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ABSTRACT 

Polymer micelles/vesicles made of a red-light-responsive Ru(II)-containing block copolymer 

(PolyRu) are elaborated as a model system for anticancer phototherapy. PolyRu is composed of PEG 

and a hydrophobic polypeptoid bearing thioether side chains, 40% of which are coordinated with 

[Ru(2,2′:6′,2′′-terpyridine)(2,2′-biquinoline)](PF6)2 via Ru-S bond resulting in 67wt% of Ru complex 
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loading capacity. Red-light illumination induces the photocleavage of Ru-S bond and produces 

[Ru(2,2′:6′,2′′-terpyridine)(2,2′-biquinoline)(H2O)](PF6)2. Meanwhile, ROS are generated under the 

photosensitization of Ru complex and oxidize hydrophobic thioether to hydrophilic sulfoxide, 

causing the disruption of micelles/vesicles. During the disruption, ROS generation and Ru complex 

release are synergistically enhanced. PolyRu micelles/vesicles are taken up by cancer cells, while 

they exhibit very low cytotoxicity in the dark. In contrast, they show much higher cytotoxicity under 

red-light irradiation. PolyRu micelles/vesicles are promising nano-assembly prototypes that protect 

metallodrugs in the dark but exhibit light-activated anticancer effects with spatiotemporal control for 

photoactivated chemotherapy and photodynamic therapy. 

KEYWORDS: Polymer vesicle, polypeptoid, Ru(II) complex, light-activated cleavage, photoresponsive release, 

phototherapy 

 

INTRODUCTION 

Polymer nano-assemblies as drug delivery systems have drawn an increasing attention for cancer 

therapy, since they can circumvent some pharmacological limitations of small molecular medicine 

such as poor water solubility, nonspecific distribution, systemic toxicity, etc.1-2 Moreover, stimuli-

responsive polymer nano-assemblies further improve the bioavailability of drugs through controllable 

drug release in response to endogenous stimuli (such as pH variation, redox gradient, enzymes, etc)3-

5 or exogenous stimuli (such as light, temperature change, ultrasound, magnetic field, etc).6-10 Among 

these stimuli, light-responsive drug release systems have been actively studied due to their convenient 

remote-control and exceptional spatiotemporal resolution.2 This work aims to construct light-

responsive polymer micelles and vesicles based on an amphiphilic polypeptoid containing a Ru(II) 

complex using red-light as stimulus (Scheme 1). The polypeptoid, composed of N- thioether 

substituted amino acids,11 is chosen because of its exceptional biocompatibility and 

biodegradability.12-13 The Ru(II) complex with cleavable Ru(II)-thioether coordination bond (noted 

as Ru-S hereinafter) is chosen as prodrug model since Ru-S bond can be cleaved by long-wavelength 
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lights and the released Ru complex can be used in both photoactivated chemotherapy and 

photodynamic therapy.14-18 The long-wavelength lights like red or near-infrared (NIR) light show 

higher tissue penetration and cause less photodamage to biological systems than UV light frequently 

reported in light-responsive systems.19  

Ru(II) complexes bearing terpyridyl-like or other sterically hindered ligands can selectively 

photo-substitute one of the ligands by solvent molecule(s).20-21  Such reactivity is explained by their 

low-lying, metal centered (3MC) excited states with dissociative character, which are thermally 

populated from the photochemically generated metal-to-ligand charge-transfer (3MLCT) excited 

states under visible and NIR light illumination. These light-induced substitution reactions have been 

used as an interesting way to activate caged bioactive ruthenium complexes or ligands both in small 

molecular systems22-25, 26 and in polymer self-assembly drug delivery systems.27, 28-30 The Ru complex 

used in this work is [Ru(tpy)(biq)(H2O)](FP6)2 (Ru = ruthenium, tpy = 2,2′:6′,2′′-terpyridine and biq 

= 2,2′-biquinoline) since it has been reported previously in small molecular systems and in polymer 

nano-assemblies for anticancer application.26-27, 31 The different manners to encapsulate Ru 

complexes into nanomaterials were recently reviewed.32-35  For example, in reported Ru-containing 

polymer micelles and vesicles,27 a non-biodegradable polymethacrylate was used as polymer 

backbone, to which Ru complexes were coordinated via cyano-groups. Here, biocompatible and 

biodegradable PEGylated polypeptoid, PEG-b-PMeSPG (PEG = poly(ethylene glycol), PMeSPG = 

poly(N-3-(methylthio)propyl glycine)), 36 with a thioether-bearing polypeptoid PMeSPG is used and 

[Ru(tpy)(biq)](PF6)2 groups are attached to the hydrophobic block PMeSPG via Ru-S bond. 

Concretely, [Ru(tpy)(biq)(thioether)](PF6)2 is formed via the exchange reaction between aqua ligand 

in  [Ru(tpy)(biq)(H2O)](PF6)2 and thioether ligand in the dark. Nearly 40% of PMeSPG side chains 

are coordinated with Ru complexes resulting in 67wt% Ru complexes in the final amphiphilic block 

copolymer PolyRu. Depending on the co-solvent used, PolyRu is self-assembled into micelles and 

vesicles by nanoprecipitation. 
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Amphiphilic polypeptoids bearing thioether groups and their polymersomes are oxidation 

responsive, as demonstrated previously by our group.36-37 The hydrophobic thioether groups in the 

hydrophobic polypeptoid block can be transformed into more polar sulfoxide or sulfone groups under 

the action of oxidants like H2O2 generated enzymatically or reactive oxygen species (ROS) generated 

photochemically in the presence of a photosensitizer. Consequently, porous structures appeared in 

the vesicular membranes and polymersome bursting or disruption occurred eventually, because a part 

of amphiphilic block copolymers become entirely hydrophilic. Actually, as many Ru complex, 

