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The currently used photodynamic therapy (PDT) photosensitizers (PSs) are generally associated with a poor cancer cell selectivity, which is responsible for some undesirable side effects. To overcome these problems, there is an urgent need for a selective drug delivery system for PDT PSs. Herein, the encapsulation of a promising Ru(II) polypyridine complex in a polymer with terminal folate groups to form nanoparticles is presented. While the Ru(II) complex itself has a cytotoxic effect in the dark, the encapsulation is able to overcome this drawback. Upon light exposure, the nanoparticles were found to be highly phototoxic in 2D monolayer cells as well as 3D multicellular tumor spheroids upon 480 nm or 595 nm irradiation by apoptosis. Importantly, the nanoparticles demonstrated a high selectivity for cancerous cells over non-cancerous cells and were found to be active in drug resistant cancer cells lines, indicating that they are able to overcome drug resistances.

INTRODUCTION

Cancer is one of the deadliest diseases worldwide. [START_REF] Bray | GLOBOCAN Estimates Of Incidence And Mortality Worldwide For 36 Cancers In 185 Countries[END_REF] This disease is commonly treated with the platinum-containing drugs cisplatin, carboplatin and oxaliplatin. Despite their impressive clinical successes, these treatments are associated with severe side effects (e.g., nerve and kidney damage, nausea, vomiting, and bone marrow suppression). [START_REF] Urruticoechea | Recent Advances In Cancer Therapy: An Overview[END_REF][START_REF] Johnstone | The Next Generation Of Platinum Drugs: Targeted Pt(II) Agents, Nanoparticle Delivery, And Pt(IV) Prodrugs[END_REF][START_REF] Jamieson | Structure, Recognition, And Processing of Cisplatin-DNA Adducts[END_REF][START_REF] Allardyce | Development Of Organometallic (Organo-transition Metal) Pharmaceuticals[END_REF][START_REF] Dyson | Metal-Based Antitumour Drugs In The Post Genomic Era[END_REF][START_REF] Petruzzella | Triple Action Pt(IV) Derivatives Of Cisplatin: A New Class Of Potent Anticancer Agents That Overcome Resistance[END_REF][START_REF] Yempala | Expanding The Arsenal Of PtIV Anticancer Agents: Multi-Action PtIV Anticancer Agents With Bioactive Ligands Possessing A Hydroxy Functional Group[END_REF] Worryingly, an increasing number of tumors in the clinics are reported to be drug resistant. Typically, drug resistance in cancer is associated with tumor burden, growth kinetics, physical barriers, tumor heterogeneity and its microenvironment. [START_REF] Liu | Mechanisms Of Chemotherapeutic Drug Resistance In Cancer Therapy -A Quick Review[END_REF][START_REF] Vasan | A View On Drug Resistance In Cancer[END_REF][START_REF] Goldie | The Genetic Origin Of Drug Resistance In Neoplasms: Implications For Systemic Therapy[END_REF] To overcome these limitations, there is an urgent need for new types of treatments with new mechanisms of action. [START_REF] Karges | A Multi-Action And Multi-Target RuII-PtIV Conjugate Combining Cancer-Activated Chemotherapy And Photodynamic Therapy To Overcome Drug Resistant Cancers[END_REF] As a complementary technique to classical treatment modalities (i.e., chemotherapy, immunotherapy, radiation therapy), photodynamic therapy (PDT) is currently receiving increasing attention due to its low or non-invasiveness. During a PDT treatment, a photosensitizer (PS) is either locally or systemically injected into a patient. While ideally the PS should not cause any cellular damage in the absence of light, it catalytically generates cytotoxic reactive oxygen species upon light irradiation. The latter ultimately trigger cell death. [START_REF] Mcfarland | Metal-Based Photosensitizers For Photodynamic Therapy: The Future Of Multimodal Oncology?[END_REF][START_REF] Bonnet | Why Develop Photoactivated Chemotherapy?[END_REF][START_REF] Dolmans | Photodynamic Therapy For Cancer[END_REF][START_REF] Heinemann | Critical Overview Of The Use Of Ru(II) Polypyridyl Complexes As Photosensitizers In One-Photon And Two-Photon Photodynamic Therapy[END_REF][START_REF] Callaghan | The Good, The Bad, And The Ugly -Controlling Singlet Oxygen Through Design Of Photosensitizers And Delivery Systems For Photodynamic Therapy[END_REF][START_REF] Dumoulin | Perfect Photosensitisers? More Than Ever An Exciting Challenge! Photodiagnosis Photodyn[END_REF][START_REF] Lo | The Unique Features And Promises Of Phthalocyanines As Advanced Photosensitisers For Photodynamic Therapy Of Cancer[END_REF][START_REF] Lo | Luminescent Rhenium(I) And Iridium(III) Polypyridine Complexes As Biological Probes, Imaging Reagents, And Photocytotoxic Agents[END_REF][START_REF] Farrer | Photoactivated Chemotherapy (PACT): The Potential Of Excited-State D-Block Metals In Medicine[END_REF] Among the different types of PSs studied, the use of Ru(II) polypyridine complexes is receiving increasing attention. [START_REF] Monro | Transition Metal Complexes And Photodynamic Therapy From A Tumor-Centered Approach: Challenges, Opportunities, And Highlights From The Development of TLD1433[END_REF][START_REF] Shi | Ru(II) Dyads Derived From α-Oligothiophenes: A New Class Of Potent And Versatile Photosensitizers For PDT[END_REF][START_REF] Knoll | Control And Utilization Of Ruthenium And Rhodium Metal Complex Excited States For Photoactivated Cancer Therapy[END_REF][START_REF] Li | Ru(II) Polypyridyl Complexes Derived From Tetradentate Ancillary Ligands For Effective Photocaging[END_REF][START_REF] Dickerson | Modifying Charge And Hydrophilicity Of Simple Ru(II) Polypyridyl Complexes Radically Alters Biological Activities: Old Complexes, Surprising New Tricks[END_REF][START_REF] Howerton | Strained Ruthenium Complexes Are Potent Light-Activated Anticancer Agents[END_REF][START_REF] Karges | A Ru(II) Polypyridyl Complex Bearing Aldehyde Functions As A Versatile Synthetic Precursor For Long-Wavelength Absorbing Photodynamic Therapy Photosensitizers[END_REF][START_REF] Fong | A Novel Class Of Ruthenium-Based Photosensitizers Effectively Kills In Vitro Cancer Cells And In Vivo Tumors[END_REF][START_REF] Kaspler | A Ruthenium(ii) Based Photosensitizer And Transferrin Complexes Enhance Photo-Physical Properties, Cell Uptake, And Photodynamic Therapy Safety And Efficacy[END_REF][START_REF] Lilge | Use Of Ruthenium Complexes As Photosensitizers In Photodynamic