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Introduction Introduction

Light-induced therapies also known as "phototherapies" whose involve the exposure of patients in order to treat diseases, have been documented for thousands of years in different ancient civilizations [START_REF] Tanaka | Photobiological Basics and Clinical Indications of Phototherapy for Skin Rejuvenation[END_REF] . Among, the light-based therapies described so far, photodynamic therapy (PDT)

and photothermal therapy (PTT) are considered nowadays as promising treatment modalities of variety of cancers including non-melanoma skin, brain, head and neck cancers as well as several solid tumors such as esophageal, lung and prostate cancers [START_REF] Wilson | The Yin and Yang of PDT and PTT[END_REF][START_REF] Li | Clinical development and potential of photothermal and photodynamic therapies for cancer[END_REF] . While the PDT requires the administration of photosensitizing agents also named as photosensitizers, PTT can be performed either without or with exogenous photothermal contrast agents to enhance the selectivity and efficiency of the photothermal effect [START_REF] Li | Clinical development and potential of photothermal and photodynamic therapies for cancer[END_REF] .

PDT is based on a photochemical reaction which combines the action of photosensitizer (PS), light and oxygen molecules to produce reactive oxygen species (ROS), leading to organelles damage and the death of tumor cells [START_REF] Massiot | Photo-triggerable liposomal drug delivery systems: from simple porphyrin insertion in the lipid bilayer towards supramolecular assemblies of lipid-porphyrin conjugates[END_REF] . Indeed, upon the illumination of the PS at a specific wavelength, it is temporarily promoted to a highly excited singlet state (S1) by absorbing a photon (Figure 0.1). Then, as the S1 state is highly unstable and short-lived state, the excited PS return back to its fundamental singlet state S0 by dissipating their energy through either radiative transition called fluorescence or non-radiative vibrational relaxation. In addition, the PS in the S1 state can undergo intersystem crossing (ISC), a non-radiative transition, and reaches an unstable lower energy excited triplet state T1. In this latter, the PSs can dissipate its energy either by phosphorescence or react with different environmental molecules to generate either radicals or singlet oxygen ( 1 O2) via two types of photochemical reactions (type I and type II).

In type I reaction, an electron or a hydrogen atom is transferred to a neighboring molecule, and the PS triplet state can thus induce radical species and radical anion species formation leading to cell death. In type II reaction, PSs in T1 transfer its energy to oxygen ( 3 O2), thus leading to the formation of singlet oxygen ( 1 O2). ROS can be used directly as cytotoxic entities as they strongly react with cell components (protein, DNA) and provoke organelles damage and cell death. Although both types of photochemical reactions may occur during the PDT process, it is generally believed that PSs are proved to experience type II reactions and that the 1 O2 formed from this reaction is primarily responsible for the biological PDT effect [START_REF] Mcfarland | Metal-based photosensitizers for photodynamic therapy: the future of multimodal oncology?[END_REF][START_REF] Silva | Mechanisms of Singlet-Oxygen and Superoxide-Ion Generation by Porphyrins and Bacteriochlorins and their Implications in Photodynamic Therapy[END_REF] . PTT is another non-invasive light-based therapy which consists on the conversion of adsorbed light energy by exogenous photothermal contrast agents into cytotoxic heat that leads to tumor ablation. Accordingly, depending on the temperature increment, the photothermal effects are classified into (i) clinical hyperthermia (42-45 °C) which induces direct cell killing via proteins denaturation as well as other indirect physiotherapeutic effects like the increase of immune cells infiltration [START_REF] Ng | Molecular Interactions in Organic Nanoparticles for Phototheranostic Applications[END_REF][START_REF] Habash | Thermal therapy, part 1: an introduction to thermal therapy[END_REF] , or (ii) thermal ablation or high temperature thermal therapy when the temperature reaches values ≥ 55 °C. This results in rapid proteins coagulation (along with the denaturation of heat shock proteins [START_REF] Xu | Nanomaterials with a photothermal effect for antibacterial activities: an overview[END_REF] ), leading to cell death and tumor tissue ablation [START_REF] Wilson | The Yin and Yang of PDT and PTT[END_REF][START_REF] Ng | Molecular Interactions in Organic Nanoparticles for Phototheranostic Applications[END_REF][START_REF] Habash | Thermal therapy, part 1: an introduction to thermal therapy[END_REF] . The mechanisms of light conversion into heat depend on the nature and the structure of the photothermal agents.

These mechanisms can be classified into three main categories (Figure 0.2):

• Plasmonic heating which is observed with some plasmonic metal nanoparticles such as silver, copper and gold. In these materials, the metal atoms are surrounded by delocalized electrons that can move freely within the metal. A plasmon resonance phenomenon which is a collective oscillation of electrons occurs when the wavelength of the incident light matches the natural frequency of electrons on the surface of metals. This coherent oscillation of electrons with the incident electromagnetic field results in the generation of heat.

• Electron-hole generation and relaxation which is the common mechanism of heat conversion for semiconductors materials that generate above-bandgap electron-hole pairs upon the absorption of light energy higher than the bandgap. These above-bandgap electron-hole pairs will then relax to the band edges with subsequent conversion of the extra energy into heat.

• Fluorescence quenching and vibrational relaxation observed in supramolecular assemblies of pigments. Indeed, because of the densely packed pigments organization inside the assemblies, the fluorescence of porphyrins is completely quenched, thus, upon their illumination at a specific wavelength, the absorbed photonic energy usually released as fluorescence and singlet oxygen is dissipated thermally through vibrational relaxation [START_REF] Dendramis | Laser Photolysis of Dye-Sensitized Nanocapsules Occurs via a Photothermal Pathway[END_REF][START_REF] Lovell | Porphysome nanovesicles generated by porphyrin bilayers for use as multimodal biophotonic contrast agents[END_REF] . photodynamic agents can achieve a synergistic effect for tumor therapy [START_REF] Zhou | A Cu9S5 nanoparticle-based CpG delivery system for synergistic photothermal-, photodynamic-and immunotherapy[END_REF][START_REF] Lin | Photosensitizer-Loaded Gold Vesicles with Strong Plasmonic Coupling Effect for Imaging-Guided Photothermal/Photodynamic Therapy[END_REF][START_REF] Jang | Gold Nanorod-Photosensitizer Complex for Near-Infrared Fluorescence Imaging and Photodynamic/Photothermal Therapy In Vivo[END_REF][START_REF] Vankayala | Gold nanoshellsmediated bimodal photodynamic and photothermal cancer treatment using ultra-low doses of near infra-red light[END_REF][START_REF] Sun | Synergistic in vivo photodynamic and photothermal antitumor therapy based on collagen-gold hybrid hydrogels with inclusion of photosensitive drugs[END_REF] . Indeed, added to the direct cytotoxic effect of PTT, this latter induces vasodilation and thus enhances the intratumoral blood flow for oxygen supply which is the essential element for the success of the PDT modality. Thus, combining PDT and PTT in a bimodal fashion within a unique organic nanocomposite would allow synergistic effects that will enhance the therapeutic efficiencies of both treatment modalities. The primary aim of this thesis is to establish a new bioinspired drug delivery platform with dual activity for efficient and selective cancer therapy and to assess their PTT/PDT efficiency in vitro on esophageal cancer cell lines. Esophageal cancer is the seventh most frequent cancer worldwide and the sixth cause of cancer-related mortality, with more than half a million deaths caused per year [START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF] . To date, due to its bad prognosis, the current treatments remain insufficient and many patients are taken in charge at the palliative phase. Indeed, the persistence or recurrence of a locoregional tumor is often observed following chemo-radiotherapy [START_REF] Yano | Photodynamic therapy as salvage treatment for local failures after definitive chemoradiotherapy for esophageal cancer[END_REF] . Surgery is usually the first choice for local treatments after the failure of chemo-and radio-therapies [START_REF] Inoue | Photodynamic Therapy for Esophageal Cancer[END_REF] .

However, due to the high morbidity and mortality rates related to this approach, photodynamic therapy (PDT) was proposed as an effective alternative in the treatment of superficial esophageal squamous cell carcinoma [START_REF] Yano | Photodynamic therapy as salvage treatment for local failures after definitive chemoradiotherapy for esophageal cancer[END_REF][START_REF] Inoue | Photodynamic Therapy for Esophageal Cancer[END_REF][START_REF] Alsaab | Progress in Clinical Trials of Photodynamic Therapy for Solid Tumors and the Role of Nanomedicine[END_REF] . However, PDT is still being investigated in several clinical trials to enlarge its implementation in the diverse stages of esophageal adeno-or squamous carcinoma [START_REF] Inoue | Photodynamic Therapy for Esophageal Cancer[END_REF] . In this case, Porfimer sodium, a FDA-approved photosensitizer (PS) known as Photofrin®, is often indicated. However, this first-generation PS displays several limitations, particularly a severe long-term phototoxicity as well as a weak NIR light absorption (exc = 630 nm [START_REF] Inoue | Photodynamic Therapy for Esophageal Cancer[END_REF] ) leading to a limited light tissue penetration depth, which consequently compromises the therapeutic efficacy of PDT. Taken together, esophageal cancer would be a good target for the development of bimodal photo-mediated nanosystems.

For this aim, bioinspired nanoparticles composed of a highly biocompatible and biodegradable polydopamine (PDA) polymer will be decorated with polyethylene glycol (PEG) chains bearing at their end a photo-activatable molecule (photosensitizer) via a ROS responsive linker This thesis is divided into 3 chapters:

•

The first chapter describes the state-of-the-art regarding the preparation procedures of polydopamine-based nanoparticles, the structural models and formation mechanisms proposed for polydopamine assembly, as well as the physico-chemical properties of polydopamine nanomaterials. In this chapter, we will focus on the applications of PDA-based nanoparticles in cancer treatment, particularly in the development of photothermal/photodynamic bimodal nanoplatforms.

•

The second chapter describes the preparation conditions of controlled monodisperse PDA nanoparticles and their subsequent PEGylation strategy optimized through the combination of quartz crystal microbalance (QCM-D) with atomic force microscopy (AFM). The physico-chemical properties of the nanoparticles were characterized and their nanomechanical properties were determined for the first time.

•

The third chapter is dedicated to the functionalization strategy employed for design of the bimodal system proposed in this thesis and to the calculation of the photothermal conversion efficiency. Finally, the synergistic bimodal therapy of the designed nanosystem will be assessed in vitro on esophageal cancer cell lines as proof of concept.

Each chapter includes a discussion on the critical points encountered throughout the experimental work and we will conclude with a general discussion and a conclusion opening towards new perspectives.

Chapter 1

State-of-the-art

Introduction

The development of bioinspired and bio-mimicking materials has become a predominant strategy for the design of novel nanomaterials with interesting potential functions and promising biomedical applications such as for the treatment of cancer [START_REF] Evangelopoulos | Bioinspired approaches for cancer nanotheranostics[END_REF][START_REF] Li | Recent advances of biomimetic nano-systems in the diagnosis and treatment of tumor[END_REF] and bacterial infections [START_REF] Yang | Bioinspired and Biomimetic Nanotherapies for the Treatment of Infectious Diseases[END_REF] . To this end, melanin pigments have gained growing interest among the bioinspired materials for the design of multifunctional nanomaterials for many biomedical applications. In fact, melanin pigments are ubiquitous natural biopolymers of dark color that can be found in many types of living organisms ranging from bacteria [START_REF] Nosanchuk | The contribution of melanin to microbial pathogenesis[END_REF] and fungi [START_REF] Eisenman | Synthesis and assembly of fungal melanin[END_REF] to plants [START_REF] Glagoleva | Melanin Pigment in Plants: Current Knowledge and Future Perspectives[END_REF] and mammals [START_REF] Naaz | Biochemical aspects of mammalian melanocytes and the emerging role of melanocyte stem cells in dermatological therapies[END_REF] . The key enzyme of melanogenesis in many microorganisms and animals is the tyrosinase [START_REF] Nunes | Chapter 20 -Tyrosinases-physiology, pathophysiology, and applications[END_REF] . While these pigments contribute to the pathogenesis of some microorganisms and to the seeds color in plants, they play different physiological roles in mammals. In these latter species, melanin pigments can be found in various parts of living organisms such as skin, eye, hair and brain medulla, and can be divided into different groups depending on their origin and location, including eumelanin, pheomelanin, neuromelanin, allomelanin, etc. [START_REF] Xie | Natural Eumelanin and Its Derivatives as Multifunctional Materials for Bioinspired Applications: A Review[END_REF][START_REF] Miranda | Melanogenesis, tyrosinase expression, and reproductive differentiation in black and white truffles (Ascomycotina)[END_REF] . Due to their intrinsic properties, natural melanin pigments and their vesicles have been extracted from natural sources such as cuttlefish ink [START_REF] Jiang | Erythrocyte-cancer hybrid membrane-camouflaged melanin nanoparticles for enhancing photothermal therapy efficacy in tumors[END_REF] , hair [START_REF] Li | Lysozyme-Assisted Photothermal Eradication of Methicillin-Resistant Staphylococcus aureus Infection and Accelerated Tissue Repair with Natural Melanosome Nanostructures[END_REF] and skin [START_REF] Young | The Extraction of Melanin from Skin with Dilute Alkali[END_REF] , however due to the complicated extraction and purification procedures, synthetic methods of melanin derivatives were required.

On another hand, the astonishing strong adhesion of marine mussels, Mytilus edulis, to diverse wet surfaces has been a great inspiration for the design of new biomaterials for surface coating [START_REF] Sedo | Catechol-based biomimetic functional materials[END_REF][START_REF] Yu | Synthetic Polypeptide Mimics of Marine Adhesives[END_REF][START_REF] Dalsin | Mussel adhesive protein mimetic polymers for the preparation of nonfouling surfaces[END_REF][START_REF] Statz | New peptidomimetic polymers for antifouling surfaces[END_REF] . This mussel unique robust adhesion was long investigated and was ascribed to the Mytilus edulis foot proteins (Mefps), particularly Mefp-5, which is found preferentially near the adhesive plaque/substrate interface and is able to glue surfaces with a high strength and stability [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] . These Mefps were found to be rich in 3,4-dihydroxyphenylalanine (DOPA) and lysine residues [START_REF] Waite | Reverse engineering of bioadhesion in marine mussels[END_REF][START_REF] Yu | Role of l-3,4-Dihydroxyphenylalanine in Mussel Adhesive Proteins[END_REF][START_REF] Waite | Polyphosphoprotein from the adhesive pads of Mytilus edulis[END_REF] . Inspired by these proteins' chemistry, Messersmith's group reported that, under mild alkaline conditions, dopamine hydrochloride can spontaneously undergo an oxidative selfpolymerization process to afford a strong black-colored coating material, called "polydopamine" (PDA), able to adhere to the surface of all tested inorganic and organic substrates [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] (Figure 1.1A). Indeed, dopamine is a DOPA derivative catecholamine bearing both catechol and amine functions and represents hence a powerful building block for the elaboration of Mefps mimics.

The dopamine auto-oxidation was investigated long before by Swan et al. in 1970 for the synthesis of a "dopamine-melanin" material in studies related to the chemistry of melanins [START_REF] Binns | Studies related to the chemistry of melanins. Part XIII. Studies on the structure of dopaminemelanin[END_REF] .

However, since the pioneering report by Lee et al., polydopamine has mainly emerged as an attractive organic coating material, superior to the common surface modification strategies like layer-by-layer assembly or self-assembled monolayers [START_REF] Ryu | Polydopamine Surface Chemistry: A Decade of Discovery[END_REF][START_REF] Lee | Material-Independent Surface Chemistry beyond Polydopamine Coating[END_REF] . Interestingly, owing to the abundant nucleophilic and electrophilic reactive sites [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF] , polydopamine coatings were proven able to undergo secondary reactions, offering thus an interesting platform for the immobilization of a large repertoire of molecules on the polydopamine-modified substrates [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] .

Hence, polydopamine served as a versatile surface coating and functionalization material in diverse material science fields and allowed the development of diverse polydopamine-coated nanostructures including multifunctional core@shell nanocomposites and hollow nanocapsules or nanotubes [START_REF] Ryu | Polydopamine Surface Chemistry: A Decade of Discovery[END_REF][START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF][START_REF] Ye | Bioinspired catecholic chemistry for surface modification[END_REF][START_REF] Lynge | Polydopamine-a nature-inspired polymer coating for biomedical science[END_REF] .

Besides, as it shares the same precursor molecules, synthesis mechanisms and similar structural and physicochemical properties with the natural eumelanin pigment, polydopamine is also regarded as a synthetic analogue of naturally occurring melanin (Figure 1.1B). Actually, the oxidative process yielding polydopamine coatings leads simultaneously to the formation of aggregates in the bulk solution. Efforts have been devoted to the valorization of such aggregates and the control of polydopamine growth processes in order to obtain stable nano-colloids, that can be used as melanin-like nanoparticles. Eumelanin, a brown-black melanin derived from Tyrosine oxidation into L-DOPA displays a number of intriguing physico-chemical properties at the origin of their important roles in diverse biochemical processes and biological activities. For instance, owing to its broad absorption spectra covering the entire UV-visible-NIR regions, its radical scavenging effect, redox active metal ions chelation and anti-oxidant ability, its fast non-radiative relaxation process and so forth, eumelanin exhibits important photo-protective and anti-oxidative functions and contributes to the homeostasis of several biochemical systems [START_REF] Xie | Natural Eumelanin and Its Derivatives as Multifunctional Materials for Bioinspired Applications: A Review[END_REF] . Importantly, eumelanin is biologically degradable into non-toxic metabolites. These inherent properties are closely related to their chemical composition and molecular buildup. Similarly, owing to its outstanding physico-chemical properties, polydopamine eumelanin-like nanoparticles emerged as powerful biocompatible and biodegradable nanoplatforms with interesting properties such as anti-oxidant effects, photothermal conversion ability and photoacoustic properties [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF][START_REF] Tran | Current Advances in the Utilization of Polydopamine Nanostructures in Biomedical Therapy[END_REF][START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF][START_REF] Cheng | Versatile Polydopamine Platforms: Synthesis and Promising Applications for Surface Modification and Advanced Nanomedicine[END_REF] .

Altogether, due to the advantageous concomitant features derived from both mussel-and melanin-mimicking properties, polydopamine has attracted extensive attention for the design of novel smart nanoplatforms with a plethora of possible applications including in energy and environmental materials sciences but particularly in the biomedical field where it emerged as a material of choice for the elaboration of diverse multifunctional nanosystems of great potential in fields like cancer therapy (Figure 1.2), infections treatment, biosensing and bioimaging, tissue engineering, etc. and their applications in different domains [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF][START_REF] Tran | Current Advances in the Utilization of Polydopamine Nanostructures in Biomedical Therapy[END_REF][START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF][START_REF] Cheng | Versatile Polydopamine Platforms: Synthesis and Promising Applications for Surface Modification and Advanced Nanomedicine[END_REF][START_REF] Mrówczyński | Polydopamine-Based Multifunctional (Nano)materials for Cancer Therapy[END_REF][START_REF] Huang | Recent Advances and Progress on Melanin-like Materials and Their Biomedical Applications[END_REF][START_REF] Park | Recent advances in melanin-like nanomaterials in biomedical applications: a mini review[END_REF][START_REF] Liu | Recent developments in polydopamine: an emerging soft matter for surface modification and biomedical applications[END_REF][START_REF] Batul | Recent progress in the biomedical applications of polydopamine nanostructures[END_REF] . However, recent comprehensive reviews about the physico-chemical prospects governing the formation, behavior and functions of polydopamine nanomaterials are still lacking. Therefore, in this chapter, we will outline the significant known features and bridge them with the recent advancement in the understanding of the structure-properties-processing relationships. Throughout this chapter, the discussion will only concern PDA-based particulate nanosystems, i.e., PDA nanospheres, PDA nanocapsules, and PDA-coated nanosystems. First, we will describe the preparation methods reported for the fabrication of polydopamine products and the major key factors allowing to elaborate polydopamine colloidal structures and shells of controlled properties. Next, we will overview the most relevant structural models proposed, to date, for polydopamine and the underlying formation mechanisms. Thereafter, we will discuss the fundamental physicochemical properties of polydopamine nanomaterials and elucidate their direct implementation in cancer treatment and/or diagnosis, in particular the drug delivery of anticancerous molecules and the photo-based cancer therapies mainly photothermal therapy (PTT) and photodynamic therapy (PDT). Analogies between polydopamine and eumelanin will be made in the different sections of this chapter to give a general understanding of polydopamine properties.

Preparation strategies of polydopamine-based materials

The preparation methods of polydopamine nanomaterials have largely evolved from the first protocol described by Messersmith's group in 2007 [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] . Generally, in presence of a substrate, with dimensions down to the nanoscale, a thin polydopamine layer can be deposited overtime on the substrate's surface, via the oxidation of dopamine precursor. Simultaneously, insoluble polydopamine aggregates are formed in the medium and continue to grow into particles. Many progresses have been achieved in the comprehension of the mechanisms governing polydopamine growth and its aggregation processes. In addition, several efforts have been devoted in the aim of expanding the synthetic toolbox of polydopamine materials and adjusting the set of experimental parameters for the formation of polydopamine shells or particles with strictly controlled morphological and physico-chemical properties. In this section, we will describe the most reported strategies applied to control polydopamine synthesis, particularly PDA nanocolloids and PDA-coated nanosystems. They are commonly categorized into three major approaches, namely the solution oxidation (Figure 1.4A), the enzymatic oxidation (Figure 1.4B) and the electropolymerization (Figure 1.4C) of dopamine monomers (Table 1.1). We will discuss the different key parameters shown to have a great impact on the dopamine oxidation kinetics and consequently on the prepared polydopamine nanomaterials. 

. Auto-oxidative polymerization in alkaline conditions

To date, the solution auto-oxidative self-polymerization of dopamine hydrochloride in mild alkaline solution (pH > 7.5) under ambient atmosphere remains the simplest and most common strategy used for the preparation of polydopamine products, due to its versatility, costeffectiveness and reproducibility. Polydopamine synthesis occurs rapidly and is accompanied with a color change of the solution from colorless to pale brown turning progressively to dark brown or black.

At first, this method has been described for the preparation of PDA coatings and was achieved in an aqueous Tris buffer solution (pH 8.5) [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] . Soon later, this protocol was further adapted to produce polydopamine coatings of controlled thicknesses and morphologies and more interestingly to valorize the polydopamine aggregates formed in the bulk solution. It was proposed that the oxidation of dopamine monomer leads to the formation of a dopaminequinone moiety, which undergoes cyclization and further oxidation and rearrangement processes, yielding eventually polydopamine products. Kinetics studies have generally agreed that the first oxidation step of the deprotonated dopamine was the rate-determining step in polydopamine formation. The following intramolecular cyclization process was relatively rapid. Consequently, several strategies have emerged based on controlling the oxidation reaction kinetics mainly through tailoring the following experimental conditions: the solution pH, the used buffer/solvent, dopamine concentration and the temperature (Figure 1.4A).

Choice of solvent and pH value

The pH value of the reaction solution is a vital factor allowing to control the kinetics of dopamine auto-oxidative self-polymerization. Based on the generally adopted mechanism of polydopamine synthesis (Scheme 1.1A), a basic pH appears crucial for the consumption of the hydrogen protons produced as polydopamine formation progresses. This allows the shift of the redox equilibrium towards polydopamine production [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF] and an increase in the initial solution pH leads to the acceleration of dopamine oxidation rates [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Cho | Hydroxide ion-mediated synthesis of monodisperse dopamine-melanin nanospheres[END_REF] . Hence, by increasing the initial pH, an increase in the thickness of the PDA deposited layer could be achieved in the case of polydopamine coatings [START_REF] Ball | Kinetics of polydopamine film deposition as a function of pH and dopamine concentration: Insights in the polydopamine deposition mechanism[END_REF] , while when producing polydopamine nanoparticles, a decrease in the particles size could be obtained [START_REF] Ho | The pH-controlled nanoparticles size of polydopamine for anti-cancer drug delivery[END_REF] . The choice of the reactant solvent is another critical factor of a great impact on the outcomes of dopamine oxidative polymerization.

Alkaline buffers:

To date, the use of Tris buffer (at pH 8.5) as a basic polymerization initiator remains the most common method used for the preparation of polydopamine coatings [START_REF] Ponzio | Oxidant Control of Polydopamine Surface Chemistry in Acids: A Mechanism-Based Entry to Superhydrophilic-Superoleophobic Coatings[END_REF] . It is worth noting that the structural investigation of the as-prepared coatings revealed that Tris could be incorporated in polydopamine scaffold via covalent coupling between its primary amine and the dopaminequinone intermediate, which risks impacting the materials properties [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF][START_REF] Vecchia | Tris Buffer Modulates Polydopamine Growth, Aggregation, and Paramagnetic Properties[END_REF] . However, Tris incorporation in PDA matrix was found to be prevalent only at the highest Tris/dopamine molar ratios [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF] . To avoid such interference, other amine-free alkaline buffers were reported for the preparation of PDA coatings, in particular phosphate and bicarbonate buffers [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF][START_REF] Vecchia | Tris Buffer Modulates Polydopamine Growth, Aggregation, and Paramagnetic Properties[END_REF][START_REF] Bernsmann | Dopamine-melanin film deposition depends on the used oxidant and buffer solution[END_REF] .

NaOH solution:

To fabricate colloidal PDA nanospheres, further acceleration of the dopamine oxidation kinetics is needed. The synthesis of nano-sized particles was reported for the first time in 2011 by Ju et al. [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] . In their protocol, sodium hydroxide (NaOH) aqueous solution was used in replacement to the above-mentioned basic buffers, which affected considerably the oxidation kinetics of deprotonated dopamine and allowed the production of nanoparticles with a size less than 100 nm. This protocol was later adopted by several groups for the synthesis of melanin-mimetic nanospheres [START_REF] Ho | The pH-controlled nanoparticles size of polydopamine for anti-cancer drug delivery[END_REF][START_REF] Amin | Size Control and Fluorescence Labeling of Polydopamine Melanin-Mimetic Nanoparticles for Intracellular Imaging[END_REF] . Later, Cho et al. investigated more in depth the hydroxide-ion mediated synthesis of stable polydopamine nanoparticles [START_REF] Cho | Hydroxide ion-mediated synthesis of monodisperse dopamine-melanin nanospheres[END_REF] . Considering their critical role in hydrogen abstraction during dopamine oxidation, it was found that the concentration of hydroxide ions directly influences the initial dopamine oxidation rate which determines the number of nuclei for nanospheres growth and enables the control of nanospheres diameter. Precisely, an increase of hydroxide ions concentration induced a linear acceleration of the oxidation rate and an early saturation of the solution with oxidized dopamine, leading therefore to the formation of more nucleation sites and consequently the production of smaller nanospheres [START_REF] Cho | Hydroxide ion-mediated synthesis of monodisperse dopamine-melanin nanospheres[END_REF] . Moreover, in the used hydroxide concentrations range, nanoparticles surface charge was highly negative (-44 mV) which prohibited particles aggregation and maintained their colloidal stability.

Although sodium hydroxide-mediated protocol was revealed efficient for the preparation of nano-sized PDA spheres with a reproducible fine control over their size and a good colloidal stability in water and biological media, large polydopamine aggregates were simultaneously produced in the reaction medium, which necessitated an additional time-consuming purification step in order to be removed from the final preparation (by low-speed centrifugation, supplementary filtration, etc.) [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Amin | Size Control and Fluorescence Labeling of Polydopamine Melanin-Mimetic Nanoparticles for Intracellular Imaging[END_REF] . Relatively high temperatures were also needed to reach the desired nanometric size (around 50 °C).

Water/organic solvents mixture or organic solvents:

Further efforts have been devoted to establishing alternative preparation pathways offering a better control of the nanospheres size distribution. In this context, Lu's group reported for the first time a new protocol allowing the direct synthesis of monodisperse PDA nanospheres with a highly controlled size and morphology, using a water-ethanol mixed solvent (with 29 % (v/v) ethanol) in presence of ammonium hydroxide (NH4OH) as the basic catalyst [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF][START_REF] Ai | Sp2 C-Dominant N-Doped Carbon Sub-micrometer Spheres with a Tunable Size: A Versatile Platform for Highly Efficient Oxygen-Reduction Catalysts[END_REF] . The size of the as-prepared nanospheres could be tightly tuned in the range of several tens to hundreds of nanometers by varying the ammonia to dopamine molar ratio; higher ratios resulted in smaller nanoparticles. In a parallel study, Yan et al. highlighted the important role of water-alcohol mixed systems in the preparation of monodisperse spherical polydopamine nanoparticles;

dopamine oxidation was conducted here in presence of Tris buffer at pH 8.5 and ethanol mixture [START_REF] Yan | Polydopamine spheres as active templates for convenient synthesis of various nanostructures[END_REF] . Interestingly, it was revealed that pure ethanol could impede dopamine polymerization [START_REF] Yan | Polydopamine spheres as active templates for convenient synthesis of various nanostructures[END_REF][START_REF] Jiang | Mussel-inspired proteinmediated surface functionalization of electrospun nanofibers for pH-responsive drug delivery[END_REF] , which suggested that its introduction in the reactant medium as a co-solvent may offer a control over the polymerization rate and consequently over polydopamine particles growth process. To better explain all these findings, Jiang et al. studied the formation of PDA particles achieved in ammonium hydroxide in presence of various alcohol-water mixtures and calculated the Hansen solubility parameter corresponding to each solvent system [START_REF] Jiang | Selecting water-alcohol mixed solvent for synthesis of polydopamine nano-spheres using solubility parameter[END_REF] . Their results demonstrated that the monodisperse PDA nanospheres could only be obtained at an appropriate volume fraction of ethanol ranging from 25% to 40%, which corresponded to the solvent mixture solubilizing at best the dopamine monomer. The highest conversion of dopamine was also obtained in this range of ethanol / water volume ratios. This alcohol-water system was not only limited to ethanol, but other alcohols such as methanol (at 10% or 20%) or 2-propanol (at 40%) were also proven to be efficient in the preparation of spherical monodisperse nanoparticles. Isopropyl alcohol and ethylene glycol were also reported in other studies for PDA nanoparticles preparation and showed similar results [START_REF] Yan | Polydopamine spheres as active templates for convenient synthesis of various nanostructures[END_REF] .

It should be noted that dopamine polymerization could be also achieved in pure organic basic solvents like piperidine, which allowed to expand polydopamine applications to hydrolysable substrates coating but also to simultaneous immobilization of water-insoluble molecules [START_REF] You | Polydopamine coating in organic solvent for material-independent immobilization of water-insoluble molecules and avoidance of substrate hydrolysis[END_REF] .

Dopamine concentration

Dopamine concentration is another key parameter which considerably affects polydopamine particles morphology and films deposition kinetics and characteristics [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF][START_REF] Ball | Deposition Mechanism and Properties of Thin Polydopamine Films for High Added Value Applications in Surface Science at the Nanoscale[END_REF] . Increasing the initial dopamine concentration (from 0.1 to 5 g.l -1 ) resulted in a linear increase of the coating thickness [START_REF] Ball | Deposition Mechanism and Properties of Thin Polydopamine Films for High Added Value Applications in Surface Science at the Nanoscale[END_REF][START_REF] Liu | Mussel-Inspired Polydopamine: A Biocompatible and Ultrastable Coating for Nanoparticles in Vivo[END_REF] , but also in increasing the coatings surface roughness [START_REF] Vecchia | Tris Buffer Modulates Polydopamine Growth, Aggregation, and Paramagnetic Properties[END_REF] . The dopamine concentration first reported by Lee et al. and commonly used for general surface functionalization purposes is of 2 g.l -1 , however, lower concentrations (< 0.5 g.l -1 ) were preconized when polydopamine is used for the functionalization of nanostructures [START_REF] Liu | Mussel-Inspired Polydopamine: A Biocompatible and Ultrastable Coating for Nanoparticles in Vivo[END_REF] . In fact, the decrease of dopamine concentration to such low values allowed to effectively reduce the formation of polydopamine particles and thus their aggregation limiting the inevitable increase of PDA shells roughness [START_REF] Liu | Mussel-Inspired Polydopamine: A Biocompatible and Ultrastable Coating for Nanoparticles in Vivo[END_REF] . Furthermore, it should be taken into account that dopamine concentration can also impact the molecular composition of the polydopamine products, in particular the relative proportions of cyclized and uncyclized units. In fact, at very low Chapter 1 20 concentrations of this catecholamine (0.1 g.l -1 ), a larger ratio of cyclized indole units is obtained [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF] . Dopamine concentration should also be properly adjusted for the preparation of monodisperse polydopamine nanoparticles, since unstable small nanospheres were obtained at low dopamine concentrations, while high values led to large nanospheres with an irregular shape [START_REF] Cho | Hydroxide ion-mediated synthesis of monodisperse dopamine-melanin nanospheres[END_REF] . Hence, tailoring dopamine concentration in the range yielding monodisperse nanoparticles allows the control of nanoparticles size and yield [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Cho | Hydroxide ion-mediated synthesis of monodisperse dopamine-melanin nanospheres[END_REF][START_REF] Zmerli | Bioinspired polydopamine nanoparticles: synthesis, nanomechanical properties, and efficient PEGylation strategy[END_REF] .

Temperature

The experimental temperature is another important factor that has to be carefully adjusted in order to control dopamine oxidation rates. Indeed, increasing the reaction temperature resulted in accelerated polydopamine deposition rates, leading to thicker and more hydrophilic polydopamine coatings in comparison to those formed at lower temperatures [START_REF] Jiang | Surface Characteristics of a Self-Polymerized Dopamine Coating Deposited on Hydrophobic Polymer Films[END_REF] . On the other hand, in the case of polydopamine nanoparticles production, increasing the temperature gave rise to smaller nanospheres with higher yields [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Zmerli | Bioinspired polydopamine nanoparticles: synthesis, nanomechanical properties, and efficient PEGylation strategy[END_REF] , which could be explained by enhanced dopamine oxidation kinetics. Cho et al. suggested that the temperature can impact the size of polydopamine nanospheres via different modalities [START_REF] Cho | Hydroxide ion-mediated synthesis of monodisperse dopamine-melanin nanospheres[END_REF] . At high values, the hydroxide ions concentration would increase as a result of pKwater decrease, which leads to more nucleation sites and eventually smaller nanoparticles.

Templates

To date, the traditional template-free synthesis strategy based on the simple dopamine polymerization in alkaline aqueous or water-ethanol solutions remains largely adopted for the preparation of the PDA-based nanoplatforms. However, several templates-guided approaches have been also developed, permitting to further monitor dopamine polymerization and to shape polydopamine-based nanostructures into colloidal polydopamine nanoparticles, hollow nanocapsules or tubes, mesoporous nanoparticles, etc.

For instance, a reverse microemulsion-based method was employed to prepare relatively small monodisperse polydopamine nanospheres with a tunable size ranging from 25 to 43 nm [START_REF] Liu | Controllable synthesis of polydopamine nanoparticles in microemulsions with pH-activatable properties for cancer detection and treatment[END_REF] . In this method, ammonium hydroxide was used as the aqueous phase and was added to a mixture of cyclohexane, used as the oil phase, and Igepal CO-520, used as the surfactant. After sonication and stirring, ammonia aqueous nanosized droplets are formed in the oil cyclohexane phase and act as a confined nanoreactor for the synthesis of polydopamine nanospheres, with a tunable size obtained by tailoring the amount of ammonium hydroxide and the reaction temperature.