[Ru(tpy)(biq)(L)](PF6)2 (L = H2O or -S-) is also a photosensitizer that can produce ROS to kill cancer 

cells in photodynamic therapy (PDT),15, 38-39 and to also oxidize hydrophobic thioether to hydrophilic 

sulfoxide. The change of hydrophobic/hydrophilic balance within amphiphilic copolymers then result 

in the disassembly or dissolution of their nano-assemblies and may synergistically facilitating the Ru 

complexes release despite the low biological ROS concentration (50 µM – 100 µM).40, 41  

In this work, the photocleavage of the Ru-S coordination bond and their influence on the PolyRu 

nano-assemblies were studied. Red-light activated ROS generation and the Ru complexes release 

synergistically boosted by ROS were investigated. Finally, cellular uptake and cytotoxicity assay of 

PolyRu micelles and vesicles were performed. Interestingly, although the PEGylation exhibited less 

non-specific cellular uptake,42-43 the introduction of Ru complexes in the PEGylated polypeptoid 

nano-assemblies could increase the cancer cellular uptake. PolyRu micelles and vesicles showed very 

low cytotoxicity in dark (IC50 > 280 µM) and high cytotoxicity under red-light activation (IC50 ~ 20 

- 30 µM) which was even higher than that of the free aqua Ru complexes (IC50 ~ 45 µM). Therefore, 

PolyRu nano-assemblies reported here represent an interesting prototype for ruthenium-based 

photoactivated chemotherapy and photodynamic therapy. 
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Scheme 1. (A) Amphiphilic diblock copolymer PEG-b-PMeSPG, Ru complex [Ru(tpy)(biq)H2O] 

(PF6)2 and amphiphilic diblock copolymer PolyRu with [Ru(tpy)(biq)](PF6)2 (Ru = ruthenium, tpy = 

2,2′:6′,2′′-terpyridine and biq = 2,2′-biquinoline) complexes connected to the hydrophobic block 

PMeSPG via Ru-S bonds. (B) PolyRu micelles and vesicles illuminated by red-light (625 nm). Light 

illumination provokes the fracture of coordination bond Ru-S in polypeptoid block. Meanwhile, ROS 

generated by Ru complexes excited by red-light oxidize the hydrophobic thioether groups to 

hydrophilic sulfoxide groups; consequently, micelles and vesicles become porous and start to disrupt. 

Porous micelles and vesicles improve the oxygen access and enhance further ROS generation. The 

whole process causes rapid release of Ru complexes for anticancer therapy. 

 

EXPERIMENTAL SECTION 

Synthesis of Ru complex and amphiphilic diblock copolymers PEG-b-PMeSPG and PolyRu  

[Ru(tpy)(biq)(H2O)](PF6)2 was synthesized as reported in the litterature.27, 20, 44 The monomer N-3-

(methylthio)propyl glycine N-thiocarboxyanhydride (MeSPG-NTA) was synthesized according to 
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our previous work.37 The polymer PEG-b-PMeSPG was prepared by ring opening polymerization of 

MeSPG-NTA using PEG-NH2 as macro-initiator.36 The detailed procedures and characterizations are 

described in the Supporting Information. 

To synthesize the Ru complex-functionalized amphiphilic diblock copolymer, PolyRu, PEG-b-

PMeSPG (35 mg, 0.0075 mmol) and Ru complex [Ru(tpy)(biq)(H2O)](PF6)2 (182 mg, 0.2025 mmol) 

were dissolved into acetone (8 mL) in a 25 mL Schlenk tube. After being degassed for 30 min, the 

mixture was stirred at room temperature under argon for 72h in the dark. The reaction mixture was 

participated from ethanol to obtain the crude polymer, which was further purified twice by 

precipitation using acetone/ethanol as solvent/non-solvent pair. The final polymer was dried in 

vacuum (68 mg, yield: 85.07%). Its characterization is described in the Supporting Information. 

Self-Assembly of PolyRu and of PEG45-b-PMeSPG18  

PolyRu (2.0 mg) was dissolved in 0.2 mL DMF or 0.2 mL THF/acetone mixture (with different ratio) 

and stirred for 0.5 h. A total of 1.8 mL of milli-Q water was slowly injected into the solution at a 

speed of 0.6 mL/min with slight shaking. Then, the colloidal dispersion was further stirred for 0.5 h 

and dialyzed against Milli-Q water for 8 h to remove organic solvents using a dialysis tube (Mw cutoff, 

3.5 kDa). In the dialysis process, Milli-Q water was replaced approximately every 1 h. The 

preparation of PEG45-b-PMeSPG18 nanoparticles was conducted in the same way using DMF as 

organic solvent. 

The loading capacity of Ru complex in the polymer nano-assemblies can be calculated by the 

following equation: 

 

Characterization of Polymer nano-assemblies 

Dynamic light scattering (DLS). The hydrodynamic diameters of the self-assembles and their surface 

Zeta potentials were measured by Zetasizer Nano Series (Malvern Instruments) at 25 °C. For size 

analysis, the samples were measured at a fixed angle at 90° and a wavelength of 657 nm. 

Loading capacity (wt%) = 
Weight of Ru complex in the PolyRu nano−assembly

Weight of PolyRu nano−assembly
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UV-visible absorbance and spectrofluorometers. UV spectra were measured by a Milton Ray 

Spectronic 3000 Array spectrophotometer. Photoluminescence (PL) spectra were collected on a 

Horiba FluoroMax Spectrofluorometers. 