Therapy[END_REF][START_REF] Yellol | Novel C,N-Cyclometalated Benzimidazole Ruthenium(II) And Iridium(III) Complexes As Antitumor And Antiangiogenic Agents: A Structure-Activity Relationship Study[END_REF][START_REF] Karges | Combining Inorganic Chemistry And Biology: The Underestimated Potential Of Metal Complexes In Medicine[END_REF][START_REF] Brissos | Highly Cytotoxic Ruthenium(II)-Arene Complexes From Bulky 1-Pyrenylphosphane Ligands[END_REF][START_REF] Poynton | The Development Of Ruthenium(ii) Polypyridyl Complexes And Conjugates For In Vitro Cellular And In Vivo Applications[END_REF][START_REF] Karges | Critical Discussion Of The Applications Of Metal Complexes For 2-Photon Photodynamic Therapy[END_REF][START_REF] Elmes | Luminescent Ruthenium(II) Polypyridyl Functionalized Gold Nanoparticles; Their DNA Binding Abilities And Application As Cellular Imaging Agents[END_REF][START_REF] Imberti | New Designs For Phototherapeutic Transition Metal Complexes[END_REF][START_REF] Felder | Polymetallic Complexes For Applications As Photosensitisers In Anticancer Photodynamic Therapy[END_REF][START_REF] Jarman | Exploring The Cytotoxicity, Uptake, Cellular Response, And Proteomics Of Mono-And Dinuclear DNA Light-Switch Complexes[END_REF] Despite their attractive photophysical properties, the majority of these PSs are excited using blue or UV-A light. These wavelengths are poorly penetrating tissue, limiting the application of these compounds to superficial treatments. [START_REF] Bonnet | Shifting The Light Activation Of Metallodrugs To The Red And Near-Infrared Region In Anticancer Phototherapy[END_REF][START_REF] Karges | Towards Long Wavelength Absorbing Photodynamic Therapy Photosensitizers Via The Extension Of A [Ru(bipy)3]2+ Core[END_REF][START_REF] Novohradsky | Towards Novel Photodynamic Anticancer Agents Generating Superoxide Anion Radicals: A Cyclometalated IrIII Complex Conjugated To A Far-Red Emitting Coumarin[END_REF][START_REF] Karges | Rationally Designed Ruthenium Complexes For 1-And 2-Photon Photodynamic Therapy[END_REF][START_REF] Raza | A Dinuclear Ruthenium(II) Complex Excited By Near-Infrared Light Through Two-Photon Absorption Induces Phototoxicity Deep Within Hypoxic Regions Of Melanoma Cancer Spheroids[END_REF] Therefore, there is much research efforts invested towards the development of Ru(II) polypyridine complexes with an absorption in the biological spectral window (600-900 nm), which would provide a deeper tissue penetration. [START_REF] Ogawa | Recent Advances In Two-Photon Photodynamic Therapy[END_REF][START_REF] Wilson | In Vivo And Post Mortem Measurments Of The Attenuation Spectra Of Light In Mammalian Tissues[END_REF] In this context, we have recently reported the computational guided design of Ru(II) polypyridine complexes as PSs for longer wavelengths. Based on this design, we could unveil the metal complex [Ru(4,7-diphenyl-1,10-phenanthroline)2(4,4′-dimethyl-2,2′-bipyridine)][PF6]2 (Ru, Figure 1), which exerts a phototoxic effect up to 595 nm. Deeper insights into its mechanism of action revealed that upon irradiation, the Ru(II) polypyridine complex disturbs mitochondrial respiration and glycolysis processes. Despite these favorable properties, this complex is associated with an undesired dark toxicity in the low micromolar range in various cell lines, limiting its applications as a PDT agent. [START_REF] Karges | Rationally Designed Long-Wavelength Absorbing Ru(II) Polypyridyl Complexes As Photosensitizers For Photodynamic Therapy[END_REF] After the administration of a PS during a PDT treatment, the target tissue is exposed to light irradiation. As the PS does not cause cellular damage in the dark, the therapeutic effect is only generated upon light exposure. This fact is responsible for the first level of selectivity of PDT. To date, the currently clinically applied and investigated PSs show a poor cancer cell selectivity, accumulating in the tumor as well as in the surrounding, healthy tissue. Due to light scattering effects in the tissue, the light is typically also delivered to healthy tissue, in which the PS may cause significant cellular damage upon light irradiation. This is further emphasized by the fact that it is a practical challenge to expose only tumorous tissue to the light source. This leads to the damage of healthy cells and tissue. To overcome this limitation, there is an urgent need for the development of a cancer selective drug delivery system, which would present a second level of selectivity. The established targeting strategies are typically divided between an active mechanism, which involves the use of a specific cellular interaction (i.e., targeting moieties [START_REF] Wang | Receptor Selective Ruthenium-Somatostatin Photosensitizer For Cancer Targeted Photodynamic Applications[END_REF][START_REF] Barragán | Photocontrolled DNA Binding Of A Receptor-Targeted Organometallic Ruthenium(II) Complex[END_REF][START_REF] Zhao | Designing Luminescent Ruthenium Prodrug For Precise Cancer Therapy And Rapid Clinical Diagnosis[END_REF][START_REF] Paul | Ruthenium(II) Conjugates Of Boron-Dipyrromethene And Biotin For Targeted Photodynamic Therapy In Red Light[END_REF][START_REF] Xiang | Tumor Cell Specific And Lysosome-Targeted Delivery Of Nitric Oxide For Enhanced Photodynamic Therapy Triggered By 808 nm Near-Infrared Light[END_REF][START_REF] Zhao | An Estrogen Receptor Targeted Ruthenium Complex As A Two-Photon Photodynamic Therapy Agent For Breast Cancer Cells[END_REF][START_REF] Jakubaszek | Evaluation Of The Potential Of Cobalamin Derivatives Bearing Ru(II) Polypyridyl Complexes As Photosensitizers For Photodynamic Therapy[END_REF][START_REF] Du | Taurine-Modified Ru(ii)-Complex Targets Cancerous Brain Cells For Photodynamic Therapy[END_REF] , oligosaccharides [START_REF] Lameijer | D-Versus L-Glucose Conjugation: Mitochondrial Targeting Of A Light-Activated Dual-Mode-Of-Action Ruthenium-Based Anticancer Prodrug[END_REF][START_REF] Fu | A Tumor-Targeting Ru/Polysaccharide/Protein Supramolecular Assembly With High Photodynamic Therapy Ability[END_REF] , nanobodies [START_REF] Karges | Synthesis And Characterization Of An Epidermal Growth Factor Receptor-Selective RuII Polypyridyl-Nanobody Conjugate As A Photosensitizer For Photodynamic Therapy[END_REF] , oligionucleotides [START_REF] Huang | A Multifunctional DNA Origami As Carrier Of Metal Complexes To