Besides, polydopamine nanoparticles synthesis could also be controlled through the addition of templating molecules such as surfactants [START_REF] Ponzio | Role of surfactants in the control of dopamine-eumelanin particle size and in the inhibition of film deposition at solid-liquid interfaces[END_REF] , polyelectrolytes [START_REF] Mateescu | Polyelectrolytes to produce nanosized polydopamine[END_REF] and other polymers [START_REF] Zhang | Assembly of poly(dopamine) films mixed with a nonionic polymer[END_REF] . Cationic and anionic surfactants (like hexadecyltrimethylammonium bromide (HTAB) and sodium dodecylsulfate (SDS), respectively) [START_REF] Ponzio | Role of surfactants in the control of dopamine-eumelanin particle size and in the inhibition of film deposition at solid-liquid interfaces[END_REF] allowed the preparation of small nanoparticles with a tunable size that could be considerably decreased by increasing surfactant's concentration. For the highest concentrations of surfactants, exceeding their critical micellar concentrations, nanoparticles could reach a range of sizes only slightly higher than those of surfactants micelles [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF] . It was proposed that surfactants interact with dopamine and act as templates for confined polydopamine growth. The structure of the as-prepared polydopamine was similar to the conventionally produced polydopamine. Similar to surfactants, a vast repertoire of polyelectrolytes were found effective in controlling the size of PDA nanospheres in a concentration-dependent manner [START_REF] Mateescu | Polyelectrolytes to produce nanosized polydopamine[END_REF] . It was proposed that the mechanisms by which polyelectrolytes act may differ depending on their chemical nature. As an example, it was suggested that polycations bearing primary amine functions, like poly(allylamine hydrochloride), would interact covalently with the quinone groups of oxidized dopamine units and small polydopamine aggregates and act as "capping agents" limiting preferentially polydopamine formation near the polyelectrolyte and yielding, for sufficiently high polyelectrolyte concentrations, nanoparticles slightly larger than the polyelectrolyte diameter.

Several other templating molecules were reported in the literature for the controlled preparation of polydopamine-based nanomaterials, including certain proteins like human serum albumin [START_REF] Chassepot | Human serum albumin and other proteins as templating agents for the synthesis of nanosized dopamine-eumelanin[END_REF] which allowed the increase of dopamine oxidation rates and yielded small stable biocompatible polydopamine nanoparticles. Interestingly, by screening the proteins of skin melanocytes found usually surrounding eumelanin, a specific amino acids diad in proteins, L-lysine (K) -Lglutamic acid (E), was found particularly efficient in the oxidation control process [START_REF] Bergtold | Mimicking the Chemistry of Natural Eumelanin Synthesis: The KE Sequence in Polypeptides and in Proteins Allows for a Specific Control of Nanosized Functional Polydopamine Formation[END_REF][START_REF] El Yakhlifi | Polydopamine as a stable and functional nanomaterial[END_REF] . This KE diad would likely play a templating effect in polydopamine nanoparticles assembly via establishing synergistic interactions with dopamine (hydrogen bonding and -cation interactions) leading to an increased residence time of dopamine on this dipeptide as investigated by molecular dynamics simulations [START_REF] El Yakhlifi | Polydopamine as a stable and functional nanomaterial[END_REF] .

Template-guided dopamine polymerization pathways could also induce significant morphological changes of polydopamine assemblies. The most cited studies to this regard described the drastic impact of folic acid (FA) on the obtained PDA nanostructure [START_REF] Fan | Folic acid-polydopamine nanofibers show enhanced ordered-stacking via π-π interactions[END_REF][START_REF] Chyasnavichyus | Probing of Polymer Surfaces in the Viscoelastic Regime[END_REF] . In fact, Chapter 1
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when this molecule was added to dopamine solution, new aggregated nanobelts-and nanofibers-type structures were generated in the alkaline solution, preferentially at 60 °C. The authors proposed that the presence of FA favored the formation of porphyrin-like indolic tetramers and enhanced their ordered stacking through - stacking interactions, which would lead preferentially to an aggregation into the graphite-like ordered nanostructures. Mesoporous polydopamine nanostructures could also be designed using triblock copolymer Pluronic F127 / 1,3,5-trimethylbenzene (TMeB) emulsion composites as organic templates in Tris buffer solution [START_REF] Chen | Nanoscale Polydopamine (PDA) Meets π-π Interactions: An Interface-Directed Coassembly Approach for Mesoporous Nanoparticles[END_REF][START_REF] Xing | Mesoporous polydopamine nanoparticles with co-delivery function for overcoming multidrug resistance via synergistic chemo-photothermal therapy[END_REF] . It was proposed that the formation of the mesoporous structure was favored by the - stacking interactions between polydopamine aggregates and the -electron-rich TMeB.

Primary polydopamine particles formed in the solution would diffuse into the organic TMeB phase and subsequent packing of PDA particles would occur leading to the mesoporous nanostructure with particles and pores sizes tunable via varying TMeB / F127 weight ratios.

The preparation of polydopamine-based Janus composites as multifunctional nanoplatforms was also described in several reports, using diverse innovative strategies [START_REF] Zhang | Precise synthesis of unique polydopamine/mesoporous calcium phosphate hollow Janus nanoparticles for imaging-guided chemo-photothermal synergistic therapy[END_REF][START_REF] Shang | Bioinspired polydopamine coating as a versatile platform for synthesizing asymmetric Janus particles at an air-water interface[END_REF][START_REF] Xu | Electrostatic repulsion-controlled formation of polydopamine-gold Janus particles[END_REF][START_REF] Sheng | Dopamine Polymerization in Liquid Marbles: A General Route to Janus Particle Synthesis[END_REF] . In addition, hollow polydopamine (nano)capsules or (nano)tubes could also be obtained through polymerization of dopamine on soft templates (liquid-liquid interface) like emulsion droplets [START_REF] Qu | Interfacial Polymerization of Dopamine in a Pickering Emulsion: Synthesis of Cross-Linkable Colloidosomes and Enzyme Immobilization at Oil/Water Interfaces[END_REF][START_REF] Cui | Monodisperse polymer capsules: Tailoring size, shell thickness, and hydrophobic cargo loading via emulsion templating[END_REF][START_REF] Xu | Interfacial Basicity-Guided Formation of Polydopamine Hollow Capsules in Pristine O/W Emulsions -Toward Understanding of Emulsion Template Roles[END_REF][START_REF] Zhuang | Polydopamine Nanocapsule: A Theranostic Agent for Photoacoustic Imaging and Chemo-Photothermal Synergistic Therapy[END_REF] and tetrahydrofuran-Tris buffer mixture [START_REF] Ni | Preparation of polydopamine nanocapsules in a miscible tetrahydrofuran-buffer mixture[END_REF] or on solid particulate templates of various sizes and shapes (solid-liquid interface) like SiO2, CaCO3, etc., followed by selective removal of the template core [START_REF] Postma | Self-Polymerization of Dopamine as a Versatile and Robust Technique to Prepare Polymer Capsules[END_REF][START_REF] Xue | Scalable Fabrication of Polydopamine Nanotubes Based on Curcumin Crystals[END_REF][START_REF] Dong | Synthesis of Hollow Biomineralized CaCO3-Polydopamine Nanoparticles for Multimodal Imaging-Guided Cancer Photodynamic Therapy with Reduced Skin Photosensitivity[END_REF][START_REF] Tran | Synthesis of Polydopamine Hollow Capsules via a Polydopamine Mediated Silica Water Dissolution Process and Its Application for Enzyme Encapsulation[END_REF][100] .

Chemically-assisted oxidative polymerization of dopamine (using exogenous oxidants)

Despite its versatility and simplicity, the auto-oxidative pH-induced method is a relatively slow process demanding at least several hours to overnight incubation times 101 , and requires alkaline conditions in order to reach reasonable reactions rates 102 . Besides, dissolved atmospheric oxygen is a critical element contributing to dopamine auto-oxidation and polymerization reactions, via hydrogen abstraction [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF][103][104] . Indeed, when oxygen was eliminated from the solution, either by permanent nitrogen gas bubbling or by deoxygenation under vacuum, the incubation of dopamine in alkaline conditions, even at high pH values, did not visibly lead to polydopamine production [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] .

Therefore, efforts have been made to overcome these limitations and alternative preparation strategies, based on the use of exogenous oxidants, have been developed to accomplish faster oxidation kinetics and further adjust polydopamine products properties. Such alternatives allowed, potentially, the production of polydopamine under neutral or acidic pH, which would be particularly interesting to expand polydopamine surface coating and one-pot drug/adjuvant co-loading applications to base-sensitive or insoluble substrates and molecules [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF] .

In fact, under high concentrations of oxygen (up to pure oxygen), the reaction kinetics increased drastically and allowed the deposition of highly homogenous and ultra-smooth PDA layers, achieved in much shorter deposition times 105 . Beside pure oxygen, other water-soluble oxidizing reagents were proven efficient to induce accelerated dopamine polymerization and could trigger polydopamine formation in mild alkaline, in neutral or acidic solutions [START_REF] Lee | Material-Independent Surface Chemistry beyond Polydopamine Coating[END_REF][START_REF] Ponzio | Oxidant Control of Polydopamine Surface Chemistry in Acids: A Mechanism-Based Entry to Superhydrophilic-Superoleophobic Coatings[END_REF]103,106 . In this context, various oxidants have been employed including sodium periodate (NaIO4), ammonium peroxydisulfate ((NH4)2S2O8) and potassium permanganate (KMnO4), in addition to multiple other inorganic chemicals and metal ion additives such as Cu(II), Fe(III) and Mn(III) salts, etc. [START_REF] Bernsmann | Dopamine-melanin film deposition depends on the used oxidant and buffer solution[END_REF][102][103][106][107][108] . The choice of the used oxidant as well as its concentration has a major impact on the polymerization rates and the pathways favored during polydopamine assembling process 109 . Besides, mixtures of CuSO4/H2O2 110 , FeCl3/H2O2 111 or FeSO4/H2O2 112 were also used as oxidants for ultra-fast polydopamine shells or nanoparticles formation. Despite the great enhancement of polydopamine production kinetics, the possible effect of metal ions on the structure and properties of polydopamine should be taken into account. Indeed, polydopamine components (particularly catechol groups) exhibit a high affinity and complexation ability towards various metallic cations, leading to the inevitable incorporation of these latter in polydopamine matrix. Depending on the redox and complexation ability of the metal ion, this would lead to changes in polydopamine chemical composition (loss of nitrogen content, presence of metal content) and consequently to changes in its physico-chemical properties [START_REF] Lee | Material-Independent Surface Chemistry beyond Polydopamine Coating[END_REF]107,113 .

Radical-, ionization-and microwave-assisted dopamine polymerization

In order to avoid chemical contamination of polydopamine nanomaterials encountered when using exogenous oxidants, alternative strategies have been developed to obtain fast dopamine polymerization kinetics, for the formation of polydopamine under neutral or even acidic conditions. Recently, Wang et al. reported a free radical-mediated strategy allowing further control of the size of PDA nanoparticles prepared in a water/ethanol/ammonia mixture, via tuning the free radicals in the reaction medium 114 . Based on the speculation that polydopamine formation process could involve radical coupling pathways related to the generation of semi-quinone radical intermediates via dismutation reaction [115][116] , two strategies were tested and found effective to control polydopamine formation. The first one consisted in quenching the radical intermediates generated during PDA formation via the addition of strong radical scavengers (such as edaravone), which leads to the inhibition of nanoparticles growth. Whereas the second strategy was based on the addition of stable free radicals (such as PTIO•) which facilitates the seed formation process. Both strategies offer an interesting modality to control PDA nanoparticles diameter, while maintaining the characteristic chemical structure and physico-chemical properties of the conventional nanoparticles.

Free radical species triggering polydopamine formation can also be generated by providing external energy to the system via UV irradiation [117][118] . This light-induced method allowed the acceleration of dopamine polymerization under alkaline conditions and was also proven effective for polydopamine formation at neutral or acidic conditions (down to pH 2.0) 119 .

Polydopamine formation could also be achieved by using visible light, under neutral conditions (pH = 7.0), in presence of 9-mesityl-10-methylacridinium ions as a photocatalyst 119 . Excited, this molecule can activate the solution dissolved oxygen, which triggers dopamine polymerization. The microwave-assisted polymerization is another method found to accelerate polydopamine formation in a chemical-free manner. Using this technique, only 15 minutes were needed to deposit 18 nm film thickness of PDA under 1000 W versus several hours for the traditional protocol 101 . This enhancement effect of the polymerization kinetics was attributed to an increased radical generation by microwave irradiation and the resulting superheating effect. However, to the best of our knowledge, no previous studies have been reported about using waves-based polymerization processes for the preparation of PDA nanoparticles.

A hydrothermal process was also used to trigger dopamine oxidation and self-polymerization and allowed to extend polydopamine production to strong acidic environments (pH 1.0 and at 160 °C) 120 . The efficiency of this strategy was attributed to the pronounced auto-ionization of water under the high temperature and pressure employed, leading to the formation of hydroxyl ions in the bulk solution which are involved in dopamine oxidation reactions.

Enzymatic dopamine polymerization

The process of melanin biosynthesis in living organisms has inspired the development of a new approach for the preparation of polydopamine nanomaterials based on enzyme-catalyzed dopamine oxidation and self-polymerization. Several enzymes reported for the oxidation of phenolic compounds and aromatic amines have been employed as catalysts to trigger dopamine oxidative processes. For instance, laccase has been employed for the preparation of polydopamine nanoparticles and coatings (at pH ~ 5.5). In comparison to the conventional polydopamine products, the yielded products were interestingly more stable and uniform 121- 123 . Horseradish peroxidase (HRP) was also efficient for rapid oxidation of dopamine in presence of hydrogen peroxide 124 . Also, using an urease catalytic reaction and based on the basification of the reaction medium coupled to urea hydrolysis, Li et al. developed an efficient approach offering control over dopamine polymerization and yielding polydopamine nanoparticles of tunable sizes that increase linearly with the increase of urea concentration 125 .

Although it is relatively more complicated than the conventional dopamine auto-oxidative protocol, the enzyme-catalyzed strategy represents an environmentally friendly method that is highly efficient for the preparation of polydopamine nanomaterials. Interestingly, being inspired by melanin biosynthesis, polydopamine produced using this method resembles at best to the naturally occurring melanin [START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF][START_REF] Batul | Recent progress in the biomedical applications of polydopamine nanostructures[END_REF] . Furthermore, this approach is particularly advantageous for simultaneous immobilization of enzymes with preserved enzymatic activity in a one-pot preparation method.

Dopamine electro-polymerization strategy

Electropolymerization of dopamine emerged as an alternative approach mainly used for the preparation of polydopamine coatings [126][127][128][129] on diverse conductive nanostructures (TiO2 nanotubes 130 , Fe3O4 nanoparticles 131 , nanoporous gold film 132 , etc.) with rapid polymerization and high deposition rates. Also, PDA-coated magnetite nanoparticles could be electrosynthesized in a one-pot reaction. By varying the time at which dopamine is added to the reaction medium, it was possible to yield nanocomposites with controlled nanoparticles sizes and shell thicknesses 131 . Interestingly, uniform fluorescent polydopamine nanoparticles were obtained by Wang et al. using a novel anodic microplasma electrochemistry method. This technique induced the generation of oxidative species that could trigger the nucleation of polydopamine nanoparticles at the plasma-liquid interface. As the process progressed, the solution pH shifted to acidic values (pH ~ 5) which inhibited the further growth of nanoparticles and allowed the control of their size 133 .

Despite its simplicity, efficiency and possibility to be performed in a deoxygenated medium, the main drawback of the electro-polymerization method is that polydopamine production can only occur on electrically conductive substrates, thus limiting its extent of applications.

To summarize, a wide variety of approaches have been established, to date, for a well-controlled preparation of polydopamine nanomaterials. However, the exact structure and formation mechanisms of polydopamine are still not fully clear, as will be discussed in the following section. Reverse microemulsion:

-Ammonium hydroxide as aqueous phase -Cyclohexane as oil phase -Igepal as surfactant Preparation of small PDA nanospheres, Few tens of nm The size of dispersed ammonia droplets impacts the size of PDA nanoparticles. 76 Basic conditions, in the presence of templating molecules (polymers, polyelectrolytes, surfactants, proteins, etc.) Preparation of small PDA nanospheres, Nm to few tens of nm Templates act as confined environments for PDA synthesis, Templates concentration impacts the size of PDA nanoparticles. 77-78, 80 Basic conditions, in the presence of folic acid (FA) Preparation of PDA nanospheres/nanotubes, Few tens to few hundreds of nm FA and dopamine concentrations impact the morphology of PDA nanostructures. 83, 134 Basic conditions (mainly buffers), in the presence of core templates (soft templates or solid templates selectively removed) Preparation of PDA nanocapsules, Few tens to few hundreds of nm The size and shape of the cores define the size and shape of the hollow PDA structures 

Polydopamine structural models and formation mechanisms

Since polydopamine discovery, numerous studies devoted to the investigation of polydopamine molecular structure and its buildup mechanism have been reported [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF][135][136][137][138][139][140] . However, despite the great efforts invested, the detailed chemical composition of polydopamine is not fully understood yet and the elucidation of a definite structural model is still a long-lasting debate that has not yet come to its end. In fact, polydopamine's insoluble nature in common aqueous and organic solvents [135][136]140 made it difficult to investigate its structure by means of conventional analytical techniques usually applied for polymers molecular weights characterization [140][141] . Besides, it is accepted that polydopamine composition has a marked chemical heterogeneity and can depend on the preparation method and experimental conditions, as explained above [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF][START_REF] Bernsmann | Dopamine-melanin film deposition depends on the used oxidant and buffer solution[END_REF] , which makes the elucidation of an exact structure more challenging.

Various techniques were applied to uncover polydopamine composition, including mainly mass spectroscopic analyses, solid-state nuclear magnetic resonance (ss NMR), X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (PXRD), and Fourier transform infrared (FTIR) spectroscopy along with other analytical methods. Theoretical approaches based on molecular energies calculations were also employed in order to provide more insights into polydopamine molecular organization 136,139,142 . Moreover, as previously stated, polydopamine is commonly considered as a eumelanin-like material and there is a general agreement that polydopamine shares formation steps with eumelanin biosynthesis. Therefore, comparative structural studies were also undertaken to help bring more understanding of polydopamine characteristic molecular features [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF][142][143] .

Altogether, structural investigations carried out on PDA products (particles and/or coatings) led to controversial models that fall into three main hypotheses. The first one holds that polydopamine has a polymeric nature wherein dopamine and/or its oxidation derivatives are covalently linked via aryl-aryl coupling. The second theory suggests a supramolecular assembly arising from 3-dimensional association of monomeric units held together via weak interactions such as π-π stacking, Hydrogen bonding (H-bonding), charge transfer or π -cation interactions.

The third structural model on the other hand is based on the contribution of both covalent and non-covalent interactions occurring at different stages of the polymerization process and leading to the black insoluble polydopamine products. However, this polymerization process known as eumelanin-like poly(indole) structural model became later on an active area of investigation. In fact, chemical differences were noticed when polydopamine products were compared to pure DHI-polymer (generated from DHI units as exclusive starting monomers) [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF]144 . Furthermore, mass spectroscopic analyses performed by other groups [144][145][146][147] on similarly prepared PDA materials did not reveal the presence of the peak at m/z 445 reported by Messersmith's group, and the wide set of analytical methods employed revealed the existence of diverse functional groups referring to the contribution of various moieties as key structural units in polydopamine buildup. For instance, clear experimental evidence about the presence of primary amines, quinone moieties or carboxylic groups has been widely reported throughout the literature [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF]136,139 . These observations indicated that PDA would not be solely made of polymerized DHI units as proposed. Indeed, since the overall process of dopamine conversion to DHI was demonstrated to be relatively slow 144,148 , dopamine monomer and the various intermediates derived from its oxidation process are very likely to be simultaneously present in the reaction solution. This would suggest that multiple synthesis pathways involving various kinetics key control points and different intermediates and types of connections (covalent or physical) may occur and lead to a more heterogeneous composition for polydopamine materials.

Non-covalent self-assembling

In this context, a different perspective of polydopamine formation was advanced by Dreyer et al. 135 who highlighted the important contribution of non-covalent interactions in this process.

They postulated that polydopamine consists in a supramolecular aggregate of monomers lacking any covalent bond. The monomeric building units, consisting here in 5,6dihydroxyindoline and its dione derivative primarily, are entirely held together through a combination of H-bonding, π- stacking and charge transfer complexation. In fact, a detailed study conducted on PDA aggregates, using a variety of solid-state spectroscopic and crystallographic techniques, indicated the presence of these cyclized nitrogenous indoline-type species where the carbon atoms in position 4 and 7 of the aryl core were rather tertiary (hydrogenated). This observation ruled out the covalent model suggested by Lee et al. [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] .

Alternatively, Dreyer et al. proposed a quinhydrone-like assembly that is further connected via π-π stacking favored by the d-spacing of 3.8 Å consistent with that observed in other π-stacked materials 135,149 . Such spacing was found to likely facilitate or result from charge transfer between the faces of polydopamine building units (Scheme 1.1B, structure II).

Another entirely physical structure was identified by Hong et al. wherein dopamine units interfere with DHI moieties to build a supramolecular self-assembled block as a significant component trapped in polydopamine network 136 . In fact, the authors could identify a robust physically self-assembled [(Dopamine)2/DHI] trimeric complex entirely arising from noncovalent interactions probably including H-bonding and π-π interactions (Scheme 1.1B, structure III). The detection of all the protons from dopamine and DHI species in 1 H ss NMR spectra confirmed the non-covalent character of the interactions involved in this complex.

However, it was observed that the dissociation of this complex leads to covalent bond-forming oxidation reactions resulting in the formation of a 2,2' linked DHI-DHI dimer which eventually reacts with dopamine to form a covalent dopamine-DHI-DHI oligomer (C5 of dopamine connected to C4 of DHI). Thus, the authors suggested an overall mechanism for polydopamine formation implying two different pathways, (i) the self-assembly of dopamine and DHI to generate the physical trimer [(Dopamine)2/DHI], along with (ii) covalent bonds formation yielding structures like dopamine-DHI-DHI conjugates. More recently, these authors have reported the first experimental evidence that cation-, a non-covalent interactions mode unexplored so far in polydopamine materials, can be the driving force responsible for oligomers molecular assembly into polydopamine granules 137 . Such interactions were demonstrated to occur between protonated amines of uncyclized dopamine moieties and the -system of indole species leading to highly cohesive polydopamine structure (Scheme 1.1B, structure IV).

Co-contribution of covalent polymerization and non-covalent self-assembling

The aforementioned studies, among multiple others, highlighted that non-covalent interactions would play an important role in polydopamine assembling. So far, the general consensus favors the contribution of oxidative polymerization leading to covalent oligomers with different molecular weights, as well as the non-covalent interactions probably taking place in the latest stages of polydopamine synthesis, to yield the final insoluble polydopamine product. One of the most accepted models concurring with this theory, is the one illustrated by Liebscher et al. However, the authors do not rule out the presence of small oligomeric species in PDA nanomaterials and stated the possible contribution of weak intermolecular interactions between PDA molecules to yield the final polydopamine materials.

Non-linear covalent oligomeric blocks and other building units were also proposed in polydopamine formation. For instance, beside phenylethylamines, indoles and indolines species listed so far, two pyrrolecarboxylic acids (PCA) were recognized for the first time by Della Vecchia et al. as building units of the polydopamine matrix [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF] . The authors conducted a set of chemical and spectroscopic experiments, which enabled them to conclude that PDA is rather a mixture of oligomeric building blocks, up to the tetramer level, composed of three main species:

uncyclized dopamine or its quinone-derivative monomers, DHI units and pyrrolecarboxylic acid moieties. These latter are likely to derive from partial oxidative cleavage of DHI units under the auto-oxidative conditions related to PDA formation process.

Similarly, Ding et al. 145 indicated the presence of a major mass peak at m/z 402, identified as a trimer complex consisting of two DHI units and one pyrrolecarboxylic acid moiety [(DHI)2/PCA] (Scheme 1.1B, structure VI); further covalent linkage between these trimers was found to be unlikely. More recently, Luy et al. 150 speculated that the peak at m/z 402 would correspond to a covalent trimer composed of one dopaminechrome (DAC), one DAC degraded unit (2H-pyrrole moiety) and one benzazepine moiety (Scheme 1.1B, structure VII). It could be noticed that such complex resembles to the dopamine/DHI/PCA-based models reported in the literature [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF]145 and may share physico-chemical properties, allowing the authors to confirm its likelihood. All these authors proposed that covalent interactions occur at the initial stages of the polymerization process, leading to these small blocks, which interact in later stages via noncovalent interactions to build up the supramolecular structure of PDA.

In line with the previous findings, Warren's group studied by means of pump-probe microscopy the role of aggregation in polydopamine nanoparticles assembly 151 and suggested that polydopamine nanostructures result from the formation of covalent fundamental oligomeric blocks that stack together via non-covalent interactions, mainly - stacking, to form stacked oligomers, also known as "protomolecules". These stacked oligomers would further aggregate leading to the hierarchical self-assembled structure of polydopamine particles.

Multiple other scenarios regarding dopamine polymerization were proposed in the literature, sometimes without sufficient experimental evidence. As an example, porphyrin-like cyclic tetramers for example can result from oxidative polymerization of DHI units and were indeed found in eumelanin materials (Scheme 1.1B, structure VIII) 147 . Such compounds were identified as the most stable tetramer generated from oxidized DHI units using the computational structural investigation elaborated by Chen et al. 142 .

To summarize, numerous models have emerged concerning polydopamine key components and its buildup mechanisms. However, it is currently agreed that these models should not be considered as mutually exclusive, since polydopamine is very likely to result from the combination of various mechanisms occurring at different stages of the polymerization process, as stated earlier.

Physico-chemical properties of polydopamine nanostructures

Polydopamine products display multiple characteristic features arising from their chemical and structural resemblance to naturally occurring eumelanin. The investigation and interpretation of the physico-chemical and functional properties of polydopamine materials were indeed often made in analogy to their natural counterparts to allow a better understanding of their common features. It is important to note however, that PDA nanomaterials properties are highly dependent on their preparation method and may particularly vary when polymerization is achieved in presence of additives that risk interacting with or be entrapped within polydopamine matrix.

Polydopamine chemical reactivity

As detailed in section 1.3, polydopamine is composed of heterogenous building units, which Chapter 1 36 expose various reactive sites prone to a wide set of covalent, non-covalent and coordinate couplings with different types of materials and molecules (Figure 1.5) [START_REF] Ryu | Polydopamine Surface Chemistry: A Decade of Discovery[END_REF] . The catechol and amine functions, abundant in polydopamine, have been recognized as key features responsible for the high reactivity and strong adhesion of this material 147 . The major interactions reported for polydopamine adhesion mechanism and its reactivity will be discussed below. 

Adhesive properties

Polydopamine is the first reported material that can strongly adhere to virtually all types, shapes and sizes of substrates, including noble metals, oxides, polymers, semiconductors, ceramics, low energy surface materials and superhydrophobic surfaces, etc. [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF][START_REF] Ryu | Polydopamine Surface Chemistry: A Decade of Discovery[END_REF] . It can interestingly form a firmly adherent layer likely owing to numerous extremely close anchoring points, which can be used to coat porous materials including metal organic frameworks (MOFs) and mesoporous nanostructures usually difficult to coat [START_REF] Lee | Material-Independent Surface Chemistry beyond Polydopamine Coating[END_REF] .

This strong interfacial adhesion allowed the design of diverse core@PDA shell nanocomposites (inorganic or organic nanoparticles, liposomes, etc.) in which the polydopamine layer, highly stable in vivo, can be used to enhance biomaterials biocompatibility, serve as a bridge for secondary functionalization steps, or also be used for its therapeutic or theranostic potential as will be described later. This unique property is most likely the result of an interplay of chemical interactions involving two vital motifs present in polydopamine, i. e. catechol and amine functions, which represent also the major functionalities present in mussel adhesive proteins 113,162 . Various covalent and non-covalent interactions can be engaged depending on the surface to coat. The catechol function is able to interact with a wide variety of substrates mainly via coordination bonding, bidentate chelating or bridged bonding and hydrogen bonding, etc. [START_REF] Ye | Bioinspired catecholic chemistry for surface modification[END_REF]146 . More recently, the primary amine group has gained increasing attraction in the understanding of polydopamine strong adhesion. The vital role of primary amines was highlighted by Klosterman et al. who revealed that the addition of primary amines while forming polydopamine coatings increased this latter's adhesion properties 163 . Another evidence was brought by the observations revealing that mature particles do not exhibit a high adhesion capacity to surfaces, which was ascribed to the fewer amount of primary amines [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF][START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF] , in comparison to the strong adhesion obtained when surface coating is performed during the early stages of polydopamine formation [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF][START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF] . Besides, it was found that poly(catecholamine) coatings exhibited a significantly higher adhesive strength (30-times) than that of poly(catechol) ones 147 . These findings suggest that polydopamine coatings grow progressively from the surface of the coated structure and the high cooperative adhesive action of these functional groups contribute to the resulting cohesive stable layer.

Metal binding ability

Catechol function is the major responsible for PDA affinity to several metal cations, including Fe 2+ , Fe 3+ , Cu 2+ , Mn 2+ , Pb 2+ and multiple others. It can indeed strongly bind to multivalent metal cations through the o-diphenol functionality, and it exhibits a higher binding affinity compared to o-quinone 164 . This chemistry depends however on several conditions including the pH [START_REF] Liu | Controllable synthesis of polydopamine nanoparticles in microemulsions with pH-activatable properties for cancer detection and treatment[END_REF] or the affinity of catechol towards the metal ion. It should be noted that other functional groups present in polydopamine would also participate in metal chelating properties, such as amine, carboxylic and phenolic groups [START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF] . The polydopamine-metal coordination ability was explored for the preparation of diverse metal-organic frameworks (MOFs) [165][166][167] and has been considered

of particular interest for the design of novel PDA-based theranostic systems. For instance, several magnetic resonance imaging (MRI)-guided nanoplatforms have been described in tumor imaging and were obtained through interaction of polydopamine with paramagnetic metal ions like Gd 3+ 168 , Fe 3+ 76 or Mn 2+ 169 , leading to efficient MRI contrast nanoagents exhibiting high longitudinal relaxivity values in comparison to conventional contrast agents [START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF] .

Such theranostic systems could be in fact achieved either by loading/anchoring the metal cations onto PDA nanostructures [START_REF] Liu | Controllable synthesis of polydopamine nanoparticles in microemulsions with pH-activatable properties for cancer detection and treatment[END_REF]170 or via coating metal oxide cores (like Fe3O4 or Mn3O4) with a PDA shell [171][172] .

It was found that the chelation of metal ions would induce their reduction and subsequent transformation into metallic nanoparticles bound to PDA surface, this was used for the in situ growth of Au 173 or Ag 174 nanoparticles on polydopamine surface. In addition, the catechol reactivity towards metal cations has been largely explored in polydopamine synthesis process as described in the section 1 and could be also used for the complexation of de-assembled PDA aggregates as a strategy to form cohesive robust PDA coatings 175 . Furthermore, it has been recently discovered that polydopamine nanoparticles can selectively kill cancer cells through a ferroptosis mechanism involving this metal complexation ability [176][177] . In vivo, biological melanins are also well-known for their affinity towards metal ions 178 , which is used for instance for the sequestration of potentially cytotoxic transition metals [START_REF] Xie | Natural Eumelanin and Its Derivatives as Multifunctional Materials for Bioinspired Applications: A Review[END_REF] .

Chemical reactivity

The high chemical reactivity of polydopamine is particularly interesting for the design of multifunctional nanosystems and can serve to extend polydopamine nanomaterials applications. The catechol group, a central element in polydopamine reactivity, is in fact present in a chemical equilibrium with its corresponding quinone 113 , and the reduced/oxidized state of the catechol/o-quinone system is of great importance to direct polydopamine reactivity. This equilibrium can be impacted by the solution pH, the presence of oxidants/reductants, or by exposition to relatively high temperature under air.

O-quinone systems, owing to the carbonyl function and Michael acceptor character, are prone to addition reactions of nucleophilic groups such as thiols and amines, via Michael addition (for thiols and amines) or Schiff-base condensation (for amines). The most favorable positions for such addition reactions depend on the type of the engaged nucleophile and on the quinone system (dopamine-quinone or indole-quinone). For instance, Michael addition of thiols or amines occurs preferentially via 1,4-addition while carbonyl reactivity with amines is Chapter 1 42 preferentially a 1,2-addition type yielding the Schiff-base [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF] . This chemistry is one of the most explored strategies used for the immobilization of (bio)molecules, such as polymers [179][180] , proteins [181][182] or small molecules 183 , on the surface of polydopamine nanoparticles or shells (Table 1.3). This is mainly attributed to its simplicity (since the reaction can be simply conducted under mild alkaline aerobic conditions) and to its versatility (since amines and thiols are present in numerous molecules or can be easily introduced into them) [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF] . Poly(ethylene glycol) (PEG) chains grafting is for instance often achieved using this o-quinone reactivity, allowing the formation of a hydrophilic antifouling coating on the surface of polydopamine nanoparticles or PDA-coated nanosystems, permitting to improve their colloidal stability, reduce their uptake by the reticuloendothelial system and prolong their blood circulation times 

Amine reactivity (Figure 1.5C)

In addition to the catechol/o-quinone system, the amine groups also contribute to the chemical reactivity of polydopamine through interaction with electrophilic moieties or exhibiting an acid/base reactivity [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF] . For instance, amine functions present in PDA can interact with carboxylic groups to form an amide function via conventional carbodiimide chemistry reported as a drug coupling strategy 193 , or serve as a reactive site for facile coupling of isothiocyanatecontaining molecules that can be particularly used for PDA nanoparticles labelling. Moreover, an amine-mediated acylation reaction was employed to immobilize an ATRP initiator on PDAcoated particles allowing for a surface-initiated polymerization and controlled growth of polymer brushes from the particles surface 194 . Amines are also involved in aza-Michael-type addition which was used for polydopamine functionalization using acrylate/acrylamide molecules 195 .

Non-covalent interactions (Figure 1.5 B, D)

Due to the presence of catechol groups and pyrrolcarboxylic acids (acidic) on one hand and amines groups (basic) on the other hand, polydopamine displays a zwitterionic character with an isoelectric point of ~ 4 [START_REF] Amin | Size Control and Fluorescence Labeling of Polydopamine Melanin-Mimetic Nanoparticles for Intracellular Imaging[END_REF]196 . Polydopamine can hence expose positive or negative charges depending on the medium's pH. This functionality was explored for the highly selective pHresponsive uptake and release of charged small molecules into PDA capsules 196 , and represented an interesting approach for controlled drug loading and release in the drug delivery applications.

Beside electrostatic interactions, polydopamine assemblies are able to interact with diverse molecules through other non-covalent interactions, namely - stacking, hydrophobic effects and Van der Waals interactions and H-bonding. Indeed, the abundance of -conjugated, aromatic and phenolic structures in polydopamine network allowed for multiple drugs, including doxorubicin [START_REF] Xing | Mesoporous polydopamine nanoparticles with co-delivery function for overcoming multidrug resistance via synergistic chemo-photothermal therapy[END_REF]197 and paclitaxel 198 or photosensitizing molecules like chlorin e6 199 and indocyanine green 185,197 , to be loaded in the polydopamine matrix [START_REF] Xing | Mesoporous polydopamine nanoparticles with co-delivery function for overcoming multidrug resistance via synergistic chemo-photothermal therapy[END_REF]199 or bound onto polydopamine surface 197 , affording thus PDA-based therapeutic platforms working as promising candidates for efficient cancer treatment.

UV-visible-NIR absorption properties

Unlike common organic products, synthetic eumelanin-like polydopamine displays a broadband absorption extending over the whole UV-visible-NIR regions, and increasing monotonically towards high energies [START_REF] Xie | Natural Eumelanin and Its Derivatives as Multifunctional Materials for Bioinspired Applications: A Review[END_REF] . This unique profile has been reported before as a characteristic optical feature for natural melanins (eu-, neuro-, allo-and pheo-melanins) [200][201][202] .

The extinction coefficients calculated for the wavelengths ranging from 300 to 1000 nm for both polydopamine nanoparticles and melanin granules were found to be very close, especially for the smallest nanoparticles [START_REF] Amin | Size Control and Fluorescence Labeling of Polydopamine Melanin-Mimetic Nanoparticles for Intracellular Imaging[END_REF] . Based on these spectral similarities, analogies were made between the two resembling materials for a better interpretation of polydopamine optical properties.