Attenuated Total Reflection−Fourier transform infrared (ATR-FTIR) spectroscopy. The 

measurements were conducted with a Nicolet Magna-IR 550 FTIR spectrometer with 50 scans. 

Scanning electron microscope (SEM). SEM images were observed by a Zeiss Leo 1530 FEG-SEM. 

Briefly, the silicon wafers were treated in 100 mL mixture of H2SO4/H2O2 (v/v, 3/1) at 90 ℃ for 2h. 

After hydrophilizing, the silicon wafers washed by Milli-Q water, acetone, and ethanol successively, 

then dried with liquid nitrogen before use. To prepare SEM sample, a drop of dispersion of polymer 

nano-assemblies was added onto silicon wafer and freeze-dried.  

Transmission electron microscopy (TEM). The morphology of the polymer nano-assemblies was 

imaged by a JEOL 2100 Plus transmission electron microscope operated at 200kV. To prepare TEM 

grid, 5 μL of dispersion of polymer nano-assemblies was added on a carbon-covered 200-mesh holey 

copper grid (Ted Pella Inc., U.S.A.) and dried under vacuum. 

LED source. A high intensity LED spotlight with λ = 625 nm (device type: 86-432, Edmund Optics 

Ltd) was used for all light illumination studies. 

Detection of reactive oxygen species (ROS) and singlet oxygen (1O2) 

DCFH was used to detect the ROS produced by PolyRu copolymer and PolyRu nano-assemblies. The 

commercially available DCFH-DA was first activated by NaOH solution to DCFH. DCFH solution 

(1 μM) was added into [Ru(tpy)(biq)(H2O)]2+ (70 μM) solution, and PolyRu micelles and vesicles 

aqueous dispersion (containing 70 μM of Ru complexes), respectively. Afterward, the mixtures were 

irradiated by 625 nm-light (30 mW/cm2) for different length of time. ROS generated could transform 

non-fluorescent DCFH to hyperfluorescent oxidated DCFH. The fluorescence intensity of the 

oxidated DCFH (with peak at 521 nm, λex = 488 nm) was measured as a function of red-light 

irradiation time. 

The 1O2 generated from [Ru(tpy)(biq)(H2O)]2+ and PolyRu copolymer were monitored by the 
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transformation of fluorescent 1, 3-diphenylisobenzofuran (DPBF) to non-fluorescent oxidized DPBF 

under red-light irradiation.38, 45 Briefly, the methanol solution of DPBF (25 μM) in the presence of 

[Ru(tpy)(biq)(H2O)]2+ (55 μM) and PolyRu copolymer (containing 55 μM of Ru complexes), 

respectively, was irradiated by red light (λ = 625 nm, 30 mW/cm2) for different length of time. The 

fluorescence intensity (emission around 446 nm, λex = 405 nm) was subsequently recorded as a 

function of irradiation time. As a control experiment, the solution of DPBF (25 μM) was irradiated in 

the same way but without Ru samples. 

Cell uptake, intracellular ROS detection and cytotoxicity assays 

Cell Culture. The A549 cell line was incubated in F-12k media (Gibco) supplemented with 10% fetal 

calf serum (Gibco) and 1% Penicillin-Streptomycin antibiotic (Gibco). Cells were used in the assays 

one week after the end of the treatment to avoid interfering with the results.  

Cell uptake tests by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). A549 cells were 

incubated at a density of 1 × 106 cells/dish. After 24 h, cells were treated with 10 μM of PolyRu 

micelles and vesicles as well as 70 μM of Ru complexes (all at 70 μM equivalent concentration of Ru 

complexes) in the cell culture medium, respectively. Cells were collected after different time of 

treatment (2 h, 4 h, 6 h and 8 h), counted, and stored at −80 °C. For the analysis by ICP-MS, all 

cellular samples were digested in 70% HNO3 (0.5 mL, 70 °C, overnight) and subsequently diluted 

1:100 (1% HCl solution in Mili-Q water). ICP-MS measurements were performed on an Agilent 7900 

Quadrupole ICP-MS located at the Institut de Physique du Globe de Paris (France). The Ru content 

of each sample was detected using 101Ru as monitored isotope without collision gas for higher 

sensitivity. The uncertainties were calculated by error propagation equations, considering the 

combination of standard deviation (SD) on the replicated samples (n = 3), internal standard ratio and 

blank subtraction. The amount of metal detected in the cell samples was transformed from ppb to μg 

o1f metal. Data were then normalized to the number of cells and expressed as nanograms of 

metal/number of cells. 

Intracellular ROS detection by flow cytometry. A549 cells (5×105 cells well-1) were seeded in the 6-
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well plates and cultured for 24 h. After treatment with medium alone, Ru complexes, PolyRu micelles 

and vesicles (70 µM of Ru complexes) for 6 h, the cells were washed with PBS and then incubated 

with 1 mL fresh medium containing 10 μM dichloro-dihydro-fluorescein diacetate (DCFH-DA) for 

30 min at 37 ℃. After washing thrice with PBS, the cells were exposed to red light irradiation (λ = 

625 nm, 11.57 mW/cm2) for 30 min. Subsequently, the cells were trypsinized and collected, and their 

mean fluorescence was analyzed by flow cytometry (λex = 488 nm, λem = 525 nm) to evaluate the 

intracellular ROS level. 