Achieve Enhanced Tumoral Delivery And Nullified Systemic Toxicity[END_REF][START_REF] Zhu | Transferrin/Aptamer Conjugated Mesoporous Ruthenium Nanosystem For Redox-Controlled And Targeted Chemo-Photodynamic Therapy Of Glioma[END_REF] , proteins [START_REF] Zhu | Transferrin/Aptamer Conjugated Mesoporous Ruthenium Nanosystem For Redox-Controlled And Targeted Chemo-Photodynamic Therapy Of Glioma[END_REF][START_REF] Chakrabortty | Mitochondria Targeted Protein-Ruthenium Photosensitizer For Efficient Photodynamic Applications[END_REF][START_REF] Shi | A Dual-Fluorescent Nano-Carrier For Delivering Photoactive Ruthenium Polypyridyl Complexes[END_REF][START_REF] Arora | Catch And Release Photosensitizers: Combining Dual-Action Ruthenium Complexes With Protease Inactivation For Targeting Invasive Cancers[END_REF] ) or a passive mechanism, which is based on the enhanced permeation and retention (EPR) effect (i.e. nanoparticles [START_REF] Sun | The Effects Of Luminescent Ruthenium(II) Polypyridyl Functionalized Selenium Nanoparticles On bFGF-Induced Angiogenesis And AKT/ERK Signaling[END_REF][START_REF] Liu | Rational Design Of Cancer-Targeted Selenium Nanoparticles To Antagonize Multidrug Resistance In Cancer Cells[END_REF][START_REF] Sun | Inhibition Of Tumor Growth And Vasculature And Fluorescence Imaging Using Functionalized Ruthenium-Thiol Protected Selenium Nanoparticles[END_REF][START_REF] Wumaier | Luminescent Ru(II)-Thiol Modified Silver Nanoparticles For Lysosome Targeted Theranostics[END_REF][START_REF] Zhang | RuNH2@AuNPs As Two-Photon Luminescent Probes For Thiols In Living Cells And Tissues[END_REF][START_REF] Rogers | High Coating Of Ru(ii) Complexes On Gold Nanoparticles For Single Particle Luminescence Imaging In Cells[END_REF][START_REF] Frasconi | Photoexpulsion Of Surface-Grafted Ruthenium Complexes And Subsequent Release Of Cytotoxic Cargos To Cancer Cells From Mesoporous Silica Nanoparticles[END_REF][START_REF] Knežević | Ruthenium(ii) Complex-Photosensitized Multifunctionalized Porous Silicon Nanoparticles For Two-Photon Near-Infrared Light Responsive Imaging And Photodynamic Cancer Therapy[END_REF][START_REF] He | Cancer-Targeted Monodisperse Mesoporous Silica Nanoparticles As Carrier Of Ruthenium Polypyridyl Complexes To Enhance Theranostic Effects[END_REF][START_REF] Ellahioui | Mesoporous Silica Nanoparticles Functionalised With A Photoactive Ruthenium(ii) Complex: Exploring The Formulation Of A Metal-Based Photodynamic Therapy Photosensitiser[END_REF][START_REF] Wen | Mesoporous Silica Nanoparticles-Assisted Ruthenium(II) Complexes For Live Cell Staining[END_REF][START_REF] Chen | An Upconversion Nanoparticle/Ru(ii) Polypyridyl Complex Assembly For NIR-Activated Release Of A DNA Covalent-Binding Agent[END_REF][START_REF] Soliman | Incorporation Of Ru(II) Polypyridyl Complexes Into Nanomaterials For Cancer Therapy And Diagnosis[END_REF][START_REF] Meijer | 796 nm Activation Of A Photocleavable Ruthenium(II) Complex Conjugated To An Upconverting Nanoparticle Through Two Phosphonate Groups[END_REF] , polymeric particles [START_REF] Boeuf | Encapsulated Ruthenium(II) Complexes In Biocompatible Poly(d,l-lactide-co-glycolide) Nanoparticles For Application In Photodynamic Therapy[END_REF][START_REF] Soliman | Ruthenium-Initiated Polymerization Of Lactide: A Route To Remarkable Cellular Uptake For Photodynamic Therapy Of Cancer[END_REF][START_REF] Maggioni | Luminescent Rhenium And Ruthenium Complexes Of An Amphoteric Poly(amidoamine) Functionalized With 1,10-Phenanthroline[END_REF][START_REF] Chan | Cancer-Targeted Tri-Block Copolymer Nanoparticles As Payloads Of Metal Complexes To Achieve Enhanced Cancer Theranosis[END_REF][START_REF] Karges | Synthesis, Characterization, And Biological Evaluation Of The Polymeric Encapsulation Of A Ruthenium(II) Polypyridine Complex With Pluronic F-127/Poloxamer-407 For Photodynamic Therapy Applications[END_REF][START_REF] Mascheroni | Tuning Polyamidoamine Design To Increase Uptake And Efficacy Of Ruthenium Complexes For Photodynamic Therapy[END_REF][START_REF] Sun | An Amphiphilic Ruthenium Polymetallodrug For Combined Photodynamic Therapy And Photochemotherapy In Vivo[END_REF][START_REF] Soliman | Encapsulation Of A Ru (II) Polypyridyl Complex Into Polylactide Nanoparticles For Antimicrobial Photodynamic Therapy[END_REF][START_REF] Chen | Biotin-Terminated Ruthenium Bipyridine Ring-Opening Metathesis Polymerization Copolymers: Synthesis And Self-Assembly With Streptavidin[END_REF][START_REF] Ruggi | Dendritic Ruthenium(II)-Based Dyes Tuneable For Diagnostic Or Therapeutic Applications[END_REF] , liposomes [START_REF] Shen | A Liposome Encapsulated Ruthenium Polypyridine Complex As A Theranostic Platform For Triple-Negative Breast Cancer[END_REF][START_REF] Askes | Activation Of A Photodissociative Ruthenium Complex By Triplet-Triplet Annihilation Upconversion In Liposomes[END_REF] , carbon nanotubes [START_REF] Zhang | Graphene Oxide Decorated With Ru(II)-Polyethylene Glycol Complex For Lysosome-Targeted Imaging And Photodynamic/Photothermal Therapy[END_REF][START_REF] Wang | Functionalized Multiwalled Carbon Nanotubes As Carriers Of Ruthenium Complexes To Antagonize Cancer Multidrug Resistance And Radioresistance[END_REF][START_REF] Zhang | Noncovalent Ruthenium(II) Complexes-Single-Walled Carbon Nanotube Composites For Bimodal Photothermal And Photodynamic Therapy With Near-Infrared Irradiation[END_REF] , metal-organic frameworks [START_REF] Zhang | Combining Ruthenium(II) Complexes With Metal-Organic Frameworks To Realize Effective Two-Photon Absorption For Singlet Oxygen Generation[END_REF][START_REF] Chen | Ruthenium(II) Complex Incorporated UiO-67 Metal-Organic Framework Nanoparticles For Enhanced Two-Photon Fluorescence Imaging And Photodynamic Cancer Therapy[END_REF] ). We note at this stage that the EPR effect is currently controversially discussed due to its failure in in vivo models. [START_REF] Danhier | To Exploit The Tumor Microenvironment: Since The EPR Effect Fails In The Clinic, What Is The Future Of Nanomedicine?[END_REF] Despite various contributions in the development of delivery systems, these carriers are usually associated with a tedious preparation, high price, poor water solubility or a diminished therapeutic effect. To prevail these drawbacks, there is a need for a cheap, water-soluble, and selective drug delivery system.