For eumelanin, contrary to what has been though at first, the broad-band absorption does not originate from scattering phenomena 203 but corresponds effectively to an intrinsic light absorption. Indeed, based on accurate measurements of the optical scattering coefficient, it was found that the contribution of Rayleigh scattering is lower than 6 % of the total optical attenuation in the 210 to 325 nm region and is undetectable for the wavelengths ranging between 325 and 800 nm 201 . Similarly, Warren et al. confirmed recently that, for polydopamine also, the optical spectrum reflects real absorption and is not significantly altered by scattering effects 151 .

The "chemical disorder model" is accordingly one well-accepted explanation of this broad absorption band characterizing eumelanin and synthetic eumelanin-like materials, particularly polydopamine 202,204 . In this model, the monotonic absorption profile is the consequence of the overlapping of different absorption bands which can be attributed to ensembles of chemically distinct species present in the material network 202 .

Although the chemical disorder model can be used for the understanding of the broad absorption, the structural complexity at the origin of such absorption can not only be related to the chemical heterogeneity at the level of fundamental building units but also to the hierarchical assembly configurations (at secondary/supramolecular level) (Figure 1.6), which produce a wide series of Highest Occupied Molecular Orbital (HOMO) -Lowest Unoccupied Molecular Orbital (LUMO) gap energies, resulting in the monotonic featureless broad absorption band [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF]204 . In this context, few models have been suggested to interpret the unique absorption profile of natural or synthetic eumelanins. Indeed, the oxidation/reduction dynamics among eumelanin-like oligomers and the aggregation-dependent interchromophoric interactions were presented as important factors perturbing -electron delocalization [205][206] , resulting in different HOMO-LUMO gaps. The oxidized forms were admitted to have lower HOMO-LUMO gap energy, thus leading to a broadening of eumelanin absorption band.

More recently, the geometric order / disorder model emerged as another key factor to consider in the interpretation of the broad absorption of eumelanin and polydopamine. The significant contribution of non-covalent interactions in the assembly process of polydopamine, including - stacking, -cation interactions and charge transfer, has been well-established using experimental and computational structural investigations. Since -electron density of eumelanin-like oligomers is an important parameter impacting their absorption profiles, the proximity between oligomers but also the packing between stacked oligomers would impact the absorption spectrum of the assembled structure 151,[206][207][208] . Chen et al. showed that the excitonic effects of the eumelanin aggregated stacked oligomers (protomolecules) has a great role in the broad-band absorption. The protomolecules being in different sizes and randomly oriented, the interplay of the geometric order / disorder in the aggregated eumelanin structures would result in random and significant excitonic couplings through the formation of electronphoton pairs, leading to the broadening of the absorption chromophore band along with the enhancement of the absorption towards higher energies 207 . The contribution of aggregation and structural scaffold disorder, as well as the redox dynamics, in the eumelanin chromophore broad band were also investigated and confirmed by Micillo et al. 208 . Considering that polydopamine nanoparticles originate from a multi-step process consisting in (i) the formation of oligomeric building blocks, (ii) their consecutive stacking followed by (iii) the aggregation of these stacked oligomers, the authors examined the absorption features at these different assembly levels (Figure 1.7). It was found here that low molecular weight (LMW) subunits present higher UV absorption compared to larger fragments, while high molecular weight (HMW) fractions showed an enhanced absorption at the visible and NIR wavelengths compared to LMW units. A possible explanation suggested that HWM fractions would be composed of higher MW oligomers, leading to more extended -electron delocalization within oligomers and thus to a lower HOMO-LUMO gap energy. A higher stacking order between oligomers of different HOMO-LUMO gaps would enhance the absorption at low energies 151,209 . Interestingly, the authors revealed that HMW fragments exhibited different absorption behavior compared to their parental nanoparticles.

This implied that a change in the electronic structure would occur when the stacked oligomers aggregated to form the nanoparticle. A size-dependent absorption was also found for PDA nanoparticles; larger nanoparticles displayed higher absorption at longer wavelengths compared to smaller ones. Based on these observations, Warren's group concluded that, in addition to the chemical diversity model and the fundamental oligomers' -electron delocalization, the geometric packing order of the protomolecules in eumelanin-like systems is a key determinant in the broad-band absorption of the final aggregated assembly; it may impact the interactions between oligomers changing thus the absorption behavior. The number of stacked oligomers would impact the geometric preference, which results in the size-dependent absorption profiles.

The higher absorption observed at longer wavelengths for large nanoparticles in comparison to smaller ones was also reported by Wang et al. 114 . It should be noted, that the geometric packing order model detailed by Warren's group is well-adapted to interpret the size-dependent properties of PDA nanoparticles, namely the nanomechanical [START_REF] Zmerli | Bioinspired polydopamine nanoparticles: synthesis, nanomechanical properties, and efficient PEGylation strategy[END_REF] and photothermal properties 

Fluorescence emission properties

An investigation of the absolute radiative quantum yields of synthetic eumelanin was performed by Meredith et al. and showed that more than 99.9 % of the absorbed light in the UV and visible regions was dissipated through non-radiative relaxation mode 210 , which concurred with previously reported findings revealing an extremely low emission quantum yield (r as low as 0.003) [211][212] . Comparably to other synthetic eumelanins, very weak emission spectra were reported for conventionally-prepared polydopamine nanoparticles 213 . Similar to self-assembled organic chromophore systems, the stacking of fundamental oligomers and the subsequent aggregation in PDA nanomaterials were proposed to be at the origin of the observed selfquenching effects 213 .

Interestingly, although very weak, the emission of synthetic eumelanins showed a clear dependency of the position, width, intensity and quantum yield on the excitation energy, which is an uncommon feature for organic materials. Lower excitation energies led to lower radiative emission, with for example a four-fold increase of the quantum yield at a 250 nm excitation compared to 500 nm 210,214 . A 3D map of specific quantum yields variation as a function of excitation and emission wavelengths was developed to help understand the photophysical and structural properties of eumelanin-like materials 214 . The photoluminescence was proposed to arise from different HOMO-LUMO gap energies related to oligomers of chemically distinct species, supporting hence the chemical disorder model described above 210 . This hypothesis was supported in other reports which related eumelanins emission properties to the chemically distinct oligomeric units that can be selectively excited at different excitation wavelengths 214- Chapter 1 50 215 . These interpretations can be also applied to polydopamine [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF] .

Furthermore, size-dependent emission spectra and yields were obtained for eumelanin samples 211 . The small eumelanin aggregates exhibited higher emission yields with longer emission decay times (> 1 ns for < 1000 Da) compared to larger ones (< 1 ns for > 10000 Da). Also, it was found that energy transfer occurs both within but also between the fundamental building units. Thus, the aggregation state, responsible for eumelanin-like materials buildup, was proposed as another determinant factor in this photophysical property [211][212] .

Interestingly For instance, the oxidation of polydopamine particles using hydrogen peroxide has emerged as a facile novel method allowing the synthesis of fluorescent organic nanoparticles with a tunable fluorescence emission [220][221][222] . Interestingly, the obtained PDA nanoparticles displayed twophoton fluorescence properties under NIR light excitation, which permits to reach a superior penetration depth during tissue bio-imaging. The same route was also reported for the preparation of fluorescent PDA shells and the development of fluorescent PDA nanocapsules [START_REF] Liu | Recent developments in polydopamine: an emerging soft matter for surface modification and biomedical applications[END_REF] . Besides, based on the high ROS rates, and particularly H2O2, in the tumor microenvironment in comparison to normal tissues, PDA oxidation-mediated fluorescence generation can be explored for tumor diagnosis / operation applications 221 .

Photothermal and Photoacoustic properties

Polydopamine products are able to generate heat through non-radiative relaxation when they are photo-excited due to their intrinsic fluorescence self-quenching effect [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF] . Indeed, a transient pump-probe analysis performed on eumelanin-like samples showed a very rapid ground-state bleaching with about 90 % of the absorbed energy dissipated as heat, within a relaxation time of 20 ps 212 .

This characteristic feature, together with the broad light absorption band, paved the way for the eumelanin-like polydopamine nanomaterials to be investigated as potential agents used in hyperthermia-mediated therapy called "photothermal therapy" (PTT). This therapeutic approach is based on the administration of a light-heat converting agent followed by the illumination of the targeted site with a localized laser. The heat generated locally by the photothermal agent, upon its photo-excitation, is used to kill abnormal cells nearby. PTT has been largely explored in the past years as a minimally invasive therapeutic method showing promising results in efficient tumor ablation, but also in other applications such as multiresistant bacterial infections treatment. This method is recognized as a particularly advantageous treatment modality, compared to the conventional cancer therapies owing notably to the spatio-temporal controllability which allows improved target selectivity and minimal side effects, with subsequent efficiency enhancement [START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF] . The photothermal agents currently available are mainly consisting in metallic nanoparticles, particularly Au nanoparticles, and few carbon-based nanosystems. However, these nanoagents usually suffer from long-term biosafety, compromising their clinical implementation [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] . The application of biocompatible and biodegradable materials in photothermal therapies is hence of great interest for the in vivo biomedical applications.

Liu et al. have introduced, for the very first time, melanin-like polydopamine nanoparticles as a powerful photothermal agent fulfilling all the requirements for an in vivo PTT application [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] .

Colloidal PDA nanospheres displayed a strong NIR photo-absorption, with a molar extinction coefficient of  808 nm = 7.3 10 8 M -1 .cm -1 (for a nanoparticles size of 70 nm), which is relatively high in comparison to values reported for multiple photothermal agents such as carbon nanotubes ( 808 nm = 7.9 10 6 M -1 .cm -1 ) [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] . A strong absorption in the so-referred-to "phototherapeutic window" (650 nm -850 nm) is in fact highly interesting for clinically relevant photothermal applications. In this optical window, there is a minimal interference of biological chromophores absorption or scattering effects and a maximal penetration depth of the incident light is enabled [START_REF] Massiot | Photo-triggerable liposomal drug delivery systems: from simple porphyrin insertion in the lipid bilayer towards supramolecular assemblies of lipid-porphyrin conjugates[END_REF][START_REF] Cheng | Versatile Polydopamine Platforms: Synthesis and Promising Applications for Surface Modification and Advanced Nanomedicine[END_REF] .

The photothermal conversion efficiency is another key parameter indicative of the photothermal agents' efficiency. In the case of PDA nanospheres of 70 nm, the photothermal conversion efficiency was found to be about 40 % [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] . This value is interestingly high compared to the most These findings were later confirmed by several groups who reported a temperature increase of a similar order of magnitude. The generated temperature increased in a concentration-and laser power-dependent manner [START_REF] Liu | Controllable synthesis of polydopamine nanoparticles in microemulsions with pH-activatable properties for cancer detection and treatment[END_REF][START_REF] Xing | Mesoporous polydopamine nanoparticles with co-delivery function for overcoming multidrug resistance via synergistic chemo-photothermal therapy[END_REF]193,[224][225] . Similar to the colloidal nanospheres, multiple PDAbased nanostructures, such as PDA shells [226][227][228] , polydopamine dots 229 and mesoporous polydopamine nanostructures 230 , showed excellent photothermal properties relevant to polydopamine nanostructure. In the case of core@PDA shell systems, an improved photothermal effect could be obtained by increasing polydopamine shell thickness [226][227] .

Although the photothermal properties of polydopamine materials have been demonstrated by several groups, a full understanding of this photothermal conversion ability is still lacking.

Particularly, to the best of our knowledge, no work has yet studied in depth the impact of PDA nanoparticles size on their photothermal conversion efficiency. In one recent study, Wang et al.

have briefly revealed a dependency of the solution temperature increase on the size of PDA nanoparticles; larger nanoparticles induced higher temperature increase compared to smaller ones. This result was attributed here to the higher absorption in the NIR region (808 nm) observed for larger nanoparticles 114 . A similar result was also reported for mesoporous polydopamine nanoparticles 230 . These findings could be interpreted by the geometric packing order / disorder model and the aggregation state of the stacked oligomers forming PDA nanoparticles, as explained before: bigger polydopamine particles would exhibit a higher geometric packing order 151 , and thus higher excitonic effects, NIR absorption and quenching effects, leading to the stronger heat generation.

Interestingly, when PDA nanoparticles were subjected to a long-time laser illumination (2 W.cm -2 for 1 h) [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF][START_REF] Liu | Controllable synthesis of polydopamine nanoparticles in microemulsions with pH-activatable properties for cancer detection and treatment[END_REF] or repeated illumination-cooling cycles (up to five cycles) The excellent photothermal stability during cyclic irradiation, along with the strong light absorption and great photothermal activity and conversion efficiency, suggested that PDA nanoparticles would be of a great potential in photoacoustic imaging (PAI) applications. This technique is in fact an emerging bio-imaging method allowing to dynamically monitor the biodistribution and tumor retention of injected systems and offering a high tissue penetration depth, spatial resolution and sensitivity. It relies on pulsed illumination of a photo-thermal converting agent, the heat generated by this latter would thermo-elastically generate pressure waves detected using an ultrasound transducer [START_REF] Ng | Molecular Interactions in Organic Nanoparticles for Phototheranostic Applications[END_REF][START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF] . The combination of photoacoustic and photothermal effects in a single system would be highly interesting for photoacoustic imagingguided cancer photothermal therapy applications, offering hence a desirable theranostic platform 231 . Aqueous PDA nanoparticles suspensions exhibited a concentration-dependent photoacoustic performance and interestingly photoacoustic signals could be detected even at concentrations as low as 15 µg.ml -1 . In vivo assays revealed the excellent photoacoustic contrast generated by polydopamine nanoparticles and tumor-targeted PDA nanoparticles enabled significant illumination of the tumor site with a clear delineation of margins. Several other studies followed and confirmed the great potential of polydopamine-based nanosystems for PAI applications 230,[232][233][234] . PDA-coated nanostructures were also proven to exhibit excellent photoacoustic properties. For instance, 200 nm-sized PDA hollow nanocapsules dispersed at 200 µg.ml -1 exhibited a slightly higher photothermal conversion efficiency (40.4% versus 37.1%) and over two-folders higher photoacoustic imaging ability in comparison to PDA nanospheres of similar size and at similar concentration [START_REF] Zhuang | Polydopamine Nanocapsule: A Theranostic Agent for Photoacoustic Imaging and Chemo-Photothermal Synergistic Therapy[END_REF] . The higher photoacoustic signals were attributed to the higher photothermal conversion ability, but also to the hollow structure favorable for harmonic imaging enforcing the ultrasonic signals.

Application of PDA nanomaterials in cancer therapy

Toxicity, Biocompatibity and Biodegradability

Based on structural and physico-chemical similarities reported between synthetic eumelaninlike polydopamine and naturally occurring melanin, polydopamine materials were anticipated to benefit from the wide distribution of melanin in the human body and show excellent biocompatibility [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF][START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] . Numerous in vitro and in vivo studies performed on PDA-based Chapter 1 54 nanosystems (PDA nanospheres, PDA nanocapsules, PDA-coated nanoparticles) confirmed their biocompatibility and revealed their great potential as candidates for in vivo biomedical applications. However, the presence of dopamine monomers in polydopamine matrix, as revealed in some reports 136 , have raised questions regarding the possible cytotoxic effects that could be related to this neurotransmitter. To address this issue, Hong et al. examined the amount of dopamine released from PDA particles. Their findings revealed an extremely low-level release of dopamine, which was attributed to a robust self-assembled structure in which dopamine is well-entrapped. Cytotoxicity assays showed a viability maintained to > 90 % with preserved growth and morphology 136 , which was consistent with the excellent biocompatibility of polydopamine widely documented in the literature. Indeed, PDA-based nanosystems showed negligible toxicity on a wide set of cells tested in vitro (epithelial cells, endothelial cells, fibroblasts, osteoblasts, neurons, etc.), for which viability and proliferation ability were almost maintained to normal [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF][176][177] . In agreement with these in vitro assays, in vivo studies confirmed the excellent biocompatibility of PDA-based nanosystems used in various contexts 172,234 . For instance, PDA nanoparticles injected intravenously in rats showed a very low acute toxicity with a very high median lethal dose (about 500 mg/kg), nearly five hundred times the dose used for their photothermal therapeutic applications. Interestingly, long-term in vivo toxicity monitored over a one-month period after a single intravenous injection in mice or rats revealed that the animals remained healthy with no sign of behavior abnormalities; complete blood panel tests showed normal biochemical indicators with no detectable interference with the physiological regulation or immune response. Moreover, the histopathological examination did not show any sign of tissue damage, inflammatory, or fibrosis aspect with no detectable change in the cellular structures [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF][START_REF] Liu | Controllable synthesis of polydopamine nanoparticles in microemulsions with pH-activatable properties for cancer detection and treatment[END_REF] . These findings were in line with the results reported for melanin showing no noticeable toxicity detected within 30 days, after injection of high doses (up to 100 mg/kg) in mice 235 . Furthermore, multiple evidences indicated that polydopamine coatings, shown to be ultra-stable in vivo, can interestingly function as a biocompatible layer allowing to significantly attenuate the intrinsic toxicity of biomaterials in a material-independent manner.

Indeed, several reports have highlighted the beneficial role of PDA coatings in reducing the inflammatory and immunological side responses and improving the biocompatibility of various materials including organic materials (like poly-L-lactic acid), metallic nanoparticles (like gold nanoparticles), quantum dots, etc. [START_REF] Liu | Mussel-Inspired Polydopamine: A Biocompatible and Ultrastable Coating for Nanoparticles in Vivo[END_REF][236][237][238] . PDA coatings also showed a beneficial role in promoting hemocompatibility and controlling cell adhesion and proliferation on substrates 239- 240 . Increasing the hydrophilicity of the tissue-contacting interfaces was proposed as an important factor responsible for the reduction of the in vivo side effects in PDA-coated Chapter 1 55 biomaterials in contact of tissues or blood.

Beside their high biocompatibility, several findings reported in the literature led to the identification of polydopamine as a biodegradable material. Its naturally occurring analogue, i.e., eumelanin, is assumed to be metabolized in vivo, although the exact biodegradation pathways are not fully known yet. Langer's group revealed that synthetic melanin implants could be significantly resorbed within 8 weeks, which was attributed here to an uptake of melanin particles by macrophages and giant cells and to a further intracellular degradation process 241 . In fact, it has been demonstrated that both polydopamine and natural melanin undergo a hydrogen peroxide-mediated decomposition related to the oxidative cleavage of oquinone-indole moieties leading to the formation of pyrrole-2,3-dicarboxilic acids (PDCA) or pyrrole-2,3,5-tricarboxylic acids (PTCA), depending on branching positions in covalent oligomers [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF][START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] . This observation is highly interesting for the understanding of the possible biodegradation process of polydopamine, since hydrogen peroxide and other reactive oxygen species are endogenous components that can be produced majorly by NADPH oxidases, which are enzymes largely distributed in phagocytes and many organs [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF][START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF]242 . This oxidation-induced process is generally accepted as a likely degradation pathway of polydopamine materials in vivo.

These intrinsic biocompatibility and biodegradability of polydopamine materials make them highly suitable for in vivo applications.

Drug delivery applications

The administration of free anti-cancer drugs usually encounters several limitations, including particularly solubility issues or a non-specific biodistribution leading to a poor drug bioavailability and severe side effects [START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF] . In order to overcome these limitations, diverse drug delivery nanosystems have been developed with several successful clinical implementations, benefiting from their passive tumor accumulation via the EPR effect 243 . In this context, owing to its high chemical reactivity resulting in high drug payloads and its multi-drug loading ability, PDA-based nanostructures have received considerable attention as drug carriers allowing drug/gene delivery for efficient cancer treatment. Moreover, when the anti-cancer drug is physically loaded on the nanocarrier, the H-bonding and π-π interactions generally established between polydopamine and the loaded drugs tend to be disrupted or weakened under acidic, oxidative or also reductive conditions. Therefore, PDA nanostructures would benefit from the Chapter 1 56 intrinsic tumor microenvironment characteristics (i. e. weakly acidic pH, high amounts of hydrogen peroxide and of glutathione) and function as stimuli-responsive drug delivery systems [START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF] . Moreover, taking advantage of the endocytosis-mediated internalization process of PDA nanoparticles demonstrated by Ding et al. 244 , drug release can be triggered in the acidic endosomal and lysosomal compartments allowing the intracellular delivery of the anti-cancer drug. Additionally, the hyperthermia generated by polydopamine upon its NIR illumination could also be explored to achieve an on-demand NIR-triggered drug delivery, as a result of weakened interactions with the loaded drug under heat 245 .

In PDA-based nanomaterials were in fact not only applied for the delivery of chemotherapeutic drugs, but were also extended to antigen delivery for anti-tumor immunotherapy 181 . They have emerged also as nanocarriers for photosensitizing agents used in photodynamic therapy (PDT).

Chapter 1 57 

Light-mediated cancer therapies

Considering their outstanding photophysical properties, their colloidal stability and their superior biocompatibility and biodegradability, polydopamine-based nanosystems are emerging as attractive photothermal converting and photoacoustic-contrast agents and gaining an increasingly growing interest for efficient tumor ablation in PTT-based cancer therapy.

Coupling PDA nanoparticles to photoactive molecules also known as photosensitizers, would present several advantages for cancer therapy. Indeed, PDA nanoparticles may play the role of nanocarriers of the photosensitizers with a high payload. Moreover, this enables the design of bifunctional light activated nanoplatforms with subsequent photothermal effect (PTT) and photodynamic effect (PDT). Such combination would allow a more efficient and synergistic treatment modality of cancer. In the following section, we will first point out the interest of PDA-based materials as photothermal agents for cancer therapy, their implementation as nanocarriers of photosensitizers for PDT applications, and finally we will develop the various strategies that can be adopted for the design of PDA-based nanoparticles with bifunctional PTT/PDT applications. Table 1. 5 illustrates examples of PDA-based nanosystems applied for PTT and/or PDT cancer treatments. In addition, the interests and limits of the bifunctional nanoplatforms in cancer therapy will be also emphasized and discussed. The coupling of metal ions, like Cu 2+ and Mn 2+ , to PDA nanostructures allows not only to perform bio-imaging but also to achieve amplified photothermal effects [START_REF] Park | Recent advances in melanin-like nanomaterials in biomedical applications: a mini review[END_REF]252 Enhanced photothermal effects could also be obtained through the combination of PDA nanostructures to other photothermal converting agents. In this perspective, PDA-Au nanohybrids represent promising materials that benefit from the plasmonic photothermal activity of gold nanosystems along with the interesting photothermal conversion properties of polydopamine. For instance, Wu et al. fabricated an injectable thermoresponsive poly(Nacryloyl glycinamide-co-acrylamide) hydrogel containing PDA-coated gold nanoparticles and the anti-cancer drug doxorubicin, and serving as a breast filler for efficient prevention of breast cancer recurrence 253 . This nanocomposite exhibited an intriguing photothermal activity arising from the combination of both gold nanoparticles and polydopamine coating. Interestingly, a red shifting was observed in the gold nanoparticles absorption spectra upon modification with polydopamine, suggesting a higher photothermal efficiency. A pronounced temperature increase was obtained, with a T reaching 43 °C after a 5 min irradiation with a 808 nm laser at 2 W.cm -2 .

In another example, the biocompatible graphene oxide (GO) was utilized in association with polydopamine, owing to its intrinsic high NIR light absorption and photothermal conversion ability. It was suggested that polydopamine would restore a part of  conjugation in GO through the reduction of this latter, generating stable reduced GO (rGO), characterized by its higher NIR light absorption and enhanced photothermal activity. This association is thereby very suitable for PTT applications, explaining the interesting temperature increase revealed in several studies for the PDA/GO nanohybrids 188,232,254 .
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PDA as nanocarriers of photosensitizers for photodynamic therapy (PDT) applications

PDT is a potent light-based therapeutic modality clinically approved for cancer treatment 255 and is based on the use of a photosensitizer (PS), a light-absorbing compound, which photoactivation at an appropriate wavelength, leads eventually to the generation of reactive oxygen species (ROS) that are cytotoxic. Indeed, following the PS administration, the near infrared (NIR) irradiation of the tumor site induces the photo-excitation of the PS to an excited singlet state. The excited PS can then re-gain its fundamental state either directly through fluorescence emitting or via conversion to a triplet state, a lower energy excited state, through an intersystem crossing. At this state, the PS can interact either with nearby substrates through electron transfer to eventually produce free radicals (type I PDT reactions) or with molecular oxygen through energy transfer to generate singlet oxygen that is highly cytotoxic (type II PDT reactions) [START_REF] Ng | Molecular Interactions in Organic Nanoparticles for Phototheranostic Applications[END_REF] .

Although highly promising, PSs usually suffer from poor water solubility limiting their bioavailability and therapeutic efficacy, which renders their encapsulation and administration using nanocarriers interesting. These latter allow to considerably improve the biodistribution of In fact, with oxygen being crucial for the photodynamic effects, tumors extreme hypoxia represents a major mechanism of resistance to the photodynamic therapy. To bypass this bio-Chapter 1 63 barrier, the corpuscular hemoglobin in this nanosystem was about ten-fold higher than that of natural RBCs, thanks to the abundant catechol functions present in polydopamine. Beside its role as a drug carrier, the anti-oxidation property of polydopamine, which is ascribed to the strong anti-oxidation ability of polyphenols, allowed it to mimic the anti-oxidative enzymes in RBCs, preventing hence the oxidative degradation of oxygen-transporting hemoglobin. This platform demonstrated its high potential in inducing a strong PDT effect against normoxic or extremely hypoxic tumors leading to a complete tumor ablation. It can interestingly serve as a universal platform for other oxygen-involved therapies such as radiotherapy. In this perspective, many works have pointed out the great potential of combining PDA nanomaterials to PS in the aim to design of multifunctional materials with improved therapeutic outcomes through the combination photothermal and photodynamic effects. Curiously, based on the broad absorption band of PDA, single-wavelength activation protocols were applied in several studies in this approach 199 , which facilitates the illumination procedure by reducing the needed equipment, and would lead to enhanced therapeutic efficacy due to the synchronized PTT/PDT activities [START_REF] Liu | Melanin-Like Nanomaterials for Advanced Biomedical Applications: A Versatile Platform with Extraordinary Promise[END_REF] . Nevertheless, PDA activation for PTT usually uses longer wavelength irradiations (808 nm) in comparison to conventional wavelengths used in PDT, which permits to reach higher tissue-penetration depth and eradicate deeper tumoral tissues. Due to the fluorescence quenching and ROS scavenging abilities of polydopamine [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF]259 , the encapsulation of the photosensitizing drug in the core of the nanoparticles would prevent its degradation and limit its undesirable activation under day light. However, ROS generation and subsequently the anti-cancer photodynamic effect is only correlated to the amounts of released PS 199 ; the unreleased PS remains inactive. Moreover, although this encapsulation strategy allows to preserve the surface properties of the nanosystem and despite the high PS loading amounts and the efficient drug delivery to the tumor, drug embedment in PDA matrix may induce changes in the stacking and aggregation of PDA oligomeric building units, which would consequently impact the photophysical properties of PDA nanosystems and their nanomechanics, compromising hence their biological performance and therapeutic efficacy. This carbodiimide-mediated conjugation strategy has been later employed by Wang et al. for the immobilization of the Ce6 on the surface of PDA nanoparticles. However, in order to improve the selectivity and therapeutic efficacy of this nanomedicine, the authors decorated herein the Ce6-bearing PDA nanospheres with a tumor targeting moiety, hyaluronic acid (HA), which offered a remarkably higher tumor penetration and resulted in a superior synergistic antitumor effect in comparison to the non-targeting platform 258 .

In an another approach, Yang et al. 263 selected black phosphorus (BP) nanosheets (NSs), biocompatible and biodegradable inorganic materials, as the nanocarrier for Ce6 delivery, taking advantage of its high surface area that offers considerably high loading amounts of the PS. PDA was used here to coat the NSs and served as a bridge to enable the covalent anchoring of Ce6 and triphenyl phosphonium (TPP), a mitochondria-targeting moiety, using carbodiimide chemistry for both reactions. Under a single 660 nm irradiation, the combination of PDA and BP in the nanosystem resulted in an increased photothermal conversion efficiency, with 33. with a Xe lamp at 2 W.cm -2 for 15 min at a concentration of 50 µg.ml -1 . After a single irradiation using the Xe lamp, the nanoplatform showed efficient photo-induced apoptotic effects related to a synergistic PTT/PDT anti-tumoral activity.

In order to achieve a superior treatment efficacy and ensure its biosafety, it is highly desirable to design smart nanocarriers that specifically deliver the PS to the targeted tumor tissue and in a controlled manner. In this context, a smart PTT/PDT controllable platform was proposed by The covalent conjugation of the PS offers a higher stability and biosafety to the nanomedicine and allows an efficient delivery of the molecule to the targeted site. The design of smart stimuliresponsive delivery systems allows to further control the release behavior of the PS for a higher efficiency. Nonetheless, more efforts are still needed for the development of such systems, through exploring the potential of diverse smart cleavable linkers, which would offer a spatiotemporally controlled release under external stimuli.

Although the excellent activity of these systems has been largely demonstrated through in vitro and in vivo models, the direct immobilization of the PS on polydopamine results in a partial decrease in the PS-mediated ROS generation 254,263 , due to the redox activity of PDA and its ROS scavenging capacity. This issue should be considered by coupling the PS to PDA nanoplatforms through hydrophilic polymers, such as polyethylene glycol. 

Multi-modal cancer therapy

In order to reach better therapeutic outcomes, multi-modal cancer therapy is widely adopted for cancer treatment. Diverse all-in-one innovative PDA-based platforms have been described in the literature as multifunctional/multi-modal therapeutic or theranostic nanoagents 156 269, 272 . Numerous reviews published over the recent years have cited in great details the diverse therapeutic approaches and associations regarding PDA-mediated anti-cancer treatment 49-52, 162, 273 .

Other catecholamines-derived melanin-like materials

The outstanding properties of PDA-based materials and their remarkable potential in diverse biomedical applications, particularly in the cancer therapy field, have boosted the research of new melanin-like materials for the design of novel therapeutic agents. Catecholamines like 3,4-dihydroxy-L-phenylalanine (L-DOPA) or norepinephrine, and other related molecules like serotonin (Scheme 1.3), have been considered for the development of bioinspired advanced functional materials. Other naturally occurring catechols or dopamine chemical derivatives [START_REF] Ryu | Polydopamine Surface Chemistry: A Decade of Discovery[END_REF][START_REF] Lee | Material-Independent Surface Chemistry beyond Polydopamine Coating[END_REF]146 were also described in the literature for the preparation of polydopamine-resembling materials.

Natural melanin granules have also gained interest as photothermal and photoacoustic agents showing high photothermal conversion efficiency (about 40 %) and excellent anti-cancer activity revealed through in vitro and in vivo assays [274][275][276] .

The small structural differences between precursor monomers may result in a divergence in the functional properties and biological performance of the corresponding polymerized structures, which would offer a rich repertoire of melanin-mimicking materials of tailored characteristics.

Here, we will describe the ability of three main precursors, namely L-DOPA, norepinephrine and serotonin, to give rise to polydopamine-like "polymers" following their oxidation Scheme 1.3. Structures of the main monomers explored for the synthesis of polydopamine-resembling materials.

1.6.1. Poly(L-DOPA), PDOPA 3,4-dihydroxy-L-phenylalanine or L-DOPA is decarboxylated in vivo to generate dopamine. As the natural precursor of eumelanin in vivo 277 , L-DOPA is the first obvious material that can be considered for the preparation of synthetic melanin structures.

Inspired by the large advancements achieved for polydopamine development, poly(L-DOPA) (PDOPA) coating materials and colloidal nanoparticles were successfully prepared using the solution oxidation method 278 , the enzyme-catalyzed polymerization process [279][280] or also the electropolymerization method 281 . Nevertheless, the formation of PDOPA can be less successful than PDA, probably because of the electrostatic repulsion occurring between neighboring carboxylic acid groups, hindering the stacking and the aggregation of oligomeric units. This limitation could be however overcome under high ionic strength conditions 282 . Differences in the oxidation and polymerization rates were found for L-DOPA in comparison to dopamine, which lead to different deposition rates and particles formation kinetics 283 .

Adding to the reactive sites described for polydopamine in section 1.4.1, the chemical reactivity of PDOPA takes advantage of the carboxylic acid group available for diverse secondary reactions including with amine or hydroxyl-bearing molecules [283][284] . Also, bridging the carboxylic functions of L-DOPA monomers via a disulfide bond allowed to prepare novel PDOPA coatings offering an on-demand degradation in presence of reducing agents like glutathione and was applied for the delivery of doxorubicin in tumor microenvironment 283,285 .

PDOPA coatings were in fact successfully deposited on diverse surfaces such as metals, polymers, oxides and emulsion droplets [START_REF] Xu | Interfacial Basicity-Guided Formation of Polydopamine Hollow Capsules in Pristine O/W Emulsions -Toward Understanding of Emulsion Template Roles[END_REF]282 , and were used for diverse biomedical purposes, including cancer therapy. For instance, novel magnetic-guided PDOPA-coated Fe3O4 nanoparticles were recently developed for targeted delivery of the anti-cancer drug taxol and showed a promising tumor growth inhibition effect in vivo, with a more uniform drug release profile in comparison to polydopaminecoated analogue structures 286 .

In comparison to PDA nanoparticles, PDOPA counterparts displayed a stronger NIR light absorption and exhibited an enhanced photothermal conversion efficiency under laser illumination at 808 nm and a power density of 2 W.cm -2 278 . These properties can be advanced to develop photothermal therapeutic nanoagents with a great potential in cancer treatment applications.

Poly(norepinephrine), PNE

Norepinephrine is another endogenous catecholamine that, similarly to the parent dopamine and L-DOPA, can spontaneously polymerize under ambient alkaline conditions. The synthesis of poly(norepinephrine) (PNE) was first reported in 2009 after polydopamine discovery 287 . PNE was at first mostly reported as a versatile coating material applied to coat substrates of different types and shapes including nanoparticles 288 , nanotubes 289 and nanofibers 290 and could deposit on the surface of several organic and inorganic substrates including polymers, metals, silicates and graphene oxides [291][292] .

Following the protocols described for polydopamine formulation, spherical monodisperse PNE nanoparticles were successfully prepared, using a NaOH solution 259 or an alkaline Tris buffer / ethanol mixture 293 . Their size and morphology were tunable by varying the monomer or solvent amounts. For instance, increasing the monomer amount led to the increase of nanoparticles size. The increase of ethanol concentration allowed the obtention of nanoparticles of smaller size, while the use of ethanol at very low concentrations (0.1 mM) induced a loss in their spherical shape and monodispersity, which was attributed to the Hansen solubility parameter theory, as for polydopamine formation.

Similar to polydopamine, PNE materials expose multiple reactive sites serving as anchors for the immobilization of diverse biomolecules (enzymes 289,[294][295] , antibodies 296 , etc.) and for nanoparticles functionalization using PEG chains 297 .

In comparison to its polydopamine analogue, conventional PNE present an ultra-smooth and a highly homogeneous surface, due to the presence of 3,4-dihydroxybenzaldehyde, an intermediate generated during the polymerization of norepinephrine 298 . This property is advantageous for biomedical applications and allows to overcome limited surface regularity encountered in polydopamine 291 .

Indeed, PNE nanoparticles showed increased hydrophilicity and enhanced anti-fouling properties in comparison to their PDA counterparts suggesting a superior potential in biological applications 293 and PNE coatings served as an interesting bio-interface used to endow coated biomaterials with high hydrophilic and anti-fouling properties 293 . Moreover, following the immobilization of an enzyme on the PDA or PNE surfaces, higher enzyme loading rates were obtained for PDA due to this latter's rougher surface, however a decreased enzyme activity was observed and attributed to a reduced accessibility of its active sites 289 . The higher hydrophilicity of PNE counterparts allowed on the other hand to promote the activity of the immobilized enzyme.