Cytotoxicity Assay in the dark and under red-light irradiation. The cytotoxicity of Ru complex, 

PolyRu micelles or PolyRu vesicles was accessed by a fluorometric cell viability assay using 

Resazurin (Acros Organics). Briefly, A549 cells were seeded in triplicate in 96-well plates at a density 

of 5×103 cells/well in 100 μL. After incubation at 37 ℃, 5% CO2 for 24 h, the cell medium was 

replaced by a series of solutions of Ru complex, PolyRu micelles or PolyRu vesicles with increasing 

concentrations (100 µL/well). Ru complex solution with concentrations from 0.03 µM to 280 µM 

were diluted with media from 10 mM stock solution of Ru complex in DMSO. PolyRu micelles and 

vesicles with concentrations from 0.01 µM to 40 µM (polymer PolyRu concentration) were diluted 

with media from their initial dispersion in water. The cells were then incubated with different Ru 

samples for 6h. For phototoxicity assay, cells plates were irradiated under red light (625 nm, 11.57 

mW/cm2) for 1 h. For dark toxicity assay, cells plates were kept in the dark. After another 24 h of 

incubation, the medium was removed and 100 μL of complete medium containing resazurin (0.2 

mg/mL final concentration) was added in each well. After 4 h of incubation at 37 °C, the fluorescence 

signal of the resorufin product transformed from resazurin was read (ex 540 nm, em 590 nm) by 

Infinite 200 PRO Microplate Reader from TECAN. IC50 values were then calculated using GraphPad 

Prism software. 

 

RESULTS AND DISCUSSION 

Synthesis of amphiphilic block copolymer PolyRu 
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The synthesis of PolyRu with Ru complexes-coordinated polypeptoid block is shown in Scheme 2. 

[Ru(tpy)(biq)(H2O)](PF6)2 was first synthesized as described in the literature (see SI and Scheme S1, 

Figure S1 and S2).27 The block copolymer PEG45-b-PMeSPG was prepared by the ring-opening 

polymerization (ROP) of MeSPG-NTA (Figure S3) using amino-terminated PEG45-NH2 (molecular 

weight Mn = 2000 Da and degree of polymerization DP = 45) as a macromolecular initiator according 

to the procedures published previously.36 The obtained PEG45-b-PMeSPG was characterized by 1H 

NMR and Size Exclusion Chromatography (SEC) (Figure S4, Figure S5 and Table S1), which showed 

a polymer of Mn = 4.6 kDa with narrow molecular weight distribution (Đ =1.08) corresponding to 

PEG45-b-PMeSPG18 (DP = 18 for PMeSPG). [Ru(tpy)(biq)]2+ was then coordinated with the thioether 

groups of the PMeSPG block in PEG45-b-PMeSPG18 (ratio Ru/thioether = 1/1) by ligand exchange 

between aqua and thioether to get PolyRu (Mn = 10900 Da). The block copolymer PolyRu was finally 

obtained by precipitating thrice in ethanol to remove unreacted [Ru(tpy)(biq)(H2O)](PF6)2. The 

composition of the final PolyRu was calculated according to the characteristic signals in 1H NMR 

spectrum (Figure S6). The signal “b” of the HC8 in biquinoline spatially close to the coordination 

bond Ru-S is upfield-shifted compared to the signal “a” of HC8 in biquinoline spatially close to Ru-

H2O bond (Figure S6 and S2). However, the signal “a” still co-exists with “b” in the final PolyRu 

despite the purification, which corresponds approximatively to one free [Ru(tpy)(biq)(H2O)](PF6)2 

with nine [Ru(tpy)(biq)(-S-)](PF6)2 connected to PMeSPG, probably because the coordination 

exchange between Ru-H2O and Ru-S is a reversible reaction and reaches a certain equilibrium.20 

Evaluation of the percentage of Ru-S coordination in the block copolymer PolyRu was done by 

comparing the integration of signal “b” to the integration of -CH2-CH2-O- signals of PEG. Only a 

part of thioester groups is coordinated with [Ru(tpy)(biq)]2+; Ru-S percentage is of 39%, namely 7 

monomers over 18 per chain being coordinated. 
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Scheme 2. Synthetic route to PEG45-b-PMeSPG18 and Ru complexes-coordinated PEG45-b-

PMeSPG18 (PolyRu). 

 

PolyRu micelles and vesicles self-assembled by nanoprecipitation 

The nano-assemblies of PolyRu were fabricated through nanoprecipitation method. The hydrophilic 

block PEG weight ratio over the copolymer weight of PolyRu, fPEG, is 22%. The control of 

morphology was achieved by using different organic cosolvent including THF/acetone mixture and 

DMF. Briefly, PolyRu was first solubilized in the organic solvent at a concentration of 1wt %. To 0.2 

mL of this PolyRu solution was added dropwise 1.8 mL Milli-Q water at a rate of 0.2 mL/min with 

slight shaking. The dispersion was then dialyzed thrice against a large volume of water within 8 h to 

eliminate the organic solvent. The nano-assemblies were subsequently characterized by transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), and dynamic light scattering 

(DLS). The loading capacity of Ru complexes in polymer micelles and vesicles was 67%, which was 

a relative high value due to the coordination binding of Ru complex to PMeSPG18 in PolyRu. 

As revealed by SEM images (Figure 1A), micelles were the major morphology of nano-

assemblies using DMF as the organic solvent. An average diameter of 13 ± 2 nm was obtained by 

analysing 30 micelles in the SEM images by ImageJ. By DLS (Figure 1B and Figure S7), an average 

hydrodynamic diameter (Dh) of 21± 1 nm (number profile) was measured. Dh is higher than the 
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diameter measured by SEM, because DLS gave the hydrodynamic diameter of micelles in hydrated 

state in water, while SEM measured the diameter of micelles in dried state.  