Encouraged by the promising results reported by our group on the polymeric encapsulation of

[Ru((E,E')-4,4´-bis[p-methoxystyryl]-2,2´-bipyridine)(2,2´-bipyridine)2][PF6]2 with 1,2- distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotin (poly-ethyleneglycol)-2000] ammonium
salt (DSPE-PEG2000-biotin) for biotin-targeted 1-and 2-Photon PDT (Figure 1), [START_REF] Karges | Polymeric Encapsulation Of A Ruthenium Polypyridine Complex For Tumor Targeted 1-And 2-Photon Photodynamic Therapy[END_REF] we further explored the potential of this type of delivery system. The previously reported nanoparticles were found to be internalized by an energy-dependent endocytosis mechanism where they preferably accumulate in the lysosomes. Upon irradiation, the encapsulated Ru(II) polypyridine complexes caused cell death in the low micromolar range through the caspase 3/7 pathway. Promisingly, the nanoformulation was found to lead to a more than 20-times higher accumulation of the Ru(II) complexes in cancerous adenocarcinomic human alveolar basal epithelial cells than in noncancerous human lung fibroblasts cells. In addition, the cancer targeting effect was also demonstrated in a mouse model. An 8.7 higher accumulation inside the tumor of a mouse model in comparison to the Ru(II) polypyridine complex itself was observed. Herein, we report the encapsulation of Ru with the analogous polymer with terminal folic acids groups (DSPE-PEG2000folate). While the complex itself exerts an undesired, cytotoxic effect, the formulation is able to overcome this limitation since the nanoparticles were found to be non-toxic in the dark. The particles were found to have a more than eight-times higher selectivity in folate receptor overexpressing cells in comparison to healthy cells. The nanoparticles had a phototoxicity effect in the very low micromolar range upon 480 nm or 595 nm excitation in 2D monolayer cancer cells and 3D multicellular tumor spheroids. Importantly, they were also found to be phototoxic in the corresponding drug resistant cancer cell lines, indicating that they are able to overcome drug resistance.