Owing to its bioinspired nature and this highly hydrophilic character, PNE nanoparticles exhibited excellent biocompatibility as demonstrated in in vitro and in vivo studies and showed no immune response or long-term toxic effects during in vivo studies 293,297,[299][300] .

Considering all these aspects, PNE nanomaterials have gained increasing attention for biomedical applications, including tissue engineering 301 and gene delivery 302 applications, and have recently emerged as smart thermal and/or pH-responsive drug delivery platforms and excellent photothermal nano-agents, applied for combined chemo-PTT cancer therapy.

Indeed, due to its composition rich in aromatic rings, PNE nanoparticles are able to load compounds with aromatic rings, like doxorubicin, and hold a great potential as anti-cancer drugs nanocarriers 297,303 . Interestingly, PNE nanoparticles showed excellent drug loading ability with a maximum loading capacity of DOX that exceeded greatly that of PDA counterparts. Besides, PNE nanoparticles exhibited a higher cellular uptake efficiency, which resulted in a significantly enhanced intracellular DOX accumulation in comparison to polydopamine, confirming hence their superior potential in drug delivery applications. Similar to polydopamine, PNE nanomaterials showed a pH-sensitivity leading to a reduced leakage during blood circulation and to an enhanced drug release in acidic tumor microenvironment and cytolysosome compartments, due to the protonation of the amine functions in PNE causing the disruption of the - interactions.

Moreover, very recently, PNE nanomaterials were revealed to be a promising photothermal converting nanoagent of a great potential in cancer therapy. Indeed, PNE nanoparticles displayed a high NIR light absorption and an excellent photothermal conversion efficiency of 67% for nanoparticles of ~ 100 nm, following their irradiation at 808 nm, which is a 1.63-fold higher than that of their PDA analogues (41%), and higher than most available PTT nanoagents 297 . A great photostability was also observed in the case of PNE nanoparticles upon repeated laser illumination.

The therapeutic efficacy of PNE nanoparticles was demonstrated through in vitro cells and in vivo experiments. Interestingly, under nanoparticles illumination, increased release of encapsulated DOX was obtained, probably due to nanoparticles thermal expansion. This NIR-responsive drug release offered a further control of the site-specific delivery of anti-cancer drugs and results in a synergistic chemo-photothermal effect for an efficient tumor ablation.

Similarly, PNE coatings have shown promising photothermal activity and drug loading ability and were explored for the development of novel artemisinin-loaded PNE-coated FeOOH nanoparticles for efficient cancer photothermal-chemical combination therapy 303 .

Poly(serotonin), PST

Poly(serotonin) (PST) is a less explored class of melanin-like material obtained from the oxidative self-polymerization of serotonin, an indoleamine neurotransmitter derived from the hydroxylation and decarboxylation of the amino acid tryptophan.

The polymerization process, conducted under alkaline conditions, generated monodisperse nanoparticles, whose formation occurred with significantly slower kinetics compared to polydopamine, as monitored using absorption spectroscopy 304 .

The drug loading ability, stimuli-responsiveness and photothermal activity of PST nanoparticles have been recently investigated. The anticancer drug DOX was tested and could be efficiently loaded on the surface of PST nanoparticles via - and hydrophobic interactions and through hydrogen bonds formation. However, the drug loading efficiency was found to be lower than that of PDA nanoparticles. A controlled pH-induced release of the chemotherapeutic drug was depicted, confirming the interest of PST-based nanosystems in drug delivery applications for tumor therapy.

Moreover, the illumination of PST nanoparticles suspensions at 808 nm and 1.5 W.cm -2 induced a solution temperature increase of > 20 °C for nanoparticles concentrations > 100 µg.ml -1 . The temperature increase generated by PST nanoparticles was however lower than that obtained for their PDA counterparts.

Nevertheless, although the photothermal activity and drug loading capability of PST nanoparticles were limited compared to polydopamine materials, the former represent promising anticancer nanoagent candidates. Particularly, PST nanoparticles showed a greater biocompatibility, and a reduced protein corona formation in comparison to polydopamine, which is highly interesting for in vivo applications. Indeed, at the nano-bio-interface polyserotonin nanoparticles showed reduced interactions with proteins corona as suggested by quantum mechanics computations, which was attributed to the four-fold lower adhesion obtained for PST nanoparticles compared to PDA ones during peak-force AFM experiments.

Based on these findings, PST-based nanoparticles can be used as multifunctional cancer therapeutic nanoconstructs either as photothermal agents or as drug nanocarriers for efficient anticancer therapy.

Summary and outlooks

In summary, polydopamine represents a successful example of nature-inspired materials. Considering its diverse inherent properties, including the excellent biocompatibility, the high chemical reactivity Chapter 1
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and the remarkable photothermal conversion ability, PDA is acknowledged as a robust element that can be considered for the development of innovative "all in one" platforms, in order to provide an efficient cancer treatment and diagnosis.

Nevertheless, despite the rapidly increasing implementation of polydopamine and catecholamines derivatives in nanomedicines research field, several remaining challenges still have to be overcome to achieve advancements towards future clinical translation.

•

Regarding the complicated formation mechanisms, thorough investigation based on advanced techniques should be undertaken for a better understanding of the molecular organization and assembly modes. This would offer a full control of the morphological and functional features of polydopamine materials, allowing consequently the expansion of their applications scope.

•

The purification methods described so far to separate PDA nanoparticles from the oligomeric and unpolymerized counterparts are mostly based on dialysis or centrifugal filtration. However, these latter seem to be inefficient to separate all of the oligomeric structures from PDA nanoparticles and especially when it comes to nanoparticles with a hydrodynamic diameter less than 100 nm. The presence of such oligomeric structures in PDA nanoparticles suspension would affect their physicochemical properties and their in vivo outcomes.

•

As the preparation method leads to different chemical structures of PDA assemblies, this may affect their physicochemical properties and thus their interaction with biological environment. Hence, the preparation procedures should be harmonized between the different studies in order to get a relevant comparative set of data regarding the in vitro or in vivo studies.

• Full comprehensive studies of the photothermal conversion efficiencies of polydopamine nanostructures as a function of particles size and preparation procedures are also still lacking.

• Moreover, due to the high chemical reactivity and sensitivity of polydopamine structures, precautions need to be taken during formulation, use and storage, in order to avoid undesired side reactions.

•

As for the biosafety of such materials in humans, the biocompatibility of polydopamine was established based on observations made on cells and animal models (mice or rats). A better understanding of the pharmacokinetics profiles, the behavior towards physiological barriers, and the biodegradation pathways needs to be fulfilled.

Introduction

Over the past decade, the conception of new nanomedicines for cancer therapy has been considered as one of the most rapidly evolving areas. Owing to the advances in nanotechnologies and insights into the pathology of cancer at the cellular and molecular levels, a large number of nanoscale carrier platforms have been developed such as liposomes, dendrimers, polymer nanoparticles and inorganic nanoparticles. However, compared to the number of papers dealing with the efficiency of these nanomedicines for treating several diseases, only few drug delivery systems for intravenous administration have been clinically approved [305][306] . This is mainly due to the complexity of the developed systems that present several issues regarding their synthesis at large scale, functionalization, heterogeneous composition / formulation, metabolism and long-term safety 307 .

Many efforts have been thus devoted to design simple and multifunctional nanosystems based on one component strategy [START_REF] Massiot | Photo-triggerable liposomal drug delivery systems: from simple porphyrin insertion in the lipid bilayer towards supramolecular assemblies of lipid-porphyrin conjugates[END_REF][START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF][308][309] .

In 2007, Messersmith et al. [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] introduced a simple and pioneering method for surface functionalization which is bioinspired from the mussel adhesion process [START_REF] Lynge | Polydopamine-a nature-inspired polymer coating for biomedical science[END_REF]310 . They demonstrated that dopamine can self-polymerize in aqueous medium and in mild alkaline conditions to form polydopamine (PDA) polymer which can adhere onto various surfaces [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] whether hydrophobic or hydrophilic. Later on, Ju et al. [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] have reported on the possible synthesis of polydopamine nanoparticles (NPs) that mimic melanin [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] . Added to their functional properties [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF][START_REF] Mrówczyński | Polydopamine-Based Multifunctional (Nano)materials for Cancer Therapy[END_REF] such as free radical scavenging activity [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] , photothermal conversion [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] and photoacoustic imaging efficiencies [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] , PDA NPs present several advantages compared to other polymeric nanoparticles. Indeed, PDA NPs are easy to synthesize and are made from biodegradable and biocompatible polymers [START_REF] Liu | Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and Biomedical Fields[END_REF] . Furthermore, the NPs diameter can be easily controlled by tailoring the experimental polymerization conditions such the pH [START_REF] Ho | The pH-controlled nanoparticles size of polydopamine for anti-cancer drug delivery[END_REF] , water/alcohol ratio, dopamine concentration and polymerization temperature [START_REF] Amin | Size Control and Fluorescence Labeling of Polydopamine Melanin-Mimetic Nanoparticles for Intracellular Imaging[END_REF][START_REF] Jiang | Selecting water-alcohol mixed solvent for synthesis of polydopamine nano-spheres using solubility parameter[END_REF] .

Because of their ease of use and their fascinating properties, PDA NPs have attracted considerable interest for various biomedical applications [START_REF] Mrówczyński | Polydopamine-Based Multifunctional (Nano)materials for Cancer Therapy[END_REF] . In addition, PDA polymer exhibits a unique property which consists in its chemical versatility [START_REF] Ye | Bioinspired catecholic chemistry for surface modification[END_REF] . Indeed, the surface of polydopamine NPs can be easily modified for drugs and/or hydrophilic polymer grafting (i.e. PEGylation 311 ) via covalent bonding with amines and thiols, hydrogen bonding, π-π stacking, metal coordination, and electrostatic interactions [START_REF] Lynge | Polydopamine-a nature-inspired polymer coating for biomedical science[END_REF] . Actually, the PEGylation of nanoparticles 312 is a commonly used approach for increasing their circulation time in the bloodstream and/or improving the efficiency of drug delivery to target cells and tissues 311 . It consists in coating the surface of nanoparticles with high surface density of polyethylene glycol (PEG) polymers that adopt a brush conformation. In the case of PDA NPs, some works [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Amin | Size Control and Fluorescence Labeling of Polydopamine Melanin-Mimetic Nanoparticles for Intracellular Imaging[END_REF] have been done in this direction by using high concentrations of thiol functionalized PEG (SH-PEG), however none of them provided a clear justification about their PEGylation strategy and the choice of the experimental conditions. The PEGylation of PDA can be done via "Grafting-To" strategy 313 , which consists in grafting the polymer chain to the desired substrate. This can be done on PDA surface using either thiol (SH-PEG) or amine terminated PEG (NH2-PEG). Whereas, SH-PEG can react via Michael addition with the catechol or with the corresponding unsaturated indole rings, NH2-PEG can be coupled to PDA using the same route but also via condensation reaction between the amine terminus group and the quinone to form Schiff base 38, 46 (Figure 2.1). One of the big challenges to achieve a brush conformation of hydrophilic polymers is the excluded volume interactions, where the first grafted polymer chains at low density limit the access to the surface for other polymer chains thus leading to inefficient surface PEGylation [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF][314][315] .

To overcome such problem, Pop-Georgievski et al. [313][314] have achieved a dense grafted PEG polymer on planar PDA layer by using PEG melts which involves the heating of an ultrathin layer of PEG so the chains become mobile and exhibit ideal chain dimensions [313][314] . Despite its success, the melt approach requires a high working temperature which can be problematic for fragile encapsulated drugs and cannot be applied on nanoparticles. Besides, Ju et al. [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] have used high aqueous PEG-SH concentrations (up to 100 mg/ml for 1mg/ml of PDA NPs) in order to reach the polymer cloud point [316][317] which may allow high grafting density of PEG on PDA NPs. However, this latter strategy requires a very high concentration of polymer which is unfavorable for any industrial development. properties of PDA NPs with different size have been studied using AFM. In fact, studying the nanomechanical properties of the NPs as drug delivery systems has gained a massive interest over the past years [318][319][320][321] . Many relevant studies have reported about the impact of NPs elasticity on their cellular uptake, tissue penetration and biodistribution 320,[322][323] . Regarding PDA NPs, to the best of our knowledge, no previous studies have been reported neither about the elasticity of PDA NPs nor about the impact of their size on their mechanical properties. Finally, we present a versatile (10 mM, pH 7.4). Ultrapure water was produced by a Millipore MilliQ Direct 8 water purification system with a resistivity of 18.2 MΩ.cm at 25 °C.

PDA NPs formulation

PDA NPs were synthesized following a previously established protocol [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF][START_REF] Jiang | Selecting water-alcohol mixed solvent for synthesis of polydopamine nano-spheres using solubility parameter[END_REF] . Ultrapure water was mixed with ethanol (70/30 % vol) and an aqueous solution of ammonia (25% NH3). Dopamine hydrochloride was pre-dissolved in water and added to the abovementioned mixture under mild stirring. The reaction was allowed to proceed for 24 hours. Then, the preparations were purified by centrifugal filtration in 30 kDa MWCO Amicon filters and subsequently washed with water for three times. Centrifugations were carried out at ~2000 g, 4°C for 20 min using SL-200 RFID rotor (NuAir Awel, UK). The volumes retained were redispersed in either ultrapure water or Tris buffer and then stored at 4°C.

To study the impact of experimental parameters on the size and yield of PDA NPs, we tested different dopamine concentrations (2, 2.5, 3.2, 4 and 5 mg/ml), molar ratios of ammonia/dopamine (10, 20, 25, 30, 38 and 50), and temperatures (25, 30, 40, and 50 °C). All PDA nanoparticles formulations were reproduced three times.

The yield in PDA NPs was calculated as follows after the freeze drying of a precise volume of the NPs suspensions (Equation 1). NPs concentration was determined based on the lyophilizate weight.

𝑌𝑖𝑒𝑙𝑑 (%) =

𝑊𝑒𝑖𝑔ℎ𝑡 𝑃𝐷𝐴 𝑊𝑒𝑖𝑔ℎ𝑡 𝐷𝑜𝑝𝑎𝑚𝑖𝑛𝑒 𝑥 100

(eq 1)

Dynamic light scattering (DLS) and Zeta potential measurements

The hydrodynamic diameter (DH) and surface charge were determined on aqueous NPs suspensions using a Zetasizer (Nano-ZS 90, Malvern Instruments, UK) with a detection angle of 90 °. The potential measurements were conducted in presence of low ionic strength (5 mM NaCl). All measurements were carried out at 25 °C and repeated three times. The hydrodynamic radius of PEG was measured in Tris buffer (10 mM, NaCl 150 mM) using Zetasizer (Nano-ZS, Malvern Instruments, UK) with a detection angle of 173° following the same procedure described by Kaszuba et al 324 .

UV-visible absorbance

UV-visible absorbance spectra were recorded on a Cary 300 Bio UV-vis spectrophotometer (Varian, USA). The absorption of a NPs suspension was compared to that of an aqueous dopamine solution.

The absorbance was measured for the wavelengths comprised between 200 nm and 800 nm.

Fourier Transform InfraRed spectroscopy

The FTIR analysis was performed on a Spectrum two spectrometer (PerkinElmer, France) in the attenuated total reflection (ATR) mode. NPs lyophilizate was analyzed and compared to dopamine hydrochloride powder. The spectra were recorded in the wavenumber range between 500 and 4000 cm -1 .

Atomic Force Microscopy (AFM)

Morphology and size distribution of PDA NPs prepared at different [Ammonia]/[Dopamine] ratios were examined (T=25°C, [DA]=3.2 mg/ml) using a JPK Nanowizard Ultraspeed AFM (JPK instruments, Germany). NPs were first diluted in ultrapure water to a final concentration around 350 μg/ml. 100 μl were then deposited on cleaved mica substrates (muscovite mica, grade V1 from Tedpella) and the samples were left to dry at room temperature. The samples were then imaged in air conditions in Amplitude Modulation AFM (AM-AFM) using gold coated silicon ACTG cantilevers (nominal spring constant ~37 nN/nm, tip radius < 10 nm) from AppNano (USA). Imaging was performed at low force settings (85-90% of the free amplitude set around 20 nm). Topographic images were analyzed with the JPK Data Processing software and the size distributions were determined manually by using the line profile option to obtain the NP height and full width at half maximum (FWHM) to avoid any tip convolution effect.

Cryogenic Transmission Electronic Microscopy (Cryo-TEM)

NPs were diluted to around 1 mg/ml in Tris buffer (10 mM, pH 7.4) and 5 µl were deposited on a perforated carbon-coated copper grid (TedPella, Inc.). After removal by absorption of the liquid in excess, the grid was immediately immersed in a liquid ethane bath cooled at -180 °C. The grid was then mounted on a cryo holder and examined using a JEOL 2200FS (JEOL USA, Inc., Peabody, MA, U.S.A.) with an acceleration voltage of 200 kV. Micrographs were taken with a Gatan Ultrascan 2K camera (Gatan, Evry, France) and were treated with Image J software.

Evaluation of nano-mechanical properties of PDA NPs

The nanomechanical properties of PDA NPs prepared at different Ammonia/Dopamine molar ratios were carried out in a homemade fluid cell containing 200 µL of Tris buffer, at room temperature using a JPK Nanowizard Ultraspeed AFM (JPK instruments, Germany) in JPK Quantitative imaging (QI) mode. QI is a multiparametric mode that collects force-distance (FD) curves in each pixel of a high-resolution image with information about height, sample stiffness and adhesion. At each scanned pixel, the cantilever approached the surface until the vertical deflection reached the setpoint value, inducing sample's deformation, before being retracted away.

As PDA NPs could not be physically adsorbed onto mica in buffer, they were thus covalently attached to the chemically modified mica substrates (Figure 2.6A). To do so, freshly cleaved mica substrates were silanized using (3-aminopropyl)triethoxysilane (APTES) in the presence of N,Ndiisopropylethylamine (DIPEA). The silanization was carried out in vapor phase by applying a protocol described elsewhere 325 . In brief, in a plastic desiccator purged with nitrogen, 1 cm 2 cleaved mica surfaces were placed in presence of 60 µl APTES and 40 µl DIPEA and set under vacuum for 90 min. Immediately after removal from the desiccator, silanized mica substrates were fixed on a glass slide and further functionalized by depositing 200 µl of glutaraldehyde in PBS buffer (1:1 v/v).

After incubation for 2 hours, the substrates were rinsed with Milli-Q water. Afterwards, 100 µl of PDA NPs diluted to 0.5 mg/ml in Tris buffer (10 mM, pH 8.5) were deposited on the substrate and incubated for 1 hour. This method of functionalization allowed PDA NPs grafting to the surface via nucleophilic addition of the amine groups exposed on NPs surface onto the aldehyde function of the chemically modified mica substrates. Surfaces were then gently rinsed with ultrapure water, before adding Tris buffer (10 mM, pH 7.4) for AFM imaging.

The attached PDA NPs were thus imaged in QI mode at a resolution of 5 μm × 5 μm, 256 × 256 pixels using gold coated silicon ACTG cantilevers from AppNano (USA), with a nominal spring constant of ~ 37 nN/nm and a nominal tip radius of ~10 nm. The force setpoint was fixed to 35 nN at an indentation speed of 50 µm/s. The spring constant of the cantilever was measured in Tris buffer at room temperature and determined before every experiment using the equipartition theorem (thermal noise) [326][327] implemented in the JPK software Calibration Manager.

The Young's modulus associated with each pixel was determined with the JPK Data Processing software using the Hertz model. To do so, the approaching part of the force-indentation curves was fitted using the force-indentation relationship described in the Hertz model for the spherical indenter, as described by the following equation (Equation 2)

𝐹 = 4 3 . 𝐸 1-𝑛 2 . √𝑟 . 𝛿 3 2 (eq 2)
where  is the Poisson's ratio set at 0.5 (a typical value retained for incompressible isotropic materials),  the sample deformation induced by the indentation, r the tip radius estimated at 10 nm, F the force applied during sample indentation and E the elastic modulus also called apparent Young's modulus. This allowed the generation of the corresponding elasticity map.

As this model is valid for small indentations going up to 20 % of the material's height, we have chosen 35 nN as force setpoint in order to maintain sample deformation below 10 nm. At such small deformations, the result is not biased by the underlying substrate's rigidity and the contact area between the tip and the indented material does not exceed the tip radius.

PEG grafting in planar geometry using QCM-D

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a highly sensitive instrument that allows real-time monitoring of the mass of deposited materials on an oscillating surface. This technique is based on the piezoelectric properties of a quartz sensor which oscillates, under excitation of a sinusoidal current, in shear deformation mode with a fundamental resonant frequency of 5 MHz.

During QCM-D experiments, resonance frequency is recorded with multiple overtones. Frequency changes (f) refer to mass adsorption or desorption on or from the surface. Simultaneously, the energy dissipation of this oscillatory system is obtained by switching off regularly the electric excitation.

Dissipation shifts (D) are related to the viscoelastic properties of the adsorbed material. In the case of hydrated layers with viscoelastic behavior, energy is dissipated with a time decay resulting in a high dissipation shift. Kelvin-Voigt model is commonly used to describe dissipative systems and interpret the obtained f and D signals 328 . In this model, the oscillatory system is described as a spring (corresponding to the elastic part) mounted in parallel to a dashpot (referring to the viscous frequency shift in order to obtain the same PDA layer thickness for all experiments (f5 ~ -100 Hz, reached after ~2 hours of solution injection).

Next, a 1 mg/ml PEG solution in Tris buffer (10 mM, pH 8.5) was injected onto the pre-formed PDA film at a flow rate of 250 µl/min. f and D were recorded for ~17 hours, which was sufficient to reach saturation. Three molecular weights were tested for SH-PEGn-COOH, n = 2000 Da, 3500 Da and 5000 Da, to compare their grafting efficiency on PDA film. The impact of salts concentration on PEG grafting on PDA surface was studied by injecting PEG solution in 10 mM Tris buffer supplemented or not of 150 mM NaCl. Experiments were repeated three times for each condition.

The morphology and thickness of PDA and PEGylated PDA films were then studied by AFM imaging and nanoscratching experiments, respectively (Scheme 2.1B).

Proteins adsorption was then evaluated for bare PDA film and PEG functionalized films by injecting fetal bovine serum (FBS) diluted to 10 % (% vol) in Tris buffer (10 mM, pH 7.4). Based on the results obtained from these experiments, PEG chain length and grafting conditions were selected for PDA NPs PEGylation.

PEG chains conformation was theoretically estimated by calculating their overlap parameter defined by the ratio D/2Rg, where D is the distance between two neighboring chains and Rg their gyration radius 313,329 . It is assumed that (i) for D/2Rg >1, PEG macromolecules adopt a mushroom conformation on the functionalized surface, (ii) for D/2Rg = 1, they are in a mushroom-to-brush structural state, while (iii) for D/2Rg values < 0.5, the grafting density is very high forcing the polymer chains to adopt a brush conformation.

In a good solvent, Rg = 1.78 Rh 313 where Rh is the hydrodynamic radius of the PEG coil determined by DLS. D can be calculated as follows:

𝐷 = √ 4 𝜋 . 𝜎 (eq 4)
where σ is the grafted density PEG 330 given as:

𝜎 = 1 𝐴 𝑃𝐸𝐺 = 𝑁 𝑃𝐸𝐺 𝑆 (eq 5)
Where APEG is occupied area per PEG chain, NPEG is the number of PEG molecules grafted on the surface (S) 330 . NPEG was calculated from the mass of the PEG layer deduced from the fitting of the QCM-D data with Voigt-Voinova model 328 using Q-Tools software (3.0.15).

The thickness value obtained by AFM nanoscratching experiments for the PEG layer was injected in the Voigt model equations to allow the calculation of the layer's density, viscosity and shear modulus.
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The density and viscosity of the aqueous phase were set at 1000 kg.m -3 and 0.001 kg.m -1 .s -1 , respectively.

The thicknesses of PDA and PDA-PEG films were determined simultaneously in the presence of buffer and after drying with nitrogen stream, in order to calculate the swelling percentage (%H2O)

following the equation ( 6):

% H2O = (
H hydrated layer -H dry layer H dry layer ) x100 (eq 6)

PEGylation of PDA NPs

After optimization of NPs formulation, PDA NPs of an average diameter of ~140 nm were used for further functionalization with SH-PEG2000-COOH (The determination of the PEG mass needed for NPs PEGylation is detailed in Appendix S2). After purification, bare PDA NPs were dispersed in Tris buffer (10 mM, 150 mM NaCl, pH 8.5). PEG2000 was dissolved in the same buffer and added to the NPs suspension. The final concentrations were 1 mg/ml and 10 mg/ml for PDA NPs and PEG solution, respectively. The mixture was allowed to react at room temperature under mild stirring.

After 24 hours, the NPs were purified by centrifugal filtration (MWCO 30000 Da). NPs diameter and zeta potential were measured using the same protocol described for PDA NPs. NPs PEGylation was confirmed by FTIR spectrometry and DLS.

Statistical analysis

In order to assess the significance of sizes and yields observed between the different groups of PDA NPs, we have conducted a one-way analysis of variance (ANOVA) using the data analysis toolkit in Microsoft® Excel. p-value less than 0.01 was considered statistically significant.

Results and discussion

PDA nanoparticles synthesis: impact of polymerization conditions on their size and yield

Polydopamine also referred to as dopamine-melanin is an heterogenous biosinspired polymer which can be easily synthesized from dopamine monomer in alkaline conditions [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF] . Despite the fact that its exact structure is not yet fully elucidated 135,139 due to the complexity of the polymerization pathways and its insolubility in aqueous and organic solvents, there is a general agreement that PDA formation involves the oxidation of protonated dopamine monomers in alkaline aqueous conditions to give dopamine-quinone molecules which can further cyclize to form dihydroxyindole (DHI) molecules as key precursors of PDA [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF]136,143 . Different experimental conditions for PDA NPs synthesis have been described so far, and most of them consisted in the oxidation of dopamine in aqueous solution in the presence of a strong base such as NaOH or NH4OH [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Ho | The pH-controlled nanoparticles size of polydopamine for anti-cancer drug delivery[END_REF][START_REF] Amin | Size Control and Fluorescence Labeling of Polydopamine Melanin-Mimetic Nanoparticles for Intracellular Imaging[END_REF] . However, these protocols usually lead to the formation of large aggregates coexisting with the desired NPs which induced a loss in the final NPs yield and required further purification steps to remove the large aggregates [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Ho | The pH-controlled nanoparticles size of polydopamine for anti-cancer drug delivery[END_REF][START_REF] Amin | Size Control and Fluorescence Labeling of Polydopamine Melanin-Mimetic Nanoparticles for Intracellular Imaging[END_REF] . Recently, by calculating the Hansen solubility parameters of the solvents, Jiang et al. [START_REF] Jiang | Selecting water-alcohol mixed solvent for synthesis of polydopamine nano-spheres using solubility parameter[END_REF] After the addition of dopamine at different concentrations ranging from 2 to 5 mg/ml to the reaction mixture, the colorless solutions turned rapidly to pale brown then gradually to dark brown and finally black indicating the formation of PDA features. After 24 hours of incubation, the PDA NPs were purified with centrifugal filtration in order to eliminate the unconverted dopamine derivatives and were characterized in terms of their hydrodynamic diameter by DLS and their yield after freeze drying. While a dopamine concentration of 2 mg/ml did not lead to the formation of monodisperse PDA NPs, those ranging from 2.5 to 5 mg/ml gave rise to monodisperse NPs with a hydrodynamic diameter increasing with the concentration of DA (Figure 2.2A). However, the yield did not follow the same tendency (Figure 2.2B) but reached higher values (~ 45%) with higher concentrations of dopamine. The reaction time was also determined, and as shown in the Based on these results and as the concentration of DA at 3.2 mg/ml gave monodisperse NPs distribution with a mean hydrodynamic diameter  200 nm which is considered as optimal NPs diameter for intravenous administration in in vivo applications, this concentration and the reaction time of 24 h were kept constant in this study. Figure 2.2C shows the hydrodynamic diameter measured by DLS of the purified PDA NPs that were prepared with increasing

[Ammonia]/[Dopamine] ratios. Indeed, NPs hydrodynamic diameter was strongly dependent on

[Ammonia]/[Dopamine] ratio, with a NPs size decreasing from ~300 nm to ~60 nm for ratios comprised between 10 and 50 respectively, at 25°C. The effect of base concentration is consistent with previous reports in the literature [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Ho | The pH-controlled nanoparticles size of polydopamine for anti-cancer drug delivery[END_REF] . Actually, under alkaline conditions and in presence of oxygen, dopamine hydrochloride is deprotonated, oxidized and self-polymerized leading to the production of polydopamine. The redox process is associated with protons production. Basic pH allows thus the consumption of the produced protons and the shift of the redox reaction equilibrium towards the production of polydopamine. Hence, higher pH values will enhance the nucleation of ratios. An increase in the reaction temperature thus provides more energy to the system and probably accelerates the kinetics of polymerization, generating NPs smaller in size but in greater number than at low temperature. Different results have been reported in the literature regarding the yield in PDA NPs as a function of [Ammonia]/[Dopamine] ratio. While Jiang et al. [START_REF] Jiang | Selecting water-alcohol mixed solvent for synthesis of polydopamine nano-spheres using solubility parameter[END_REF] observed unchanged yields when varying the pH reaction, Ju et al. [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] reported an increase of the yield with the pH and temperature.

Such discrepancy may be related to the different employed purification methods but also to the formation of non-polymerized amorphous agglomerates at high pH values that can pass through the filters membranes. In order to assess the difference significance between sizes and yields of the different groups of PDA NPs, we have conducted a one-way analysis of variance (ANOVA). By analyzing the impact of temperature and [Ammonia]/[Dopamine] ratio on the sizes and yields of PDA NPs, we found that the size differences between the PDA NPs groups as well as their yields were significant except for the yields obtained at 50°C. The results are summarized in Table S2.2 and Table S2.3.

As the [Ammonia]/[Dopamine] ratio and the reaction temperature significantly affected the size and yield of PDA NPs, their impact was further assessed by generating surface response plots (Figure 2.2F, 2.2G) from the whole set of data, using a central composite design with two numerical factors ([Ammonia]/[Dopamine] ratio and temperature. This allows the prediction of the size or the yield from these two parameters. Indeed, by using the size-factor and yield-factor relation equations generated from the central composite design analysis (Equations ( 7) and ( 8) where R is the

[Ammonia]/[Dopamine] ratio and T is the temperature), it is possible to determine the range of values of the two experimental parameters allowing the synthesis of PDA NPs with the desired size and yield.

𝑫 𝒉 (𝒏𝒎) = -140.89087 + 58.00798 T -18.45587 R -0.041939 T R -1.78885 𝑇 2 + 0.335141 𝑅 2 + 0.002083 𝑇 2 R -0.000845 T 𝑅 2 + 0.016389 𝑇 3 -0.001973 𝑅 3 𝒀𝒊𝒆𝒍𝒅 (%) = -178.23531 + 18.55453 T -0.828241 R + 0.001854 T R -0.497238 𝑇 2 + 0.008004 𝑅 2 + 0.000245 𝑇 2 R -0.000155 𝑅 2 + 0.004404 𝑇 3 -7.90E -06 𝑅 3

In order to confirm the efficiency of the generated size-factor and yield-factor relationships, five different synthesis experiments were conducted and the results were compared to the predicted ones.

The experimental results were fully consistent with predicted size and yields values using central composite design analysis (Table 2.2). Thus, our data set provides a simple and accurate method to produce PDA NPs with a fine control of their size and yield. 

Morphological characterization of PDA nanoparticles

After the optimization of the formulation conditions of PDA nanoparticles, their size and their morphology were assessed using transmission electron microscopy (Cryo-TEM) and atomic force Similar to DLS results the size of NPs was reduced as the [Ammonia]/[Dopamine] ratio increased.

However, it should be noticed that the coexistence of few small polymeric features with very low height (h < 20 nm) was also observed in AFM height images. These latter became more frequent as the size of the PDA NPs decreased. This may be due to the presence of some PDA oligomeric stacks that were not fully grown into PDA NPs and could not be removed by the adopted purification methods. Next, we performed a statistical analysis of the height and width of the different batches. In order to reduce the convolution effect on the lateral size of nanoparticles imaged by AFM, the widths were all measured at the full width at half maximum (FWHM) of the peak height 333 . The obtained results are summarized in Table 2.3 andFigure S2.2. All NPs heights and widths could be nicely fitted with one symmetric Gaussian peak (Figure S2.2). Compared to the DLS data, those obtained with AFM were lower. This discrepancy could be explained by the polydispersity index of the studied samples. As already mentioned, DLS overestimates the NPs size distribution by favoring the light diffusion of larger objects 333,[335][336] . Furthermore, the drying step necessary to adsorb NPs on mica surface, as well as the interaction with mica surface after adsorption may generate noticeable changes in their shape and dimensions on AFM pictures. Taken together, both DLS and AFM data confirmed the fact that increasing the [Ammonia]/[Dopamine] ratio induced a decrease in the PDA NPs diameter and that they exhibited spherical shape with monodisperse distribution. Finally, the zeta potential of PDA NPs was measured at 25°C for different [Ammonia]/[Dopamine] ratios (Table 2.3). All PDA NPs exhibited negative zeta potential values that could be related to the deprotonation of the catechol groups exposed at their surfaces [START_REF] Ho | The pH-controlled nanoparticles size of polydopamine for anti-cancer drug delivery[END_REF]196 . Independently of their size, the  values remain almost unchanged (around -36 mV) which indicates that PDA NPs expose the same functional groups at their surface.
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Nanomechanical properties determination of PDA nanoparticles

Besides, the nanomechanical properties of PDA NPs exhibiting different sizes were examined performing AFM nanoindentation experiments 319,337 . Measuring the Young's modulus of NPs with different sizes is of great interest for biomedical applications [318][319][320] . Indeed, several studies have highlighted the influence of NPs nanomechanics on their structural and functional properties [318][319][320] all the more so polymeric nanomaterials may behave differently from their bulk counterparts [338][339] .

The AFM nanoindentation experiments consist in force spectroscopy measurements in which the AFM tip approaches the sample and is pushed into it, until a predefined force is reached and then tip will be retracted thus generating force-distance curves (Figure 2.6B). These latter can be then fitted with different contact mechanics models namely with Hertz 340 , Johnson-Kendall-Roberts (JKR) 341

or Derjaguin-Muller-Toporov (DMT) 342 models. So far, Hertz model is the most used one because of its simplicity, however different experimental conditions such as indentation depth, tip geometry, cantilever stiffness should be precisely defined in order to avoid any wrong estimation of the calculated Young's modulus 337,343 . Indeed, the Hertz model assumes a spherical shape for the AFM tip and a non-adhesive contact between the indenter and the sample 337 . Thus, in order to determine the best experimental conditions for nanoindentation experiments, we first performed AFM imaging of covalently attached PDA NPs (DH = 131±2 nm) with low force settings in buffer using quantitative imaging AFM mode (QI TM ) [344][345] which collects force-distance (FD) curves in each pixel in a highresolution image with information about height and sample stiffness ( only 10% of the sample total height (~ 110 nm). This condition is essential in order to exclude the substrate effect on the mechanical measurements. In addition, this indentation depth is almost equal to tip radius of the used cantilever which was assumed to 10 nm as nominal value, hence the indenter geometry could be assumed as sphere and the Hertz model could be applied 337 . Thus, in order to investigate the source of such hysteresis, we have performed a series of nanoindentation experiments at different loading rates (62.5, 31.25 and 15.625 μm/s). As depicted in Furthermore, the imaged PDA NPs did not exhibit any significant difference in shape or height following two consecutive AFM images acquired in QI mode. This result rules out the hypothesis of plastic deformation (Figure 2.9). for PDA NPs are almost one order of magnitude lower. This strong difference in mechanical behavior could be mainly related to the nature of polymer but also to their different structures, intra-particulate interactions and self-assembly process, and would be expected to correlate with a better biological performance, owing to less macrophages uptake and greater tumor accumulation 320,346 . PDA exhibits Chapter 2 106 a complex and heterogeneous structure which makes the elucidation of its polymerization mechanism still unresolved 139 , as detailed in chapter 1. Many authors have proposed that PDA is not a covalent polymer but rather a supramolecular aggregate of monomers, oligomers consisting of dihydroxyindole (DHI), dopamine quinone, dopamine and other eumelanin-like derivatives that are held together through weak interactions such as charge transfer, -stacking, hydrogen bonding and -cation [START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF]135 . However, others have suggested that PDA exhibits a polymeric structure of high molecular weight arising from aryl-aryl linkages between the oxidized and cyclized dopamine monomers 139 . Conversely, Hong et al. 136 suggested that PDA consists in mixtures made of covalently bound indole units, physical trimers made of two dopamine molecules and on dihydroxyindole which are held together by -stacking and hydrogen bonding 136 . Besides, Warren et al 151 have recently studied by the mean of pump-probe microscopy the role of the aggregation state of the oligomeric structures inside Melanin-like nanoparticles with different sizes (60 nm, 100 nm or 250 nm) generated by spontaneous dopamine oxidation on their absorption properties. By exploring the broad absorption bands of these NPs and their disassembled subunits including monomers, oligomers and stacked oligomers also known as protomolecules 151 , they suggested that larger PDA NPs showed higher attenuation at longer wavelengths compared to smaller ones due to their higher geometric packing order 151 . Similar absorbance profiles were indeed observed with our PDA NPs examined herein (Figure 2.11). This finding could explain also the dependence of Young's modulus values on NPs size, in particular for the bigger PDA NPs that exhibit higher elastic modulus values because of the higher geometric packing order of the stacked oligomeric fractions inside the core. The higher is the packing order, the more rigid are the NPs. 