Different ratios of THF/acetone from 0/3 to 3/1 were also tested as organic cosolvent for PolyRu 

nanoprecipitation. There, THF is a good solvent for PEG45-b-PMeSPG18, but a bad solvent for Ru 

complex, while acetone is a good solvent for both PEG45-b-PMeSPG18 and Ru complex.  No self-

assemblies were obtained using pure acetone as cosolvent. Increasing the THF/acetone ratio, the self-

assemblies could be detected by DLS, as shown in Figure S8 and Table S2. The average 

hydrodynamic diameters of self-assemblies increased (from 49 ± 2 nm to 68 ± 1 nm) with the 

THF/acetone ratio’s increasing. Notably, the self-assemblies fabricated using THF/acetone ratio = 

1/1 exhibited the narrowest size distribution with PDI of 0.32. Therefore, THF/acetone (1/1) was 

chosen as organic cosolvent to prepare the self-assemblies for the following investigation. SEM and 

TEM (Figure 1C and Figure S9A) images reveal the vesicular structures for these PolyRu self-

assemblies, where collapsed vesicles with membranes of high contrast are visible. An average 

hydrodynamic diameter (Dh) of 59 ± 2 nm (number profile) with PDI of 0.32 was measured by DLS 

(Figure 1D and Figure S9B). 
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Figure 1. Characterization of PolyRu self-assemblies. (A) SEM image of PolyRu micelles formed 

using DMF as organic cosolvent. Scale bar: 200 nm (B) Size distributions of PolyRu micelles by DLS 

(number profile). (C) SEM image with TEM image in upper-left inset of PolyRu vesicles formed 

using THF/acetone = 1/1 as organic cosolvent. Scale bar: 200 nm (SEM) and 100 nm (TEM, upper-

left inset) (D) Size distributions of PolyRu vesicles (number profile). For DLS measurement, the 

concentration of PolyRu micelles or vesicles in water corresponds to 26 µM PolyRu polymers. 

 

Photocleavage of Ru-S coordination bond in PolyRu and PolyRu nano-assemblies 

Before the study of Ru complex photo-substitution, the stability of PolyRu and PolyRu nano-

assemblies in aqueous medium in the dark needs to be first checked. As in the case of Ru complex 

coordinated with small thioether,37 the UV-visible spectrum of PolyRu showed a typical metal-to-

ligand charge transfer (MLCT) band of Ru-S with maximal absorption around 520 nm while 

extending to around 700 nm (Figure S10). However, the precursor, [Ru(tpy)(biq)(H2O)](PF6)2 with 

aqua ligand showed the MLCT band of Ru-H2O with maximal absorption around 550 nm (Figure 

S10). Therefore, the MLCT band can be used to follow the change of coordination in PolyRu aqueous 
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solution and in PolyRu nano-assemblies dispersed in the water. As shown in Figure 3A, over 6 h, the 

MLCT absorption band of PolyRu solution in water/acetone (volume ratio 1/1) shifted from 520 nm 

to 550 nm with the increase of its intensity, indicating the thermal cleavage of Ru-S band to get 

uncaged Ru complex with aqua ligand. An equilibrium between Ru-S and Ru-H2O coordination 

bonds exists at room temperature. Ru-H2O can be produced in abundant water environment.20 

Nevertheless, the MLCT band of PolyRu micelles and vesicles dispersed in the water or PBS had no 

remarkably change over 24 h in the dark (Figure 2B, 2C and S11). These interesting observations 

indicated that self-assemblies enhanced the stability of Ru moiety in PolyRu copolymer, which can 

be explained since water cannot easily access the hydrophobic core or layer of polymer colloids. The 

dark stability of micelles and vesicles is the key point in the construction of photocontrolled drug 

delivery systems. 

 
 

Figure 2. (A-C) UV–vis absorption spectra of samples incubated in aqueous solution in the dark for 

different times. (D-F) UV–vis absorption spectra of samples irradiated under 625 nm light (30 

mW/cm2) for different times. (A) amphiphilic block copolymer PolyRu (11 µM) in solution of 

water/acetone (volume ratio 1/1), (B) PolyRu micelles (9 µM) in water, (C) PolyRu vesicles (9 µM) 

in water. The inset in (D-F): photographs of samples before (left) and after (right) irradiation. 
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It is known that the Ru-S bond in the Ru complex-coordinated small thioether molecule can be 

cleaved in water under visible light to obtain Ru complex with aqua ligand Ru-H2O.20, 22 Here, this 

visible light-induced cleavage was first tested for block copolymer PolyRu aqueous solution, then 

studied in the PolyRu micelles and vesicles, especially for their photo-induced Ru complex release. 

Interestingly, when 625 nm-light irradiation was applied to PolyRu solution in water/acetone (1/1) 

mixture (30 mW/cm2, 240 s), the UV-visible spectrum of the solution quickly showed a blue-shifted 

MLCT band similar to that of Ru-H2O (Figure 2D and Figure S10). Therefore, a photo-cleavage of 

Ru-S occurred and photo-induced ligand-substitution took place within 4 min in Ru complex to obtain 

the uncaged [Ru(tpy)(biq)(H2O)](PF6)2. 625 nm light was used since long wavelengths exhibit better 

tissue penetration compared to short wavelengths.46 The time evolution of the photo-cleavage was 

followed every 30 s from 0 to 240 s (Figure 2D) and showed the photo-substitution conversion from 

Ru-S to Ru-H2O reached maximum after 210 s (3.5 min) of light illumination (see also Figure S12A). 

This photo-substitution reaction was also confirmed by 1H NMR spectra. As shown in Figure S13, 

when the irradiation time increased, the signals of the Ha near Ru-H2O bond at 6.7 ppm increased but 

those of the Hb near Ru-S bond at 6.37 ppm decreased.  

