibco, LifeTechnologies, USA) supplemented with 10% foetal calf serum for the HeLa cell 

line (Gibco) and DMEM/F-12 (Gibco) supplemented with 10% foetal calf serum (Gibco) for the 
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RPE-1 cell line. All media was also supplemented with 100 U/ml penicillin-streptomycin mixture 

(Gibco). Cells were incubated at 37 °C in 5 % CO2. Cells were passaged when 80% confluency 

was reached and used within 15 passages from initial purchase.  

Cytotoxicity experiments. 96-well plates were seeded with HeLa and RPE-1 cell lines (4000, 

2000 and 1000 cells per well for 4, 24 and 48 h time points respectively) in media (DMEM, 100 

μl) and incubated overnight. Treatment solutions were made by dilution of compound stock 

solutions (nanoparticles were stored at a concentration RuOH of ~500 μM for NPs-3,4 and at 

~300 μM for NPs-1,5 in 0.3% w/v PVA water, RuOH was stored at 50 mM in DMSO) into the 

cell media. The concentrations of water and DMSO were kept constant throughout all treatment 

solutions. The incubation media was removed and replaced with treatment media and the cells 

incubated in the dark. Following 4, 24 or 48 h, the treatment media was replaced with fresh 

media and the cells were treated with light (λexc = 480 nm, 3.21 J cm-2, 10 min) before being 

incubated in the dark. 48 h post light treatment the cells were treated with resazurin (0.2 mg 

mL-1 final concentration in appropriate media) and incubated a further 4 h. The plates were 

read by fluorescence plate reader SpectraMax M5 micro plate reader ( λex, 540 nm; λem, 590 

nm). 

ICP-MS cellular uptake. 6-well plates were seeded with HeLa cells (2 x 104, 4 x 104 and 10 x 

104 cells per well for 48, 24 and 4 h timepoints respectively) in media (2 ml) and incubated 

overnight. The next morning the cells were treated with nanoparticles or RuOH staining 

solution in media (5 μM, 2 wells per condition/timepoint) and the cells were incubated with the 

staining solution for the stated incubation time. Following incubation, the cells were washed (2 

x PBS, 2 ml) and trypsinized (300 μl / well). Once detached the cells were washed by 

centrifugation (PBS, 1 ml) and the pellet suspended (PBS, 1 ml) and the cells counted by 

haemocytometer. Once counted the cells were pelleted once again before being suspended 

in HNO3 (overnight, 60 oC) and subsequently diluted into HCl solution (1/10 dilution, 1 % HCl 

in distilled H2O). Daily, prior to the analytical sequence, the instrument (sector-field inductively 

coupled plasma mass spectrometer, HR-ICP-MS Element II, ThermoScientific) was first tuned 

to produce maximum sensitivity and stability while also maintaining low Uranium oxide 

formation (UO/U ≤ 5%). Ruthenium stock solution (SCP Science, 1g/L) was diluted several 

times in 1% distilled hydrochloric acid to obtain standards for the calibration range (from 10 

ng/L to 10 μg/L). Then, data were treated as follow: intensities were converted into 

concentrations using uFREASI (user-FRiendly Elemental dAta proceSsIng)[5] This software, 

made for HR-ICP-MS users community, is free and available on 

http://www.ipgp.fr/~tharaud/uFREASI. 

Confocal microscopy. Into 12-well plates were added pre-sterilized 12 mm Menzel– Gläser 

coverslips before HeLa cells were seeded (2 x 104, 4 x 104 and 10 x 104 cells per well for 48, 

24 and 4 h timepoints respectively) and incubated overnight. The next morning the cells were 
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treated with nanoparticle or RuOH staining solution in media (50 μM, 2 wells per 

condition/timepoint) and the cells were incubated. Nucblue (2 drops/ml) was added for the final 

20 minutes of stated incubation time. Cells were then washed (PBS X 2) before being fixed 

(paraformaldehyde, 4 % in PBS, 20 mins) and washed (PBS X 2). Samples used later for 

indirect immunofluorescence were then incubated in blocking solution (0.2% BSA, 0,05 % 

Saponin in PBS) for 15 min at RT and incubated with primary anti-LAMP (BD Biosciences) 

antibodies for 1 h at 1:3000 dilution and detected using Alexa 488 conjugated secondary 

antibodies (Jackson ImmunoResearch Laboratory) at 1:400 dilution. All samples were then 

mounted to microscope slides (Prolong Glass Antifade Mountant). The slides were imaged 

using a Leica SP8 confocal microscope. The ruthenium compounds were excited at 488 nm 

with emission recorded above 650 nm. Images were recorded at the Cellular and Molecular 

Imaging Technical Platform, INSERMUMS025–CNRSUMS3612, Faculty of Pharmacy of 

Paris, Paris Descartes University, Paris, France. 
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Figure S1. An overlay 1H NMR spectra of the reaction mixture between equimolar ratio of 

RuOH and Zn(N(SiMe3)2)2 in dry CD3CN and in a J. Young NMR tube at room temperature 

overtime, 400 MHz. 
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Figure S2. 1H NMR spectra of Ru-PLA prepared from D,L-lactide , * = H2O.  
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Figure S3. An overlay of 1H NMR spectra of RuOH (green) and Ru-PLA (red). 