PEGylation strategy of PDA nanoparticles

The next step was focused on the optimization of PDA PEGylation strategy in order to obtain high density of PEG chains grafted at the PDA surface. Since the PEG grafting efficiency as well as the PEG density on PDA NPs cannot be easily be assessed with conventional techniques (i.e., DLS, AFM, Cryo-TEM), we investigated the PEGlyation kinetics and efficacy of PDA planar adlayer using QCM-D in combination with AFM (Figure 2.12A). This combination allows the determination of the best PEGylation conditions leading to the highest PEG density on PDA surface. Thus, we have monitored in situ the formation of PDA film on SiO2-coated quartz crystals upon the oxidation of dopamine in Tris (pH 8.5), which is a commonly used buffer for surfaces coating with PDA. Herein, Tris was chosen instead of ethanol/water/ammonia mixture, because the dopamine polymerization in this latter mixture does not allow the formation of a PDA film on SiO2-coated quartz crystals.

Moreover, both polymerization procedures led to PDA assemblies exhibiting similar FTIR spectra [START_REF] Lee | Mussel-Inspired Surface Chemistry for Multifunctional Coatings[END_REF][START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] (Figure S2.3), thus indicating that the chemical structure of both PDA preparations is comparable.

Hence, the PDA film can be used as a chemical model of PDA NPs. Moreover, these changes were dependent on the PEG molecular weights. Indeed, on increasing PEG molecular weights, the changes in Δf5 and ΔD5, were more important. Moreover, while the injection of SH-PEG2000-COOH revealed a rapid saturation after 5 hours of injection, SH-PEG3500-COOH and SH-PEG5000-COOH exhibited slower saturation kinetics and tend to reach a plateau only after 14 hours of injection. Interestingly, the time-dependent profiles (Figure 2.12C) as well as the final frequency shifts and dissipation values, revealed that the three PEG polymers behave similarly and reached similar Δf and ΔD levels. These results demonstrate that the highest grafting molecular density of PEG could be obtained with the polymer having the lowest molecular weight (i.e., PEG2000). However, the frequency and dissipation shifts obtained in this study were lower than those obtained by other authors when forming PEG brushes on gold substrates 315 . Our PEGlyation conditions led to lower grafting density of PEG polymer on PDA. This could be mainly related to the excluded volume effect. Several approaches have been suggested in the literature in order to suppress or at least reduce the excluded volume effect between PEG chains [315][316][317] . Indeed, one could produce high grafted polymer densities by reaching the polymer cloud point which could be done using either highly concentrated solutions of functionalized PEG polymers, mixture of functionalized PEG in the presence of additional inert homopolymer 316 or by using lower concentration of functionalized PEG but in the presence of high salt concentration 315 . Since the two first approaches use high concentration of polymer, this may complicate the purification procedure of PEGylated materials and could not be favorable for the industrial development. We thus decided to modify our PEGylation strategy by preparing the SH-PEG2000-COOH solution at 1 mg/ml but in the presence of 150 mM of NaCl which may induce a salting out effect on PEG chains 315 . for thiol terminated PEG brushes formed either on gold or PDA coated gold substrates using the melt approach. The determined thickness was thus used in order to achieve the fit of QCM-D data using 313 using ellipsometry. The calculated value of D/2Rg was equal to 0.1 which is lower than 0.5 ascertaining that the grafted PEG chains in these conditions are in brush conformation for which there is a significant chain overlap between the neighboring chains. It should be noted that higher salts concentrations (data not shown) have been also tried in order to improve the PEG grafting on PDA film, however similar frequency and dissipation shifts were measured which demonstrates that the surface was already saturated with PEG chains.

Protein repelling properties of PDA PEGylated substrates

Finally, we performed a series of QCM-D experiments in order to evaluate the protein repelling properties of the PEGylated PDA surfaces by injecting FBS solution at 10 % (vol %) in Tris buffer.

Following the injection of FBS on PDA film (Figure 2.12E), the frequency decreases abruptly to reach a plateau with a frequency shift Δf5 value of ~ -65 Hz with subsequent increase of the corresponding dissipation (ΔD5 ~ 4x10 -6 ) indicating the absorption of viscous materials on the PDA surface. Furthermore, it is notable that both ∆f and ∆D change only slightly after rinsing with Tris buffer indicating that proteins are strongly adsorbed on the PDA film. Compared to this latter, the PEGylated films formed in the absence (PDA-PEG2000) or presence of NaCl (PDA-PEG2000-NaCl) revealed lower Δf and ΔD shifts upon FBS injection which could be attributed to the lower effective mass of adsorbed proteins. Moreover, the behavior of the two films did not exhibit same kinetic absorption profiles for FBS. Indeed, while a plateau in the frequency and dissipation shifts is obtained after 10 min of FBS injection, the frequency shift Δf5 monitored for PDA-PEG2000-NaCl continued to increase monotonically with time suggesting that proteins are loosely attached in this condition.

Moreover, the residual frequency and dissipation shifts obtained after buffer rinsing with PDA-PEG2000-NaCl are reduced by a factor of 2 and 4 compared to the PDA-PEG2000 and PDA films respectively. However, ∆f and ∆D did not come back to their initial levels after rinsing with Tris buffer indicating the presence of residual adsorbed proteins despite the presence of PEG brushes on the top of the PDA film. One possible explanation for this adsorption is the presence of defects in the PDA films. Similar effect has been observed by Emilson et al. 315 despite the presence of polymer brushes on gold surfaces.

By using the optimized PEGylation conditions on PDA planar surfaces, we applied the same PEGylation strategy on PDA nanoparticles exhibiting a hydrodynamic diameter of ~140 nm. The PEGylation was thus achieved after overnight incubation of PDA NPs at a concentration of 1mg/ml with 10 mg/ml of SH-PEG2000-COOH. The concentration of PEG herein was higher than that used in the case of planar surface in order to keep the same ratio as in the case of PDA planar surfaces. The PEGylation efficiency of PDA NPs was thus evaluated by measuring their hydrodynamic size, their Zeta potential by DLS and by investigating their chemical functionalities using Fourier-transform infrared spectroscopy (FTIR) on lyophilized NPs. The hydrodynamic diameter of the freshly PEGylated PDA NPs measured in ultrapure water revealed an increase by 14 nm compared to the bare PDA NPs. Moreover, the Zeta potential of the resulting NPs measured in the presence of 5mM of NaCl were not changed ( = -35 ± 1 mV) compared to the bare ones ( = -36 ± 1 mV). This could be related to the deprotonation of the carboxylic groups at the PEG extremities. Hence as the PDA NPs were already negatively charged the deprotontation of PEG carboxylic groups would not induce a shielding of the PDA charges. Moreover, both nanoparticles types were stable for more than one month when stored at 4°C either in ultrapure water or in Tris buffer (10 mM, pH 7.4). However, when stored in the same buffer but in the presence of 150 mM NaCl to mimic the physiological ionic strength, only PEGylated PDA NPs remained stable as shown in the Table 2.5. Bare PDA NPs tend to form aggregates in the presence of NaCl with large precipitates in the solution (Table 2.5) within 24 hours of incubation. This demonstrates that the electrostatic repulsion between the bare PDA NPs was insufficient to maintain their colloidal stability in the presence of NaCl according to the DLVO theory [349][350] . In fact, the presence of salts will reduce the Debye screening length ( -1 ) which is given as  -1 (nm)= 0.304/(I) 0.5 (where I is the ionic concentration of monovalent ions in M). However, such problem was not observed in the case of PEGylated NPs where their stability is maintained by the PEG corona which acts as steric barrier. To further corroborate the PEGylation of the PDA NPs, they were lyophilized and characterized by Fourier-transform infrared spectroscopy (FTIR). As depicted in Figure 2.13 the FTIR spectrum of untreated PDA NPs exhibit a broad peak spanning from 3600 to 3200 cm -1 corresponding to the presence of OH groups and two other peaks at ~ 1600 cm -1 and ~ 1500 cm -1 characteristics of indole derivatives. This spectrum is in perfect agreement with the literature [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF][START_REF] Ho | The pH-controlled nanoparticles size of polydopamine for anti-cancer drug delivery[END_REF] . Added to these peaks, the PEGylated PDA nanoparticles showed characteristic spectral peaks of the PEG at 2880 cm -1 (alkyl C-H stretching) and 1110 cm -1 (C-O-C stretching). These spectra are similar to those obtained by Ju et al. [START_REF] Ju | Bioinspired Polymerization of Dopamine to Generate Melanin-Like Nanoparticles Having an Excellent Free-Radical-Scavenging Property[END_REF] indicating the efficiency of the PEGylation strategy. 

Conclusion

In were also prepared and served as control.

In the previous chapter, we detailed the preparation of PEGylated PDA NPs and we studied the physico-chemical properties of the NPs obtained, in particular their nanomechanical properties. In this chapter, we first studied the photothermal conversion efficiency of PDA NPs and we examined, for the first time, the impact of NPs size on this property. Afterwards, we described the functionalization steps adopted for the development of the bimodal PTT/PDT PDA-based nanoplatform proposed in this thesis. Finally, as proof of concept, the bimodal therapy PTT/PDT efficiency of these nanosystems was assessed in vitro on esophageal carcinoma cell lines. 

Study of the photothermal conversion efficiency of PDA NPs in solution

1 ml of PDA nanoparticles suspension in Tris buffer was loaded in quartz cell and placed at 1 cm distance from the side to the laser diode. The suspension was then illuminated by the means of a laser diode module equipped with a laser diode driver and a temperature controller (LDM90, LDC220C, TED200C from Thorlabs Inc. Newton, New Jersey, United States) at a wavelength of 808 nm and an output power of 250 mW, 500 mW, 750 mW or 1000 mW. At this latter power, the fluence at this distance was estimated using an optical power meter (PM160T Optical Power Meter, from Thorlabs Inc. Newton, New Jersey, United States) to be 2 W/cm 2 . The temperature increase inside the suspension upon illumination was recorded using two K-type thermocouples whose were placed in two opposite corners of the quartz cell while a small magnetic stirrer is placed inside to get a uniform temperature (Figure 3.1). The process of nanoparticles-mediated photothermal hyperthermia can be described as a collective heating model 356 . And the calculation of the photothermal conversion efficiency () can be calculated following the same method already described by Roper et al. 357 and reproduced by many other authors [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF]252,[358][359][360][361] . Indeed, when a quartz cell containing a suspension of PDA nanoparticles is illuminated with a laser at a given wavelength (808 nm in this work), a change in the thermal energy of the suspension as a function of time is observed. When the laser is on, the rate of change in the suspension temperature (dT/dt) can be thus assimilated to the energy balance between the energy heat input (Qlaser) from the laser illumination and the energy dissipated (Qloss) to the surrounding environment as expressed in the following equation:

∑ 𝑚𝐶 𝑝,𝑖 𝑑𝑇 𝑑𝑡 𝑖 = 𝑄 𝐿𝑎𝑠𝑒𝑟 -𝑄 𝑙𝑜𝑠𝑠 (eq. 1)
The Qlaser has two contributions in the heat input. The first one is due to the light absorption by PDA nanoparticles (QNps) and the second one is the background energy inputted by the light absorption by the buffer solution (Qbackground) and the cuvette walls.

∑ 𝑚𝐶 𝑝,𝑖 𝑑𝑇 𝑑𝑡 𝑖 = 𝑄 𝑁𝑝𝑠 + 𝑄 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 -𝑄 𝑙𝑜𝑠𝑠 (eq. 2)

Where m is the sample mass, Cp is the heat capacity of water which is equal to ~ 4.2 J/g/°C, T is the Chapter 3 121 temperature and t is the time. However, since the mass of PDA NPs in suspension is lower than that of water, and the heat capacity of the Quartz cell (~ 0.7 J/g/°C) are also much smaller than that of water, thus equation ( 1) can be simplified as:

𝑚𝐶 𝑝 dT dt = 𝑄 𝑁𝑝𝑠 + 𝑄 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 -𝑄 𝑙𝑜𝑠𝑠 (eq. 3)
The photothermal conversion efficiency () is the ratio of the absorption to the extinction of nanoparticles, which represents the portion of light absorbed by the NPs and dissipated as heat.  is defined as follows:

 = 𝑄 𝑁𝑝𝑠 𝐼 𝑎𝑏𝑠 (eq. 4)
Where Iabs is the portion of laser energy absorbed by the NPs and can be calculated from the equation ( 5):

𝐴  = 𝑙𝑜𝑔 10 ( 𝐼 0 𝐼 𝑡𝑟 ) = 𝑙𝑜𝑔 10 ( 𝐼 0 𝐼 0 -𝐼 𝑎𝑏𝑠 ) (eq. 5)
Where A is the absorbance of the sample at 808 nm, I0 is the incident laser power (1 watt), Itr is the power of laser which is transmitted through the sample.

It should be noted that energy heat input by PDA nanoparticles upon laser illumination (QNPs), excludes the heat generated by the buffer and the quartz cell. QNPs can be thus expressed as follows:

𝑄 𝑁𝑝𝑠 = (𝐼 0 -𝐼 𝑡𝑟 ) = 𝐼 0 (1 -10 -𝐴  ) (eq. 6)

The heat dissipation from the system to the external surroundings (Qloss) can be defined by Newton's law of cooling and it is given as:

𝑄 𝑙𝑜𝑠𝑠 = ℎ𝑆(𝑇 (𝑡) -𝑇 0 ) = ℎ𝑆∆𝑇 (eq. 7)
Where h is the heat transfer coefficient, S is the surface area of the interface between PDA NPs and the external environment, T(t) is the temperature at time (t), and T0 is the initial temperature (ambient temperature) before laser exposure. ∆T is defining as T(t) -T0.

At equilibrium, when a steady state of temperature increment to a maximal value (Tmax) is reached and dT/dt is equal to 0, equation ( 2) and equation ( 6) become:

𝑄 𝑙𝑜𝑠𝑠 = 𝑄 𝑁𝑝𝑠 + 𝑄 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = ℎ𝑆(𝑇 𝑚𝑎𝑥 -𝑇 0 ) (eq. 8)

Thus, according to equations ( 6) and ( 8):

 = ℎ𝑆(𝑇 𝑚𝑎𝑥 -𝑇 0 )-𝑄 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐼 0 (1-10 -𝐴 ) = ℎ𝑆∆𝑇 𝑚𝑎𝑥 -𝑄 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐼 0 (1-10 -𝐴  )
(eq. 9)
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In this equation, only hS and Qbackground are unknown. In order to determine hS, the ratio of ∆T to ∆Tmax defined as  is introduced as follows:

 = (𝑇-𝑇 0 ) (𝑇 𝑚𝑎𝑥 -𝑇 0 )
(eq. 10)

Substituting eq. ( 10) into equation ( 3) and rearranging it yields: -]

(eq. 11)

The characteristic constant rate of heat dissipation 1/τs is defined as:

1

 𝑠 = ℎ𝑆 𝑚𝐶 𝑝
(eq. 12)

Thus equation ( 11) is rearranged to:

𝑑𝜃 𝑑𝑡 = [ (𝑄 𝑁𝑝𝑠 +𝑄 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 ) ℎ𝑆(𝑇 𝑚𝑎𝑥 -𝑇 0 ) -]  𝑠 (eq. 13)
When the laser is turned off, QNPs + Qbackground equal to 0, and equation ( 13) can be written as:

𝑑𝑡 = - 𝑠 .𝑑𝜃 θ (eq. 14)
Integrating equation ( 14) gives the equation ( 15): 𝑡 = - 𝑠 𝑙𝑛𝜃 (eq. 15)

The cooling phase data was thus plotted as shown in the figure below (Figure 3.2), in the form of equation (15) to determine (s), which is substituted into equation ( 12) to calculate hS. An average value of 367.2 ± 19.4 s for s was obtained and used for all PDA NPs size for the conversion efficiencies calculation. This value was kept constant for the calculation of all photothermal conversion efficiencies independently from NPs size. This is because the volume of NPs suspension loaded in the cuvette was kept the same for all photothermal measurements. Indeed, as demonstrated by Jiang et al. 358 , the heat dissipation rate is mainly related to the volume of liquid loaded in the quartz cell but not to the presence of NPs. Thus, s should be identical independently of NPs size. The Qbackground was independently determined by illuminating the quartz cell containing 1 ml of buffer using the same conditions for the NPs suspensions and it is defined as:

Q 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = ℎ𝑆(𝑇 𝑏𝑢𝑓𝑓𝑒𝑟 𝑚𝑎𝑥 -𝑇 0 ) (eq. 16)
Where hS is the average value calculated above. Finally,  is calculated from equation ( 9).

Evaluation of the photo-induced degradation of ROS-cleavable linkers

In the case of thioketal, acetone would be produced following the ROS-sensitive bond rupture 351,362 , which could be monitored by [START_REF] Tanaka | Photobiological Basics and Clinical Indications of Phototherapy for Skin Rejuvenation[END_REF] 

Synthesis of TPPS3-conjugated PEG polymers

In order to prepare ROS-responsive and non-ROS responsive PDA-based nanoparticles, first we The synthetic procedure the TPPS3-conjugated PEG polymers is shown in the Scheme 3.1A and can be summarized as follows:

Dimerization of SH-PEG2000-COOH chains

This step aims at blocking the thiol groups of the polymer to avoid its intra-or inter-molecular interactions with the carboxylic group of PEG chains. For that, SH-PEG2000-COOH (100 mg, 47.6

µmol, 1 equiv.) was dissolved in deionized water (5 ml), 0.5 ml of a 10 mM NaI solution (0.1 equiv.)

and 60 µl of a 3% H2O2 (1.1 equiv.) were added and the mixture was incubated overnight at room temperature. The reaction crude was dialyzed in deionized water through a 1 kDa dialysis membrane.

The separated product (white powder, yield = 91%) was characterized using 1 H NMR (CDCl3, 300 

Acyl chloride formation

The carboxylic acid functions of the dimerized PEG chains (90 mg, 21.4 µmol) were activated in pure anhydrous SOCl2 (2 ml) under inert atmosphere and ambient temperature, to form acyl chloride moieties. The reaction mixture was stirred for 3 h and the solvent was then carefully evaporated. Due its high sensitivity, the product obtained was directly engaged in the next step with no further characterization.

Coupling of the activated PEG chains to the TPPS3-TK-NH2 or TPPS3-NH2

TPPS3-TK-NH2 or TPPS3-NH2 (13 mg or 9.9 mg respectively, 10.7 µmol, 1 equiv.) were added to the SOCl2-activated PEG dimer (90 mg, 21.4 µmol, 2 equiv.) and dissolved in anhydrous pyridine.

The mixture was heated at 115 °C under reflux and stirred overnight under Argon. Pyridine was then removed under vacuum and the crude was purified using preparative TLC with Chapter 3

125 Methanol/Water/Pyridine 70/30/0.2% as eluant. The isolated products (dark purple-brown solids, yields ~ 55% and 50% for the polymeric complexes with TPPS3-TK-NH2 or TPPS3-NH2, respectively) were then reduced using TCEP in Tris buffer (10 mM, pH 8.5) in order to regenerate the thiol group on the extremity of PEG chains, crucial for their conjugation to the surface of PDA NPs. The products obtained were dialyzed against deionized water using a 1 kDa dialysis membrane and characterized by 1 H NMR (DMSO-d6, 400 MHz) (Figure S3.2). For TPPS3-TK-PEG2000-SH conjugate: δ (ppm) 9.04, 8.78, 8.64, 8.17, 8.02, 7.84, 7.35, 7.23, 6.85 and 6.68 (Aromatic protons of TPPS3-TK-NH2), 5.33, 5.09, 4.80, 2.68-2.67, 2.37, 2.33, 2.18, 2.11, 1.98 and 1.61 (Aliphatic protons of TPPS3-TK-NH2), 3.93-3.40 and 2.91-2.88 (protons of PEG chains). For TPPS3-NH-PEG2000-SH conjugate: δ (ppm) 9.02-9.01, 8.85, 8.65-8.61, 8.18-8.15, 8.07, 7.79, 7.19, 7.13, 6.96 and 6.84 (Aromatic protons of TPPS3-NH2), 3.85-3.42 and 2,72-2.68 (protons of PEG chains). In fact, due to the limited quantity of products available for analysis, the NMR spectra of the synthesized Porphyrin-PEG conjugates were not well-resolved. The presence of the intense broad signal related to PEG chains renders the interpretation of the other peaks more difficult. A detailed peaks attribution could not hence be performed. However, by referring to the NMR spectra of free TPPS3-(TK)-NH2 and SH-PEG2000-COOH in DMSO-d6, we could clearly distinguish the presence of the characteristic peaks of the porphyrin which are present in the region of  comprised between 9.04 -6. The ability of the synthesized polymeric conjugates to be efficiently grafted on PDA surface was verified in situ on planar geometry using QCM-D. This experiment was performed at 25 °C using QCM-D-E4 (Q-Sense, Gothenburg, Sweden) following the protocol detailed in the previous chapter.

In brief, the SiO2-coated quartz sensor was sonicated in SDS 10% for 5 minutes, rinsed thoroughly with ultrapure water and dried under nitrogen, then treated with UV/Ozone for 40 minutes. QCM-D channels were also cleaned prior to use, using Hellmanex solution at 2% (% m/m). Frequency and dissipation shifts (f and D) were monitored for the overtones n = 3, 5, 7, 9 and 11. First, a PDA film was formed on the SiO2-coated quartz sensor by injecting a 2 mg/ml dopamine solution in Tris Chapter 3 126 buffer (10 mM, pH 8.5) at 250 µl/min, until the frequency shifts reached the values fixed previously in order to obtain a similar layer thickness (f5 ~ -100 Hz, reached after ~ 2 h). After rinsing and buffer switch, a 1.55 mg/ml solution of TPPS3-Thioketal-PEG2000-SH was injected in Tris buffer (10 mM, 150 mM NaCl, pH 8.5) as optimized in the previous chapter. f and D were monitored until saturation was reached and an excessive rinsing was performed at the end of the experiment in order to remove the loosely grafted chains.

Preparation and characterization of PTT/PDT bimodal PDA-based NPs

A mixture of COOH-PEG2000-SH and TPPS3-(TK)-PEG2000-SH at an equal molar ratio was used to functionalize bare PDA NPs of ~130 nm in Tris buffer (10 mM, 150 mM NaCl, pH 8.5). The final concentrations were 1 mg/ml for PDA NPs, 5 mg/ml for COOH-PEG2000-SH, and 7.8 mg/ml or 7.1 mg/ml for TPPS3-TK-PEG2000-SH or TPPS3-NH-PEG2000-SH, respectively. The mixtures were incubated for 24 h under mild stirring at 25 °C. The NPs were then purified by centrifugal filtration in Amicon tubes (MWCO 50 kDa) using a SL-200 RFID rotor (NuAir Awel, UK) at ~2000 g and thoroughly washed until the supernatants became clear.

The synthesized nanoparticles were characterized in terms of hydrodynamic diameter, zeta potential and absorbance spectrophotometry for the quantification of the TPPS3 grafting efficiency.

Dynamic light scattering (DLS) and zeta potential measurements

The size distribution and surface charge of PDA NPs before and after functionalization were determined using a Zetasizer (Nano-ZS 90, Malvern Instruments, UK) with a detection angle of 90 °.

NPs were dispersed in Tris buffer (10 mM, pH 7.4) and zeta potential was measured in presence of low ionic strength (5 mM NaCl). All measurements were carried out in triplicates at 25 °C.

UV-visible absorbance and Quantification of TPPS3 conjugated to PDA NPs

The UV-visible-NIR absorbance of PDA NPs functionalized with TPPS3-TK-PEG2000-SH or TPPS3-NH-PEG2000-SH was measured in Tris buffer (10 mM, pH 8.5) using a Cary 300 Bio UV-vis spectrophotometer (Varian, USA). The content of TPPS3-TK-NH2 or TPPS3-NH2 conjugated to NPs surface was estimated by measuring the PS absorbance at a specific wavelength (= 414 nm) using a CARY 100 Bio UV-visible spectrophotometer (Varian, USA). By comparison with standards at specific concentrations, the PS coupling efficiency was determined on normalized absorbance spectra of PDA formulations. This was done by subtracting the absorbance of non-functionalized NPs from that of PS-conjugated NPs measured at a similar PDA concentration. The molecular ratio PS/NPs was then calculated using equation (17). 

Cell culture experiments

Two cell lines were used to evaluate the cytotoxicity and phototoxicity of nanoparticles and free molecules: (i) HET-1A, a human esophageal squamous cell line used as a model for healthy esophageal epithelium and purchased from the American Type Culture Collection (Manassas, VA), and (ii) KYSE-30, squamous esophageal carcinoma cells, purchased from Sigma Aldrich. HET-1A

and KYSE-30 cells were cultured in Roswell Park Memorial Institute 1640 (RPMI 1640) medium supplemented with 10% FBS and antibiotics (100 IU/ml penicillin -100 µg/ml streptomycin) in a humified incubator at 37 °C with a 5% CO2 atmosphere. Cells were passaged each three days at a confluence of 70-80% using 0.25% trypsin / ethylenediaminetetraacetic acid (EDTA).

In vitro cellular uptake assessment by flow cytometry

The cellular uptake of PDA NPs, PDA-PEG NPs and free TPPS3-COOH was measured on HET-1A

and KYSE-30 in order to determine the incubation time needed for an efficient cellular internalization for the next phototoxicity assays. PDA nanoparticles were labeled with a fluorescent dye, FITC, prior to their incubation with cells, non-labeled nanoparticles were used as a control.

HET-1A and KYSE-30 cells were seeded for 24 h in 12-well culture plates (500 µl, at 6 x 10 4 and 1

x 10 4 cells per well respectively). Then, 500 µl of PDA or PDA-PEG NPs or TPPS3-COOH in culture medium were then added to each well at a final concentration of 100 µg/ml and 20 µM for PDAbased NPs and free PS, respectively. The plates were further incubated at 37 °C for 30 min, 1 h, 2 h, 6 h, or 24 h and the cells were then washed twice with PBS, detached using trypsin/EDTA, centrifuged at 200 g after dilution in cell culture medium and re-dispersed in PBS. The cellular uptake was then Chapter 3 128 examined using an Accuri C6 Plus flow cytometer (BD Biosciences, USA). 10000 events were counted for each sample and fluorescence intensity was measured with the FL1 (exc = 488 nm) and FL4 (exc = 640 nm) channels for the PDA/PDA-PEG NPs and for the TPPS3-COOH respectively.

In vitro evaluation of the cytotoxicity at dark and the phototoxicity

The cytotoxicity of PDA and PDA-PEG NPs was studied at final concentrations ranging from 10 to 500 µg/ml at 24, 48 and 72 h. The phototoxicity of free TPPS3 was assessed at 24, 48 and 72 h using concentrations reaching 60 µM and after NIR irradiation for 14 min at 2 J.cm -2 using the orange light (PDT), the toxicity in the dark of these samples was evaluated in parallel. For the full PDA-PEG-PS NPs, final concentrations ranging from 10 to 200 µg/ml of PDA were tested. Their cytotoxicity was evaluated in the dark and their phototoxicity after 72 h was assessed after illuminations using either the 808 nm laser at an irradiance of 2 W.cm -2 for 10 min (PTT), or the orange filtered lamp at a 2 J.cm -2 fluence (PDT), or the combination of both irradiation procedures (PTT/PDT). Temperature changes obtained after PTT irradiation and infrared images of these illuminated samples were recorded using a FLUKE Ti401 PRO thermal camera (Fluke Corporation, Washington, United States).

Cells were seeded in a 96-well plate at a density of 12 x 10 3 and 2 x 10 3 cells per well for HET-1A

and KYSE-30, respectively (100 µl per well) and incubated for 24 h. Then, 100 µl of culture medium containing PDA NPs, PDA-PEG NPs, PDA-PEG-PS NPs or free PS were added, in the dark, to the wells at different concentrations and incubated for an additional 24 h. Cells incubated with total 200 µl of culture medium alone served as untreated control. The following day, the culture medium was aspirated and replaced with a fresh one, to remove non-internalized products. Cells were either further incubated in dark for the evaluation of their cytotoxicity or illuminated as precedingly described for the assessment of their phototoxicity. The cell viability was determined using the MTT test after 24, 48 and 72 h. In brief, 20 µl of sterile MTT solution were added to each well (final concentration 0.5 mg/ml) and the cells were further incubated for 1 h (37 °C, 5% CO2). Then, the medium was removed and 200 µl of DMSO were added to the wells in order to dissolve the formazan produced by MTT metabolization in the cells alive. After 10 min shaking, the optical density (OD) was measured at 570 nm using an ELISA plate reader (Labsystems Multiskan MS, France). Experiments were performed in triplicate.

For PDA-related experiments, the OD was measured at 650 nm and 570 nm and the OD of formazan at 570 nm was estimated following the protocol described by Nieto et al. 176 , in order to avoid the interference of PDA absorption at 570 nm. 19).

CI =

[𝐸𝐼] 1 ′ [𝐸𝐼] 1 + [𝐸𝐼] 2 ′ [𝐸𝐼] 2 (eq 19)
The [EI]i and [EI]i' correspond to the concentrations of the associated drugs i used separately or in combination, respectively, leading to a similar inhibitory effect. A CI value > 1 indicates an antagonism, CI = 1 corresponds to additive effects, and CI < 1 indicates synergism between the associated drugs. In this study, the inhibitory effect designated as the faction affected (Fa) corresponds to the cell killing effect and was calculated using the following equation (Equation 20) However, as described before, PDA nanoparticles may have different shapes, packing densities of oligomers or even different chemical functionalities at their surface [START_REF] Liebscher | Chemistry of Polydopamine -Scope, Variation, and Limitation[END_REF][START_REF] Vecchia | Building-Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control Point[END_REF]365 . This may lead to different photothermal properties than those already described in the literature. Thus, in order to assess the photothermal behavior of PDA nanoparticles, we have started the evaluation of photothermal efficiency with PDA NPs of 125 nm of hydrodynamic diameter (DH) which were prepared following the same procedure (Ratio [Ammonia]/[Dopamine] = 25) described in chapter 2. In fact, nanoparticles with a diameter less than 200 nm are usually used for in vivo applications due to their better pharmacokinetics and their passive accumulation in tumors via the enhanced permeability and retention (EPR) effect [366][367] . Hence, suspensions of PDA nanoparticles were illuminated with a laser diode at a wavelength of 808 nm and an irradiance of 2 W.cm -2 until a steady state of temperature is reached. Afterwards the laser was turned off, and the suspensions were allowed to cool back to the ambient temperature. A typical temperature profile versus time of PDA nanoparticles is shown in However, it should be noted that suspensions containing high NPs concentration exhibit larger attenuation factor for light which induces a lower penetration depth and thus non homogenous heat distribution because not all of nanoparticles will receive the same light intensity. This is a very important aspect that should be taken into account for in vivo applications to ensure that the inner part of the tumor is homogenously and sufficiently heated 368 . In our experiments, all of the NPs suspensions were illuminated during a continuous stirring which allows homogenous light illumination and heat distribution inside the suspension volume.

Fa = 1 - % 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 100 ( eq 
Additionally, the impact of laser power was also investigated on the photothermal behavior of PDA nanoparticles. As shown in Figure 3.4A, the higher the laser intensity, the higher the temperature increment is obtained. Moreover, the plotted effective ∆T (Figure 3.4B) increased linearly as function of the laser power between 200 mW and 1000 mW (0.4 W.cm -2 to 2W.cm -2 ). This indicates that the photothermal behavior of PDA nanoparticles can be tuned efficiently with the laser power up to 1000 mW to get the desired temperature without losing their photothermal conversion properties as in the case of gold nanomaterials that melt at high laser intensity or exposure time thus leading to photothermal instability [369][370][371] . Next, the cooling phases of the thermal cycles following the illumination of PDA nanoparticles suspensions were analyzed to determine the rate of heat transfer (1/τs) from the system to the environment as described above. An average value of 367.2 ± 19.4 s for s was obtained and used for the photothermal conversion efficiencies calculation. For PDA nanoparticles with an average hydrodynamic diameter of 125 nm, the photothermal conversion efficiency was 46.2 ± 1.1 % which Chapter 3 133 is in line with other reported values in the literature [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF]252 .

Having studied the photothermal properties of nanoparticles with an average diameter of ~ 125 nm, we wanted to assess the impact of NPs size on their photothermal conversion efficiencies. In fact, when the size of spherical nanoparticles is modified their scattering and absorption cross sections will be also modified which may in turn change their photothermal conversion efficiency. In other words, when the light hits the nanoparticles, these latter can both scatter and absorb light. The sum of both absorption and scattering constitutes the extinction (Qext = Qabs + Qscatt). Thus, in order to study this aspect, PDA nanoparticles with different diameters at a concentration of 200 µg/ml in Tris buffer were illuminated at a laser irradiance of 2 W.cm -2 . As depicted in Figure 3.4C, the larger the PDA nanoparticles diameter, the higher the increase in temperature. Using these data, we have calculated their conversion efficiencies. As shown in Table 3.1, whereas the effective ∆T increases with their size, the photothermal conversion efficiency is reduced. This could be explained by the Mie's theory [372][373] which indicates that larger nanoparticles exhibit more scattering than absorption. Thus, a large fraction of light will be scattered compared to that absorbed by the NPs which reduce their photothermal conversion efficiency. Additionally, it should be noted that although the PDA concentration was kept constant for all these measurements, the number of PDA NPs with larger diameter is however less compared to that with smaller ones. This effect would counterpart the collective photothermal conversion efficiency. Since the PS is dedicated to be grafted on the extremity of the PEG, thus it should have a hydrophilic character. For this purpose, a trisulfonated tetraphenylporphyrin (TPPS3) was selected, as it is commercially available in the carboxylic and amino forms, needed for the preparation of ROSresponsive and non-responsive nanosystems, respectively. TPPS3-COOH coupled to the amineterminated thioketal linker could also be directly provided from PorphyChem®. As depicted in Figure 3.5, following the first illumination, we observed more decomposition of thioketal groups compared to the subsequent ones. Furthermore, only 16% of thioketal was decomposed even after 2 hours of illumination (fluence up to 1288 J.cm -2 ). This could be explained by several factors related to the experimental conditions. Indeed, added to the low singlet oxygen yield of TPPS porphyrin derivatives in DMSO (example: ΦΔ(TPPS4) = 0.19 in DMSO 374 ), the current experiment was conducted in a closed NMR tube, which limited the renewal of dissolved molecular oxygen during the illumination process thus limiting the production of the oxidative 1 O2. In addition, DMSO solvent exhibits higher viscosity compared to water in which the PDA nanoparticles will be suspended, thus the diffusion distance of the singlet oxygen is limited which in turn limits its oxidative efficiency. Moreover, the generation of other reactive species is also expected to be very limited in the DMSO solvent. Knowing that thioketal linkers revealed a higher responsiveness to hydroxyl radical in comparison to other ROS 375 , this would further explain the relatively slow cleavage kinetics of thioketal obtained in this study. Finally, it should be noticed that the illuminated NMR tubes contained a high TPPS3-TK-NH2 concentration which induces the PS aggregation with subsequent high light scattering. This will limit the penetration depth of light within the tube. The laser diode used for this experiment exhibits a max peak at 642 nm which corresponds to the QI band of the PS at which the extinction coefficient is low (ε642 nm = 268.5 M -1 .cm -1 ) so the number of photons absorbed by the PS is low when illuminated at this wavelength. Based on the aforementioned and despite the fact that thioketal decomposition was not complete at these illumination conditions, we could demonstrate the cleavage of the TK linker upon the PS illumination. Such decomposition process can be further improved when grafting the PSs at the surface of PDA NPs, where the PSs are not aggregated and will be illuminated with an orange-filtered lamp with a maximum peak at 590 nm where the PS absorbs much more photons.