RESULTS AND DISCUSSION

The Ru(II) polypyridine complex [Ru(4,7-diphenyl-1,10-phenanthroline)2(4,4′-dimethyl-2,2′bipyridine)][PF6]2 (Ru, Figure 1) was synthesized as previously reported. [START_REF] Karges | Rationally Designed Long-Wavelength Absorbing Ru(II) Polypyridyl Complexes As Photosensitizers For Photodynamic Therapy[END_REF] The purity of the compound ≥ 95% as determined by elemental and HPLC analysis (Figure S1). For encapsulation of the lipophilic Ru(II) polypyridine complex, the commercially available polymer (DSPE-PEG2000-folate) consisting of a lipophilic part (Figure 1, blue) and hydrophilic part (Figure 1, green) was used for encapsulation into the nanoformulation NP. Based on the difference in water solubility between the two parts, the polymer is able to form micelles in an aqueous solution, which can be loaded with lipophilic compounds. Folate groups (Figure 1, red) were attached on the end of the hydrophilic part. As a variety of cancer cells overexpress folate receptors as well as the high demand for folate in rapidly growing cells, the conjugation to folate could provide an additional cancer targeting effect. [START_REF] Leamon | Folate-Mediated Targeting: From Diagnostics To Drug And Gene Delivery[END_REF][START_REF] Hilgenbrink | Folate Receptor-Mediated Drug Targeting: From Therapeutics To Diagnostics[END_REF][100] Overall, the cancer targeting strategy described here is based on a passive mechanism of the nanoparticles through the EPR effect as well as an active mechanism of folate ,which acts as a targeting moiety. The Ru(II) polypyridine complex was encapsulated as previously described. [101][102][103] The amount of encapsulated metal complex was determined using inductively coupled plasma mass spectrometry (ICP-MS). The generated particles were found to have an average size of 122 nm (size distribution: Figure S2) as determined by dynamic light scattering (DLS). Recent studies have shown that this size is optimal for drug delivery due to the high loading of the compound in the particles while still showing a high cellular uptake. 104-105 The photophysical properties of Ru and NP were investigated to determine whether the encapsulation changed these properties. As expected, the absorption and emission spectra of the Ru(II) polypyridine complex and the corresponding nanoformulation were found to be identical (Figure S3-S4). The complex showed an absorption tail towards the biological spectral window, which is a desired property for a PDT agent to treat deep-seated or large tumors. Emission studies showed that NP has a significantly higher luminescence quantum yield in an aqueous solution than Ru (Φem,Ru = 1.1%, Φem,NP = 2.9%). Ru and NP were found to have excited state lifetimes in the nanosecond scale (Table S1, Figure S5-S6). These values compare well with those found for other Ru(II) polypyridine complexes. 106-107 Importantly, the presence of air drastically decreased the lifetime (τair,Ru/NP = 128 -151 ns, τdegassed,Ru/NP = 857 -914 ns), indicating that the excited state of the complex is able to interact with molecular oxygen ( 3 O2) by generating singlet oxygen ( 1 O2).

Following this, the amount of 1 O2 produced upon irradiation at 450 nm or 540 nm was determined by temporal monitoring the change of absorption of a 1 O2 scavenger. 108-109 NP (Table S2) was found to have a slightly higher singlet oxygen quantum yield than Ru (Φ1O2,Ru = 5 -6%, Φ1O2,NP = 7 -10%). Overall, these results indicate that the encapsulation of the metal complex into nanoparticles enhanced the photophysical properties. Worthy of note, previous studies of the encapsulation of Ru(II) polypyridine complexes into polymeric particles also reported this effect. [START_REF] Soliman | Ruthenium-Initiated Polymerization Of Lactide: A Route To Remarkable Cellular Uptake For Photodynamic Therapy Of Cancer[END_REF]110 Following this, the stability of the nanoparticles was investigated as previous studies have shown that the stability of a metal complex 111 and/or the nanoformulation 79 could be problematic. NP was incubated in the dark and its absorption spectra (Figure S7) as well as the size distribution (Figure S8) measured in constant time intervals up to 7 days. As no significant differences were observed, the stability of the nanoparticles is indicated. In addition, the zeta potential of NP was determined to be -11.8 mV, indicating that the particles have a slightly negative charged surface. Previous studies have found that this has a favorable effect on the stability of the particles. 112 After evaluation of the photophysical properties and establishment of the stability of the nanoparticles, the efficacy of NP to act as a PDT agent was investigated upon irradiation at 480 nm (10 min, 3.1 J/cm 2 ) and 595 nm (60 min, 11.3 J/cm 2 ) and compared with Ru (Table 1). The cytotoxic effect of the particles was evaluated while strictly keeping them in the dark, referred to as dark toxicity, as well as upon exposure to a light source, referred to as phototoxicity. As the particles have covalently bound folate groups on the outer surface, the biological effect was investigated on cancerous human ovarian carcinoma (A2780) and its corresponding cisplatin resistant (A2780 CIS) and doxorubicin resistant (A2780 ADR) cell lines, which are well known to overexpress the folate receptor alpha (0.8 pmol/mg) 113 in comparison to non-cancerous human normal lung fibroblast (MRC-5) cells, which have a level of the folate receptor alpha in the normal range (0.6 pmol/mg) [114][115] . Interestingly, while Ru exerts a toxicity in the dark in the micromolar range (IC50 = 4.17 Following this promising observation, the uptake of NP (25 μM, 4 h) in A2780 and MRC-5 cells was investigated by determination of the amount of Ru inside cells using ICP-MS. As expected, in the folate receptor overexpressing cell line A2780, a more than eight-times higher amount of Ru was detected compared to MRC-5 (Figure 2). It is important to mention that A2780 and MRC-5 cells are inherently different types of cells with different properties and therefore different cellular uptake. Further, the amount of covalently attached folic acid targeting moieties on the outer surface of the nanoparticles is order of magnitudes higher than the amount of available folate receptors in the tested cell lines. (Figure 4a), these cell death pathways were ruled out. In contrast, the preincubation with an apoptosis inhibitor strongly increased the survival of the cells, indicating that cell death is primary caused by apoptosis. Worthy of note, the majority of PDT agents were found to cause cell death by apoptosis. 116 As many apoptotic processes are controlled by caspases 117 , the dependency on the caspase 3/7 pathway was investigated using a Caspase-Glo 3/7 assay. The light treatment showed a highly increased caspase activity similar to the kinase inhibitor staurosporin, which is well known to act by this pathway, indicating that the phototoxic effect exerted by NP is caused by the caspase 3/7 pathway (Figure 4b). Worthy of note, previous studies of Ru(II) polypyridine complexes were found to cause cell death by the same mechanism. 118-119 Following the evaluation in 2D monolayer cells, the biological effects were further investigated in 3D multicellular tumor spheroids (MCTS). MCTS are a tissue model to simulate the pathological conditions found in clinical tumors including proliferation gradients and a hypoxic center. [120][121] As the majority of PSs act by an oxygen dependent mechanism, the treatment of hypoxic tumors remains a major medical challenge. [122][123][124] Many investigated drug candidates have failed the translation to in vivo models due to compromised drug delivery. [125][126] MCTS are able to mimic intercellular interactions and are therefore employed to investigate the drug delivery of compounds. However, we note that such experiments do not help assessing the folate targeting ability of the NPs. In this work, A2780 MCTSs with a diameter of 400 μm were incubated with NP for 12 h and their cytotoxicity assessed by measurement of the ATP concentration.