Under 625 nm light irradiation, red shifts of MLCT band were also observed in the UV-visible 

absorption spectra of PolyRu micelles and vesicles as shown in Figure 2E and 2F. However, the time 

to reach the maximal conversion took more time in the case of PolyRu micelles (tmicelle = 24 min) and 

vesicles (tvesicle = 36 min) than in the PolyRu polymer solution (tpolymer = 3.5 min) (see also Figure 

S12B and C). These phenomena were also reported in other nano-assemblies made of Ru complex-

containing polymer with Ru-cyano (Ru-CN) coordination bonds. 27, 47 Under red-light irradiation (625 

nm, 30 mW/cm2), the shift of MLCT band of Ru-CN reached the maximum after tpolymer(Ru-CN) = 2.3 

min in block copolymer solution,47 while in polymer micelles or vesicles (nano-assemblies, NS) it 

reached the steady state after much longer time (tNS(Ru-CN) = 180 min). 27 These observations can also 

be explained by the stabilization effect of nano-assemblies because at the beginning only the Ru-S or 

Ru-CN at the hydrophilic-hydrophobic interface were in contact with water, and the access of aqua 
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ligand to the hydrophobic core or membrane was progressive from the hydrophilic-hydrophobic 

interface. Note interestingly that tNS/tpolymer is 78 in the case of Ru-CN polymer nano-assemblies, 27, 

47 while tNS/tpolymer is only 7 – 10 in PolyRu micelles or vesicles with Ru-S coordination here. The 

relative photocleavage efficiency of Ru polymer micelles and vesicles with Ru-S coordination is 

much higher than those with Ru-CN one. This observation is attributed to the simultaneous oxidation 

of thioether groups by ROS generated in-situ by Ru complexes that are also known as photosensitizer 

and capable of generating ROS under illumination. The oxidation transformed thioether to sulfoxide 

and made the hydrophobic block partially or totally hydrophilic. Consequently, the access of water 

molecules to the Ru-S coordination bonds became easier along with light illumination (see below for 

details). 

 

Light-Activated ROS Generation and Boosted Release of Ru complex from PolyRu Micelles 

and Vesicles 

To assess the ROS generation capacities of PolyRu self-assemblies, DCFH was used as indicator 

(Figure 3A). The fluorescence of DCFH aqueous solution alone (λex = 488 nm) was almost negligible 

after 625 nm-light illumination (30 mW/cm2) of 0 – 24 min, as shown in Figure S14. However, the 

solution fluorescence exhibited a sharp enhancement with peak around 521 nm as the 625 nm-light 

illumination time progressed until 24 min in the presence of all samples including Ru complexes, 

PolyRu micelles and vesicles at an equivalent concentration of Ru of 70 µM, which clearly indicated 

ROS generation. Moreover, these ROS included 1O2, as confirmed by a separate test in PolyRu 

organic solution using 1, 3-diphenylisobenzofuran (DPBF) as indicator (see Figure S15 for detail).  

Interestingly, after 24 min of irradiation, the emission intensity of DCFH in the presence of 

PolyRu micelles and vesicles reached twice of that with free Ru complexes (Figure 3B, 3C, 3D and 

3E). This observation demonstrated superior ROS production efficiency of PolyRu self-assemblies, 

which could be associated with the morphological alterations occurring in the PolyRu micelles and 

vesicles upon irradiation caused by the oxidation of thioether groups. Indeed, the transformation from 
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thioether groups to sulfoxide groups on PolyRu after irradiation was confirmed by 1H NMR and ATR-

FTIR spectra (see Figure S16 and Figure S13). According to previous works,37, 48 the oxidization of 

thioether groups into hydrophilic sulfoxide groups by ROS in the hydrophobic block of PolyRu could 

provoke the disruption of self-assemblies. Porous structures with higher specific surface area occur 

in vesicles and micelles during the disruption process, which could improve the oxygen absorption 

and promote the oxygen contact with the Ru-based photosensitizers to further enhance ROS 

generation efficiency.39 Effectively, the disruption of PolyRu micelles and vesicles were followed by 

their count rate ratio α measured by DLS (α = (derived count rate at the irradiation time t)/(derived 

count rate at t = 0)), since the derived count rate represented the scattering intensity and demonstrated 

the size and/or quantities of particles in the solution. The decline of α as a function of irradiation time 

(Figure 3F) supported the decreasing tendency of concentration/size of the self-assemblies through 

the photoactivated oxidation.  

 



18 
 

 

Figure 3. ROS generation detected by DCFH for samples under red-light irradiation (625 nm, 30 

mW/cm2). (A) ROS transform non-fluorescent DCFH to hyperfluorescent oxidated DCF. The 

fluorescence increases as a function of time for DCFH aqueous solution, in the presence of Ru 

complex [Ru(tpy)(biq)H2O](PF6)2 (B), in the presence of PolyRu micelles (C), and in the presence of 

PolyRu vesicles (D). (E) The summary of fluorescence intensity change (I – I0)/I0 for all samples, I0 

being the fluorescence intensity at t = 0 of red-light irradiation. The data of DCFH alone (black) are 

also shown for reference. (F) The disruption of PolyRu micelles and vesicles traced by count rate 

ratio. Count rate ratio α = (derived count rate at the irradiation time t)/(derived count rate at t = 0). 

The symbols are the experimental points. The lines are the fits with the function α = (α0 − αmin) e-t/τ + 

αmin, where αmin = 0.184 (PolyRu micelles) and 0.325 (PolyRu vesicles) correspond to the minimum 
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count rate ratio nearly unchanged with time, and τ is the characteristic time when (α − αmin) declines 

to 36.8% of (α0 − αmin). τ is 19.05 min for PolyRu micelles, and 45.03 min PolyRu vesicles. 