Preparation of the TPPS3-conjugated PDA-PEG NPs

Having calculated the photothermal conversion efficiencies of PDA nanoparticles as function of size, we chose those prepared at a [Ammonia]/[Dopamine] ratio of 25 for further functionalization steps for the design of the bimodal PTT/PDT nanosystem. Since these nanoparticles have a hydrodynamic diameter of ~130 nm and present the best photothermal conversion properties, they should represent a good compromise for future in vivo applications.

Synthesis of TPPS3-conjugated PEG polymers

In order to functionalize the PDA nanoparticles with PEG chains that will bear either TPPS3-TK-NH2

or TPPS3-NH2 at their extremities, we have used SH-PEG2000-COOH as bifunctional PEG polymer.

Chapter 3 136

Whereas the thiol group will serve as chemical anchor for the PEG chain on the catechol groups of PDA nanoparticles via Michael addition reaction as demonstrated previously, the carboxylic group can be used for the coupling of the photosensitizers.

Thus, to prepare these multifunctional PDA nanoparticles, we have opted for the following functionalization strategy which is summarized in the Scheme 3.1A. We first dimerized the SH-PEG2000-COOH polymers into disulfide derivatives (Compound 1) to block the thiol groups before their activation and coupling to the porphyrins. Then the carboxylic groups present on both extremities of disulfide PEG polymers were converted into acyl chloride functions. Afterwards, two different porphyrins either TPPS3-TK-NH2 or TPPS3-NH2 were conjugated separately on the acyl groups which led to the formation of ROS-responsive and non-ROS responsive polymers respectively. Finally, the disulfides were reduced using TCEP to regenerate the thiol group which is required for the Michael addition onto the catechol groups of polydopamine. Prior to the conjugation of the resulting polymeric complexes to bare PDA NPs, the ability of these chains to be efficiently grafted on PDA surface was first studied on PDA film using QCM-D, as described in the previous chapter. After the formation of a PDA film on SiO2 coated quartz, the TPPS3-TK-PEG2000-SH in Tris buffer (10 mM, 150 mM NaCl, pH 8.5) was injected. As depicted in 

Preparation and characterization of PTT/PDT bimodal PDA-based NPs

After demonstrating the capacity of the TPPS3-TK-PEG2000-SH in buffer to be grafted on PDA film, we proceeded with the functionalization of PDA NPs. Hence, PDA NPs of ~130 nm were functionalized in Tris buffer (10 mM, 150 mM NaCl, pH 8.5) using an equal mixture of SH-PEG2000-COOH/TPPS3-(TK)-PEG2000-SH (1:1 mole/mole), in order to avoid a high density of porphyrin on NPs surface that could result in aggregated preparations in vitro and unstable systems in vivo (Scheme

3.1B).

Both PDA and PS-conjugated PDA NPs were negatively charged in Tris buffer at pH 7.4 with a zeta-potential of -34±1 mV for bare NPs and -43± 2 mV for the PS-conjugated PDA NPs (Table 3.2). The negative charges could be attributed to the deprotonation of catechol functions exposed at the surface of PDA NPs for the former and to the sulfonate groups of the PS conjugated to NPs surface for the latter. The multifunctional NPs prepared following this approach presented a monodisperse size distribution (Table 3.2) and were selected for the in vitro evaluation of cytotoxic and phototoxic activities. After normalization of the absorption spectra PS-conjugated PDA nanoparticles to bare PDA ones, the amounts of TPPS3 photosensitizers attached to the surface of NPs were determined by UV-visible experiments and the molecular ratio PS/NPs was deduced as depicted in (Table 3.2). The mean fluorescence intensity (MFI) measurements revealed an efficient cellular uptake of the tested NPs and the PS, even at the first hours of incubation. Curiously, in the case of bare PDA NPs, the MFI increased with the incubation time from 30 min to 6 hours followed by an abrupt increase in the MFI after 24 hours. This could be explained by the aggregation of the bare PDA NPs in the culture medium at pH 7.4 as we demonstrated in a previous work. However, a higher internalization rate of the PEGylated PDA nanoparticles was observed in both HET-1A and KYSE-30 cell lines with saturation in the cell uptake after approximatively 2 h of incubation. This difference in the uptake kinetics demonstrated further the presence of the PEG chains on the surface of PDA NPs. Compared to PDA nanoparticles, the cellular uptake of the free TPPS3 photosensitizer increase monotonically with the incubation time. This implies that the free TPPS3 photosensitizer requires more time than PEGylated PDA NPs to be internalized inside the cells. Thus, PEGylated PDA nanoparticles can be used as efficient nanocarriers of the PS to be internalized faster inside the cells.

For further assays, experiments were carried out after 24 h of incubation for the PEGylated PDA NPs or for the PS, as it allowed a significant cell internalization and enables optimal evaluation of the cyto/phototoxic effects of the PTT/PDT PDA-based NPs. The non-toxicity or low toxicity in darkness of any photosensitizing agent is a key parameter for any phototherapeutic modality application. Hence, we investigated first the cytotoxicity in darkness of (i)

the PDA and PDA-PEG NPs, (ii) the free TPPS3-COOH and (iii) the PDA-PEG2000-TK-TPPS3 or PDA-PEG2000-NH-TPPS3. As illustrated in Figure 3.9A, both bare and PEGylated PDA NPs showed a low cytotoxicity over a wide range of concentrations, reaching 500 µg/ml, which confirms their very low toxicity as demonstrated by other authors but in different cancer cell lines [START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF]184,225,272 . As the incubation time of NPs increased from 24 to 72 h, a slight decrease in cell survival percentage was observed (Figure S3.3), As an example, cell viability decreased from 84% to 71% for PDA-PEG NPs incubated with HET-1A at 500 µg/ml for 24h and 72h respectively). Relatively similar results were obtained for both cell types. The IC50 after PDT illumination conditions was found to be of 16.9 µM and 19.3 µM for the ROS-responsive and non-ROS responsive nanoplatforms, respectively, which is much lower than that obtained for the free TPPS3-COOH. This significant enhancement in the PS phototoxicity is more likely related to an improved solubility in the culture medium and/or a higher cell internalization of the PS when it is attached to the surface of NPs as deduced from the flow cytometry experiments.

Interestingly, the combination of PDT and PTT NIR light illuminations resulted in a dramatic decrease of cell viability, as shown in Figures 3.9D-G. Indeed, at a PDA concentration of 200 µg/ml (TPPS3-TK-NH2 and TPPS3-NH2 concentrations equivalent to 34.2 µM and 39.0 µM respectively), more than 95% of cells were killed, which demonstrates the great potential of these bimodal nanoplatforms in eradicating cancer cells.

To identify the nature of the phototherapeutic combination effect, the combination indexes (CI) were calculated according to Chou-Talalay formalism. CI below 1 indicates a synergy, CI = 1 accounts for additive effects and CI > 1 for drug antagonism. The CI values listed in Table 3.3 were below 0.3 accounting for a strong synergistic effect of combining PTT and PDT in single nanoplatform 379 .

In addition, ROS-responsive PDA-based NPs showed a better photodynamic effect compared to the non-ROS responsive NPs on both cell lines, with a slight difference in the IC50 values between them.

However, such difference in IC50 between the two nanoplatforms is significant as determined by the unpaired two sample Student's t-test (P<0.03 for KYSE-30 cell line and P<0.001 for HET-1A cell line). The small decrease in IC50 of the ROS-responsive PDA-based NPs compared to non-ROS responsive ones could be related to the illumination conditions. Indeed, the light dose used in the phototoxicity tests may be insufficient to induce complete thioketal decomposition with subsequent PS migration to ROS-sensitive organelles where it would exert an optimal photodynamic effect in situ. 

Conclusion

In this work, bimodal PTT/PDT PDA-based nanoparticles were successfully prepared and characterized. They were PEGylated and conjugated to a TPPS3 photosensitizer coupled directly to the PEG extremity or via a ROS-responsive linker (i.e., Thioketal). The photo-triggered release of the PS upon the cleavage of the thioketal linker could be demonstrated in vitro. These nanoplatforms showed a very low dark cytotoxicity in vitro but exhibited a high photothermal conversion efficiency with a very photothermal effect as well as photodynamic efficiency on esophageal cancer cell lines compared to the free photosensitizer. In addition, the ROS-responsive PDA-based nanoparticles showed a higher PDT efficiency compared to non-ROS responsive ones. Interestingly, a synergistic phototoxic effect was obtained by combining both phototherapeutic modalities following the illumination at two different wavelengths. Taken together, this work demonstrated the high potential of PDA-based nanoconstructs for bimodal PTT/PDT of cancer.

General discussion

The main objective of this thesis was to design a new smart bioinspired nanoplatform which will Added to the anti-fouling properties of PEG chains against proteins that enable a longer circulation time in blood compared to bare nanoparticles, they play the role of spacer between the PDA nanoparticles and the photosensitizers.

PDA nanoparticles synthesis and PEGylation strategies

Thus, as described in chapter 2, the first objective was to optimize the experimental conditions for the synthesis of PDA nanoparticles as well as for their PEGylation. To do so, we established tightly controlled experimental conditions to synthesize PDA nanoparticles with well-defined size and yield.

This allowed us to identify the factors that affect the most these two parameters and to construct surface response plots with accurate predictive values of size and yield. Next, we determined their nanomechanical properties with AFM nanoindentation experiments and we demonstrated for the first time that the elasticity of PDA NPs was decreasing with their size. This was explained by higher geometric packing order of the stacked oligomeric fractions inside the core of the biggest PDA NPs. Hence, based on these results we have used the thiol terminated PEG for the functionalization of the complete PTT/PDT bimodal nanosystems.

The preparation of the bimodal PDA-based nanoparticles

In chapter 3, we wanted to design and synthesize the bimodal PTT/PDT PDA-based nanosystems. To do so, we had to choose which ROS-responsive linker and which photosensitizer should be used. To answer these questions, we have tried two different ROS-responsive linkers and two porphyrin derivatives as photosensitizers. In the following section, we will discuss the choice of the ROSresponsive linker and the PS that are adopted in this work and try to explain the problems faced with each of them. • The linker should be biocompatible and its degradation byproducts should not induce undesirable side effects.

•

The linker should be sufficiently sensitive to ROS to achieve an efficient drug release, but must remain stable under physiological conditions and during blood circulation to limit undesirable drug pre-leakage and off-target release.

• Other factors like the length of the selected linker and its placement in the drug nanocarrier should also be carefully studied, as they can greatly impact the efficacy of the drug release and its kinetics 380 . Particularly, when a PS is associated and used for the in-situ production of ROS and mainly 1 O2, the ROS-sensitive linker is often directly bound to the photosensitizing molecule given the limited diffusion distance (< 20 nm) and short half-time of the singlet oxygen in biological media (< 40 ns) 381 .

• It is also important to select a linker that can be easily synthesized, functionalized, and bound to the designed nanomedicine, and that can offer facile monitoring of the drug release kinetics.

In this thesis, two ROS-cleavable alkyl linkers were selected, namely bis(ethylamine)thioketal and selenocystamine (Scheme 4.1). Both thioketal [351][352][353][354] and diselenide 382 groups have been previously investigated for the design of smart PS-containing DDS and showed great potential as they could be readily cleaved by the 1 O2 and other ROS generated through PS light-activation. Their cytotoxicity has been also evaluated to ensure their biosafety and suitability for in vivo biomedical applications. In the case of diselenide-containing materials, despite their controversial biosafety related to the presence of the organochalcogen compound (Se) 380 , the intrinsic selective anti-cancer activity of selenium would represent an advantage offering further improved tumor ablation effects 383 . Also, the diselenide moiety exerts a dual redox-sensitivity, as it can interestingly be degraded in response to either oxidants (like ROS) or reductants (like GSH) 375 , both present at relatively high levels in tumor microenvironments.

Although this property would make it a particularly promising candidate for stimuli-responsive drug delivery applications in cancer treatment, it may be problematic for the stability of these linkercontaining nanomedicines during circulation. Linkers tested in this work bear two amine terminal functions, the first will be linked to the carboxylic extremity of PEG chains grafted on PDA NPs, while the second will serve to anchor a COOH-bearing PS to the nanoplatform. The synthesis of the thioketal linker was tried and optimized during this thesis, as described in the annex section (Appendix S4.1, Scheme S4.1). However, because of its instability during chomatography purification and since the selected thioketal compound was recently commercialized, we chose to directly provide it from the market. TPP has been employed in several studies for the design of PDT-based nanomedicines 351,381,386 . It is in fact an efficient singlet oxygen generator (quantum yield of singlet oxygen generation ΦΔ(TPP) = 0.66 in benzene 387 and 0.60 in DMF 388 ), that can absorb light at wavelengths up to 650 nm and displays a low dark toxicity 351 . Thus, two TPP-conjugated linkers coupling either thioketal or selenocystamine linkers were synthesized (Appendix 4.2, Scheme S4.2).

Evaluation of linkers cleavage under TPP light irradiation

The singlet oxygen and/or other ROS generated following appropriate TPP illumination at an appropriate wavelength are expected to interact with thioketal or diselenide bonds leading to their degradation and to consecutive TPP release. The dissociation of diselenide bond is expected to generate seleninic acids 389 while that of thioketal moiety leads to the formation of thiol-terminated chains with the production of acetone as by-products 390 (Scheme 4.1). In order to investigate and compare the ROS-responsive efficiency of both linkers, we examined using mass spectrometry the chemical changes occurring in TPP-linker solutions upon their NIR light irradiation. Surprisingly, no TPP release could be detected in the case of diselenide bond-bearing linker, under the tested conditions, i.e., using an orange filtered lamp at a fluence up to 4 J.cm -2 (Figure S4.6). Despite the high sensitivity reported in several studies for diselenide materials to mild oxidative conditions and in comparison to their sulfur-containing counterparts 380,382,389 , this experiment indicates an insufficient activity towards the oxidative species produced by the PS photoactivation (mainly 1 O2).

On the other hand, a mass peak at m/z = 718.3 related to the released thiol-terminated TPP (calculated Such porphyrin derivatives were originally investigated for the photochemical internalization (PCI)

for cytosolic delivery of therapeutic molecules [391][392] . Despite their relatively low singlet oxygen quantum yields (example: ΦΔ(TPPS4) = 0.19 in DMSO 374 ), such porphyrins demonstrated their great PDT efficiency against cancer [376][377][378] .

Similar to the strategy adopted with the TPP, we first attempted to directly couple the amineterminated TPPS3 compound to the PEGylated PDA NPs. However, despite the water-soluble character of this porphyrin, the size distribution analysis of the resulting NPs showed a significant size increase and the obtention of a polydisperse NPs suspension. This could be attributed to an insufficient apparent water solubility of the selected porphyrin, as observed during experiments. An alternative pathway was proposed and consisted in coupling the TPPS3-linker to PEG-COOH chains, before their grafting on the surface on PDA NPs. For this synthetic route, several coupling reagents such as EDC, NHS and HOBT were tried but none of them worked out. Thus, we tried to convert the carboxylic group present on the SH-PEG2000-COOH chains into an acyl chloride function, which is a highly reactive specie expected to improve the TPPS3-PEG conjugation rates. This synthetic method was successful and yielded to the desired compounds.

Finally, the ROS-responsive and non-responsive PS-PEG conjugates were grafted on the PDA nanoparticles surfaces and yielded the PTT/PDT PDA-based nanoplatforms that were successfully tested as combinational therapy on esophageal cancer cell lines. The results demonstrated a synergistic effect of the combined phototherapeutics compared to each treatment modality tested separately. Compared to other bimodal PTT/PDT bimodal nanoplatforms, our naconstructs proved to be very promising.

Conclusion and perspectives

In this thesis, we have successfully designed and characterized a new bioinspired and smart nanoplatform which allows a photo-induced bimodal therapy of esophageal cancer. This platform The PDA nanoparticles with different sizes and yields could be prepared efficiently upon the oxidization of dopamine in alkaline conditions following tightly controlled experimental conditions that we have established during this work. Our results demonstrated that PDA nanoparticles with well-defined physicochemical properties including size, Zeta potential, yield, chemical structure and nanomechanical properties can be successfully synthesized in a reproducible manner. Interestingly, our AFM nanoindentation experiments revealed that the Young's modulus of PDA nanoparticles is increasing with their size. Such physicochemical property is of great importance for any future biomedical application, since the elastic properties of nanoparticles may control their cellular uptake, tissue penetration and biodistribution. The PEGylation conditions of these nanoparticles have been also determined in this work. Our results demonstrated that efficient PEGylation of PDA materials can be achieved either with SH or dopamine terminated PEG chains in Tris buffer but in the presence of sodium chloride salts. The SH-terminated PEG polymers were thus used and applied for the synthesis of the complete PTT/PDT bimodal nanosystems.

The photothermal conversion efficiency of PDA nanoparticles with different sizes has been thoroughly in this thesis. Our experimental data demonstrated that smaller nanoparticles exhibit higher photothermal conversion efficiency than bigger ones. This allowed us to choose the suitable PDA nanoparticles for further in vitro applications.

Thioketal group, ROS cleavable linker appeared to be more efficient than its diselenide counterpart upon the illumination of the linker-porphyrin conjugates and was used for the conception of the final bimodal nanoplatform. Whereas the coupling of thioketal conjugated hydrophobic photosensitizer (i.e., Tetraphenylporphyrin) was not feasible on PDA nanoparticles, thioketal-TPPS3, a more hydrophilic PS could be successfully grafted on PEG chains and then on PDA nanoparticles. Our in vitro experiments using esophageal cancer cell lines, demonstrated a higher PDT efficiency of the TPPS3 conjugated PDA nanoparticles compared to the free PS. In addition, our results demonstrated a synergistic effect of the combined phototherapeutics (PTT/PDT) compared to each treatment modality tested separately on both esophageal cell lines. Compared to other bimodal PTT/PDT bimodal nanoplatforms, our nanoconstructs proved to be very promising for many biomedical applications such as cancer and biofilm related infections.

In prospects of this work, formulation improvement and some additional experiments can be done in the future in order to get better understanding on the mechanistic phototoxic effects of these nanosystems and to expand the application of these platforms to other cancerous or infectious diseases.

• Beside the low singlet oxygen quantum yield () of TPPS3 derivatives and despite their hydrophilic character, they were not completely soluble in water which may decrease their PDT efficiency due to their - stacking but also provoke nanoparticles aggregation. Thus, other hydrophilic photosensitizers with high  should be tried.

•

As the subcellular localization is one of the major determinants of the phototoxicity of the photosensitizing agents, thus such aspect would be determined by confocal microscopy in order to follow the PS accumulation after its photoinduced release.

•

The photocytotoxic mechanisms of the nanoparticles by PTT and PDT separately, or combined, should be evaluated on esophageal cancer cell lines in order to determine the type of the cell death either by necrosis or apoptosis. This can be done by using dye exclusion methods in the case of necrosis and phosphatidylserine exposure or caspase activation kits in the case of apoptosis. Moreover, the impact of laser illumination of cell death can be assessed in situ and can be evaluated quantitatively. This can be done by adsorbing esophageal cell lines onto a SiO2-coated quartz crystal, where the mass of the adsorbed materials and their viscoelastic properties can be studied in situ using a quartz crystal microbalance with dissipation measurement (QCM-D) equipped with an open window module for laser illumination and coupled with an optical microscope.

•

Once the previous aspects are assessed, these nanoplatforms associating two treatment modalities (PDT/PTT) can be tested in vivo to investigate a dual activity on two different targets such as neovessels and tumor. Indeed, after a short time of intravenous injection of these bimodal nanoparticles a first illumination of the cancerous tissues at the PS specific wavelength (630-690 nm) leads to the generation of ROS/ 1 O2 via the photodynamic process, thus breaking the thioketal linkage and releasing the PS, which may exert its anti-vascular photodynamic activity. Then, after accumulation of the nanoparticles in the tumors via the unique EPR (Enhanced Permeability and Retention) effect caused by the defective vascular architecture, a second illumination of the tumor at 808 nm would lead to tumor ablation by photothermal effect. Interestingly, the accumulation of PDA NPs in the tumor can be followed by photoacoustic imaging.

• Finally, these nanoplatforms can be further functionalized in order to design multifunctional drug delivery system with trimodal therapy including chemotherapy, photothermal therapy and photodynamic therapy. In fact, by grafting an anticancer agent such as doxorubicin via a thioketal linker on the PEGylated PDA nanoparticles, the ROS generated upon the PS illumination will induce its release in a spatiotemporal controlled manner (Figure 5.2). Table S2.2. Impact of reaction temperature on the size and yield of PDA nanoparticles, One-way analysis of variance (ANOVA) between the groups of PDA nanoparticles prepared at different temperatures for each [Ammonia]/[DA] ratio. P-value less than 0.01 was considered statistically significant. 
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 67 Figure S4.5. Characterization of TPP-Diselenide conjugate.A.[START_REF] Tanaka | Photobiological Basics and Clinical Indications of Phototherapy for Skin Rejuvenation[END_REF] H NMR (CDCl3, 300 MHz) δ (ppm) 8.80-8.73 (m, 8H, -pyrrole), 8.30-7.54 (m, 19H, Ar), 7.37 (bs, 1H, -CONHCH2), 4.10 (bs, 2H, CH2 alkyl chain), 3.64 (bs, 2H, CH2 alkyl chain), 3.43 (bs, 2H, CH2 alkyl chain), 1.44 (bs, 2H, CH2 alkyl chain), 0.87 (broad s, 2H, -CH2NH2), -2.81 (s, 2H, pyrrole-NH). B. MS (ESI) + , Found: m/z = 889.2, Calculated for C49H41N6OSe2 + : m/z [M+H] + = 889.1667……..181 Scheme S4.2. Synthesis routes of the A. TPP-thioketal, and B. TPP-diselnium conjugates…182 Figure S4.6. ESI-MS spectrum of TPP-diselenide linker solution after illumination at λmax = 590 nm and 4 J.cm -2 ………………………………………………………………………….182 Figure S4.7. Conjugation strategies of the TPP-TK-NH2 to the PDA nanoparticles………..183
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 01 Figure 0.1. A simplified Jablonski diagram illustration of the photophysical and photochemical processes involved in PDT.

Figure 0 . 2 .

 02 Figure 0.2. A simplified representation of the different photothermal conversion mechanisms. (CB: Conduction band, VB: Valence band).

Figure 0 . 3 .

 03 Figure 0.3. Key factors involved in photodynamic therapy (PDT) and photothermal therapy (PTT) (As described in the reference ²).

(

  photosensitizer (PS), these nanoparticles would be applied to the treatment of the esophageal cancer. They should allow a photo-triggered release of the PS in a spatio-temporal manner to target either the tumor or the neovessels depending on the release site of the PS. Thanks to the photothermal properties of PDA nanoparticles that allow another treatment modality of the tumor upon simultaneous illumination at different wavelengths. Compared to other developed nanomedicines and especially those with photothermal activity based on non-organic materials such as metallic nanoparticles (Au, Pd, Ag, Fe, Cu...), the proposed system combines two treatment modalities with spatio-temporal controlled activities by an external stimulus (light), they are non-toxic, biodegradable and can be synthesized at large scale.

Figure 0 . 4 .

 04 Figure 0.4. Schematic illustration of the ROS-responsive PS-conjugated PDA-based multifunctional nanoplatform proposed for bimodal esophageal cancer treatment.

Figure 1 . 1 .

 11 Figure 1.1. Polydopamine, a nature-inspired polymer, A. The molecular composition of Mytilus edulis foot proteins rich in DOPA and lysine amino acids inspired the preparation of a strongly adhesive coating material, polydopamine, obtained from dopamine oxidation, B. The oxidative polymerization of dopamine leads to a eumelanin-mimicking structure.

Figure 1 . 2 .

 12 Figure 1.2. Applications of polydopamine nanomaterials in cancer therapeutic / theranostic fields. (CT: Chemotherapy, PDT: Photodynamic therapy, MWTT: Microwave thermal therapy, PAI: Photoacoustic imaging, Fluorescence: Fluorescence imaging, MRI: Magnetic resonance imaging, NMI: Nuclear medical imaging, CTI: Computed tomography).

Figure 1 . 3 .

 13 Figure 1.3. Timeline of the most important discoveries regarding PDA nanomaterials.

Figure 1 . 4 .

 14 Figure 1.4. Illustration of the preparation methods used for polydopamine synthesis: A. Solution oxidation of dopamine and typical parameters and additives controlling dopamine oxidation and polymerization rates, and the structural characteristics of nanoparticles size and coatings deposition, B. Enzyme-catalyzed oxidation of dopamine following a melanin biosynthesis-mimicking approach, C. Anodic oxidation of dopamine.(FA: Folic acid, TMeB:1,3,5-trimethylbenzene) 

Scheme 1 . 1 .

 11 Scheme 1.1. A. The generally agreed dopamine auto-oxidation process, leading to the formation of polydopamine building units. B. Structural models proposed for polydopamine generated from covalent polymerization pathways or physical self-assembling processes.

  139 who re-examined the major structural features present in PDA, using an association of a broad range of analytical techniques, including 1 H and[START_REF] Lin | Photosensitizer-Loaded Gold Vesicles with Strong Plasmonic Coupling Effect for Imaging-Guided Photothermal/Photodynamic Therapy[END_REF] C ss NMR under magic angle spinning (MAS) conditions, electrospray ionization high-resolution mass spectrometry (ESI-HRMS) in addition to XPS and FTIR. Their spectra interpretation revealed the presence of indolic moieties along with open-chain aminoethyl containing compounds and enabled the assignment of each C-atom to a moiety to which it belongs. Interestingly, it was observed that the two carbon lines at positions 4 and 7 cannot both be protonated, which was in disagreement with what was postulated by Dreyer et al.135 . In matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS), the peaks detected were attributed to oligomers composed of uncyclized dopamine and DHI-related units present under different degrees of (un)saturation and/or oxidation states, which concurred with the NMR and XPS results. The covalent connections between building units were proposed to occur via the benzo moieties yielding a linear heteropolymer (Scheme 1.1B, structure V). In this model, the contribution of weak interactions was not excluded and was proposed to give rise to a supramolecular assembly of the linear PDA chains. Additionally, their DFT results implied a linear oligomeric chain structure for polydopamine and the stacking between PDA chains was revealed thermodynamically favorable and H-bonds were very likely to occur. Very recently, evidence for the PDA polymeric nature was provided by Messersmith's group 140 . By means of single molecule force spectroscopy (SMFS), the authors could demonstrate directly, for the first time, the presence of high molecular weight polymer chains. So far, the mass spectrometry methods allowed the identification of low molecular weight oligomers (up to the octamer level)139, 141, 145, 150 . The SMFS technique, which enables the study of covalent and non-covalent interactions occurring at the scale of an individual macromolecule, was employed in this study to investigate polydopamine intermolecular and intramolecular interactions. PDA-coated AFM cantilevers were approached to then retracted from PDA coated or uncoated substrates. The analysis of the Force-distance curves obtained revealed the existence of constant force plateaus separated by "steps". The plateaus reflected the entropic resistance to polymer chain extension originating from a single molecule stretching event and the steps were related to the rupture of the connections in one or more PDA chains. Steps heights between the plateaus corresponded to the magnitude of the interaction's force. By analyzing these plateaus lengths, the authors could investigate PDA chains lengths and their molecular weights. Their results corresponded to a polydisperse polymer having an average molecular weight value of 11.2 kDa with some polymer chains having above 50 kDa. The great resistance of PDA polymer to very high forces that exceed the threshold of rupture for non-covalent interactions was consistent with a polymeric nature where dopamine and its oxidation derivatives are linked together linearly via aryl-aryl covalent coupling, in a manner similar to that proposed byLiebscher et al. 139 .

Figure 1 . 5 .

 15 Figure 1.5. Most common interactions (covalent, non-covalent and coordination) involved in polydopamine functionalization.

Figure 1 . 6 .

 16 Figure 1.6. Simplified scheme of chemical disorder levels in eumelanins realized through structural definitions at multiple length-scales in the hierarchy of the material (Adapted from 146 )

Figure 1 . 7 .

 17 Figure 1.7. Structure-property relationship proposed by Warren's group for melanin-like materials including polydopamine, based on the geometric disorder model. The hierarchical assembly would play a role to extend the broad absorption band to low energies (adapted with permission from 153 ).

  photoluminescence properties of polydopamine and were categorized, byYang et al. 216 , into four strategies consisting in polydopamine (i) chemical oxidation 217 , (ii) degradation 218 , (iii) conjugation 192 or (iv) carbonization 219 . These strategies were mainly based on the reduction/weakening of the - interactions present in polydopamine scaffold or on the reduction of dopamine polymerization degree, hindering hence the aggregation-caused quenching effect, or also on the creation of distinct sp 2 and sp 3 hybridized carbon atoms, introducing thus the fluorescence properties.

1. 5 . 3 . 1 .

 531 photothermal performance and therapeutic outcomes. For instance, the association of the FDAapproved photosensitizing molecule ICG with polydopamine has been investigated for PAIguided photothermal cancer treatment 232 . The loading of ICG into polydopamine allowed to

  photosensitizers and enhance their membrane permeability, resulting in enhanced therapeutic efficacy and minimal side effects. In this context, PDA-based nanostructures have emerged as promising nanocarriers for photosensitizing agents and have thus been largely applied in anticancer PDT. For example, taking advantage of the negative charge of polydopamine, Yan et al. synthesized a highly positively charged zinc-phthalocyanine, the ZnPc(TAP)4 12+ , which allowed the physical adsorption of this water-soluble phthalocyanine derivative, on the surface of PDA nanoparticles via electrostatic interactions. The nanosystem was further modified with a tumor targeting moiety, folic acid (FA), which offered a high tumor accumulation and resulted in specific and efficient cancer cells eradication 186 . A resembling system was previously proposed by the same group of researchers in which both ZnPc(TAP)4 12+ and nocodazole (NOC), a cell cycle inhibitor, were immobilized on PDA nanoparticles surface using electrostatic interactions for an enhanced synergistic anti-cancer therapy 256 .Another promising nanomedicine was proposed byLiu et al. who developed an innovative oxygen-self supplied platform composed of a photosensitizer, methylene blue, carried by polydopamine-hemoglobin complexes encapsulated inside a bio-vesicle engineered from recombined red blood cells (RBCs) membranes and serving as oxygen carrier and supplier 257 .

1. 5 . 3 . 3 .

 533 PDA/PS as synergistic photothermal / photodynamic nanoplatforms PTT/PDT bimodal therapy has emerged as a promising non-invasive approach that has shown encouraging results in the cancer treatment field. In fact, this combination is based on the generally accepted synergistic effects obtained by associating both modalities. On one hand, the hyperthermia generated by the photothermal converting agent can enhance blood flow into the illuminated tumor site, which leads to an improved tumor oxygenation and consequently an enhanced concurred oxygen-mediated PDT effect 2 . Moreover, the local hyperthermia would induce membrane permeabilization, thus increasing cellular uptake of the photosensitizing agent or generated singlet oxygen 254 . On the other hand, the oxygen depletion taking place in the tumor microenvironment during PDT renders the cells more sensitive to heat, enhancing thereby the efficacy of PTT 258 .

Scheme 1 . 2 .

 12 Scheme 1.2. Structures of photosensitizers used for the design of PDA-based nanoparticles for synergistic photothermal/photodynamic therapy.

Figure 1 . 9 . 1 . 5 . 3 . 3 . 1 .

 1915331 Figure 1.9. A. PDA/PS nanoplatforms for synergistic photothermal/photodynamic therapy. B. Strategies of PS coupling to PDA nanostructures.
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 533215333 photostability, which together with the ROS generation ability of the IR820, allowed an efficient cancer treatment following a single laser irradiation at 808 nm with a power density of 1 W.cm -2 . Moreover, given the interesting photoacoustic properties of PDA nanoparticles and IR820, this system showed a great potential as a multifunctional nanoplatform for cancer theranostic applications.A tumor targeting PTT/PDT platform was developed byHan et al. for improved therapeutic specificity and consisted in a novel photomedicine composed of a polydopamine core and a pheophorbide a-hyaluronic acid shell as an efficient anti-cancer agent 261 . While hyaluronic acid acts as the tumor-targeting moiety, polydopamine acts as a quencher hindering the fluorescence and singlet oxygen generation of the conjugated PS. However, in the presence of cancerspecific enzymes, particularly hyaluronidase, the PS is released and its photo-mediated activity is restored, leading to a localized photodynamic effect. Following a single laser irradiation at 607 nm, the nanosystem exhibited a synergistic PTT/PDT anti-tumoral activity and showed promising results in vitro and in vivo.In a more recent study, Chen et al. proposed a novel PDA-based PTT/PDT dual platform in which aggregation-induced emission (AIE) gens were used as efficient photosensitizing agents262 . Herein, a mitochondria-targeting AIE PS conjugate was attached to the surface of polydopamine nanoparticles via - interactions, H-bonding and electrostatic attraction, and showed an unprecedently high loading capacity with a low leakage rate. A synergistic PTT/PDT-mediated tumor inhibition was indeed obtained in vitro and in vivo with low IC50 of 71 µg.ml -1 versus 170 µg.ml -1 or 105 µg.ml -1 for PDT (white light, 100 mW.cm -2 ) or PTT (808 nm laser, 1 W.cm -2 ) alone, respectively. The nanohybrid system displayed a positive surface charge which resulted in pronounced cytotoxic effects.The physical adsorption of the photosensitizing molecules on the surface of PDA nanoparticles or shells uses relatively simple chemical procedures for molecules immobilization, in comparison to covalent conjugation. Although such interactions are energetically weak, studies have demonstrated their relative stability under physiological conditions. They are on the other hand easily weakened under the acidic, reductive or oxidative conditions characterizing the

2 %

 2 for PDA@BP NSs versus 26.6 % for BP NSs alone, while Ce6 induced efficient ROS generation and photodynamic effect. The as-prepared platform exhibited a selective localization in mitochondria which further promoted the phototherapeutic efficiency, as demonstrated in in vitro and in vivo cancer models. Other covalent interactions were engaged for the design of similar bimodal photoactivatable nanoagents. For instance, Hu et al. have developed C60-PDA-graphene nanohybrids as a promising anti-cancer candidate for synergistic PTT/PDT254 . In this study, fullerene C60, a Chapter 1 68 promising photodynamic agent, was conjugated to the targeting moiety folic acid (FA), and the resulting conjugate was anchored on PDA-rGO nanohybrid using nucleophilic Michael addition or Schiff base reaction of the amine-terminated FA on the o-quinone function of polydopamine. The covalent attachment of C60-FA conjugate on the nanohybrid structure limited the aggregation of the former observed in previous studies, preserving its photodynamic activity. As mentioned above, the association of PDA to rGO results in enhanced NIR light absorption and subsequently in improved heat generation upon light activation. Interestingly, the C60-FA conjugate contributed to the global photothermal activity of the nanosystem, with an induced temperature elevation of 7.5 °C versus 17.5 °C for PDA-rGO hybrid after irradiation

  Zhan et al. based on the complementary base pairing rules 264 . A thymine-modified zinc phtalocyanine (T-ZnPc) was bound to adenine-modified PDA nanoparticles via the base pairing rules. The hyperthermia induced by polydopamine photo-activation will break the base pairing resulting in a NIR-triggered release of the ZnPc. Synergistic photodynamic/photothermal effects allowed efficient cancer ablation.