 

 

 

Figure S4. 13C NMR of Ru-PLA prepared from D,L-lactide. 
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Figure S5. MALDI-TOF MS analysis of P2 

n m/z  (calculated) m/z  MALDI

3 1303,22 1303,31

4 1447,26 1447,35

5 1591,3 1591,38

6 1735,34 1735,41

7 1879,38 1879,44

8 2023,42 2023,47

9 2167,46 2167,5

10 2311,5 2310,53

11 2455,54 2454,56

12 2599,58 2598,59

13 2743,62 2742,63

14 2887,66 2886,67

15 3031,7 3030,71

16 3175,74 3174,76

17 3319,78 3318,81

Mn = 2 200 g/mol 

Mw = 2 300 g/mol 

Mw/Mn = 1.07 

72.02 

144.03 
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Figure S6. UV-Vis spectra of RuOH and Ru-PLA in CH3CN (top) and in water (bottom). 

 

Figure S7. Emission spectra of RuOH and NPs-3,4,5 in H2O. 
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Table S1. Photophysical properties of RuOH in comparison to NPs-3,4,5 in H2O. a) contains 

1% DMSO. 

Compound Emission 
maximum 

Luminescence 
Quantum Yield 

Lifetime / ns 

   degassed air saturated 

RuOHa) 618 >0.1% 950 202 
NPs-3 626 1.3% 998 220 
NPs-4 
“stereocomplex” 

626 1.4% 932 231 

NPs-5 626 1.4% 1040 207 
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Figure S8. Lifetime spectra of RuOH in aerated (above) and degassed (below) H2O. 
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Figure S9. Lifetime spectra of NPs-3 in aerated (above) and degassed (below) H2O. 
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Figure S10. Lifetime spectra of the complex NPs-4 in aerated (above) and degassed (below) 

H2O. 
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Figure S11. Lifetime spectra of the complex NPs-5 in aerated (above) and degassed (below) 

H2O. 
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Table S2. Singlet oxygen quantum yields in H2O upon irradiation at 450 nm. Average of three 

independent measurements. n.d. = not detectable. a) contains 1% DMSO. 

 Direct 
D2O 

Indirect 
PBS 

RuOHa) n.d. 3% 

NPs-3 n.d. 11% 

NPs-4 
stereocomplex 

n.d. 11% 

NPs-5 n.d. 12% 
 

 

  

Figure S12. Standard curve of RuOH  

 

Figure S13. RuOH release kinetics from NPs-1,3,5 in PBS (1 X, pH = 7.0 – 7.2) at 37 °C 

overtime, with an estimated measurement error of 5 %. 
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Table S3. Cytotoxicity dataa for NPs-1,3,4,5 and RuOH (μM) in HeLa and RPE-1 cells. Light 

treatment at 480 nm (10 mins, 3.21 J cm-2) 

 
HeLa 4 hrs RPE-1 4 hrs HeLa 24 hrs RPE-1 24 hrs HeLa 48 hrs RPE-1 4 8hrs 

 
Light Dark PIb Light Dark PIb Light Dark PIb Light Dark PIb Light Dark PIb Light Dark PIb 

NPs-1 28.0 ± 3.2 > 100 3.6 
  

 18.7 ± 3.6 > 100 5.9 
   

12.7 ± 3.3 43.4 ± 17.8 3.4 
   

NPs-3 

34.2 ± 

17.4 > 100 2.9 > 100 > 100  14.5 ± 6.3 > 100 6.9 98.2  > 100 
 

23.4 ± 3.8 61.4 ± 17.9 2.6 53.6 ± 17.6  > 100 1.9 

NPs-4 41.3 ± 4.5 > 100 2.5 > 100 > 100  9.5 ± 1.1 > 100 11.25 > 100 > 100 
 

8.4 ± 4.3 62.9 ± 13.4 7.5 76.6 ± 17.5 >100 1.3 

NPs-5 16.7 ± 4.3 > 100 6 
  

 14.5 ± 6.3 81.3 ± 9.1 10.9 
   

4.4 ± 0.8 31.8 ± 7.1 7.5 
   

RuOH > 500 > 500 
 

> 500 > 500  

274.4 ± 

70.1 > 500 1.8 

465.7 ± 

85.6 > 500 
 

99.1 ± 

12.7 

248.6 ± 

37.7 2.5 

114.5 ± 

11.5 

234.4 ± 

18.7 
 

a IC50 values were an average of three measurements. bPI refers to the phototoxicity index, which is the 

ratio between the IC50 values in the dark and the ones upon light irradiation. 
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Figure S14a. Confocal microscopy images of HeLa cells incubated with NPs- (50 μM, 37 oC,   

4, 24, 48 hr). NPs-1,3,4,5 co-stained with the nuclear stain, NucBlue, and the lysosomal 

specific antibody LAMP. Cells were imaged on a LeicaSP8 confocal microscope. Scale 

equivalent in all images (scale bar 50 μm). 
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Figure S14b. Confocal microscopy images of HeLa cells incubated with NPs-1,3,5,5 (50 μM, 

37 oC,  4, 24, 48 hr). NPs-1,3,4,5 co-stained with the nuclear stain, NucBlue, and the lysosomal 

specific antibody LAMP. Cells were imaged on a LeicaSP8 confocal microscope. Scale 

equivalent in all images (scale bar 50 μm). otophysical studies: emission, 

luminescencequantum yield, and lifetimes 
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