 

The photoactivated release of Ru complexes from PolyRu self-assemblies under 625 nm-light 

illumination were then studied in vitro.49 1 mL of PolyRu micelles or vesicles (1 mg/mL) were 

irradiated under red-light (625 nm, 30 mW/cm2) for 30 min and then placed into a dialysis bag (Mw 

cutoff of 3500 Da). The dialysis bag was immersed in 40 mL PBS solution at 37 °C and stirring at 

250 rpm, and an aliquot 2mL of the PBS solution was withdrawn after 1 h. The same procedure was 

performed for the PolyRu micelles and vesicles in the dark without irradiation. The amount of 

[Ru(tpy)(biq)(H2O)](PF6)2 released out of the dialysis bag was wRu = (40 mL/2 mL)cRu, where the 

concentration cRu was determined according to the calibration curve established beforehand using 

UV-vis spectra (absorbance at 550 nm) (Figure S17 and Table S3). The results showed a relative 

release wRu(after irradiation)/wRu(in the dark) of 13 and 4 for PolyRu vesicles and micelles, 

respectively. Clearly, the releases from irradiated samples were significantly higher than those in the 

dark, because of the photocleavage of Ru-S and the photoactivated disruption of micelles and vesicles 

through the enhanced ROS generation as discussed above. Interestingly, the difference of the relative 

light/dark release between micelles and vesicles was not caused by their photoactivated release 

difference, but by the difference of their background release in the dark (see Table S3). Therefore, 

PolyRu vesicles are more interesting systems for dark protection and photocontrolled release. 

 

Cellular Uptake, intracellular ROS detection and Cytotoxicity Assay of PolyRu micelles and vesicles  

In the above sections, we have demonstrated the photocleavage of Ru complexes from PolyRu self-

assemblies, ROS generation by PolyRu self-assemblies under red-light irradiation, and the release of 

Ru complexes promoted by the disruption of PolyRu self-assemblies through the simultaneous ROS 

generation. The cellular uptake, intracellular ROS generation and cytotoxicity of PolyRu micelles and 

vesicles were then studied for their potential in anticancer therapy.   
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PEGylation of anticancer agents has been extensively utilized to prolong their blood circulation time 

and to enhance their tumor accumulation.50 However, PEGylation could also reduce their cell uptake 

due to their nearly neutral surface charge and poor protein adsorption.42-43 Here, the introduction of 

Ru complexes might change the situation. The zeta potential of PolyRu micelles and vesicles were 

first measured as shown in Figure 4A. Effectively, both PolyRu micelles and vesicles exhibited a 

significant positive surface zeta potential (+16.4 mV for micelles and +18.3 mV for vesicles), in 

contrast to the zeta potential of +0.96 mV measured for nanoparticles formed by the processor of 

PolyRu, PEG45-b-PMeSPG18 (Figure S18). According to the litterature,51-52 the endocytosis of 

cationic nanoparticles is promoted through the interaction between the positive charge of 

nanoparticles and the negative charge of cell membrane. The cellular uptakes of PolyRu micelles and 

vesicles as well as Ru complexes alone were then tested using human non-small cell lung cancer cell 

line (A549). A549 cells were incubated with PolyRu micelles, PolyRu vesicles or Ru complexes in 

the cell culture medium, collected at different time (2 h, 4 h, 6 h and 8 h), and digested in 70% HNO3 

for analysis by ICP-MS using 101Ru as monitored isotopes (see SI for details). As illustrated in Figure 

4B, Ru was effectively detected inside the cells, and the intracellular Ru content of both PolyRu 

micelles and vesicles increased as the incubation time prolonged. Notably, the intracellular Ru content 

of PolyRu vesicles was approximately twice as much as that of PolyRu micelles, which may be 

explained by the larger positive zeta potential (+ 18.3 mV, see Figure 6A) and larger size (Dh = 59 

nm, see Figure 2) of vesicles. Moreover, the intracellular Ru content of both PolyRu vesicles and 

micelles were higher than that of Ru complexes alone, which may be caused by the different 

endocytosis pathway of nanoparticles. Further, the intracellular ROS generation upon red light 

irradiation was investigated using DCFH-DA. After the diffusion of DCFH-DA into the cell, DCFH-

DA is then deacetylated by cellular esterases to the non-fluorescent DCFH, which is later oxidized 

by ROS into the highly fluorescent DCF (see Figure 3A). The intracellular ROS production is 

proportional to the fluorescence intensity of DCF measured by flow cytometry (Figure 4C). The 

results indicated clearly that PolyRu micelles and vesicles produced more ROS inside the cells than 
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Ru complexes after 30 min of red-light irradiation. Moreover, the mean fluorescence intensity of 

PolyRu vesicles was higher than that of PolyRu micelles, which could be explained by the more 

efficient cellular uptake of vesicles compared to micelles (see Figure 4B). 

Finally, the cytotoxicity of PolyRu micelles and vesicles was investigated using A549 cells in 

the dark and under 625 nm light illumination (11.57 mW/cm2, 1 h). The results are summarized in 

Table 1 (see also Figure S19 and SI for experimental details). As reference, the free Ru complex was 

first tested with A549 cells in the same conditions. The Ru complex displayed some degree of photo-

cytotoxicity and dark-cytotoxicity: the concentration necessary to kill 50% of cancer cells (IC50 value) 

of 68.5 µM in the dark and IC50 value of 44.9 µM after irradiation. The photo-cytotoxicity of Ru 

complexes was higher than that of dark-cytotoxicity because of the photo-generated ROS. As for 

PolyRu micelles and vesicles, their IC50 values in the dark are 280.3 µM and 319.7 µM, respectively, 

concentrations corresponding to the Ru complexes contents in the nano-assemblies. Therefore, 