Figure 2 . 1 .

 21 Figure 2.1. Polydopamine-coated surface functionalization with thiol or amine-terminated molecules, thiolterminated ligands can be grafted on the PDA catechol groups via Michael addition reaction, while amineterminated ones are coupled via Michael-addition reaction or Schiff-base condensation reaction.

Figure 2 . 2 .

 22 Figure 2.2. A. Hydrodynamic diameter and B. Yield of PDA NPs prepared at 25°C with [Ammonia]/[Dopamine] ratio of 25, as a function of dopamine concentration. C. An example of DLS data of PDA nanoparticles as a function of [Ammonia]/[Dopamine] ratio. PDA NPs were prepared at a temperature of 25°C and a dopamine concentration of 3.2 mg/ml. D,E. Histograms representing the hydrodynamic diameter and yield variations as a function of preparation temperature and [Ammonia]/[Dopamine] ratio at a dopamine concentration of 3.2 mg/ml. F,G. Surface response plots showing the effect of the temperature and the [Ammonia]/[Dopamine] ratio on the NPs hydrodynamic diameter and yield. The error bars correspond to standard deviation of n = 3.

Table 2 . 1 .

 21 Impact of polymerization reaction time on the size and yield of PDA NPs prepared with [DA] = 3.2 mg/ml and [Ammonia]/[DA] = 25 at 25°C. The reported values are the average ± standard deviation of n = 3.

Figure 2 . 3 .

 23 Figure 2.3. UV-visible absorption spectra of aqueous solutions of purified PDA NPs obtained after 24 hours (black) or 30 hours (green) of reaction time. Spectra are presented in comparison to that of a dopamine hydrochloride aqueous solution (red).

  PDA nanoparticles and lead to the formation of smaller NPs. Moreover, polydopamine is more soluble in high basic pH, which may promote the formation of smaller NPs as the amount of ammonia increases 331 . As the proton release from dopamine hydrochloride decreases the solution pH, this will result in decreasing the dopamine polymerization process and thus affording unchanged size of PDA NPs. Similar to the effect of the [Ammonia]/[Dopamine] ratio, increasing the reaction temperature from 25°C to 50°C resulted in the decrease of NPs size for the respective [Ammonia]/[Dopamine] ratios but also with a loss in size monodispersity for temperatures exceeding 40 °C as shown in Figure2.2D and Table2.2. The monodispersity loss of PDA NPs at high temperature could be related to the evaporation of ethanol and/or of the ammonia with time, which may reduce the PDA solubility and thus a loss in their size control. Conversely, as depicted in Figure2.2E, the yield of PDA NPs increased with the reaction temperature and was inversely proportional to [Ammonia]/[Dopamine] 

  microscopy (AFM). Cryo-TEM experiments were performed on PDA NPs obtained at 25°C with a ([Ammonia]/[Dopamine] ratio of 25. The cryo-TEM image presented in Figure 2.4 shows spherical NPs with monodisperse size around 150 nm and a rough surface. Although the DLS data of the different batches of PDA NPs were all monodisperse, several studies however pointed out the (scattering techniques in resolving the NPs size distribution[332][333][334] accurately. Indeed the DLS signal intensity is related to the sixth power of the particle diameter, thus the presence of some large particles in the same sample will scatter higher amount of light, thus inducing an overestimation of the NPs size measured by DLS333,[335][336] . In order to circumvent this limitation, PDA NPs were prepared at a temperature of 25°C and with different [Ammonia]/[Dopamine] ratios and absorbed onto freshly cleaved mica for AFM imaging in air in amplitude-modulation mode. As shown in Figure2.5A-2.5F, AFM images revealed well dispersed particles with semi-spherical shapes.

Figure 2 . 4 .

 24 Figure 2.4. Cryogenic Transmission Electronic Microscopy (Cryo-TEM) image of PDA NPs prepared with [DA] = 3.2 mg/ml and [Ammonia]/[DA] = 25 at 25°C.

Figure 2 . 5 .

 25 Figure 2.5. AM-AFM topographical images in air of adsorbed PDA NPs onto mica substrates. The NPs were at a temperature of 25°C but at different [Ammonia]/[Dopamine] ratios A(10), B(20), C(25), D (30), E (38), F(50).
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 2 6B). Afterwards, we analyzed force-distance curves at the center of several individual NPs. As shown in Figure 2.6B, applying a force of 35 nN on PDA NPs induced a height deformation of ~10 nm which represents

Figure 2 . 6 .

 26 Figure 2.6. A. Scheme illustrating the functionalization strategy of mica substrates for the covalent attachment of PDA NPs (images not to scale). B. Typical experimental force distance curves obtained on mica (red) and on the top of PDA NPs (black) with the fit (blue) using the Hertz model. Representative topography image with the corresponding elasticity map obtained with QI mode at a force setpoint of 35 nN at an indentation speed of 50 µm/s. C. QI imaging of PDA NPs with the height image and elastic modulus maps and associated cross sections along the red and blue lines drawn on maps.

Figure 2 . 7 .

 27 Figure 2.7. Typical Force/Tip-sample distance curves recorded either on mica (left) or on the top of polydopamine nanoparticle (right) obtained with the Quantitative Imaging (QI) mode at a speed of 50 μm/s and a force setpoint of 35 nN.

Figure 2 . 8 ,

 28 Figure 2.8, the hysteresis is reduced as the indentation speed decreases. In addition, the determined Young modulus values were not changed significantly at the different loading rates as analyzed by the unpaired two sample Student's t-test. This demonstrates that the mechanical properties of PDA NPs are not dependent on the indentation speed (Figure 2.8).

Figure 2 . 8 .

 28 Figure 2.8. AFM height images (A,B,C) in Tris buffer (10mM, NaCl 150 mM) of covalently attached PDA NPs (DH = 131±2 nm) and their corresponding Young's modulus maps (D,E,F). These data were obtained with JPK Quantitative imaging (QI) mode at a force setpoint of 35 nN and at different indentation speeds of 62.5μm/s (A,D), 31.25 μm/s (B,E) and 15.625μm/s (C,F). G, H, I represent the histograms distribution of the Young's modulus determined at different indentation speeds of NPs with Gaussian fits. J, K, L, are typical force/Tip-sample distance curves recorded on the same PDA nanoparticle marked with a star in figures A, B and C.

Figure 2 . 9 .

 29 Figure 2.9. Comparison of the height changes of covalently attached PDA NPs (DH = 131±2 nm) in Tris buffer (10mM, NaCl 150 mM) following two consecutive AFM images recorded using JPK Quantitative Imaging (QI) mode at a force setpoint of 35 nN and an indentation speed of 50μm/s.
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 210 Figure 2.10. AFM height images in Tris buffer (10mM, NaCl 150 mM) of covalently attached PDA NPs with different sizes (A, B, C, D) on silanized mica substrates with their corresponding Young's modulus maps (E, F, G, H) obtained with JPK Quantitative imagingTM (QI) mode at a force setpoint of 35 nN at an indentation speed of 50 μm/s. (I, J, K, L) represent the histograms distribution of the Young's modulus of NPs with Gaussian fits.
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 211 Figure 2.11. UV-visible spectra of PDA NPs with different hydrodynamic diameters. Bigger NPs exhibited higher attenuation at the long wavelengths in comparison to smaller NPs.

Figure 2 .

 2 Figure 2.12B represents the change in ∆f and ∆D following the injection of dopamine in Tris buffer(pH 8.5). Dopamine injection on SiO2-coated quartz crystals led to a progressive decrease in ∆f which reaches a ∆f5 ~ -100 Hz and an increase in the corresponding ∆D value of ~ 10 × 10 -6 which remain constant after buffer rinsing. This indicates the formation of stable PDA film on the SiO2-coated quartz crystal. Indeed, under alkaline conditions the dopamine monomer is spontaneously oxidized by dissolved oxygen which leads to highly reactive products formed at the end of the oxidation cascade such as 5,6-dihydroxyindole and quinine derivatives (5,6-indole-semi-quinone and 5,6indole-quinone) which further polymerize into oligomers or polymers. These latter self-assemble and form colloidal particles that form thin layer on the surface in contact with the solution and can further aggregate to precipitate in the solution. In order avoid the formation of such large particles on the top of the quartz, the experiment was stopped after two hours of dopamine injection.The PEGylation of PDA film was done using heterobifunctional PEG (SH-PEGn-COOH) polymers with different molecular weights (2000, 3500 or 5000 Da) and bearing a thiol group at one extremity and a carboxylic group at the other one. Whereas the thiol group will serve as chemical anchor for the PEG chain on the catechol groups of PDA film via Michael addition reaction, the carboxylic group can be used for coupling other ligands on the PEG extremity. Figure 2.12C displays the

Figure 2 .

 2 12C displays the adsorption kinetics of the different SH-PEGn-COOH polymers on PDA film after the injection of PEG solution at a concentration of 1 mg/ml in Tris buffer in the absence of salts. Compared to the neat SiO2-coated quartz crystal, the injection of thiolated PEG polymers on PDA adlayer induced an Chapter 2 108 abrupt decrease in the 5 th overtone frequency (Δf5) with subsequent increase in the corresponding dissipation (ΔD5) suggesting the specific adsorption/attachment of the SH-PEG onto PDA film.

Figure 2 .

 2 12D represents changes in Δf5 and ΔD5 following the injection of SH-PEG2000-COOH solution in the absence or the presence of 150 mM of NaCl. The injection of PEG in the presence of NaCl induced higher frequency and dissipation shifts than those obtained in the absence of salts suggesting a higher absorption of PEG molecules onto PDA surface. Moreover, the presence of salts modified significantly the kinetics of adsorption. While the injection of SH-PEG2000-COOH in the absence of NaCl reached a fast saturation after almost two hours with a Δf5 of ~ -17 Hz (histograms), the presence of NaCl delayed the saturation level and induced almost ~3 folds higher decrease in Δf5 (~ -50 Hz) which remain stable after rinsing with buffer. Hence, the presence of 150 mM NaCl favors higher amounts of PEG chains grafted onto PDA surface To gain further insights about the morphology and the thickness of PDA and PDA-PEG films, the formed adlayers on the SiO2-coated quartz crystals were characterized simultaneously by AFM Chapter 2 109 imaging and nanoscratching experiments respectively. As shown in the Figure S2.4., the PDA film exhibits a continuous rough surface (RMS Rq = 2.4 nm) with presence of some small colloidal particles. By performing nanoscratching experiments on multiple substrates we could determine the average thickness ~13.9 nm of the PDA film in buffer condition. Such PDA thickness is in accordance with those obtained by other authors on Si/SiO2 substrates measured by ellipsometry 314 for the same incubation duration. The normalized changes in frequency (∆f) and dissipation (∆D) for the three overtones (n = 5, 7, 9) following the formation of PDA film, were plotted (Figure S2.5A). No overlap of the three overtones could be observed which indicates that the formed film behaves as viscous layer adsorbed on the QCM-D quartz crystal. Thus, the Sauerbrey equation is invalid in this case for the calculation of adsorbed mass of PDA, as this assumes that the normalized changes in frequency (∆f) should be independent of overtones. Thus, we fitted the experimental results in Figure S2.5A using the Kelvin-Voigt model as a more realistic model to describe the formed PDA film. The best fit results yield the changes in adsorbed mass (mPDA), the shear modulus (µPDA), and shear viscosity (ηPDA). The fitting results were in excellent agreement with the measured data for all three overtones demonstrating the validity of the model, yielding ∆m ~ 2750 ng/cm 2 and a density ~ 2000 Kg/m 3 for the PDA layer (Table2.4).

Figure 2 .

 2 Figure 2.12. A. Scheme illustrating the PEGylation strategy of PDA film. B. Changes in resonant frequency Δf (black line) and dissipation ΔD (grey line) monitored at 25 MHz (n = 5) during formation of PDA adlayer on SiO2 substrates. C. Left. Frequency (Δf5) and dissipation (ΔD5) shifts following the injection of SH-PEGn-COOH with different molecular weights (Green: 2000 g/mol, Blue: 3500 g/mol and Red: 5000 g/mol) on PDA film. Right. Histograms illustrating the saturated frequency (Δf5) and dissipation (ΔD5) signals after rinsing with buffer. D. Left. Frequency (Δf5) and dissipation (ΔD5) shifts following the injection of SH-PEG2000-COOH in the absence of NaCl (Green) or in the presence of 150 mM of NaCl (Brown) on PDA film with the corresponding histograms after rinsing with buffer. E. Left. Frequency (Δf5) and dissipation (ΔD5) shifts following the injection of FBS (10 vol%) on neat PDA film (Black), SH-PEG2000-COOH grafted on PDA in the absence (Green) or in the presence of 150 mM of NaCl (Brown) with the corresponding histograms after rinsing with buffer. The error bars at the standard deviation are for 3 different experiments.

  the Kelvin-Voigt model. As depicted in FigureS2.5B, the fitting profiles (black curves) were in excellent agreement with the measured data, yielding ∆m ~ 1650 ng/cm 2 for the PEG layer. Moreover the shear modulus (µPEG), and shear viscosity (ηPDA) (Table2.4 and Figure S2.6) are consistent with those obtained with hydrophilic polymer brushes[347][348] . However, despite the good agreement between the experimental data and the applied Kelvin-Voigt model, the validation of the formation of PEG layer with high-surface density (i.e. Polymer brush conformation) requires further investigation about the grafting density (σ), the distance (D) between the grafted polymers, the swelling degree of PEG chains as well as the overlap parameter (D/2Rg)313, 329 to determine the structural state of the bound chains. Therefore, by using the mass of the adsorbed PEG layer and its thickness determined by QCM-D and AFM nanoscratching experiments respectively, we could determine the overlap parameter. Moreover, we have measured the thicknesses of PDA and PDA-PEG layers in their dry states by AFM nanoscratching in order to calculate the swelling percentage (%H2O) of each layer in Tris buffer (10 mM, NaCl 150 mM) which was found to be %PDA-H2O ~ 4 % and %PEG-H2O ~ 160 %. These values are close to those obtained in water by Pop-Georgievski et al.

Figure 2 . 13 .

 213 Figure 2.13. Fourier transform infrared spectroscopy (FTIR) spectra of PDA NPs (black) and PEGylated PDA NPs (blue) lyophilizates, obtained in comparison to dopamine hydrochloride (red) and SH-PEG2000-COOH (green) powders.

  photosensitizer (PS) at the tumor site have attracted tremendous attention for improving photodynamic treatment outcomes. In fact, the controlled release of the PS at the tumor site can be achieved by linking the PS to sensitive materials that can be cleaved by (i) internal triggers found in tumor microenvironment due to the change in the normal physiological conditions such as acidic pH, or oxidative stress or by (ii) external energy sources such as light.Among these sensitive materials, ROS-responsive ones hold great promise for the design of nanoplatforms with the capacity to release the PS in a controlled fashion after their exposition to external trigger such as light. As ROS-responsive linkers, those with thioketal (TK) ROS-cleavable group have attracted considerable attention for the release of the PS and other drugs when exposed to endogenous ROS or those generated with external trigger[351][352][353][354] . Hence, simultaneous use of a PS with a ROS-sensitive linker offers an interesting approach to provide light-triggered delivery of the PS in theoretically any site of interest.

  propane-2,2-diylbis(sulfanediyl)diethanamine (thioketal linker (TK), Mw = 194.38 g/mol, d = 1.083 g/ml) was obtained from Fluorochem (Derbyshire, United Kingdom), dopamine hydrochloride (DA, 98%, Mw = 189.64 g/mol), fluorescein isothiocyanate isomer I (FITC, ≥ 99%, Mw = 389.38 g/mol), thionyl chloride (SOCl2, ≥ 99%, Mw = 118.97 g/mol, d = 1.64 g/ml), poly(ethylene glycol) 2mercaptoethyl ether acetic acid (SH-PEG2000-COOH, n = 45, Mn = 2100 g/mol), tris(2caroxyethyl)phosphine hydrochloride (TCEP, Mw = 286.65 g/mol), Sodium iodide (NaI, ≥ 99%, Mw = 149.89 g/mol), tris(hydroxymethyl)aminomethane (Tris buffer, ≥ 99.8%, Mw = 121.14 g/mol), and anhydrous pyridine were purchased from Sigma Aldrich (St. Louis, MO, United States), hydrogen peroxide (H2O2, 30% (w/w)) and ammonium hydroxide (25% NH3) from Merck (Germany), 5-(4carboxypropylcarbamoylphenyl)-10,15,20-(tri-4-sulfonatophenyl)porphyrin triammonium (TPPS3-COOH, > 95%, Mw = 1034.24 g/mol), 5-(4-aminophenyl)-10,15,20-(tri-4-sulfonatophenyl)porphyrin triammonium (TPPS3-NH2, > 95%, Mw = 921.03 g/mol ) and 5-(4-carboxypropylcarbamoylphenyl))diethanamine conjugate (TPPS3-TK-NH2, Mw = 1211.35 g/mol) were provided from PorphyChem (Dijon, France), CDCl3 and DMSO-d6 were provided from Eurisotop (Saint-Aubin, France), HPLC-grade methanol (MeOH) and pyridine were purchased from VWR Chemicals (Radnor, PA, USA), Fetal bovine serum (FBS) was provided from Gibco (Invitrogen, Carlsbad, California, United States), 1 kDa dialysis membrane was provided from Spectrum labs (California, United States), Ultrapure water was produced by a Millipore MilliQ Direct 8 water purification system with a resistivity of 18.2 M cm at 25 °C.

Figure 3 .

 3 Figure 3.1. A. Scheme of the experimental setup adopted for the photothermal conversion efficiency calculation of PDA nanoparticles suspensions in quartz cell. B. A photo of the experimental setup showing the laser diode and the placement of the thermocouples in opposite sides of the cell. C. A photo of the quartz cell during the illumination showing that the thermocouples are not in the path of the beam.
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 32 Figure 3.2. A. Thermal heat cycle of PDA nanoparticles with a DH ~ 162 nm (R20) at a concentration of 200 µg/ml and illuminated with a wavelength of 808 nm and a laser power of 2 W.cm -2 . B. Plot of time (s) during the cooling period as function ofln(). Red line corresponds to the linear fit which leads to the determination of τs.

  H NMR. The cleavage of thioketal group under illumination of TPPS3 was assessed as follows: The TPPS3-TK-NH2 conjugate was dissolved in DMSO-d6 at a concentration of 70 mM, in presence of 70 mM TMB used as an internal standard. The solution mixture was placed in a 3 mm NMR tube and illuminated at different time intervals using a 642 nm diode laser (Thorlabs Inc. Newton, New Jersey, United States) at 200 mW.cm -2 . 1 H NMR (400 MHz) spectrum was recorded after each illumination and signals of the characteristic peak of thioketal (-CCH3,  = 1.59 ppm) and of the potentially formed acetone ( = 2.09 ppm) were integrated relatively to those of TMB, which allowed to study the degradation kinetics of thioketal linker.

  TPPS3-conjugated PEG polymers through covalent binding of either TPPS3-TK-NH2 or TPPS3-NH2 to SH-PEG-COOH, respectively.

  MHz) in comparison to SH-PEG2000-COOH (FigureS3.1). Although the integration of the signals, for both products, did not lead to a correct number of protons between the broad signal of ethylene glycol pattern and the signals of the terminal chains, the successful dimerization of PEG was evidenced by the following elements: (i) the absence of the signal at δ = 1.59 ppm present in the spectrum of the SH-PEG2000-COOH and corresponding to the -SH group, (ii) the shift in the signal corresponding to -CH2-SH, from δ = 2.73-2.66 ppm to δ = 2.90-2.86 ppm for SH-PEG2000-COOH and COOH-PEG2000-S-S-PEG2000-COOH respectively, due to the changes in the chemical environment after disulfide formation, and (iii) the difference in the marginal peaks of the broad signal at δ = 4.06-3.38 ppm and δ = 4.03-3.32 ppm for SH-PEG2000-COOH and COOH-PEG2000-S-S-PEG2000-COOH respectively, due to differences in the coupling of the terminal chains protons.

3 . 2 . 5 .

 325 68 ppm and relative to the pyrrole and the phenyl groups, together with the broad peak relative to the ethylene glycol pattern of PEG centered at  3.51 ppm. The presence of peaks in the range of  comprised between 3.20 and 1.10 ppm is attributed to the protons present on the aliphatic chain of TPPS3-TK-NH2 and PEG terminal chains for the TPPS3-TK-PEG2000-SH conjugate and of the PEG terminal chains for the TPPS3-NH-PEG2000-SH. Evaluation of the TPPS3-TK-PEG2000-SH grafting efficiency on PDA film using Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)

  ]molecular is the molecular concentration (in molecules.l -1 ) of TPPS3-TK-NH2 or TPPS3-NH2 deduced from the absorption measurements and [PDA NPs]molecular is the molecular concentration (in molecules.l -1 ) of PDA NPs calculated as follows: NPs]weight is the weight concentration of PDA NPs, VPDA NPs is the average volume of PDA NPs calculated based on DLS measurements of their hydrodynamic diameter and PDA the density of PDA.

3 .

 3 Analysis of synergistic activity of TPPS3-conjugated PDA-PEG NPsIn order to quantitatively analyze the type of interactions between the TPPS3 photosensitizing molecule and PDA NPs, the combination index (CI) was calculated using CompuSyn® software(version 1.0, CompuSyn Inc., United States., www.combosyn.com) based on the Chou-Talalay method[363][364] (Equation

  photothermal conversion efficiencies of PDA nanoparticles and the impact of their size on such aspect. Thus, PDA NPs with different sizes have been synthesized following the oxidization of dopamine in alkaline conditions in ultrapure water/ethanol (70/30% v/v) mixture in the presence of ammonia (25% NH3) at different [Ammonia]/[Dopamine] ratios as described previously[START_REF] Zmerli | Bioinspired polydopamine nanoparticles: synthesis, nanomechanical properties, and efficient PEGylation strategy[END_REF] . After the purification of PDA nanoparticles with centrifugal filtration, they were illuminated with a laser diode in different experimental conditions in order to evaluate their photothermal conversion efficiency. Indeed, Liu et al.[START_REF] Liu | Dopamine-Melanin Colloidal Nanospheres: An Efficient Near-Infrared Photothermal Therapeutic Agent for In Vivo Cancer Therapy[END_REF] have first demonstrated the ability of PDA nanoparticles to convert light into heat with a conversion efficiency of ~ 40% for nanoparticles with hydrodynamic diameter of ~ 70 nm 66 .
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 3 Figure 3.3A.
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 3333 Figure 3.3. A. Plot of temperature profile versus time registered under NIR irradiation (808 nm laser at 2 W.cm -2 ) of a 200 µg/ml PDA NPs suspension (DH = 125 nm) for 900 s, followed by a cooling phase (laser turned off). The cycle laser On-Off was repeated three times to assess NPs photostability. B. Temperature increase of a Tris buffer solution and PDA NPs suspensions (DH = 125 nm) at different concentrations as a function of NIR ilumination time (808 nm, 2 W.cm -2 ), C. Temperature changes (T) registered after 900 s of NIR illumination as a function of PDA NPs concentration.

Figure 3 . 4 .

 34 Figure 3.4. A. Temperature profile versus time registered during a thermal heat cycle of a 200 µg/ml PDA NPs suspension (DH = 125 nm) illuminated using an 808 nm laser diode at different laser powers. B. Temperature changes (T) registered after 900 s of NIR irradiation of a 200 µg/ml PDA NPs suspension (DH = 125 nm) as a function of laser power. C. Temperature changes profile registered during a thermal heat cycle of 200 µg/ml PDA NPs suspensions with different hydrodynamic diameters and illuminated using an 808 nm laser diode at 2 W.cm -2 . D. Temperature changes profile registered during a thermal heat cycle of PDA NPs with different hydrodynamic diameters, whose optical densities (O.D.) were calibrated at 0.25, and illuminated using an 808 nm laser diode at 2 W.cm -2 .

  Before preparing the bimodal PTT/PDT PDA-based nanoparticles and evaluating their phototoxic efficiency in vitro, we wanted to assess the feasibility of light-triggered thioketal cleavage upon TPPS3 illumination by using 1 H NMR (400 MHz, in DMSO-d6) as well as its kinetics. To this aim, the TPPS3-TK-NH2 compound was dissolved at a concentration of 70 mM in deuterated DMSO, and the solution was illuminated with a 642 nm laser diode at 100 mW (200 mW.cm -2 ) with different illumination durations. As shown in the Figure3.5, upon the illumination of the NMR tube containing the TPPS3-TK-NH2, the corresponding signal of the TK ( = 1.59 ppm) starts to decrease with subsequent increase of the acetone peak ( = 2.09 ppm). This demonstrates that the TK linker is decomposed upon the PS illumination due to the generation of ROS. The decomposition of thioketal group was further quantified as function of illumination duration using TMB as internal reference.

Figure 3 . 5 .

 35 Figure 3.5. A. Scheme of the cascaded cleavage of thioketal linker following TPPS3 illumination, B. Partial 1 H NMR spectra (DMSO-d6, 400 MHz) registered during the illumination of a 70 mM TPPS3-TK-NH2 solution with a 642 nm laser at 200 mW.cm -2 . C. Percentage of residual thioketal NMR signal (in red, left axis) and of formed acetone NMR signal (in blue, right axis) registered during illumination.

Scheme 3 . 1 .

 31 Scheme 3.1. Scheme summarizing the functionalization strategy adopted for the preparation of the PTT/PDT bimodal PDA-based nanoplatform. A. The synthesis reactions leading to the formation of TPPS3-(TK)-PEG2000-SH polymers. B. Subsequent grafting of the TPPS3-(TK)-PEG2000-SH polymers on PDA NPs surface for the preparation of the PTT/PDT bimodal PDA-based NPs.

Figure 3 . 6 ,

 36 Figure3.6, a significant decrease of the resonance frequency with subsequent increase in the energy dissipation were observed following this injection. The signals were stabilized after 10 hours and remained constant after the buffer rinsing step. This indicates that the TPPS3-TK-PEG2000-SH can be grafted on a PDA adlayer by forming a stable film. Interestingly, the reached values of the frequency shift for TPPS3-TK-PEG2000-SH (f5 ~ -56 Hz) were slightly higher than those obtained previously with non-conjugated COOH-PEG2000-SH (~ -50 Hz), thus suggesting that an efficient grafting of the synthesized TPPS3-TK-PEG2000-SH polymers with a high grafting density on the surface of PDA can be achieved in buffer conditions.

Figure 3 . 6 .

 36 Figure 3.6. A. Scheme illustrating the grafting of TPPS3-TK-PEG2000-SH on PDA film using QCM-D. B. Frequency (Δf5) (black line, left axis) and dissipation (ΔD5, right axis) (grey line) shifts registered during the formation of a PDA film on a SiO2 substrates, C. Δf5 and ΔD5 obtained following the injection of TPPS3-TK-PEG2000-SH (red curves) on the pre-formed PDA film in Tris buffer (10 mM, 150 mM NaCl, pH 8.5), the results are illustrated in comparison to SH-PEG2000-COOH injected in the same conditions (blue curves).

  The TPPS3-(TK)-PEG2000-SH grafting on PDA nanoparticles was further assessed by UV-Vis absorption measurements. As depicted in the absorption spectra (Figure 3.7), both ROS-responsive and non-ROS responsive nanoparticles showed the characteristic absorption peaks of the TPPS3 which demonstrates that the TPPS3-(TK)-PEG2000-SH polymers were efficiently bound on the surface of PDA nanoparticles.

Figure 3 . 7 .

 37 Figure 3.7. UV-visible absorption spectra of PDA NPs (black lines), ROS-responsive (A, red line) or non-ROS responsive (B, red line) PS-conjugated PDA NPs, and TPPS3-TK-NH2 (A, blue line) or TPPS3-NH2 (B, blue line), measured in Tris buffer (10 mM, pH 8.5).

4 .

 4 Cell culture experimentsSuccess in cancer treatment by PDT implies the effective internalization of the PS inside cancerous cells. Thus, in order to evaluate the cell internalization of the PDA-based nanoparticles and to optimize the incubation times of the tested drugs/particles, cellular uptake of the PDA and PDA-PEG NPs and of the free TPPS3-COOH photosensitizer was assessed using flow cytometry (Figure3.8).

Figure 3 . 8 .

 38 Figure 3.8. Cellular uptake of the PDA NPs, PDA-PEG NPs and the free TPPS3-COOH photosensitizer. A-F. Flow cytometry analysis of the HET-1A and the KYSE-30 cells incubated with FITC-labeled PDA NPs (A, D), with FITC-labeled PDA-PEG NPs (B, E), and with the free TPPS3-COOH photosensitizer (C,F). G-I. Mean fluorescence intensities (MFI) obtained after incubation of FITC-labeled PDA NPs (G), FITC-labeled PDA-PEG NPs (H) and TPPS3-COOH (I) with HET-1A or KYSE-30 cells for different time durations. The error bars correspond to the standard deviation of n = 3.

Figure 3 . 9 .

 39 Figure 3.9. A. Cell viability of HET-1A and KYSE-30 cells treated with different concentrations of PDA NPs or PDA-PEG NPs without laser illumination, B. Cell viability of HET-1A and KYSE-30 cells treated with different concentrations of TPPS3-COOH without laser illumination, C. Phototoxicity of different concentrations of TPPS3-COOH on HET-1A and KYSE-30 cells after PDT NIR illumination (max = 590 nm, 2 J.cm -2 ), D-E. Toxicity of the ROS-responsive PDA-based NPs on KYSE-30 (D) and HET-1A (E) without illumination (black lines) and after PTT illumination (exc = 808 nm, 2 W.cm -2 , 10 min) (red lines), PDT illumination (max = 590 nm, 2 J.cm -2 ) (blue lines), or PTT/PDT combined illuminations (green lines), F-G. Toxicity of the non-ROS responsive PDA-based NPs on KYSE-30 (F) and HET-1A (G) without illumination (black lines) and after PTT illumination (exc = 808 nm, 2 W.cm -2 , 10 min) (red lines), PDT illumination (max = 590 nm, 2 J.cm -2 ) (blue lines), or PTT/PDT combined illuminations (green lines). The error bars correspond to the standard deviation of n = 3.

  Similarly, both cell types maintained high cell viability in presence of free TPPS3-COOH incubated at concentrations up to 60 µM, in the absence of NIR light irradiation (Figure3.9B). When irradiated with orange filtered lamp at a fluence of 2 J.cm -2 , we observed a PS dose-dependent phototoxicity, with a half maximal inhibitory concentration (IC50) on KYSE-30 and HET-1A of 32.0 ± 1.0 and 35.0 ± 1.0 µM, respectively (Figure3.9B, Table3.3). In agreement with this result, PDT IC50 ranging between few µM and several tens of µM were reported in the literature for sulfonated tetraphenyl porphyrins depending on the irradiation conditions and the cell type[376][377][378] . Such relatively high values are most likely related to relatively low singlet oxygen quantum yields and/or to a low cellular internalization due to their hydrophilic character 376 .Afterwards, the PDT and/or PTT effects of the ROS-responsive PDA-based NPs were then assessed and compared to that of the non-ROS responsive nanosystem used as control, i.e., the TPPS3-NH-PEG-PDA NPs. As illustrated in Figure3.9D-G, the functionalized PDA NPs showed a dosedependent PTT effect after laser irradiation (808 nm, 2 W.cm -2 ) for 10 min, leading to the killing of more than 85% of cells at 200 µg/ml of PDA. This effect was attributed to the increasing heat generation observed in cells incubated as PDA concentrations increased (FigureS3.4B). The infrared images recorded following PTT illuminations are presented in FigureS3.4A and confirmed the increase of temperature in each well upon illumination. Similar PTT effects were obtained on both cell types.Under PDT illumination conditions, cell viability decreased to less than 20% for a PS concentration equivalent to 34.2 µM for TPPS3-TK-NH2 and ~39.0 µM for TPPS3-NH2 (Figure3.9D-G).

enable

  photothermal therapy (PTT). Conjugating, photosensitizers to PDA-based platforms allow them to have additional phototherapeutic modality called photodynamic therapy (PDT). This latter is based on light-induced generation of ROS reactive oxygen species (ROS) that oxidize intracellular targets, provoke irreversible damage and consecutive cells death. Combining the two modalities in a single nanoplatform would be promising for the treatment of resistant tumors to conventional chemotherapy. However, PDA materials exhibit free radicals scavenging properties because they are rich in reductive functional groups such as catechol and imine. Such property may reduce the PDT efficiency if a photosensitizer is directly coupled to the surface of PDA nanoparticles. In order to overcome such problem, we proposed a new bimodal PTT/PDT PDA-based nanoplatform which is decorated with hydrophilic PEG chains and bearing at their extremity ROS-cleavable linker (such as thioketal) that is bound to photosensitizer. This ROS-responsive linker allows the release of the PS in a spatial, temporal, and dose-controlled fashion following the illumination of the tumor to exert their photodynamic activity on either the tumor or the neovessels depending on the releasing site of PS.

  Afterwards, in order to determine the best PEGylation experimental conditions of PDA NPs using thiol-terminated PEG that allow grafting the highest polymer density with proteins repelling properties, we have first optimized the PEGylation strategy on PDA films. By using a combination of QCM-D and AFM experiments, we could demonstrate that efficient PEGylation of PDA films could be done even at low PEG concentration but in the presence of NaCl which exerts a salting out effect on PEG chains improving thus the grafting density. Finally, we transposed these experimental conditions to PDA NPs and we could synthesize PEGylated PDA NPs exhibiting high stability in physiological conditions as revealed by FTIR and DLS experiments respectively. In addition, we tried other PEGylation strategy of PDA films which consist in using DA-PEG2000-COOH instead of SH-PEG2000-COOH, however our QCM-D results demonstrated similar grafting efficiency on PDA as well as similar antifouling properties. This result is depicted in the figure below (Figure 4.1).

Figure 4 . 1 .

 41 Figure 4.1. A. Frequency (Δf5) (black line, left axis) and dissipation (ΔD5, right axis) (grey line) shifts monitored during the formation of a PDA film on a SiO2 substrate. B. Δf5 and ΔD5 obtained following the injection of Dopamine-PEG2000-COOH (blue curves) or SH-PEG2000-COOH (green curves) in Tris buffer (10 mM, pH 8.5) on the pre-formed PDA film. C. Δf5 and ΔD5 changes following the injection of FBS (10% vol) on PDA films functionalized with Dopamine-PEG2000-COOH (blue curves) or SH-PEG2000-COOH (green curves).

4. 2 . 1 .

 21 Choice of the ROS-responsive linkersA range of ROS-responsive linkers and materials has been investigated for the design of multiple systems for smart delivery purposes. They include thioether, sulfur /selenium /tellurium -containing alkyl, diselenide, thioketal, boronic acid, peroxalate ester, etc., and act via two main mechanisms, degradation or solubility changes, to allow the release of the therapeutic molecule380 . Several key features should be taken into account for the selection of a ROS-triggered linker during the development of a new smart responsive DDS:

Scheme 4 . 1 .