Promisingly, the nanoparticles did not show a cytotoxic effect in the dark (IC50 > 100 μM), which is an important requirement for a PDT agent. On the contrary, upon irradiation at 480 nm (10 min, 3.1 J/cm 2 ) and 595 nm (60 min, 11.3 J/cm 2 ), NP was found to have a high phototoxic effect (IC50,480nm = 8.16 ± 0.87 μM, PI480nm > 12.3, IC50,595nm = 9.62 ± 0.93 μM, PI595nm > 10.4). This indicates that NP is able to penetrate a 3D MCTS and to act as a PDT agent from 480 nm up to 595 nm.

CONCLUSION

In summary, the encapsulation of a promising Ru(II) polypyridine complex (Ru) with the amphiphilic polymer DSPE-PEG2000-folate is described. The generated particles (NP) showed improved photophysical properties in comparison to the complex alone in an aqueous solution.

While the complex itself has a dark toxicity in various cell lines, the nanoformulation described in this article is able to overcome this drawback. Upon irradiation from 480 nm up to 595 nm, NP caused cell death in the low micromolar range in 2D monolayer cells as well as 3D multicellular tumor spheroids by apoptosis through the caspase 3/7 pathway. ICP-MS studies showed that the particles accumulated in the lysosomes and, very importantly, much more in cancer cells overexpressing the folate receptor, therefore confirming a cancer targeting effect. NP could overcome drug resistances, which are observed in many clinical tumors. We strongly believe that this class of compounds as well as their corresponding particles have a great potential for the development of cancer targeted PDT agents. 

EXPERIMENTAL SECTION Instrumentation and methods

Synthesis

The Ru(II) polypyridine complex [Ru(4,7-diphenyl-1,10-phenanthroline)2(4,4′-dimethyl-2,2′bipyridine)][PF6]2 (Ru) was synthesized as previously reported. [START_REF] Karges | Rationally Designed Long-Wavelength Absorbing Ru(II) Polypyridyl Complexes As Photosensitizers For Photodynamic Therapy[END_REF] Elemental analysis calcd. for C60H44F12N6P2Ru (%): C 58.12, H 3.58, N 6.78; found: C 58.37, H 3.84, N 6.51. The purity of the compound was found to be ≥ 95% as determined by HPLC analysis.

Preparation of nanoparticle formulation NP

A solution of 5 mg of Ru in 0. 

Spectroscopic measurements

The absorption of the samples has been measured with a SpectraMax M2 Spectrometer (Molecular Devices). 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 an H2O solution with an absorbance of 0.1 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 

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 0.1 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

The samples were prepared in an air-saturated aqueous 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 at 450 nm or 540 nm 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 was calculated and plotted against the irradiation times. From the plot the slope of the linear regression was calculated. As reference for the measurement [Ru(bipy)3]Cl2 (Φ1O2,Ru(bipy)₃Cl₂ = 0.22) 128 was used and the singlet oxygen quantum yields were calculated using the following formula: 

Stability in H 2 O

The stability of NP in H2O was investigated by UV/Vis spectroscopy and dynamic light scattering (DLS). The solution was stored at room temperature in the dark. The absorption spectrum from 250-600 nm was recorded with a SpectraMax M2 Microplate Reader (Molecular Devices) and the size distribution with a Malvern ZetaSizer Nano ZS after each time interval (0-7 days) and compared.

Cell culture

Human normal lung fibroblast (MRC-5) cells were cultured in DMEM/F10 media. The human ovarian carcinoma (A2780), human cisplatin resistant ovarian carcinoma (A2780 cis) and human doxorubicin resistant ovarian carcinoma (A2780 ADR) cell lines were cultured in RPMI 1640 media. The resistance of A2780 cis was maintained by cisplatin treatment (1µM) for one week every month. The cells were used in the assays after one week from the end of the treatment in order to avoid interferences in the results. The resistance of A2780 ADR was maintained by doxorubicin treatment (0.1 µM) once a week. Cells were used in the assays after three days post doxorubicin treatment in order to avoid interferences in the results. All cell lines were complemented with 10% of fetal calf serum, 100 U/mL penicillin-streptomycin mixture and maintained in humidified atmosphere at 37°C and 5% of CO2.

(Photo-)cytotoxicity on 2D monolayer cells

The cytotoxicity of the complexes was assessed using a fluorometric resazurin assay. The cultivated cells were seeded in triplicates in 96 well plates with a density of 4000 cells per well in 100 μL of media. After 24 h, the medium was removed and the cells were treated with increasing concentrations of the complex diluted in cell media achieving a total volume of 200 μL. The cells were incubated with the complex for 4 h. After this time, the media was removed and replaced with 200 μL of fresh medium. For the phototoxicity studies, the cells were exposed to light with an Atlas Photonics LUMOS BIO irradiator at 480 nm (spectral half-width: 20 nm, 10 min, 3.1 J/cm 2 ) or 595 nm (spectral half-width: 20 nm, 60 min, 11.3 J/cm 2 ). Each well was constantly illuminated. During this time, the temperature was maintained constantly at 37 °C. The cells were grown in the incubator for additional 44 h. For the determination of the dark cytotoxicity, the cells were not irradiated and after the medium exchange directly incubated for 44 h. After this time, the medium was replaced with fresh medium containing resazurin with a final concentration of 0.2 mg/mL. After 4 h incubation, the amount of the fluorescent product resorufin was determined upon excitation at 540 nm and measurement its emission at 590 nm using a SpectraMax M2 Microplate Reader (Molecular Devices). The obtained data was analyzed with the GraphPad Prism software.