PolyRu micelles and vesicles showed very low cytotoxicity in the dark and the vesicles are still less 

toxic than micelles. This result is consistent with the protecting role of polymer micelles and vesicles 

for Ru complexes as above discussed. In contrast, both PolyRu micelles and vesicles exhibited much 

superior cytotoxicity under red-light irradiation, with IC50 values of 27.9 µM and 23.3 µM, 

respectively, which are even lower than IC50 value of free Ru complexes (44.9 µM). This observation 

could be explained by the higher efficiency of ROS production of PolyRu micelles and vesicles than 

that of free Ru complexes (see Figure 3E and discussion). The phototoxicity index (PI, defined as the 

ratio between IC50 in the dark and the IC50 with light irradiation) of PolyRu micelles (PI = 9.1) and 

vesicles (PI=13.7) were significantly higher than PI of free Ru complexes (PI = 1.5) (Table 1); 

moreover, vesicles showed higher photocytotoxicity than micelles. Therefore, PolyRu micelles and 

vesicles reported here are promising drug delivery systems that can protect Ru complex drugs in the 

dark and obtain light-activated anticancer effects with spatiotemporal control for photoactivated 

chemotherapy and photodynamic therapy. 
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Figure 4. (A) Zeta potentials of PEG45-b-PMeSPG18 nanoparticles (PMeSPG NPs), PolyRu micelles 

and PolyRu vesicles tested by DLS in mili-Q water. (B) Cellular uptake of PolyRu micelles, vesicles, 

and Ru complexes (all at 70 µM of equivalent concentration of Ru complexes) incubated with A549 

cells in various periods (2 h, 4 h, 6 h and 8 h), Ru contents being measured by ICP-MS. (C) Cellular 

ROS assay by flow cytometry via the measurement of DCF mean fluorescence inside A549 cells (λex 

= 488 nm, λem = 525 nm). Cells were incubated with control medium, Ru complexes, PolyRu micelles 

and vesicles (at 70 µM equivalent concentration of Ru complexes), treated with DCFH-DA, and then 

irradiate during 30 min by red-light (λ = 625 nm, 11.57 mW/cm2). Data are mean ± SD (n = 3). ***P 

< 0.001, **P < 0.01, *P < 0.05. 

Table 1. Photo-cytotoxicity and dark cytotoxicity of [Ru(tpy)(biq)(H2O)](PF6)2, PolyRu micelles and 
vesicles incubated with A549 cells 

Compounds 

IC50 ± SD (µM) 

PI[b] 

Dark Irradiation[a] 

Ru complexes 68.5 ± 1.8 44.9 ± 4.5 1.5 

PolyRu micelles 280.3 ± 19.2 27.9 ± 5.1 9.1 

PolyRu vesicles 319.7 ± 46.9  23.3 ± 2.1  13.7 

[a] 625 nm irradiated for 1 h (11.57 mW/cm2) [b] phototoxicity index (PI) defined as the ratio between 
the concentration necessary to kill 50% of cancer cells (IC50) in the dark and the IC50 upon light 
irradiation. 
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CONCLUSION 

A red-light-responsive amphiphilic block copolymer PolyRu was prepared from PEGylated 

polypeptoid bearing thioether side chains, PEG-b-PMeSPG, and Ru(II) complex, 

[Ru(tpy)(biq)(H2O)](PF6)2. Nearly 40% of PMeSPG side chains were coordinated with Ru complexes 

resulting in more than 67wt% Ru complexes in the PolyRu. Polymer micelles or vesicles were 

prepared by nanoprecipitation using either DMF or THF/acetone (1/1) as organic co-solvent. Red-

light illumination induced the photocleavage of Ru-S coordination bond and release the Ru complex 

[Ru(tpy)(biq)(H2O)]( PF6)2. Meanwhile, Ru complex played the role of photosensitizer and generated 

ROS in-situ, which oxidized the hydrophobic thioether to hydrophilic sulfoxide in the hydrophobic 

block of PolyRu and caused the disruption of micelles and vesicles. During the disruption of nano-

assemblies, the ROS generation was further promoted because of the increased specific 

hydrophilic/hydrophobic interface area. All these processes synergistically facilitate the release of Ru 

complex. Furthermore, both PolyRu micelles and vesicles exhibited significant positive surface zeta 

potentials despite their PEG shell; the presence of coordinated Ru complexes in the core of nano-

assemblies did improve their cellular uptake compared to the system without Ru complexes. The 

cytotoxicity assay showed that both PolyRu micelles and vesicles had very low cytotoxicity in the 

dark and confirm the protecting role of nano-assemblies for Ru complexes. Interestingly, both PolyRu 

micelles and vesicles exhibited much higher cytotoxicity under red-light irradiation, with the 

phototoxicity index PI of 9.1 and 13.7, respectively, in contrast to the PI of free Ru complexes of 1.5. 

The IC50 values of PolyRu micelles and vesicles expressed in concentration of Ru complexes were 

even lower than IC50 value of free Ru complexes because of the enhanced ROS generation efficiency 

during the disruption of nano-assemblies. Of course, the Ru complex used in this work was not a 

highly efficient metallodrug for chemotherapy and photodynamic therapy. Other chemical drug could 

be attached to the Ru complexes53 and more efficient prodrugs based on other Ru(II) complexes or 

other thioether ligands like dithioether ligand22 could be used in the future. In conclusion, PolyRu 
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vesicles and micelles presented here are promising nano-assembly prototypes that can efficiently 

protect Ru complex drugs in the dark and achieve red-light-activated anticancer effects with 

spatiotemporal control for photoactivated chemotherapy and photodynamic therapy. 
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