 41 Scheme 4.1. ROS-cleavable linkers selected in this work and their oxidation by-products.

2

 2 Scheme 4.2 Chemical structures of A. Verteporfin, B. TPP-COOH, and C. TPPS3-COOH. The chemical structures of amine-terminated counterparts TPP-NH2 and TPPS3-NH2 are presented in D and E, respectively.

[

  M+H] + = 718.2635) was detected in the mass spectrum of the light-treated TPP-Thioketal solution (Figure 4.2). These results indicated the effective thioketal reactivity to 1 O2 and other ROS generated under TPP illumination at low fluences. Consequently, the thioketal-based linker was selected for further studies.

Figure 4 . 3 . 4 . 2 . 4 .

 43424 Figure 4.3. A. Photo-induced cleavage of thioketal linker and B. partial 1 H NMR spectra (CDCl3, 400 MHz) registered over illumination of a 70 mM TPP-Thioketal-NH2 solution at λmax = 590 nm.

  photodynamic properties with light-induced release of the photosensitizer upon illumination. The major findings of this thesis can be summarized in the figure below (Figure 5.1).

Figure 5 . 1 .

 51 Figure 5.1. Major findings discussed in the precedent chapters of this thesis.

Figure 5 . 2 .

 52 Figure 5.2. Multifunctional PDA-based nanosystem for trimodal cancer therapy (PTT/PDT/Chemotherapy).

Figure S2. 2 .

 2 Figure S2.2. Histograms distributions with the Gaussian fits (blue lines) of the heights (A-F) and widths (G-L) of PDA nanoparticles as measured from the AFM images in air using AM-AFM. These NPs were prepared at [DA] = 3.2 mg/ml and a temperature of 25°C at different [Ammonia]/[Dopamine] ratios (A,G: 10; B,H: 20; C,I: 25; D,J: 30; E,K:38; F,L: 50).

Figure S2. 3 .

 3 Figure S2.3. Fourier transform infrared spectroscopy (FTIR) spectra of PDA nanoparticles (blue) and PDA particles (red) formed in ethanol/water/ammonia mixture and in Tris buffer (10 mM, pH 8.5), respectively. The FTIR spectrum of Tris alone is presented in black and used for comparison.

Figure S2. 4 .

 4 Figure S2.4. AFM height images (AM-AFM) of a PDA film deposited on a SiO2 surface. A. before and B. after PEGylation with SH-PEG2000-COOH in Tris buffer (10 mM, 150 mM NaCl, pH 8.5). C. and D. are the images obtained after nanoscratching experiments of PDA and PEGylated PDA films respectively. The cross sections analyzed along the scratched areas (black line for PDA film and blue one for the PEGylated one) are illustrated in E. The reported height values are the average ± standard deviation of n = 3.

Figure S2. 5 .

 5 Figure S2.5. Normalized frequency (fn) and dissipation (Dn) changes as a function of time for the three overtones n = 5 (red), 7 (blue) and 9 (green), for A. PDA film deposition on SiO2-coated quartz, with their corresponding Kelvin-Voigt fitting results (black curves) and B. its subsequent PEGylation using SH-PEG2000-COOH in Tris buffer (10 mM, 150 mM NaCl, pH 8.5).

Figure S2. 6 .

 6 Figure S2.6. Density , viscosity  and shear modulus  plots of A. PDA film and B. PEG layer grafted in Tris buffer (10 mM, 150 mM NaCl, pH 8.5), generated by Kelvin-Voigt model applied on the frequency and dissipation shifts corresponding to the three overtones n = 5, 7 and 9 during QCM-D experiments.

Figure S3. 3 .

 3 Figure S3.3. A-D. Cell viability of KYSE-30 and HET-1A cells treated with different concentrations of PDA NPs (A,B) or PDA-PEG NPs (C, D) without illumination, for 24h, 48h and 72h (black, red and blue bars, respectively). E-F. Cell viability of KYSE-30 and HET-1A cells treated with different concentrations of TPPS3-COOH photosensitizer, after 24h, 48h or 72h (black, red and blue bars, respectively) of PDT illumination (max = 590 nm, 2 J.cm -2 ). The error bars correspond to the standard deviation of n = 3.

Figure S3. 4 .

 4 Figure S3.4. In vitro thermal imaging, A. Infrared thermal images registered after PTT laser treatment (exc = 808 nm, 2 W.cm -2 , 10 min) of KYSE-30 cells treated with different concentrations of TPPS3-conjugated PDA-PEG NPs. B. Table summarizing the temperature increase (T) registered after PTT laser treatment (exc = 808 nm, 2 W.cm -2 , 10 min) of KYSE-30 and HET-1A cells incubated with different concentrations of ROSresponsive and non-ROS responsive bimodal nanoplatforms. The reported values are the average ± standard deviation of n=3.
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  La photothérapie dynamique (PDT) et la photothérapie thermique (PTT) sont deux modalités thérapeutiques particulièrement intéressantes pour le traitement des cancers accessibles par une source de lumière. Cet intérêt est notamment lié à leur haute spécifité et à leur invasivité minimale. Ces deux approches reposent sur l'administration d'une molécule ou d'un matériau photo-absorbant, dont l'interaction avec la lumière entraîne des réactions photochimiques ou une génération de chaleur, pour la PDT et la PTT respectivement, ce qui aboutit à la destruction de la tumeur. L'association PDT/PTT pourrait se traduire par des effets synergiques menant à une meilleure efficacité thérapeutique. Dans ce contexte, l'objectif principal de cette thèse La polydopamine est un piégeur de radicaux libres, ce qui réduit l'efficacité de la PDT si le PS est directement conjugué à la surface de PDA. La conjugaison du PS aux nanoparticules de PDA, via des chaînes de PEG, permet de préserver l'effet photodynamique. Nos expériences ont également révélé une corrélation entre la taille des nanoparticules et leur efficacité de conversion photothermique : plus la taille diminue, plus l'efficacité de conversion photothermique augmente, ce qui pourrait âtre attribué à leur ratio absorption/extinction plus élevé. Ces résultats ont permis de choisir les nanoparticules utilisées pour la préparation du nanosystème bimodal.Ensuite, en utilisant la microbalance à cristal de quartz (QCM-D), nous avons optimisé les conditions de PEGylation d'une surface planaire de polydopamine, en particulier nous avons étudié l'impact du poids moléculaire du PEG et la force ionique du milieu, en plus du groupe terminal permettant le greffage sur la PDA. Une densité de greffage élevée a été obtenue pour des chaînes de SH-PEG2000-COOH greffées dans du tampons Tris(10 mM, NaCl 150 mM, pH 8.5). En combinant l'analyse des résultats de QCM-D à des expériences de « nano-scratching »

	Ce nanosystème exerce ainsi un effet bimodal combinant l'activité photothermique des
	nanoparticules de PDA pour tuer les cellules cancéreuses et l'activité photodynamique du PS
	pour détruire les cellules cancéreuses et/ou les néovaisseaux de la tumeur, en fonction de son
	site de libération. Il pourrait offrir ainsi un traitement efficace et spécifique des cancers
	accessibles par la lumière, dont le cancer de l'oesophage.

consistait à élaborer un nouveau nanosystème photoactivable combinant la PDT et la PTT pour offrir un traitement efficace et spécifique des cancers accessibles par la lumière, comme le cancer de l'oesophage choisi comme modèle dans cette étude. Par ailleurs, en 2007, inspirés par le processus naturel d'adhésion des moules sur les rochers et par la composition des protéines adhésives responsables de cette forte adhésion, des chercheurs ont découvert la polydopamine (PDA), un polymère obtenu à partir de polymérisation oxydative de la dopamine dans des conditions légèrement alcalines. Ce polymère capable de s'auto-assembler en nanoparticules représente également un matériau qui mime l'eumélanine, un pigment naturel présent dans la peau, les cheveux, etc. La PDA possède de nombreuses propriétés intéressantes. Il s'agit d'un matériau biocompatible et biodégradable, facilement fonctionnalisable, qui présente une large bande d'absorption s'étalant sur tout le spectre UVvisible-proche infrarouge et peut convertir la lumière absorbée en chaleur, ce qui peut être utilisé pour des applications de PTT et/ou imagerie photo-acoustique. Comparé aux nanomédicaments à base de matériaux inorganiques, tels que des nanoparticules métalliques à activité photothermique souffrant de problèmes de toxicité à long terme et d'une faible photostabilité, la polydopamine représente une alternative intéressante pour la préparation de nanomédicaments photoactivables multifonctionnels. Le nanosystème développé durant cette thèse est composé de nanoparticules de polydopamine décorées par des chaînes de poly(éthylène glycol) (PEG). Un photosensibilisateur (PS) est greffé à l'extrémité de ces chaînes via un espaceur qui est clivable par les espèces réactives d'oxygène (ROS) générées suite à l'illumination du PS à une longueur d'onde appropriée. La xxii présence de l'espaceur sensible aux ROS permet de contrôler de manière spatio-temporelle la libération du PS. Dans un premier temps, des nanoparticules monodisperses de PDA sont préparées via polymérisation oxydative de la dopamine en présence de l'ammoniac utilisé comme base et d'un mélange eau/éthanol à un ratio de 70/30 (% vol). Ce processus de préparation est simple, non coûteux, reproductible et pourrait être facilement transposable à grande échelle. Leur formulation a été optimisée en étudiant l'impact de trois paramètres expérimentaux sur la taille et le rendement, à savoir le ratio molaire ammoniac/dopamine, la température et la concentration en dopamine. A partir des résultats obtenus, des surfaces de réponse 3D ont été réalisées, ce qui permet de prédire les conditions expérimentales nécessaires pour préparer des nanoparticules d'une taille et rendement précis. L'impact de la taille des nanoparticules sur leur propriétés mécaniques a été ensuite étudié. Ces propriétés ont en effet un impact important sur le devenir in vivo des nanoparticules, en particulier sur leur biodistribution, pénétration dans les tissus et internalisation dans les cellules. Pour ceci, des expériences de nano-indentation ont été effectuées en utilisant la microscopie à force atomique (AFM). Nos résultats ont montré que le module de Young augmente avec la taille des nanoparticules, avec des valeurs de module de Young de 480 ± 108 MPa, 365 ± 59 MPa, 313 ± 76 MPa et 188 ± 42 MPa pour des nanoparticules ayant un diamètre hydrodynamique de 290 ± 2 nm, 161 ± 2 nm, 131 ± 2 nm et 106 ± 2 nm respectivement. Cette variation pourrait être expliquée par l'ordre d'empilement géométrique entre les oligomères formant les nanoparticules et qui est plus élevé pour les nanoparticules les plus grandes.

Les propriétés photothermiques des nanoparticules de PDA ont été aussi étudiées, l'impact de la taille sur l'efficacité de conversion photothermique a été en particulier examiné. Des suspensions de nanoparticules ont été alors illuminées par un laser à 808 nm et 2 W.cm -2 et la variation de température a été déterminée en utilisant une sonde thermocouple. Comparé au tampon seul, l'illumination des nanoparticules de PDA a induit une élévation importante de température, avec des cycles d'illumination-Résumé en français de la thèse xxiii refroidissement successifs parfaitement reproductibles, démontrant l'excellente photostabilité de nos nanoparticules.

réalisées par AFM, et en étudiant l'interaction du film de PDA PEGylé avec le sérum foetal de boeuf, nous avons démontré que ces chaînes de PEG adoptent une conformation brosse nécessaire pour assurer la furtivité des nanoparticules dans le sang. La transposition des conditions expérimentales optimisées en surface planaire aux nanoparticules de PDA en suspension a permis de fonctionnaliser avec succès nos nanoparticules de PDA.

Nous avons procédé ensuite à la préparation du nanosystème complet. Pour ceci, un PS hydrosoluble, la trisulfonate-tetraphenylporphyrine (TPPS3), a été choisi pour permettre la préparation des nanoparticules dans des conditions aqueuses. Comme espaceur ROS-clivable nous avons sélectionné un groupement thiokétal qui s'est avéré dans cette étude plus efficace que le disélénide pour être clivé suite à l'illumination du PS. Le complexe TPPS3-Thiokétal a été couplé aux chaînes de PEG en suivant un schéma de synthèse à quatre étapes. Les conjugués TPPS3-Thiokétal-PEG2000-SH qui en résultent ont été par la suite greffées à la surface des nanoparticules de PDA dans les conditions optimisées par QCM-D. Ceci a permis l'obtention de nanoparticules multifonctionnelles monodisperses à effet bimodal. La présence du PS à la surface des nanoparticules a été confirmée par mesure d'absorbance par spectroscopie UVvisible.

Table 1 . 1 .

 11 The major methods used for the preparation of controlled polydopamine particulate nanostructures.

	Preparation method	Obtained nanostructures	Impact on nanostructures properties	Ref

65 Ammonium hydroxide / Water / Ethanol Preparation of monodisperse PDA nanospheres, Few tens to few hundreds of nm Ammonia concentration impacts the size of PDA nanoparticles, Ethanol used at a volume fraction of 25% to 40% to obtain monodisperse nanoparticles. 66, 70

Table 1 .1. Continued
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	92-93,
	95, 97-
	98

Basic conditions (mainly ammonia), in the presence of free radicals or radical scavengers Preparation of PDA nanospheres, Few tens to few hundreds of nm These additives allow radical tuning in the solution and a control of PDA polymerization and of the size of PDA nanoparticles.

Table 1 .

 1 2 illustrates few examples of PDA-coated nanoparticles applied in cancer therapy and the role of PDA shell in the cited systems.

Table 1 . 2 .

 12 Examples of polydopamine-coated nanosystems and the role PDA shell. Prevention of the release of toxic metals from the NPs core, Enhancement of NPs biocompatibility, Preservation of the branched structure of the NPs.

		Coated core	Preparation method of PDA	Properties / Functionality of PDA layer	Application	Ref
			layer			
	Inorganic cores	Gold nanostructures, like	Tris buffer (10 mM, pH 8.5), [DA] = 1 mg.ml -1 ,	Photothermal effects, Thickness = 30 nm.	PDT-PTT	152
		gold nanorods	Vortex and sonication for 35 min	Drug carrier for PDT (methylene blue) or CT (Doxorubicin).		
		Au-Ag branched NPs	Tris buffer (10 mM, pH 8.5), [DA] = 0.04-0.22 mg.ml -1 ,	Photothermal effects, Thickness = 6-34 nm.	Synergistic PTT	
			3 h			
					MRI and PA	154
					imaging-guided PTT	
		MnO2 NPs			PDT-PTT	155
		(Mesoporous NPs)				
		CaCO3 NPs	NH4HCO3 decomposed into CO2	Thickness = 44 nm.	Imaging-guided PDT 98
			and NH3 gas, ethanol, solution of Ca 2+ and dopamine,	Preparation of hollow PDA-CaCO3 nanoparticles, Immobilization of a lipid bilayer of DOPA, DPPC, cholesterol and		
			Dopamine/CaCl2 = 2/150 (m/m),	DSPE-PEG,		
			24 h	Loading of the PS Ce6 and prevention of its photobleaching,		
				pH-responsive drug release in the tumor acidic microenvironment,		

153

Fe3O4 NPs PBS buffer

(10 mM, pH 8.5)

,

[DA] = 0.12 mg.ml -1 , Shaking for 4 h Thickness = 4 nm. Photothermal effects, Adsorption of dye-labeled single-stranded DNA (ssDNA), for the detection of mRNA for cancer diagnosis, Fluorescence quenching of the probe, hindering its off-target activation.

Tris buffer (10 mM, pH 8.5),

[DA] = 1 mg.ml -1 , 6 h

Prevention of drug pre-leakage during circulation, pH-responsive drug release in the tumor acidic microenvironment, Anchoring of NH2-PEG-FA (for anti-fouling properties and active targeting of tumor).

DA: Dopamine, PLGA: poly(lactide-co-glycolide), TPGS: d-α-tocopheryl polyethylene glycol 1000 succinate, PEG: polyethylene glycol, 5-FU: 5-fluorouracile.
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Table 1 . 3 .

 13 65, 184-185 . Also, tumor targeting molecules like folic acid 186 , galactosamine 187 or EGFR antibody 188 could be grafted on PDA surface via this chemical route, in order to improve tumor accumulation for enhanced treatment efficiency and reduced side effects 50 . Few examples of the implementation of this chemistry are illustrated in Table 1.3. Examples of Michael addition and/or Schiff base condensation reactions explored for the development of PDA-based nanosystems.

	Grafted molecule	PDA-based system	Reaction conditions	Applications	Ref
	Thiolated poly(methacrylic		pH 8.0		
	acid) (SH-PMA) -pH cleavable hydrazine bond -	PDA NCs	Overnight incubation In presence of TCEP (to	Immobilization of DOX, Preparation of a stimuli-responsive DDS for an	179
	Doxorubicin (DOX)		prevent the oxidation of thiol	intracellular delivery of the anti-cancer drug	
			groups)		
	Thiol-or amine-terminated poly(ethylene glycol)	PDA NPs	≥ pH 8.0 Overnight incubations	Improvement of PDA NPs colloidal stability for in vivo applications	184, 189
				Improvement of the PDA NPs colloidal stability for	
	Thiol-terminated hydroxyethyl starch (HES)	PDA NPs	pH 10.0 24 h incubation	(superior to PEG-modified PDA NPs) in vivo applications, using a coating with a favorable biocompatibility and biodegradability	180
			pH 8.5		
	SH-PEG -folic acid (FA)	PDA-modified mesoporous silica NPs	In presence of TCEP (to prevent the oxidation of thiol groups)	Grafting of a cancer targeting moiety for enhanced anti-tumor therapy efficiency	190
	Folic acid (FA)	PDA-coated Au-Zein nanocomplexes	pH 8.5 1 h incubation	Grafting of a cancer targeting moiety for enhanced anti-tumor therapy efficiency	

Table 1 .3. Continued
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  , such as gold nanorods, widely reported for cancer treatment, which exhibit a photothermal conversion efficiency of 22 % 66 . Indeed, upon 500 s of illumination with an 808 nm laser at 2 W.cm -2 , these PDA nanospheres dispersed at 200 µg/ml induced a temperature increase of the suspension of almost 34 °C. This result is very satisfying for hightemperature hyperthermia-mediated tumor ablation, since it is accepted that cancer cells, which are more sensitive to hyperthermia than normal cells223 , can be killed when the surrounding temperature increases to values > 50 °C for 4-6 minutes, or 42-45 °C for 15-60 min 8 .

	Chapter 1
	common PTT agents
	52

  view of such features, PDA-based nanomaterials have been largely explored as drug nanocarriers, few examples are cited in Table1.4. They showed excellent results in preventing the premature drug release during circulation and inducing enhanced release rates after tumor internalization, compared to pristine or other nanoparticles. PDA nanocapsules and mesoporous PDA nanoparticles are particularly promising candidates for drug delivery applications, owing to their high payload capacity 191 . Regarding the PDA-coated structures, polydopamine coatings can serve either as the drug nanocarrier composite 246 , controlling the thickness of PDA shell allows here to control the drug loading rate, or serve as a "gate keeper" for a controlled drug delivery, owing to its stimuli-responsiveness 247 .

Table 1 . 4 .

 14 Examples of PDA-based nanoplatforms used for mono-or multi-modal cancer therapy.

	Nanosystem	Targeting moiety	Cargo	Applications	Properties	Testing stages	Ref
	configuration						
	PDA NPs	Ovalbumin (tumor	--	Immunotherapy	vaccine delivery	in vitro: C57BL/6 (murine	181
		model antigen)				colon cancer)	
						in vivo: colon-cancer model	
	Fe3O4-PDA NPs	Bortezomib (BTZ)	--	CT,	pH-responsive drug release:	--	248
				MRI guidance	-at pH 7.4: 1.7 μM in 10 h -at pH 5.5: 4.7 μM in 10 h -at pH 4.0: 5.0 μM in 10 h		
	Magnetic Nanocrystal	Cisplatin	--	CT,	pH-responsive drug release:	in vitro: HeLa cells (human	246
	Clusters (MNCs) @ PDA shell			Magnetic guidance	-at pH 7.0: 38% in 24 h -at pH 5.0: abrupt release	cervical cancer), MCF-7 cells (human breast adenocarcinoma)	
	Mn / SS /PEG-PDA	Doxorubicin	--	CT	pH and redox-responsive DOX	in vitro: 4T1 cells (breast	249
	NPs	(DOX)		MRI guidance	release -at pH 7.4: 20% in 24 h -at pH 5. : 40% in 24 h	cancer), HeLa cells, K7M2 (murine osteosarcoma)	
					-at pH 7.4 + GSH: 45% in 24 h -at pH 5.5 + GSH: 70% in 24 h	in vivo: 4T1-bearing tumor mice (breast cancer model)	
	PDA-modified MSNs	DOX	Folic acid	Targeted CT	pH-responsive DOX release:	in vitro: HeLa cells	
			(FA)		-at pH 7.4: 28.5% in 190 h -at pH 5.6: 38.3% in 190 h -at pH 2.0: 49.5% in 190 h	in vivo: HeLa-bearing tumor mice (cervical cancer model)	
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  . Cu 2+ -loaded PDA nanoparticles were proposed byGe. et al. as an efficient MRI-guided therapeutic nanoagent 252 . Indeed, in presence of Cu 2+ , a four-fold increase in PDA nanoparticles molar extinction coefficient was obtained, accompanied with a significantly enhanced photothermal conversion efficiency reaching 54.8 % for CuPDA against 37.6 % for PDA nanoparticles of a similar size(51 nm). Laser irradiation of a 75 µg.ml -1 nanoparticles suspension at 808 nm and 3.5 W.cm -2 induced a temperature increase of 21.5 °C for PDA versus 42.2 °C for CuPDA nanoparticles. Interestingly, the nanocomposite displayed a pH-responsive release of copper ions allowing their efficient delivery in the tumor tissue. The released ions exhibited a synergistic chemotherapeutic cancer cells killing effect.

Table 1 . 5 .

 15 PDA-based nanoplatforms applied in light-mediated cancer therapy, PDT and/or PTT.

	Nanosystem	Targeting	Loaded PS Properties	Applications	Illumination conditions Testing stages	Ref
	configuration	moiety						
	Ce6-PDA NPs	--	Ce6	Enhanced cellular uptake of Ce6.	PTT/PDT: Increased cell killing effect of PTT/PDT combination in comparison to single treatment	PTT/PDT: 665 nm, 250 mW.cm -2 , 15 min.	in vitro: T24 cells (bladder cancer)	199
					modalities.			
	Ce6-PDA NPs	--	Ce6	Enhanced cellular uptake of Ce6.	in comparison to single treatment modalities. PTT/PDT: Increased cell killing effect and in vivo therapeutic efficacy of PTT/PDT combination	PDT: 670 nm, 50 mW.cm -2 , min for in vivo tests. 5 min for in vitro and 10 PTT: 808 nm, 2 W.cm -2 , 5 min for in vitro and 10 min for in vivo tests;	bearing mice in vivo: HepG2 -in vitro: HepG2 cells (liver cancer)	193
	Ce6-PDA-HA NPs	Hyaluronic acid (HA)	Ce6	Tumor targeting and enhanced cellular internalization (CD44-mediated endocytosis).	Targeted PTT/PDT: Synergistic cell killing effect and enhanced in vivo therapeutic efficacy in comparison to single treatment modalities.	PTT: 808 nm, 2.5 W.cm -2 , 5 min for in vitro and 10 min for in vivo tests; PDT: 670 nm, 50 mW.cm -2 , 5 min (for in vitro tests) or 10 min (for in vivo tests).	in vitro: HCT-116 cells and 3D tumor spheroids (colorectal cancer) in vivo: HCT116 -bearing mice	
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					PTT/PDT: Enhanced photothermal	PTT: 808 nm, 2 W.cm -2 , 5	
	Gold nanorods (GNRs)@PDA shell-MB-PEG NPs	--	Methylene blue (MB)	Enhanced cellular uptake of MB.	conversion efficiency resulting from the association of PDA and GNRs, Synergistic therapeutic effects of PTT/PDT combination in vitro and in vivo in comparison to	min (for in vitro and in vivo tests); PDT: 671 nm, 30 mW.cm -2 , 3 min (for in vitro and in	in vitro: HeLa cells in vivo: HeLa-bearing mice
					single treatment modality.	vivo tests).	
					Imaging-guided PTT/PDT:		
	IR820/Fe 3+ -PDA-PEG NPs	--	IR820	Dual imaging: photoacoustic (PA)-and magnetic resonance (MR)-guided imaging.	Enhanced cell killing effect of PTT/PDT combination in comparison to single treatment	PTT/PDT: 808 nm, 1 W.cm -2 , 10 min (for in vitro tests).	in vitro: HeLa cells
					modality.		
	PDA@PS-HA shell	Hyaluronic acid (HA)	Pheophorbid e a (Pheo a)	Tumor targeting, Hyaluronisase-responsive Pheo a release.	Targeted PTT/PDT: Enhanced therapeutic effects of PTT/PDT combination in vitro and in vivo in comparison to single treatment modality.	PTT/PDT: 670 nm laser, 3 J.cm -2 (for in vitro tests) and 100 J.cm -2 (for in vivo tests).	in vitro: MDA-MB-231 cells (breast cancer) in vivo: MDA-MB-231-bearing mice
	TPGS micelles @ PDA nanoclusters	--	IR780	Overcoming tumor drug resistance, Temporally-controlled sequential system activation by consecutive light irradiations, NIR light-responsive DOX release.	PTT/PDT/CT: Complementary interactions and synergistic therapeutic effects of PTT/PDT/CT combination in vitro and in vivo in comparison to single treatment modality, for multi-drug resistant tumors.	PTT/PDT: 808 nm, 0.5 W.cm -2 , 10 min (for in vitro tests) and 5min (for in vivo tests).	in vitro: MCF-7 /ADR cells (breast cancer) in vivo: MCF-7 /ADR -bearing mice
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FRET: Fluorescence resonance energy transfer, GO: Graphene oxide, CT: Chemotherapy, JNPs: Janus nanoparticles, NCs: nanocapsules, PNAm; Poly(Nacryloyl glycinamide-co-acrylamide), TPGS: D-α-tocopheryl poly(ethylene glycol) 1000 succinate.
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  PEGylation method of PDA film and NPs using heterobifunctional SH-PEG-COOH polymer by changing the ionic strength of PEG solution at room temperature. By using different complementary physical techniques including QCM-D and AFM, we have monitored the PEGylation kinetics of PDA film and we have demonstrated the efficiency of this strategy to graft PEG polymers at high density with non-fouling properties.

	2.2. Material and methods
	2.2.1. Chemicals
	Dopamine hydrochloride (DA, 98%, Mw = 189.64 g/mol), tris(hydroxymethyl)aminomethane (Tris
	buffer, ≥ 99.8%, Mw = 121.14 g/mol), (3-aminopropyl)triethoxysilane (APTES, ≥ 98%, Mw = 221.37
	g/mol), N,N-diisopropylethylamine (DIPEA, ≥ 99%, Mw = 129.24 g/mol), glutaraldehyde (25% in
	water, Mw = 100.12 g/mol), Sodium dodecyl sulfate (SDS) and Poly (ethylene glycol) 2-
	mercaptoethyl ether acetic acid (SH-PEGn-COOH, Mw = 2000, 3500 and 5000 Da) were purchased
	from Sigma Aldrich (St. Louis, MO, United States). Ammonium hydroxide (25% NH3) was obtained
	from Merck and ethanol from VWR Chemicals (Radnor, PA, USA). Fetal bovine serum (FBS) was
	provided from Gibco (Invitrogen, Carlsbad, California, United States) and diluted to 10% (v/v) in
	Tris buffer

Table 2 .1 and Figure 2.3, neither

 2 the yield nor the NPs size changed after 30 h of reaction which implies that the polymerization reaction of DA did not progress further after 24 h.

Table 2 . 2 .

 22 Comparison of experimental values of NPs size and yield obtained for different Ammonia/Dopamine ratios with those generated from response surface models. The reported values are the average ± standard deviation of n = 3.

	T (°C)	[Ammonia] / [DA]	Predicted DH (nm)	Experimental DH (nm)	Predicted yield (%)	Experimental yield (%)
	25	14.0	250	264±6	35.7	36.1±0.6
	25	19.0	200	211±1	33.3	33.8±1.1
	32	12.0	250	258±8	44.9	45.5±0.7
	32	17.0	200	193±7	42.8	43.0±0.5
	32	33.5	100	115±2	37.0	38.2±0.8

Table 2 . 3 .

 23 Summary of the Size and zeta potential values of PDA NPs prepared at a temperature of 25°C and at different [Ammonia]/[Dopamine] ratio as measured by DLS in ultrapure water and AFM in air. The values reported for DLS measurements are the average ± standard deviation of n = 3.

	[Ammonia] / [Dopamine]	DH (nm)	DLS PDI	 (mV)	FWHM (nm)	AFM Height (nm)
	10	294±17	0.021±0.019 -35.9±1.1	253±18	205±11
	20	184±13	0.030±0.023 -33.9±1.0	146±15	105±8
	25	162±19	0.028±0.019 -36.2±1.3	121±12	89±10
	30	138±14	0.052±0.022 -36.8±0.6	105±11	64±10
	38	101±8	0.072±0.025 -36.1±1.4	70±8	42±9
	50	73±7	0.145±0.049 -33.1±1.3	55±6	26±4

Table 2 . 4 .

 24 Modeled Parameters from QCM-D for the PDA film and the PEG2000 layer grafted in Tris buffer (10 mM, NaCl 150 mM, pH 8.5), %H20 is the swelling percentage. The reported values are the average ± standard deviation of n = 3. Such value is in good agreement with that obtained by Pop-Georgievski 313

	Layer	h (nm)	∆m (ng/cm 2 )	ρ (g/cm 3 )	η (mPa.s)	µ (MPa)	% H2O
	PDA	13.9±1.0	2754±103	1981±74	1.40±0.15 0.09±0.014	4
	PEG2000	9.7±1.1	1650±462	1.701±476	1.02±0.40 0.135±0.077	60
	As for PDA film, we have determined the thickness of the adsorbed PEG layer by AFM
	nanoscratching experiments. The nanoscratching experiments performed on PDA-PEG films
	provided an increase of the thickness of 9.7±1.1 nm which corresponds to the attached PEG layer
	(Table 2.4, Figure S2.4).					

Table 2 . 5 .

 25 Hydrodynamic diameters of bare PDA and PEGylated PDA NPs in Tris buffer in the absence and the presence of 150 mM of NaCl. The reported values are the average ± standard deviation of n = 3. .

	DH (nm)	DH (nm) after 24 H

Table 3 . 1 .

 31 The impact of PDA NPs hydrodynamic diameter on their optical densities and photothermal conversion properties. The reported values are the average ± standard deviation of n = 3.

	Hydrodynamic

diameter (nm) Optical density at 808 nm (a. u.) ∆T effective (°C) Photothermal conversion efficiency (%)

  

	3.3.			
	282±2	0.72	25.6 ± 0.4	31.6 ± 0.4
	162±5	0.31	21.3 ± 0.6	42.1 ± 1.4
	125±3	0.25	20.8 ± 0.4	46.2 ± 1.1
	112±3	0.24	18.8 ± 0.4	43.4 ± 1.4
	In order to demonstrate our thoughts, PDA NPs at different sizes but at the same optical density (O.D.
	= 0.25) were illuminated using the same experimental setup. As depicted in Figure 3.4D, PDA NPs
	with larger size revealed lower temperature increase than smaller one, thus demonstrating that smaller
	PDA NPs convert light to heat more efficiently than larger one due to their higher
	absorption/extinction ratio. Similar tendency has been also observed by other authors for other gold
	nanoparticles 358 and Cu 2+ laded PDA nanoparticles 252 .	

2. Choice of the PS and Study of the thioketal cleavage under TPPS3 light irradiation

  

Table 3 . 2 .

 32 Summary of the size and zeta-potential values measured by DLS at 25°C for PDA and PSconjugated PDA NPs, and the molecular ratio of PS to PDA NPs in the full bimodal systems. The reported values are the average ± standard deviation of n = 3.

Table 3 . 3 .

 33 Photothermal and/or photodynamic toxicities, of the ROS-responsive or non-sensitive nanosystems on KYSE-30 and HET-1A cell lines under separate or combined NIR irradiations (PTT and/or PDT), related to PDA NPs (IC50, µg/ml) and TPPS3 (IC50, µM) respectively. CI is their combination index. The reported values are the average ± standard deviation of n =3.

PDA-

PEG-TK-TPPS3 PDA-PEG-NH-TPPS3 KYSE-30 HET-1A KYSE-30 HET-1A

  

	PTT/PDT		CI PS (IC50, µM) PDA (IC50, µg/ml)	0.25 5.0 ± 0.3 29.2 ± 1.6	0.28 6.1 ± 0.2 35.5 ± 1.3	0.25 6.3 ± 0.3 32.5 ± 1.5	0.27 7.5 ± 0.1 38.3 ± 0.6
	PTT	alone	PS (IC50, µM) PDA (IC50, µg/ml)	--47.2 ± 4.1	--51.2 ± 3.3	--49.2 ± 6.8	--51.3 ± 4.6
	PDT	alone	PS (IC50, µM) PDA (IC50, µg/ml)	16.9 ± 0.7 --	17.6 ± 1.1 --	19.3 ± 0.4 --	18.6 ± 1.4 --

Table S2 . 3 .

 S23 Impact of [Ammonia]/[Dopamine] molar ratio on the size and yield of PDA nanoparticles, Oneway analysis of variance (ANOVA) between the groups of PDA nanoparticles prepared at different [Ammonia]/[DA] ratios for each temperature. P-value less than 0.01 was considered statistically significant.

		31		1.4E-09	12.8		0.2E-02
	R20	62.4		9.1E-13	20		0.4E-03
	R25	73.7		1.8E-14	23.4		0.3E-03
	R30	83.8		3E-15	31.8		8.5E-05
	R38	50		3.5E-12	28.8		0.1E-03
	R50	17.7		6E-07	29.8		0.1E-03
	Groups	F-value	Size	P-value	F-value	Yield	P-value
	25°C	290.5		1.26E-34	23.6		7.9E-06
	30°C	629.5		1.64E-42	18.4		2.9E-05
	40°C	422.8		1.9E-38	7.2		0.2E-02
	50°C	83.4		1.3E-21	0.1		0.99
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The mass of PEG, optimized using QCM-D experiments and allowing the obtention of brush PEG chains on the surface (1 cm 2 ), was used to calculate the quantity of PEG needed for PDA NPs functionalization under the same conditions. Assuming that PDA NPs are spherical, the surface exposed by PDA NPs in the suspension can be deduced from the following equation (eq S1):

where VNPs / VNP ratio represents NPs number, VNPs the total volume of PDA NPs (m 3 ) determined based on PDA density given by QCM-D data analysis, VNP the volume of one PDA NP (m 3 ) and Rh the NPs hydrodynamic radius obtained by DLS (m).

For PDA NPs of an average diameter around 140 nm, the mass needed for PEGylation of 1 mg of PDA NPs is ~ 360 μg. The NPs PEGylation conducted in presence of 10 mg of PEG molecules for 1 mg of PDA NPs guaranties thus a similarly high grafting density of PEG on the surface.

Scheme S4.1. Three-step synthesis protocol of bis(ethylamine)thioketal linker.

Appendix S4.2. Coupling of TPP-COOH to thioketal or diselenide linkers

• Coupling of TPP-COOH to thioketal linker TPP-COOH (30 mg, 45.5 µmol, 1 equiv.) and HATU (26 mg, 68.3 µmol, 1.5 equiv.) were mixed in 2 ml of anhydrous DMF, in presence of DIPEA (12 µl, 68.3 µmol, 1.5 equiv.). The mixture was stirred under argon for 1 h at room temperature and was then added dropwise (over 1 h) to a solution of thioketal (33 µl, 182 µmol, 4 equiv.) in anhydrous DMF. The reaction was conducted at room temperature overnight. DMF was then removed under vacuum and the residue was purified by column chromatography on silica gel using an elution gradient from CHCl3/NH4OH 100/0. 17, 134.65, 131.37, 127.90, 126.83, 125.54, 120.50, and