Cellular uptake

The cellular uptake of the complex was investigated by the determination of the Ru content inside the cells. The complex with a final concentration of 25 μM was incubated for 4 h at 37 °C on a cell culture dish with a density of ca. 5 . 10 6 cells in 10 mL of media. After this time, the media was removed and the cells were washed with cell media. The cells were trypsinised, harvested, centrifuged and resuspended. The number of cells on each dish was accurately counted. Each sample was the digested using a 60% HNO3 solution for three days. The acid was evaporated and the residue dissolved in 2% HCl in water. The Ru content was determined using an ICP-MS apparatus and comparing the results with the Ru references. The Ru content was then associated with the number of cells.

Intracellular distribution by ICP-MS

The co-localisation of the compound was determined by measuring the Ru content inside the cell via ICP-MS. 20 . 10 6 cells were incubated with the compound (20 μM) for 4 h at 37°C in the dark.

After this time, the cells were detached with trypsin and harvested. The number of cells was accurately counted. The amount was equally divided. In the first portion, the nucleus was extracted using a nucleus extraction kit (Thermo Scientific); in the second portion, the mitochondria was extracted using a mitochondria extraction kit (Thermo Scientific); in the third portion, the lysosome was extracted using a lysosome extraction kit (Sigma Aldrich); in the fourth portion, the golgi apparatus was extracted using a golgi apparatus extraction kit (Sigma Aldrich) and in the fifth portion, the endoplasmic reticulum was extracted using a endoplasmic reticulum extraction kit (Sigma Aldrich). Each sample was digested using a 60% HNO3 solution for three days. The solution was evaporated and each sample was diluted to solution of 2% HCl in water. The Ru content was determined using an ICP-MS apparatus and comparing the results with the Ru references. The Ru content was then associated with the number of cells.

Cell death mechanism

The cell death mechanism assay was investigated using a fluorometric resazurin assay after preincubation with various cell death inhibitors. 3-methyladenine (100 μM), Z-VAD-FMK (20 μM), cycloheximide (0.1 μM) and necrostatin-1 (60 μM) were pre-incubated in A2780 cells for 40 min. NP (2.64 μM) was then incubated for 4 h. After this time, the media was removed and replaced with 200 μL of fresh medium. For the phototoxicity studies, the cells were exposed to light with an Atlas Photonics LUMOS BIO irradiator at 480 nm (spectral half-width: 20 nm, 10 min, 3.1 J/cm 2 ). Each well was constantly illuminated and the temperature was maintained at 37 °C. The cells were grown in the incubator for additional 44 h. For the determination of the dark cytotoxicity, the cells were not irradiated and after the medium exchange directly incubated for 44 h. After this time, the medium was replaced with fresh medium containing resazurin with a final concentration of 0.2 mg/mL. After 4 h incubation, the amount of the fluorescent product resorufin was determined upon excitation at 540 nm and measurement its emission at 590 nm using a SpectraMax M2 Microplate Reader (Molecular Devices). The obtained data was analyzed with the GraphPad Prism software.

Caspase-3/7 activation

Caspase-3/7 activity was measured using Caspase-Glo-3/7 assay kit (Promega). The cultivated cells were seeded in triplicates in 96 well plates with a density of 4000 cells per well in 100 μL of media. After 24 h, the medium was removed and the cells were treated with NP (5.28 μM) diluted in cell media achieving a total volume of 200 μL. For the phototoxicity studies, the cells were exposed to light with an Atlas Photonics LUMOS BIO irradiator at 480 nm (spectral half-width: 20 nm, 10 min, 3.1 J/cm 2 ). Each well was constantly illuminated and the temperature was maintained at 37 °C. The cells were grown in the incubator for additional 12 h. After this time, Caspase-Glo 3/7 reagent (100 μL) was added and the cells incubated for an additional 1 h in the dark. The generated chemiluminescence was measured using a SpectraMax M2 Microplate Reader (Molecular Devices).

Generation of 3D multicellular tumor spheroids (MCTS)

MCTS were cultured using ultra-low attachment 96 wells plates from Corning. The cells were seeded at a density of 4000 cells per well in 200 µL. The MCTS were cultivated and maintained in a cell culture incubator at 37 °C with 5% CO2 atmosphere. The culture media was replaced every two days. Within two-three days MCTs were formed from the cell suspension. The formation as well as integrity and diameter of the MCTs was monitored by light microscopy.

(Photo-)cytotoxicity on 3D multicellular tumor spheroids (MCTS)

The cytotoxicity of the compounds in 3D multicellular tumor spheroids (MCTS) was assessed by measurement of the ATP concentration. MCTS were treated with increasing concentrations of the compound by replacing 50% of the media with drug supplemented media and incubation for 12 h.

After this time, the MCTS were divided in two identical groups. The first group was strictly kept in the dark. The second group was exposed to light with an Atlas Photonics LUMOS BIO irradiator. Each well was constantly illuminated with either a at 480 nm (spectral half-width: 20 nm, 10 min, 3.1 J/cm 2 ) or 595 nm (spectral half-width: 20 nm, 60 min, 11.3 J/cm 2 ) irradiation.

During this time, the temperature was maintained constantly at 37 °C. The cells were grown in the incubator for additional 48 h. The ATP concertation was measured using a CellTiter-Glo 3D Cell

Viability kit (Promega) by measuring the generated chemiluminescence with SpectraMax M2

Microplate Reader (Molecular Devices). The obtained data was analyzed with the GraphPad Prism software.
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Figure 1 .

 1 Figure 1. Chemical structures of the previously studied and here reported Ru(II) polypyridine complexes and polymers used for nanoparticle formulations. The hydrophilic (blue) and lipophilic (green) parts as well as folate (red) are marked in colour.

- 9 .

 9 phototoxic effect in the micromolar range for Ru (IC50 = 0.27 -0.72 μM) and NP (IC50 = 2.64 -63.8 μM) with high phototoxic indices (PI) for NP of up to > 37.9 were observed. The cytotoxic values for NP in A2780 cells and its drug resistant versions were found to be identical, indicating that the PDT treatment with NP is able to overcome drug resistances. Strikingly, while (photo-)toxic values were found to be similar for Ru in the different cell lines, the treatment with NP showed significant different values. The nanoparticles were found to have a significantly higher phototoxicity in the ovarian cancer cell lines (IC50 = 2.64 -3.92 μM), which are overexpressing the folate receptor, compared to the lung fibroblast cell line (IC50 = 40.51 -63.83 μM), which has a normal level of the folate receptors, suggesting a folate targeting effect.

Figure 2 .Figure 3 .

 23 Figure 2. Uptake of NP (25 μM, 4 h) in MRC-5 and A2780 cells. The uptake was determined by measurement of the amount of Ru inside the cells using ICP-MS.

Figure 4 .

 4 Figure 4. Study of the cell death mechanism of NP in A2780 cells upon irradiation at 480 nm (10 min, 3.1 J/cm 2 ) a) upon pre-incubation of different inhibitors and determination of the cell survival. Autophagy inhibitor: 3-Methyladenine (100 μM), apoptosis inhibitor: Z-VAD-FMK (20 μM), paraptosis inihibitor: Cycloheximide (0.1 μM), necrosis inihibitor: Necrostatin-1 (60 μM). b) upon determination of the caspase 3/7 activity.

1 H and 13 C

 13 NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. For analytic HPLC the following system has been used: 2 x Agilent G1361 1260 Prep Pump system with Agilent G7115A 1260 DAD WR Detector equipped with an Agilent Pursuit XRs 5C18 (100 Å, C18 5 µm 250 × 4.6 mm) Column and an Agilent G1364B 1260-FC fraction collector. The flow rate was 1 mL/min and the chromatogram was detected at 250 nm. The solvents (HPLC grade) were millipore water (0.1 % TFA, solvent A) and acetonitrile (solvent B). 0-3 minutes: isocratic 95 % A (5 % B); 3-17 minutes: linear gradient from 95 % A (5 % B) to 0 % A (100 % B); 17-23 minutes: isocratic 0 % A (100% B). Elemental microanalyses were performed on a Thermo Flash 2000 elemental analyzer. Inductively coupled plasma mass spectrometry (ICP-MS) experiments were carried out on HR-ICP-MS Element II (Thermo Scientific) apparatus. The nanoparticle intensity-based diameter was determined by dynamic light scattering (DLS) and zeta potential using a Malvern ZetaSizer Nano ZS. Materials All chemicals were obtained from commercial sources and were used without further purification. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000][ammonium salt] (DSPE-PEG2000-folate) was obtained from Avanti Polar Lipids. Dulbecco's Modified Eagles Medium (DMEM/F10 media), Roswell Park Memorial Institute medium (RPMI 1640), Fetal Bovine Serum (FBS), Gibco Penicillin-Streptomycin-Glutamine (Penstrep), Dulbecco's Phosphate-Buffered Saline (PBS) were purchased from Fisher Scientific and Resazurin from ACROS Organics.

  5 mL DCM was added to a solution of 10 mg of 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000][ammonium salt] (DSPE-PEG2000-folate) in 19.5 mL H2O. The solution was further treated with ultrasonic pulses while keeping the sample constantly at 25 °C. The DCM was removed by evaporation at 50 °C. Large aggregated were removed by size exclusion chromatography. After that, a clear transparent solution of NP in H2O was obtained. The amount of encapsulated complex was determined by ICP-MS as 0.209 mg/mL (Yield: 84%).

2 F = 1 -

 21 450 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 CH3CN (Φem=5.9%) 127 applying the following formula: Φem, sample = Φem, reference (Freference / Fsample) (Isample / Ireference) (nsample / nreference) 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.

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.

  PhotoMedMet to G.G. (GA 681679), has received support under the program "Investissements d' Avenir" launched by the French Government and implemented by the ANR with the reference ANR-10-IDEX-0001-02 PSL (G.G.).

Table 1 .

 1 IC50 values (in μM) in the dark and upon irradiation at 480 (10 min, 3.1 J/cm 2 ) and 595 nm (60 min, 11.3 J/cm 2 ) for Ru and NP in comparison to cisplatin and the PS Protoporphyrin IX (PpIX) in non-cancerous MRC-5 (human normal lung fibroblast) and

	cancerous human ovarian carcinoma (A2780), cisplatin resistant ovarian carcinoma (A2780 CIS) and human doxorubicin resistant
	ovarian carcinoma (A2780 ADR) cells. Average of three independent measurements.								
				MRC-5					A2780				A2780 CIS				A2780 ADR	
		dark	480	PI	595	PI	dark	480	PI	595	PI	dark	480	PI	595	PI	dark	480	PI	595	PI
			nm		nm			nm		nm			nm		nm			nm		nm	
	Ru	4.17	0.27±	15.4	0.46±	9.1	8.39	0.44±	19.1	0.67±	12.5	9.76 ±	0.51±	19.1	0.63±	15.5	9.53	0.55±	17.3	0.72±	13.2
		±	0.12		0.17		±	0.09		0.18		0.88	0.10		0.08		±	0.11		0.15	
		0.36					0.76										0.60				
	NP	>100 40.51	>2.5	63.83	>1.6 >100	2.64	>37.9	3.51	>28.5	>100	2.83	>35.3	3.75	>26.7 >100	2.71	>36.9 3.92±	>25.5
			±		±			±		±			±		±			±		0.74	
			2.79		5.40			0.33		0.64			0.67		0.71			0.49			
	PpIX	>100	6.19	>16.2 16.73	>6.0 >100	4.53	>22.1	8.19	>12.2	>100	6.95	>14.4	8.94	>11.2 >100	7.12	>14.0 10.38	>9.6
			±		±			±		±			±		±			±		±	
			0.74		1.21			0.61		1.13			1.46		1.53			1.96		1.62	
	cisplatin 12.93	-	-	-	-	4.54	-	-	-	-	19.53±	-	-	-	-	8.97	-	-	-	-
		±					±					1.11					±				
		0.86					0.65										0.71				

O2, singlet oxygen; PDT, photodynamic therapy; PI, phototoxic index; PS, photosensitizer; Ru,
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